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CHAPTER 1

Introduction

Perhaps the most beautiful sight in the night sky visible to the naked eye is our own galaxy, the Via

Lactea or Milky Way. That it was composed of individual stars was recognized only in the early

seventeenth century by Galileo with his telescope; this was the beginning of the study of galaxies as

systems of stars. More than a hundred years later, the Swedish philosopher Emanuel Swedenborg

conjectured that “There may be innumerable spheres of this kind or starry heavens in the finite

universe”. Thomas Wright of Durham, England, a few years after, interpreted the observations at

that time of “the many cloudy Spots, just perceivable by us, as far without our starry Regions”.

This idea which was popularized by the German philosopher Immanuel Kant who described galaxies

as “Island Universes”.

Charles Messier (1730-1817) and F. William Herschel (1738-1822) were the first to compile

galaxy catalogues through direct observations. The Messier Catalog, finally published in 1781

with 103 (later extended to 110) objects, was constructed mainly to identify objects that could be

potentially mistaken for comets, the main vocation of the French astronomer. William Herschel,

first a skilled telescope maker, and then observer, started the first systematical sky survey in 1783,

after being presented with the Messier Catalog two years earlier. In less than 20 years, he and

his sister Karoline had catalogued 2514 new “nebulae”. This was later extended by his son John

Herschel to the southern hemisphere to include more than 5000 objects, known as the General

Catalogue. Over the next century, the Herschel lists were supplemented by John Dreyer with the

New General Catalogue (NGC) and its successors the First and Second Index Catalogue (IC),

published from 1888 to 1908. The combined NGC+IC contains more than 12000 objects, and to

this day the brightest extragalactic objects are denoted by their numbers in Dreyer’s catalogue.

The nature of these nebulae was the subject of much controversy, but advances in technology

made it possible to apply photographic methods to astronomy. It became feasible to measure very

faint objects with long photographic exposures, and therefore quantitatively analyze star counts,

proper motions, and line-of-sight velocities through spectroscopy. Jacobus Kapteyn (1851-1922) was

one of the first to infer from such measurements the stellar spatial distribution of the universe as

known at that time. His model was contested by Harlow Shapley and others, but the confirmation

that the Messier and NGC+IC nebulae were truly stellar systems outside the Milky Way came

from Edwin Hubble (1889-1953) only in the early 1920s. With the largest telescope available at

that time, the Mt. Wilson 100-inch, Hubble was able to estimate the distance to the Andromeda

Nebula, M 31 and its companion M 33, through measurements of Cepheid variables (Hubble 1925).

1
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The existence of other “Island Universes” similar to, but outside of, our own Galaxy was clearly

established.

Galaxies, and how they form and evolve, are the subject of this thesis. They come in a variety

of shapes and sizes; there are small ones, large ones, well-behaved, peculiar, and active ones. The

thesis starts with a class of small irregular galaxies, namely metal-poor Blue Compact Dwarfs.

It then passes to large, ostensibly well-behaved ones, with studies of the bulges of luminous spiral

galaxies and the quiescent black holes thought to reside in their nuclei. Finally, it considers galaxies

with active nuclei, powered by accreting black holes.

In what follows, the main methods for classifying galaxies are outlined (Sect. 1). These schemes

are then connected with trends in physical parameters, showing that different morphologies are

connected with true physical differences (Sect. 2), but that morphology alone is not sufficient to

describe the “family of galaxies” (Sect. 2.1). The prediction of the diversity and properties of large

numbers of galaxies is a necessary feature of theories for galaxy formation which are described

in Sect. 3.1. Galaxy morphology is not only a feature of birth, but rather also a characteristic

acquired over time, and how this happens is described in Sect. 3.2. Properties of galaxies’ central

spheroid components may determine the mass of the black holes found in their centers; why this

could be related to galaxy formation scenarios is described in Sect. 3.3. These topics are related

to the subsequent chapters, and to better understand galaxy formation and evolution is the main

motivation of the work presented here.

1. Galaxy Taxonomy

The vast variety of galaxies dictates the need for a sensible method to organize them into

taxonomic categories. An ideal classification scheme should be able to distinguish objects which are

physically different, in terms of form or shape, size (luminosity, mass, dimension), and composition

(gas and dust content, metal abundance). It should also be based on well-defined objective criteria,

so that the classification can be reproduced by different individuals or groups.

1.1. The Hubble Types

The first galaxy classification scheme was developed by Edwin Hubble (Hubble 1926), and

is, as he emphasized, entirely empirical. Visual inspection of photographs of more than a thou-

sand nebulae led Hubble to divide extra-galactic objects into three main forms: ellipticals (“E”),

spirals (“S”), and irregulars (“Q” or Irr). The first two are distinguished by “rotational symmetry

about dominating non-stellar nuclei”, and the latter, about 3% of Hubble’s sample, lack both these

traits. Ellipticals appear very smooth and spherical, and their “only claim to structure is that the

luminosity fades smoothly from bright nuclei to indefinite edges”. They were further divided by

degree of ellipticity, (1 − b/a), so that the full designation is E followed by a single number, which

corresponds to the ellipticity without the decimal point: E0 – E7.

Hubble defined three criteria to distinguish among spirals: “(1) relative size of the unresolved

nuclear region; (2) extent to which the arms are unwound; (3) degree of resolution in the arms.”

In what Hubble designated “early types” denoted as “Sa”, the nuclear region is very extended and

the arms are tightly wound and unresolved. The intermediate group, denoted as “Sb”, have large

central regions and thin rather open arms, or a “smaller nuclear region and closely coiled arms”.

The“late types” (“Sc”) are characterized by inconspicuous nuclei and highly resolved, patchy, widely

open arms. Spirals were also found to occur with and without “a bar of nebulosity which extends

diametrically across the nucleus” (pictorially represented by Hubble as θ), and denoted by “SB”.

The division into early and late types for barred spirals is analogous to that for unbarred ones. The

Hubble classification scheme can be conveniently represented in a “tuning fork” diagram (Figure



Chapter 1 3

Fig. 1.— An illustration of the Hubble “tuning fork” diagram, taken from the Sloan Digital Sky

Server web page (skyserver.sdss.org/dr1/en/proj/advanced/galaxies).

1), which graphically represents the ellipticals branching into unbarred and barred spirals, and

irregular galaxies (not shown in Fig. 1).

Hubble himself modified the original classification (Hubble 1936) to include lenticular galaxies

“S0’s”, a class of galaxies roughly intermediate between ellipticals and early-type Sa spirals, but

with a variety of appearances because of the presence or absence of dust lanes (Sandage 1961).

They lack spiral arms but, unlike ellipticals, contain a low-surface brightness envelope surrounding

the central nebulosity.

As time went on, details of the Hubble system continued to be revised. In 1940, the Sc class

was subdivided by adding a later stage Sd, characterized by small-bulge systems with patchier and

more loosely wound spiral arms than the Sc’s (Shapley & Paraskevopoulous 1940). Perhaps the

most substantial revision was proposed by Gérard de Vaucouleurs in 1959. This “Revised Hubble

System” (RHS) also placed galaxies along a series of stages, but in addition to barred and unbarred

spiral types (“family”), included a third dimension (“variety”) for the presence of inner rings (r)

and s-shapes (s) (de Vaucouleurs 1959). He also added explicitly the concept of continuity, since

galaxies with less prominent bars were designated as SAB, and intermediate spiral types were added

(e.g., Sab, Sbc). Finally, an additional stage was added to accommodate galaxies between Sd and

Irr, denoting galaxies which resemble the Magellanic Clouds as Sm. Transition stages between Sc,

Sd, and Sm were denoted as Scd and Sdm. True irregular galaxies were designated as Im. An
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important result of de Vaucouleurs’s revision is the definition of the T parameter (de Vaucouleurs,

de Vaucouleurs, & Corwin 1976). This is simply a numerical parameterization of the Hubble stage

which in the RHS ranges from -5 (E’s) and increases through the spirals (Sa’s, T = 1) to the

irregulars (Im, T = 10). It includes transition ellipticals/S0s (E/S0, T = −3), true lenticular

galaxies (S0, T = −2), and transition cases between S0 and Sa (S0/a, T = 0).

1.2. Other Classification Schemes

Several decades after the initial definition of the Hubble sequence, perceived shortcomings in

it induced other workers to define different systems.

The Morgan/Yerkes System

In 1958, W. W. Morgan devised a “form classification that shall be as closely correlated as

possible with the stellar population of the inner, brighter parts of galaxies; the new classification

is to be based on the results of the interpretation of composite spectra.” The Morgan classification

scheme (also known as the Yerkes system) (Morgan 1958, 1959) is based on the correlation of

central concentration and their stellar content as estimated from composite spectra (Morgan &

Mayall 1957). Morgan justified the new system through the observation that the correlation between

Hubble stage and spectral class is not always close. Nevertheless, like the Hubble types, the Morgan

system is based on central concentration; however it is essentially one-dimensional, with central

concentration as the primary parameter, and assigns classes as a-f-g-k, in analogy with stellar

spectra (A-F-G-K). Like Hubble, Morgan defined form families (S, B, E, I, for spirals, barred

spirals, ellipticals, and irregulars), and introduced a few additional ones.

The Morgan scheme is interesting for several reasons. The correlation between composite

spectra and central concentration shows that more concentrated systems tend to host older stars,

while young stars tend to dominate the stellar populations of more diffuse galaxies. Such a trend

could be related to the dependence of the collapse timescale on the inverse square root of the

density; denser systems collapse earlier thus forming stars before less dense systems. Also, the one-

dimensional nature of the central concentration parameter lends itself more readily to automatic

classification methods (e.g., Abraham et al. 1996a,b), and may be more appropriate at high redshifts

than the traditional Hubble system (van den Bergh 1998).

Spiral Arm Classification

The form of the arms in spiral nebulae was investigated before it was known that they were

galaxies outside the Milky Way. Spiral arms were found to be generally logarithmic spirals (von

der Pahlen 1911; Groot 1925), with two general morphologies, “filamentous” and broad spiral

arms which appear in “massive” spirals (Reynolds 1925). The diversity of spiral-arm morphologies

led Reynolds to criticize Hubble’s spiral classification scheme (Reynolds 1927a), because it is

“altogether too simple for the great range of types to be found”, as it fails to take into account the

“development of the spiral form itself” as well as “the general apparent mass of the spiral” (see also

Hubble 1927; Reynolds 1927b).

One of the criteria of Hubble’s classification was the pitch angle (“the extent to which the arms

are unwound”), namely the angle φ between the arm and the tangent circle. Because of Hubble’s

definition, the pitch angle is quantitatively well correlated with spiral type (Kennicutt 1981; van

den Bergh 1960), as shown in Figure 2. The pitch angle φ is also correlated with Yerkes class

(Figure 2, right panel). Galaxies with lower concentration and earlier-type (stellar) spectra (a)

have larger φ, more loosely wound arms, than those with high central concentration and later-type
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Fig. 2.— Pitch angles φ of spiral arms as a function of Hubble type (left panel) and Yerkes/Morgan

type (right panel). Data are taken from (Kennicutt 1981; van den Bergh 1960). The left panel

includes only luminous spirals with MB < −21. Error bars in both panels are errors in the means.

There is a clear correlation of φ with both classifications.

spectra (k).

The vast variety of the form of spiral arms has been captured in the classification system intro-

duced by Elmegreen & Elmegreen in the 1980’s. Elmegreen & Elmegreen (1982) have categorized

spiral arms into 12 morphology classes ranging from “flocculent” (irregular and fragmented) arms

(classes 1 to 4) to symmetric and smooth ones in “grand design spirals” (classes 5 to 12). The

Elmegreens’ arm classes (AC) are based on arm continuity, length, and symmetry, and are inde-

pendent of the thickness and brightness of the arms. There is a slight correlation between AC and

luminosity: flocculent arms tend to avoid very luminous systems (MB ≤ −22). Within spiral types

Sa–Sc, arm class shows no significant correlation with Hubble type.

The DDO Luminosity Classes

At the same time that Morgan was defining the Yerkes system, it was noticed that several

features of spiral galaxy morphology depend on their luminosity. Giant (high-luminosity) galaxies

have a higher surface brightness than dwarfs (low-luminosity ones) (Holmberg 1959). The degree

of development of spiral structure is correlated with absolute magnitude (van den Bergh 1960a,b).

Well-defined grand-design spiral structure is found only in luminous galaxies, while low-luminosity

spirals tend to have patchy, irregular arms. Moreover, the fraction of galaxies classified as irregular

increases as luminosity decreases.

These observations led van den Bergh to devise a spiral classification based on luminosity classes

(David Dunlap Observatory System, DDO). Like the stellar luminosity classifications, in addition

to a Hubble stage, galaxies are assigned a luminosity class of I (supergiants), II (bright giants),

III (giants), IV (subgiants), and V (dwarfs). weak (B) and strong B bars, and tidal distortions t.



Chapter 1 6

From later types to Hubble stage Sb, the luminosities inferred from the form of spiral structure

are accurate to 0.5 (blue photographic) magnitude (van den Bergh 1960a,b). The Hubble system

is defined on giant to supergiant galaxies, and as pointed out by van den Bergh (van den Bergh

1998), there are no nearby examples of giant or bright giant galaxies with irregular morphology.

Because of the definition of luminosity class on spiral arm appearance, it is not surprising that

the Elmegreens’ arm classes in the previous section are loosely correlated with luminosity class.

Irregular fragmentary arms of AC=1 are found in low-luminosity galaxies, while AC=12 arms which

are long and well-defined grand design spirals are without exception found in high-luminosity ones

(van den Bergh 1997).

2. Quantitative Morphology

Although Hubble type was defined on the basis of appearance, from inspection of photographic

plates, the Hubble sequence is in fact a physical one. Several quantifiable parameters vary signif-

icantly with Hubble type. Already from photographic material it was known that optical colors

(U−B, B−V ) and surface brightness depend on morphological type with later type spirals tending

to have fainter surface brightness and bluer colors (Holmberg 1959). Later, the advent of linear

photometric detectors, first single-element, then two-dimensional CCDs, made possible the mea-

surement of accurate magnitudes, sizes, colors, metallicities, and kinematical properties of large

numbers of galaxies. The data compilation in Roberts & Haynes (1994) shows that linear size,

blue luminosity, and metal abundance remain relatively constant from S0’s to Sc’s, but decrease

substantially for later types. HI measurements, available for spirals but difficult for ellipticals, show

that atomic gas mass fraction also varies along the Hubble sequence. On the other hand, the mass-

to-light ratio measured in the B band remains relatively constant with morphology, even toward

the very late spiral types (although see Burstein 1982).

With data from Roberts & Haynes (1994), Figure 3 shows some of these variations. The

parameters shown in Fig. 3 are primarily related to star formation history, since color and metal

abundance measure past and present activity, and HI fraction is some measure of future potential.

However, morphology is not only related to star-formation activity. It can also be strongly

affected by a galaxy’s environment (see Sect. 3.2). By the time of Hubble, it was already well

established that clusters of galaxies are populated preferentially by ellipticals and early-type spirals,

unlike galaxies in the field (Hubble & Humason 1931). This effect, known as morphological

segregation, was quantified by Dressler (1980), who showed that the decrease in spirals and increase

in ellipticals/S0’s is a monotonic function of local galaxy density.

2.1. The Fundamental Plane

Much work has been done to determine the “minimum manifold of galaxies” (Brosche 1973),

namely how many parameters are necessary to completely describe the variation in the “family of

galaxies”, and what those parameters are. In principle, this problem can be resolved with statistical

methods, and in the 1980’s it was shown with Principal Component Analyses that essentially two

categories of parameters are required: one that measures scale (size, luminosity, mass), and one that

describes its form or morphology (e.g., Efstathiou & Fall 1984; Whitmore 1984; Watanabe, Kodaira,

& Okamura 1985). With these two parameters, 85–90% of the variance in the global parameters of

galaxies is exhausted. This can be interpreted as an a posteriori justification for the DDO luminosity

classes because form alone, or Hubble type, is insufficient to completely characterize a galaxy.

However, the“form”or“shape”parameter is not necessarily explicitly related to morphology; rather,

it can be one of the parameters which is correlated with morphology, such as color, metallicity, or

surface brightness. Indeed, the need for two categories of parameters underlies the existence of
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Fig. 3.— Left panel: correlations of optical color B − V and neutral hydrogen mass fraction

MHI/MT as a function of Hubble type. Data are taken from Roberts & Haynes (1994). Filled

symbols denote the RC3-UGC sample (7930 galaxies), and open ones the RC3-Local Supercluster

sample (2864); error bars indicate the 25/75 percentiles. Right panel: oxygen abundance as a

function of Hubble type (upper) and B luminosity (lower).

the “Fundamental Plane” (FP) for gravitationally bound stellar systems (e.g., Djorgovski & Davis

1987; Kormendy & Djorgovski 1989; Bender, Burstein, & Faber 1992; Burstein et al. 1997).

Galaxies can be characterized by several variables, including luminosity, size, surface brightness,

color, metallicity, velocity dispersion, rotation velocity, etc. Several correlations between two such

variables were discovered before the significance of the FP was realized; most of these correlations

are essentially projections of it. Luminosity L is generally correlated with a parameter related

to mass (e.g., Faber-Jackson relation for L and velocity dispersion σ of elliptical galaxies Faber

& Jackson 1976, and the Tully-Fisher relation for L and rotation velocity V of spirals (Tully &

Fisher 1977)). Effective surface brightness µe and radius re are correlated (e.g., the Kormendy

relation; Kormendy 1977), in the sense that galaxies with larger re are fainter in µe. The D − σ

relation (D is the diameter within which mean surface brightness attains a fiducial value) is another

example (Dressler 1987). The well-known correlations of L with color (color-magnitude relations;

Visvanathan & Griersmith 1977; Visvanathan & Sandage 1977) and of mass with metallicity (Faber

1973; Terlevich et al. 1981; Tonry et al. 2000; Tinsley 1978; Burstein et al. 1988) are also contained

in the FP.



Chapter 1 8

The FP is a consequence of the virial theorem, and the general equilibrium state of self-

gravitating structures. It is defined on the basis of a 3-space of observables (σ, µe, re), and its

orientation in this space depends on the systematic variation of mass-to-light ratio (M/L) with

luminosity (e.g., Djorgovski & Davis 1987). It could also depend on the variation of shape with

luminosity, but homology of form is the usual assumption (c.f., Prugniel & Simien 1997). Perhaps

one of the most important applications of the FP has been as a distance indicator, since luminosites

or absolute sizes can be more accurately calculated than from the Tully-Fisher, Faber-Jackson, or

Kormendy relations alone. Assuming that structures are virialized, and following Bender, Burstein,

& Faber (1992), mass M can be written as:

M = c2σ
2re (1.1)

where c2 is a structure constant, σ is the central velocity dispersion, and re is the effective half-light

radius. L can be expressed as:

L = c1Ier
2
e (1.2)

where c1 is a structure constant, and Ie is the surface brightness (in flux units), defined as the mean

surface brightness within re
1. With this definition, c1 is a constant for all galaxies. Combining

Equations 1.1 and 1.2, we can write:

re =
c2
c1

(

M

L

)−1
σ2

Ie
(1.3)

If M is proportional to some power of L (empirically M/L ∝ L0.2), and c2 is also constant for

all galaxies, then Eqn. 1.3 defines the FP. An example of the FP for dynamically hot galaxies

(e.g., ellipticals, bulges, compact spheroids) is shown in Figure 4, using the data and coordinate

transformations (κ1, κ2, κ3) of Bender, Burstein, & Faber (1992). The right panel of Fig. 4 shows

the edge-on view of the FP, with the solid line denoting the Virgo cluster fit. Figure 4 shows that

dwarf ellipticals and spheroidals (shown as squares) form a distinct group, relative to luminous

ellipticals and bulges.

Spiral and irregular galaxies, galaxy groups and rich clusters, and globular clusters all occupy

slightly different regions in parameter-space, and form what has been termed a “cosmic metaplane”

(Burstein et al. 1997), the distribution of which is generally consistent with predictions of galaxy

formation by hierarchical merging (see Sect. 3.1).

3. Building Galaxies

Besides the stars and interstellar medium (ISM) in a galaxy, which are detectable through their

radiation at some wavelength, galaxies also contain dark matter which can only be detected through

its dynamical effects. More accurately, galaxies are thought to reside in massive dark matter (DM)

haloes, the origin of which is primordial. The study of these haloes originated in the early 1970’s

when it was found that the mass of galaxies and clusters of galaxies was essentially proportional to

the radius at which it was measured: M(r) ∝ r (Rogstad & Shostak 1972; Roberts & Rots 1973;

Ostriker, Peebles, & Yahil 1974). For galaxies, this conclusion was based on flat (HI) rotation

curves out to the furthest radius at which it was possible to measure them. The implied density

distribution of the dark matter which dominates at large galactocentric distances is similar to that

expected for the outer regions of isothermal spheres, which led to the idea of a “halo”. DM haloes

are now thought to be a relic of structure formation in the initial phases of the universe, when

random density fluctuations generated the first gravitationally collapsed objects (Peebles 1982).

1Inclination is taken into account by calculating an elliptical area and converting to a circular one πr2
e
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Fig. 4.— Fundamental plane with data and coordinate conventions from Bender, Burstein, &

Faber (1992): κ1 ≡ (log σ2 + log re)/
√

2 ∝ log(M/c2); κ2 ≡ (log σ2 + 2 log Ie − log re)/
√

6 ∝
log(c1/c2)(M/L)I3

e ; κ3 ≡ (log σ2 − log Ie − log re)/
√

3 ∝ log(c1/c2)(M/L). Giant (filled) and

intermediate-luminosity (open) ellipticals are shown as circles; bright dwarf ellipticals as triangles;

compact ellipticals (filled) and dwarf spheroidals (open) as squares; spiral bulges as ×’s. The solid

line in the right panel denotes the FP, as defined by ellipticals in the Virgo cluster κ3 = 0.15κ1+0.36;

the dotted line in the left panel shows the “zone of exclusion” κ1 + κ2 > 7.8.

3.1. Cold Dark Matter Hierarchical Merging

In the 1970’s, it became increasingly evident that large-scale structure could be built up through

aggregation of non-linear entities into increasingly larger units through gravitation. Observational

studies of clusters of galaxies, together with theoretical models, showed that the typical mass and

size scales are scale-free, and organized hierarchically, with the smallest structures merging over

time to become larger and larger, finally resembling the galaxies and clusters observable at the

present epoch (Peebles 1970; Press & Schechter 1974). At the same time, it was shown that

the cooling properties of protogalactic gas clouds give rise to characteristic sizes and masses which

are reminiscent of galaxies and galaxy clusters (Binney 1977; Rees & Ostriker 1977; Silk 1977).

The discovery of dark matter, and the consequent constraint on cosmological expansion, led to

the hypothesis that the first structures consisted of some unspecified type of dissipationless dark

matter, within which gas cooled and condensed to form stars (White & Rees 1978). These were

the first cold dark matter (CDM) hierarchical models, and combined the notions of hierarchical

structure growth through gravitation with gas dynamical dissipative collapse. A cartoon of how

dark haloes merge is shown in Figure 5.

The goal of galaxy formation models is to predict the observed properties of large numbers of

galaxies, preferably at all redshifts currently available to observation. To do this, it is necessary

to treat several processes: (i) the collapse and evolution via mergers of the CDM haloes; (ii) the

dynamical behavior of gas gravitationally coupled to the haloes, subject to shocks, radiative heating,

and cooling; (iii) star formation and feedback, including energy injection, chemical enrichment of the

ISM, and dust production from supernovae events and stellar winds; (iv) long timescale evolution
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Fig. 5.— A schematic diagram of a typical merger of dark matter haloes. In the figure, it is assumed

that although the haloes themselves merge, the cooled condensed gas in the center (shown by the

dark blobs) does not. Also, the additional gas that cools in the product halo condenses onto the

largest pre-existing mass of cooled gas. Figure taken from Cole (1991).

of stellar populations; (v) tidal interaction and mergers of galaxies within their haloes.

ISM feedback in the form of energy input by supernovae was first included by Cole (1991);

such processes were necessary to avoid over-efficient cooling in small objects at high redshift and the

consequent dearth of cool gas supply at low redshift. Adding star formation, chemical enrichment,

and evolution of stellar populations made it possible for White & Frenk (1991) to predict many

properties of galaxy populations, including current star-formation rates, luminosity functions (LFs),

the Tully-Fisher relation (see Sect. 2.1), and faint galaxy number counts. Through increasingly

sophisticated algorithms, later models were increasingly more successful at correctly predicting

local galaxy properties. By including galaxy mergers within their parent haloes and suppressing

star formation in low-mass haloes through feedback, Cole et al. (1994) were able to produce a

local LF with fewer faint galaxies, in better agreement with observations. The separate treatment of

spirals/irregular galaxies and ellipticals allowed Kauffmann, White, & Guideroni (1993) to correctly

predict galaxy morphology as a function of luminosity, the variation of star formation histories with

environment, and the field galaxy luminosity function.

Despite the success of CDM scenarios in predicting many aspects of the local galaxy population,

they appear to suffer from two generic problems: (1) the impossibility of simultaneously predicting

the zero point of the Tully-Fisher relation and the galaxy luminosity function; and (2) the difficulty

in reproducing the red colors of nearby ellipticals. These problems have been somewhat ameliorated

by more sophisticated approaches which include a treatment of dust and chemical enrichment

(Somerville & Primack 1999; Cole et al. 2000), although the reproduction of the Tully-Fisher

relation in terms of slope, zero point, and scatter is particularly obstinate and may require a serious

revision of assumptions in the CDM scenarios (Navarro & Steinmetz 2000).

3.2. Morphology Evolution

Whether galaxies are governed more by “nature” or “nurture” is still a question of debate,

since the relative importance of initial conditions and environment has not yet been definitively

established. In favor of “nurture”, observations show that galaxy morphology evolves with time.
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Fig. 6.— Evolution of the distribution of the stellar components in two interacting disk galaxies,

taken from Barnes & Hernquist (1996). Times steps are 250 Myr, and given in the upper right

corner of each panel. The drastic change in morphology over short time scales is evident.

Spirals are generally depleted in local rich clusters (e.g., morphological segregation, see Sect. 2),

but distant clusters (z ∼ 0.5) contain more blue spiral galaxies than local ones (Butcher & Oemler

1978). The number of peculiar/irregular and merging galaxies increases significantly with redshift,

while the number of spiral galaxies decreases (van den Bergh et al. 1996). This could partly be

an effect of bandshift, as shown in Figure 8, where the more irregular appearance of galaxies in

the UV is redshifted to longer wavelengths. Generally, however, this effect is not a dominating one

(Abraham, Freedman, & Madore 1997).

Evolving morphology probably involves more than one process (see below), but environmental

density, tidal interactions, and mergers play an important role. Irregular galaxies can either be

low mass isolated systems (e.g., dwarf irregulars, Sect. 1.2) or the result of tidal interactions. An

example of the drastic change in morphology caused by interactions is shown in Figure 6. Violent

interactions and mergers which have evolved beyond the tidal-tail stage (see Fig. 6, lower right

panel) have properties consistent with elliptical galaxies in formation (Kormendy 1977; Doyon et al.

1994). and the light distribution of elliptical galaxies can be produced by merger-induced violent

relaxation (Lynden-Bell 1967).

Internal dynamical instabilities also affect galaxy morphology. Rotating cool disks are notori-

ously unstable to the formation of a bar (Hohl 1976; Toomre 1977; Sellwood 1980; Efstathiou,

Lake, & Negroponte 1982). Bars form on relatively short timescales (2 − 5 × 108 yr; Combes &



Chapter 1 12

Fig. 7.— Evolution of a single disk galaxy. On the left is the gas, on the right are the stars; both are

shown both face- and edge-on. Time units are 250 Myr as in Fig. 6. The elongated distribution of

gas in the center of the t=6 panel (1.5 Gyr) hints at the presence of a slowly growing bar instability.

Also evident is the thickening of the stellar disk. The figure taken from Barnes & Hernquist (1996).

Elmegreen 1993), and cause substantial gas inflows (Hernquist 1988; Schlosman, Begelman, &

Frank 1989; Junqueira & Combes 1996). These gas inflows can give rise to a circumnuclear star-

burst, and eventually result in the dissolution of the bar, thickening and heating up the inner disk

(Martinet 1995; Norman, Sellwood, & Hasan 1996). Such a structure would strongly resemble a

small bulge. Figure 7 shows an example of how an isolated disk galaxy evolves under the influence

of a bar instability. Bars can also grow during mergers (Barnes & Hernquist 1996), and the ensuing

inflowing gas causes similar effects.

Model predictions

A major challenge to any model for galaxy formation and evolution is the explanation of the

origin of the Hubble sequence. Hierarchical merging CDM models predict that elliptical galaxies

(and spiral bulges) form rather late (“nurture”), through violent relaxation following merging of

disks (Kauffmann 1996; Baugh, Cole, & Frenk 1996). Alternatively, in monolithic collapse models

(e.g., Eggen, Lynden-Bell, & Sandage 1962), ellipticals and bulges form rapidly in the collapse
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phase at very early times when cool gas initially condenses out of the DM halo. Initial conditions

(“nature”) are expected to determine the mass and configuration of the forming stellar system.

There is mixed evidence for both of these scenarios. The homogeneity of stellar populations

in present-day ellipticals suggests that they must have formed rapidly at high redshift (Renzini

1998), although Kauffmann (1996) argues that CDM models are able to produce sufficiently early

formation epochs. Studies of high-redshift samples (z ≥ 1) seem to indicate that monolithic col-

lapse is more probable, because substantial numbers of red elliptical galaxies appear to be already

assembled by z ≈ 2 (Daddi, Cimatti, & Renzini 2000) (see also Sect. 3.1). On the other hand, age

and metal abundance of haloes of spiral galaxies suggest that there is an intermediate-age stellar

population (Brown et al. 2003), which would be consistent with a merger origin. Color-magnitude

diagrams of the bulge of the Milky Way are inconsistent with an ancient burst of star formation as

would be foreseen by the monolithic collapse model (Figer et al. 2004).

CDM models predict that gas condenses in the collapsing haloes to form rotating disks (Baugh,

Cole, & Frenk 1996; Dalcanton, Spergel, & Summers 1997; Mo, Mao, & White 1998). These then

merge to produce ellipticals or bulges, according to the number of subsequent merger events. Disks

are expected to be destroyed by equal-mass mergers, but can be regrown by accretion of cold

gas available within the DM halo. In these models, Hubble type is essentially a function of time

and can go either way: a galaxy moves toward early types after a violent merger (growth of the

bulge/spheroid), and toward later types when cold gas is accreted (growth of a disk) (Kauffmann,

White, & Guideroni 1993; Baugh, Cole, & Frenk 1996; Steinmetz & Navarro 2002).

Internal dynamical instabilities have also been proposed as a way to change Hubble type.

Bar-induced gas inflow is also thought to be a plausible way to build up bulges over time, again

making Hubble type a secular function (Kormendy 1993). However, unlike the CDM predictions,

secular evolution in the bar-inflow scenario proceeds only one way: from late Hubble types to early

(e.g., Elmegreen, Elmegreen, & Bellin 1990; Martinet 1995). Another instability which could drive

evolution is described by Zhang in a series of papers (Zhang 1996, 1998, 1999). An unstable spiral

mode in a galactic disk can persist for long timescales if it is able to transport angular momentum

outward. Such a process would result in secular heating of the disk, and a redistribution of the disk

material. This mechanism is also one-way only, and would cause evolution of Hubble type from

late-type spirals to early types (Zhang 1999) by buildup of a central condensation.

3.3. Black Holes and Galaxy Formation

A final ingredient in building galaxies is, like DM, only indirectly detectable through its dynam-

ical effects. Supermassive black holes (SMBHs) are this ingredient and quiescent (non-accreting)

ones are now thought to reside in virtually all galaxies with a hot spheroidal stellar component

(Kormendy & Richstone 1995). Up to now, “secure” black hole detections have been obtained for

∼40 galaxies (Tremaine et al. 2002), on the basis of high-resolution emission- and absorption-line

spectra. SMBH masses are well correlated with properties of their host spheroids, either elliptical

galaxies or the bulges of spirals (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Graham et al.

2001). Accreting SMBHs have long been held responsible for quasar activity and nuclear activity

in general (Salpeter 1964; Lynden-Bell 1969; Rees 1984). The recent discovery of extremely

high-redshift quasars (z ≥ 6) (Fan et al. 2000, 2003) shows that SMBHs were already in place and

actively accreting when the universe was only 1/10 of its present age. They also appear to follow

the local correlation between BH mass and spheroid luminosity.

The close relation between galaxy properties and SMBH mass suggests a close link between

the formation and evolution of a SMBH and its host galaxy. Indeed, hierarchical CDM models have

been invoked to infer the merging history and growth of SMBHs in galactic nuclei (e.g., Kauffmann

& Haehnelt 2000; Haiman & Loeb 2001). However, the problem is even more complex than that
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described in Sect. 3.1 because of the necessary emphasis on gas dynamics, combination of large

and small spatial scales, and interplay of molecular and atomic cooling (Bromm & Loeb 2003).

Furthermore, it is not clear whether or not Population III stars are a necessary precursor to black

hole formation (Madau et al. 1996; Schneider et al. 2002). This makes it difficult to assess the

relative importance of stars, quasars, and stellar systems such as galaxies in the reionization of the

early universe.

4. Thesis Context and Overview

The “family of galaxies” described in the previous sections is the subject of this thesis. The

first part investigates low-mass, low-luminosity systems, and the second, massive galaxies and

their resident black hole. In particular, two extremely low-metallicity blue compact dwarf galaxies

(BCDs) are studied in Part I, together with a theoretical model to explain their differences. Part

II adopts a statistical approach, and presents observations and data taken from the literature of
>∼ 1400 galaxies.

4.1. The Near-Infrared Spectral Region

A common theme throughout the thesis (with the exception of Chapters 5, 6, and 11) is the

near-infrared (NIR: 1-4µm) spectral region, and what we can learn about stellar populations and

galaxy structure through NIR observations. The NIR wavelengths provide clear advantages over

the optical because they are more sensitive to the low-mass stars which comprise the bulk of the

mass in a typical evolved stellar population. This means that NIR images tend to be smoother,

as they do not highlight the high-mass stellar products of recent star formation, and are thus a

better tracer of “stellar backbones”. This is illustrated in Figure 8 where ultraviolet (UV), optical,

and NIR images are contrasted. The top panel, with the UV images, is clearly more patchy and

“knotty” than the bottom panel which shows NIR images.

Moreover, the effects of dust extinction in the NIR are from 8 to 10 times smaller than in the

optical, so the morphological irregularities caused by dust lanes and patches are minimized. This

makes it easier to infer the distributions of the evolved stars because their apparent structure is not

significantly disturbed by dust extinction.

4.2. Blue Compact Dwarfs

BCDs are interesting in a cosmological context for two reasons. First, BCDs are typically of

low metallicity, ≤ 10% Z�. Because primordial star formation occurs in chemically unenriched

environments, extremely low metal abundance is expected to be a signature of galaxies which are

only now forming stars for the first time. In general, chemically unevolved star-forming galaxies

are exceedingly difficult to detect even at cosmological redshifts, since most of the high (z ≥ 3)

redshift populations (Steidel et al. 1996; Dey et al. 1998; Papovich et al. 2001) show evidence

for a significant amount of chemical enrichment, thus previous star formation. BCDs could be local

examples of such systems, if it could be proven that their star-forming events are sufficiently recent.

Second, low-mass galaxies such as BCDs could still be forming at the present epoch because they

originate from density fluctuations considerably smaller than those giving rise to the giant ones.

Furthermore, in the CDM picture (see Sect. 3.1), dwarf galaxies must be related to the sub-galaxies

or primordial “building blocks” from which large galaxies are assembled. Since such objects are

much too faint and small to be studied at high redshift, local examples, if they exist, could help

understand the first bursts of star formation in the early universe.

Part I is concerned with two extremely low-metallicity BCDs, I Zw 18 and SBS 0335−052.
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Fig. 8.— M 33, M 74, and M 81 (from left to right) shown at three different wavelengths (from top

to bottom). The images in the top panel are taken from the Ultraviolet Imaging Telescope web page

(http://fondue.gsfc.nasa.gov/UIT/UIT_HomePage.html) and show the ultraviolet light

produced by hot, young stars. The middle panel shows the images from the Digitized Sky Survey at

visual wavelengths. The images in the bottom panel are combined JHK images from the 2MASS

database. The images shown in the top panel subtend a smaller area than the others, but the

greater smoothness of the bottom NIR images is apparent.

BCDs are a particular class of dwarf galaxy (MB
>∼ − 17) where intense star formation is presently

occurring as shown by their blue UBV colors and emission lines. Typical metallicities of BCDs range

from Z�/3 to Z�/50, making them the least chemically evolved star-forming galaxies in the nearby

Universe. The vast majority of BCDs are not viable primordial galaxy candidates, however, since

practically all BCDs with Z >∼ Z�/20 show an extended low surface-brightness component with

colors of intermediate-age or old stellar populations (Loose & Thuan 1986; Kunth, Maurogordato,

& Vigroux 1988; Papaderos et al. 1996; Telles & Terlevich 1997).

BCDs with metal abundances Z <Z�/20 are extremely rare; to date there are only a dozen such

galaxies known (see Kunth & Östlin 2000 for a tabulation). These galaxies are typically small and

faint, making them difficult to study especially from the ground. However, the two least chemically

evolved BCDs known, I Zw 18 (Z�/50) and SBS 0335−052 (Z�/41), have been studied in some

detail, and one fact stands out: despite their similar metallicities and stellar masses (∼ 107 M�),

their modes of star formation are very different. In I Zw 18, star formation proceeds in a “passive”

low level fashion at a rate of ∼ 0.04M�/yr; extinction is apparently low ( AV
<∼ 0.05 mag) and

there are no super-star clusters (SSCs). In contrast, SBS 0335−052 is “actively” forming stars, with

SSCs (Thuan, Izotov, & Lipovetsky 1997) of surface brightnesses ≥ 100 times those of clusters and

associations in normal giant H ii regions. A suprisingly large amount (104−105M�) of dust (Thuan,
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Savage, & Madden 1999; Plante & Sauvage 2002) obscures the brightest SSC by >∼ 12 mag. The

star-formation rate (SFR) in SBS 0335−052, derived from the Brα line (Chapter 4), is ∼ 1.7M�/yr,

more than 40 times that in I Zw 18.

Part I investigates this “dichotomy” and the viability of extremely low-metallicity BCDs as

proxies for primordial star formation. Chapter 2 reports deep NIR imaging of I Zw 18 and discusses

ages of the stellar populations derived from NIR and optical photometry. Chapters 3 and 4 describe

NIR and 4µm imaging and spectra of SBS 0335−052 and deduce properties of the star burst, stellar

mass, and dust. The radio continuum of SBS 0335−052 is discussed and analyzed in Chapter 5,

with particular attention paid to the difference between SBS 0335−052 and the massive starburst

prototypes generally used to model star formation at high redshift. Chapter 6 presents a theoretical

model of the evolution of dust properties in star-forming regions, and provides an explanation of

the difference between “active” and “passive” star formation in BCDs. This distinction is important

because active star formation could be the dominant regime at high redshift.

4.3. The Bulges, Disks, and Nuclei of Spiral Galaxies

Massive evolved galaxies lie at the other extreme from BCDs, in terms of mass, luminosity,

chemical enrichment, and age. Their structural properties can be used to assess the validity of

formation (Sect. 3.1) and evolution (Sect. 3.2) scenarios. Furthermore, accurate bulge/disk de-

compositions can help quantify classification schemes (Sects. 1, 2). The position of galaxies and

their bulge/disk components in the FP together with relationships of bulges and disks themselves

are important tools to better understand how galaxies form and evolve (Sect. 2.1).

Most galaxies harbor a black hole (Sect. 3.3), but only some of these are actively accreting at

the present epoch. It is likely that the reason for this depends on the supply of available fuel, but

also on the mechanism for its transport to the small scales required to feed a black hole. Both the

fuel supply and its transport mechanism almost certainly depend on some property of the galaxy,

but the spatial scale and the duty cycle of this is not yet clear. All galaxies may pass through some

AGN phase, but how this could occur is not understood.

While the emphasis in Part I is on two individual objects, the approach in Part II is statistical.

In Chapter 7, NIR bulge and disk properties of a sample of more than 100 spiral galaxies are

compared with the evolutionary scenarios outlined in Sect. 3.2. Quiescent black holes and their

relation with NIR bulge properties of 40 galaxies are investigated in Chapter 8. The bulges and disks

of 30 galaxies which host active nuclei (AGNs) or nuclear starbursts are studied in Chapters 9 and

10. The non-axisymmetric large-scale structure of 890 galaxies with AGNs and nuclear starbursts

is presented in Chapter 11, with statistics of bars and rings and their comparison among normal

galaxies, starbursts, and AGNs. Finally, Chapter 12 compares non-axisymmetric circumnuclear

structure identified with high-resolution HST/NICMOS images of 250 normal galaxies, starbursts,

and AGNs, with the aim of identifying fueling mechanisms for accreting black holes.
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CHAPTER 2

New Light on the Stellar Populations in the Metal-Poor Blue Compact

Dwarf Galaxy I Zw 18: Deep Near-Infrared Imaging

Abstract1

We present deep JHK images of I Zw 18, the most metal-deficient Blue Compact Dwarf

(BCD) galaxy known, and analyze them in conjunction with archival HST/WFPC2 optical

images. To investigate the stellar populations, we have divided the main body of I Zw 18

into eight regions, and fit the optical, near-infrared (NIR), and hybrid optical-NIR colors of

these and the C component with evolutionary synthesis models. The composite best fit is

obtained for an age for evolved stellar populations of <∼ 200 Myr; fits with an older age of
<∼ 500 Myr are less likely but possible. Our data show no evidence for stellar populations

in I Zw 18 older than this, although as much as 22% of the stellar mass in older stars (4%

in J light) could remain undetected. The colors of the young and intermediate age stellar

populations are significantly affected by widespread and inhomogeneously distributed ionized

gas and dust. Ionized gas emission is important in every region examined except the NW

star cluster. Extinction is significant in both the NW and SE clusters. Red H −K, B −H,

and V −K colors are not reliable indicators of old stellar populations because ionized gas

emission is also red in these colors. V − I, on the other hand, reliably separates stars from

gas because the former are red (V − I ≥ 0.4) while the latter is blue (V − I ∼ –0.4).

1. Introduction

The question of whether there are young galaxies in the local universe forming stars for the

first time is of considerable interest for galaxy formation and cosmological studies. There are

several reasons for this. First, Cold Dark Matter models predict that low-mass dwarf galaxies could

still be forming at the present epoch because they originate from density fluctuations considerably

smaller than those giving rise to the giant ones. Thus the existence of young dwarf galaxies in

the local universe would put strong constraints on the primordial density fluctuation spectrum.

Second, while much progress has been made in finding large populations of galaxies at high (z ≥ 3)

redshifts (Steidel et al. 1996; Dey et al. 1998; Papovich et al. 2001), truly young galaxies in the

1This chapter is taken from Hunt, L.K., Thuan, T.X., & Izotov, Y.I. 2003, ApJ, 588, 281.
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process of forming remain elusive in the distant universe. The spectra of those far-away galaxies

generally indicate the presence of a substantial amount of heavy elements, implying previous star

formation and metal enrichment. Thus it is important to have examples of truly young galaxies in

the local universe because they can be used as laboratories to study star formation and chemical

enrichment processes in environments that are sometimes much more pristine than those in known

high-redshift galaxies. Moreover, their proximity allows studies of their structure, metal content,

and stellar populations with a sensitivity, precision, and spatial resolution that faint distant high-

redshift galaxies do not allow. Finally, in the hierarchical model of galaxy formation, large galaxies

result from the merging of smaller structures. These building-block galaxies are too faint and small

to be studied at high redshifts, while we stand a much better chance of understanding them if we

can find some local examples.

The Blue Compact Dwarf (BCD) galaxy I Zw 18 is one of the best candidates for being a

truly young galaxy. It is described by Zwicky (1966) as a double system of compact galaxies,

which are in fact two bright knots of star formation separated by 5′′ and referred to as the brighter

northwest (NW) and fainter southeast (SE) components; these two components comprise the main

body. Later studies revealed a blue irregular star-forming region ∼ 22′′ northwest of the NW

component, referred to as component C. Dufour et al. (1996a), van Zee et al. (1998) and Izotov &

Thuan (1998) have shown the C component to have a systemic radial velocity equal to that of the

ionized gas in the NW and SE components, thus establishing its physical association with I Zw 18.

Furthermore, 21 cm VLA mapping by van Zee et al. (1998) has shown that this component is

embedded within a common H I envelope with the main body.

As the lowest-metallicity galaxy known, I Zw 18 has been studied intensively over the thirty

years since the first determination of its heavy element abundance (Sargent & Searle 1970). The low

oxygen abundance of 1/50 the solar value of I Zw 18 has been confirmed by many groups (Izotov et

al. 2001, and references therein). This lack of chemical enrichment has led to the idea that I Zw 18

may be a young galaxy, only now forming stars for the first time (Searle & Sargent 1972). Izotov

& Thuan (1999) have argued that the heavy element abundance of a BCD is a good age indicator.

They found that all BCDs with heavy element mass fraction Z ≤ Z�/20 show constant C/O and

N/O abundance ratios, and interpret this constancy as meaning that C and N in these most metal-

deficient galaxies are made in the same massive stars that produce O, and that intermediate mass

stars (3 M� ≤ M < 9 M�) have not had time to die and release their C and N production. This

puts an age upper limit of the order of 400 Myr for these extremely metal-deficient BCDs (Izotov &

Thuan 2002). It was first thought that I Zw 18 did not follow that trend as Garnett et al. (1997)

have derived a C/O ratio for I Zw 18 that is considerably higher than in other metal-poor BCDs,

and concluded that carbon in I Zw 18 has been enriched by an older generation of stars. However,

Izotov & Thuan (1999) have rederived the C/O abundance ratio in I Zw 18 and found a value in

agreement with that of other BCDs with Z ≤ Z�/20. Therefore, no preceding low-mass carbon

producing stellar population needs to be invoked. Young dynamical ages have been inferred for

I Zw 18 from the structure of expanding superbubbles of ionized gas driven by supernova explosions

(15 – 27 Myr: (Martin 1996); 13 – 15 Myr: (Dufour et al. 1996b)).

The conclusion that I Zw 18 might be a young primeval galaxy in the local universe, with age ≤
400 Myr, has been challenged, however, by the authors of several recent color-magnitude diagram

(CMD) studies of stars resolved in HST images of I Zw 18. In the first CMD study based on U , V ,

and I HST/WFPC2 images, Hunter & Thronson (1995) concluded that the optical colors of the

stars in I Zw 18 were consistent with those of young massive main sequence stars, and the colors of

the unresolved emission with an intermediate age stellar population of B and early A stars. But

the data did not go deep enough to detect individual evolved stars.

From an independent set of B, V and R HST/WFPC2 images, Dufour et al. (1996b) concluded

that the current star formation in the main body began at least 30 – 50 Myr ago, continuing to the
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present, consistent with the dynamical ages derived from expanding superbubbles of ionized gas.

As for the C component, Dufour et al. (1996b) found that it consists of an older stellar population

composed of faint red stars with ages 100 – 300 Myr on which the current modest starburst (blue

stars with age ∼ 40 Myr) is superimposed in its southeastern half. Those ages are consistent with

those derived from heavy element abundance ratios (Izotov & Thuan 1999).

However, Aloisi et al. (1999) have reanalyzed the two HST/WFPC2 data sets above and,

going deeper thanks to improved reduction techniques, concluded that there were two episodes

of star formation in the main body: a first episode occurring over the last 0.5 – 1 Gyr, an age

more than 10 times larger than that derived by Dufour et al. (1996b), and a second episode with

more intense activity taking place between 15 and 20 Myr ago, with no star formation occurring

within the last 15 Myr. For the C component, Aloisi et al. (1999) estimated an age not exceeding

200 Myr. Subsequently, Östlin (2000) has carried out a near-infrared (NIR) CMD study based on

HST/NICMOS J (F110W) and H (F160W) images. He concluded that the main body of I Zw 18

is dominated by two populations, one 10–20 Myr population of red supergiants and another con-

siderably older 0.1–5 Gyr population of asymptotic giant branch (AGB) and red-giant stars. Thus,

it appears that CMDs require two episodes of star formation in I Zw 18: an old burst, responsible

for the red faint stars, and a more recent one which produces the red supergiant and blue massive

stars seen to dominate the CMDs. More recently, Recchi et al. (2002) also found that two bursts

were necessary to explain the dynamical and chemical evolution in I Zw 18: an older burst which

occurred ∼ 300 Myr ago, and a more recent one with age between 4–7 Myr.

Izotov et al. (2001) and Kunth & Östlin (2001) have pointed out that comparison of observed

colors with those predicted by burst models of star formation inevitably leads to an underestimate of

the age, and an overestimate of the star-formation rate. It is therefore important to consider various

star formation scenarios (such as continuous star formation) in any comparison between models and

observations. Legrand (2000) and Legrand et al. (2000) have gone to the other extreme by arguing

that star formation in I Zw 18 may proceed, not in episodic bursts, but in a continuous fashion over

a long period of many Gyr, at the low rate of about 10−4M� yr−1, more than a 1000 times lower

than that inferred by Aloisi et al. (1999). This continuous low star formation would result in

an extended underlying low surface brightness stellar component in I Zw 18. However, Izotov et

al. (2001) and Papaderos et al. (2002) have shown that the existence of such a component is

supported neither by spectroscopic nor photometric measurements of the extended emission around

the star forming regions in I Zw 18.

It is thus clear that, in spite of numerous studies, there is still no consensus regarding the

age of I Zw 18 and its star formation history. While CMD analysis is the method of choice for the

determination of stellar ages, it is also subject to several uncertainties such as distance determi-

nation, extinction, and contamination of the stellar colors by gaseous emission. The NIR bands

provide a clear advantage over optical bands in this context, because of their enhanced sensitivity

to evolved red stars and reduced effects of dust extinction. To revisit the question of the ages of the

stellar populations in I Zw 18, we have acquired deep JHK images with UKIRT/IRCAM3. Using

these together with HST WFPC2 and NICMOS archival images, we can directly address the above

questions of extinction and gas contamination. Moreover, we can derive the color transformations

between the HST and ground-based filters. This is necessary because the HST NICMOS 1µm filter

(F110W) is very different from the standard Johnson J filter. By necessity, we shall focus here on

average stellar surface brightness distributions rather than on luminosities of single stars. While

seemingly a liability, such an approach will allow us a more complete examination of the stellar

content of the galaxy and its age.

The observations and analysis techniques are presented in Section 2. The derived NIR and

hybrid optical-NIR colors are discussed in Section 3. In Section 4, we model the broadband colors

with a variety of star-formation histories, and discuss the results in terms of stellar population ages,
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gaseous emission and dust extinction. We summarize our conclusions in Section 5.

2. Observations and Analysis

We acquired J (1.2µm), H (1.6µm), and K (2.2µm) images of I Zw 18, including the C

component, with the 3.8-m United Kingdom Infrared Telescope (UKIRT2) equipped with IRCAM3.

The observations were performed in the UKIRT Service Observing program in March, 1999, as part

of our ongoing project of NIR imaging and spectroscopy of BCDs. The IRCAM3 plate scale is 0.′′28

per pixel, with a total field-of-view of 72′′ × 72′′. To obtain a clean image of the C component, 22′′

to the NW, source and empty sky positions were alternated, beginning and ending each observing

sequence with a sky position. Before the beginning of each sequence, dark exposures were acquired

with the same parameters as the subsequent science frames. Total on-source integration times were

43 min in K, 26 min in H, and 39 min in J . Individual frames were dark-subtracted and flat-fielded

with the average of adjacent empty sky frames, after editing them for stars (to avoid “holes” in the

reduced frames) and applying an average-sigma clipping algorithm. The reduced frames were then

aligned and averaged. All data reduction was carried out in the IRAF environment3.

Photometric calibration was performed by observing standard stars from the UKIRT Faint

Standard List (Hawarden et al. 2001) before and after the source observations. Each standard star

was measured in several different positions on the array, and flat-fielded by dividing the clipped mean

of the remaining frames in the sequence. To correct the standard-star photometry for atmospheric

extinction, we used the UKIRT mean extinction coefficients of 0.102, 0.059, and 0.088 mag/airmass

for J , H, and K respectively. Formal photometric accuracy, as measured by the dispersion in the

standard star magnitudes is 0.025 mag in J and H and 0.04 mag in K.

Color images were derived by registering the images to a few tenths of a pixel with a cross-

correlation algorithm, then subtracting the magnitude images. The J image is shown in Fig. 1,

together with J −H (left panel) and H −K (right panel) contours superimposed. These contours

will be discussed in Section 3.2.

2.1. HST WFPC2 and NICMOS Images

We retrieved from the HST archives WFPC2 images of I Zw 18 in the F555W (V ) and F814W

(I) filters (PI: D.A. Hunter, GO-5309), and in the F439W filter (B) (PI: R. Dufour, GO-5434).

The pipeline reduction was used, followed by combination of the individual images with the IRAF/

STSDAS4 task crreject. The images were calibrated and transformed to ground-based BV I accord-

ing to the precepts of Holtzman et al. (1995), then rotated to canonical orientation (N up, E left).

The V − I image was obtained by subtracting the magnitude images.

Hybrid ground-based NIR–optical WFPC2 color images were derived by first rotating them to

the usual orientation (North up and East left), rebinning them to the UKIRT pixel size, and finally

aligning them to a fraction of a pixel by cross-correlation. These color images, shown as contours

superimposed on the J image, are shown in Fig. 3. The NICMOS F110W and F160W images were

also acquired from the HST archive (PI: G. Östlin, GO-7461), and re-reduced with STSDAS task

calnica using the best reference files. They were corrected for the pedestal effect with the software

2The United Kingdom Infrared Telescope is operated by the Joint Astronomy Centre on behalf of the U.K. Particle

Physics and Astronomy Research Council.

3IRAF is the Image Analysis and Reduction Facility made available to the astronomical community by the

National Optical Astronomy Observatory, which is operated by AURA, Inc., under contract with the U.S. National

Science Foundation.

4STSDAS is the Space Telescope Science Data Analysis System.
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Fig. 1.— J image shown in grey scale, with NIR color contours superimposed (North is up, East to

the left). The grey scale runs from 18 to 25 J mag arcsec−2, with the brightest regions appearing

darkest. In the left panel, J−H is contoured as follows: J−H = –0.5 to 0.0 (black [blue] contours);

J −H = 0.0 to 0.3 (light grey [green] contours); J −H = 0.3 to 0.5 (white [yellow] contours); and

J −H = 0.5 to 1.2 (dark grey [red] contours). In the right panel, H −K = –0.5 to 0.0 (black [blue]

contours); H − K = 0.0 to 0.2 (light grey [green] contours); H − K = 0.2 to 0.5 (white [yellow]

contours); and H −K = 0.5 to 1.2 (dark grey [red] contours). The scale is shown in the lower right

corner.

of van der Marel5, and calibrated in the standard way. Finally, they were rotated to canonical

orientation. The analytical color transformation of Origlia & Leitherer (2000) was then applied

to the rotated F110W–F160W color image to transform it to the standard J − H. To compare

the transformed HST/NICMOS image with our ground-based J −H image, we rebinned the HST

image to the larger UKIRT pixel size, and registered the two by cross-correlation.

2.2. Aperture Photometry

Aperture photometry with varying aperture diameters was performed on the NIR UKIRT

and optical WFPC2 images at the locations of the two main star-forming regions in the main

body of I Zw 18, the NW and the SE brightness peaks. To better study color gradients and possible

changes in gaseous content and stellar populations over short distances in I Zw 18, we also performed

photometry in circular apertures of radius 1′′ along a position angle (PA) of 149◦, E from N, aligned

with the NW and SE brightness peaks. Besides the NW and SE peaks, photometry was also obtained

for the intermediate region between the NW and SE regions (“Inter”), two extended regions to the

NW of the NW peak (“NW1” and “NW2”), and the two extended regions to the SE of the SE peak

(“SE1” and “SE2”). We used an aperture of radius 1.′′5 in the NW2 and SE2 regions because of lower

signal-to-noise. The different apertures and their designations are shown in Fig. 2 superimposed

on the HST I image in the left panel, and on the V − I image in the right; the photometry itself,

together with larger-aperture photometry for all regions, is reported in Table 1.

We have also obtained a UKIRT NIR image of the C component, and performed aperture

5http://www.stsci.edu/̃ marel/software/pedestal.html
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Table 1. NIR aperture photometry of I Zw 18

Aperture

Region φ (′′) F555Wa J H K V − Ia B − Ha

NW2 2 21.178 ( 0.003) 21.124 ( 0.405) 21.035 ( 0.481) 20.258 ( 0.420) -0.400 0.743

3 20.130 ( 0.002) 20.055 ( 0.248) 19.776 ( 0.269) 19.270 ( 0.267) -0.368 0.928

4 19.252 ( 0.001) 19.226 ( 0.169) 18.949 ( 0.183) 18.456 ( 0.183) -0.316 0.821

NW1 2 19.316 ( 0.001) 19.315 ( 0.176) 18.970 ( 0.186) 18.722 ( 0.208) -0.128 0.635

3 18.382 ( 0.001) 18.343 ( 0.113) 17.969 ( 0.117) 17.795 ( 0.135) -0.026 0.645

4 17.743 ( 0.001) 17.662 ( 0.083) 17.317 ( 0.087) 17.143 ( 0.100) -0.019 0.591

NW 2 17.709 ( 0.001) 17.681 ( 0.083) 17.413 ( 0.091) 17.318 ( 0.109) 0.004 0.298

3 17.300 ( 0.001) 17.179 ( 0.066) 16.906 ( 0.072) 16.778 ( 0.085) -0.011 0.428

4 17.049 ( 0.001) 16.894 ( 0.058) 16.618 ( 0.063) 16.457 ( 0.073) -0.033 0.506

6 16.772 ( 0.001) 16.568 ( 0.050) 16.303 ( 0.055) 16.054 ( 0.061) -0.067 0.603

8 16.611 ( 0.001) 16.357 ( 0.045) 16.080 ( 0.049) 15.824 ( 0.055) -0.058 0.696

10 16.481 ( 0.001) 16.190 ( 0.042) 15.914 ( 0.045) 15.643 ( 0.050) -0.061 0.750

16 16.244 ( 0.001) 15.872 ( 0.036) 15.578 ( 0.039) 15.315 ( 0.043) -0.067 0.894

20 16.218 ( 0.001) 15.815 ( 0.035) 15.506 ( 0.038) 15.271 ( 0.042) -0.078 0.953

Int. 2 19.125 ( 0.001) 18.955 ( 0.150) 18.720 ( 0.165) 18.356 ( 0.175) -0.154 0.592

3 18.238 ( 0.001) 18.007 ( 0.096) 17.766 ( 0.107) 17.445 ( 0.115) -0.098 0.592

4 17.547 ( 0.001) 17.331 ( 0.071) 17.074 ( 0.078) 16.812 ( 0.086) -0.055 0.584

SE 2 19.352 ( 0.001) 18.723 ( 0.134) 18.383 ( 0.142) 18.223 ( 0.165) 0.170 1.174

3 18.615 ( 0.001) 18.074 ( 0.099) 17.750 ( 0.106) 17.532 ( 0.120) 0.073 1.086

4 18.041 ( 0.001) 17.584 ( 0.079) 17.301 ( 0.086) 17.042 ( 0.096) 0.012 0.975

6 17.373 ( 0.001) 16.910 ( 0.058) 16.645 ( 0.063) 16.352 ( 0.069) -0.035 0.972

8 16.808 ( 0.001) 16.386 ( 0.046) 16.110 ( 0.050) 15.850 ( 0.055) -0.030 0.864

10 16.465 ( 0.001) 16.077 ( 0.039) 15.779 ( 0.042) 15.550 ( 0.048) -0.008 0.842

16 16.246 ( 0.001) 15.854 ( 0.036) 15.547 ( 0.038) 15.313 ( 0.043) -0.047 0.910

20 16.221 ( 0.001) 15.815 ( 0.035) 15.509 ( 0.038) 15.275 ( 0.042) -0.061 0.954

SE1 2 19.041 ( 0.001) 18.837 ( 0.141) 18.665 ( 0.161) 18.359 ( 0.175) -0.160 0.610

3 18.470 ( 0.001) 18.163 ( 0.103) 17.962 ( 0.117) 17.632 ( 0.126) -0.108 0.718

4 18.137 ( 0.001) 17.714 ( 0.084) 17.459 ( 0.093) 17.193 ( 0.103) -0.053 0.901

SE2 2 21.439 ( 0.004) 20.409 ( 0.291) 20.141 ( 0.318) 19.763 ( 0.334) 0.145 1.183

3 20.118 ( 0.002) 19.323 ( 0.177) 19.020 ( 0.190) 18.788 ( 0.213) 0.121 1.149

4 19.358 ( 0.001) 18.645 ( 0.129) 18.401 ( 0.143) 18.137 ( 0.158) 0.077 1.082

C component

C(SE) 2 20.944 ( 0.062) 20.792 ( 0.240) 20.643 ( 0.334)

3 20.475 ( 0.060) 19.979 ( 0.169) 20.046 ( 0.288)

4 20.072 ( 0.056) 19.564 ( 0.154) 19.365 ( 0.205)

C(NW) 2 21.414 ( 0.096) 20.830 ( 0.248) 20.745 ( 0.367)

3 20.729 ( 0.076) 20.059 ( 0.183) 20.232 ( 0.342)

4 20.209 ( 0.063) 19.560 ( 0.154) 19.633 ( 0.263)

C(Int.=Tot.) 2 21.216 ( 0.080) 20.888 ( 0.261) 20.381 ( 0.263) 0.328 0.507

3 20.363 ( 0.055) 19.872 ( 0.153) 19.705 ( 0.211)

4 19.909 ( 0.048) 19.457 ( 0.140) 19.253 ( 0.186)

6 19.433 ( 0.046) 18.999 ( 0.137) 18.820 ( 0.186)

8 19.145 ( 0.047) 18.568 ( 0.123) 18.470 ( 0.239)

10 18.831 ( 0.044) 18.313 ( 0.121) 18.270 ( 0.304)

16 19.20b(0.100) 18.311 ( 0.044) 17.888 ( 0.132) 17.971 ( 0.257) 0.12b 1.30

aThe values of F555W, V −I, and B−H have not been transformed to ground-based photometry in this table; for reasons

of brevity, B has been used to denote F439W, V for F555W, and I for F814W. Colors here have not been corrected for

Galactic extinction.

bFrom Papaderos et al. (2002).
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Fig. 2.— The left panel shows the aperture positions for the various regions superimposed on the

F814W image. The right panel shows the V − I color image for comparison; blue colors are shown

by white pixels, and red colors by black ones. In both panels, North is up, East to the left, and the

spatial scale is shown in the lower right corner. In the Figure, “Int.” denotes the Inter.(mediate)

region as defined in the text.

photometry on two positions: one centered on the main brightness peak denoted by “C (central)”,

and the other on the extended emission toward the NW denoted “C (extended)”. This photometry,

together with the global photometry for the C component, is also reported in Table 1.

2.3. Surface-Brightness Profiles and Cuts

We have fit ellipses to the J image of I Zw 18, with the centers defined by the center of symmetry

of the outer regions, which lies roughly halfway between the NW and SE emission peaks. The PA

and ellipticity of the ellipses were fixed to 141◦ (E from N) and 0.23, respectively, which were

the values the isophotal fitting converged to. Note that this PA is 8◦ smaller than that we used

for the cuts; the latter was defined by eye to contain the maxima of the NW and SE brightness

peaks. Using this geometry, J,H,K, B, V , and I radial profiles were derived, and are shown in

Fig. 4. Inspection of the figure shows that our K image, when elliptically averaged, achieves a

limiting surface brightness of ∼ 24 mag arcsec−2, enabling us to search effectively for an extended

underlying old stellar population.

The mean NIR colors of extended emission were derived by calculating the average of all points

in the profile with µ(K) < 23 mag arcsec−2, σK ≤ 0.3, and radius R > 3.′′5. The mean optical and

hybrid colors were derived in a similar way, with µ(V ) ≤ 27 mag arcsec−2 and radius R > 5.′′5. The

mean colors of the extended emission turn out to be: J −H = 0.38 ± 0.13, H−K = 0.32 ± 0.19,

V −I = −0.43 ± 0.25, B−H = 1.77 ± 0.37, V −K = 1.69 ± 0.38, where the quoted uncertainties

are the standard deviations of the ensemble, rather than photometric “errors”. These values have

been corrected for Galactic extinction according to the Schlegel et al. (1998) value AB = 0.138, and

with the extinction law of Cardelli, Clayton, & Mathis (1989). The mean colors of the extended

emission are indicated in Fig. 4 by horizontal dashed lines. The peak at R< 2′′ corresponds

to the approximate superposition of the NW and SE peaks in the elliptical average. Although

elliptical averaging is important because of the gains that can be achieved in signal-to-noise ratio,

the inner structure of I Zw 18 is clearly not symmetric. Therefore, to better quantitatively examine

color gradients, we have also derived surface-brightness profiles along a “cut”, coincident with the
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Fig. 3.— Hybrid optical-NIR color images of I Zw 18: B−H is shown in the left panel, and V −K

in the right. B−H is contoured as follows: B−H < 0.7 (light grey [green] contours); B−H = 0.7

to 1.2 (white [yellow] contours); and B − H = 1.2 to 2.0 (dark grey [red] contours). V − K is

contoured as follows: V −K = −0.1 to 1.0 (light grey [green] contours); V −K = 1.0 to 1.5 (white

[yellow] contours); and V − K = 1.5 to 2.0. (dark grey [red] contours). North is up, East to the

left, and the spatial scale is shown in the lower right corner of each panel.

orientation of the aperture photometry (PA = 149◦ and aligned with the two main brightness peaks).

The width of the cut is 1.′′7 in the perpendicular direction (6 pixels for the NIR images, 38 pixels for

WFPC2). The resulting brightness and color profiles are shown in Fig. 5, where positive radii are

towards the NW, negative towards the SE; the origin is defined by the NW brightness peak. NIR

surface-brightness and color profiles are shown in the left panels, and analogous hybrid NIR-optical

profiles in the right panels. Cut regions are labelled with their regional designation (see §2.2) at

their approximate radial distance. The colors in the 2′′ apertures are indicated by short horizontal

dashed (red) lines. The color of the extended region is indicated by the long horizontal dashed

(green) line6. All colors have been corrected for Galactic extinction as described above.

3. Broadband Colors

By combining the optical HST archival images together with our NIR data, we have at our

disposal six broadband filters, B, V , I, J , H and K, and thus five independent colors. We have

chosen to analyze V − I, J −H, H −K, B −H, and V −K for the following reasons. The optical

V − I color provides important information about gas contamination, extinction, and young stars.

Moreover, it distinguishes very well ionized gas emission from evolved stars. The NIR colors put

constraints on the presence of an evolved stellar population, as well as on the presence of hot dust

and ionized gas (H − K). Hybrid optical-NIR color combinations, such as B − H and V − K,

are effective extinction diagnostics: according to the Cardelli, Clayton, & Mathis (1989) extinction

curve and Holtzman et al. (1995), the reddenings for V −K and B −H are respectively 0.94AV

and 1.17AV , large enough to allow the separation of the effects of stellar population age gradients

6Although all figures are in black and white in the printed version of the paper, some will appear in color in the

on-line version. Here, and for subsequent figures, we indicate in parentheses the colors.
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Fig. 4.— Left panel a): Elliptically-averaged surface-brightness profiles centered between the NW

and SE peaks. Ellipticity is fixed to 0.23 and position angle to 141◦. Only those points with

σK ≤ 0.5 mag are plotted, and the error bars show the root-mean-square deviation over the ellipse.

The left panel (a) shows the NIR profiles, and the right panel (b) the optical/hybrid profiles. The

right panel The dashed horizontal lines in the lower panels are the mean colors of the lower-surface

brightness extended region as described in the text. In the upper right panel (V ), the K-band

profile is shown as the uppermost dot-dashed line, the B- and I-band profiles as the dotted lines

nearest the data (V ) points. The B profile starts to deviate from the other two optical colors at

R ∼7′′, probably because it is a slightly less sensitive image. Also on the right, the B − J color is

shown as a dotted curve in the lowest (B −H) panel.

from those of dust. These hybrid colors also provide important diagnostics for the nature of the

stellar populations. In particular, the V − K color is very sensitive to age, as the onset of the

AGB phase at ∼ 100 Myr causes a sudden intense reddening, making V − K larger than ∼ 2

(Girardi & Bertelli 1998). Hybrid optical-NIR colors are ambiguous however for discriminating

stellar population effects from ionized gas contamination and extinction effects since they are red

in all cases. To distinguish gas from older stars, the color of choice is V − I and, to a lesser extent

J − H: while these colors are blue for gas, they are red for older stars. We discuss in turn the

optical, NIR, and hybrid colors and color gradients in the following subsections.

3.1. Optical Colors

Inspection of the V − I color image (right panel of Fig. 2) shows that there is a blue “crown”

surrounding the NW star cluster, a red border to the E of the SE cluster, and numerous very red

point sources scattered throughout the NW and SE brightness peaks and the region separating

them. There is also a blue region around the SE1 star cluster. The V − I colors in the crown range

from −0.2 to −0.6, and with redder colors toward the SE. The star clusters themselves appear to

be relatively blue (V − I < 0). We ascribe the colors in the crown to ionized gas for the following

three reasons. First, the V − I color of ionized gas is ∼ –0.4 at the redshift of I Zw 18, similar to

the crown color. Second, in the HST I image (left panel of Fig. 2), filamentary structures can be

seen surrounding the NW brightness peak, coincident with the blue crown. Third, examination of
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Fig. 5.— Surface brightness “cuts” oriented at a position angle of 149◦ along the NW and SE

emission peaks. The left panel (a) shows the NIR colors; the right panel (b) the optical/hybrid

colors. Regions as described in the text are labelled. The K-band profile is reproduced (above the

V -band profile) in the right panel. The short dashed horizontal lines in the lower panels are the

colors obtained for the various regions as described in the text; the long horizontal dashed line is

the mean color of the extended region.

the Hα maps of Östlin et al. (1996) and Izotov et al. (2001) show very high equivalent widths at

the location of the crown. This interpretation will be further discussed in the context of our color

fits in §4.1.

The extended emission, at R ∼ 8′′ and µ(V ) = 24.5 mag arcsec−2, shows also very blue

V − I ∼ −0.4. Such blue V − I colors are highly unusual in BCDs. They are bluer than in any of

the H ii galaxies studied by Telles & Terlevich (1997) but are comparable to those in SBS 0335–052

(Thuan, Izotov, & Lipovetsky 1997), another extremely metal-poor BCD (1/40 solar metallicity).

A striking feature of the V − I map shown in the right panel of Fig. 2 is the patchiness of

the color, which can be most probably attributed to spatial variations in the dust and ionized gas

emission. In addition to the patchiness on small scales, there are also large-scale color gradients.

These can be clearly seen in the cuts shown in the right panel of Fig. 5. There is a general reddening

of V − I going from the NW to the SE: V − I is ∼ –0.6 at the northernmost tip of the extended

region to the NW, and gets progressively redder going toward the SE where, outside the main

brightness peak, V − I is ∼ 0.2. In addition to this general trend, there are local red maxima in

V − I near the NW and SE clusters, and further to the S (SE2). The red features evident in the

V − I color image (right panel of Figure 2) toward the SE can be seen in Fig. 5 at a radial distance

of roughly −8′′, and the blue V − I of the filaments toward the NW at a radial distance of ∼ 5′′.

The high resolution of the optical color images also reveals numerous very red point sources,

particularly in the NW star cluster, where V − I can be as high as 1.5 locally. Even higher

V − I ∼ 1.7 is seen in the reddest compact sources between the two brightness peaks. Such red

V − I colors are consistent with those of bright extremely late-type stars (>K5) (Bessell & Brett

1988), presumably red supergiants, or with those of dusty H ii regions.
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3.2. NIR Colors

The J −H color image shown in the left panel of Fig. 1 also reveals color gradients, although

most of the image has J −H ∼ 0.2 (light grey7 contours), the colors of young or intermediate age

stars, assuming there is no contamination from ionized gas emission. Moderately red J −H (∼ 0.4,

white contours) is seen towards the N of the NW cluster, and along the N border of the SE cluster.

Very red J −H structures (J −H ∼ 1.0, dark grey contours) lie toward the E and the SE, both

outside of the SE brightness peak. Toward the E, V − I < 0 and V −K <∼ 1.5, colors which are

inconsistent with evolved stars. Toward the SE, V − I and V −K are redder, which, together with

J −H, could suggest the presence of an evolved stellar population. However, because the J −H

structure of the red regions is compact and different from the diffuse structure seen in other colors,

it is likely that dust extinction also contributes to the red colors (see Sect. 4.3). A reddening of

the J −H color by 0.1 mag corresponds to an AV of order unity.

The H − K image (right panel of Fig. 1) shows an even more inhomogeneous distribution.

While the region to the E of the NW cluster has a relatively blue J −H, its H −K color is very

red (∼ 0.6, dark grey contours). Such a combination of colors can only be attributed to hot dust

(with a temperature > 600 K) or ionized gas, since dust extinction or red stars would result in a

red J −H as well. We tend to exclude the hypothesis that the red H −K is due to hot dust since

the UV flux reported by Vidal-Madjar et al. (2000) is not sufficient to heat dust to the necessary

high temperatures even at 1 pc radius. Indeed, the colors of all regions with red H −K are almost

certainly due to ionized gas, with the exception of the region to the E of the SE cluster. There,

J −H is also red, which could be due to either red stars or dust extinction.

The NIR colors of the cut (Fig. 5) also reflect the information in the color images. Along the

cut, J −H is relatively constant, while H−K has a local peak (∼ 0.5) in the “intermediate” region

between the two main star clusters.

3.3. Hybrid Colors

The colors in the optical-NIR hybrid B − H and V −K images (Fig. 3) also show an inho-

mogeneous spatial distribution, with several compact regions being significantly redder than their

surroundings. In particular, red B − H (≥ 2.2) is confined to six small clumps outside the main

NW and SE star clusters, and to the SE of the SE cluster. The same is true for V − K where

particularly red colors (≥ 1.5) are found in small clumps, most notably SE and E of the SE star

cluster. The NW and SE star-forming complexes are both bluer in B − H and V − K than the

region between them.

The elliptically-averaged profiles (Fig. 4) also show the effects of small-scale inhomogeneity,

as well as large-scale color changes. The V − I color of the extended emission is bluer than the

main body, while B − H and V − K are redder; such a trend would be expected for ionized gas

emission. The patchy distribution of the hybrid colors can also be seen in the right panels of Fig.

5. The bluest B −H and V −K colors are observed near the NW and SE brightness peaks, with

both colors becoming redder farther away.

3.4. The C Component

Taken globally, the NIR colors of the C component are redder in J − H than those in the

main body, but bluer in H − K. The optical magnitudes of the C component are B = 19.19

and V = 19.20 mag and its V − I color is 0.12 (Papaderos et al. 2002). With H = 17.89

7In the online color version, these and following contours correspond to: black=blue, light grey=green,

white=yellow, dark grey=red.
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and K = 17.97 for the C component, this gives B − H = 1.30 and V − K = 1.23 (1.18 and

1.13 respectively, after the Galactic extinction correction). These colors are substantially bluer (in

H −K, B −H, and V −K) than those in the extended region around the main body, but similar

to those in the SE cluster.

4. The Age of the Stellar Populations in I Zw18

A substantial amount of work has been done to reconstruct the star-formation history (SFH)

in I Zw 18 (Dufour et al. 1996b; Hunter & Thronson 1995; Martin 1996; Izotov & Thuan 1998;

Aloisi et al. 1999; Östlin 2000; Legrand 2000; Legrand et al. 2000; Recchi et al. 2002), and

set limits on the age of its oldest stars. As discussed in the Introduction, there is no consensus,

and the possibilities range from a low level of continuous star formation starting some 10 Gyr ago

(Legrand et al. 2000), to a first star formation episode occurring several Gyr ago (Östlin 2000),

to an instantaneous burst of age ∼ 15 – 100 Myr (Dufour et al. 1996b). We examine here whether

our deep NIR photometric data can put more stringent constraints on these different scenarios and

on the age of the stars in I Zw 18.

4.1. Fitting the Broadband Colors: Models and Methods

In accordance with previous work (Aloisi et al. 1999; Östlin 2000; Recchi et al. 2002), we

consider a star-formation scenario consisting of two distinct episodes: a recent one which accounts

for the young stellar population, and a prior one responsible for the older stars.

Both young and old stellar components were modelled with synthetic stellar spectral en-

ergy distributions (SEDs) produced using the galactic evolution code PEGASE.2 (Fioc & Rocca-

Volmerange 1997) for an instantaneous burst, with ages ranging between 0 and 10 Gyr, and a

heavy element mass fraction Z = 1/50 Z�. PEGASE.2 uses mainly the “Padova” stellar tracks as

described in the PEGASE documentation; the tracks for Z = 0.0004 were published by Fagotto et

al. (1994). We adopted an initial mass function with a Salpeter slope (α = –2.35), and upper and

lower mass limits of 120 M� and 0.1 M�. Synthetic SEDs for continuous star formation were then

calculated by integration of instantaneous burst models over the specific time interval.

The ionized gas emission contribution to the total brightness is important in some regions in

I Zw 18. To calculate the gaseous continuum SED region by region, the observed Hβ flux and the

electron temperature are derived from the optical spectra (Izotov & Thuan 1999). Then the gas

continuum is calculated from the contribution of free-bound, free-free, and two-photon continuum

emission for the spectral range from 0 to 5 µm (Aller 1984; Ferland 1980). Observed emission lines

are superposed on the gaseous continuum SED with intensities derived from spectra in the spectral

range λ3700 – 7500 Å. Outside this range, the intensities of emission lines (mainly hydrogen lines)

are calculated from the extinction-corrected flux of Hβ.

The predicted colors of both stars and gas are obtained by convolving the theoretical SEDs

with the appropriate filter bandpasses. The transmission curves for the B, V , I, J , H and K

bands are taken from Bessell (1990) and Bessell & Brett (1988). The zero points are from Bessell,

Castelli & Plez (1998).

Generic colors of the young population only (instantaneous burst) are shown in the left panels of

Figs. 6 (NIR colors) and 7 (optical and hybrid). Gas emission is taken into account in these curves

by adding the observed gaseous SED from optical spectrophotometric observations of Izotov &

Thuan (1999) to the calculated stellar SED of the younger population; its contribution is determined

by the ratio of the observed equivalent width (EW) of the Hβ emission line to the one expected

for pure gaseous emission. The color-color tracks shown in Figs. 6 and 7 are those predicted

by our instantaneous burst models for stellar populations with ages from 0 to 10 Gyr and for
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Fig. 6.— J −H vs. H−K plot of I Zw 18 for colors of the regions for which we performed aperture

photometry, together with the fitted colors. Regions are labelled by their designation: NW2,

NW1, NW (circles); Inter. (filled triangle); SE, SE1, SE2 (squares); Exten. (star); and (global)

C component (×). The model colors (shown in both panels) are denoted with open symbols (and

labelled by number when appropriate), and the observed ones (right panel) with filled symbols;

observed and fitted colors are connected with a dotted line. Three evolutionary synthesis tracks

are shown as described in the text. Pure gaseous colors are indicated by “Gas” (blue). An arrow

indicating an extinction AV = 1 is shown in the upper-right corner of the left panel. In the left

panel, continuous burst stars-only colors are shown by a heavy (red) line; an age of 500 Myr is

marked. Also shown in the left panel as a grid are the NIR colors of normal spirals, taken from de

Jong (1996).

1/50Z� metallicity, with line and continuum gaseous emission added. The relative intensities of

the emission lines are taken to be the same as in the NW component. The short-dashed (cyan)

line shows populations with fixed EW(Hβ) = 100Å, and the dot-dashed line (blue) populations

with EW(Hβ) = 600Å. The light solid (green) line shows a scenario in which EW(Hβ) changes self-

consistently over time, namely the gaseous emission is defined by the ionizing flux of the stellar

population; an age of 500 Myr is indicated with an arrow, with older ages being toward the red in

both colors. These tracks differ from those calculated by Leitherer et al. (1999) mainly because

they are characterized by a lower metallicity (1/50 Z�), and take line emission into account. Pure

gaseous emission is denoted by “Gas”. Colors of continuous burst stellar populations alone (without

gas) are shown by heavy solid (red) lines. There are more than one of these (evident in Fig.

7) because we considered several initial and final burst ages; in the NIR these differences are

insignificant, while in the optical+hybrid they are more pronounced. Also shown in the left panels

as a grid are the NIR colors of normal spirals, taken from de Jong (1996). The temporal evolution

of the self-consistent model shows clearly the epoch where gas ceases to dominate the SED, since

there is a sharp shoulder in the track, and the continuous burst stars-only models converge with

it. Red H −K and blue J −H and V − I correspond to the youngest ages. There is an ambiguity

in the hybrid colors since red V − K (and to a lesser extent B − H) can be due to either gas or

evolved stars. We will exploit the five independent colors at our disposal to resolve this ambiguity.

The observed color-color diagrams for the seven regions in the main body, the extended region

around the main body, and the C component are shown in the right panels of Figs. 6 (NIR) and



Chapter 2 36

Fig. 7.— Hybrid NIR-optical color-color plots of I Zw 18 of the regions for which we obtained

aperture photometry, together with the fitted colors. As in Fig. 6, regions are labelled by their

designation: NW2, NW1, NW (circles); Inter. (filled triangle); SE, SE1, SE2 (squares); Exten.

(star); and (global) C component (×). Models are as in Fig. 6. The model colors (shown in

both panels) are denoted with open symbols (and labelled by number when appropriate), and the

observed ones (right panel) with filled symbols; observed and fitted colors are connected with a

dotted line. Arrow indicating 1.0 visual magnitudes of extinction are shown in the left panels.

7 (optical+hybrid). It is evident that the observed NIR and hybrid optical-NIR colors can be well

reproduced by the models.

Constraints on the Old Stellar Population

To reconstruct the star formation history in I Zw 18 from its observed broadband colors, we

proceed in the following manner. We first search the grid of synthetic models for the one which fits

best the five broadband colors (V − I, B −H, V −K, J −H, and H −K) observed for the seven

positions of aperture photometry in the main body of I Zw 18, the extended region around it, and

the C component. In all cases, we modelled the old stellar population with a continuous episode of

star formation, but considered both instantaneous and continuous scenarios for the young stellar

population. The old stellar population, by definition, is composed of stars formed prior to the stars

composing the young stellar population.

We derived the colors expected in each observing aperture by “mixing” curve calculations,

usually used in connection with color-color diagrams. In such calculations, one starts with a “main”

color associated with a physical component, in our case young instantaneous or continuous burst

stellar populations. That color is then “mixed” with colors of other physical components, in our

case continuous burst older stars and gas emission (including both continuum and line emission as

discussed above). Finally, foreground extinction is taken into account by reddening the “mixed”

colors. Mathematically, the resulting colors do not depend on which component defines the “main”

color.
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For each region, we derived the model colors (V − I, B −H, V −K, J −H, and H −K) that

best fit the observed ones by minimizing the χ2. The uncertainties in the χ2 are the photometric

uncertainties in the colors, obtained by adding in quadrature the photometric uncertainty of each

filter. Color errors were constrained to be at least 0.05 mag because of possible systematic problems

with HST/ground-based transformations. Free parameters in the model fitting include the age of

the young stellar population and its burst mode of star formation (instantaneous or continuous), the

age of the old stellar population (constrained to be a continuous burst), the J luminosity fraction of

old stars r∗(J), the J luminosity fraction of ionized gas rgas(J), and the foreground visual extinction

AV . Rather than fixing AV to the values derived from the Balmer decrement, we let AV vary in

the fits, since ionized gas may be subject to a different extinction than the stellar emission (Calzetti

et al. 1997).

However, fits performed in this way are unconstrained since we have five colors and five free

parameters (six if the young-population burst scenario is included). Thus, to limit the parameter

space to be explored, we had to impose additional observational constraints. One such constraint is

the EWs of the Hα line at different locations in I Zw 18 (Izotov et al. 2001) which limits the range

of ages the young stars can have. Furthermore, photometric studies of BCDs [e.g., Loose & Thuan

(1986); Papaderos et al. (1996)], have shown that the same component of evolved stars is present

in all regions within a galaxy. Therefore, we constrain the evolved stellar population to be the same

everywhere in I Zw 18. To determine which ages are possible, we need to examine the colors of a

region relatively free of the ionized gas emission known to be widespread in some parts of I Zw 18

(Izotov et al. 2001) and which contaminates the observed broadband colors. The C component is

such a region; it has the lowest EW(Hβ) of the I Zw 18 complex. Therefore, in principle, we can

first fit the C component colors, without having to worry about gas contamination; then, the old

stars in the I Zw 18 main body can be represented by the best-fit older stellar population in the

C component. Such a procedure is supported by optical spectroscopy and imaging which suggest

that star formation is oldest in the C component (age ∼ 100 – 200 Myr) and has propagated into

the main body (Hunter & Thronson 1995; Dufour et al. 1996b; Izotov & Thuan 1998).

We therefore fit the C component by setting the gas fraction rgas(J) and extinction AV to

zero, and letting the age of the young and old populations vary, together with the young-star burst

scenario and the old-star fraction r∗(J). By constraining the model prediction of the HαEW in the

burst scenario of the young population to be consistent with its observed value (20 – 60Å (Izotov

et al. 2001)), we find the colors of the C component to be best fit by a young instantaneous-burst

(IB) stellar population 15 Myr of age, with a dominant r∗(J) = 0.6 older stellar population of age

100–200 Myr. The second-best fit was obtained with a young continuous burst (CB) 10–20 Myr of

age, combined with r∗(J) = 0.6 of 100–200 Myr older stars. The third-best fit was similar to the

best one, but with r∗(J) = 0.5 of a 20 Myr young population. These results are reported in Table

2.

The minimum χ2 value χ2
min = 16.7 is obtained in the IB scenario, and gives a best fit with

root-mean-square (RMS) residuals (over the five colors) of 0.21 mag, while the CB χ2
min = 17.0

corresponds to an RMS of 0.23 mag. If we consider all the old stellar populations found in solu-

tions with a χ2 value between χ2
min and χ2

min + 1, we find that, in addition to the best-fit range

of 100–200 Myr age, plausible other age ranges for the old stellar populations for I Zw 18 include

100–500 Myr, 10–200 Myr, 10–500 Myr, and 3–500 Myr. Although stars older than this gave sub-

stantially worse fits, to be conservative, and because the age of I Zw 18 is so controversial, we have

included in the subsequent analysis the following additional older stellar populations: 3 Myr–1 Gyr,

100 Myr–1 Gyr, 0–1 Gyr, 100 Myr–2 Gyr. As a result, for the remaining main-body regions, we have

considered a total of nine possible old stellar populations. Populations older than 2 Gyr are ruled

out, since the χ2
min values associated with them (together with the EW constraint on the young

stars) were ranked at ∼ 600th in the best (IB) case. The worst of the older populations retained
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Table 2. Model fitsa to colors of I Zw 18 C Component

Old Ageb Young Agec r∗(J) Σχ2 RMS (mag)d

Young Instantaneous Burst (IB)c

100-200Myr 15Myr 0.6 16.7 0.21

20Myr 0.5 17.3 0.19

100-500Myr 15Myr 0.6 17.4 0.22

10-200Myr 15Myr 0.9 17.5 0.18

20Myr 0.8 17.7 0.20

100-500Myr 20Myr 0.5 17.8 0.19

10-500Myr 15Myr 0.7 17.8 0.22

3-500Myr 15Myr 0.8 17.9 0.19

10-500Myr 20Myr 0.6 18.1 0.20

3-500Myr 20Myr 0.7 18.2 0.19

Young Continuous Burst (CB)c

100-200Myr 10-20Myr 0.6 17.0 0.23

10-20Myr 0.7 17.4 0.16

10-200Myr 10-20Myr 0.9 17.4 0.19

3-500Myr 10-20Myr 0.8 17.6 0.20

100-200Myr 15-20Myr 0.5 17.6 0.22

100-500Myr 10-20Myr 0.6 17.7 0.23

10-200Myr 15-20Myr 0.8 17.7 0.21

100-500Myr 10-20Myr 0.7 17.8 0.16

100-200Myr 15-20Myr 0.6 17.9 0.17

10-500Myr 10-20Myr 0.7 17.9 0.23

aFitted young-population colors (V − I, B −H, V −K,

J−H, H−K) of C component are stars only: gas emission

and extinction are constrained to be zero.
bEvolved population colors assume a continuous star-

formation scenario.
cScenarios refer to the young population.

dRoot-mean-square residual (in mag) averaged over all

five colors.
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for further consideration (e.g., 2 Gyr) ranked 263rd.

The Young Stellar Populations, Gaseous Emission, and Extinction

We then fit the colors of each region in the main body of I Zw 18 by letting the age of the young

stellar component vary, subject to EW constraints, as well as the parameters r∗(J), rgas(J), and

AV . The old age and the burst scenario of the young population (IB or CB) was constrained to be

the same for all regions. This was done for each of the ten different possible old stellar populations

as defined above. We let each fraction in the mixing calculation vary from 0 to 1 in 10% increments,

and let AV vary from 0 to 1, in increments of 0.1 mag. Therefore, considering all the possible young

stellar populations (63), together with the nine candidate older populations, we calculated for each

region 567,000 (63 × 9 × 103) sets of colors; with the two burst scenarios, we have considered more

than a million color sets. χ2
min summed over all five colors for each region was chosen from this

ensemble. The global χ2
min, Σχ2

min, for a specific older stellar population and younger burst type

was defined by summing over all regions (including the C component) the χ2
min for each region at

the particular older age (and younger burst type). The results are shown in Table 3, in order of

increasing Σχ2
min.

The optical and hybrid observed within a 2′′ aperture are plotted together with the fitted colors

in Figs. 6 and 7. In both figures, the best-fit colors are shown in both panels, and connected to the

observed ones in the right panel with a dotted line. The fitted values for the five colors for each

region can be seen to be consistent with those observed, within the observational errors.

4.2. Results

The best fit as given by the minimum Σχ2
min in Table 3 is obtained for an underlying old stellar

population of age 100–200 Myr. The Σχ2
min values are plotted as a function of old population age

in Fig. 8, where only the 18 lowest values are shown; these values are also reported in Table 3. The

age in the plot is in fact the oldest age in the older stars, since there is ambiguity because of the

numerous starting and ending CB times for the old burst in our model grids. Inspection of Fig. 8

shows the clear minimum for an older age of 200 Myr. Although the difference in χ2 between an

oldest age of 200 Myr and 500 Myr is not significant enough for us to definitely exclude 500 Myr as

the oldest age, we can definitely exclude an upper limit of 1 Gyr. In fact, the best fit with an oldest

age of 1 Gyr is ranked 8th, and has ∆χ2 = 8.5 with respect to Σχ2
min. As for the burst scenario,

our fits tend to suggest that an instantaneous burst rather than a continuous one is more likely for

the younger population, since seven of the nine lowest Σχ2
min values are for IBs. Table 3 shows

that, with two exceptions, the lowest Σχ2
min also corresponds to the lowest regional χ2

min. Hence,

our requirement that the same evolved stellar population be present in all regions is not unduly

constraining our results, since the condition is met naturally by our fits. One exception, NW2,

is insignificant, since according to our fits it contains no evolved stars; consequently the resultant

χ2
min is insensitive to older age. The other exception (SE) reflects the difficulty of fitting a complex

region with a simple model. The SE component shows the most spatially variable colors in the

entire main body, and undoubtedly suffers from the effects of dust extinction.

The parameters of the best-fit model with an older population of age 100-200 Myr are given in

Table 4. In all cases, the RMS residuals of the fits (Col. 6, 1st line) are smaller than or comparable

to the RMS photometric uncertainties (Col. 6, 2nd line), suggesting that our fits are rather good

approximations to the colors (see also Figs. 6 and 7). Inspection of Table 4 shows that the C

component and the main SE cluster apparently host the highest fraction of evolved stars with

r∗(J) = 0.6. The other regions have lower r∗(J), with zero old stars in the farthest region to the

NW (NW2); indeed 80% of the emission in NW2 is ionized gas. In the main body, the old-star
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Table 3. Ages of Model Fitsa to Colors of I Zw 18

Old Ageb NW2 NW1 NW Inter. SE SE1 SE2 Ext. C Comp. Σ χ2c

100-200Myr (IB)d 3Myr 3Myr 3Myr 3Myr 10Myr 3Myr 10Myr 10Myr 15Myr 64.6

12.4 13.0 1.9 2.1 3.0 5.6 2.9 6.8 16.7

100-500Myr (IB) 3Myr 3Myr 3Myr 3Myr 3Myr 3Myr 10Myr 10Myr 15Myr 67.2

12.4 14.2 2.1 2.4 2.8 5.7 3.1 7.0 17.4

100-200Myr (CB) 3Myr 20Myr 3Myr 20Myr 3-20Myr 15Myr 3-20Myr 100Myr 10-20Myr 69.9

12.0 16.6 1.9 2.9 2.6 7.0 3.0 6.8 17.0

10-500Myr (IB) 3Myr 3Myr 3Myr 3Myr 10Myr 3Myr 10Myr 10Myr 15Myr 70.4

12.4 16.6 2.0 2.5 2.8 5.7 3.0 7.6 17.8

10-200Myr (IB) 3Myr 3Myr 10Myr 3Myr 3Myr 3Myr 10Myr 10Myr 15Myr 72.5

12.4 16.6 2.8 2.8 2.9 5.8 3.6 8.0 17.5

100-500Myr (CB) 3Myr 20Myr 3Myr 20Myr 3-20Myr 15Myr 3-20Myr 100Myr 10-20Myr 72.7

12.0 17.6 2.2 3.2 2.6 7.2 3.4 7.0 17.7

3-500Myr (IB) 3Myr 3Myr 3Myr 3Myr 10Myr 3Myr 10Myr 10Myr 15Myr 73.0

12.4 17.3 2.0 2.8 3.1 6.0 3.6 7.9 17.9

3Myr-1Gyr (IB) 3Myr 3Myr 3Myr 3Myr 10Myr 3Myr 10Myr 10Myr 15Myr 73.1

12.4 17.5 2.2 2.8 2.9 5.9 3.2 7.7 18.4

100Myr-1Gyr (IB) 3Myr 3Myr 3Myr 3Myr 3Myr 3Myr 10Myr 10Myr 15Myr 73.9

12.4 16.5 2.7 2.9 3.1 6.1 3.8 7.4 18.8

100Myr-2Gyr (IB) 3Myr 3Myr 10Myr 3Myr 10Myr 3Myr 10Myr 10Myr 15Myr 74.5

12.4 16.6 2.6 3.1 3.1 6.4 3.9 7.3 19.1

10-500Myr (CB) 3Myr 15Myr 3Myr 20Myr 3-15Myr 15Myr 3-20Myr 100Myr 10-20Myr 75.0

12.0 18.5 2.2 3.6 2.6 7.2 3.4 7.6 17.9

0-1Gyr (IB) 3Myr 3Myr 3Myr 3Myr 10Myr 3Myr 10Myr 10Myr 15Myr 75.1

12.4 18.1 2.4 3.0 3.0 6.0 3.4 7.8 18.8

10-200Myr (CB) 3Myr 15Myr 3Myr 3Myr-10Myr 20Myr 20Myr 100Myr 100Myr 10Myr-20Myr 75.9

12.0 18.7 2.3 4.0 2.9 7.4 3.3 8.0 17.4

3-500Myr (CB) 3Myr 15Myr 3Myr 20Myr 3-20Myr 15Myr 3-20Myr 100Myr 10-20Myr 76.3

12.0 18.8 2.4 3.8 3.0 7.4 3.4 7.9 17.6

100Myr-2Gyr (CB) 3Myr 20Myr 3Myr 20Myr 20Myr 15Myr 3-20Myr 100Myr 10-20Myr 77.8

12.0 19.7 2.1 3.8 2.8 7.8 3.8 7.3 18.5

3Myr-1Gyr (CB) 3Myr 15Myr 3Myr 20Myr 3-10Myr 15Myr 3-20Myr 100Myr 10-20Myr 77.9

12.0 19.5 2.3 3.8 3.0 7.5 3.9 7.7 18.3

100Myr-1Gyr (CB) 3Myr 20Myr 3Myr 20Myr 3-20Myr 15Myr 3-20Myr 100Myr 10-20Myr 78.7

12.0 19.4 2.4 3.7 3.2 7.7 4.1 7.4 18.8

0-1Gyr (CB) 3Myr 15Myr 3Myr 20Myr 20Myr 15Myr 3-20Myr 100Myr 10-20Myr 79.3

12.0 19.9 2.8 3.9 2.8 7.5 3.9 7.8 18.8

aFitted colors (V − I, B − H, V − K, J − H, H − K) of young population include gas emission as described in text. For each region,

the young age is reported in the first line, and χ2 (summed over all five colors) in the second.

bAll evolved population colors assume a continuous star-formation scenario.

cχ2 (over all five colors) summed over all regions. There may be small discrepancies with respect to the sum of the values in the second

line, because of numerical round-off in the latter.

dThe scenarios refer to the young population.
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Fig. 8.— The sum Σχ2
min over all regions plotted as a function of the logarithm of the maximum

age in the older stellar population; only the 18 lowest values are shown. The two star-formation-

history scenarios are not distinguished in this figure, nor are the younger ages (either for the younger

population, or for the lower limit in the oldest). The dotted curve shows the parabola which best

approximates the envelope of lowest Σχ2
min values.

fractions suggest that star formation has been proceeding the longest in the main clusters, SE and

NW, since half or more of the light there can be attributed to a 100-200 Myr continuous burst.

The ages of the younger burst range from 3 Myr in the NW part of the main body to 10 Myr

in most of the SE (with the exception of SE1 which has an age of 3 Myr). In the C component,

the younger burst is older, with an age of 15 Myr or more (see also Table 3). Because of the gas

emission, in most of the regions in the main body (with the exception of the NW cluster), young

stars comprise less than half of the observed flux. The highest fraction of young stars is present

in the NW star cluster (50%), while toward the SE, the fractions range from 10% to 30%. These

results will be compared with previous work in §4.4.

4.3. Gas Contamination and Dust Reddening

We discuss here the evidence that the emission in many regions in I Zw 18 is dominated by gas

and dust, rather than by old stars, and how neglecting this can affect the derived age.

Spatial Inhomogeneity of the Interstellar Medium

Table 4 shows that in the main body only the bright NW cluster is free of ionized gas. With

the exception of the main NW cluster, all of the remaining regions contain a significant amount of

ionized gas. As mentioned above, the gas fraction rgas(J) is highest to the NW (NW2), where 80%

of its light is due to gas emission. This gas contribution is lowest in the SE, consistent with the

relatively high fraction of evolved stars derived.

These results are compatible with the qualitative analysis in §3.1 and with other data. Deep

Keck spectra of I Zw 18 obtained by Izotov et al. (2001) reveal extended gas emission around the

NW component, with Hα emission detected as far as 30′′ from it. The situation in the NW star

cluster is contrary to this, since that region is only well fit by pure stellar emission, without any gas
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contribution. Our finding is also consistent with the Hα map of I Zw 18 which shows an apparent

“hole” in the gas distribution at the location of the NW component (Cannon et al. 2002).

Extinction is also measurable in the main NW and SE clusters (AV = 0.1 mag), and in the

extended region. According to our fits, the light in the extended region surrounding the main

body of I Zw 18 contains 40% evolved stars of age 100-200 Myr, and 60% gas, together with an

extinction AV = 0.2 mag. The high χ2 and the large uncertainties8 here reflect the difficulty of

using an elliptical average, especially because in the NW2 region, the emission is 80% gas without a

measurable contribution from an evolved stellar population, while in the SE, there appear to more

old stars (40% of the light) and less gas.

In the SE region, V −I is redder (> 0), as are the other colors, and, from Table 3, it appears that

the color gradient evident in Fig. 5 is due to a population gradient, coupled with some extinction

and a spatially-varying contribution from ionized gas. A greater extinction in the SE cluster is

supported also by other data (Izotov & Thuan 1998; Cannon et al. 2002): small-scale AV from

the Balmer decrement in the SE region is 0.24 mag as compared to AV = 0.04 mag for the NW

region. The slight difference between these and the results of our fits is almost certainly due to

different aperture sizes and the spatially-varying interstellar medium (ISM).

Indeed, using the HST/WFPC2 extinction maps, Cannon et al. (2002) show that the Hα/Hβ

ratio varies considerably spatially, and show that such extinction can be produced by 2−5×103M�

of dust. The structure in the extinction inferred from the recombination line ratios is very similar

to the one seen in our optical/hybrid color images: the SE and the E side of the intermediate zone

which are the most affected by extinction (see Figs.2, 3) are also the sites of the reddest colors.

Cannon et al. speculate that there is a band of extinction between the NW and SE components,

but are unable to measure it because of the absence of optical line emission. Our color images, in

particular B −H, reveal such a band, suggesting that much, if not all, of the structure seen in the

colors is due to variations in the ISM, rather than to gradients in the stellar populations.

Color structure

The structure of the extended emission and the color gradients can also help understand its

nature. As discussed in §3, the colors in I Zw 18 vary on small spatial scales. Such variations are

not the smooth ones that would be expected for stellar population age gradients, but rather are

patchy and inhomogeneous, common signatures of variations in dust extinction and gas emission.

Indeed, the reddest structures in the colors are associated with compact sources rather than with

smooth sheets of underlying red stars, which are conspicuously absent in our images.

Another signature of the ISM in I Zw 18 can be found from the comparison of the ground-

based J image with the HST/NICMOS F110W image. The difference (J − H) – transformed

(F110W–F160W) (see Sect. 2.1) is shown in the left panel of Fig. 9, with contours overlaid on the

ground-based J image. If the analytical transformation of Origlia & Leitherer (2000) holds, we

would expect a difference between transformed F110W–F160W and J −H to be close to zero; that

is the case for the NW and “Inter.” regions of the main body. However, to the E of the intermediate

region, to the SE and to the W of the NW star cluster, and to the S, the difference can be very

negative. The highest (dark grey) contours correspond to a difference of <∼ −0.5 mag, in the sense

that the transformed F110W–F160W is redder than the ground-based J −H.

The failure of the analytical color transformation is seen perhaps more clearly in the right

panel of Fig. 9, where we have applied the color transformation to individual calibration stars, the

seven discrete regions in the main body, and a field star in the image field-of-view. The field star is

labelled “Star”, but is probably a galaxy (Östlin 2000). The calibration stars and their photometry

8As mentioned in §2.3, these are the standard deviation over the ellipse.
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Fig. 9.— The difference in the color transformation for HST and ground-based photometry. Left

panel: difference (J − H)−trans(F110W–F160W) of the ground-based J − H images of I Zw 18

and the transformed NICMOS F110W–F160W; right panel: the same color transformation for the

individual regions in I Zw 18, individual stars taken from HST/NICMOS web page (filled circles),

and for a field star (“Star”) in the I Zw 18 image. The transformation of the F110W–F160W color

was performed according to Origlia & Leitherer (2000), and the (negative) difference between it

and ground-based J − H is shown in the right panel as a dotted line. The horizontal line shows

zero difference in the HST and ground-based colors. The contours (left panel) and the negative

magnitudes (right) correspond to a negative difference, in the sense that ground-based J − H is

bluer than transformed F110W–F160W. In the left panel, dark grey [red] contours correspond to

(J − H)−trans(F110W–F160W)< −0.5, and white [yellow] to −0.5 < (J − H)−trans(F110W–

F160W)< −0.1.

(shown by filled circles) were taken from the HST/NICMOS web page. It can be seen from the

figure that the NW cluster and the “Star” obey the nominal transformation rather well, but the SE

cluster and surroundings are highly discrepant: the transformed F110W–F160W is 0.5 mag redder

than the true ground-based J −H color. In NW2, the J −H color is bluer than the transformed

F110W–F160W consistent with slightly different gas fractions in the two sets of colors.

In general, the largest differences are located in the regions with the reddest colors. The

spatial structure of these regions in the NIR images is very similar to that of the hybrid color

images. These differences are good tracers of gas emission and dust extinction because, while the

color transformation from F110W–F160W to J − H is valid for normal stars, it fails where the

colors are contaminated by other processes. That the ISM is at least partly responsible for the

large differences is particularly evident in the negative region to the W of the NW brightness peak:

this site has one of the largest Hα equivalent widths (Izotov et al. 2001) in I Zw 18.

Gaseous emission (including lines) may not affect ground-based J −H much, since its J −H

∼ 0, although it may make the color slightly bluer. However, the sensitivity to extinction of

F110W–F160W is 0.3AV (Holtzman et al. 1995), more than 3 times that of ground-based J −H.

The opposing effects of gas (which makes J − H bluer) and dust extinction (which reddens the

colors) make it difficult to quantify their combined effects. We can only emphasize that if these

effects are not taken into account in the interpretation of the observed colors, the inferred age for

the stellar populations may be incorrect.
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Gas Emission and its Effect on Color Fitting

To better assess gas contamination and its effect on the fit results, we have estimated the

gas fractions colors in the NW and SE clusters using two different techniques: 1) from the optical

recombination line ratios [e.g., Izotov & Thuan (1998)] and assuming zero extinction, infer the

NIR line fluxes and gas continuum; 2) from our new NIR spectra obtained at the Keck and UKIRT

telescopes (Hunt et al., in preparation), measure the NIR recombination lines and infer the gas

emission in the photometric filters. For (1), we have used the recipes of Joy & Lester (1988) to

derive the gas continuum emission in the spectroscopic apertures (NW 4.′′2×1.′′5, SE 3.′′6×1.′′5). The

extrapolation from the optical gives slightly lower gas fractions (15% in the SE and 5% in the NW)

than our NIR spectra (SE: 32%, NW: 22%), however the former do not take line emission into

account. Both strategies give results which are roughly consistent with each other, and broadly

consistent with the results from the color fits, especially considering the different aperture sizes and

orientations. The spectroscopic apertures are larger than the photometric ones and unequal (NW

is larger than SE), and the spectroscopic slit was oriented at a slightly different angle (PA = 139◦)

than our photometric cut (PA = 149◦). The larger gas fractions measured by our new NIR spectra

relative to the optical extrapolations may also suggest a larger extinction. In spite of these caveats,

the important result is that both techniques confirm spectroscopically that the SE cluster is more

contaminated by gas than the NW, corroborating the results of our fits.

To determine if the age of the evolved stars inferred from our fits depends sensitively on our

treatment of gas emission, we also ran a series of stars-only fits, that is to say without including the

contribution of gas emission to the model colors. Although the resulting region χ2
min values were

much larger (χ2
min × 3), the maximum ages for the older stellar population remain 200-500 Myr.

Moreover, these stars-only fits give the same ranking for the older stellar populations: namely the

Σχ2
min was found for an IB of age 100-200 Myr, with the next smallest value given by one of age

100-500 Myr.

To ascertain if the age of the evolved stars inferred from our fits depends on which colors are

fit, we repeated the stars-only fits on different subsets of colors. We first eliminated one or both

of the hybrid colors V −K and B − H from the fits, since these colors are presumably the most

sensitive to red old populations. However, the results do not change: we obtain the same upper

limit to the older age of 200-500 Myr, and the ranking of the fits is the same as with all five colors

We then eliminated V −I from the fits, and again modelled the four remaining colors (now two

hybrid ones and two NIR) without including gas emission. This was done for two external regions

(Exten., SE2) with red colors (V − I, V −K, and B−H) so that we could effectively check the case

most favorable for evolved stars. It turns out that eliminating this purely optical color from the fits

significantly changes the estimate for the old age in these two regions. Without V − I, the age of

the evolved stars becomes 100Myr-2Gyr; r∗(J) becomes unity for the extended region and 0.7 for

SE2 (instead of 0.4). The reason for this is that the V − I of the gas is extremely blue (∼ −0.4)

relative to old stars (V − I ∼ +0.4), while the B −H9 (∼ 0.8 − 1.0) and V −K (∼ 1.2 − 1.3) of

the gas are similar to those of evolved stars (B −H ∼ 1.3 − 1.8, V −K ∼ 1.6 − 1.8). Therefore,

hybrid colors can be equally well fit by gas and evolved stars; red B−H and V −K are ambiguous

since ionized gas and old stars are similarly red. Thus they cannot be used to discriminate gas from

evolved stars in galaxies such as I Zw 18. V − I on the other hand is a good discriminator since gas

and evolved stellar colors differ by >∼ 0.8 mag. It is clear that had we not included gas emission in

our fits, and avoided incorporating V − I, we would have concluded that the stellar populations in

I Zw 18 are 2 Gyr old. This age is a factor of four greater than our most stringent upper limit.

9These colors all refer to Z�/50 stellar populations and ionized gas.
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4.4. Comparison with Previous Work on I Zw18

We have shown in the preceding sections that the optical, NIR and hybrid colors of all regions

in I Zw 18 can be explained by an underlying stellar population not older than ∼ 500 Myr, when

the effects of gaseous emission and dust on the colors are taken into account, and when a full set of

colors, including V −I, is incorporated in the modelling. This relatively young age is in disagreement

with the findings of Östlin (2000) who found a number of red stars in the CMD obtained from

HST/NICMOS images which he identified as AGB stars. Converting the HST F110W–F160W

to J − H using the analytical transformation described in §4.3, comparing with isochrones from

Bertelli et al. (1994), and taking into account photometric errors, Östlin argued that an age of at

least 1 Gyr for I Zw 18 is necessary to explain the NICMOS CMD. Moreover, an age of > 125 Myr

was attributed to the unresolved stars in the SE complex, with a younger age of 20− 100 Myr in

the NW region.

The old age of I Zw 18 inferred by Östlin (2000) is based on 23 stars in the NICMOS CMD with

F110W–F160W
>∼ 0.8 (see his Fig. 3). While our model fits also suggest that the SE component is

older than the NW one, in agreement with the findings of Aloisi et al. (1999) (see below), our data

would not reveal such a small fraction of red stars. In the mean, each of these stars has a magnitude

of ∼ 23.5 mag in the F110W filter, with the reddest stars being the faintest. Summing the luminosity

of these red stars, we obtain a total F110W mag of 20.1 which, assuming J ≈F110W, is only ∼
2% of the J total luminosity in I Zw 18. Such a small fraction is below the detectability limits of

our observations, because of the worse ground-based resolution as compared to that of HST , and

because of the low impact on the colors over scales of ≤ 0.′′5.

The mass contribution from such stars is small. Assuming the M/LJ ratio of an evolved

population ( >∼ 1 Gyr) to be 1.1 in solar units (see, e.g., Moriondo et al. 1998), and that of

intermediate age (100 – 500 Myr) and young stars ( <∼ 50 Myr) to be respectively 0.5 and 0.1, we

calculate the fraction of the total stellar mass that can be in the form of old stars in the NICMOS

CMD. To conservatively account for incompleteness, we assign 4% of the total stellar light to an old

stellar population of age >∼ 1 Gyr, twice as large as the 2% fraction observed in the CMD. Using

the fractions in Table 4, we then adjust the light of the intermediate age population (by subtracting

0.04 from r∗(J)), and calculate for each region the fraction of the stellar mass that could reside in

old stars. We do not consider those regions where gas contributes more than 70% to the J light.

We find that the total stellar mass in I Zw 18 in old stars could be at most 22%; this high fraction is

found in the SE1 and Inter. regions where half or more of the light comes from young stars. If we

consider an extreme case (not supported by our data), with no gas and 70% of the light in young

stars, the 4% J light fraction in old stars would correspond to 18% of the stellar mass. Thus, even

in the least favorable scenario, the stellar mass fraction in old stars does not exceed 20%.

With deep ground-based CCD and NIR images of I Zw 18, Kunth & Östlin (2000) find evidence

for a B − J color that increases with radius, reaching B − J ' 1.5 at R= 10′′. They attribute

the red B − J color to a stellar population with an age of more than 1 Gyr. While we confirm the

color trend (see Figs. 4 and 5), we disagree with the interpretation. Our five-color fits are more

consistent with a substantial (60-80%) contribution from ionized gas in the extended regions. As

mentioned above, this is because we have included the V − I color in our fits; without the V − I

color, the red B − J color mimics stars of age >∼ 1 Gyr. A recent photometric analysis including

optical colors by Papaderos et al. (2002) also finds the extended regions surrounding I Zw 18 to

be highly contaminated by gas. Taking the gas emission into account, and with an independent

analysis, they also derive an upper limit of ∼ 500 Myr for the age of I Zw 18.

We next compare our findings to those of Aloisi et al. (1999) who found, from their CMD

study of HST/WFPC2 images, evidence for two bursts. The first, older episode, “started any time

between 1 and 0.2 Gyr ago”, while the second, more recent, one has an age between 15 and 20 Myr.

Given that they deliberately excluded the brightest Hii regions and unresolved star clusters from
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their analysis, their age estimate of the of the young burst and ours agree rather well. However, the

older age estimate depends on the distance adopted for I Zw 18. The difference between our older

age estimate of ∼ 500 Myr and their upper limit of 1 Gyr could be reduced if the distance to I Zw 18

were 12.6 Mpc (Östlin 2000) instead of 10 Mpc as they assumed. Aloisi et al. (1999)’s derived age

of 200 Myr for the C component (with large error bars as the data are of limited sensitivity) is in

good agreement with our result.

Recent work on the chemical abundances and the star-formation history in I Zw 18 has also

suggested that there were two bursts of star formation, one which occurred 300 Myr ago, and a young

one with age of 4-7 Myr (Recchi et al. 2002). Our age estimates of the two stellar populations

in I Zw 18 are in very good agreement with these ages. Considering the two radically different

approaches, this is a strong confirmation of the young age ( <∼ 500 Myr) of the oldest major stellar

population in I Zw 18.

5. Conclusions

We have presented deep UKIRT JHK images of the Blue Compact Dwarf I Zw 18 and analyzed

these images in conjunction with archival HST/WFPC2 optical images. By dividing the main body

into eight different regions, and fitting five broadband colors with evolutionary synthesis models to

these and the C component, we are able to set an upper limit to the age of the major component

of the old stellar population in I Zw 18. We find the following:

1. The oldest major stellar population in I Zw 18, contributing ≥ 78% of its mass, is at most

500 Myr old. Within the uncertainties of our data, by fitting the optical, NIR, and optical-

NIR colors with evolutionary synthesis models of various star formation histories we are able

to set an upper limit of ∼ 500 Myr for the age of the oldest stars in this major component.

However, our data are insensitive to as much as a 22% contribution in mass (4% in J light)

from stars older than 500 Myr in I Zw 18.

2. The young stellar populations in the main body of I Zw 18 and the C component range from 3

to 15 Myr in age. The largest fractions of older stars appear to be found in the C component

and in the SE star cluster; in the remaining regions, young stars and gas contribute half or

more of the observed light.

3. The observed broadband colors in most regions of I Zw 18 are significantly affected by ionized

gas emission and dust extinction. Red H −K, B −H, and V −K are not reliable indicators

of old stellar populations with red colors because ionized gas emission is also red. V − I, on

the other hand, reliably separates stars from gas because the V − I color of stars is red (≥
0.4) while that of gas is blue (∼ –0.4).

Thus the question of the age of I Zw 18 is not settled by our deep NIR observations. While

we have shown that the oldest major stellar population in I Zw 18 is at most 500 Myr old, we

cannot exclude the possibility that as much as 22% of the mass of I Zw 18 is contributed by stars

older than 500 Myr. The advent of the Advanced Survey Camera (ACS) on HST will allow to

settle definitively the debate. Deep ACS images with higher spatial resolution and sensitivity than

WFPC2 will enable detection of or at least constrain the red giant branch (RGB) stellar population

in I Zw 18. If RGB stars are not detected, then we can set an upper limit for the age of I Zw 18 to

be less than ∼ 1 Gyr. If they are detected, I Zw 18 is not young, and the RGB tip can be used to

derive its distance.
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Table 4. Parameters and Colors of Best-Fit Modelsa of I Zw 18

Region Young Ageb AV r∗(J)c rgas(J) RMSd J − H H − K V − I V − K B − H

NW2 3Myr 0.0 0.0 0.8 0.23 0.01 ( 1.71) 0.60 (-0.52) -0.26 (-2.63) 1.15 (-1.36) 0.60 ( 0.70)

0.21 0.27 ( 0.15) 0.49 ( 0.20) -0.39 ( 0.05) 0.78 ( 0.27) 0.79 ( 0.27)

NW1 3Myr 0.0 0.4 0.3 0.14 0.21 ( 2.58) 0.24 ( 0.01) -0.05 (-2.18) 0.67 (-0.79) 0.32 ( 1.00)

0.13 0.34 ( 0.05) 0.24 ( 0.07) -0.16 ( 0.05) 0.50 ( 0.21) 0.51 ( 0.19)

NW 3Myr 0.1 0.5 0.0 0.05 0.25 ( 0.19) 0.06 ( 0.56) 0.00 (-0.98) 0.38 (-0.75) 0.16 ( 0.17)

0.07 0.26 ( 0.05) 0.09 ( 0.05) -0.04 ( 0.05) 0.29 ( 0.11) 0.18 ( 0.09)

Inter. 3Myr 0.0 0.3 0.3 0.06 0.17 ( 0.48) 0.33 ( 0.17) -0.13 (-1.20) 0.77 (-0.47) 0.39 ( 0.45)

0.12 0.19 ( 0.05) 0.34 ( 0.05) -0.19 ( 0.05) 0.68 ( 0.18) 0.47 ( 0.17)

SE 10Myr 0.1 0.6 0.2 0.08 0.33 ( 0.00) 0.21 (-1.08) 0.14 (-0.48) 1.08 (-0.36) 0.88 ( 1.22)

0.10 0.33 ( 0.05) 0.15 ( 0.05) 0.12 ( 0.05) 1.02 ( 0.16) 1.05 ( 0.14)

SE1 3Myr 0.0 0.3 0.4 0.11 0.16 (-0.05) 0.31 (-0.40) -0.10 (-1.92) 0.72 (-0.75) 0.31 ( 1.10)

0.11 0.16 ( 0.05) 0.29 ( 0.05) -0.19 ( 0.05) 0.59 ( 0.17) 0.49 ( 0.16)

SE2 10Myr 0.0 0.4 0.5 0.08 0.24 ( 0.88) 0.36 (-1.22) 0.10 (-0.52) 1.27 (-0.18) 0.93 ( 0.55)

0.14 0.30 ( 0.07) 0.22 ( 0.11) 0.08 ( 0.05) 1.23 ( 0.21) 1.03 ( 0.19)

Exten. 10Myr 0.2 0.4 0.6 0.31 0.26 ( 0.96) 0.42 (-0.50) 0.11 (-2.16) 1.59 ( 0.26) 1.39 ( 0.95)

0.29 0.38 ( 0.13) 0.32 ( 0.20) -0.43 ( 0.25) 1.69 ( 0.38) 1.77 ( 0.40)

C 15Myr 0.0 0.6 0.0 0.21 0.32 ( 0.70) 0.09 (-0.67) 0.22 (-2.89) 0.90 ( 0.92) 0.85 ( 2.56)

0.19 0.41 ( 0.13) -0.09 ( 0.27) 0.08 ( 0.05) 1.13 ( 0.26) 1.18 ( 0.13)

aFor each region, best-fit colors (V −I, B−H, V −K, J −H, H −K) are given on first line (with parentheses giving residual weighted

by photometric uncertainties), and observed colors on second line (with photometric uncertainties in parentheses). All observed colors

have been corrected for Galactic extinction as described in the text.

bThe model colors of the young population include gas emission as described in text, and an IB since it gives the best fit.

cModel colors of the evolved population assume a CB of age 100–200Myr.

dRoot-mean-square residual (in mag) averaged over all five colors.





CHAPTER 3

The near-infrared view of SBS 0335-052

Abstract1

We present near-infrared (NIR) spectra, deep J , H and K low-resolution images, and high-

resolution images in J and Ks of the low-metallicity blue dwarf galaxy SBS 0335−052.

These new NIR data, together with optical and mid-infrared data from the literature, are

used to constrain the properties and the star formation history of the galaxy. The NIR

spectral characteristics and broadband colors of this galaxy are those of an extremely young

starburst. We find that the NIR emission is dominated by star formation occurring in

clusters younger than 5 Myr; no optically hidden star formation is revealed in our data.

We also find that a warm-dust component is necessary to explain the H − K color, and

is consistent with the mid-infrared spectral energy distribution. Finally, we quantify the

possible contribution from an evolved stellar population.

1. Introduction

SBS 0335−052 (Izotov et al. 1990) is a Blue Compact Dwarf (BCD) galaxy that, at an abun-

dance of Z�/41 (Melnick et al. 1992, Izotov et al. 1997), is the the second lowest metallicity galaxy

known after I Zw 18. SBS 0335−052 hosts an exceptionally powerful episode of star formation, and

Thuan et al. (1997) proposed, on the basis of HST observations, that the present burst is possibly

the first star-forming episode in the history of the galaxy. The same authors deduce that the star

formation occurs in six Super-Star Clusters (SSCs) not older than 25 Myr and located within a

region smaller than 2′′, or 520 pc at a distance of 54.3 Mpc that we will assume in this paper

(vhelio = 4060 ± 12 km/s, see Izotov et al. 1997). Though the presence of dust mixed with the

star forming clusters is evident from the HST images, the ISO observation by Thuan et al. (1999)

of a very strong continuum at 10µm was a surprise. This was successfully modeled with a modified

black body and a screen extinction of AV = 21, and interpreted as due to thermal emission by

silicate dust (M <∼ 103M�) warmed by embedded clusters of star formation completely invisible

in the optical.

Because of the lack of chemical enrichment, low-metallicity BCDs such as SBS 0335−052 are

also hypothetical candidates for young or primeval galaxies (PGs) undergoing their first burst of

1This chapter is taken from Vanzi, L., Hunt, L.K., Thuan, T.X., & Izotov, Y. 2000, A&A, 363, 493.
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Fig. 1.— Low-resolution near-infrared spectrum of SBS 0335−052. The vertical dotted lines show

the positions of the strongest stellar absorption (CO) lines. The continuum slope has been corrected

according to the photometric measurements.

star formation. While the majority of BCDs show an underlying extended low-surface-brightness

component with colors indicative of an intermediate-age or old stellar population (Loose & Thuan

1985; Kunth et al. 1988; Papaderos et al. 1996; Telles & Terlevich 1997), there is still debate

whether such a component has been detected in the two most metal-deficient BCDs presently known,

I Zw 18 (Z�/50, Searle & Sargent 1972) and SBS 0335-052. High-resolution HST optical images

of I Zw 18 (Hunter & Thronson 1995) show colors of the underlying diffuse component consistent

with a sea of unresolved B or early A stars, with no evidence for stars older than a few tens of Myr,

although Aloisi et al. (1999) and Östlin (2000) have claimed to detect a 1-4 Gyr stellar population

in that BCD. Similar observations of SBS 0335−052 (Thuan et al. 1997) show colors much bluer

than those expected for such an intermediate-age stellar population. The optical evidence is only

suggestive, however, since a large fraction of the extended emission in SBS 0335−052 is of gaseous

origin (Thuan et al. 1997).

Near-infrared (NIR) colors can help resolve the age question, since they are extremely effective

indicators of stellar population age, given the metallicity. While NIR colors of evolved stellar

populations vary little (Griersmith et al. 1982; Frogel 1985; Giovanardi & Hunt 1988, 1996), recent

evolutionary synthesis models (Leitherer et al. 1999 – SB99; Krüger et al. 1995) show that the

NIR colors of young stellar populations differ significantly from those of older ones. Both models

find that longward of 1µm, the nebular continuum dominates the emission during the early phases
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(a few Myr) of the starburst. Therefore NIR colors provide a unique and effective diagnostic, and

when combined with optical colors, are good indicators of stellar population age.

NIR spectroscopy has a three-fold importance for our analysis. First, it enables the estimate

of the nebular contribution to the emission in order to decontaminate the broadband colors. Sec-

ond, it is an almost extinction-free probe of the starburst parameters in what are typically dusty

environments. Finally, it offers unique constraints on the star-formation history of the galaxy. In

particular the equivalent width of Brγ is possibly the best age indicator for young starbursts since

it measures the ratio between young blue massive stars and the evolved red stellar population.

The NIR CO absorption features are the strongest signature of cold evolved stars, as are the He

ricombination lines for hot massive stars, and the [FeII] for supernova remnants. Finally the IR is

the only spectral region where the molecular gas can be detected in its warm phase through H2

emission lines.

It is therefore of crucial importance to further investigate SBS 0335−052 in the near-infrared

to study the stellar populations in this extremely low-metallicity system, as well as investigate the

putative hidden star formation suggested by the large extinction derived from the mid-infrared

spectral energy distribution. With this aim we have obtained NIR spectra in the H and K bands,

and broadband images in J , H, K, and Ks. We present here the results of our new observations.

The SBS 0335−052 system consists of two widely separated (22 kpc in the East-West direction)

star-forming components within a large 64× 21 kpc HI cloud (Pustilnik et al. 2000). We denote the

eastern component by SBS 0335−052, and the western one (Lipovetsky et al. 1999) by SBS 0335-

052W.

The present paper is organized as follows. In Section 2 we present our data along with a

description of the observations and data reduction. Section 3 is a description of the NIR spectrum

and of the properties of the galaxy as can be derived from the analysis of the spectrum. The same

is done in Section 4 for the near-infrared images. The characteristics of the galaxy derived from the

observations are combined with data from the literature, and then used to constrain a starburst

model in Section 5. In Section 6 we summarize the results of our work.

2. Observations and data reduction

Our data were acquired at ESO, La Silla, with the NTT and SOFI, and at UKIRT, Mauna

Kea, with IRCAM3. The former camera + spectrometer is based on a 1024×1024 Hawaii HgCdTe

array, and the latter camera on a 256×256 NICMOS3.

2.1. NIR spectra

Low-resolution (R=600) spectra of SBS 0335-052 covering the H and K infrared bands were

obtained with SOFI at the NTT in two different occasions: first in August 1998 with 45m of

integration, and later in December 1998 with similar conditions and the same amount of integration

time. In both cases we used a slit 1′′ wide (5 arcmin length) oriented along the ”major axis” of

the galaxy PA ≈ 145. Since the source is much smaller than the length of the slit, the nod-on-

slit technique was used to acquire the sky spectrum. The data reduction followed the standard

process of flat-fielding and sky-subtraction. A lamp spectrum was used to correct the 2D spectra

for distortions along the slit, and to have an accurate wavelength calibration. 1D spectra were

extracted with an aperture of 1.′′5 centered on the brightest peak.

Particular attention was given to achieving a good estimate of the continuum slope. The 1D

spectra were divided by the spectrum of a solar-type star observed under the same conditions to

correct for the telluric absorption features. Then the solar spectrum was used to reestablish the

original slope as described by Maiolino et al. (1996). The two spectra have been averaged with
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Fig. 2.— Medium-resolution near-infrared spectrum of SBS 0335−052. The scale on the left refers

to the top spectrum (aperture A), the one on the right to the bottom spectrum (aperture B). The

dotted lines mark the positions of stellar absorption features. The slope of the continuum has not

been corrected.

equal weights. The spectrum was flux calibrated extracting the photometry from the corresponding

apertures in our H and K images. This also lead to the adjustment of the continuum that was

otherwise too blue2. Comparison of the spectrum with the photometric values was always done by

convolving the spectrum with the filter bandpass measured in the laboratory. The 1D combined

spectrum flux and wavelength calibrated is shown in Fig. 1.

A medium-resolution (R=1400) spectrum in the Ks band was observed with SOFI in October

1999 under exceptional seeing conditions (0.′′5 average of the night); the total integration time was

in this case 1h. We used the same slit and same PA as in the observations described above, and the

same procedure was used for the data reduction. At this spatial resolution, two peaks of emission

separated by about 1.′′5 were clearly resolved in the 2D spectrum. Two 1D spectra centered on the

two peaks were extracted with apertures of 0.′′8 (south-east) and 0.′′6 (north-west). We will refer

to these spectra as A and B respectively in the rest of the paper. Since the observed band is well

transmitted by the atmosphere no correction or readjustment of the slope was applied. The spectra

were flux calibrated extracting the photometry from the corresponding apertures in the 0.′′073KS

image (see next Section). The flux- and wavelength-calibrated spectra are shown in Figure 2. All

the spectra have been smoothed to lower resolution to reduce the noise.

Including the errors on the photometry, centering and size of the apertures the flux calibration

of the spectra can be estimated to be accurate within 10%.

2This is not surprising since it is well known that the variability of the atmospheric transmission makes difficult

a reliable determination of the infrared continuum.
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2.2. NIR images

We acquired J (1.2µm ), H (1.6µm ), and K (2.2 µm) images of the nominal central (E)

and western (W) component of SBS 0335−052 with the 3.8-m United Kingdom Infrared Telescope

(UKIRT3) equipped with IRCAM3. The plate scale is 0.′′28, with a total field-of-view of 72′′; the E

and W components are separated by roughly 84′′, too large to be accommodated by the IRCAM3

field-of-view, so we performed separate sets of observations for the two components. The source

was placed in several different positions on the array, taking care not to compromise the flat field

by having overlap in the source positions. At the beginning of each observing sequence, dark

exposures were acquired with the same parameters as the subsequent science frames. Total on-

source integration times were 55 min and 48 min in K for the E and W components, respectively;

30 and 34 min in H; and 19 and 27 min in J . Individual frames were dark-subtracted and flat-

fielded with a subset of the remaining frames in the sequence, after editing them for stars (to avoid

”holes” in the reduced frames). The reduced frames were then registered and averaged; observations

obtained on different nights were combined with a similar algorithm, but with the flux scale given

by the relative photometric calibration, and weighted by the total integration time.

Photometric calibration was performed by observing standard stars, every few hours, from the

UKIRT Faint Standard List. As for the source observations, each standard was measured in several

different positions on the array. We corrected for atmospheric extinction by fitting simultaneously,

for each band, an extinction coefficient common to all nights and a “zero point” that varied from

night to night. The resulting extinction coefficients are 0.049, 0, and 0.046 mag per airmass in J ,

H, and K, respectively. Formal photometric accuracy, as judged by the nightly dispersion of the

standard stars is 0.025 mag, or better, in all three bands. We have corrected all photometry for

Galactic extinction (AB = 0.09 mag) using the extinction law of Cardelli et al. (1989).

The final UKIRT deep K-band image is shown in Figure 3, with the contours of the HST

V -band image from Thuan et al. (1997) superimposed. As measured from the combined frames,

seeing was 1.′′1 in J , 0.′′81 in H, and 0.′′75 in K. The combined images have a 1σ sensitivity (per

pixel) of 22.4 mag/arcsec2 in J , 21.4 mag/arcsec2 in H, and 21.4 mag/arcsec2 in K.

Three images were also acquired in October 1999 with SOFI at the NTT. A J image with a

scale of 0.146 arcsec/pix and a total integration of 300 sec, a Ks image with the same scale and

integration time and a Ks image with a scale of 0.′′073 /pixel and integration time of 400 sec.

The ESO Ks filter has a central wavelength λc of 2.162µm, and a FWHM ∆λ of 0.275µm (c.f.,

UKIRT K has λc = 2.21µm, and FWHM = 0.37µm). The jitter-on-source technique was always

used. All the images were reduced following the standard procedures of flat-field, sky-subtraction

and realignment. Photometric calibration was achieved through large-aperture photometry of the

UKIRT images. The seeing measured on the combined images is 0.′′49 (J), 0.′′41 (Ks) and 0.′′33

(0.′′073 Ks)! Hereafter, these SOFI images will be called high-resolution (Ks only, 0.′′073/pix),

medium-resolution (J and Ks, 0.146 arcsec/pix), and the UKIRT images low-resolution (J , H,

K 0.28 arcsec/pix). Figure 4 shows the high-resolution Ks SOFI image, together with the SSC

nomenclature of Thuan et al. (1997). The figure shows, at a significantly higher resolution and

better seeing than Fig. 3, the same central structure as seen in the visible and in the deeper UKIRT

image. The lack of extended structure in the high-resolution image is due to its lower sensitivity.

3. The NIR spectrum of SBS 0335−052

The low-resolution spectrum of Figure 1 is centered on the brightest spot observable in the

galaxy, which includes the SSCs 1, 2 and partially 3 of the HST image of Thuan et al. (1997).

3The United Kingdom Infrared Telescope is operated by the Joint Astronomy Centre on behalf of the U.K. Particle

Physics and Astronomy Research Council.



Chapter 3 56

Table 1: Recombination lines in SBS 0335−052 from the low-resolution spectrum, λ in µm and

fluxes measured in 10−16 erg/s/cm2

Line λrest Flux

Br13 1.611 1.9 ± 1.0

Br12 1.641 3.7 ± 1.0

Br11 1.681 4.4 ± 0.8

HeI33P 0 − 43D 1.700 1.0 ± 0.8

Br10 1.737 4.7 ± 0.8

Brδ 1.945 9.0 ± 0.7

HeI21S − 21P 0 2.058 5.3 ± 0.5

HeI33P 0 − 43S 2.113 1.2 ± 0.5

+31P 0 − 41S

Brγ 2.166 14.8 ± 0.8

Table 2: H2 lines in SBS 0335−052 from the low-resolution spectrum, λ in µm and fluxes measured

in 10−16 erg/s/cm2

Line λrest Flux

H2(6,4)Q(1) 1.601 1.5 ± 1.0

H2(1,0)S(3) 1.957 2.8 ± 1.0

H2(1,0)S(2) 2.033 1.0 ± 1.0

H2(2,1)S(3) 2.073 1.0 ± 0.7

H2(1,0)S(1) 2.121 2.4 ± 0.7

H2(1,0)S(0) 2.223 1.4 ± 0.7

H2(2,1)S(1) 2.248 1.0 ± 1.0

H2(2,1)S(0) 2.355 2.3 ± 1.0

Table 3: Emission lines detected in the medium-resolution spectrum, apertures A and B: λ in µm

and fluxes measured in units of 10−16 erg/s/cm2

Line λrest Flux (A) Flux (B)

HeI21S − 21P 0 2.058 2.5 ± 0.4 1.0 ± 0.2

HeI33P 0 − 43S 2.113 0.6 ± 0.4 0.2 ± 0.2

+31P 0 − 41S

H2(1,0)S(1) 2.121 1.2 ± 0.4 0.5 ± 0.2

Brγ 2.166 8.9 ± 0.4 3.6 ± 0.2

H2(1,0)S(0) 2.223 1.1 ± 0.6 0.3 ± 0.3
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Fig. 3.— The contours of the HST V -band image taken from Thuan et al. (1997), superimposed

on the K-band image of SBS 0335−052 obtained at UKIRT. The contours, shown in black, range

from 16 to 24 V mag/arcsec2, and the grey scale of the underlying image ranges from 16 to 21.5 K

mag/arcsec2. The tickmark labels correspond to arcsec in the N and E directions.

The medium-resolution spectra of Figure 2 acquired under better seeing conditions are centered,

respectively, on the SSCs 1–2 and 4–5 following the same notation.

We detect two classes of lines in our near-infrared spectra, mainly recombination lines and

molecular hydrogen lines. Identification and flux of the lines detected are shown in Tables 1, 2 and

3. The flux emitted in each line has been measured by integrating over the line profile; since the

lines are not resolved, we did not attempt to fit gaussians.

3.1. Hydrogen lines and extinction

The Brγ in emission with an equivalent width (EW) exceeding 200 Å stands out as one of

the most prominent ever observed in any extragalactic object. We have measured the extinction

with this line, using the ratio Hβ/Brγ. The Hβ flux has been measured from the optical spectrum

of Izotov et al. (1997), extracted with the same aperture (1′′ × 1.′′5). The value obtained is

3.273 10−14 erg/s/cm2. Assuming an intrinsic value of Hβ/Brγ = 42.73 as calculated by Hummer

& Storey (1987) for case B and T= 20000 K and ne = 100 cm−3 (Izotov et al. 1997), and using

the extinction law of Rieke & Lebofsky (1985) we calculate AV = 0.73. This value is slightly

higher than AV = 0.55 measured in the optical (Izotov et al. 1997), but much lower than the

(AV ∼ 21) estimate of Thuan et al. (1999) from their mid-infrared observations. Other Brackett

lines, although detected in the spectrum, do not have accurate enough flux measurements to give

reliable estimates of the extinction on a relatively short wavelength base.

To compare our value with the optical one, we have extracted the Hα flux in the same aperture

from the spectrum of Izotov et al. (1997) to obtain a flux of 1.04 10−13 erg/s/cm2. With this value

and using an intrinsic ratio of Hα/Hβ = 2.75 (Hummer & Storey 1987), we calculate AV = 0.48.

These values give E(B-V)(Hβ/Brγ)= 0.15 and E(B-V) (Hα/Hβ) = 0.24 that are too similar to

be able to distinguish the dust distributions. Specifically, they are consistent with a homogeneous

foreground screen, a clumpy screen, or a homogeneous mixture of dust and gas (Calzetti et al.

1996). If we repeat the same exercise using the global fluxes from the galaxy integrated along the

slit we derive the following values: 2.20 10−13, 7.20 10−14 and 2.31 10−15 erg/s/cm2 respectively
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Fig. 4.— The high-resolution (0.′′073 /pixel) Ks-band image of SBS 0335−052 obtained with SOFI

at NTT with the SSCs denoted by Thuan et al. (1997) labeled. The HST V image is superimposed

on the SOFI image, with contours running from 17 to 20 V mag/arcsec2, N up, E left.

for Hα, Hβ and Brγ fluxes, and calculate AV = 0.33 − 0.34. We have therefore the possibility of a

slightly higher extinction toward the center of the galaxy, with the near-infrared penetrating deeper

into the core of the star formation. From the comparison of the extinction measured in the optical,

near- and mid-infrared we can conclude that even at 2µm we are not yet seeing the hidden star

formation hypothesized by Thuan et al. (1999).

3.2. Molecular hydrogen lines

Several emission lines of molecular hydrogen are detected in our low-resolution spectrum while

only the (1,0)S(1) and (1,0)S(0) lines are clearly visible in the medium-resolution spectrum. We

have compared our line ratios with the models summarized by Engelbracht et al. (1998) in their

Table 8 and derived from Black & van Dishoeck (1987). With two exceptions, all the lines observed

in the K band are consistent, within the errors, with both thermal and fluorescent excitation. The

(2,1)S(3) at 2.073µm line should not be visible in our spectrum for thermal excitation and the

(2,1)S(1) line 2.248µm should be relatively bright for fluorescent excitation, while in our spectra it

is barely detected. Longward of rest wavelength 2.23 µm, the noise of the low-resolution spectrum

increases due to the thermal background, and this could explain the low detection of the (2,1)S(1)

transition and thus favor fluorescent excitation.

Evidence to support fluorescence comes from the H part of the spectrum where the transition

(6,4)Q(1) is detected, though at a low level, at rest wavelength 1.601 µm. The detection of this

line is a bit doubtful, however, since it is in a quite noisy part of the spectrum. Nevertheless, if

confirmed it would be an unquestionable signature of fluorescent excitation. The non-detection

of the transitions (5,3)O(3) and (6,4)O(3), that should be comparable in flux to (6,4)Q(1), is not

surprising since at this resolution they are respectively blended with Br13 and Br10. The quality of

the spectrum is not sufficient to attempt any deblending. On the contrary, the non-detection of the

(1,0)S(2) transition in the high-resolution spectrum is surprising since the line should be relatively

bright for both fluorescent and thermal excitation. We can therefore draw no firm conclusions in

either direction based on the analysis of the H2 line ratios.
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Whether fluorescent or thermal, the H2 excitation is very likely to be related to the strong

UV field that dominates SBS 0335−052 as clearly shown by the outstanding Brγ. If we assume

that UV exitation dominates, we can use the ratio (1,0)S(1)/Brγ as a diagnostic. Both lines in

fact would have the same origin, mainly UV radiation by massive stars, and their ratio is defined

by the efficiency of the H2 excitation. Puxley et al. (1990) have shown that this efficiency is a

function of the gas density and of the UV flux strength. The latter parameter is tightly bound to

the IMF characteristics and to the geometry of the emitting region. In particular they show how

high values of (1,0)S(1)/Brγ, typically 0.4 - 0.9, are easily produced by an ensemble of hot stars

embedded in a large molecular cloud (geometry A), while low values, below 0.4, are most likely

produced by large “nude” clusters of stars since the ratio of the H2 emitting surface and the HII

volume is minimized (geometry B). Vanzi & Rieke (1997) have measured (1,0)S(1)/Brγ typically

below 0.1 in their sample of BCDs which suggests that star formation occurs in clusters in these

galaxies. This is perfectly consistent with what is observed for instance in NGC 5253, II Zw 40

(Aitken et al. 1982) and SBS 0335−052 itself.

Here, we can compare the measured values of (1,0)S(1)/Brγ (= 0.16, 0.13 and 0.14, respectively

for the low-resolution, medium-resolution A and medium-resolution B) with the models of Puxley

et al. (1990). From the Hβ flux corrected for 0.55 magnitudes of visual extinction, we have a

ionizing flux Log(UV)=52.6 (case B). For ne = 102 cm−3 the observed ratios are well reproduced

by geometry A but a slightly higher density (that is a very likely possibility since Izotov et al. 1997

quote 390 cm−3) would cause the ratio to jump to unacceptably high values. A density higher than

102 cm−3 or a higher UV flux would be necessary to reproduce the observed value in geometry B.

Given the density measured by Izotov et al. (1997) the latter is therefore the most likely picture.

It is remarkable that the emission in the (1,0) S(1) line is so strong when compared to other

low-metallicity BCD galaxies as those observed by Vanzi et al. (1996) and Vanzi & Rieke (1997).

Moreover, the (1,0)S(1)/Brγ is amongst the highest observed for this class of galaxies. This can be

possibly justified with a high molecular gas (H2) content in SBS 0335−052 as the dust abundance

suggested by Thuan et al. (1999) may support. The role of dust in the H2 emission is, in any case,

far from being understood and any statement in that respect must be considered, at the moment,

simply speculative. The H2 is probably very clumpy as FUSE observations of I Zw 18 (Vidal-Madjar

et al. 2000) have shown that there is very little diffuse H2 (< 30M�).

3.3. Helium lines

We detect the 43D−33P 0 transition at rest wavelength 1.700 µm and the blend of 41S−31P 0

and 43S − 33P 0 at rest wavelength 2.113 µm. The blend at 2.113 µm is also detected in the high

resolution spectrum on both apertures.

It has been pointed out by Vanzi et al. (1996) and later by Engelbracht et al. (1998), how the

1.70 and 2.11 µm He I line can be used to constrain the presence of massive stars in starbursting

galaxies. In fact their ratio with the HI recombination lines is proportional to the relative volumes

of ionized He and H and therefore to the temperature of the ionizing stars. Above a maximum

value of the effective star temperature (40000K, Shields 1993), the two volumes become identical

and the line ratio saturates.

For a gas temperature of 20000 K and a singly ionized helium abundance of 0.078 (Izotov et al.

1997) the saturated values calculated by Vanzi et al. (1996) rescale as follow HeI 1.7/Br10 = 0.29

and HeI 2.11/Brγ = 0.049. Both observed ratios are consistent with the saturated values which

implies that stars with T∗ > 40000K, or M > 35M�, are present in large numbers in all the regions

observed.

We do not attempt to interpret the HeI 2.06/ Brγ ratio since this is complicated by radiative

transfer effects. We simply notice that the observed values 0.36, 0.26 and 0.24, respectively in the
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three spectra, are consistent with the model of Shields (1993) with T∗ > 45000 K, n = 100 cm−3

and filling factor unity.

The positions of other HeI recombination lines are marked in the H part of Figure 1. Peaks are

detected at the correct wavelengths, but though the correspondence might be deemed interesting,

these detections are not convincing being at the 1 σ level at best. Furthermore all these lines

should be much fainter according to the ratios of Smits (1991). It is known (Izotov et al. 1999)

that optical He I lines are enhanced by fluorescence and collisional mechanisms. These mechanisms

can be potential sources of the enhancement of He I lines also in the NIR. Benjamin et al. (1999)

have shown that collisional enhancement is relatively small for the strongest lines HeI 1.70, 2.06 and

2.11 µm, but they do not discuss the effect on other lines detected in our spectrum. Unfortunately

the NIR spectrum is not deep enough to claim with certainty the detection of He I lines other than

those discussed above and to quantify the enhancement.

3.4. Other spectral features

Besides the recombination and molecular hydrogen lines, no other relevant features are detected

in our spectra. Some conclusions can be driven by these non-detections.

The complete absence of the [FeII]1.64 line in the H part of the spectrum is clear evidence for

a low number of supernovae in SBS 0335−052. The relation between the emission of this line in

starburst galaxies and the presence of supernova remnants (SNRs) has been extensively proven and

does not need to be discussed here (see for instance Moorwood & Oliva 1988; Greenhouse et al.

1991; Forbes & Ward 1993; Vanzi & Rieke 1997). Given the low metallicity of SBS 0335−052 it is

impossible to convert the [FeII]1.64 upper limit into a reliable limit on the number of supernovae.

The position of the main stellar absorption features are marked in Figure 1 and 2 by dotted

lines. No clear stellar absorption bands are detected either in the H or in the K spectrum. The

depression of the continuum between 2 and 2.05 µm corresponds to the main absorption band in

K and is surely due to the earth’s atmosphere. Stellar absorption bands in this spectral range are

dominated by CO and metal absorption lines in the atmosphere of cold evolved stars. Though the

S/N on the continuum is low, this proves at least that the contribution to the continuum by evolved

stars must be small. Both the small number of SNRs and the lack of stellar absorption features

support the idea that SBS 0335−052 is dominated by a very young population of massive stars, a

point that will be better quantified in Section 5.

We also detect an emission line at restwavelength 1.545 µm, that we have not been able to

identify with any known line; it is by far too bright to be identified as Br17 (no Brackett line is

above our detection limit beyond Br13) and is possibly spurious.

3.5. Spatial profiles of emission lines

From our 2D spectra we have extracted the profiles corresponding to Brγ, H22.12 and the

continuum between these two emission lines. The results are plotted in Fig. 5 for the low-resolution

spectrum and in Fig. 6 for the high-resolution spectrum. All profiles are normalized to unity.

Though the spectral resolution is different, the spatial scale is identical in the two observations.

In Fig. 5, the seeing was about 1 arcsec. There is an evident difference between the contin-

uum (solid line) and the emission lines (dotted and dashed lines), with the continuum being more

extended in the northwest direction. This result only partially confirms the observation of Izotov

et al. (1997) who find a shift of the optical continuum respect to the emission lines of 200 pc in the

northwest direction. Brγ and H22.12 have an identical profile which supports the idea of a common

origin for the two lines, which must be mainly related to the star formation process.

We can do a much better analysis on Fig. 6 since the spectrum was taken under seeing
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Fig. 5.— Spatial profile along the slit of the K continuum (solid), Brγ (dashed) and H2 (dotted)

in the low resolution spectrum of SBS 0335−052.

conditions that were at least a factor of two better. In this case the difference is even more striking:

the continuum has a double-peaked shape. The two peaks can be identified with the SSCs 1–2 and

4–5 of Thuan et al. (1997). The emission lines, instead, have a single-peaked profile that is shifted

by 0.23 arcsec, or 60 pc, in the southeast direction with respect to the main continuum peak. This

shift is at least a factor of three smaller than the one measured by Izotov et al. (1997) in the optical

and that has been recently confirmed by new high resolution optical observations at Keck (Izotov

2000, private communication). The near-infrared continuum is therefore displaced respect to the

optical. We can interpret this result as due to extinction or to a different mechanism dominating

the emission at different wavelengths. Since extinction is low both in the optical and NIR, the

most likely explanation for this shift is the dominant gaseous contribution to the 2µm emission

(see Section 4.3).

Again both emission lines show an identical profile that smoothly declines with a wing toward

northwest without showing a second peak. The difference in shape between the continuum and

the emission lines is remarkable. We have directly compared our profiles with those of Izotov et

al. (1997), and after smoothing the profiles of Figure 5 to the lower spatial resolution, found a

very good agreement between Brγ, H2, Hα, Hβ and K continuum, while the shift in the optical

continuum peaked 200 pc away from all the emission lines and the K continuum is striking. We

also attempted to study the Hβ/Brγ ratio along the slit but due to the low spatial resolution of

the Hβ profile this study did not add anything to the results presented in Section 3.1.

In Figure 6 we also show the ratio Brγ/ continuum (thick solid line) that has a main maximum

southeast and a secondary peak between the SSCs 1-2 and 4-5. This ratio tracks the star formation

along the slit.

4. Near-infrared morphology and colors

Figures 3 and 4 show that the NIR structure in the eastern (central) component is very similar

to that seen in the optical: namely two peaks aligned along the southeast-northwest direction,

separated by roughly 1.′′5, and a northwest extended region. This extension, in which filamentary

structure is clearly evident in the optical, is smoother in the K contours, but such smoothness may
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Fig. 6.— Spatial profile along the slit in the medium resolution spectrum of SBS 0335−052 lines

as in the previous image plus Brγ/continuum as a solid thick line.

be due to the limiting sensitivity of the K image for extremely blue colors. The peaks are the SSCs

1–2 and 4–5 in the notation of Thuan et al. (1997), the separate components of which are not

well resolved even in the 0.′′07 Ks image at 0.′′3 seeing. Also as in the optical, but slightly smaller,

there is a diffuse low-surface brightness region extending northwest of the SSCs 4–5. Our UKIRT

K image is deep enough to sample typical galaxy colors of B −K ∼ 3 − 3.5, so the B −K color

in the faint extension must be bluer than that. Any structure in the western component, 84′′ away

from the central (E) one, is not easily discernible because of its faintness and the low resolution of

the deep UKIRT images.

4.1. Integrated and SSC photometry

From the deep UKIRT images we derived total magnitudes of SBS 0335−052 and SBS 0335-

052W which are given in Table 4. Typical formal errors on the photometry are 0.02–0.03 for the

eastern component, and 0.04–0.10 for the western one. Inspection of the table shows that the NIR

integrated colors do not resemble an evolved stellar population, which we would expect to have

colors J −H ∼ 0.7 and H −K ∼ 0.2 (e.g., Frogel 1985). Moreover, these JHK colors are very

unusual compared with those of other BCDs (Thuan 1983). The two components have significantly

different global H −K colors with the eastern component being ∼ 0.4 mag redder.

We have also performed photometry on the high-resolution (Ks) images, the medium-resolution

images (J and Ks), and the low-resolution images (J , H, K) in order to obtain photometry and

colors of the SSCs 1+2 and 4+5 separately. Although the two sets of SSCs are not well resolved

with the UKIRT images, we wanted to estimate the J − H color, but problems with seeing and

the proximity of the SSCs makes these magnitudes and colors uncertain. In any case, it appears

evident that the colors are anomalous, but consistent with the global ones.

4.2. Surface brightness profiles and outer colors

We have derived surface brightness profiles of both SBS 0335−052 and SBS 0335-052W by

extracting circular annuli; these are essentially equivalent to the derivative of the photometric
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Table 4: NIR Photometry of SBS 0335-052
Component φa Kb

0 (J − H)b
0 (H − K)b

0

Global (E) 4 15.86 0.26 0.56

6 15.72 0.22 0.57

8 15.64 0.21 0.59

10 15.59 0.21 0.58

12 15.51 0.21 0.62

15 15.43 0.18 0.66

Outer (E) – – -0.06 0.44

Global (W) 4 18.72 0.19 0.27

6 18.27 0.30 0.21

8 17.95 0.31 0.19

10 17.75 0.37 0.17

Outer (W) – – 0.36 0.29

Eastern:

NW extension – – 0.06 0.58

SSC 1+2 0.43c 18.45 –

0.88 17.55 0.78d

1.17 17.29 0.69d

1.4e 16.97 0.31 0.68

SSC 4+5 0.43c 19.32 –

0.88 18.37 0.44d

1.17 18.11 0.30d

1.4e 17.34 0.32 0.39

Slit SE 1×0.8 17.24 – –

Slit NW 1×0.6 18.31 – –
a Aperture diameter in arcsec.

b Corrected for Galactic extinction as described in text.
c SOFI high-resolution image at 0.072 arcsec/pixel.

d (J − K)0, not (J − H)0, taken from SOFI medium-resolution images at 0.146 arcsec/pixel.
e UKIRT low-resolution images at 0.280 arcsec/pixel.
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Fig. 7.— Radial surface brightness and color profiles of SBS 0335−052 and SBS 0335-052W. The

upper panels show the K-band profiles, while the lower ones show J −H, H −K, and J −K. The

dashed line in the upper panel shows the uncertainties of the sky subtraction, and the dotted lines

in the lower panels show the mean outer colors as explained in the text.

growth curve. We have used circular annuli instead of ellipse fitting because the structure in the

source is not amenable to ellipse fitting, and we mainly wanted to analyze the profiles for their

asymptotic colors. The circular profiles of SBS 0335-052 are centered on the surface brightness

peak, which corresponds roughly to SSC 1–2. These profiles, shown in Fig. 7, have been

smoothed to two pixels (0.′′56) and extend to 23 mag/arcsec2 in K.

The mean colors in the outer regions, also reported in Table 4 as “Outer”, are shown in the

color panels as horizontal dotted lines; they have been averaged over the low surface-brightness

regions in both components (µK ≥ 20.5 in the brighter E, and µK ≥ 21.5 in the fainter W). Like

the integrated colors, these mean outer colors of J −H = −0.06 ± 0.3 and H −K = 0.44 ± 0.5

in the eastern component, and J −H = 0.36 ± 0.4 and H −K = 0.29 ± 0.2 in the western one

are unusual, also relative to other BCDs, and are not indicative of an evolved stellar population.

To check the outer colors derived from the profiles, we have also performed photometry on the

faint region to the northwest in SBS 0335−052 beyond SSC 4–5. These results are given in Table

4 as “NW extension”, and are, within the errors, consistent with the colors derived from the radial

profiles: namely J −H ≈ 0 and H −K ≈ 0.4 − 0.6.

4.3. Gaseous contribution to the NIR emission

It is well known that the nebular emission in young starbursts is relatively strong in the

near-infrared, and in some cases may dominate the broadband flux (Olofsson 1989; Leitherer &

Heckman 1995; Krüger et al. 1995). Hence, before comparing the NIR colors of SBS 0335−052

with evolutionary model predictions, it is useful to determine what fraction of the NIR emission
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is due to gas, rather than stars. To do this, we have used the Brγ flux4 in our two medium-

resolution spectra to estimate the continuum emission in those positions, namely SSC 1–2 (A) and

SSC 4–5 (B). From the fluxes given in Table 3, and with the emission coefficients given by Joy &

Lester (1988) for the physical conditions in SBS 0335-052 (20000K, He+/H+ = 0.078: Izotov et

al. 1997), we find a high percentage of gas emission in both SSC groups: 47% of the Ks emission

in the spectroscopic aperture centered on SSC 1–2 is nebular continuum, and 51% in the aperture

centered on SSC 4–5. Moreover, the Brγ line alone contributes 6% of the Ks flux of SSC 1–2 and

7% of SSC 4–5. Therefore, the NIR colors of the SSCs are highly contaminated by gas emission.

4.4. Near-infrared/optical colors

Figure 8 shows the color-color diagrams for J − K (lower panel) and V − K (upper panel)

versus V − I (taken from Thuan et al. 1997). Observed colors not corrected for gas emission are

plotted. The labels inside the large open circles indicate the global colors (“E”), the SSCs included

in the measurement, and the extended region (“Ex”). Also shown (with solid lines) are the Leitherer

et al. (1999) model predictions for a low-metallicity (Z�/20) instantaneous starburst. As explained

in the figure caption, the arrows denote times of 4 Myr, 10 Myr, and 25 Myr after the burst, with

the youngest times being shown by the heaviest lines. The J−K ∼ 0.8 of the outer regions (“Ex”),

as measured by the asymptotic colors in the radial J −K profile is similar to that of SSC 1+2 and

the global J −K; it is also comparable to the J −K ∼ 0.7 of the region NW of SSCs 4–5 (“NW”)

measured from the J −K color image and reported in Table 4.

Even though the SB99 models take nebular emission into account, they do not predict the

colors we measure in this source. Part of the reason for this may lie in its extremely low metallicity,

since the SB99 models are calculated for Z = 1/20Z�, not 1/40 Z� as in SBS 0335−052. One

consequence of such low metallicity that could cause deviations from the models is the resulting

higher-than-normal electron temperature which changes the colors of the gas emission (to slightly

bluer ones); therefore, the correction implicit in the SB99 models would be inappropriate. Another

contribution to the discrepancy, probably the most important, is the extremely powerful line emis-

sion in this object; in the K band, the Brγ line alone contributes between 6 and 7% to the observed

emission, and the V correction, including lines, is −0.5 mag (Thuan et al. 1997).

To better assess the effects of these factors on the model predictions, we have constructed Z�/50

synthetic spectral energy distributions (SEDs) which include stellar and ionized gaseous emission

in proportions based on our optical spectra. We have used the stellar SEDs calculated by Schaerer

(2000, private communication) for a heavy element mass fraction of Z = Z�/50 and ages in the range

of t = 2 – 100 Myr. These SEDs are based on the same input physics as those for higher metallicities

discussed by Schaerer & Vacca (1998). The observed gaseous spectral energy distribution is then

added to the calculated stellar spectral energy distribution, its contribution being determined by

the ratio of the observed equivalent width of the Hβ emission line to the one expected for pure

gaseous emission. To calculate the gaseous continuum spectral energy distribution, the observed

Hβ flux and the electron temperature have been derived from the optical spectrum (Izotov et al.

1997). The contribution of bound-free, free-free and two-photon continuum emission has been taken

into account for the spectral range from 0 to 5 µm (Aller 1984; Ferland 1980). Emission lines are

superposed on the gaseous continuum SED with intensities derived from spectra in the spectral

range λ3700 – 7500 Å. Outside this range, the intensities of emission lines (mainly hydrogen lines)

have been calculated from the extinction-corrected intensity of Hβ. The transmission curves in the

Johnson-Cousin-Glass photometric system for the UBV RI filters are taken from Bessell (1990) and

4And assumed that the lines are optically thin, which appears to be a reasonable assumption for the NIR recom-

bination lines in this source.



Chapter 3 66

for the J,H,K filters from Bessell & Brett (1988). The zeropoints are from Bessell, Castelli & Plez

(1998). The temporal evolution of the stellar population is shown in Fig. 8 as a dotted line; the

dotted lines connecting the stellar tracks to the filled circles show the gas contribution and the filled

circles the colors expected for gas+stars at metallicity of Z�/50 and 3 Myr of age, and at 5 Myr

(with a larger extinction to simulate SSC 4+5). Table 5 gives the colors predicted by this model for

a 3 Myr Z/Z� = 1/50 stellar population together with the observed gas (continuum+line emission)

fractions. The gas fraction in K predicted by this model is around 70%, 15% or so larger than that

observed (∼ 50%+6%; however, a contribution in K by hot dust could explain the discrepancy (see

Section 5.1).

It is evident from Fig. 8 that our model predicts the colors of SSCs 1–2 and SSCs 4–5 better

than the SB99 models. The most likely explanation are the differences in the models: most impor-

tantly the recombination line emission in the NIR, but also the low metallicity and the high electron

temperature of the gas, all significantly alter the expected colors. The global (E) and extended (Ex)

emission in SBS 0335−052 are instead 0.3 mag redder in J −K and V −K than our model for the

observed V −I ≈ 0 (Thuan et al. 1997). Part of this red color is almost certainly due to the surface

brightness limit in K; even with 55 minutes of on-source integration, SBS 0335−052 is so blue in the

northwest, that we are not able to accurately measure the colors5 in those low surface brightness

regions (V ∼ 23.4 mag/arcsec2). The V −K in a higher brightness area (V ∼ 22 mag/arcsec2),

slightly closer to SSC 4+5, gives the V −K of ∼1.3 shown in Fig. 8. Such a V −K color, for the

measured V − I of around zero, corresponds to a rather old age in the SB99 models; however, there

is probably hot dust emission in the K-band (see Section 5.1).

4.5. Near-infrared colors

Figure 9 shows the NIR colors of the various components of SBS 0335−052 and SBS 0335-

052W, and illustrates how unusual the observed colors are. The sources shown in the figure include

SSCs 1+2, 4+5 (but this last with high uncertainty); the global (E) and mean outer radial profile

(Ex) of the eastern source; analogous quantities for the western source (W, Wx, respectively); and,

finally, the diffuse region to the NW of 4+5 (as solid circle with error bars). Also shown in the

figure (as solid lines) are the SB99 Z�/20 instantaneous models, as well as mixing curves for various

processes (using the 3 Myr SB99 colors as the starting point). Figure 9 also shows (as dotted lines)

5We find a V − K here of roughly 2, which is equivalent to our color surface brightness limit for a K limit of

21.4 mag/arcsec2, and V of 23.4 mag/arcsec2; it is a strict upper limit.

Table 5: Synthetic model predictions for SBS 0335−052 at 3 Myr and Z/Z� = 1/50.

Process V − I V −K J −K J −H H −K

Vega -0.009 -0.008 -0.002 -0.003 0.001

Starsa -0.156 -0.471 -0.102 -0.045 -0.057

Gasb 0.576 2.097 1.034 0.406 0.628

Gasc -0.821 0.720 0.787 0.165 0.622

Totald -0.567 0.467 0.618 0.114 0.504

a At Z/Z� = 1/50.
b At 20000 K from Aller (1984) and Ferland (1980), and with observed gas fraction and line emission,

but with continuum only.
c At 20000 K from Aller (1984) and Ferland (1980), lines + continuum.
d Stars + gas (lines+continuum).
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our Z�/50 stellar models, together with the 3 and 5 Myr stellar population + gas as described in

the previous section. As before, our models with line emission and at lower metallicity than SB99

seem to better predict the colors of SBS 0335−052.

The NIR colors of SBS 0335−052 (1+2, E, Ex, but 4+5 uncertain) shown in Fig. 9 are not

well predicted by either set of models. The colors of the global emission (“E”) are close to those

predicted for a very young starburst (age < 4 Myr), and are probably dominated by SSCs 1+2.

The extended component of the eastern source, shown in Fig. 9 as “Ex” and by the solid circle with

error bars (the NW diffuse emission), is not well modeled by the SB99 models, but at least the NW

region is close to our model predictions. In any case, the H−K colors of SSCs 1–2, E, and the NW

region are redder than either of the models. A possible explanation for this discrepancy, suggested

by the dust mixing curves, is the presence of hot dust (see Section 5.1). Although the uncertainties

are large, taken at face value, the NIR colors of the E component appear to be those of very young

(3 Myr) stars and a large gas fraction, together with a 20–30% contribution of hot dust added.

On the other hand, the western source colors are much redder in J−H and bluer in H−K than

those of the eastern one. The errors on the global colors are small (∼ 0.07), so that this should be

a reliable statement. For the same metallicity, these color changes correspond to an older age: both

the global and asymptotic profile colors appear to derive from stellar populations of 10–20 Myr

of age, since the points are near, but not on, the models of SB99 at this age. However, the Hβ

equivalent width, a good measure of starburst age, also suggests that the W source is older than

the E one (Lipovetsky et al. 1999), but with an age not older than 5–7 Myr. Indeed, our models

reproduce approximately the NIR colors of the center (not shown in Fig. 9) of SBS 0335-052W

with a single-age 6 Myr stellar population (plus gaseous emission): J −H = 0.09, H −K = 0.34

(c.f., Table 4 with J −H = 0.19 and H −K = 0.27 in φ = 4′′).

5. Stellar populations, star formation and dust in SBS 0335−052

From the V −K and J −K colors in Fig. 8, we conclude that the SSCs 1+2 and 4+5 are very

similar in age, roughly 3–4 Myr according to our models and SB99. Such a young age is consistent

also with the spectral information: we have detected no NIR absorption lines which would be typical

of red supergiants which onset at roughly 10 Myr (Maeder & Meynet 1988).

The extremely high EW of Brγ (> 200 Å) also suggests a very young age; indeed, the SB99

models predict an age of between 3 and 4 Myr for such a high Brγ EW (instantaneous burst at

Z�/20 metallicity). To better quantify this point we used the Brγ flux and K continuum corrected

for extinction and nebular emission to constrain the starburst model of Rieke et al. (1993). We

used a solar neighborhood IMF (n. 3) and a burst duration of 1 and 5 Myr. Unfortunately the

model is only available for Z� metallicity, and the drawbacks of its application to low-metallicity

environments are discussed by Vanzi et al. (1996). The results are summarized in Table 6, in which

we have derived total mass, bolometric luminosity, and age of the burst for different regions of the

galaxy. Indeed, as with the two other models, the stellar population age is between 3 and 4.5 Myr.

It also appears not be a particularly massive burst as total masses are around 107M�. From the

values of Table 6, we can infer a star formation rate between 2 and 10 M�/yr for the whole galaxy.

A higher correction to the K continuum, due for instance to dust, would reduce this estimate (see

Section 5.1).

The V −K and J −K colors of the region extended to the northwest beyond SSCs 4+5 in the

eastern source (see Fig. 8) seem to imply a young age similar to that estimated for the SSCs, but

with an excess in K. Although such an excess could be imputed to our relatively low sensitivity

in K to the blue colors observed in SBS 0335−052, we find a V −K ∼ 1.3, even in relatively high

surface brightness regions where our deep UKIRT K image is sufficiently sensitive. The H − K

colors of the extended region (NW), shown in Fig. 9 are very red, and J−H is blue; the red H−K
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is an indication that there may be hot dust also in the extended region.

We can estimate what fraction of an evolved stellar population could be present in SBS 0335-

052, given the observed NIR colors. The NIR is the best spectral region to perform this estimate,

since it is more sensitive than the optical to evolved stars. First, we find absolutely no color evidence

for an evolved stellar population (age greater than 10 Myr) in any of the regions examined, including

the diffuse low-surface-brightness component. Hence, the fraction of “hidden” evolved stars that

could be present is essentially dictated by the uncertainties on our NIR colors. In the SSCs and

the global colors, these are nominally around 0.07 mag, since each magnitude has an uncertainty

of roughly 0.05 mag or better, including calibration errors. Therefore, by adding the colors of an

evolved (> 1 Gyr) to the 3 Myr SB99 color, we can estimate what fraction of an evolved stellar

population would be responsible for a color change in J − H and H − K that is equivalent to

our measurement uncertainty. It turns out that J −H changes by around 0.07 mag for a 16–18%

contribution of an evolved population to the 3 Myr SB99 color; the concomitant H−K color change

is smaller (0.03 mag). Because we are observing the total colors, the fraction becomes 0.18/(0.18+1)

or 15%; that is to say we cannot exclude a 15% or smaller contribution to the NIR colors (of the

SSCs or globally) that derives from an evolved stellar population. This upper limit is unchanged if

we add evolved NIR colors to a 3 Myr solar-abundance stellar population (SB99), rather than to a

metal-poor one.

We are also interested in the fraction of evolved stars that could be present in the diffuse region

that extends to the northwest. As shown in Fig. 9, the uncertainties there are larger than those in

the SSCs. If we take an error of 0.25 mag in J −H, we derive a ratio of 0.9 between evolved and

young stellar population colors. This implies that 47% of the extended emission could derive from

an evolved population, given the J −H uncertainties in the extended region. However, the J −H

colors are not the whole story. We find an H −K color of > 0.5 in the outer regions, whether we

use the integrated profiles or the photometry of the color images to measure it. Such a red color

is not reproducible by adding an evolved stellar population to the 3 Myr NIR colors; indeed, the

H −K ∼ 0.2 color of an evolved stellar population is bluer than that of stars+gas at 3 Myr. It is

difficult to imagine a scenario involving a significant evolved stellar population in which the colors

are conveniently uncertain in J −H, but provide such a red H −K.

5.1. Hot dust in SBS 0335−052

To investigate the hot dust that we have tentatively invoked to explain the red H −K colors,

we have combined the mid-infrared ISO spectrum of SBS 0335−052 (Thuan et al. 1999) with the K-

band emission after accounting for the observed gas fraction. After subtracting the gas contribution,

we have assumed that half of the remaining K band flux is due to hot dust. The combined SED has

been fitted with two modified blackbodies at different temperatures and a foreground dust screen.

Dust temperatures and amplitudes, dust emissivity index, and visual extinction AV were left as

Table 6: Parameters used to constrain the Rieke93 model and quantities derived. Results are for

a burst of duration 1 and 5 Myr. The Mass is espressed in 106 M�, the bolometric luminosity in

109 L�, the age in 106 yr.

region Log(UV) K-40% M(1) L(1) age (1) M(5) L(5) age(5)

Slit-LR 52.71 17.57 6.8 3.1 3.0 6.8 2.1 4.0

Slit-SE 52.49 17.80 4.9 2.2 3.0 4.1 1.3 4.5

Slit-NW 52.10 18.87 1.9 0.8 3.0 1.7 0.5 4.5

Slit-Tot 52.90 17.03 11.0 5.0 3.0 10.4 3.3 4.5
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free parameters, and we have adopted the extinction curve given in Draine (1989).

The resulting fit is shown in Fig. 10 as a dotted line. The warm and hot components have

temperatures of 226 K and 668 K, the cooler temperature being similar to 260 K found by Thuan

et al. (1999). The fitted emissivity is around ν0.5 (instead of the ν1.5 used by Thuan et al. 1999),

and the amplitude of the hotter component is 9% that of the cooler one at 10µm. At shorter

wavelengths, the ratio of the hotter to the cooler component increases, being 31% at 7.7µm and

68% at 6.7µm. The fitted extinction AV is around 12 mag, but more uncertain (± 1 mag) than

the temperatures (uncertainties ± 10 K). In any case, without a significant extinction, the SED is

very poorly fit as it is too narrow around its peak at 10 µm. With two dust components, we find a

slightly lower temperature (for the cooler dust) and lower extinction than the AV of 21 mag found

by Thuan et al. (1999). Nevertheless, both models show that the mid-infrared extinction is high, in

variance with what we infer from the optical/NIR recombination lines. The most likely explanation

is the clumpy nature of the interstellar medium, since we do not detect peaks of emission at 2µm

corresponding to hidden SSCs. There may be a relatively high quantity of dust globally, but not

locally in the vicinity of the SSCs we detect.

The fit of the mid-infrared spectrum around 10 µm is poor in detail because the Draine extinc-

tion curve overpredicts silicate absorption there (Lutz et al. 1996), and indeed fits of the SED in

SBS 0335−052 with the Galactic Center curve give better results (Thuan et al. 1999). However, it

is clear that a hot-dust component can fit the shorter-wavelength points very well, and consistently

with the K emission after gas subtraction. Indeed, such dust seems to be necessary to explain the

red H −K colors of SBS 0335−052.

6. Conclusions

We can summarize the results of our work as follows:

1. The near-infrared spectrum of SBS 0335-052 is representative of an extreme and young star-

burst galaxy. The Brγ equivalent width indicates a very young age, and is one of the largest

ever observed in an extragalactic object. The He I recombination lines support the presence

of young massive stars. Recombination and H2 lines are strong, [FeII] and stellar absorption

bands are absent, which also implies a strong UV field and a young stellar population;

there is no spectroscopic evidence for stars older than 5–6 Myr. Modeling the Brγ and K

continuum leads to a burst age≤5 Myr and a star formation rate that can be as high as 10

M�/yr.

2. The spatial profile of the K continuum is shifted by about 60 pc northwest of the emission

line peak and it is much closer to it than the optical peak at a distance of 200 pc. This is

explained with the dominant nebular contribution to K. All optical and NIR emission lines

coincide and have consistent spatial profiles.

3. The near-infrared photometry of SBS 0335-052 is highly contaminated by nebular emission.

The optical and NIR colors are unusual, and after correction for the gas contribution can be

only understood as due to a stellar population not older than 4 Myr, together with hot dust

at 670 K.

4. On the basis of the NIR colors, the stellar population in SBS 0335-052W appears to be older

than that in SBS 0335−052; the colors are redder in J−H and bluer in H−K and correspond

to an approximate age of 10–20 Myr according to SB99. However, optical recombination line

equivalent widths suggest that the stellar population cannot be older than 10 Myr, and our

models suggest that the age is more likely around 5–7 Myr.
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5. The gas-corrected spectrum from 2 to 17µm is well fit by two thermal components (hot dust

at 670 K, and cooler dust at 225 K), together with AV = 12 mag of visual extinction in a

foreground screen.

6. We do not find evidence at 2µm for optically hidden star formation.

7. Judging from the uncertainties on the NIR photometry, the possible contribution from an

evolved stellar population in SBS 0335-052 cannot exceed 15%.

SBS 0335−052 appears to be an unusual object, as there is no evidence, even in the near-

infrared, for an evolved stellar population deriving from an earlier burst. This is in contrast to

results for the lowest-metallicity galaxy known, I Zw 18, in which Aloisi et al. (1999) and Östlin

(2000) claimed to detect a 1–4 Gyr underlying stellar population. If the star-formation rates derived

from our modeling are representative, then stars are forming in SBS 0335-052 extremely rapidly, but

how such a rate is governed by the formation of SSCs is an open question. It could be that under

certain conditions, star formation, galaxy gas consumption, and evolution proceed very quickly,

while in others, evolution is slower. Future work will be aimed at better quantifying what these

conditions might be, and how they relate to metallicity.
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Fig. 8.— Near-infrared/optical color-color diagrams: the upper panel shows V −K vs. V − I, and

the lower panel J −K vs. V − I. The colors are measured globally (“E”), for the SSCs 1+2, 4+5,

and for the extended region (“Ex” in the figure). Also shown with solid lines are the evolutionary

synthesis models for the 1/20 Z� instantaneous starbursts taken from SB99. The arrows denote

transitions at 4 Myr, 10 Myr, and 25 Myr, with the heavier lines showing the younger times.

Our models for the 1/50 Z� stellar population are shown as dotted lines; the lines connecting the

stellar tracks to the filled circles shows the color change necessary to accommodate the observed

gas contribution to a 3 Myr and 5 Myr (with extinction) stellar population.
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Fig. 9.— Near-infrared color-color diagram: J −H vs. H −K. Symbols as in Figure 8, but with

“W” and “Wx” for West global and extended. The solid circle with the error bars for the NW

extended region is derived from the color image. Colors are not corrected for gas emission. Our

model and SB99 as in Fig. 8. Included also are (shown as dashed lines) dust extinction, and hot

dust with emissivity∝ 1/λ) at two temperatures. The extinction curve tickmarks correspond to

AV = 1 to 5 mags. The tickmarks for the dust emission denote the fraction of the total K-band

due to dust, assuming a set of basis colors (in this case the 3 Myr colors of SB99); the last tickmark

is at equal contributions.

Fig. 10.— Mid-infrared SED (Thuan et al. 1999) with the composite fit described in the text shown

as a dotted line. The ISO CVF spectrum is shown as a solid line, and the broadband photometric

points given in Thuan et al. (1999) and in this paper (K) as ×.





CHAPTER 4

The deeply embedded starburst in SBS 0335-052

Abstract1

We present 4µm ISAAC imaging and spectroscopy of the extremely metal–poor dwarf galaxy

SBS 0335-052, aimed at a better understanding of the dust in this low-metallicity galaxy.

The 4µm emission turns out to be very compact, confined to the brightest pair of Super

Star Clusters (SSCs). The Ks–L′ color is extremely red, and the L′ emission is consistent

with the extrapolation of the ISO mid-infrared spectral energy distribution (SED). From

hydrogen recombination lines and a fit to the near-/mid-infrared SED, we confirm a visual

extinction of >∼ 15 mag. Our data suggest that the sites of the optical and infrared emission

are distinct: the optical spectral lines come from an almost dustless region with a high star

formation rate and a few thousand OB stars. This region lies along the line-of-sight to a

very dusty central star cluster in which there are more than three times as many massive

stars, completely hidden in the optical. From the extinction, we derive an upper limit for

the dust mass of 105 M� which could be produced by recent supernovae.

1. Introduction

With an abundance of Z�/41, SBS 0335-052 is the lowest-metallicity galaxy in the Second

Byurakan Survey (Markarian et al. 1983), and the second lowest known after I Zw 18. Because of

its low optical luminosity (MB = −16.7), its small size (3-4 kpc diameter), and its strong narrow

HII-region-like emission lines, it is classified as a Blue Compact Dwarf (BCD) galaxy (Thuan et

al. 1997). SBS 0335-052 hosts an exceptionally powerful episode of star formation that, according

to Thuan et al. (1997), occurs mainly in six Super-Star Clusters (SSCs) not older than 25 Myr.

ISO observations of SBS 0335-052 (Thuan et al., 1999 - hereafter TSM) have revealed copious mid-

infrared emission (the spectrum peaks at 14µm) and a spectral energy distribution (SED) that is

well fit from 7 to 17 µm by a heavily absorbed modified blackbody. From their fit TSM deduce

an optical extinction in the range 19-21 mag and speculate that most of the star formation in

SBS 0335-052 may be optically obscured.

To better probe the extinction in SBS 0335-052, Vanzi et al. (2000 - hereafter VHTI) obtained

a high spatial resolution image in the Ks band and a near-infrared (NIR) spectrum. Comparing

1This chapter is taken from Hunt, L.K., Vanzi, L., & Thuan, T.X. 2001, A&A, 377, 66.
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these observations with HST images and optical ground-based spectroscopy, they found no clear

evidence for high extinction in SBS 0335-052. However, NIR colors suggest that a fraction of the

K-band flux is produced by dust. Indeed that fraction is consistent with the mid-infrared SED,

and a fit of the combined from 2 to 15µm spectrum gave a visual extinction AV ∼ 12 magnitudes

(VHTI).

To determine the nature of the dust, unexpected in such a low-metallicity object, we have

targeted SBS 0335-052 at 4µm to obtain, for the first time, spatially resolved imaging at a thermal

wavelength. At the same time, the low extinction at 4µm enables us to probe the ionized gas via

the Brα recombination line.

2. Observations

We obtained a long-wavelength (2.7 - 4.2µm) low-resolution (R=360) spectrum of SBS 0335-

052 with ISAAC at the ESO-ANTU (UT1). The observations were acquired in three different

occasions on October 9, 2000 (34 minutes integration) and on January 3 and 5, 2001 (1 hour

integration each). We used a 1′′ wide slit to match the already available NIR and optical spectra

and a position angle PA=145◦. The spectrum was acquired with an elementary integration time of

0.104 sec, while chopping with the secondary and switching (North-South) between two beams with

the telescope. The telescope was dithered along the slit after each beam-switching cycle. HR 1891,

a B2.5V star, was observed in the same way, in order to eliminate the telluric absorption of the

atmosphere. We used the Eclipse package developed by ESO to reduce the spectra, following the

standard procedures. The 2h34m combined spectrum, extracted with a 1′′ aperture, is displayed in

Fig. 1. Since the dispersion is 14Å/pix, but the slit is almost 7 pixels wide, the original spectrum

has been smoothed to the effective resolution dictated by the slit. The spectrum was flux-calibrated

with the photometry of our L-band image described below.

We used the same instrument and telescope to also acquire an image in the L2 band at 3.8µm

(∆λ = 0.58µm). The pixel scale was 0.0709′′/ pixel and the total integration time 30 minutes, with

an on-chip integration of 0.104 sec. Like the spectrum, the image was acquired while chopping with

the secondary and nodding the telescope between the two beams. The telescope was also dithered

randomly after each beam-switching cycle. We used the IRAF package for the data reduction, and

relied on the telescope offsets to align the dithered images. The seeing FWHM measured from a

star in the negative image is 6.9 pixels, or 0.49′′. The L′ image is shown in Fig. 2.

The L′-band photometry was calibrated with the photometric standard HD 22686, obtained in

the same way as the target, and assuming an L′ magnitude of 7.20 (Elias et al. 1982). The growth

curve of the object in the L′ image is shown in the upper panel of Fig. 3; the total L′ magnitude

is 14.1± 0.2, shown as a horizontal dotted line.

2.1. Photometry and colors

SBS 0335-052 consists, as noted in the Introduction, of several SSCs superimposed on an

extended blue underlying gaseous envelope. The two brightest SSC groups, SSC 1+2 and SSC 4+5

(using the notation of Thuan et al. 1997), are separated by approximately 1.4 ′′. The registration

of the L′ image is made difficult by the lack of field stars in the field-of-view of the direct image.

Nevertheless, because of the N-S nodding direction, a relatively bright star ∼ 26′′ E and 52′′ S

appears in the image of the negative beam. We have therefore used this star in the Digital Sky

Survey (DSS) image to register the L′ frame, since the star is too far away to appear in either the

HST or the Ks image (VHTI). The astrometry relative to this star indicates that the L′ source

2Because of its central wavelength 6= 3.5 µm, it is more appropriate to call this band L′, which we will do hereafter.
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Fig. 1.— ISAAC spectrum of SBS 0335-052. The horizontal dashed line shows the positions of

zero flux, making evident the rise of the continuum toward long wavelengths. The region of poor

atmospheric transmission around 3.3µm has been removed.

corresponds to the brightest SSCs, SSC 1+2, although with ∼ 0.5–0.7 ′′ uncertainty because of the

large pixels (1.7 ′′) of the DSS. Superimposed on our L′ image in Fig. 2 are the contours of the

HST image (blue) and the high-resolution Ks image (red).

To verify the association of the L′ source with SSC 1+2, we have plotted in Fig. 3 the L′

and Ks growth curves centered on SSC 1+2 and SSC 4+5, the pairs of SSCs visible in the shorter-

wavelength images. Because there was no L′ emission at the SSC 4+5 peak, we derived the L′

photometry by fixing the position to the Ks SSC 4+5 peak. It is clear from Fig. 3 that the radial

trend of the L′ emission is consistent with the Ks SSC 1+2 position, since the L′ emission from

the SSC 4+5 is initially linear with radius, which is what is expected for no signal at the nominal

center. (The SSC 4+5 curve then turns over at roughly the separation of the two SSC pairs.)

Figure 3 (lower panel) shows the Ks–L′ color obtained from combining our L′ photometry

with that from the Ks image in VHTI. The Ks–L′ color is extremely red, ranging from 2.8 at the

center to roughly 2 for the total3. After correcting the color for our redder L′ filter (see Bessell

& Brett 1988), we find K − L colors of 2.1 to about 1.5 (these colors correspond to an L filter

centered at 3.5µm). Such a red color is highly unusual in (non-Seyfert) extra-galactic objects, and

is redder than all but one of the HII galaxies studied by Glass & Moorwood (1985). Indeed, the

exception, NGC 5253, has K−L colors similar to SBS 0335-052, and has been called the “youngest

starburst known” by Rieke et al. (1988). Because it is also a low-metallicity dwarf galaxy, we

will use NGC 5253 below as a “benchmark” for further comparisons. These colors have not been

corrected for the ionized gas emission (see Section 3.2).

3Because these curves are cumulative, such a trend implies a radial blueward gradient; the 2 µm emission is more

extended than that in L′.
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Fig. 2.— L′-band ISAAC/VLT image with superimposed contours of the Ks image in red (VHTI),

and those of the HST V image in blue (Thuan et al. 1997) (N up, E left). The SSCs denoted by

Thuan et al. (1997) are also labeled.

3. The dust in SBS 0335-052

The dust reponsible for the L′ emission appears to be very compact, confined to a region at

most 1.2′′ in diameter (see Fig. 3). At a distance of 54.3 Mpc (Thuan et al. 1997), this corresponds

to approximately 300 pc. (This estimate is consistent with the physical extent of the ISO–emitting

dust hypothesized by TSM.) The FWHM of the 4µm emission is roughly equivalent to the seeing

FWHM, namely 0.5′′ or 130 pc. As seen in Fig. 3, the L′ curve is very slightly more extended than

a point source, but is much more compact than the Ks flux, which reaches its asymptotic value at

a diameter of roughly 1 kpc (4′′). (SBS 0335-052 is actually more extended than this at very low

K surface brightness levels, see VHTI).

3.1. Extinction

Brackett α in emission is clearly detected in our spectrum: we measure a flux of 9.0 ±
1 10−15 erg/s/cm2 in an aperture of 1 ′′×1.5 ′′. We can compare this value with the fluxes measured

for Brγ by VHTI and Hβ by Izotov et al. (1997) in the same aperture, and use the ratio to derive

the visual extinction (assuming a foreground screen). Using the intrinsic line ratios given in Oster-

brock (1989) appropriate for SBS 0335-052 (Case B, 20000 K, 400-500/cm3: Izotov et al. 1997),

together with the extinction curve from Cardelli et al. (1989), we obtain from the Hβ/Brα ratio

AV = 1.45 ± 0.11 mag. The Brγ/Brα ratio gives AV = 12.1 ± 1.8. Izotov et al (1997) measured

AV = 0.55 mag from Hα/Hβ, and Vanzi et al. (2000) AV = 0.73 from Hβ/Brγ. There is therefore

a clear tendency of the extinction to increase with wavelength.

With different assumptions, recombination line ratios can be used to infer either the interstellar

extinction curve, or the geometry of the obscuring dust. In the latter case, longer wavelength line

ratios have the virtue of probing deeper into embedded regions, an important advantage for dusty

starbursts. Following Calzetti et al. (1996), we have calculated the color excess E(B − V ) derived

from the hydrogen recombination lines. As before, we adopted the Cardelli et al. (1989) expression

for the interstellar extinction curve, and the intrinsic line ratios from Osterbrock (1989). The

color excesses are shown in Fig. 4, together with two dust models, a foreground dust screen and a
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Fig. 3.— L′-band growth curve and Ks–L′ cumulative profile of SBS 0335-052. The top panel

shows the data points, with respective errors, and the horizontal dotted line the total magnitude

of 14.11; a solid line illustrates the growth curve for a point source on the final image. Also shown

in the top panel is the Ks growth curve derived from the high-resolution Ks image in VHTI. The

bottom panel shows the Ks–L′ color. For all curves, the SSC 1+2 component is shown as a solid

line, and SSC 4+5 as a dashed one.

homogenously mixed slab of gas and dust. It is clear from the figure that a foreground screen model

is highly inappropriate both for SBS 0335-052 (×) and for NGC 5253 (open circle, taken from Beck

et al. 1996). It is also evident that the model of homogeneous mixed slab predicts an increase of AV

with wavelength, qualitatively similar to our observations. Nevertheless, while NGC 5253 appears

to be well described by homogeneously mixed gas and dust, the low Hα/Hβ ratio in SBS 0335-052

together with the extremely high infrared line ratios are not well reproduced by a single value of τ

in the mixed-medium model.4

Because the extinction derived from the optical line ratios is small (AV = 0.55 mag), a more

probable model consists of a nearly dustless region, responsible for virtually all of the optical

emission, lying in front of a highly obscured central knot. We exclude the possibility that the

interstellar extinction curve could be grossly incorrect, since we have also used the Seaton (1979)

and Landini et al. (1984) curves and obtained similar results. An extinction law with a higher

R = AV /E(B−V ) coupled with a mixed medium model could fit the data. Such ratios are typical

of denser environments such as dark molecular clouds (e.g., Kim et al. 1994), but the applicability

of such a law to SBS 0335-052 is not clear. Therefore, in Section 4 we will characterize the starburst

in SBS 0335-052 using the simple two-component model outlined above, namely a low-AV region

in front of a region highly obscured.

4A clumped medium (Natta & Panagia 1984) is even worse at reproducing the observed line ratios.
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Fig. 4.— The color excess E(B−V ) derived from the hydrogen recombination line ratios; the data

from SBS 0335-052 are shown as ×. Two simple models are also illustrated: the foreground screen

model (labeled “Screen”) and a homogeneous mixture of gas and dust (labeled “Mixed”). The open

circle shows data for NGC 5253 (Beck et al. 1996).

3.2. Emission

We have added new 4µm and 2µm points (VHTI) to the ISO spectrum of SBS 0335-052

(TSM), and fit the resulting SED. First, though, we had to estimate what fraction of the K and L′

flux is due to dust. It turns out that the gas fractions determined in VHTI and below, together with

reasonable estimates of stellar colors, constrain the relative contributions of ionized gas, dust, and

stars from 1.6 to 4µm. The integrated Ks magnitude was used by VHTI to compare with the ISO

observations obtained with a beam size larger than the galaxy; here, because of the compact 4µm

morphology, we adopt the VHTI Ks photometry for SSC 1+2 only. With the emission coefficients

given in Joy & Lester (1988), and our Brα observation, we find that 27% of the L′ emission derives

from the ionized gas continuum. Then assuming: i) no dust emission in H (VHTI); ii) stellar

H −K ∼ 0.0 − 0.2; iii) stellar K − L′ ∼ 0.0 − 0.5, we derive a stellar fraction of ∼ 37% at 2µm,

compared with ∼ 6% at 4µm5. For simplicity, we have not considered any obscuration of the stellar

5The quoted values are the mean of the color range cited above.
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Fig. 5.— Near- and mid-infrared SED of SBS 0335-052 with residuals from the best fit. In the

upper panel, the fit is shown by a solid line, while the dashed line shows the warm modified

blackbody (449 K) which is not absorbed. The dot-dashed line shows the cool modified blackbody

(193 K), and affected by a foreground screen of AV = 16.3 mag. The 2µm point lying above the

fit (×) illustrates the K value used in VHTI, roughly 10 times higher than that adopted here. The

lower panel illustrates the fractional residuals which are largest around 12-14µm, exactly where the

extinction curve is most uncertain.

component. With a 50% gas fraction at 2µm (VHTI), we therefore obtain a dust-emitting fraction

of 13% at 2µm, and 67% at 4µm, corresponding to 0.014 mJy at K and 0.37 mJy at L′.

The combined SED from 2 to 17µm was fit with two modified blackbodies (MBBs); the cooler

one is obscured by dust in a foreground screen with an extinction curve given by Lutz (1999).

As shown by TSM, this curve provides a much better fit than previous infrared extinction curves,

because of its significantly higher extinction in the 3–8µm region. The emissivity was fixed to

λ−1.5 (TSM). Figure 5 shows the resulting fit; the warmer (unobscured, shown by a dashed line)

MBB has a temperature of 459± 20 K, and the cooler one (dot-dashed line) 192± 4 K, obscured

by dust with AV = 16.3 ± 0.5 mag. These results differ slightly from VHTI, but should be more

reliable because of the additional constraint of the 4µm data point, and the use of a more refined

extinction curve; also, in VHTI the emissivity was left as a free parameter, and the 2µm flux was

higher because it included emission from the whole galaxy not just SSC 1+2 (see above). In any

case, the fit is very similar to that found by TSM and confirms the high extinction found by them.

Although our data suggest that the geometry is probably more a homogeneously mixed medium

than a foreground screen (see Fig. 4), the comparable values of the extinction (Aλ/AV = 0.06 −
0.08 mag) in the MIR spectral region (Lutz 1999) make the shapes of the two fits very similar, but

with AV 4 to 5 times larger in the mixed medium model. We therefore adopted the foreground

screen model since it gave fits of similar, if not better, quality than the mixed medium model.
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It was not possible to fit the SED with two MBBs absorbed (“extincted”) by the same amount,

because the resulting fit falls off too steeply toward short wavelengths. Since the temperature

and amplitude of the warm MBB are basically governed by only the 2 and 4µm data points, an

additional quantity such as extinction would not be constrained. However, the data do constrain

the extinction for the warm MBB to be much smaller than that for the cool one (assuming the

extinction curve is correct). Such a result is also consistent with the two-component model of the

previous section.

3.3. Mass

The mid-infrared spectrum of SBS 0335-052 is unusual compared to other star-forming galaxies

(e.g., Dale et al. 2001), because of its positive 3–4µm slope, its strong continuum, and lack of

spectral features (e.g., Unidentified Infrared Bands: UIBs; Polycyclic Aromatic Hydrocarbons:

PAHs). Its dust properties are therefore not well described by standard dust models (Désert et

al. 1990), especially regarding the very-small-grain component, and as a result we cannot plausibly

estimate the mass of the emitting dust. Nevertheless, the extinction is likely governed by the cooler

dust, and we can estimate the mass of the obscuring dust from the AV derived from our fit of the

SED.

With AV = 16.3 mag, and assuming N(HI)/AV ∼ 2 × 1021 cm2/mag and a gas-to-dust mass

ratio of ∼ 200, we derive a dust surface density of 1.2 M�/pc2. This calculation assumes solar metal-

licity, but the metallicity correction factors cancel out in the end. The derived dust surface density

is similar to that of the model of Draine & Lee (1984) which, with a grain opacity of 3000 cm2/gm,

is 1.6 M�/pc2. If the extinction arises in a volume similar in size to the emission region (diameter

1.2′′), we obtain a dust mass of ∼ 105M�. Alternatively, we can use the formalism of Spitzer (1978)

to relate the amount of matter required to produce the observed extinction to the mean extinction

curve, the density of solid material within the grain, and the grain dielectric constant (Aannestad

& Purcell 1973). From the observed extinction, and assuming the grain parameters of Draine &

Lee (1984), we can therefore derive the mean volume density of the dust ρd = 0.0065M�/pc3,

which is more than a factor of 20 higher than the Galactic value of 0.0003M�/pc3. In a spherical

region of diameter 1.2′′ as above, the dust mass becomes ∼ 105M�, consistent with the previous

estimate. These estimates are both upper limits since we have assumed a uniform distribution of

the dust within the 1.2′′ region; the actual value may be less if the dust does not extend over the

entire region. These upper limits are comparable with those obtained by TSM.

4. Properties of the starburst

Our measurement of the Brα line shows that a considerable fraction of the star formation in

SBS 0335-052 is optically obscured, invisible even at 2µm. Assuming the two-component geometry

described in Section 3.1, we can adopt the (extinction corrected) Hβ flux measured by Izotov et al.

(1997) to estimate the Brγ and Brα flux originating in the same (low AV ) region. This exercise

yields values that are respectively about 50 and 25% of what is observed. That is to say, 50% of

the observed Brγ flux and 25% of the Brα comes from the (virtually) dustless foreground region

which is the origin of the Hβ emission. The remaining 50% of the Brγ flux and 75% of Brα arise in

the embedded dusty star cluster; in the optical we are only observing about 1/4 of the total ionized

gas emission.

The fraction of optically hidden emission can be used to estimate the extinction in the embed-

ded cluster. We obtain AV ∼ 15, close to that inferred from the fit of the mid-infrared SED. The

bright Brackett α line, corrected for AV ∼ 15, indicates that the total star formation rate in the

embedded cluster, instead of the optically-derived value of 0.4M�/yr (Thuan et al. 1997), is more
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like ∼ 1.7M�/yr. This last value is more than 40 times higher than that in the lowest-metallicity

BCD I Zw 18 (0.04M�/yr).

The number of massive stars in the embedded star cluster can be inferred from the the Brα

luminosity. With 75% of the observed Brα flux coming from the obscured region, and correcting

as above for AV ∼ 15, LBrα(embedded) = 4.2×1039 erg/s. Then, using the prescription of Guseva

et al. (2000), we obtain approximately ∼ 14200 O7 stars. There are more than three times as

many massive stars in the embedded cluster as in the unobscured region (∼ 4040, with the observed

LHβ luminosity of 1.9 × 1040 erg/s in the same aperture: VHTI). The total mass of the embedded

cluster can be estimated by assuming an Initial Mass Function (IMF); adopting the IMF given by

Scalo (1998) gives a mass of 1.2×107M� in the embedded cluster. Alternatively, with a Salpeter

IMF, and lower and upper mass cutoffs of respectively 0.8 and 120M� (Schaerer & Vacca 1998),

we obtain an embedded stellar mass of 6.6×106M�. The stellar density in the embedded cluster

turns out to be ∼ 85–150M�/pc2, which is relatively low compared to the SSCs in NGC 5253 with

a stellar surface density of >∼ 103M�/pc2 (Calzetti et al. 1997).

The massive star cluster in the obscured central knot would be expected to host a significant

number of Type II supernovae (SNe). Our Brα measurement, together with the lowest-metallicity

models of Leitherer et al. (1999), implies a SN rate of 0.004-0.006/yr, according to the stellar mass

adopted (see above). We can therefore calculate the number of SNe expected to reside in the region

of the SSCs, which turns out to be ∼ 8000-12000, when integrated over the lifetime of the burst

after the onset of SNe. If each metal-poor SN produces, on average, 1 M� of dust (Todini & Ferrara

2001), we would expect a dust mass on the order of 104M�, a factor of 10 lower than the upper

limit derived from the extinction. This may suggest that the dust is not spread out uniformly over

the 1.2′′ region. Also, the dust mass we infer from the extinction is highly uncertain because of the

extremely low metallicity of SBS 0335-052. The physical conditions in the dense dusty medium of

the embedded star cluster do not resemble those of the solar neighborhood, nor are they similar to

the cold dark clouds in the Galaxy. No dust models exist for extremely low-metallicity environments;

even the Magellanic Clouds modelled by Weingartner & Draine (2001) have metallicities about 4

times higher than that in SBS 0335-052. The grain properties such as the size distribution or the

chemical composition may be radically different in low-metallicity environments. It is also true

that even in solar-metallicity contexts the canonical models are still a subject of debate. There is

evidence, for example, that a more realistic size distribution may produce the same extinction with

a lower dust mass (Kim et al. 1994). Also, some fraction of grains may be “fluffy” which would

also increase the extinction per unit dust mass (Krügel & Siebenmorgen 1994; Wolff et al. 1994;

Mathis 1996; Snow & Witt 1996).

SBS 0335-052, while unusual for such a metal-poor object, does have peers with similar proper-

ties, although at a higher metal abundance. NGC 5253 (∼1/5 Z�) and Henize 2-10 (∼1/10 Z�) are

sub-solar metallicity low-luminosity dwarf galaxies (the former a dwarf elliptical, the latter a BCD)

which host powerful central starbursts with SSCs (Calzetti et al. 1997; Conti & Vacca 1994), similar

to SBS 0335-052. Both galaxies show high extinction from the Brackett recombination line ratios

(Beck et al. 1996, Kawara et al. 1989), but low extinction from the optical lines (see Fig. 4); they

also show significant 10µm absorption features (Kawara et al. 1989), and host significant numbers

of Wolf-Rayet stars in the central clusters (e.g., Guseva et al. 2000). Because of this and other

evidence, the bursts are thought to be only a few Myr old (Beck et al. 1996; Calzetti et al. 1997;

Beck et al. 1997; VHTI). In all three galaxies, the extinction is so high that optical measurements

cannot be used to reliably study the embedded star clusters; even at 2µm a significant fraction

of the ionized gas emission is completely obscured. In the higher-metallicity objects (NGC 5253

and He 2-10), it appears that the stellar clusters are born embedded in dust and then emerge after

2–3 Myr, becoming bright in the optical and the UV (Calzetti et al. 1997). Strictly speaking, such

a scenario may not be appropriate for SBS 0335-052, since, if the present burst is the first one, dust
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could not have predated the current episode of star formation. The quantity of dust inferred from

our measurements is roughly compatible with that from primordial SN models, but the clusters

themselves would have “polluted” the starburst. Either way, judging from SBS 0335-052 and its

extremely low metal abundance, it is probable that much of primordial star formation could have

occurred in deeply embedded dense star clusters.

5. Conclusions

1. We find direct evidence for a heavily absorbed central knot of star formation in SBS 0335-

052. The extinction measured from the the observed Brγ/Brα is AV ≈ 12 mag, but line-ratio

comparisons indicate that there is a virtually dust-free region along the line-of-sight to massive

star clusters which are enshrouded in dust.

2. The infrared SED has been fitted with two modified blackbodies, and the inferred extinction

of 16.3 mag is roughly consistent with, but slightly larger than, that obtained from Brγ/Brα.

The total amount of obscuring dust is estimated to be around 105M�.

3. The star formation rate and number of massive stars in the embedded cluster in SBS 0335-052

are more than three times higher than inferred from optical measurements. Roughly 3/4 of

the star formation in SBS 0335-052 occurs within a highly obscured embedded cluster.

4. It is likely that the SNe produced by the current burst are responsible for the dust present

in SBS 0335-052, although rough estimates of their dust production are lower than the upper

limits for the dust mass inferred from extinction.
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CHAPTER 5

The Radio Continuum of the Metal-Deficient Blue Compact Dwarf

Galaxy SBS 0335−052

Abstract1

We present new Very Large Array observations at five frequencies, from 1.4 to 22 GHz,

of the extremely low-metallicity blue compact dwarf SBS 0335−052. The radio spectrum

shows considerable absorption at 1.49 GHz, and a composite thermal+non-thermal slope.

After fitting the data with a variety of models, we find the best-fitting geometry to be

one with free-free absorption homogeneously intermixed with the emission of both thermal

and non-thermal components. The best-fitting model gives an an emission measure EM ∼
8×107 pc cm−6 and a diameter of the radio-emitting region D ≈ 17 pc. The inferred density

is ne ∼ 2000 cm−3. The thermal emission comes from an ensemble of ∼ 9000 O7 stars, with

a massive star-formation rate (≥ 5M�) of 0.13-0.15 yr−1, and a supernova rate of 0.006 yr−1.

We find evidence for ionized gas emission from stellar winds, since the observed Brα line

flux significantly exceeds that inferred from the thermal radio emission. The non-thermal

fraction at 5 GHz is ∼0.7, corresponding to a non-thermal luminosity of ∼ 2× 1020 W Hz−1.

We derive an equipartition magnetic field of ∼ 0.6-1 mG, and a pressure of ∼ 3× 10−8 − 1×
10−7 dyne cm−2. Because of the young age and compact size of the starburst, it is difficult

to interpret the non-thermal radio emission as resulting from diffusion of supernova (SN)

accelerated electrons over 107−108 yr timescales. Rather, we attribute the non-thermal radio

emission to an ensemble of compact SN remnants expanding in a dense interstellar medium.

If the radio properties of SBS 0335−052 are representative of star formation in extremely low-

metallicity environments, derivations of the star formation rate from the radio continuum in

high redshift primordial galaxies need to be reconsidered. Moreover, photometric redshifts

inferred from “standard” spectral energy distributions could be incorrect.

1. Introduction

When and how the first episodes of star formation took place remains one of the main questions

of modern cosmology. Much effort has been devoted to measuring the cosmic star formation rate

1This chapter is taken from Hunt, L.K., Dyer, K.K., Thuan, T.X., & Ulvestad, J.S. 2004, ApJ, 606, 853.
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(SFR) of the universe as a function of redshift or look-back time initially at ultraviolet wavelengths

(e.g., Madau et al. 1996), and more recently in the millimeter and radio regimes (e.g., Blain et al.

1999; Haarsma et al. 2000). Unlike ultraviolet or optical wavelengths, radio emission at >∼ 1 GHz

is unaffected by dust, which eliminates the need for uncertain extinction corrections. Nevertheless,

the conversion of radio luminosity to SFR depends on canonical scaling relations (e.g., Condon

1992) which may not apply to star formation at high redshift.

Primordial star formation occurs in chemically unenriched environments. Besides the high-

redshift Lyα absorption systems which are very difficult to study, the only examples we have

of such environments are nearby metal-poor galaxies actively forming stars, such as the class of

galaxies known as Blue Compact Dwarfs (BCDs). Unlike solar-metallicity star-forming regions, the

radio emission in these objects tends to be predominantly thermal rather than non-thermal (Klein,

Wielebinski, & Thuan 1984; Klein, Weiland, & Brinks 1991). Low-metallicity BCDs also tend to be

of low mass. Hence, they may represent the primordial “building blocks” – or “sub-galaxies” (Rees

1998) – in hierarchical scenarios of galaxy formation. As such, the study of their radio properties

can be useful to better understand primordial galaxies.

One of the best candidates for the primordial building-block status is SBS 0335−052. At

Z ∼ 1/41 Z� (Melnick, Heydari-Malayeri, & Leisy 1992; Izotov et al. 1997), it is the lowest-

metallicity star-forming galaxy known after I Zw 18 (Z ∼ 1/50 Z�). Its mass in stars is <∼ 107 M�

(Papaderos et al. 1998; Vanzi et al. 2000), and it is embedded in an HI cloud of ∼ 2 × 109 M�

(Pustilnik et al. 2001). To explore the radio properties of star formation in a chemically unenriched

interstellar medium, and to better understand the nature of the starburst in SBS 0335−052, we

have obtained Very Large Array (VLA) D-array observations at five continuum frequencies. In

this paper, we first describe in some detail the extremely metal-poor BCD SBS 0335−052. We

then present the new radio observations and their reduction and analysis in §3, together with a

description of the optical-radio alignment. Models of the continuum emission and the results of

the spectral fitting are discussed in §4 and §3, respectively. In §6 we examine the properties of

the starburst in SBS 0335−052, as inferred from our observations, and assess the nature of the

non-thermal radio source. Finally, we discuss the possible implications of our results for primordial

star formation.

2. SBS 0335−052

At Z/Z� ∼ 1/41, SBS 0335−052 is the lowest-metallicity galaxy in the Second Byurakan Sur-

vey (Markarian, Lipovetskii, & Stepanian 1983). SBS 0335−052 comprises six main star clus-

ters surrounded by a very blue (V − I = −0.3 − 0.2) low-surface brightness diffuse component

which, because of its filamentary structure and color, is almost certainly gas (Thuan, Izotov, &

Lipovetsky 1997; Papaderos et al. 1998). It is more distant (redshift distance is 54.3 Mpc), and

fainter (V = 16.65) than I Zw 18, but more luminous (MB = -16.7, Thuan, Izotov, & Lipovetsky

1997). SBS 0335−052 has a companion of similar metal abundance ∼ 20 kpc to the west, and both

are embedded within a common HI cloud (Pustilnik et al. 2001). An HST (F791W) image of

SBS 0335−052 is shown in Fig. 1.

The star clusters in SBS 0335−052 are sufficiently compact (diameter upper limit ≤ 50 pc) and

luminous (−14.1 ≤ V ≤ −11.9) to be defined as Super Star Clusters (SSCs) (Thuan, Izotov,

& Lipovetsky 1997). Massive star density in the SSCs is >∼ 2.5 pc−2, with a high surface bright-

ness <∼ 16 mag arcsec−2 in K for the two brightest SSCs (Vanzi et al. 2000). Optical spectra of

SBS 0335−052 show evidence for Wolf-Rayet stars (Guseva, Izotov, & Thuan 2000), and a high

electron temperature (20000–22000 K) and density (500–600 cm−3, Izotov & Thuan 1999).

Extinction as measured from the optical hydrogen recombination lines in the brightest SSC

pair is AV = 0.55 mag (Izotov et al. 1997), but somewhat higher if measured with Brγ: AV = 0.73
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mag (Vanzi et al. 2000). Extinction is higher still if measured with Brα (Hβ/Brα: AV = 1.5

mag; Brγ/Brα: AV = 12.1 mag; Hunt, Vanzi, & Thuan 2001). Such high extinction appears to

be caused by warm dust whose emission has been measured in the mid-infrared with the Infrared

Space Observatory (Thuan, Savage, & Madden 1999) and from the ground (Dale et al. 2001). The

warm dust emitting in the mid-infrared is associated with the two brightest SSCs, and resides in

a region no more than 80-100 pc in diameter (Hunt, Vanzi, & Thuan 2001; Dale et al. 2001); the

dust mass is <∼ 105 M� (Plante & Sauvage 2002). The SFR as derived from the integrated Hα

emission is 0.4 M�/yr (Thuan, Izotov, & Lipovetsky 1997), while from the Brα luminosity in the

spectroscopic slit alone is 1.7 M�/yr (Hunt, Vanzi, & Thuan 2001). Those authors concluded that

optical observations do not detect roughly 3/4 of the star formation in the brightest SSCs, and even

2µm observations miss half of it.

3. VLA Observations and Data Reduction

Exploratory observations of SBS 0335−052 were taken on 9 November 2001 in D array at 8.4

GHz resulting in a detection of SBS 0335−052 in 3.5 hours of observation. A second round of obser-

vations at 1.4, 4.8, 8.5, 15 and 22 GHz were taken on 9 January 2002 during D→A move. While no

source was detected at 1.4 GHz in 10 minutes, Dale et al. (2001) report a detection of SBS 0335−052

at 3σ in a 1994 observation. We requested and received discretionary observing time on 12 Septem-

ber 2003 during the A→BnA move to confirm this detection and detected SBS 0335−052 at the 7σ

level.

There is no conclusive evidence that SBS 0335−052 is resolved in this 1.6′′×1.5′′ resolution

image, and we therefore assume it is unresolved in the images made with a larger beam at other

frequencies. This assumption is corroborated by the excellent agreement of our A→BnA flux

(0.47± 0.06 mJy/beam) and that obtained by Dale et al. (2001) at 1.49 GHz (0.40 mJy/beam) with

a 6′′ beam in the B configuration. Table 1 gives the fluxes, their uncertainties, the beam sizes and

position angle, and the integration time of each observation. The uncertainty on the flux given in

Table 1 includes the rms noise and 5% flux calibration uncertainty.
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Table 1. VLA Observations of SBS 0335−052

Frequency [GHz] Flux [mJy beam−1] Beam Time on source

1.46 0.4571 ± 0.0610 1.6′′×1.5′′, 49◦ 45m

4.86 0.7720 ± 0.0855 29′′×16′′, 54◦ 12m

8.46 0.6508 ± 0.0386 12′′×9′′, -7◦ 3.5h

14.94 0.3960 ± 0.0704 12′′×5′′, 54◦ 1.8h

22.46 0.4817 ± 0.0789 6′′×4′′, 52◦ 1.3h
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Fig. 1.— 20 cm map overlayed on the HST/WFPC2 (F791W) image. Radio contours run from

0.12 mJy/beam (2σ) to 0.42 mJy/beam in units of σ (0.06 mJy/beam). The beam, 1.6′′×1.5′′, is

shown in the lower right corner. The radio source is clearly coincident with the two brightest SSCs

in the southeast portion of SBS 0335−052.

3.1. Optical-Radio Alignment

The radio source in our highest-resolution (1.5′′×1.6′′) image at 1.46 GHz is shown in Figure

1. The radio contours in units of σ are overlayed on the HST/WFPC2 image (Thuan, Izotov, &

Lipovetsky 1997) in the F791W filter which we obtained from the HST archive and re-reduced.

We performed our own astrometrical calibration using stars from the U.S. Naval Observatory As-

trometric Catalog A2.0 (USNOA2.02). In the 1600×1600 pixel WFPC2 image, there are five stars

in the USNOA2.0. The astrometric solution for the image, based on these stars, was calculated

with the imwcs routine in the WCSTools package (available from http://tdc-www.harvard.edu/

software/wcstools/). The solution has an rms uncertainty of 0.54′′, or roughly 5 WFPC2 (mo-

saic) pixels.

The correct HST/WFPC2 astrometry results in a virtually perfect alignment of the compact

20 cm radio source with the brightest SSCs (1 + 2) toward the southeast edge of SBS 0335−052. To

the level of ∼ 60µJy/beam, there is no significant radio emission coming from the other SSCs or

the low-surface brightness envelope surrounding the star clusters.

4. Models for the Radio Spectrum

The radio continuum spectrum of SBS 0335−052 is nearly flat with a small negative slope for

ν > 5 GHz, and a drop-off at ν = 1.4 GHz (Figure 2); the low-frequency drop-off is a signature

of free-free absorption. The apparent spectral index of −0.4 of the four points with ν > 1.4 GHz

is similar to that obtained for a large sample of BCDs (Klein, Wielebinski, & Thuan 1984) (α

from 1.4−5 GHz =−0.33), implying that absorption in most other BCDs must be less than in

SBS 0335−052. The apparent spectral index is also steeper than optically thin thermal emission,

implying that there must be some non-thermal contribution to the observed flux.

Because of the low-frequency drop, we did not attempt to fit the radio spectrum of SBS 0335−052

with the simplest model of combined thermal+non-thermal emission with no absorption (c.f., Klein,

Weiland, & Brinks 1991). The models we investigated include thermal and non-thermal compo-

2http://tdc-www.harvard.edu/software/catalogs/ua2.html
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nents, and the effects of free-free absorption from ionized gas with several geometries. If τff is the

free-free absorption optical depth 3:

τff ' 0.08235

(

T

K

)−1.35 (

EM

pc cm−6

)

( ν

GHz

)−2.1

(5.1)

where ν is the frequency, T is the ionized gas temperature, and EM is the emission measure, the

optically thin thermal emission f th can be written as:

f th
ν = φ (5.95 × 10−5)

(

T

K

)−0.35
( ν

GHz

)−0.1
(

EM

pc cm−6

)(

θ
′′

)2

mJy (5.2)

φ is a geometrical factor that is equal to π/6 for a spherical region of constant density and diameter

θ, and π/4 for a cylindrical region of diameter and length θ (e.g., Mezger & Henderson 1967). φ

also includes the filling factor, which we have assumed equal to unity. The non-thermal emission

can be written as:

fnt
ν = fnt

ν0

(

ν

ν0

)αnt

mJy (5.3)

where fnt
ν0

is the non-thermal (unabsorbed) flux at ν0. Model 1 includes absorption in the form of

a foreground screen of ionized gas that obscures both thermal and non-thermal components:

f tot
ν = exp(−τff)(fnt

ν + f th
ν ) mJy (5.4)

Model 2 assumes that the absorbing medium is intermixed with both thermal and non-thermal

emission:

f tot
ν =

[

1 − exp(−τff)

τff

]

(fnt
ν + f th

ν ) mJy (5.5)

Model 3 includes a screen absorption term only for the non-thermal component, while the absorbing

medium is assumed to be homogeneously intermixed with the thermal emission:

f tot
ν = exp(−τff) fnt

ν +

[

1 − exp(−τff)

τff

]

f th
ν mJy (5.6)

These models represent slightly different geometries. In models 1 and 2, thermal and non-

thermal regions are assumed to be cospatial. In model 3, the absorbing medium and thermal

emitting region must lie between the non-thermal emission and the telescope, or “outside” of it.

Models in which the non-thermal emission was not absorbed, for example when the non-thermal

source is more extended than the thermal emitter/absorber, give significantly worse fits than the

three models considered here.

We fit the VLA spectrum to these models using a χ2 minimization technique to estimate fnt
ν0

,

θ, and EM (through τff) based on the amoeba algorithm (Press et al. 1992). Errors for the fitted

parameters were obtained according to the precepts of Lampton, Margon, & Bowyer (1976) for

three fitted parameters and a confidence level of 95%. ν0 was chosen to be 5 GHz. αnt was fixed a

priori to −0.8, although values ranging from −0.5 to −1.1 did not affect the relative quality of the

fits (but see §3). The electron temperature Te was taken to be 20000 K (Izotov & Thuan 1999).

We have tested our fitting procedure against Deeg et al. (1993) for II Zw 40, and obtain results

consistent with theirs.

3This approximation for τff is accurate to <
∼ 20%.
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4.1. Additional Physical Processes

In addition to the models already described, we also investigated other physical mechanisms

that may help shape the radio spectrum of SBS 0335−052.

Since the ultraviolet (UV) radiation field in SBS 0335−052 is roughly 10000 times the local

value (Dale et al. 2001), inverse Compton losses may be important. Following Deeg et al. (1993),

we included this effect in the expression for the non-thermal spectrum. These fits gave a larger

χ2, probably because of the insensitivity of the spectrum to the non-thermal emission, given the

dominant thermal emission at high frequencies in SBS 0335−052.

We also investigated the possible effect of a thermal plasma in the synchrotron emission re-

gion. This effect, usually called the Razin-Tsytovich effect (e.g., Simon 1969), does not appear to

influence the shape of SBS 0335−052’s radio spectrum. For SBS 0335−052, the Razin-Tsytovich

cutoff frequency appears to be less than the thermal cutoff, since we were unable to obtain good

fits by including this effect. This would be the case if the magnetic field B > 4 × 10−5/
√
L where

L is the physical dimension of the emitting region in pc (see Verschuur & Kellermann 1988). For

L = 30 pc, B > 7µG. The equipartition magnetic field inferred from our observations (see §3) is

more than 100 times this value.

5. Spectral Fitting Results

For α = −0.8, the best fit for each of the three models gave a similar minimum of reduced

χ2
ν = 1.6. Nominally, the best fit was obtained with the mixed geometry for both components (model

2), but the lowest χ2
ν = 1.60 was only slightly lower than that obtained with screen geometry for

one or both of the components (models 1 and 3: χ2
ν = 1.67). The best-fit models together with

the observed spectrum are shown in Fig. 2. With model 2 (mixed geometry, left panel of Fig. 2),

assuming a spherical geometry and αnt =−0.8, the best-fit parameters are:

EM = (7.6 ± 2.9) × 107 pc cm−6 (5.7)

θ = 0.063 ± 0.001 arcsec (5.8)

fnt
ν0

= 0.68 ± 0.007 mJy (5.9)

The resulting mean-square residuals are 0.06 mJy, averaged over the 5 data points. The thermal

fraction at 5 GHz is 0.27, which gives a 5 GHz thermal flux of 0.25 mJy. With model 3 (screen

absorption for non-thermal, mixed for thermal, right panel of Fig. 2) and a spherical geometry and

αnt =−0.8, the best-fit parameters are:

EM = (2.8 ± 0.8) × 107 pc cm−6 (5.10)

θ = 0.11 ± 0.01 arcsec (5.11)

fnt
ν0

= 0.60 ± 0.005 mJy (5.12)

The thermal fraction at 5 GHz is 0.32, which gives a 5 GHz thermal flux of 0.29 mJy. Again, the

resulting mean-square residuals are 0.06 mJy.

There is an indication that the non-thermal spectral index is steeper than the canonical α =

−0.8, since the lowest value of χ2
ν (1.37) was obtained with model 2 by fixing α = −1.6. However,

while this result is formally a slightly better fit than that we obtain with α = −0.8, with such a

steep α the other geometries give substantially worse fits. Unlike steeper indices, α = −0.8 gives

similarly low χ2
ν also for the different absorption geometries. We therefore chose to fix α = −0.8.

Our data are unable to distinguish among the various absorption geometries (screen, mixed, or

combined), although a screen absorption of both thermal and non-thermal components is physically

unrealistic. Lower frequency observations would be necessary to distinguish the models (see Fig. 2).

In what follows, we therefore consider the range of the best-fit values implied by the mixed/combined



Chapter 5 94

Fig. 2.— Radio continuum flux versus frequency ν. Model 2 (mixed-geometry absorption of

thermal+non-thermal components) is shown in the left panel, and model 3 (mixed-geometry abs-

orption of thermal component + screen absorption of non-thermal one) in the right. The 1.49 GHz

point denoted by a filled square is from Dale et al. (2001). A solid line shows the best-fit model,

with the separate components given by a dotted line (thermal) and a dashed one (non-thermal).

geometries (models 2 and 3). The non-thermal fraction and flux levels do not vary much with

geometry (0.68−0.73, 0.60−0.68 mJy, respectively), but the thermal emission measure and source

size change by a factor of two or more.

5.1. Thermal Emission

The fitted diameter of the thermal emission region θ corresponds to a physical size D =

17 − 29 pc, several times smaller than the 80 pc diameter from Dale et al. (2001) and the outer

radius of 110 pc predicted by the dust model of Plante & Sauvage (2002). Given θ, the global

EM determined from our fit can be used to estimate the ionized gas density ne. The resulting

densities ne range from 980–2100 cm−3. These values are higher than those inferred from optical

spectroscopy ne & 600 cm−3 (Izotov & Thuan 1999). However in the optical we cannot probe very

far into the star clusters; hence the density could easily be higher than optical estimates. Also, the

optical spectroscopy is averaged over a larger region (& 260 pc) than the size we infer from our fit.

The best-fit emission measure of 2.8−7.6×107 pc cm−6 is not an extreme value for dwarf star-

burst galaxies. In He 2-10 and NGC 5253, emission measures range from 107 to 108 pc cm−6 and

implied densities between 500< ne < 104 cm−3. (Kobulnicky & Johnson 1999; Mohan, Ananthara-

maiah, & Goss 2001). In Wolf-Rayet galaxies, typical emission measures are 108 − 109 pc cm−6,

with densities & 103 cm−3 (Beck, Turner, & Kovo 2000). In II Zw 40, another BCD, Beck et al.

(2002) deduce an EM of 109 pc cm−6 for the most compact sources.

5.2. Non-Thermal Emission

Above 1.4 GHz, the apparent spectral index is −0.4, a clear indicator of significant non-thermal

emission. Indeed, the fitted fraction of non-thermal radio emission at ν = 5 GHz is 0.7, with a 5 GHz

non-thermal flux fnt
ν0

= 0.60 − 0.68 mJy. We can use fnt
ν0

to estimate the magnetic field strength

in SBS 0335−052, assuming equipartition between the magnetic field energy and the energy of the

relativistic particles (Pacholczyk 1970). We take the ratio of relativistic proton to electron energies

to be k = 40 (e.g., Deeg et al. 1993), assume a spherical volume of diameter 17-29 pc with unit filling

factor, and a constant spectral index from ν1 = 107 Hz to ν2 = 1011 Hz. We obtain a synchrotron
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luminosity4 Lsyn = 8−9×1037 erg s−1, and an equipartition B = 633−1065µG, an extremely high

value for magnetic field strength. The corresponding minimum pressure within the synchrotron

emitting region is 3× 10−8 − 1× 10−7 dyne cm−2, and the equipartition energy is ∼ 1052 erg. These

values, although extreme, are similar to the magnetic field strength and pressure estimated for the

compact sources in M 82 (Allen & Kronberg 1998).

Although magnetic fields in very active star-forming galaxies tend to be much stronger than in

less active galaxies such as the Milky Way (Kronberg, Lesch, & Hopp 1999), we cannot be certain

that such a high value for the magnetic field in SBS 0335−052 is correct. First, the source may

be too young to have achieved the minimum-energy configuration (see §6.4). Second, the standard

formula for magnetic field strength relies on a fixed integration interval in frequency. In the case

of SBS 0335−052, with its relatively high non-thermal radio luminosity, this procedure is almost

certainly inappropriate. A fixed frequency interval corresponds to different electron energy intervals,

because of the dependence on magnetic field strength (Beck et al. 1996). Using the correct formula,

and integrating from a proton energy of 300 MeV to infinity, we obtain an equipartition field of

30µG (R. Beck, private communcation), similar to the field strengths of other BCDs (Deeg et al.

1993).

6. Radio Emission and Star Formation in SBS 0335−052

The results from the spectral fits allow us to separate thermal and non-thermal emission in

SBS 0335−052. From the thermal emission, we can then derive the number of ionizing photons, the

star-formation rate, and the supernova rate.

6.1. Ionizing Photons

With a thermal flux of 0.25 − 0.29 mJy at 5 GHz, the inferred thermal luminosity LT = 8.8 ×
1019 − 1.0 × 1020 W Hz−1. Because of the high electron temperature in SBS 0335−052, the usual

scaling for ionizing photons (e.g., Rubin 1968; Caplan & Deharveng 1986; Lequeux 1980; Condon

1992) give inconsistent results. We therefore provide in the Appendix a new set of relations which

are valid to within 0.5% for 10000K≤ T ≤20000K. These are useful for comparing thermal radio

emission and optical/near-infrared recombination lines in low-metallicity high temperature envi-

ronments, and we use them here. With this thermal luminosity, Equation A6 gives the number of

ionizing photons Nion = 8.2−9.4×1052 photons s−1. With 1 O7V star = 1049 photons s−1 (Leitherer

1990), we obtain ∼ 9000 equivalent O7 stars.

From the Brα line luminosity of 3.2×1039 erg s−2 (Hunt, Vanzi, & Thuan 2001) uncorrected for

extinction, with T = 20000K, we infer a total of 19400 stars. A correction for a screen extinction

of AV
>∼ 12 (Hunt, Vanzi, & Thuan 2001; Plante & Sauvage 2002) would increase these values by

a factor of 1.6, a mixed geometry correction a factor of 2.4. It is clear that the Brα is powered by

between two and five times the ionizing photons responsible for the thermal radio emission.

Either our estimate of the thermal fraction is wrong, or there is a source of ionized gas emission

in addition to the H ii region associated with the SSCs. The apparent spectral index α of −0.4

is indicative of a substantial non-thermal component as mentioned before, and is also implied by

our spectral fits. Even if the entire observed 5 GHz flux (0.8 mJy) were thermal, a reasonable

extinction correction for the Brα emission would still give a similar discrepancy. We therefore favor

the hypothesis of an additional source of ionized gas, namely an extended envelope of ionized gas

resulting from massive stellar winds. Such winds are known to exist in SBS 0335−052 from its

4Lsyn is the total synchrotron luminosity obtained by integrating the non-thermal spectrum from ν1 = 107 Hz

to ν2 = 1011 Hz.



Chapter 5 96

UV spectrum which shows strong Si IV 1394, 1403 absorption lines with the characteristic P-Cygni

profiles (Thuan & Izotov 1997).

6.2. The Stellar Wind

To account for the presence of an extended stellar wind in SBS 0335−052, we performed a new

set of spectral fits which included the spectrum of free-free radiation from varying-density envelopes

(Panagia & Felli 1975), in addition to the thermal and non-thermal components described above.

Traditional H ii region constant density models do not fit such regions because of the different

spectral behavior (fν ∝ ν0.6). Physically, such a configuration could occur if there were a density-

bounded inner wind zone optically thick in the radio, but not in Brα, surrounded by an H ii region.

The χ2
ν from these new fits are formally equivalent to the best-fit models of §3, although the

influence of the wind in the radio spectrum would not be apparent in Fig. 2, because of the low

amplitude of the wind relative to the other components. The best-fit model gives the fraction of

the wind contribution at 5 GHz as 0.004, which corresponds to an 8.5 GHz flux of 0.0035 mJy. With

a cluster the size of that inferred in §6.1, this would correspond to a stellar wind of the order of

Ṁ� ∼ (v∞/1000 km s−1) 1 × 10−4 M� yr−1 per star (e.g., Lang, Goss, & Rodŕıguez 2001), where

v∞ is the stellar wind’s terminal velocity. This velocity being about 500 km s−1 in SBS 0335−052

(Thuan & Izotov 1997), Ṁ� is roughly 5 × 10−5 M� yr−1. This is not an unreasonable value

compared to observed values for late-type WN stars (Leitherer et al. 1997) or for massive stars in

the Galactic center (Lang, Goss, & Rodŕıguez 2001).

We can predict how much Brα flux we would expect from a stellar wind with the radio prop-

erties of SBS 0335−052. Using the formalism in Simon et al. (1983), and assuming that Brα is

optically thick5, we would expect 3.2 × 10−14 erg cm−2 s−1, several times higher than the observed

Brα flux of 9.0 × 10−15 erg cm−2 s−1 (Hunt, Vanzi, & Thuan 2001). An extinction correction for

mixed geometry (τBrα = 2.1) would give a flux of 2.3× 10−14 erg cm−2 s−1, lower than, but compa-

rable to, the wind prediction. The radio emission from the wind may be overestimated by our fit,

and the extinction correction for Brα uncertain, but the wind+H ii-region model seems to be able

to account for the Brα flux better than the H ii-region model alone.

The radio contribution from the H ii region is far larger than that from the stellar wind, while

the Brα emission is much stronger from the wind than from the H ii region. The Brα flux inferred

from the thermal radio continuum, 3.7 × 10−15 erg cm−2 s−1, is a factor of ∼ 10 times lower than

what we would expect from an optically thick wind (see above). Moreover, it is less than half the

observed value of 9.0×10−15 erg cm−2 s−1, which is a lower limit because of the extinction correction.

It is evident that in SBS 0335−052 there is an excess of Brα flux over what we would expect from

a simple H ii region. The hot massive stars of the Arches Cluster in the Galactic Center show a

similar, if more extreme, excess; comparing the radio emission (Lang, Goss, & Rodŕıguez 2001)

to the near-infrared recombination line flux (Nagata et al. 1995) shows that the Brα luminosity is

more than 20 times greater than expected from a Case B H ii region extrapolated from the radio.

6.3. Star-Formation Rate

The thermal radio emission can also be used to derive the massive star-formation rate (SFR).

First, using the formulation given in the Appendix, valid for high temperatures, and assuming

that N(He+)/N(H+) = 0.08, T = 20000K, and fHα/fHβ = 2.75, from LT we derive the Hα

luminosity LHα = 5.8 − 6.7 × 1040 erg s−1. Then, following Condon (1992), we estimate the SFR

5If the Brα flux were optically thin, the predicted flux would be 105 times higher than observed. Also, these

calculations assume an electron temperature of 10000 K.
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of stars more massive than 5 M� SFR≥5 M�
= 0.13 − 0.15 M� yr−1.

The total SFR including less massive stars is 0.7−0.8 M� yr−1, about half the value estimated

by Hunt, Vanzi, & Thuan (2001). The reason for this is that the near-infrared recombination line

flux is apparently partly due to stellar winds; consequently, numbers of massive stars and star-

formation rates inferred from the near-infrared recombination lines are overestimated.

We can infer the total stellar mass in the cluster, assuming an age and a population synthe-

sis model. For an age of 5 Myr (Papaderos et al. 1998; Vanzi et al. 2000), and with Starburst

99 (Leitherer et al. 1999), the number of O7V stars given by the thermal radio luminosity in

SBS 0335−052 corresponds to a total stellar mass of 2.4×106 M�. This is very close to the total

stellar mass of 2×106 M� estimated by Plante & Sauvage (2002) on the basis of the integrated in-

frared spectral energy distribution, but is 3 times lower than that of Hunt, Vanzi, & Thuan (2001).

Again, this last discrepancy is because of the Brα excess described above.

6.4. Non-thermal Radio Emission and Supernovae

Non-thermal radio emission can be used to estimate the star-formation rate in SBS 0335−052,

provided it follows usual scaling relations (e.g., Condon 1992). Here we investigate this assumption,

and use our observations to determine the origin of the non-thermal radio emission in SBS 0335−052.

Given the SFR≥5 M�
, we can estimate the supernova (SN) rate νSN. Almost independently

of the form of the initial mass function, νSN = 0.041 SFR≥5 M�
yr−1. With SFR≥5 M�

= 0.13 −
0.15 M� yr−1, νSN =0.005 − 0.006 yr−1. This is only 3–4 times smaller than the recent estimate of

0.016 yr−1 for M 82 (Allen & Kronberg 1998), and the Type II SN rate of the Galaxy, 0.023 yr−1

(Tammann 1982), which however are galaxies over 1000 times more massive. We can also use the

relations given in Condon (1992) for normal galaxies to deduce the non-thermal radio luminosity

LNT we would expect from a typical starburst with this νSN. In SBS 0335−052, predicted LNT is

1.9 − 2.2 × 1020 W Hz−1, corresponding to an expected non-thermal flux fν0
≈ 0.6 mJy at 5 GHz.

This value is very close to the model fit value of 0.60–0.68 mJy at 5 GHz.

It is puzzling why the scaling relation derived for massive spiral galaxies with evolved starbursts

(e.g., Condon & Yin 1990) would hold for SBS 0335−052. Non-thermal radio emission in spiral

galaxies is almost certainly produced by relativistic electrons diffusing over the galactic disk. The

timescale for this diffusion on kpc scales is 107 −108 yr (Helou & Bicay 1993). As noted by Condon

(1992), although SNe almost certainly accelerate initially the electrons responsible for non-thermal

emission we observe, >90% of it was produced long after the discrete SNe have faded out. The

starburst in SBS 0335−052 is very young, 5 Myr or younger (Vanzi et al. 2000). It therefore seems

unlikely that the diffusion mechanism active in the majority of spiral galaxies has had enough time

to operate in SBS 0335−052 to produce the observed amount of non-thermal emission.

The dimensions of the radio source as implied by the models are also inconsistent with the stan-

dard diffusion picture. The non-thermal source cannot be larger than the beam width (FWHM∼400

pc), and almost certainly is at least 10 times smaller than this given the constraints imposed by

the spectral fit. This size is 50–100 times smaller than that of the diffuse kpc-scale radio emission

mechanism which powers normal spiral galaxies.

We therefore investigate possible sources of non-thermal emission which are both spatially

compact and develop on a short timescale. On the very shortest timescales ( <∼ 100 yr), the non-

thermal radio emission in SBS 0335−052 could come from a single radio SN seen at a time not long

after its explosion. The inferred LNT = 2 × 1020 W Hz−1 is not unusual for radio SN (Weiler et

al. 2002), but because of the rapid decline of radio emission on timescales of decades, we must be

observing it not long after it occurred. However, the lack of radio variability over the 9-yr period

spanned by our observations and those in Dale et al. (2001) suggest that this interpretation may

not be the best one.
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Alternatively, on slightly longer timescales, the non-thermal radio emission in SBS 0335−052

could arise either from radio SNe or evolved SN remnants. Radio SNe have adiabatic lifetimes of

∼ 2×104 yrs (Woltjer 1972), and from the νSN derived above, we can estimate the radio luminosity

we would expect from a population of these (e.g., Ulvestad 1982). From radio SNe that emit only

during the adiabatic phase of their evolution, we would expect at 5 GHz LNT = 3.5×1019 W Hz−1;

this is 6 times smaller than the observed LNT = 1.9−2.2×1020 W Hz−1 at 5 GHz. The non-thermal

source in SBS 0335−052 is therefore difficult to interpret as an ensemble of standard radio SNe.

Finally, the radio source in SBS 0335−052 could be interpreted as one or more evolved compact

SN remnants similar to those observed in M 82 (Allen & Kronberg 1998). As proposed by Chevalier

& Fransson (2001), such remnants could be interacting with a dense interstellar medium, with

ne ∼ 103 cm−3, similar to the ne we derive for SBS 0335−052. The timescales for this radiative

phase are longer than the pure adiabatic lifetimes (Chevalier & Fransson 2001), and, given the

intense starburst and massive SSCs in SBS 0335−052, we could expect to detect sources with

properties similar to those in M 82. Since νSN in SBS 0335−052 corresponds to roughly 1 SN

every 54 yr, it would not be unlikely for a few of these to be visible at the current epoch. As

mentioned before, the equipartition pressure and magnetic field in SBS 0335−052 are similar to

those in M 82. The physical dimensions of such compact sources are <∼ 4 pc (Muxlow et al. 1994),

so they could conceivably reside inside the 30 pc diameter region responsible for the thermal emission

and absorption. The non-thermal flux of SBS 0335−052 placed at the 3.63 Mpc distance of M 82

would be ∼ 130 mJy, similar to the flux of the most luminous of M 82’s compact sources, and

equivalent to the flux of a few to ten or so of the less luminous ones. Lsyn in SBS 0335−052 is

only 4 times higher than the most luminous source in M 82, and comparable to the predictions of

Chevalier & Fransson (2001). We conclude that a few compact evolved remnants, similar to those

observed in M 82 as well as other starbursts (e.g., Smith et al. 1998), could be responsible for the

non-thermal radio emission in SBS 0335−052. VLBI and high-resolution X-ray observations are

necessary to verify this hypothesis.

Indeed, Chandra observations of SBS 0335−052 show evidence for a compact point source

roughly spatially coincident with the compact non-thermal radio source we find here, and associated

with the two brightest SSCs (Thuan et al. 2003). The X-ray source is extremely luminous in the

0.5−8.0 keV range (3 × 1039 erg s−1), and would be classified as an ultra-luminous X-ray source

(ULX) if it is a single object.

The nature of the radio+X-ray emitting object is however not clear. Whether the X-ray

source is a single ULX or several high-mass X-ray binaries (HMXRBs) is impossible to judge with

the Chandra resolution. But while there are more than a hundred HMXRBs in our Galaxy (Liu,

van Paradijs, & van den Heuvel 2000), only ≤5% of these are radio emitters (Clark et al. 2001).

Although the X-ray luminosity is similar to that expected from a microquasar associated with a

medium-mass black hole, its radio luminosity well exceeds (by 106) that observed in other such

objects (Mirabel & Rodŕıguez 1998). Also its non-thermal radio spectrum is much steeper than the

flat spectra thought to be characteristic of black hole systems in the low/hard spectral state (Mart́ı

et al. 2002). Moreover, as mentioned above, there is no evidence for either radio variability over a 9-

yr interval or X-ray variability over shorter timescales, although the limited photon statistics do not

strongly constrain the temporal nature of the X-ray source (Thuan et al. 2003). Hence, the radio

source and the X-ray one could be physically distinct objects, the non-thermal radio luminosity

coming from evolved SNRs expanding in a dense medium, and the X-ray luminosity from a single

ULX or several HMXRBs. Independently of the specific nature of the compact object(s) responsible

for the X-ray and radio emission, it is evident that they are connected to the SSCs and the starburst

episode which formed them.
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6.5. Implications for High-Redshift Star Formation

There are two noteworthy features of the radio continuum in SBS 0335−052, relative to spectra

of normal spiral galaxies or other BCDs. First, there is significant free-free absorption on a global

scale, of sufficient amplitude to suppress by a factor of 4 or more the observed flux at 1.49 GHz.

Second, while the spectrum of SBS 0335−052 is significantly different from those of normal spirals,

it is not completely thermal as in other BCDs. At 5 GHz, we find roughly a 30-70 mix of thermal

and non-thermal emission.

If SBS 0335−052 can be taken as representative of star formation in an extremely low-metallicity

environment, care should be taken when deriving cosmological conclusions from present and future

radio continuum surveys. Because of the young age, low metal abundance, and intensity of the

starburst, galaxies like SBS 0335−052 may not obey the usual scaling laws laid out in Condon

(1992). Moreover, the effects of free-free absorption substantially alter the spectrum at frequencies
<∼ 1.5 GHz. It would not be straightforward to disentangle such an effect when deriving the SFR

as a function of redshift. Young starbursts occurring in a metal-poor, but dusty and dense environ-

ment, have integrated radio properties that may be very different from those of evolved starburst

prototypes such as M 82 and Arp 220. As a result, photometric redshifts inferred from “standard”

spectral-energy distributions could also be incorrect.

7. Summary and Conclusions

We have presented new VLA continuum observations of the extremely metal-poor BCD SBS 0335−052,

and fit the spectrum to a variety of models.

• The best-fitting model (model 2), which assumes an absorption medium intermixed with

thermal+non-thermal emission, gives an EM = 7.6 × 107 pc cm−6 and a diameter of the

radio-emitting region of 17 pc. The inferred density is ne ∼ 2000 cm−3.

• The non-thermal fraction at 5 GHz is 0.7, with an unabsorbed non-thermal 5 GHz flux of

0.68 mJy, corresponding to LNT = 2.2×1020 W Hz−1. From this, we derive an equipartition

magnetic field of ∼ 1 mG, and a pressure of ∼ 10−7 dyne cm−2. Integrating over a fixed

electron energy interval, rather than one at fixed frequency, gives a field strength of 30µG.

• We find evidence for a stellar wind in SBS 0335−052, because of the excess of Brα flux over

that inferred from the thermal radio emission.

• Because of the compact size and young age of the starburst, it is difficult to interpret the

non-thermal radio emission as due to diffusion of SN-accelerated electrons on timescales of

107 − 108 yr. Rather, we attribute the non-thermal radio emission to an ensemble of compact

SN remnants expanding in a dense interstellar medium.

KKD is supported by a National Science Foundation Astronomy and Astrophysics Postdoctoral

Fellowship under award AST-0103879. TXT acknowledges the partial financial support of NSF

grant AST-0205785. LKH would like to thank Rainer Beck, Riccardo Cesaroni, Dick Crutcher, and

Marcello Felli for extremely enlightening discussions. This paper has made use of the astrometry

package WCS Tools available from http://tdc-www.harvard.edu/software/wcstools.html.

A. Ionizing Photons and Optical/Radio Ratio for Electron Temperatures > 10000K

For a radiation-bounded H ii region,

Nion =

∫

nen(H+)αBdV (A1)
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where Nion is the number of ionizing photons, ne and n(H+) are the electron and ionized hydrogen

number densities respectively, and αB is the Case B recombination coefficient (Osterbrock 1989).

Here, we have neglected the absorptions by He since they do not greatly reduce the number of

photons available for ionizing H (Osterbrock 1989).

The radio free-free emissivity jν can be written as:

4πjν = 4.102 × 10−39
( ν

GHz

)−0.1
(

T

104K

)−0.35

ne[n(H+) + n(He+)] (A2)

in units of erg s−1 cm−3 Hz−1, and where T is the electron temperature, and n(He+) is the number

density of ionized helium (Altenhoff et al. 1960; Mezger & Henderson 1967; Rubin 1968; Caplan &

Deharveng 1986). The correction factor between this approximation and the more exact form given

in Oster (1961) is 0.9975 for T = 20000 K (see Mezger & Henderson 1967). Integrating 4πjν over

the emitting volume and placing a source with this luminosity at distance d gives an expression for

the radio flux:

fν = 3.43 × 10−63

(

d

Mpc

)−2
( ν

GHz

)−0.1
(

T

104K

)−0.35 ∫

ne[n(H+) + n(He+)]dV mJy (A3)

The temperature dependence of the recombination coefficient αB is very different for tempera-

tures > 10000 K, than for cooler ones. If a power law approximation is assumed for this dependence,

and using the values given by Osterbrock (1989), for T 10000 K≤ T ≤20000 K we find:

αB = 2.59 × 10−13

(

T

104K

)−0.04

. (A4)

By combining Equations A3 and A1, and eliminating the volume integrals, we can write the

number of ionizing photons Nion as a function of thermal free-free flux:

Nion = 7.56 × 1049

(

d

Mpc

)2
n(H+)

n(H+) + n(He+)

( ν

GHz

)0.1
(

T

104K

)0.31 (

fν

mJy

)

(A5)

Except for the different temperature dependence, this equation is the same as Rubin (1968) and

Lequeux (1980), but we have left explicit the effect of ionized He; n(He+)/n(H+) is ∼ 0.08 for low-

metallicity environments (e.g., the Magellanic Clouds: Caplan & Deharveng 1986; SBS 0335−052:

Melnick, Heydari-Malayeri, & Leisy 1992).

Equation A5 can also be expressed in terms of radio luminosity LT rather than flux:

Nion = 6.32 × 1052 n(H+)

n(H+) + n(He+)

( ν

GHz

)0.1
(

T

104K

)0.31 (

LT

1020WHz−1

)

(A6)

Equation A6 is equivalent to that given by Condon (1992), except for the different temperature

dependence and the explicit inclusion of the dependence on He+; our expression is valid for 10000 K≤
T ≤20000 K.

We now turn to the hydrogen recombination lines for 10000 K≤ T ≤20000 K. Using the co-

efficients in Osterbrock (1989), and assuming a power-law dependence on T , the (Case B) Hβ

emissivity jHβ can be written as:

4πjHβ = 1.24 × 10−25nen(H+)

(

T

104K

)−0.91

(A7)

in units of erg s−1 cm−3 (c.f., Mezger & Henderson 1967). As before, we integrate 4πjHβ over the

emitting volume to obtain the total Hβ luminosity LHβ , which, when combined with Eq. A1 and

Eq. A4, gives the number of ionizing photons as a function of LHβ :

Nion = 2.09 × 1012

(

T

104K

)0.87 (

LHβ

erg s−1

)

(A8)



Chapter 5 101

Placing this source at distance d gives an expression which depends on the Hβ flux fHβ :

Nion = 2.50 × 1050

(

T

104K

)0.87 (

d

Mpc

)2 (

fHβ

10−12 erg cm−2 s−1

)

(A9)

The Hβ flux expected from the radio free-free emission is therefore given by:

(

fHβ

10−12 erg cm−2 s−1

)

= 0.302
n(H+)

n(H+) + n(He+)

(

T

104K

)−0.56
( ν

GHz

)0.1
(

fν

mJy

)

(A10)

Equation A10 is very similar to Condon (1992) because the different temperature dependence on

the recombination coefficient used here disappears in the ratio.

Other recombination lines can be used if the temperature dependence is taken into account.

Again, using the coefficients in Osterbrock (1989), we find for 10000 K≤ T ≤20000 K:

jHα/jHβ = 2.86

(

T

104K

)−0.057

(A11)

jHβ/jPaα = 2.959

(

T

104K

)0.251

(A12)

jHβ/jBrγ = 35.939

(

T

104K

)0.2454

(A13)

jHβ/jBrα = 12.496

(

T

104K

)0.352

(A14)

These expressions are valid for densities 100 cm−3 ≤ ne ≤1000 cm−3.
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Mirabel, I. F., & Rodŕıguez, L. F. 1998, Nature, 392, 673

Mohan, N. R., Anantharamaiah, K. R., & Goss, W. M. 2001, ApJ, 557, 659

Muxlow, T. W. B., Pedlar, A., Wilkinson, P. N., Axon, D. J., Sanders, E. M., & de Bruyn, A. G.

1994, MNRAS, 266, 455



Chapter 5 103

Nagata, T., Woodward, C.E., Shure, M., Kobayashi, N. 1995, AJ, 109, 1676

Oster, L. 1961, Rev. Mod. Phys., 33, 525

Osterbrock, D. E. 1989, “Astrophysics of Gaseous Nebulae and Active Galactic Nuclei”, University

Science Books: Mill Valley, California

Panagia, N., & Felli, M. 1975, å, 39, 1
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CHAPTER 6

The role of dust in“active”and“passive” low-metallicity star formation

Abstract1

We investigate the role of dust in star formation activity of extremely metal-poor blue

compact dwarf galaxies (BCDs). Observations suggest that star formation in BCDs occurs

in two different regimes: “active” and “passive”. The “active” BCDs host super star clusters

(SSCs), and are characterised by compact size, rich H2 content, large dust optical depth,

and high dust temperature; the “passive” BCDs are more diffuse with cooler dust, and lack

SSCs and large amounts of H2. By treating physical processes concerning formation of

stars and dust, we are able to simultaneously reproduce all the above properties of both

modes of star formation (active and passive). We find that the difference between the two

regimes can be understood through the variation of the “compactness” of the star-forming

region: an “active” mode emerges if the region is compact (with radius . 50 pc) and dense

(with gas number density & 500 cm−3). The dust, supplied from Type II supernovae in a

compact star-forming region, effectively reprocesses the heating photons into the infrared

and induces a rapid H2 formation over a period of several Myr. This explains the high

infrared luminosity, high dust temperature, and large H2 content of active BCDs. Moreover,

the gas in “active” galaxies cools (. 300 K) on a few dynamical timescales, producing a

“run-away” star formation episode because of the favourable (cool) conditions. The mild

extinction and relatively low molecular content of passive BCDs can also be explained by

the same model if we assume a diffuse region (with radius & 100 pc and gas number density

. 100 cm−3). We finally discuss primordial star formation in high-redshift galaxies in the

context of the “active” and “passive” star formation scenario.

1. Introduction

The surfaces of interstellar dust grains are known to be sites where efficient formation of

hydrogen molecules (H2) takes place. Without dust grains, H2 forms only in the gas phase with a

production rate much lower than the dust surface reaction (e.g., Peebles & Dicke 1968; Matsuda,

Sato, & Takeda 1969). The shielding of H2 dissociating photons by dust grains also enhances

molecule formation. In general, dust also absorbs a part of the radiation from stars and reemits it

1This chapter is taken from Hirashita, H., & Hunt, L. K. 2004, A&A, 421, 555
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in the infrared (IR)2, thereby modifying the spectral energy distribution (SED) of galaxies (e.g.,

Silva et al. 1998). Therefore, dust plays an important role in both chemical and radiative properties

of galaxies.

Recently Hirashita & Ferrara (2002), hereafter HF02) have proposed that the dust enrichment

in extremely metal-poor primeval objects is essential for the enhancement of star formation activity.

Their scenario suggests the following cycle between dust production and star formation: (i) massive

stars end their lives as Type II supernovae (SNe II), which supply dust grains into the interstellar

medium (ISM) (Kozasa, Hasegawa, & Nomoto 1989; Todini & Ferrara 2001; Nozawa et al. 2003;

Schneider, Ferrara, & Salvaterra 2003); (ii) those grains enhance the formation of molecular clouds

in which stars form; (iii) some of those stars are massive and the dust supply described in (i) occurs

again. This cycle (i)–(iii) effectively enhances the star formation rate as shown by HF02.

In fact, a large amount of dust has been suggested to exist at high redshift (high z) (e.g.,

Smail, Ivison, & Blain 1997). However, it is not easy to explore the first dust enrichment in

primeval galaxies at high z (z & 5) with the present observational facilities. Therefore, nearby

templates for primeval galaxies are useful to test galaxy formation scenarios. The best candidates

for such a template are metal-poor blue compact dwarf galaxies (BCDs), since they are at the initial

stage of metal enrichment and their current star formation activity is generally young (Searle &

Sargent 1972; Kunth & Östlin 2000). In other words, BCDs can be used as laboratories in which

to study high-z primeval galaxies.

Two classes of star formation activity have recently emerged observationally, as proposed for a

BCD sample by Hunt, Hirashita, & Thuan (2003b) (see also Hunt et al. 2003c, hereafter HHTIV).

They argue that the star-formation activity in the two most metal-poor galaxies, SBS 0335−052

and I Zw 18, shows very different properties, in spite of their similar metallicities (1/41 and 1/50

Z�, respectively; (Skillman & Kennicutt 1993; Izotov et al. 1999). The major star-forming region of

SBS 0335−052 is compact and dense (radius rSF . 40 pc, number density n & 600 cm−3; (Dale et

al. 2001; Izotov & Thuan 1999). Moreover, SBS 0335−052 hosts several super star clusters (SSCs),

detectable H2 emission lines in the near-infrared (Vanzi et al. 2000), a large dust extinction (AV ∼ 16

mag; Thuan, Savage, & Madden 1999; Hunt, Vanzi, & Thuan 2001; Plante & Sauvage 2002), and

high dust temperature (Hunt, Vanzi, & Thuan 2001; Dale et al. 2001; Takeuchi et al. 2003). On the

contrary, the star-forming regions in I Zw 18 are diffuse (rSF & 100 pc, n . 100 cm−3), and contain

no SSCs. Near-infrared H2 emission has not been detected (Hunt et al., private communication),

and the dust extinction is moderate (AV ∼ 0.2 mag; Cannon et al. 2002). We call a region with

such properties “passive” following HHTIV. The similar metallicities of SBS 0335−052 (active) and

I Zw 18 (passive) imply that the chemical abundance is not a primary factor in determining the

star-forming properties. We argue that the compactness of star-forming regions, which affect gas

density, gas dynamics, and so on, is important in the dichotomy of active and passive modes.

Hirashita, Hunt, & Ferrara (2002) (hereafter HHF02) show that the IR luminosity, the dust

mass, and the rich H2 content of SBS 0335−052 can be explained through dust accumulation by

successive SNe II in a compact (rSF . 100 pc) region. Moreover, SBS 0335−052 is not unique among

BCDs; the BCDs with dense compact star-forming regions similar to SBS 0335−052 were dubbed

“active”, and tend to be characterized by high surface brightness (see Figure 1 of HHTIV). The

physical state of ISM is also similar among “active” BCDs. They always have large dust extinction,

and a significant fraction of stellar radiation is reprocessed into IR; the dust temperature is also high

and there is a“hot”component with 600–1000 K (Hunt, Giovanardi, & Helou 2002). Dust properties

can be further constrained by future IR observations for a large sample of BCDs (e.g., Takeuchi et

al. 2003). HHTIV also demonstrate that there are BCDs with converse properties, namely “passive”

2In this paper, IR indicates the wavelength range where the emission from dust dominates the radiative energy

(roughly 8–1000 µm).
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ones, which are more diffuse, less dense, and of lower surface brightness. A representative of this

category is I Zw 18. Contrary to “active” BCDs, IR dust emission has not been detected so far in

“passive” BCDs. Although their star formation rate is lower than “active” BCDs, “passive” BCDs

are actually forming stars, and are completely different from passively evolving galaxies such as

ellipticals.

The above clear difference in dust properties implies that in addition to the compactness,

dust should be considered as a key to understand the “active” and “passive” modes, and hence to

understanding how star formation occurs in extremely low-metallicity environments. We consider

the role of dust in various compactness of regions by using our theoretical framework. This paper

is organised as follows. First, in Section 2 we explain the model that describes the evolution of

dust content and gas state in a star-forming region. Then, in Section 3, we present our results

concerning the differences between “active” and “passive” star-forming regions. In Section 4, we

discuss the interpretation of observational properties of active and passive BCDs in the context of

our model, and consider in particular the two prototypes, I Zw 18 and SBS 0335−052. Implications

for high-redshift star formation are described in Section 5, and our conclusions are presented in

Section 6.

2. Model description

For our calculation of dust amount in a star-forming region, we essentially use the model by

HF02. We treat the chemical reaction network concerning H2 formation in a way consistent with

dust amount evolution. We approximate star-forming regions as homogeneous spheres and adopt

a representative value for each physical quantity (i.e., we treat a star-forming region as one zone).

2.1. ISM evolution

The star formation process is affected by the physical state of the ISM. In metal-poor envi-

ronments, cooling by molecular hydrogen plays an important role in star formation (Galli & Palla

1998; Abel et al. 2000; Bromm, Coppi, & Larson 2001; Nishi et al. 1998; Omukai 2000; Kamaya

& Silk 2002; Ripamonti et al. 2002). The abundance of H2 should be ultimately a key parameter

since stars are only seen to form in molecular complexes (see e.g., Wilson et al. 2000 for a recent

observation of a nearby galaxy). Moreover, enhancement of molecular gas formation is shown to

result in an active star formation (for recent results, see e.g., Walter et al. 2002), and indeed there

is a correlation between molecular amount and star formation rate (e.g., Bendo et al. 2002). We

define the molecular fraction, fH2
, as

fH2
≡ 2nH2

/nH , (6.1)

where nH and nH2
are the number densities of hydrogen nuclei and hydrogen molecules, respectively

(i.e., if all the hydrogen nuclei are in the molecular form, fH2
= 1).

We then calculate the time evolution of ionisation degree (x), molecular fraction (fH2
), and gas

temperature (T ) of the hydrogen gas. The helium content is neglected here, since its effect should

be negligible for the three quantities (Kitayama et al. 2001; HF02). Therefore, the number density

of the gas (n) is approximated by the hydrogen number density (i.e., n ' nH). The ionisation

degree and the temperature affect the formation rate of H2. The processes are treated as follows

(see HF02 for details).

We calculate the time evolution of the ionisation degree x by taking into account collisional

ionisation, recombination, and photo-ionisation of hydrogen. For the photo-ionisation, we have

included the radiative transfer effect following the simple recipe in Appendix of Kitayama et al.

(2001), who derive an analytical expression under the assumption of a power law spectrum of
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incident photons. For the spectral shape parameter α of the radiation field, we adopt α = 3,

because the resulting ratio between H2 destroying photons and H ionizing photons is similar to

realistic OB stars. Kitayama et al. (2001) have examined α = 1 and α = 5. Their table 1 indicates

that α = 1 overproduces the ionizing photons while α = 5 overproduces the H2 destroying photons.

Therefore, we adopt an intermediate value: α = 3. In any case, different values of α do not affect

the behaviour of x, fH2
, and T as functions of time, because the dust accumulation (which does not

depend on α) is the greatest influence on these three quantities. The normalisation of the intensity,

I0(νHI), is determined from

cuUV ≡ LUV

(rSF/2)2
= 4π

∫ ∞

νmin

I0(νHI)

(

ν

νHI

)−α

dν , (6.2)

where νmin(' 1015 Hz) is the minimum frequency where OB stars dominate the radiative energy,

uUV is the “typical” interstellar radiation field estimated at the half of the radius (rSF/2; half is for

a rough average), νHI is the ionisation frequency of neutral hydrogen (νHI = 3.3 × 1015 Hz) (see

HF02 for details), and c is the light speed.

In calculating fH2
, we consider H2 formation both in the gas phase (via H− or H+

2 , where the

latter is negligible), and on the dust grain surface; H2 destruction occurs through collisions with

H+, H, and e−, and photodissociation. For self-shielding effects which prohibit H2 dissociation,

equation (17) of HF02 is used, but here we substitute rdisc with rSF/2. For the reaction rates, we

adopt table 1 of HF02, but for the reaction on dust grains, Rdust, we use the following expression

which includes the dependence on a:

Rdust =































2.8 × 10−15
(

T
100 K

)1/2 (

a
0.03 µm

)−1

×
(

δ
2 g cm−3

)−1

cm3 s−1 if T ≤ 300 K

0 if T > 300 K

(6.3)

In order to calculate the temperature evolution, cooling and heating must be considered in our

model. We assume that cooling processes comprise collisional excitation and ionisation of atomic

hydrogen (when T & 8000 K) and collisional excitation of molecular hydrogen (which dominates

for T < 8000 K). For the heating by stellar UV radiation, we have included the radiative transfer

effect by following a simple analytical recipe in Appendix of Kitayama & Ikeuchi (2000).

2.2. Star formation rate

Stars form as a result of the gravitational collapse of a gas cloud. Therefore, it is physically

reasonable to relate the star formation rate with the free-fall timescale of gas. We consider a

star-forming region with a gas number density of n ∼ nH. The free-fall time, tff , is estimated as

tff ' 1√
Gρ

' 1 × 107
( nH

100 cm−3

)−1/2

yr , (6.4)

where ρ = mHnH (mH is the mass of a hydrogen atom) is the mass density of the gas. The star

formation rate, ψ, is estimated as

ψ =
εSFMgas

tff
Θ(t)

' 0.1
( εSF

0.1

)

(

Mgas

107 M�

)

( nH

100 cm−3

)1/2

Θ(t)

M� yr−1 , (6.5)
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where Mgas is the total gas mass (both molecular and atomic) of the star-forming region, εSF is the

star formation efficiency defined as the conversion efficiency of a gas into stars over a free-fall time,

and Θ(t) is Heaviside’s step function [Θ(t) = 1 if t ≥ 0 and Θ(t) = 0 if t < 0]. Thus, we define the

zero point of time t at the onset of star formation in the star-forming region. For simplicity, we

assume a constant star formation rate (i.e., εSF, Mgas, and nH are approximated to be constant)

and a spherical homogeneous star forming region. In reality, there is probably a significant density

inhomogeneity; however, the star formation rate in the entire star-forming region may be regulated

by the dynamical time governed by a spatially averaged density, and the homogeneous density can

be regarded as such an average.

The hydrogen number density can be related to gas mass as

4π

3
r3SFnHmH = Mgas , (6.6)

where rSF is the radius of the star-forming region. Thus, the numerical value of the number density

is estimated as

nH ' 100

(

rSF

100 pc

)−3 (

Mgas

107 M�

)

cm−3 . (6.7)

We also define the gas consumption timescale tgas:

tgas ≡
Mgas

ψ
=

tff
εSF

. (6.8)

Since the effect of gas conversion into stars becomes significant for t ∼ tgas, we stop the calculation

at t = tgas/2. After this time, star formation may be suppressed because of the lack of gas.

2.3. Evolution of dust content

We calculate the evolution of dust mass in a star-forming region considering the dust supply

from SNe II. The preexisting dust at t = 0 in the star-forming region is neglected here. This is

a good approximation for the extremely metal-poor BCDs treated in this paper. In fact, a large

fraction of dust amount contained in some BCDs can be explained by the present star formation

activity (see Section 3.3). Preexisting dust would strengthen all the dust effects described below.

If the starburst is young, and there has been no previous burst, dust can be supplied only from

massive stars with short lifetimes. Thus, SNe II are the dominant source of dust formation if the

age is typically less than a few times 108 yr (Dwek 1998). Thus, the dust formation rate is related

to the rate of SNe II. The SN II rate as a function of time, γ(t), is given by

γ(t) =

∫ ∞

8 M�

ψ(t− τm)φ(m) dm , (6.9)

where ψ(t) is the star formation rate at t (Eq. 6.5), φ(m) is the initial mass function (IMF; the

definition of the IMF is the same as that in Tinsley 1980, τm is the lifetime of a star whose mass

is m, and we assume that only stars with m > 8 M� produce SNe II. In this paper, we assume a

Salpeter IMF (φ(m) ∝ m−2.35) with the stellar mass range of 0.1–60 M� (HF02). If we assume

a higher upper limit such as 100 M�, we expect a higher SN II rate and dust production rate.

However, if the progenitor mass m is larger than ∼ 50 M�, almost all the produced metals may

collapse into a central blackhole (Tsujimoto et al. 1997). Todini & Ferrara (2001) treated only

progenitor stellar mass less than 40 M�, and the dust production rate for massive stars (& 60 M�)

is unknown theoretically. Recently, however, there have been some advances in this field (Nozawa

et al. 2003; Schneider, Ferrara, & Salvaterra 2003), and we are developing a model to include the

effect of massive stars.
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Dust destruction by shocks from SNe II can be important (Dwek & Scalo 1980; Jones, Tielens,

& Hollenbach 1996). The destruction timescale τSN is estimated to be (McKee 1989; Lisenfeld &

Ferrara 1998)

τSN =
Mgas

γεSNMs
, (6.10)

where Ms is the mass accelerated to a velocity large enough for dust destruction by a SN blast

(∼ 100 km s−1), γ is the SN II rate, εSN is the efficiency of dust destruction in a medium shocked

by a SN II. We adopt Ms = 6.8 × 103 M� (Lisenfeld & Ferrara 1998; see also Tielens 1998) and

εSN = 0.1 (McKee 1989). Since we are interested in extremely metal-poor environments, we assume

the relation between stellar mass and lifetime of zero-metallicity stars in Table 6 of (Schaerer 2002).3

Dust grains can also be destroyed by strong and hard interstellar radiation fields (e.g., Boulanger

et al. 1988; Puget & Léger 1989; Voit 1992; Contursi et al. 2000). However, the grain popula-

tions most strongly affected are the carriers of the aromatic band features (e.g., Polycyclic Aromatic

Hydrocarbons) and very small grains (diameter a < 0.01µm), neither of which are considered here.

Hence, since grain destruction processes by UV radiation are most severe for very small grains, and

in any case are poorly known, we will neglect them.

In this case, the rate of increase of Mdust is written as

dMdust

dt
= mdustγ − Mdust

τSN
, (6.11)

where mdust is the typical dust mass produced in a SN II. Todini & Ferrara (2001) show that

mdust varies with progenitor mass, metallicity (Z), and input energy of SNe II. The Salpeter IMF-

weighted mean of dust mass produced per SN II for (1) Z = 0, Case A, (2) Z = 0, Case B, (3)

Z = 10−2 Z�, Case A, and (4) Z = 10−2 Z�, Case B are (1) 0.22 M�, (2) 0.46 M�, (3) 0.45 M�,

and (4) 0.63 M�, respectively (Z is the metallicity, and Cases A and B correspond to low and high

explosion energy4 for Case A and Case B, respectively.) We adopt the average of the four cases, i.e.,

mdust = 0.4 M� (HHF02). This may not be an overly optimistic estimate given the low upper mass

cutoff of 35M� adopted by Todini & Ferrara (2001), and the higher dust production estimates of

Nozawa et al. (2003). The calculated dust mass Mdust is roughly proportional to mdust, and the

timescale on which the dust extinction effects appear is approximately proportional to 1/mdust.

2.4. Evolution of metal content

The evolution of metal content can be calculated once the star formation history and metal

yield are fixed (e.g., Tinsley 1980). Because of the young age range (. 108 yr) treated in this paper,

we assume that the metal production is dominated by SNe II. The evolution of the mass of metals

(a given species is indicated by i) in the gas phase, Mi, is calculated by subtracting the dust mass

from the metal mass. This is expressed as

dMi

dt
= miγ − dMdust, i

dt
, (6.12)

where mi is the IMF-weighted average of metal mass (for species i) ejected per SN II and Mdust, i

is the mass of element i in dust phase. We calculate the abundances of carbon and oxygen,

because those two elements are the two major metals produced in SNe II (Woosley & Weaver

3The case without mass loss is applied for consistency with HF02. This does not unduly affect our results however

since the differences in metallicity and luminosity for the case with and without mass loss are within a factor of 2.

4The kinetic energies given to the ejecta are 1.2 × 1051 erg and 2 × 1051 erg
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1995). Following HF02, we adopt Mdust, O = 0.15Mdust, Mdust, C = 0.36Mdust, mO = 1.2 M�, and

mC = 0.17 M�; i.e., we assume that carbonaceous grains are responsible for 36% of the total dust

mass, and the other grains contain oxygen with mass fraction of 23% (i.e., the oxygen fraction in

mass is 0.64 × 0.23 = 0.15).

2.5. Radiative properties

One of the most direct ways to constrain dust content is to observe IR continuum emission

from dust grains. We now derive the evolution of IR luminosity. Because of the large cross section

of grains against UV light and the intense UV interstellar radiation field in star-forming galaxies,

we can assume that the IR luminosity is equal to the absorbed energy of UV light.

UV and IR

First, we estimate the fraction of the UV radiation absorbed by dust. We define the following

typical optical depth, τdust, as

τdust ≡ πa2QUVndustrSF/2 . (6.13)

where πa2QUV is the typical absorption cross-section for UV light (QUV is the dimensionless abs-

orption cross-section normalised by the geometrical cross-section), a is the dust radius, ndust is the

mean dust grain number density, and we assume that the typical path length for a UV photon

is half of rSF as a rough average.5 In this paper we assume for simplicity a single value for a,

consistently with the typical size of dust grains produced by SNe II (e.g., Todini & Ferrara 2001;

Nozawa et al. 2003). The dust mass density δ is related to the mean dust number density ndust as

4π

3
a3δndust

4π

3
r3SF = Mdust , (6.14)

where δ is the grain material density. By solving Eq. (6.14) for ndust and substituting it into

Eq. (6.13), we obtain

τdust =
9

32π

QUVMdust

aδr2SF

. (6.15)

We define the “attenuation function” E(τdust) as the fraction of UV light escaping from the

star-forming region. Thus, we write the UV luminosity of the star-forming region as

LUV ' LUV,0E(τdust) , (6.16)

where LUV,0 is the intrinsic UV luminosity. The functional form of E(τdust) depends on the ge-

ometry of dust distribution, and we examine the following two representative simple cases. One is

the “screen” distribution, in which all the dust is located at the radius of rSF from the centre of

the star-forming region. The other is the “mixed” geometry, in which the spatial distributions of

dust and stars are the same (i.e., the mass ratio between stars and dust is constant). In the screen

geometry,

E(τdust) = Esc(τdust) ≡ exp(−τdust) , (6.17)

5In order to fully derive the precise path length instead of roughly dividing rSF by 2, a detailed modelling of

radiative transfer including dust scattering is necessary. Here we only mention that with a given dust mass, τdust

linearly scales with the adopted path length.
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while in the mixed geometry,

E(τdust) = Emix(τdust) ≡ [1 − exp(−τdust)]/τdust . (6.18)

Since Emix > Esc for a given τdust, the screen geometry shields the UV light more efficiently.

Moreover, the exponential behaviour of Esc results in a strong cut-off of UV light at a certain

time when a significant amount of dust is accumulated, while Emix ∼ 1/τdust for τdust � 1, which

means that UV light originating from the “surface” always escapes. We do not treat a clumpy

dust distribution, since inhomogeneity changes average optical depths in ways that depend on the

specific geometry (Natta & Panagia 1984); such a treatment is beyond the scope of this paper.

LUV,0 is assumed to be equal to the total luminosity of OB stars, whose mass is larger than 3

M� (Cox 2000):

LUV,0(t) =

∫ ∞

3 M�

dm

∫ τm

0

dt′ L(m)φ(m)ψ(t− t′) , (6.19)

where L(m) is the stellar luminosity as a function of stellar mass (m). This UV luminosity is also

used in Eq. (6.16) to estimate the UV luminosity LUV after the dust absorption, and the same LUV

is also in Eq. (6.2). For L(m), we adopt the model of zero-metallicity stars without mass loss in

(Schaerer 2002). Assuming that all the absorbed energy is reemitted in the IR, the IR luminosity

LIR becomes:

LIR = LUV,0 − LUV = LUV,0[1 − E(τdust)] . (6.20)

Dust temperature

Another important quantity representative for the radiative properties of a star-forming region

is dust temperature. The equilibrium dust temperature is determined from the balance between

incident radiative energy and radiative cooling. The equilibrium temperature is expressed as follows

(Takeuchi et al. 2003):

Tdust '
(

hc

πk

){

63uUVQUV

64π(2πAa)hc

}1/6

, (6.21)

where the UV radiation field is calculated by Eq. (6.2) and the dimensionless dust emissivity in the

IR is assumed to satisfy6

QIR(a, λ) =
2πAa

λ2
. (6.22)

For silicate grains A = 1.34 × 10−3 cm (Drapatz & Michel 1977), while for carbonaceous grains

A = 3.20 × 10−3 cm (Draine & Lee 1984; Takeuchi et al. 2003)). The derivation of Eq. (6.21) is

found in the Appendix. The numerical expression for Tdust is

Tdust = 14.6

(

uUV

4.0 × 10−14 erg cm−3

)1/6

×
(

A

3.2 cm × 10−3

)−1/6 (

a

0.03 µm

)−1/6

×Q
1/6
UV K , (6.23)

6Strictly speaking, this is valid for λ & 20 µm for silicate grains, and λ & 50 µm for carbonaceous ones.
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where we explicitly express the dependence on a. The equilibrium dust temperature is seen to be

rather insensitive to changes in the input parameters. We adopt A = 3.2 × 10−3 cm since that is

the grain radius appropriate for graphites (Todini & Ferrara 2001). With this value, we obtain

QIR(a, λ) = 6.03 × 10−4

(

a

0.03 µm

)(

λ

100 µm

)−2

. (6.24)

For a grain size of 0.03 µm (carbonaceous grains), and a density δ = 2 g cm−3 (Draine & Lee

1984), this corresponds to the following value of dust mass-absorption coefficient, κν(≡ 3QIR/4aδ)

(Hildebrand 1983):

κν = 75

(

λ

100 µm

)−2 (

δ

2 g cm−3

)−1

cm2 g−1 . (6.25)

Although there is little observational constraint on QIR and κν of dust produced by SNe II, we can

compare our κν with the data of Galactic or extragalactic observations. At λ = 850 µm, κν ' 1.0

cm2 g−1, while observational data suggest κν ' 0.7–2.4 cm2 g−1 (Alton et al. 2001; James et al.

2002). Bianchi, Davies, & Alton (1999) find that QIR around λ = 100 µm is roughly ∼ 10−3–

5 × 10−4 if we assume Q at V band is ∼ 1 (see also Fig. 5 of James et al. (2002) and references

therein).

2.6. Initial conditions

For the onset of star formation, the gas must be cool. The molecular hydrogen cooling even-

tually cools gas down to T ∼ 300 K (e.g., Tegmark et al. 1997). During the phase of efficient

molecular formation in gas, the ionisation fraction x is roughly ∼ 10−4 and the molecular fraction

is fH2
∼ 10−3. After this phase, the ionisation degree x decreases and the gas phase reaction stops.

Since stars begin to form during molecular formation, we set the initial values as x = 10−4, T = 300

K, and fH2
= 10−3. However, the gas starts to be ionised and the molecules begins to dissociate

soon (< 1 Myr) after the onset of star formation, and the results do not depend strongly on the

initial conditions for x and fH2
. The initial temperature does not change the evolution of gas as

long as T . 103 K initially.

2.7. Selection of parameters

For the UV light, because of the short wavelength, we can assume that QUV ' 1. For the

grain radius, we examine the following two cases: small dust (a = 0.03 µm) proposed by Todini &

Ferrara (2001), and large dust (a = 0.1 µm) possibly produced even in SNe II (Nozawa et al. 2003).

We fix mdust = 0.4 M� (Section 2.3), and adopt δ ' 2 g cm−3 (Draine & Lee 1984). As mentioned

in Section 2.3, the timescale of dust effects (enhancement of molecular content, enhancement of UV

shielding, etc.) is roughly inversely proportional to mdust.

The free parameters which remain to be determined are rSF, Mgas, and εSF. Since our aim

is to investigate the properties of “active” and “passive” star-forming regions, which correspond to

compact and diffuse regions, respectively, we should examine various rSF. In order to concentrate

on the effect of compactness, the gas mass is fixed. A representative value for a star-forming region

in BCDs can be taken as Mgas = 107 M�. This is a typical value for gas masses derived for star-

forming regions in SBS 0335−052 and I Zw 18 representative extremely metal-poor BCDs (Section

4.2). In order to concentrate on the variation of rSF, we therefore fix Mgas = 107 M�, and examine

a region size range typical of BCDs: rSF = 30 pc, 100 pc, and 300 pc, corresponding to the density

n ∼ 3000 cm−3, 100 cm−3, and 3 cm−3, respectively, with Mgas = 107 M�. The most compact case

is representative of the “active” class, while the most diffuse case is typical of the “passive” class.
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The remaining free parameter is the star formation efficiency εSF, which we assign a value

εSF = 0.1 (e.g., Ciardi et al. 2000; Ferrara, Pettini, & Shchekinov 2000; Inoue, Hirashita, & Kamaya

2000; Barkana 2002; Scannapieco, Schneider, & Ferrar 2003; Salvaterra & Ferrara 2003) unless

otherwise stated. Roughly speaking, the timescale on which the dust effects appear scales inversely

with εSF. For example, the rapid increase of molecules and drop of temperature appear on a

timescale proportional to 1/εSF. It is possible that εSF may change significantly as a function of

time, but our simple assumption of constant εSF is a useful first-order approximation. εSF and the

star formation rate should be regarded as an average over the timescale in which we are interested.

High and low star formation efficiencies are investigated in the models of I Zw 18 and SBS 0335−052

in Section 4.2.

These values are all representative of metal-poor star-forming regions. Typically, BCDs have

ψ ∼ 0.01–1 M� yr−1, r ∼ 0.1–3 kpc and n ∼ 10–1000 cm−3 (Popescu, Hopp, & Rosa 1999; Hopkins,

Schulte-Ladbeck, & Drozdovsky 2002).

3. Results

Here we illustrate the results for the time evolution of star-forming regions. First we adopt

a = 0.03 µm and the screen dust distribution. Then, in Section 3.4, we investigate the dependence

on grain size by assuming larger grains (a = 0.1 µm) and on geometry by examining the effects of

a mixed dust distribution (Eq. 6.18).

For continuous star-forming activity, the gas should continue to collapse. With a fixed density,

the typical mass for the collapse, i.e., the Jeans mass, is determined by the gas temperature. There-

fore, the evolution of the gas temperature is one of the most important processes for understanding

the fate of a star-forming region. In the following, we show the time evolution of gas temperature

(T ) and molecular fraction (fH2
) for various region radii. Because we have assumed fixed values

for Mgas, the density nH is thus determined by setting rSF. Moreover, since we have also fixed εSF,

the resulting star-formation rate ψ, given by Eq. (6.5), also depends on rSF through the density n

dependence.

3.1. Gas state

In Fig. 1, we show the evolution of (a) gas temperature, (b) ionisation degree, and (c) molecular

fraction for rSF = 30, 100, 300 pc (solid, dotted, and dashed lines, respectively). We stop our

calculation at t = tgas/2, when our assumption that Mgas is constant becomes invalid (see Eq. 6.8).

Therefore the lines are truncated at 8 Myr and 50 Myr for rSF = 30 pc and 100 pc, respectively.

We observe that as the region size becomes smaller (i) the gas remains cooler, (ii) the ionisation

degree remains lower, and (iii) the molecular fraction increases more rapidly.

In the time evolution of these three parameters, accumulation of dust grains plays a funda-

mental role. The dust accumulation in a compact region results in a large optical depth and a large

density of dust grains. As a result, the molecular formation tends to increase rapidly, because of

the large density of dust grains and the consequent large shielding of dissociating photons. Since

the UV photons are efficiently shielded by dust grains, the gas is kept cool and the ionisation degree

remains low.

The temporal behaviour of the molecular fraction is explained as follows (see Fig. 1c). The

first drastic increase of the molecular fraction, seen around 4 and 13 Myr for rSF = 30 and 100 pc,

respectively, is due to the activation of the gas-phase reactions caused by the increase of ionisation

degree and the temperature drop. The molecular formation is suppressed for rSF = 300 pc because

the gas temperature remains high ∼ 104 K. The second drastic increase of the molecular fraction,

seen around 5 and 20 Myr for rSF = 30 and 100 pc, respectively (for rSF = 300 pc, the second
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Fig. 1.— Time evolution of a) gas temperature, b) ionisation degree, and c) molecular fraction

for various radii of the star-forming region (solid, dotted, and dashed lines for rSF = 30 pc, 100

pc, and 300 pc, respectively). The gas mass and the star formation efficiencies are assumed to be

1.0 × 107 M� and 0.1, respectively.
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increase is not before 100 Myr), is due to the onset of molecule formation on dust grains: dust grains

shield the ionising photons and facilitate the gas cooling down to 300 K. At this temperature, the

H2 formation on dust grains becomes possible. For rSF = 300 pc, representative of the passive

mode, H2 formation occurs only in the gas phase with a low reaction rate because of the high gas

temperature.

3.2. Luminosities

To see how much UV light is shielded by dust, we show the evolution of IR and UV luminosities

in Fig. 2a for rSF = 30 pc and rSF = 300 pc, corresponding to the active and passive modes,

respectively. We see that the IR vs. UV luminosity ratio increases more rapidly in the compact

(rSF = 30 pc) region than in the diffuse (rSF = 300 pc) one. This is due to the large dust optical

depth in compact star-forming regions. The efficient shielding of UV in compact regions also keeps

the molecular fraction high since UV dissociation is suppressed.

The evolution of dust temperature determined from Eq. (6.23) is also shown in Fig. 2b for

rSF = 30 pc and 300 pc. The lines start from the onset of the first SNe II (i.e., t = 3 Myr), when

dust production begins. The dust temperature is initially ∼ 100 K and decreases rapidly for the

compact “active” case. This rapid decrease is due to the strong shielding of UV light by dust grains.

The dust temperature remains ∼ 50 K for the “passive” case.

3.3. Chemical enrichment

In order to ascertain if our chemical enrichment model is capable of explaining the observed

metallicities, we calculate the evolution of oxygen abundance. Since the optical oxygen emission

lines from ionised regions are often used as a tracer of chemical abundance (e.g., Izotov & Thuan

1999), we calculate the evolution of oxygen mass (see Section 2.4); the solar abundance is assumed

to correspond to MO/Mgas = 0.01 (Cox 2000), where Mgas is assumed to be constant in time.

Fig. 3a shows the evolution of [O/H] for the three region radii depicted in Fig. 1. The metallicity

of the 30-pc region reaches 1/50 solar in 7 Myr. Not surprisingly, the metal enrichment in diffuse

regions proceeds more slowly: in particular, the 300-pc region is enriched to 1/50 solar in ∼ 30

Myr.

The evolution of dust-to-gas ratio (D ≡ Mdust/Mg) is shown in Fig. 3b. We have assumed

that the star-forming regions contain no dust and metals initially. This assumption holds if a large

part of the present dust and metals is supplied during the present episode of star formation. This

assumption is adopted based on the picture that BCDs are relatively young galaxies whose major

star formation episodes have occurred quite recently (. 100 Myr; e.g., Tomita et al. 2002; Takeuchi,

Yoshikawa, & Tomita 2004). This point will be further discussed when we compare our model with

the observational properties of BCDs (Section 4.2).

3.4. Grain size and distribution geometry

Nozawa et al. (2003) have recently pointed out that grains larger than predicted by Todini &

Ferrara (2001) can form even in SNe II. Grains may be as large as a ∼ 0.1 µm, and therefore, we

also examine this case.

In order to evaluate the effect of shielding, we show the evolution of UV and IR luminosities

for a = 0.1 µm with the screen geometry in Fig. 4a. With a fixed dust mass, the dust optical depth

against the UV photons, τdust, is proportional to a−1, because ndust ∝ a−3 and τdust ∝ a2ndust (Eq.

6.13). Therefore, if the grain size is larger, more UV radiation escapes without being absorbed by

dust grains. Consequently, the IR luminosity becomes dominant relative to LUV later for a = 0.1 µm
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Fig. 2.— a) Time evolution of IR and UV luminosities (solid and dotted lines, respectively). The

left lines are for the compact (rSF = 30 pc) case and the right lines are for diffuse (rSF = 300

pc) case. The gas mass is assumed to be 107 M� (same as Fig. 1). b) Time evolution of dust

temperature. The upper and lower lines are for rSF = 30 pc and rSF = 300 pc, respectively. The

lines start from the age of around 3 Myr, when dust begins to be produced. The screen dust

distribution and the small dust grain (a = 0.03 µm) are assumed for both panels.

Fig. 3.— Time evolution of oxygen abundance in gas phase. [O/H] is the oxygen abundance in

logarithmic scaling, where [O/H] = 0 is the solar oxygen abundance. The solid, dotted, and dashed

lines are for rSF = 30 pc, 100 pc, and 300 pc, respectively. The gas mass and the star formation

efficiency are assumed to be 107 M� and 0.1, respectively (same as Fig. 1).
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than for a = 0.03 µm, although the difference is not significant especially for the compact (rSF = 30

pc) region. For rSF = 30 pc, the IR luminosity dominates as soon as the dust production begins

(∼ 3–4 Myr).

We also show the evolution of dust temperature in Fig. 4b. The dust temperature drops rapidly

in compact regions (rSF = 30 pc) because of the efficient shielding of UV radiation. For diffuse

regions (rSF = 300 pc), the temperature drop relative to small grains is not significant because the

shielding is inefficient. Owing to the a−1/6 dependence of dust temperature (Eq. 6.23), the dust

temperature is lower for a = 0.1 µm than a = 0.03 µm.

Next, in order to investigate the effect of dust distribution geometry, we examine the mixed

geometry using the attenuation function expressed in Eq. (6.18) rather than Eq. (6.17). The

evolution of UV and IR luminosities is shown in Fig. 5a. The UV light decreases more mildly in the

mixed geometry than with the screen geometry, because UV light originating from the “surface” of

star-forming regions always escapes as described in Section 2.5. The evolution of dust temperature

is shown in Fig. 5b. We see that the strong “exponential” drop of dust temperature with the screen

geometry (Figs. 2b and 4b) is not seen in the mixed case because of the milder shielding of UV

light.

The physical state of the gas is also affected by the assumptions about dust grains. In order to

clarify this point, we compare the evolution of gas temperature, ionisation degree, and molecular

fraction in Fig. 6 for the case of rSF = 100 pc. The solid lines, which are the same as the dotted lines

in Fig. 1, show the case of a = 0.03 µm and the screen geometry (called “standard”). The dotted

and dashed lines represent the cases of the mixed geometry (with a = 0.03 µm) and a = 0.1 µm

(with the screen geometry). Because the UV optical depth of dust grains becomes smaller as the

grain size increases, the heating and dissociation rates are larger for larger grains, which explains

the behaviour of the dashed lines. For the molecular fraction, the formation rate on dust grains

(Eq. 6.3) decreases because of the reduced dust surface, which also contributes to the slow increase

of fH2
for the larger grains. In the mixed geometry, the shielding of UV light is inefficient; the gas

is heated and molecules are dissociated. Therefore, we conclude that the grain size and distribution

are important to determine the physical state of gas.

To further investigate the effect of dust size and spatial distribution on our model results, we

are planning to extend our study to include infrared SEDs. The study of SEDs has the advantage

of being able to treat the multi-temperature, multi-size grain distributions, as well as stochastically

heated grains (Takeuchi et al. 2003; see also Galliano et al. 2003). Not only extragalactic studies but

also Galactic studies will help us understand why H2 formation is enhanced in actively star-forming

regions (e.g., Habart et al. 2003).

4. Active and passive BCDs

4.1. Physical properties

In the above, we have shown that both compact and diffuse star-forming regions can keep the

ISM cool and rich in molecules. A compact and dense (typically n & 103 cm−3, rSF . 50 pc,

and ψ & 0.1 M� yr−1) region forms stars on a timescale of . 10 Myr. This regime is termed an

“active” mode in HHTIV. Since grains supplied by SNe II efficiently shield UV photons, the gas

cools and molecule formation is enhanced. This implies that in such an active region, gas continues

to collapse and stars form in a “run-away” mode. On the contrary, if a star-forming region is diffuse

(n . 50 cm−3 and rSF & 100 pc), the star formation takes place “quiescently” (ψ . 0.07 M� yr−1)

on a timescale of & 108 yr. This mode is called a “passive” mode in HHTIV. The latter regime

inhibits an “active” mode for the following two reasons: first, the gas collapse occurs slowly because

of a long dynamical timescale; second, because of the inefficient shielding, it is subject to strong

UV heating and photodissociation of molecules resulting from the star formation activity.
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Fig. 4.— a) Same as Fig. 2a, but for large grains (a = 0.1 µm). b) Same as Fig. 2b, but for large

grains.

Fig. 5.— a) Same as Fig. 2a, but for the mixed geometry of dust distribution. b) Same as Fig. 2b,

but for the mixed geometry of dust distribution.
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Fig. 6.— Time evolution of a) gas temperature, b) ionisation degree, and c) molecular fraction for

rSF = 100 pc and Mgas = 107 M�. The solid, dotted, and dashed lines represents the “standard”

(a = 0.03 µm and screen geometry) case, the mixed dust geometry (a = 0.03 µm), and the large

dust grains of the star-forming region (solid, dotted, and dashed lines for rSF = 30 pc, 100 pc,

and 300 pc, respectively). The gas mass and the star formation efficiencies are assumed to be

1.0 × 107 M� and 0.1, respectively.
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Fig. 7.— Time evolution of a) gas temperature, b) ionisation degree, and c) molecular fraction

for the model of SBS 0335−052 and I Zw 18 (solid and dotted lines, respectively). The dashed line

continuing from the solid line shows the evolution after tgas/2, when more than half of the initial

gas mass is converted into stars.
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Let us consider our results from the viewpoint of the gas state. In an active region, inde-

pendently of the initial conditions, the efficient dust accumulation lets the gas cool to T . 300 K

through molecular cooling and UV shielding. Such a low temperature is crucial for the efficient

formation of H2 (Cazaux & Tielens 2002), causing a rapid increase of fH2
. On the contrary, the

evolution of a passive region proceeds without molecular cooling and UV shielding, and remains

hotter (T & 5000 K). This implies that the gravitational collapse in diffuse regions is inefficient and

self-regulated, because of the stellar heating, especially the photo-ionisation heating (Lin & Murray

1992).

What determines the size and density of a star-forming region? With a constant density, the

typical length of a gravitationally bound region is given by the Jeans length λJ:

λJ = 100

(

T

104 K

)1/2
( n

100 cm−3

)−1/2

pc . (6.26)

If a star-forming region is photo-heated, the gas temperature becomes T ∼ 104 K. Therefore,

the typical size of a self-regulated star-forming region is determined by the gas density as ∼
100(n/100 cm−3)−1/2, consistent with the size of passive star-forming regions. Since an active

star-forming region further cools through dust shielding, the gas collapses. We suggest that this

collapse finally produces the high surface brightness and compact size observed for active star-

forming regions.

Therefore, the initial gas density, which determines the self-gravitating length (Eq. 6.26) of a

star-forming region, is important for the bifurcation into active and passive regimes. However, am-

bient pressure can also influence the fate of a star-forming region (e.g., Elmegreen & Efremov 1997;

Elmegreen & Elmegreen 1978; Elmegreen & Hunter 2000). Elmegreen & Efremov (1997) stress that

the star formation efficiency is affected by ambient pressure. Shock compression may be important

to create high-pressure environments Elmegreen & Elmegreen (1978). A high pressure environment

favours the formation of SSCs (Bekki & Couch 2001; Billett, Hunter, & Elmegreen 2002), which are

observationally known to be associated with strong starbursts (e.g., Hunter, O’Connell, & Gallagher

1994. If a star-forming region is confined by a high environmental pressure, the compression of gas

can lead to a high density and a short free-fall time. This means that high pressure regions tend

to engender an active mode of star formation. Since there is no reason why the ambient pressure

should be related to metallicity, this naturally explains why metallicity is not a primary factor of

distinguishing active and passive modes.

To link ambient pressure and region size, it is appropriate to utilise the Ebert-Bonnor formalism

for self-gravitating, pressure-bounded isothermal spheres (Ebert 1955; Bonner 1956). The relation

indicates that if rSF is smaller than the critical radius,

rc = 0.49
kT

mH

(

1

Gpext

)1/2

= 43

(

T

104 K

)(

nT

106 cm−3 K

)−1/2

pc, (6.27)

the region becomes unstable and collapses. Therefore, if the region is compressed roughly down

to 2rc ∼ 100 pc, it becomes unstable, and can evolve into an active star-forming region. Another

important role of ambient pressure is to avoid the expansion of the star-forming region and to

maintain a high-density environment. In summary, ambient pressure has two effects: one is to

make the star-forming region gravitationally unstable, and the other is to keep the density high

which leads to short free-fall times (e.g., Elmegreen 2000).
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4.2. Two prototypes

One of our main motivations is to clarify the reason why SBS 0335−052 and I Zw 18 show

different modes of star formation: active and passive (HHTIV). First, we “simulate” these two

galaxies with our models. The necessary quantities for our model are Mgas and rSF. The H i gas

mass has been observationally derived as ∼ 109M� (Pustilnik et al. 2001) and 2.6 × 107 M� (Van

Zee et al. 1998) for SBS 0335−052 and I Zw 18, respectively. However, we should consider these

values as upper limits for Mgas, since Mgas is the gas mass in the star-forming regions, not in the

entire system. It is difficult to resolve the star-forming regions in BCDs because they are generally

small. On the other hand, typical gas densities in star-forming regions have been derived from the

argument of collisional excitation based on high (spatial) resolution spectroscopy (e.g., Izotov et

al. 1999). Although this argument is biased toward the ionised region close to massive stars, the

gas density derived in this method can be considered to be representative of the entire star-forming

region. Therefore, we will attempt to distinguish active and passive star formation and constrain

the gas mass Mgas on the basis of observed region sizes rSF (e.g., HHTIV) and gas densities.

I Zw 18

We adopt rSF = 100 pc and n = 110 cm−3 (Izotov et al. 1999; HHTIV). Eq. (6.7) indicates

Mgas ' 1×107 M� which is close to the Mgas estimated by (Van Zee et al. 1998). The free-fall time

become tff ∼ 10 Myr (Eq. 6.4). The observational star formation rate is ∼ 0.04–0.1 M� yr−1 (e.g.,

Hopkins, Schulte-Ladbeck, & Drozdovsky 2002). This range of star formation rate is consistent

with Eq. (6.5) if we assume ε = 0.04–0.1; we adopt ε = 0.07 as a rough central value. In Fig. 7, we

show the evolution of various physical quantities typical of I Zw 18 by dotted lines. The shielding

of UV photons by dust at t & 20 Myr causes the efficient cooling, recombination, and molecular

formation. In particular, if the age of I Zw 18 is . 20 Myr, the poor molecular content is consistent

with observations (e.g., Vidal-Madjar et al. 2000).

Kamaya & Hirashita (2001) suggest that H2 formation in I Zw 18 may be regulated by the gas

phase reaction, rather than by the formation on dust surfaces. If we assume the age of the youngest

burst in I Zw 18 to be ∼ 10 Myr, our calculation gives an ionisation fraction of ∼ 10−3, roughly

consistent with Kamaya & Hirashita (2001). The molecular fraction is ∼ 10−6, consistent also with

the upper limit by Vidal-Madjar et al. (2000).

Recchi, Matteucchi, & D’Erdole (2002) have proposed two instantaneous bursts separated by

a quiescent period for I Zw 18. The age of the recent burst deduced by them (4–15 Myr) is in the

range treated in our paper, but an older burst which occurred ∼ 300 Myr is probably also necessary

(see also Aloisi, Tosi, & Greggio 1999; Östlin 2000). Hunt, Thuan, & Izotov (2003d) also derive a

young burst age of 3–15 Myr, and a previous episode of star formation no older than . 500 Myr.

However, the stars with the age . 10 Myr contribute to the gas heating more than the old stars,

and therefore, the age in our model should be taken as the age of the more recent burst.

In Fig. 8, we present the evolution of oxygen abundance and dust-to-gas ratio for the model of

I Zw 18 (dotted lines). The horizontal dash-dotted line represents the metallicity level observed for

I Zw 18 (1/50 solar). This metallicity is reached at the age of ∼ 20 Myr, which is roughly consistent

with the above ages for the current star formation activity. At this age, the dust-to-gas ratio

becomes 10−4. The observational constraint on the dust-to-gas ratio is difficult at the moment,

since we must specify the gas mass contained in star-forming regions, which are generally small for

BCDs, and thus difficult to resolve. Nevertheless, we estimate for I Zw 18 Mgas ' 1 × 107 M�, on

the same order of the 2.7 × 107 M� found by Van Zee et al. (1998). The dust mass of I Zw 18 is in

the range of 2–5 × 103 M� (Cannon et al. 2002). Therefore, we obtain a dust-to-gas ratio ∼ 10−4,

which is roughly consistent with the model calculation at the age of ∼ 20 Myr.
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SBS 0335−052

The gas number density is roughly n ∼ 103 cm−3 (Izotov et al. 1999; Hunt et al. 2004), and

the radius is rSF ∼ 40 pc. Eq. (6.7) indicates that Mgas ∼ 107 M�. The free-fall time is estimated

to be tff ∼ 3 Myr (Eq. 6.4). In order to be consistent with our previous paper, HHF02 (ψ = 1 M�),

we adopt a slightly large star formation efficiency, ε = 0.3. Such a high star formation efficiency

can be correct if a region is affected by the external pressure (Elmegreen & Efremov 1997).

In Fig. 7 (solid line), we show the evolution of gas temperature, ionisation degree, and molecular

fraction for SBS 0335−052 with solid lines. The gas finally cools on a timescale comparable to the

observationally derived young age (∼ 5 Myr): the temperature drops to . 300 K, the medium is

kept neutral, and the molecular fraction increases. As mentioned in Section 2.2, the calculation is

stopped at t = tgas/2. However, since the gas state rapidly changes around t = tgas/2 = 5 Myr,

it is interesting to show the evolution after t = tgas/2, although neglecting the gas consumption

becomes a bad approximation. The dotted lines continuing after the solid lines show the evolutions

for t > tgas/2.

The evolutions of oxygen abundance and dust-to-gas ratio is also shown in Fig. 8 (solid line).

The dashed lines shows the evolution after tgas/2 (same as Fig. 7). We see that the metal-

licity reaches 1/50 solar (roughly the observational value 1/41 solar) around t ∼ 6 Myr, which

is marginally consistent with the age constraint by Vanzi et al. (2000) (. 5 Myr). We should note

that this metallicity level is reached after tgas/2, which implies that a significant fraction of gas in

the star-forming region has been consumed. The run-away collapse of cooled gas could lead to such

a rapid gas consumption. The dust-to-gas ratio is ∼ 10−4 at t ∼ 6 Myr.

We have adopted a gas mass Mgas ' 107 M� for the star-forming region, much smaller than the

observational estimate ∼ 109M� by Pustilnik et al. (2001) for the whole galaxy. However, because

of the lack of resolution for H i observation, it is difficult to put a constraint on the gas mass in

the star-forming region. There is also a large uncertainty in dust mass. Dale et al. (2001) estimate

Mdust to be 2400 M� but they neglect the stochastically heated dust grains (in this sense, the

dust mass is underestimated), while Hunt, Vanzi, & Thuan (2001) derive 105 M�, but they argue

that this is an upper limit because of the assumed spatial filling factor of unity. From a radiative

transfer model, which however neglects the effects of small grains, Plante & Sauvage (2002) find a

dust mass of 1.5 × 105M�. Takeuchi et al. (2003) adopt the evolution model of HHF02, and they

explain the infrared spectrum of SBS 0335−052 with Mdust ∼ 5 × 103 M�, which is smaller than

the upper limit by Hunt, Vanzi, & Thuan (2001) but is larger than the possibly underestimated

value by Dale et al. (2001).

By using Mdust ∼ 2 × 103–105 M� and Mgas ∼ 107 M�, we obtain a range of the dust-to-

gas ratio in SBS 0335−052 of 2 × 10−4–10−2, which is larger than that expected from our model.

Because of the uncertainties in the dust mass and the gas mass, further observations are needed

to better constrain these numbers for SBS 0335−052. Recently, Inoue (2003) also has discussed

the dust-to-gas ratio of SBS 0335−052 with his model but he has reproduced the observational

dust-to-gas ratio with t & 107 yr. Nozawa et al. (2003) have proposed a SN dust production larger

than Todini & Ferrara (2001), and their model could solve the discrepancy between theory and

observation.

4.3. Possible intermediate active/passive BCDs

The active and passive modes of star formation are clearly two extremes on a continuum. In this

paper, we have singled out two parameters that determine a galaxy’s position on this continuum,

namely size rSF and density n. Dust properties distinguish the two extremes, but they also must

be viewed as part of a continuum of possibilities.

Figure 1 of HHTIV indicates that active and passive BCDs are clearly separated into two se-
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quences in the surface brightness – density relation. However, there are BCDs which could be con-

sidered as intermediate between the active and passive extrema. For example, Mrk 71 (NGC 2366),

whose metallicity is about 1/10 Z� (Peimbert & Torres-Peimbert 1986), has a compact star-

forming region but a low surface brightness (Hunt et al., in preparation). Moreover, no SSCs are

found in this galaxy by Billett, Hunter, & Elmegreen (2002). Another possible intermediate galaxy

is Tol 1214-277, whose metallicity is about 1/25 Z� (Izotov et al. 2001). It has a dense (n ' 210

cm−3; Fricke et al. 2001), but rather diffuse star-forming region (size ∼ 200 pc; Hunt et al., in

preparation). However, since this galaxy is distant (104 Mpc), it is difficult to constrain the size

star-forming region of Tol 1214-277 even with the spatial resolution of Hubble Space Telescope.

5. Implications for high redshift

Large numbers of primeval galaxies are expected to exist in the high-z universe (z & 5; e.g.,

Scannapieco, Schneider, & Ferrar 2003). Because such galaxies must necessarily be chemically

unevolved, it is useful to extend our concept of the active-passive dichotomy to high z. The “active”

mode of star formation is particularly relevant for high-z galaxies, because of high gas density

& 1000 cm−3 (Norman & Spaans 1997) and warm dust content.

Galaxies become IR luminous on much shorter timescales than the cosmic age at z ∼ 5 (HF02),

even at metallicities is as low as I Zw 18 or SBS 0335−052 (see also Morgan & Edmunds 2003). We

have shown that during an “active” star formation episode with no prior chemical enrichment, dust

produced by SNe II efficiently shields the UV radiation. This means that the heating by UV photons

in the ISM is not sufficient to halt gas cooling. Therefore, it is important to trace the high-z star

formation activity in the IR (or sub-mm) (e.g., Chapman et al. 2001). Indeed, large extinction has

been shown by some samples of high-z galaxies (e.g., Meurer, Heckman, & Calzetti 1999; Stanway,

Bunker, & McMahon 2003).

The “active” mode is also characterised by high dust temperature (& 40 K) because of the

high UV interstellar radiation field. Totani & Takeuchi (2002) have shown that the existence of

high temperature dust at z ∼ 3 is favoured to explain the far-IR cosmic background radiation.

Thus, it is important to investigate a potential increase of the “active” star formation mode at high

z (especially the increase of a population with high dust temperature), in order to quantify the

contribution of such galaxies to the cosmic IR background.

Indeed, virtually all high-redshift star formation may occur in the “active” regime. It is not

clear whether there are high z objects corresponding to the “passive” mode of star formation. H2

has been difficult to detect from damped Lyα clouds (DLAs; e.g., Petitjean, Srianand, & Ledoux

2002; Ledoux, Petitjean, & Srianand 2003). In general, stringent upper limits of . 10−6 have been

placed on the molecular fractions for DLAs. In passive star-forming regions, the molecular fraction

is kept as low as ∼ 10−5 on timescales of several tens of Myr. Therefore, some of the DLAs could

be “passive” star-forming objects. However, the low abundance of molecules can also be explained

by photodissociation by the cosmic UV background radiation (e.g., Hirashita et al. 2003).

6. Conclusions

In this paper, we have theoretically modeled the “active” and “passive” star formation modes

observed in metal-poor BCDs. The “active” mode is characterised by dense and compact (n &

500 cm−3 and rSF . 50 pc) star-forming regions. On the contrary, the “passive” mode takes place

in diffuse (n . 100 cm−3 and rSF & 100 pc) star-forming regions.

In the dense regions observed in “active” BCDs, the gas free-fall time is typically shorter than

∼ 5 Myr. Such a short free-fall time can enhance star formation activity and generate an efficient

supply of dust from SNe II. An accumulation of dust in such a compact region leads to a large dust
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optical depth, and the region consequently becomes luminous in the IR. Even in the environment

of active star formation, the gas retains the physical conditions favourable for the gas collapse: cool

(. 1000 K) and highly molecular (fH2
& 10−2). The above characteristics explain the properties of

star-forming regions in the BCDs categorised as “active” in HHTIV, especially SBS 0335−052 (i.e.,

IR luminous, containing hot dust, rich in molecules, compact, and dense).

In “passive” BCDs, the dynamical time of diffuse regions is longer than 107 yr, and the star

formation rate can be as low as . 0.1 M�. The increase of dust optical depth is milder and therefore

“passive” star-forming regions become IR luminous much later in their evolution, > 107 yr. Such a

passive region has a low . 10−4 molecular content, and it would be difficult to detect H2 in passive

BCDs.

However, the physical state of gas is strongly affected by the size and spatial distribution of

grains. With a fixed total dust mass, if the grain radius is large, the optical depth of dust against

the UV light is small. This means for large grains (∼0.01 µm), the gas temperature and ionisation

degree tend to be high, and the molecular fraction tends to be low. As for the spatial distribution

of grains, efficient shielding of UV light takes place in a screen geometry, which leads to efficient

cooling and molecule formation. On the contrary, in the mixed geometry, because of inefficient

shielding, the gas is heated to nearly 104 K, and the molecules are efficiently dissociated.

We also discussed the evolution of dust-to-gas ratio and metallicity. In particular, our model

is consistent with the observations of I Zw 18 and SBS 0335−052, but future observations of dust in

metal-poor ([O/H] . −1) BCDs are needed for further constraints. The consistency also implies

that around 10–20 % of metals supplied from SNe are in the dust phase.

We have shown how differences in two physical parameters of a star-forming region, its size

and density, can lead to substantially different evolution over time. The distinction has been made

between “active” and “passive” modes, but such a dichotomy is perhaps misleading, since they are

rather extremes on a continuum. Pressure must also drive evolution of a star-forming region, and

may determine a region’s initial size and density. However, after the onset of star formation, dust

shielding of UV photons determines the fate of star-forming regions, which finally bifurcates into

active and passive regimes.

We thank the anonymous referee for useful comments which improved this paper considerably.

We are grateful to T. X. Thuan, A. Ferrara, M. A. R. Kobayashi, and H. Shibai for stimulating

discussions on galaxy evolution. H. H. was supported by the Research Fellowship of the Japan

Society for the Promotion of Science for Young Scientists. We fully utilised the NASA’s Astrophysics

Data System Abstract Service (ADS).

REFERENCES

Abel, T., Bryan, G. L., & Norman, M. L. 2000, ApJ, 540, 39

Aloisi, A., Tosi, M., & Greggio, L. 1999, AJ, 118, 302

Alton, P. B., Lequeux, J., Bianchi, S., et al. 2001, A&A, 366, 451

Barkana, R. 2002, NewA, 7, 85

Bekki, K., & Couch, W. J. 2001, ApJ, 557, L19

Bendo, G. J., Joseph, R. D., Wells, M., et al. 2002, AJ, 124, 1380

Bianchi, S., Davies, J. I., & Alton, P. B. 1999, A&A, 344, L1

Billett, O. H., Hunter, D. A., & Elmegreen, B. G. 2002, AJ, 123, 1454

Bonnor, W. B. 1956, MNRAS, 116, 351

Boulanger, F., Beichman, C., Désert, F. X., Helou, G., Pérault, M., & Ryter, C. 1988, ApJ, 332,
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A. Equilibrium dust temperature

We derive and discuss the equilibrium dust temperature in Eq. (6.21). We start from the

following equation between absorbed and emitted energy of a grain:

cuUVπa
2QUV = 4πa2

∫ ∞

0

QIR(a, λ)πBλ(Tdust) dλ , (A1)

where uUV is the radiative energy in UV defined in Eq. (6.2), a is the grain radius, Bλ(Tdust) is the

Planck function estimated at the wavelength of λ and the dust temperature of Tdust, and QUV and

QIR(a, λ) are the absorption cross sections of a grain normalized by the geometrical cross section

in UV and IR, respectively. We assume that QUV is independent of λ (Draine & Lee 1984), and

adopt the following form for QIR(a, λ):

QIR(a, λ) =
2πAa

λβ
, (A2)

In the main text, we assume that β = 2 (Drapatz & Michel 1977; Shibai, Okumura, & Onaka 1999;

Takeuchi et al. 2003), but we generalise the wavelength dependence. Since the Planck function is

written as

Bλ(T ) =
2hc2/λ5

exp(hc/λkT ) − 1
, (A3)

where k is the Boltzmann constant, we obtain the following analytic solution for Tdust:

Tdust =
hc

k

(

uUVQUV

16π2AahcI(3 + β)

)1/(4+β)

, (A4)

where the function I(α) is defined as

I(α) ≡
∫ ∞

0

xα

ex − 1
dx (α > 0). (A5)

Since I(5) = 8π6/63, we obtain Eq. (6.21) for β = 2.
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Fig. 8.— Time evolution of a) metallicity and b) dust-to-gas ratio for the model of SBS 0335−052

and I Zw 18 (solid and dotted lines, respectively). The dashed line continuing from the solid line

shows the evolution after tgas. The dash-dotted line represents the metallicity level of 1/50 solar.
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CHAPTER 7

Near-infrared imaging of galaxies in Pisces-Perseus:

On the origin of bulges

Abstract1

We investigate the scaling relations of bulge and disk structural parameters for a sam-

ple of 122 disk galaxies. Structural parameters of individual galaxies are obtained from

two-dimensional bulge/disk decomposition of their H-band surface brightness distributions,

Bulges are modelled with a generalized exponential (Sérsic) with variable integer shape index

n. We find that bulge effective scalelengths rB
e and luminosity MB increase with increasing

n, but disk properties are independent of bulge shape. As Hubble type T increases, bulges

become less luminous and their mean effective surface brightness < µB
e > gets fainter; disk

< µD
e > shows a similar, but much weaker, trend. When bulge parameters (< µB

e >, rB
e ,

MB) are compared with disk ones (< µD
e >, rD

e , MD), they are tightly correlated for n = 1

bulges. The correlations gradually worsen with increasing n such that n = 4 bulges appear

virtually independent of their disks. The Kormendy relation, < µB
e > vs. rB

e , is shown

to depend on bulge shape n; the two parameters are tightly correlated in n = 4 bulges

(r = 0.8), and increasingly less so as n decreases; disk < µD
e > and rD

e are well correlated

(r = 0.7). Bulge-to-disk size ratios rB
e /r

D
e are independent of Hubble type, but smaller

for exponential bulges; the mean rB
e /r

D
e for n = 1 bulges is 4 times smaller than that for

n = 4, with a spread which is 9 times smaller. Strongly barred SB galaxies with exponential

bulges are more luminous than their unbarred counterparts. Exponential bulges appear to

be closely related to their underlying disks, while bulges with higher n values are less so;

n = 4 bulges and their disks apparently have no relation. We interpret our results as being

most consistent with a secular evolutionary scenario, in which dissipative processes in the

disk are responsible for building up the bulges in most spirals.

1. Introduction

This is the fifth paper in a series based on near-infrared imaging of a sample of disk galaxies in

the Pisces-Perseus supercluster. Already in Paper III of the series (Moriondo, Giovanelli, & Haynes

1This chapter is taken from Hunt, L.K., Pierini, D., & Giovanardi, C. 2004, A&A, 414, 905.
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1999b), we explored the relations between structural parameters of bulges and disks, but in the

context of distance measurements and the consequent definition of their Fundamental Planes. For

this reason, that paper: i) made only use of the subset of galaxies (40) with measured rotation

curves, and ii) postponed to future work the discussion of the impact of scaling relations of bulges

and disks on their formation and evolution. In the present paper, we will address this issue.

The traditional picture is that bulges formed well before the disk of a galaxy, in a “monolithic

collapse”, either as the first rapid stage of the collapse of a galaxy-size density perturbation, as in

the Milky Way collapse model of Eggen, Lynden-Bell, & Sandage (1962), or through the infall of

enriched gas from the star-forming halo (Carney, Latham, & Laird 1990). “Early”bulge formation is

also predicted within the framework of hierarchical cold-dark matter (CDM) scenarios of structure

formation and evolution (Kauffmann, White, & Guideroni 1993; Baugh, Cole, & Frenk 1996). In

this case, the bulge originates from the merging of stellar disks within the merging halos, while the

disk that is observed today is assembled through gas accretion at later epochs. A more recent vari-

ation of this scenario is the growth of galactic bulges through merging of dense satellites (Aguerri,

Balcells, & Peletier 2001). Evidence in favor of “early” bulge formation rises from studies of the

stellar populations in the Milky-Way bulge (Ortolani et al. 1995) and in bulges of nearby galaxies

(Jablonka, Martin, & Arimoto 1996). In addition, bulge velocity fields (Kormendy & Illingworth

1982) and their high central surface brightness seem to be imprints of a formation process that

involved dissipational collapse (e.g., Carlberg 1986) at epochs earlier than the formation of the

disks and, perhaps, of the stellar halo.

More recently, it has been suggested that the bulges in (some) disk galaxies can be formed

after the disk, through secular evolutionary phenomena. Numerical simulations (Combes & Sanders

1981; Combes et al. 1990; Norman, Sellwood, & Hasan 1996) have shown that a spheroidal stellar

component can originate from dissipationless processes such as the thickening or destruction of a

bar. Moreover, when gas is included in the simulations, dissipation accelerates the evolution, giving

rise to galaxies which are more centrally concentrated (Junqueira & Combes 1996). Indeed, some

of the observed bulge characteristics such as triaxial or peanut shape and cylindrical rotation (e.g.,

Shaw et al. 1993; Lütticke, Dettmar, & Pohlen 2000) are predicted by such models. However, gas

is not necessary for dissipation, as pointed out by Zhang in a series of papers (Zhang 1996, 1998,

1999). Secular evolution may also operate through outward transport of angular momentum

through a collective dissipative process linked to spiral density waves. Observational evidence in

favor of the secular scenario include the similarity of bulge and disk color indices (e.g., Balcells &

Peletier 1994), the mass -to- luminosity ratios of the components (Widrow, Perrett, & Suyu 2003),

the disk-like kinematics observed in many bulges (Kormendy 1993), and the correlation of bulge and

disk scalelengths (De Jong 1996). Indeed, when a simple exponential is used to fit the bulge surface

brightness profile, a strong correlation is found between bulge and disk scalelengths (Courteau,

de Jong, & Broeils 1996), seemingly supporting the secular formation scenario for bulges. The

correlation was later shown to depend critically on the use of a simple exponential as a bulge fitting

function, since when generalized exponentials were used instead, the mean scalelength ratio depends

on the bulge shape index (Moriondo, Giovanardi, & Hunt 1998a – hereafter MGH; Graham 2001).

Thus it appears, albeit for small samples, that the ratio of bulge and disk scalelengths may not be

constant over a range of Hubble types as previously claimed. This is of importance not only for the

chronology of bulge and disk formation, but also for the meaning of the Hubble sequence itself in

terms of photometric observables (scale-free Hubble sequence).

To further investigate bulge and disk structural parameters, and to better constrain their

connection with formation scenarios, we have performed two-dimensional (2D) bulge/disk decom-

positions on a large sample of disk galaxies in the Pisces Perseus supercluster (see Moriondo et

al. 1999a, hereafter Paper I). These decompositions are performed on image data in the H band

because the near-infrared (NIR) wavelengths are the most direct tracer of the stellar mass (e.g.,
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Fig. 1.— Left panels: surface brightness profile along the major axis (from elliptical isophotal

fitting) in H mag arcsec−2. Right panels: radial run of the reduced χ2 of the best-fitting 2D model

for different values of the n. The first panel shows a galaxy with a best-fit n of 4, while a best-fit

n = 1 is shown in the second panel. Abscissas are labelled in pixel, 1 pixel = 0.975 arcsec.

Rix & Rieke 1993; Gavazzi 1993). Moreover, NIR emission is much less affected by recent episodes

of star formation which typically dominate disk morphology at optical wavelengths. Finally, the

effects of dust extinction are mitigated at 1.65µm (H) since AH is roughly a factor of 8 lower

than AV . We describe the sample and the imaging data in Sect. 2, together with the bulge/disk

decompositions. Section 3 presents our results, and we interpret them in Sect. 4 in the context of

various evolutionary scenarios.

2. The sample, the images, and the structural decomposition

The galaxies under investigation belong to a sample selected from the catalogued disk galaxies

in the Pisces-Perseus (PP) supercluster area, 22h < RA < 4h and 0◦ < δ < 45◦, excluding

obvious foreground members with heliocentric velocities less than 3000 km s−1. The original sample

was restricted to about 950 galaxies with optical major axis 0′.5 < a < 4′.0 and available good-

quality 21-cm spectra (Giovanelli & Haynes 1989 and references therein). From this set two distinct

subsamples were extracted. Sample A comprises about 150 galaxies, randomly selected to cover the

entire area and inclination range, and with types Sb or later. Sample B comprises the 50 cluster

galaxies within an angular distance of 5.5◦ from the Pisces cluster center (1h 20m, 33◦), with optical

size a ≥ 0′.8 and inclination 30◦ < i < 75◦, spanning the range S0 to Sd in Hubble type.

Out of these 200 objects, images were obtained for 174 galaxies (see Paper I) in the H band

(35 in JHK) with the ARNICA camera (Lisi, Baffa, & Hunt 1993; Lisi et al. 1996; Hunt et al. 1996)

mounted on various telescopes. We refer the reader to Paper I for details concerning observations,

data reduction, and photometric calibration. Analysis of the JHK color images is presented in

(Moriondo et al. 2001) (Paper IV). Unless otherwise specified, all the photometric data derived and

here reported refer to the set of images in the H band.
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2.1. Two-dimensional bulge/disk decomposition

As in MGH, we fitted the images with a two-dimensional (2D) parametric brightness distribu-

tion model, consisting of a generalized exponential (Sèrsic 1968) bulge of shape index n :

IB (x, y) = Ie

exp

{

−αn

[

(

1
re

√

x2 + y2

(1−εB)2

)1/n

− 1

]}

, (7.1)

and an exponential thin disk:

ID (x, y) = Id(0) exp

[

− 1

rd

√

x2 +
y2

cos2 i

]

. (7.2)

Ie and re are effective (half-light) values, εB is the apparent bulge ellipticity, αn is a constant relating

the effective brightness and radius to the exponential values (see MGH). x and y are in arbitrary

units, with origin at the galaxy’s center, and x along the major axis. The bulge is assumed to be

an oblate rotational ellipsoid (Kent, Dame, & Fazio 1991), coaxial with the disk, and its apparent

eccentricity eB is related to the intrinsic eccentricity e′B by:

eB = e′B sin i . (7.3)

The structural parameters have been determined by fitting the 2D image to the model, con-

volved with a circular Gaussian seeing disk of appropriate FWHM, using a χ2 minimization. The

parameters left free to vary in the fit include: the two surface brightnesses Ie and Id(0) (or µe and

µ0 when given in magnitudes), the two scale lengths re and rd, the bulge ellipticity εB , and the

system inclination i. The fitting algorithm and tests of its reliability are described more fully in

MGH.

The use of a 2D fitting technique is mandatory in the analysis of objects of middle to high

inclination, such as samples – including the present one (68 galaxies with i > 40◦) – selected

for Tully-Fisher studies. A feature of our algorithm is its ability to suppress non-axisymmetric

structure. This is achieved through a “folding” procedure in which we exploit the model symmetry

about the major and minor axes. The galaxy image is first “folded” about the major axis (measured

a priori), in order to obtain the “long” semi-ellipse; it is then folded again about the minor axis

in order to obtain only one quadrant. There are consequently four points used to infer the value

of a single pixel in the folded quadrant, and from these, a mean and a standard deviation are

calculated; only this single quadrant is input to the fitting routine. Typically pixels are weighted

by the photon statistics, calculated by modelling the detector noise characteristics and assuming

background limited performance (verified to be true in all cases). The weighting scheme however

gives greater weight to those regions with low standard deviation since it chooses the maximum of

the Poisson statistics or the standard deviation resulting from the folding procedure. The regions

with significant asymmetry show up with large standard deviation in the folding process, and they

are given accordingly less weight in the decomposition.

Because of the known mutual functional dependency of re, µe, and n, we chose to use a ”grid

method” for the determination of n rather than include it as a free parameter (see also MacArthur,

Courteau, & Holtzman 2003, hereafter MACH03). Because of the large sample and consequent

numerical calculation time for the 2D fits, we restricted n to integer values of 1, 2, 3 or 4, and

ran fits for each of these separately. The best-fitting n value was then derived by minimizing the

reduced χ2 over the inner region. Two examples of the radial run of χ2
ν for different n’s are shown

in Fig. 1. The surface brightness profiles in the upper panels are derived from elliptical isophotal

fitting and are only used for display purposes; the lower panels show the behavior of the reduced
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χ2 resulting from the 2D best fit at different n, averaged within the same elliptical annuli of the

upper panel. As can be seen, the bulge fit influences primarily the inner part of the galaxy. It

is consequently necessary to consider the value of χ2
ν as a function of n especially at small radii,

because the large area of the disk tends to make the influence of the bulge shape in the global

χ2 very small and easily masked by other features. The median (and mean) FWHM seeing of the

images in our database is 1.′′9. Only 4 of 108 galaxies have rB
e smaller than this, but it is difficult to

distinguish star clusters or nuclear point sources from high-n bulges. Point sources have not been

included in our fits.

The discretized range of integer n values 1, 2, 3, 4 samples rather well the continuous range

of n values found by previous authors. MACH03, on the basis of one-dimensional (1D) profile

fits, conclude that the surface brightness profiles of Freeman Type-I galaxies (Freeman 1970) are

adequately described by a double-exponential distribution with bulges of 0.1 < n < 2; however only

8 of the 121 galaxies studied by them have n < 0.5. On the other hand, with 2D fits, Möllenhoff

& Heidt (2002) (hereafter MH01) found bulge shape indices of 0.8 < n < 6.7 for their sample of 40

bright galaxies, with only one object having a bulge with n < 1 and two objects with n > 4.

The fits were judged to be reliable (χ2
ν ≤ 2) in 117 (of 174) galaxies. The average percentage

errors for the fitted parameters of bulge and disk are less than 20%, consistent with MH01 and

MACH03. We have further restricted the final database to contain only those galaxies with apparent

optical diameter a ≥ 1′ (from NED2). Thus, the final PP sample consists of 108 galaxies, 2 of which

do not have well-defined morphological types, and to which we have assigned T=5 (following LEDA,

the Extragalactic Database based in Lyon). The best fit parameters resulting from our 2D fits for

these 108 disk galaxies are reported in Table 1 (first page only). Distances to individual galaxies are

determined from the Hubble law (with H0 = 70 km s−1 Mpc−1) after correcting the heliocentric

radial velocities listed in Paper I to the CMB reference frame according to the prescription of the

Third Reference Catalogue de Vaucouleurs, de Vaucouleurs, & Corwin (1991) (hereafter RC3). The

full table is also available in electronic form. Table 1 also contains additional information from RC3

as follows:

Column 1: galaxy denomination (UGC number or, if missing, CGCG number);

Column 2: Distance (Mpc);

Column 3: Hubble type T ;

Column 4: bar class ;

Column 5: global χ2
ν ;

Column 6: bulge shape index n (n = 0 for pure disks);

Column 7: apparent bulge ellipticity εB ;

Columns 8-9: effective bulge radius re and uncertainty (arcsec);

Columns 10-11: effective face-on bulge surface brightness µe and uncertainty (mag arcsec−2);

Column 12: total bulge apparent magnitude mB (mag);

Column 13: disk inclination i (degrees);

Columns 14-15: disk scalelength rd and uncertainty (arcsec);

Columns 16-17: central face-on disk surface brightness µ0 (and uncertainty mag arcsec−2);

Column 18: total disk apparent magnitude mD (mag);

Column 19: bulge-to-disk luminosity ratio B/D;

Column 20: total galaxy apparent magnitude m (mag).

2The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California In-

stitute of Technology, under contract with the National Aeronautics and Space Administration.



Chapter 7 138

2.2. Photometric corrections

The magnitudes have been corrected for Galactic extinction according to the estimates given

by Burstein & Heiles (1984) as reported by NED, and assuming the extinction curve of Cardelli,

Clayton, & Mathis (1989). Using the recipe of Frogel et al. (1978), we have applied corrections for

redshift dimming.

While internal dust extinction may affect the estimates of structural parameters even in the

NIR (e.g., Peletier & Willner 1992), the corrections are small and subject to some uncertainty.

An empirical analysis of the photometric corrections for dust extinction in this sample has been

carried out by Moriondo, Giovanelli, & Haynes (1998b) (hereafter Paper II). To do this, they rely

on correlations with inclinations of the observed disk and bulge structural parameters and colors,

and find that the structural parameters of the bulge are not affected by dust extinction, while those

of the disk may be – especially the disk scalelength – but with large scatter. However, the analysis

Paper II is based on the assumption that dust is homogeneously distributed within a thin disk

coincident with the mid-plane of the stellar distribution, which in general is not true (e.g. Bianchi,

Ferrara, & Giovanardi 1996; Bianchi et al. 2000; Ferrara et al. 1999). Moreover, the behavior of

the kinematic scalelength as a function of the axial ratio is complex (Giovanelli & Haynes 2002)

(see also Paper II). Therefore, for the subsequent analysis, the structural parameters (re, µe, mB ,

rd, µ0, mD, B/D and m) are corrected to face-on assuming full transparency, which implies no

corrections to scalelengths, total magnitudes, and bulge-to-disk luminosity ratio B/D.

All the above corrections have already been applied to the data reported in Table 1.

2.3. Comparison with previous work

Our sample contains five galaxies (UGC 463, UGC 927, UGC 1089, UGC 12378, UGC 12527)

in common with MACH03 (H band). In all cases, the two sets of disk parameters agree quite

well: rd(ours)/rd(theirs) = 0.95± 0.05 and µ0(ours)-µ0(theirs) = 0.16± 0.06 H-mag arcsec−2. For

UGC 927, they classify their profile as a “truncated disk”, but it appears very different from our

major-axis cut (all our fits can be obtained in graphic form by request from the authors). They find

n = 2.7, the largest in their sample, while we find n = 4; the bulge surface brightnesses differ by

about ∼ 1 mag. This may be an example of the pitfalls of 1D fitting since this galaxy has twisted

isophotes, and marked spiral structure even in the NIR. Such morphological features tend to be

suppressed by our fitting algorithm, and the greater number of degrees of freedom in 2D image

fitting is clearly an advantage.

In general, we find larger n values than those by MACH03: the mean difference ∆n = 1.1 ±
0.75. We also find larger bulge re, but this is expected because of the different n’s. This may be

another advantage of our fitting algorithm, as it takes into account the non-spherical shape of the

bulge (e.g., MGH). Bulges are rarely spherical (Kent 1988), and not considering the possible bulge

ellipticity would result in a steeper bulge outer profile, and thus a lower n.

3. Results

A priori the parent sample suffers from a known dearth of early-type spirals (e.g., T ≤ 2,

see Paper I). Indeed our present sample contains only 6 galaxies with type Sab or earlier, with a

sample median of T = 5 (Sc). Therefore, we have added to the subsequent analysis the sample

of 14 early-type spirals (Sa’s) studied by MGH; the same fitting algorithm was used to decompose

the images.3 The combined sample comprises 122 galaxies, now with 21 of type Sab or earlier, and

3A correction of 0.25 mag has been made to convert the K-band quantities in that paper to the H band used

here (e.g., Giovanardi & Hunt 1996). The distance scale has also been transformed to the H0 (70 km s−1 Mpc−1)
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with median T = 4 (Sbc).

Throughout the analysis, we will make use of mean effective surface brightnesses (SFBs),

calculated as the average flux within a circular area of radius re. The disk scalelengths rd are

converted to effective ones rD
e by multiplying by a factor of 1.6784 appropriate for n = 1 (see

MGH), and we define the mean effective SFB < µB
e > and < µD

e > for bulge and disk respectively.

In the following, to avoid confusion, the bulge scalelength will be indicated as rB
e . Mean SFBs

< µe > were chosen, rather than the central µ0 (Khosroshahi, Wadadekar, & Kembhavi 2000a;

Khosroshahi et al. 2000b), or µe – the SFB at re (e.g., Graham 2001; MACH03) – because of the

strong functional dependence on n of the latter parameters. If a given bulge is fit with a generalized

exponential, µe becomes fainter as n of the fit becomes larger, because of the mathematical form

of the generalized exponential. Higher n fits are more strongly peaked and consequently have a

higher µ0, but are more extended, hence a larger re, a fainter µe, and a higher bulge luminosity

MB (cf., Fig. 2 in MGH). In practice, when the same bulge is fit with n varying between 1 and 4,

the resulting µe changes typically by more than 3 mag arcsec−2, while < µe > also becomes fainter

but by <∼ 1 mag arcsec−2. The adoption of < µe > also conforms to the definitions of RC2 and

RC3, and to all the lore of the Fundamental Plane (FP).

3.1. Pure disk galaxies

Only two of the galaxies (UGC 975 and UGC 1579) are best fit with pure disks (B/D = 0);

bulges are found in all the others, although in some cases as faint as 16.9 H mag, with B/D ratios

of 1%. UGC 975 is classified as a generic spiral (“S”), as it shows on blue images a tight flocculent

pattern and high surface brightness. UGC 1579, an almost face-on SB(s)d, shows an extended

spiral structure and a large central region of relatively high surface brightness. They are among

the faintest objects in the sample, but still galaxies with M ∼ −22 H mag, and are not low surface

brightness galaxies. Pure disks are rare in our sample, although it comprises 50 galaxies with T≥5.

The selection criteria adopted tend to avoid very late types of low surface brightness; for this reason,

our two pure disks are unlikely to be representative of their class (cf. Gavazzi et al. 2000).

3.2. Possible biases

In principle, the performance of our decomposition procedure could depend on the size and

quality of the image. We have performed a simple check for such biases by examining the distri-

butions of apparent image parameters versus the bulge shape index n, as shown in Fig. 2; optical

properties are taken from RC3. The only evidence is that: (i) the two pure-disk (n = 0) galaxies

are faint, and (ii) the Sa’s from MGH are substantially brighter than the PP set. For the rest, no

obvious significant trends are detectable. In particular, we observe no trend for faint, small, and

highly inclined galaxies, that is those observed with lower relative resolution, to be better fit with

any particular n values. This is important for the reliability of any assertions regarding trends with

bulge shape index.

3.3. Hubble type and bulge shape n

The upper panel of Fig. 3 shows the distribution of Hubble types T for our combined sample.

The PP and MGH samples have different shadings and the paucity of early-type spirals in the

original PP sample is evident.

The lower panel shows the means of the bulge shape index n averaged over different Hubble

adopted for this study.
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Fig. 2.— Distributions of H-band apparent magnitude m (top panel), optical axial ratio b/a

(middle), and apparent optical size a (lower) as a function of bulge shape index n. Galaxies best

fitted with n = 1, 2, 3, 4 are shown by ×, open squares, open triangles, and filled circles, respectively.

The early-type spirals from MGH are also included and shown as open circles independently of their

n. Data for pure-disk galaxies are shown by + at n = 0. Large open squares correspond to mean

values, and the error bars to 1σ standard deviation.

types. Here and in the following we have grouped Hubble types into four bins: T ≤ 2, 2 < T ≤ 4,

4 < T ≤ 6, and T ≥ 7. It can be seen from the figure that n = 1 bulges tend to be more common

in later-type spirals, and that early types (T ≤ 2) tend to have bulges with larger n, significantly

different from n = 1. This result agrees with other authors (Andredakis, Peletier, & Balcells 1995;

Graham 2001) who found that n tends to increase with decreasing Hubble type. Such a trend could

also explain the inconsistency with the results of MACH03 who found no evidence for bulges with

n > 2, but whose sample contains only two galaxies earlier than Sb (T < 3).

In what follows, we will examine trends of structural parameters both with the bulge index n

and with Hubble type T . The justification for this is that n and T are only weakly correlated (see

Fig.3 and previous work). We want to investigate trends with bulge shape as well as with Hubble

type since bulges with different n may be intrinsically different (e.g., Carollo 1999; Carollo et al.

2001), independently of the Hubble type of their host galaxies. Therefore, with the aim of singling

out the more significant parameter, bulge shape n or Hubble type T , we will analyze trends of

photometric parameters with both.
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Fig. 3.— Distribution of Hubble type T (upper panel) and bulge shape index n versus T (lower

panel). In both panels, as in all subsequent figures, the galaxies from MGH are included. In the

histogram, the shading for the PP sample is right slanted and for the MGH sample is left slanted.

In the lower panel, horizontal error bars indicate the range of Hubble type over which the mean n

is calculated. The vertical bars are 1σ standard deviation. The horizontal dotted line is placed at

n = 1 for convenience. The number of objects in each T bin is printed over its data point.

3.4. Bulge/disk parameters versus bulge shape n

The behavior of the structural parameters of bulges and disks as a function of the shape index

n of the bulge is illustrated in Fig. 4. Inspection of the figure shows that neither bulge nor disk

< µe > vary significantly with n. Obviously, when the bulge µe or µ0 are used (not shown), there is

a large variation which is a result of the functional form of the fitting law. The increase of central

bulge surface brightness µ0 with n is ∼ 6 mag arcsec−2 in agreement with Khosroshahi, Wadadekar,

& Kembhavi (2000a).

rB
e , instead, increases significantly with n: the left panel of Fig. 4 shows that n = 1 bulges have

smaller scalelengths than bulges with higher n4, while there is no dependence of disk scalelengths

on the n of the bulge. The increase of rB
e with n is consistent with earlier work on ellipticals (Caon,

Capaccioli, & D’Onofrio 1992), on early-type spirals (Khosroshahi, Wadadekar, & Kembhavi 2000a),

and on the later-type spirals in the de Jong sample (De Jong & van der Kruit 1994; Graham 2001).

Such a trend was shown to be real, rather than a result of the mutual dependence among n, rB
e , and

µe of the bulge fitting law, by Trujillo, Graham, & Caon (2001). Moreover, since the properties of

n = 1 bulges are shown to differ with high statistical significance from their higher n counterparts,

it vindicates our method which relies on integer values of n.

The lower panels of Fig. 4 shows MB and MD as a function of n. In agreement with earlier

work (Andredakis, Peletier, & Balcells 1995; Graham 2001; MH01; Trujillo et al. 2002), bulges with

4This effect is significant at > 99.9% level (U test). However, the significance is only obtained for n = 1 bulges;

the differences among rB
e at other n values are not significant.
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Fig. 4.— Bulge and disk structural parameters versus bulge shape index n. The left panels show

bulge effective scalelengths (upper panel), mean effective surface brightnesses (middle), and absolute

magnitude (lower). The right panels show the same quantities for the disks. Symbols as in Fig. 2.

larger n tend to be more luminous, although with some scatter. Again, we find that n = 1 bulges are

significantly different from bulges with higher n, being less luminous with a significance > 99.9%.

On the other hand, MD appears to be independent of n, and significantly less variable in general:

the standard deviations of MB range from 1.2 to 1.6 mag, while those of MD are considerably

smaller, 0.5 to 0.8 mag. The SFBs do not vary with n, and cannot be the cause of the dependence

of MB on n. Exponential bulges are smaller and less luminous than their higher n counterparts,

but roughly the same in terms of mean surface brightness. None of the disk properties (< µD
e >,

rD
e , MD) depends on the n value of the bulge.

3.5. Bulge/disk parameters versus Hubble type

Here we examine the same parameters of the previous section, but now consider their variation

with Hubble type T . The relevant graphs are presented in Fig. 5.

The bulge < µB
e > significantly brighter with decreasing Hubble type; the effect is formally

highly significant5, a new result made possible by the inclusion of the MGH Sa’s, and the con-

5Early spiral types (T ≤ 2), intermediate (2 < T ≤ 4) and late (4 < T ≤ 6), and very late (T ≥ 7) types differ

at a significance level of > 99.9%, with the exception of late and very late types whose difference is significant at
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Fig. 5.— Bulge and disk structural parameters versus Hubble type T . The left panels show bulge

effective scalelengths (upper panel), mean effective surface brightnesses (middle), and absolute

magnitude (lower). The right panels show the same quantities for the disks. Symbols as in Fig. 2.

sequently more ample range in T , as well as by our use of mean SFBs < µB
e >, rather than µe.

Although De Jong (1996) found a similar trend, all bulges were fit with simple exponentials; it

was therefore not clear if the effect was real for early-type bulges which are better fit with higher

n. No such trend was noted by MH01, although as they point out, their sample extends only to

T = 5. Also the disk < µD
e > gets brighter with decreasing Hubble type, although the trend is

much weaker and not readily discernible in Fig. 56. This also is a new result, which again arises

from the large range of Hubble types in our combined sample.

Regarding both bulge rB
e and disk rD

e effective scalelengths, the variations with T are small.

Although very late-type disks appear to be smaller than their early-type counterparts, both bulge

and disk scalelengths are relatively constant with Hubble type, unlike the variation of bulge rB
e with

n discussed in the previous section. For a given Hubble type, the range spanned by disk properties

(MD, < µD
e >, rD

e ) is smaller than that of the bulge (MB , < µB
e >, rB

e ).

The lower panels of Fig. 5 plot the absolute bulge and disk magnitudes MB and MD as a

∼ 94%.

6The increase in disk SFB is formally significant only for early (T ≤ 2) and intermediate (2 < T ≤ 4) types,

relative to very late types (T ≥ 7); the first is > 99.9% significant, while the latter is significant only at a ∼ 95%

level.
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Fig. 6.— Bulge versus disk mean surface brightnesses < µe >, separately for galaxies with different

best n values of the bulge. The correlation coefficients are shown below the values of n.

function of T . There is a clear trend for the bulge luminosity to decrease going from early to very

late-type spirals7. A similar result was also obtained by MH01. Absolute disk magnitudes do not

vary significantly with T, except that very late types T≥7 are less luminous than all earlier types8.

3.6. Bulge parameters versus disk parameters

Figures 6, 7, and 8 illustrate the correlations, separated by n, between the parameters of a

bulge and those of its host disk. For all parameters, there is a clear trend for n = 1 bulges and

disks to be tightly correlated. For n = 2, the correlation is somewhat degraded, and by the time

n = 3, 4, the correlations have all but disappeared. The tendency is evident for mean SFBs (Fig.

6), scalelengths (Fig. 7), and luminosities (Fig. 8).

While this is a new result, one of the main ones of this paper, previous work hinted at some-

thing similar. With 1D bulge+disk decompositions of R-band images, and assigning n = 1 or 4,

Andredakis & Sanders (1994) found a correlation between bulge and disk absolute magnitudes,

with the correlations being tighter for systems with n = 1 than for n = 4 bulges. MH01 found weak

7The significance of the trend is >99.9% for all bins, except that T≤2 and slightly later types are not formally

distinguishable.

8Significance is >99% except for T≤2 which has ∼95% significance).
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Fig. 7.— Bulge versus disk effective scalelengths rB
e , rD

e , separately for galaxies with different best

n values of the bulge. The correlation coefficients are shown below the values of n.

correlations between µe and µ0, and with rB
e and disk scalelength rD

e , but did not separate or bin

the n values; thus the trends evident in our data were diluted in their continuous distribution.

Correlations between bulge and disk radii (Fig. 7) are not new, and have been used to argue for

secular evolution as the primary mechanism of bulge formation (e.g., Courteau, de Jong, & Broeils

1996). Independently of the ratio of radii, which will be discussed in the following section, our data

show that the correlation between radii is best for n = 1, but degrades steadily toward higher n

values. By the time n = 4, the correlation has disappeared completely. If a sample does not contain

higher n bulges because of a dearth of early-type spirals, the bulge/disk radii will appear correlated

(e.g., MACH03). Our result also agrees with Graham (2001) who found a constant ratio of bulge

and disk radii only up to n ∼ 2. Khosroshahi, Wadadekar, & Kembhavi (2000a) and Scodeggio et

al. (2002) also report the existence of such a correlation although they found large scatter; again,

this is likely due to the dilution of the correlations when all n values are combined together as done

by these authors.

3.7. Bulge/disk scaling relations

Figure 9 shows mean surface brightness < µe > versus effective radius, separately for bulges

and disks. We find both bulge and disk < µe > to be well correlated with their effective radii,

in the sense that larger bulges and disks tend to be fainter in SFB. This is well known; such
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Fig. 8.— Bulge versus disk absolute magnitudes MB , MD, separately for galaxies with different

best n values of the bulge. The correlation coefficients are shown below the values of n.

correlations have long been found for spiral bulges (Kent 1985; Kodaira, Watanabe, & Okamura

1986; Andredakis, Peletier, & Balcells 1995), and constitute the “Kormendy” relation for ellipticals

(Kormendy 1977; Hoessel & Schneider 1985; Djorgovski & Davis 1989). More recent studies (MH01;

Khosroshahi, Wadadekar, & Kembhavi 2000a) also find a similar correlation but with larger scatter.

Bulges and disks appear to share the same FP, but occupy distinct, though overlapping, regions of

it (Burstein et al. 1997). Combining bulges and disks together, we obtain the regression (shown in

the figure) < µe >= 16.81 + 3.21 log re, that is re ∝ I−0.78
e , which is consistent with canonical

estimates of the FP relation (e.g., Kormendy & Djorgovski 1989): re ∝ I−0.83±0.08
e . These are both

substantially steeper than the trend reported in MH01 (re ∝ I−1.12
e ).

SFBs plotted against scalelengths form an almost face-on view of the FP (e.g., Kormendy &

Djorgovski 1989). It can be seen in Fig. 9 that for bulges (top panel) the main scatter in the bulge

relation is introduced by n = 1 values (×, r = 0.30), while the best correlation is for n = 4 (filled

circles, r = 0.80). As in Carollo (1999), for a given radius, n = 1 bulges tend to be fainter than

their higher n counterparts. As a whole, disks are significantly better correlated (r = 0.71) than

bulges (r = 0.53 when all n are included). Although this projection of the FP is not ideal for such

considerations, these results imply that residuals relative to the FP may be correlated with shape

parameters (e.g., Hjorth & Madsen 1995; Prugniel & Simien 1997; Khosroshahi et al. 2000b).

Since scalelength ratios constitute the observational cornerstone for secular evolution scenarios

(Courteau, de Jong, & Broeils 1996, MACH03), we shall discuss this parameter in detail for our
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Fig. 9.— Bulge mean effective surface brightness < µB
e > versus effective radius rB

e in kpc (upper

panel). Disk mean effective surface brightnesses < µD
e > versus effective radius rD

e (lower panel).

Symbols as in Fig. 2. The best-fit regression (OLS bisector) for all data is shown in both panels.

data set. Figure 10 shows B/D and rB
e /r

D
e as a function of n (left panels) and T (right panels).

While there is a clear trend for rB
e /r

D
e to increase with n, there is only a very weak trend for

smaller rB
e /r

D
e with increasing T . For n = 1 bulges, we find < rB

e /r
D
e >= 0.085 ± 0.037 (51

galaxies); for n = 2 < rB
e /r

D
e >= 0.15 ± 0.10 (31); for n = 3 < rB

e /r
D
e >= 0.21 ± 0.16 (18); for

n = 4 < rB
e /r

D
e >= 0.32 ± 0.32 (19)9. The size ratio increases from n = 1 to n = 4 by a factor

of ∼ 4. The mean value of rB
e /r

D
e we find for n = 2, 3 is consistent with the MACH03 value of

0.22 ± 0.09 for Type-I profiles, but this value is more than twice as large as for the n = 1 bulges

in our sample. Independently of Type I vs. Type II profiles, we surmise that much of the scatter

in the rB
e ,rD

e relation is due to the mixing of different n bulges. As was seen in Section 3.6, the

correlation between bulge and disk scalelengths is best for n = 1 bulges, then gradually decays to

a non-correlation for n = 4 (see Fig. 7). In addition to the trend of increasing < rB
e /r

D
e > with n,

the dispersion also increases with n: n = 1 bulge/disk size ratios have a scatter ∼ 9 times smaller

than that for n = 4.

9The difference in effective scalelength ratio among n values is >99.9% significant for n = 1 and larger n’s, and

>99% for n = 2 and n = 4. n = 2 and n = 3 ratios do not differ significantly, nor do n = 3 and n = 4.
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Fig. 10.— Bulge and disk effective scalelength ratios rB
e /r

D
e (upper panels) and bulge-to-disk

luminosity ratios (lower) versus n (left panels) and Hubble type T (right). Symbols as in Fig. 2

While < rB
e /r

D
e > depends on n, it is rather independent of Hubble type. The means <

rB
e /r

D
e > for different T bins are statistically indistinguishable, although very late-type spirals

(T ≥ 7) do tend to have < rB
e /r

D
e > smaller than very early types (T ≤2): 0.12±0.07 (10 galaxies)

vs. 0.19±0.13 (19 galaxies). MACH03 also find a slight dependence of < rB
e /r

D
e > on morphology

(∼ 0.20−0.24 from late- to early-type spirals), although the trend is very weak, and not confirmed

by Graham (2001), nor with formal significance by our data. Hence, although variations of rB
e /r

D
e

with T are difficult to detect, this ratio changes significantly with the shape of the bulge, implying

that the spiral sequence cannot be scale free (c.f., Courteau, de Jong, & Broeils 1996, MACH03).

This point will be discussed further in the context of secular evolution scenarios in Section 4.

As expected, we find that B/D increases with n and decreases with T , in agreement with

previous work (e.g., Andredakis, Peletier, & Balcells 1995; Khosroshahi, Wadadekar, & Kembhavi

2000a; Graham 2001; MH01). B/D is a criterion for the Hubble classification, so the correlation

with T is obvious. The dependence of B/D on n is similar, although of lower significance, than

its dependence on T 10. In any case, the spread of B/D for a given T bin is large, approaching

10For our data, the significance of the trend with T is formally 99% or greater between all type bins, except for

early type spirals (T ≤ 2) and the next bin (2< T ≤4), where it is slightly lower (∼97%). n = 1 bulges have

a significantly (>99.9%) lower B/D ratio than higher n values, but the differences among other n values are not

formally significant.
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Fig. 11.— Upper panels: galaxy absolute magnitudes as a function of bulge shape n (left panel)

and of Hubble type T (right); symbols as in Fig. 2. Lower panels: mean difference in absolute

magnitude between strongly barred (SB) and unbarred (SA) galaxies vs. bulge shape index n (left

panel) and of Hubble type T (right).

two orders of magnitude, and the looseness of B/D vs. T is rather surprising. It is clear that the

Hubble classification reflects complex, multivariate processes, which are not easily quantified.

B/D is larger for early-type spirals because of a brighter < µB
e >, since bulge rB

e , and the

disk parameters do not change significantly with T . This is a confirmation of the “iceberg” scenario

proposed by Graham (2001). On the other hand, B/D is larger for larger n bulges because rB
e is

larger, since the disk parameters and < µB
e > are roughly constant. When galaxies are divided

according to the shape of their bulges rather than their Hubble type, the spiral sequence is seen to

be not scale free. It appears therefore that the iceberg scenario proposed by Graham (2001) cannot

be only a function of surface brightness. The shape of the bulge is a main factor for its increasing

prominence with decreasing T ; this is true not only because of the variation of rB
e , but also because

of the variation in bulge central surface brightness µB
0 due to the functional form of the Sérsic law.

3.8. Luminosities

Bearing in mind that our galaxies are rather bright objects, with total galaxy luminosity M tot

(H band) <∼ − 22, roughly equivalent to M tot (B band) <∼ − 18, the sample spans roughly 4

magnitudes, providing some dynamic range for statistical analysis. The upper panels of Fig. 11
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Fig. 12.— Bulge MB (solid circles) and disk MD (open circles) absolute magnitudes as a function

of the total absolute magnitude of the galaxy. Hence, there are two data points for each galaxy.

shows the total absolute galaxy magnitude (sum of bulge and disk components) vs. bulge shape n

(left panel) and Hubble type T (right). As known for some time (e.g., Roberts & Haynes 1994),

there is a significant trend of luminosity with Hubble type, in that early-type spirals tend to be

more luminous than late types11. We find only a weak trend of luminosity with n, since galaxies

with n = 1 bulges tend to be less luminous than higher n galaxies at the ∼ 95% level, and that

the two pure disks are among the least luminous objects in the sample. In any case, the range in

luminosities for a given Hubble type bin is large (∼ 3 mag), implying that other variables are at

work in addition to T (e.g., DDO classification van den Bergh 1960).

That earlier Hubble types tend to be more luminous is explained by the analogous trend in

bulge luminosity only for T < 7, since for these types disks are of roughly the same luminosity.

However, for T ≥ 7 disks tend to be less luminous than those of earlier types, so that the lower

total luminosities are due to a lower luminosity of both components, not just of the bulge.

MB and MD are plotted against M tot in Fig. 12. The average luminosities of bulge and disk

increase with the luminosity of the parent galaxy, independently of the shape n of the bulge. The

slope of the correlation is unity for disks and a rather steep 2.5 for bulges. For disks associated with

n = 1 bulges, the correlation is extremely tight since MD ∼ M tot for these systems. In addition,

MD ∼ M tot for the less luminous disk galaxies, while MD ∼ MB for the most luminous ones. In

other words, in the most luminous galaxies, the bulge-to-disk luminosity ratio B/D ∼ 1.

Influence of bars

We have attempted to assess the influence, if any, of bars on galaxy luminosity, and trends with

Hubble type and bulge shape index. In the lower panels of Fig. 11 we plot the difference between

the mean absolute luminosities < MSB > and < MSA > of the sample galaxies classified in RC3 as

SB (strong bar) and SA (no bar), respectively; the left panel shows this differences plotted vs. n,

11In our sample, this trend is >99% significant for all bins relative T ≥ 7; the difference in luminosity between

2 < T ≤ 4 and 4 < T ≤ 6 is significant at > 95%, although T ≤ 2 and 2 < T ≤ 6 do not have significantly different

luminosities.
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and the right one vs. T . Inspection of the figure clearly shows that strongly barred galaxies with

exponential bulges are significantly more luminous than their unbarred counterparts. Despite the

trend of increasing luminosity with n shown in Fig. 11, the 6 strongly barred n = 1 galaxies are the

most luminous subset in our sample: < MSB(n = 1) >= −24.5 ± 0.9. There is also a continuous

trend toward smaller differences < MSB > − < MSA > with increasing n. However, the same is

not true for trends with Hubble type (right panel); we find no evidence that a strong bar makes

galaxies of a given type more (or less) luminous.

4. Discussion

First, we summarize the main results obtained in the previous section.

• Bulge effective scalelengths rB
e increase with increasing n; n = 1 bulges are smaller than

those with n > 1 (Fig. 4). Neither bulge and disk < µe > nor disk rD
e vary with n. Bulge

luminosity MB increases with n, while disk luminosity MD is independent of n (Fig. 4). In

particular, exponential bulges are smaller and less luminous than those with n > 1.

• Bulge < µB
e > gets brighter as T decreases (Fig. 5). Disk < µD

e > shows a similar, although

weaker, trend. Bulge luminosity MB increases with decreasing T (Fig. 5), but only disks

with T≥7 are significantly less luminous than their early-type counterparts. Neither bulge

nor disk scale lengths rB
e , rD

e vary significantly with Hubble type (Fig. 5).

• When bulge parameters (< µB
e >, rB

e , MB) are compared with disk ones (< µD
e >, rD

e ,

MD), in all cases they are tightly correlated for n = 1 bulges (Figs. 6, 7, 8). The correlations

gradually worsen with increasing n such that n = 4 bulges appear virtually independent of

their disks.

• The scatter in the correlation between bulge < µB
e > and rB

e (Fig. 9) is shown to depend

on bulge shape n; the two parameters are tightly correlated in n = 4 bulges (r = 0.8), and

increasingly less so as n decreases. Disk < µD
e > and rD

e are well correlated (r = 0.7).

• Luminosity ratios B/D are smaller for n = 1 bulges than for n > 1, and increase with

decreasing T , but with a surprisingly large spread (Fig. 10). The value of B/D is governed

by the bulge luminosity, since disks have the same average luminosity independently of their

shape index n. Bulge-to-disk size ratios rB
e /r

D
e are also smaller for n = 1 bulges, but are

independent of Hubble type. The value of rB
e /r

D
e for n = 1 bulges is 4 times smaller than

that for n = 4, with a spread which is 9 times smaller.

• As already known, early-type spirals tend to be more luminous than late types (Fig. 11);

except for T ≥7, this is due to the increasing contribution of the bulge.

• Strongly barred galaxies with exponential bulges are more luminous than their unbarred

counterparts. The difference tends to vanish with increasing n. There is no analogous trend

with T .

4.1. Bulge formation and evolution

The better correlations of bulge and disk properties for exponential bulges suggest that n = 1

bulges and their disks are closely related. The tightness of the relation worsens as n increases, so

that when n = 4, bulges appear independent of their disks. In contrast, the (Kormendy) relation

between bulge SFB and scalelength is very tight for n = 4 bulges, and increasingly noisy for lower

n values. This implies that n = 4 bulges are in some sense more structurally defined than those

with lower n.
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In the Introduction, we sketched the competing scenarios for bulge formation; here we use

the results of our study in an attempt to distinguish among them. In exclusively “early” bulge

formation scenarios, in which the bulge formed before the disk, it is difficult to understand the

close relation we observe between exponential bulges and their disks. This relation and its gradual

degradation as n increases is not easily explained by either the monolithic collapse scenario or CDM

merging of primordial disks. If initial conditions were everything, such as in a monolithic collapse,

bulge and disk properties should be statistically unrelated. The same would be true if stable disk

growth depended on satellite accretion after bulge formation from merging disks, such as in the

CDM merging scenarios. It may be that such processes operate for some (higher n) bulges, but

they are not a good explanation for the global properties of low n ones. Nor can they explain the

gradual worsening of bulge/disk correlations with n.

A close relation between bulges and disks is, however, foreseen by the inside-out formation

scheme of van den Bosch (1997). In this scenario, the collapsing halo forms unstable disks which,

through bar instabilities, rapidly become “bulges”. A disk is able to form only after the bulge

becomes large enough to stabilize the ensuing bar. Nevertheless, in this scenario, it is difficult to

explain the existence of luminous galaxies with very low B/D ratios. If the presence of a disk

depends on the prior buildup of a sufficiently luminous (massive) bulge, then we would not expect

to find galaxies with luminous disks and relatively small bulges. Indeed, the existence of pure disk

galaxies (∼2% of our sample, but see Gavazzi et al. 2000) would appear to contradict this scenario.

A more natural explanation of our observations is the secular evolution scheme in which n = 1

bulges are relatively “young” structures, having formed “recently” from their disks through internal

gravitational instabilities. This process must be dissipative because of phase-space arguments (e.g.,

Wyse 1998), but may not exclusively involve bar-driven gas inflow (e.g., Pfenniger & Norman 1990;

Combes et al. 1990; Friedli & Benz 1993; Norman, Sellwood, & Hasan 1996). The evolutionary

scheme proposed by Zhang in a series of papers (Zhang 1996, 1998, 1999) predicts that “as a galaxy

evolves through the spiral-induced collective dissipation process, its surface density distribution

(i.e., disk plus bulge) will become more and more centrally concentrated, together with the buildup

of an extended outer envelope”. Moreover, in a given galaxy, the observed spread in the angular

momentum distribution reflects the degree to which secular evolutionary processes have been at

work. Since stable stellar systems require a greater degree of velocity anisotropy as n decreases

(Ciotti & Lanzoni 1997), n = 1 bulges must be kinematically less isotropic than higher n ones. If

this anisotropic component is related to tangential motion, and thus to angular momentum, such

bulges must be –in the Zhang scenario– younger.

Let us therefore hypothesize that exponential bulges are indeed younger than those of higher

n, independently of the Hubble type of the galaxy in which they reside. In other words, the first

spheroids to be formed from their disks would be bulges with n = 1. Such a hypothesis is supported

by the blue V-H colors of n = 1 bulges, relative to those with n = 4 (Carollo et al. 2001). It would

also be consistent with the good correlation of exponential bulge properties with those of their disks

as we have seen in Sect. 3.6. If indeed the bulge n increases with time, as predicted by the Zhang

models, then our observation that rB
e and MB increase with n implies that they also increase with

time. The good n = 4 correlation of < µB
e > with rB

e would then be a consequence of their older age

and better defined “relaxed” (virialized?) structure, and their consequent better consistency with

the FP. The degradation of the correlations between bulge and disk parameters with increasing n

would also imply that larger-n bulges are increasingly more distant in time from their disks. In

such a scheme, the bulge and disk branches in Fig. 12 could be interpreted as the “evolutionary

tracks” of these components.
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4.2. The Hubble sequence

Appealing as this picture may be, the trends with Hubble type still need to be explained.

Consistently with previous work, we find that higher n values are more common in early-type

spirals. Conversely, all (our sample) galaxies with T ≥7 have n = 1 bulges. Therefore, there is

some indication that n and Hubble type are (albeit weakly) correlated, and may both be associated

with age or evolutionary state. Since the degree of evolution is expected to be partly determined by

galaxy mass (Zhang 1999), early type spirals which are also more luminous (massive) should in some

sense be more evolved than late types. That surface brightness increases with decreasing Hubble type

for bulges and to a lesser extent for disks is consistent with this expectation. For a given (constant)

rate of star formation from the formation epoch to the present day, and a sufficient gas reservoir, we

would expect higher stellar surface densities in galaxies which have been forming stars for longer.

If, on the other hand, star-formation rates were to depend on (gas+stellar) mass, then we would

expect higher mass systems to have higher stellar densities. Either way, it is difficult to reconcile

the higher stellar surface densities in early type spirals (Fig. 5) with an earlier evolutionary state

(or younger age); they are probably more evolved (i.e., older) systems. Early-type spirals also tend

to have lower gas fractions (e.g., Roberts & Haynes 1994) than later types, presumably a result of

having converted the available gas into stars.

If late-type spirals (n = 1 bulge) are younger than early types (higher n), the question of

bars and their effect on evolution must be addressed, since in local samples of galaxies, >75% of

very late-type spirals (T ≥7) are barred (Ho, Filippenko, & Sargent 1997; Hunt & Malkan 1999).

The excess of bars in very late-type systems may contribute to their morphological evolution as

proposed by many groups (e.g., Combes et al. 1990; Pfenniger & Friedli 1991; Friedli & Benz 1993;

Hasan, Pfenniger, & Norman 1993; Norman, Sellwood, & Hasan 1996). Numerical models show that

bulge-like structures with an exponential n = 1 profile can be produced from bar-like perturbations

that induce inward radial inflow of disk matter (Pfenniger & Friedli 1991; Zhang & Wyse 2000).

Our finding that strongly barred n = 1 bulges tend to be more luminous than unbarred ones could

reflect such evolution.

Indeed, this bar-driven evolutionary scheme has been advocated by Courteau, de Jong, &

Broeils (1996) and MACH03 to explain the relative constancy of B/D size ratios they find in (the

Type I profiles of) their late-type spiral sample. However, they claim that the ratio rB
e /r

D
e is

constant for all spiral types, with the implication that the Hubble sequence is scale free. One of the

main results of our study is that several of the trends observed are clearly detected as a function

of bulge shape n, rather than T ; we interpret this as due to the complex interplay of the spiral

classification criteria. With a sample containing few early-type (T < 2) spirals, and thus few high-n

bulges, several of the trends we found would not be detectable. Hence, we find a wider range of n,

in agreement with other groups (Andredakis, Peletier, & Balcells 1995; MH01; Graham 2001, and

also a wider range of rB
e /r

D
e . We also find that the bulge-to-disk size ratio changes significantly

with n. While such variations with n indicate that the Hubble sequence is not scale free, they do

not necessarily disprove the secular evolution scenario. However, the scenario must be expanded to

include the genesis of bulges with different (higher) n’s, together with their distinct properties.

Bar-driven inflow as the unique mechanism of secular evolution may not be sufficient to explain

the full range of properties in the Hubble sequence of spirals. The analytical models of Zhang &

Wyse (2000) based on viscous evolution of bars find no galaxies with B/D ∼ 1; their bulges are

not sufficiently luminous compared to their disks. Moreover, the secular-evolution simulations of

Bouwens, Cayón, & Silk (1999) which rely on similar assumptions also produce bulges which are

too small and too blue. The collective stellar dissipation scheme proposed by Zhang (1999) may

also be insufficient. While qualitatively consistent with our findings, this scheme produces effects

(e.g., buildup of central concentration) which are much smaller than those we observe, perhaps

because the effects of gas are not included.
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Evidently, some other mechanism is needed, such as mergers (e.g., Baugh, Cole, & Frenk 1996)

or accretion episodes (e.g., Steinmetz & Navarro 2002). However, even mergers in hierarchical

clustering scenarios are not able to generate the range of bulge/disk properties in our sample.

Scannapieco & Tissera (2003) use hydrodynamical simulations to assess the effects of mergers on

disk galaxy structure. While they are able to reproduce the bulge-to-disk size relation for the n ≤ 2

bulges in our sample and in that of MACH03, the tight correlation of rB
e /r

D
e for n = 1 bulges is

not explained. Moreover, they fail to predict the strong increase of rB
e with n (Fig. 4 and other

work), since their models predict the opposite trend. Nevertheless, they successfully reproduce the

B/D ratio as a function of bulge shape, although their n values tend to cluster around 1, unlike

the early-type spirals in our sample which tend to be best fit by larger n values (Fig. 3). On the

other hand Aguerri, Balcells, & Peletier (2001) are able to reproduce n = 4 bulges with satellite

accretion, but only with satellites as massive as the bulge itself.

4.3. Conclusions

The hypothesis that emerges from our study is essentially the following:

• Disks are formed first, during an initial collapse, and have properties which depend on the

mass and angular momentum of the dark-matter (DM) halo.

• Bulges are then born first as n = 1 systems, through secular transfer of disk material to the

central regions, probably by bar instabilities.

• With an evolutionary rate that depends on initial conditions (gas+DM mass, angular mo-

mentum), n of the bulge increases, with consequent growth of rB
e , MB , and B/D, perhaps

by means of the collective dissipation mechanism described by Zhang (1999), together with

the effects of gas transfer.

• As n gets larger and the bulge builds up, Hubble type gets earlier, with consequent brightening

(SFB) of bulges and (less so) disks, and an increase of MB , B/D.

• Since n = 1 bulges are relatively unevolved systems, in a state of formation at the present

epoch, they are structurally not as relaxed as larger n bulges, and present a large scatter

in the < µB
e > − log rB

e (Kormendy) relation. Their stellar luminosity is enhanced by the

presence of a strong bar driving the evolution. The n = 1 bulges that we see today are those

systems which have had long evolutionary times, probably because of their lower luminosity

(mass). The evolutionary state of the disk would also be a function of n, since the entire

system would be expected to have evolved faster when n is larger.

• Mergers of bulge/disk systems and accretion of gas probably affect the buildup of the bulge,

but are probably important only for the creation of high-n bulges.

• The correlation between “evolutionary state indicators”n and T is not expected to be perfect

because of the complex nature of spiral classification, and because of variations in galaxy

mass, angular momentum, bar strength, gas fraction, dark halo merging history, and perhaps

other parameters.

• The gradual growth of a bulge as n increases is implied by the continuity we observe in

bulge properties as a function of n. All trends are tight for n = 1, and steadily worsen with

increasing n, except for the Kormendy relation which is best followed by structurally evolved

systems (n = 4).
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One prediction of such a scenario is a certain spread in stellar age for high-n bulges. Detailed

simulations are necessary to assess whether this prediction is in conflict with the level of synchronic-

ity in the star-formation history observed in spheroids (Bower et al. 1992). We also would expect

that exponential bulges, prevalent in late-type spirals and closely connected with their disks, would

be more dominated by rotation than their higher n counterparts. Low-luminosity spheroids are

known to have a higher degree of rotational support than more luminous ones (Davies et al. 1983),

so it may be that this is true also for n = 1 bulges relative to those of higher n.

Clearly more modelling is needed to understand the full range in properties along the Hubble

sequence, and what they imply for bulge formation. However, secular evolution appears to be a

strong driver of the Hubble sequence. Our observations are compatible with the hypothesis that n

and T are both rough measures of bulge age, and that bulges are, at least initially (n = 1), formed

secularly from disks.

We warmly thank G. Moriondo who compiled this sample for his Ph.D. thesis, and performed

many of the observations, all the data reduction, and much of the preliminary analysis. We also

thank the ARNICA team for making the camera possible, and the various telescope committees for

generous time allocations.
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CHAPTER 8

The Relation between Black Hole Mass, Bulge Mass, and Near-Infrared

Luminosity

Abstract1

We present new accurate near-infrared (NIR) spheroid (bulge) structural parameters ob-

tained by two-dimensional image analysis for all galaxies with a direct black hole (BH) mass

determination. As expected, NIR bulge luminosities Lbul and BH masses are tightly corre-

lated, and if we consider only those galaxies with secure BH mass measurement and accurate

Lbul (27 objects), the spread of MBH-Lbul is similar to MBH-σe, where σe is the effective

stellar velocity dispersion. We find an intrinsic rms scatter of ' 0.3 dex in logMBH. By

combining the bulge effective radii Re measured in our analysis with σe, we find a tight

linear correlation (rms ' 0.25 dex) between MBH and the virial bulge mass (∝ Reσ
2
e), with

〈MBH/Mbul〉 ∼ 0.002. A partial correlation analysis shows that MBH depends on both σe

and Re, and that both variables are necessary to drive the correlations between MBH and

other bulge properties.

1. Introduction

Central massive black holes (BHs) are now thought to reside in virtually all galaxies with a hot

spheroidal stellar component (hereafter bulge). Such BHs seem to be a relic of past quasar activity

(e.g., So ltan 1982; Marconi & Salvati 2002; Yu & Tremaine 2002; Aller & Richstone 2002) and

related to host galaxy properties, with the implication that BH and galaxy formation processes are

closely linked. Previous work has shown that BH mass MBH is correlated with both blue luminosity

LB,bul and bulge mass Mbul, although with considerable intrinsic scatter (rms ∼ 0.5 in logMBH;

Kormendy & Richstone 1995). However, MBH and the bulge effective stellar velocity dispersion

σe correlate more tightly (rms ∼ 0.3) than MBH-LB,bul (Ferrarese & Merritt 2000; Gebhardt et

al. 2000). The smaller scatter of the MBH-σe correlation suggests that the bulge dynamics (or

mass), rather than luminosity, is the agent of the correlation. But the smaller spread relative to

MBH-Lbul appears to be an artefact of the manipulations necessary to derive Lbul. Indeed, recent

work has shown that when bulge parameters are measured with more accuracy [e.g. profile fitting

1This chapter is taken from Marconi, A., & Hunt, L.K. 2003, ApJL, 589, 21.
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rather than average correction for disk light (Simien & de Vaucouleurs 1986)], the resulting scatter

is comparable to that of MBH-σe (McLure & Dunlop 2002; Erwin et al. 2003). The correlation

between MBH and bulge light concentration also has a comparably low scatter (Graham et al.

2001). Nevertheless, there are strong indications that LB,bul of the brightest elliptical galaxies,

for which decomposition issues are unimportant, deviate significantly from the MBH-Lbul relation

(Ferrarese 2002). Hence, longer wavelengths may also be necessary to better define the intrinsic

scatter in MBH-Lbul compared to that of MBH-σe.

In this paper, we reexamine the MBH-Lbul correlation by accurately measuring the bulge

luminosity in the near-infrared (NIR) for all galaxies with a well-determined MBH. All previous

studies have used optical light (B or R) to test the MBH-Lbul relation, but NIR light provides

a clear advantage over the optical: it is a better tracer of stellar mass and less subject to the

effects of extinction. If the physical correlation is between the BH mass and bulge mass, the NIR

correlations MBH-Lbul should be tighter than those in the optical, because of the smaller variation of

M/L ratio Υ with mass (e.g., Gavazzi 1993). Moreover, we use a two-dimensional (2D) bulge/disk

decomposition to determine bulge parameters, an improvement on earlier work which applied 1D

fits only. Here we construct the largest possible sample, by considering all galaxies which have been

used for the MBH-σe and MBH-LB,bul correlations. In §2 we present the sample of galaxies with

direct dynamical BH mass measurements, and in §4 describe the images and the 2D bulge/disk

decomposition applied to them. Finally, in §4 we discuss the results of the analysis.

2. The Sample

To date, there are 37 galaxies with direct gas kinematical or stellar dynamical determination

of the central BH mass. These galaxies have been compiled and made into a uniform sample

(e.g., for distances) by a number of authors (e.g., Merritt & Ferrarese 2002; Tremaine et al. 2002;

hereafter MF02 and T02, respectively). We adopt the data from the recent paper by T02 with some

modifications and additions. The data in Columns 1-5 and 9 of Table 2 are from the compilation

by T02 and the reader can refer to that paper for more details. Differently from T02, when galaxy

distances from surface brightness fluctuations (Tonry et al. 2000) are not available, we use recession

velocities corrected for Virgocentric infall from the LEDA database (http://leda.univ-lyon1.

fr/) with H0 = 70 km s−1 Mpc−1. In a few cases, we also consider BH mass estimates from

different papers than those used by T02; thus, in Col. 6, we indicate the appropriate references.

With respect to the 31 galaxies considered by T02 we add: Cygnus A (Tadhunter et al. 2003),

M81 (Devereux et al. 2003), M84 (Bower et al. 1998), NGC 4594 (Kormendy 1988), Centaurus A

(Marconi et al. 2001) and NGC 5252 (Capetti et al. 2003).

Following MF02, we divide the galaxies into two groups. In the first group, we place all the

galaxies which have a secure BH mass measurement and an accurate determination of the bulge

NIR luminosity. We consider ‘secure’ those BH masses for which the black hole sphere of influence,

RBH = GMBH/σ
2
e (column 7 of Table 2), has been clearly resolved, i.e., Nres = 2RBH/Rres > 1,

where Rres is the spatial resolution of the observations. Additional reasons for placing galaxies in

Group 2 are given in Table 2.

3. Image Analysis

We have constructed a homogeneous set of NIR images of the galaxies presented in Table 2

(except for the Milky Way and M31) by retrieving J, H, and K atlas images from the 2-Micron

All Sky Survey (2MASS; http://www.ipac.caltech.edu/2mass). When a single atlas image

contained only a portion of the galaxy, we also retrieved adjacent tiles and mosaicked the images

after subtracting the sky background and rescaling for the different zero points. The 2MASS images
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are photometrically calibrated with a typical accuracy of a few percent. More details can be found

in Hunt & Marconi (2003; hereafter Paper II).

We performed a 2D bulge/disk decomposition of the images using the program GALFIT (Peng

et al. 2002) which is made publicly available by the authors. This code allows the fitting of sev-

eral components with different functional shapes (e.g., generalized exponential (Sersic) and simple

exponential laws); the best fit parameters are determined by minimizing χ2. More details on GAL-

FIT can be found in Peng et al. (2002). We fit separately the J, H and K images. Each fit was

started by fitting a single Sersic component and constant background. When necessary (e.g., for

spiral galaxies), an additional component (usually an exponential disk) was added. In many cases

these initial fits left large residuals and we thus increased the number of components (see also Peng

et al. 2002). The fits are described in detail in Paper II. In Table 2 we present the J, H and K

bulge magnitudes, effective bulge radii Re in the J band, and their uncertainties. The J, H and K

magnitudes were corrected for Galactic extinction using the data by Schlegel, Finkbeiner, & Davis

(1998). We used the J band to determine Re because the images tend to be flatter, and thus the

background is better determined.

4. Results and Discussion

In Fig. 1 we plot, from left to right, MBH vs LK,bul, MBH vs Mbul, and the residuals of MBH-σe

vs Re (based on the fit from T02). Only Group 1 galaxies are shown. Mbul is the virial bulge

mass given by k Re σ
2
e/G; if bulges behave as isothermal spheres, k = 8/3. However, comparing

our virial estimates Mbul with those Mdyn, obtained from dynamical modeling (Magorrian et al.

1998; Gebhardt et al. 2003), shows that Mbul and Mdyn are well correlated (r = 0.88); setting

k = 3 (rather than 8/3) gives an average ratio of unity. Therefore, we have used k = 3 in the above

formula. Considering the uncertainties of both mass estimates, the scatter of the ratio Mbul/Mdyn is

0.21 dex. We fit the data with the bisector linear regression from Akritas & Bershady (1996) which

allows for uncertainties on both variables and intrinsic dispersion. The FITEXY routine (Press et

al. 1992) used by T02 gives consistent results (see Fig. 1). Fit results of MBH vs galaxy properties

for Group 1 and the combined samples are summarized in Table 2. The intrinsic dispersion of

the residuals (rms) has been estimated with a maximum likelihood method assuming normally-

distributed values. Inspection of Fig. 1 and Table 2 show that LK,bul and Mbul correlate well with

the BH mass. The correlation between MBH and Mbul is equivalent to that between the radius of

the BH sphere of influence RBH (= GMBH/σ
2
e) and Re.

4.1. Intrinsic Dispersion of the Correlations

To compare the scatter of MBH-Lbul for different wavebands, we have also analyzed the B-

band bulge luminosities for our sample. The upper limit of the intrinsic dispersion of the MBH-Lbul

Table 2. Fit results (logMBH = a+ bX).

Group 1 Galaxies All Galaxies

X a b rms a b rms

log LB,bul − 10.0 8.18 ± 0.08 1.19 ± 0.12 0.32 8.07 ± 0.09 1.26 ± 0.13 0.48

log LJ,bul − 10.7 8.26 ± 0.07 1.14 ± 0.12 0.33 8.10 ± 0.10 1.24 ± 0.15 0.53

log LH,bul − 10.8 8.19 ± 0.07 1.16 ± 0.12 0.33 8.04 ± 0.10 1.25 ± 0.15 0.52

log LK,bul − 10.9 8.21 ± 0.07 1.13 ± 0.12 0.31 8.08 ± 0.10 1.21 ± 0.13 0.51

log Mbul − 10.9 8.28 ± 0.06 0.96 ± 0.07 0.25 8.12 ± 0.09 1.06 ± 0.10 0.49
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Fig. 1.— Left (a): MBH vs LK,bul for the galaxies of Group 1. The solid lines are obtained with

the bisector linear regression algorithm by Akritas & Bershady (1996), while the dashed lines are

ordinary least square fits. Center (b): MBH vs Mbul with the same notation as in the previous

panel. Right (c): residuals of MBH-σe vs Re, in which we use the MBH-σe regression by T02.

correlations goes from ∼ 0.5 dex in logMBH when considering all galaxies, to ∼ 0.3 when considering

only those of Group 1. Hence, for galaxies with reliable MBH and Lbul, the scatter of MBH-Lbul

correlations is ∼ 0.3, independently of the spectral band used (B or JHK), comparable to that

of MBH-σe. This scatter would be smaller if measurement errors are underestimated. McLure &

Dunlop (2002) and Erwin et al. (2003) reached a similar conclusion using R-band Lbul but on smaller

samples. The correlation between R-band bulge light concentration and MBH has a comparable

scatter (Graham et al. 2001).

Since MBH-LB,bul and MBH-LNIR,bul have comparable dispersions, the rough bulge/disk de-

composition (§1), the larger reddening and stellar population effects do not apparently compromise

the correlation. Most of the galaxies in the sample are early types, and thus may be less sensitive to

the above effects. However, the scatter in the MBH-Lbul correlations does not decrease significantly

when considering only elliptical galaxies.

The correlation between MBH and Mbul has a slightly lower dispersion (0.25 versus 0.3) than

MBH-Lbul. If the scatter of Mbul-Mdyn (0.21 dex) is an indication of the additional uncertainties on

our virial estimates, then the intrinsic scatter of MBH-Mbul drops to ∼ 0.15 dex. Judging from the

present data where only secure MBH and Lbul are included, σe, Mbul, LB,bul and LNIR,bul provide

equally good MBH estimates to within a factor of ∼ 2.

4.2. Correlation slopes

All the slopes are roughly unity, but those of MBH-Lbul are systematically larger than that of

MBH-Mbul. This is expected if Lbul correlates with MBH because of its dependence on Mbul through

the stellar M/L ratio. From our Mbul-Lbul relation, we find that log ΥK = 0.18 logLK,bul−2.1; the

weak dependence of Υ on L fully accounts for the different slopes of MBH-LK,bul and MBH-Mbul,

and the same applies to the J and H bands.

All correlations are thus consistent with a direct proportionality between MBH and bulge mass.

This contrasts with previous claims of a non-linearity of the MBH-Mbul relation (Laor 2001) but

is in agreement with McLure & Dunlop (2002). A partial correlation analysis of logMBH (variable

x1), logσe (x2), and logRe (x3) shows that MBH is separately significantly correlated both with σe

and Re. The Pearson partial correlation coefficients, in which the known dependence of σe and Re

is eliminated, are r12 = 0.83, r13 = 0.65, with a significance of > 99.9%. This is shown graphically

in Fig. 1c, where the residuals of the T02 MBH-σe correlation are plotted against Re; there is a
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weak, but significant, correlation of these residuals with Re. Consequently, when galaxy structural

parameters are measured carefully from 2D image analysis, the additional, weaker, dependence

of MBH on Re is uncovered. Thus, a combination of both σe and Re is necessary to drive the

correlations between MBH and other bulge properties. This fundamental plane of black holes will

be further investigated elsewhere.

The average logMBH/Mbul can be estimated assuming a log-normal distribution with normally

distributed observational errors. With maximum likelihood we find 〈logMBH/Mbul〉 = −2.63 with

an intrinsic dispersion of 0.27 dex (-2.79 and 0.49 dex for all galaxies). Adopting the method of

Merritt & Ferrarese (2001), we find 〈logMBH/Mbul〉 = −2.81 and rms = 0.36 (-2.86 and 0.44 for

all galaxies) consistently with their result of -2.9 and 0.45 dex (see also McLure & Dunlop 2002).

We thank A. Capetti, E. Emsellem, W. Maciejewski, C. Norman, and E. Oliva for use-
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a joint project of the University of Massachusetts and the IPAC/CalTech, funded by NASA and
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Table 2. Galaxy Sample.

Galaxy Type D σe MBH (+,−) Ref RBH Nres MB MJ MH MK Re Mbul

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Group 1

NGC4258 Sbc 7.2 130 3.9 (0.1, 0.1) × 107 m-1 0.28 71 -17.2 -20.9 -22.0 -22.4 0.92 ± 0.23 1.1 ± 0.3 × 1010

M87 E0 16.1 375 3.4 (1.0, 1.0) × 109 g-2 1.33 33 -21.5 -24.6 -25.2 -25.6 6.4 ± 1.6 6.2 ± 1.7 × 1011

NGC3115 S0 9.7 230 9.1 (9.9, 2.8) × 108 s-3 1.57 15 -20.2 -23.5 -24.2 -24.4 4.7 ± 1.2 1.7 ± 0.5 × 1011

NGC4649 E1 16.8 385 2.0 (0.4, 0.6) × 109 s-4 0.71 14 -21.3 -24.9 -25.5 -25.8 8.1 ± 2.0 8.4 ± 2.2 × 1011

M81 Sb 3.9 165 7.6 (2.2, 1.1) × 107 g-5 0.63 13 -18.2 -23.1 -23.9 -24.1 3.4 ± 0.9 6.4 ± 1.8 × 1010

M84 E1 18.4 296 1.0 (2.0, 0.6) × 109 g-6 0.55 11 -21.4 -24.7 -25.8 -25.7 8.2 ± 2.1 5.0 ± 1.4 × 1011

M32 E2 0.8 75 2.5 (0.5, 0.5) × 106 s-7 0.49 9.7 -15.8 -18.9 -19.7 -19.8 0.24 ± 0.06 9.6 ± 2.6 × 108

CenA S0 4.2 150 2.4 (3.6, 1.7) × 108 g-8 2.25 9.0 -20.8 -23.8 -24.3 -24.5 3.6 ± 0.9 5.6 ± 1.5 × 1010

NGC4697 E4 11.7 177 1.7 (0.2, 0.1) × 108 s-4 0.41 8.2 -20.2 -23.9 -24.5 -24.6 9.1 ± 2.3 2.0 ± 0.5 × 1011

IC1459 E3 29.2 340 1.5 (1.0, 1.0) × 109 s-9 0.39 7.8 -21.4 -24.8 -25.3 -25.9 8.2 ± 2.0 6.6 ± 1.8 × 1011

NGC5252 S0 96.8 190 1.0 (0.2, 0.4) × 109 g-10 0.25 5.1 -20.8 -24.4 -25.2 -25.6 9.7 ± 2.4 2.4 ± 0.9 × 1011

NGC2787 SB0 7.5 140 4.1 (0.4, 0.5) × 107 g-11 0.25 5.0 -17.3 -20.4 -21.1 -21.3 0.32 ± 0.08 4.4 ± 1.2 × 109

NGC4594 Sa 9.8 240 1.0 (1.0, 0.7) × 109 s-12 1.57 5.0 -21.3 -24.2 -24.8 -25.4 5.1 ± 1.3 2.0 ± 0.5 × 1011

NGC3608 E2 22.9 182 1.9 (1.0, 0.6) × 108 s-4 0.22 4.4 -19.9 -23.4 -24.0 -24.1 4.3 ± 1.1 9.9 ± 2.7 × 1010

NGC3245 S0 20.9 205 2.1 (0.5, 0.5) × 108 g-13 0.21 4.2 -19.6 -22.4 -23.1 -23.3 1.3 ± 0.3 3.9 ± 1.0 × 1010

NGC4291 E2 26.2 242 3.1 (0.8, 2.3) × 108 s-4 0.18 3.6 -19.6 -23.1 -23.8 -23.9 2.3 ± 0.6 9.5 ± 2.5 × 1010

NGC3377 E5 11.2 145 1.0 (0.9, 0.1) × 108 s-4 0.38 3.6 -19.0 -22.7 -23.5 -23.6 5.4 ± 1.3 7.8 ± 2.1 × 1010

NGC4473 E5 15.7 190 1.1 (0.4, 0.8) × 108 s-4 0.17 3.4 -19.9 -23.1 -23.6 -23.8 2.8 ± 0.7 6.9 ± 1.9 × 1010

CygnusA E 240 270 2.9 (0.7, 0.7) × 109 g-14 0.15 2.9 -21.9 -26.4 -26.9 -27.3 31 ± 8 1.6 ± 1.1 × 1012

NGC4261 E2 31.6 315 5.2 (1.0, 1.1) × 108 g-15 0.15 2.9 -21.1 -24.6 -25.4 -25.6 6.5 ± 1.6 4.5 ± 1.2 × 1011

NGC4564 E3 15.0 162 5.6 (0.3, 0.8) × 107 s-4 0.13 2.5 -18.9 -22.5 -23.3 -23.4 3.0 ± 0.7 5.4 ± 1.5 × 1010

NGC4742 E4 15.5 90 1.4 (0.4, 0.5) × 107 s-16 0.10 2.0 -18.9 -22.1 -22.8 -23.0 2.0 ± 0.5 1.1 ± 0.3 × 1010

NGC3379 E1 10.6 206 1.0 (0.6, 0.5) × 108 s-17 0.20 1.9 -19.9 -23.1 -23.7 -24.2 2.9 ± 0.7 8.5 ± 2.3 × 1010

NGC1023 SB0 11.4 205 4.4 (0.5, 0.5) × 107 s-18 0.08 1.6 -18.4 -22.6 -23.3 -23.5 1.2 ± 0.3 3.4 ± 0.9 × 1010

NGC5845 E3 25.9 234 2.4 (0.4, 1.4) × 108 s-4 0.15 1.4 -18.7 -22.0 -22.7 -23.0 0.50 ± 0.12 1.9 ± 0.5 × 1010

NGC3384 S0 11.6 143 1.6 (0.1, 0.2) × 107 s-4 0.06 1.2 -19.0 -21.7 -22.3 -22.6 0.49 ± 0.12 7.0 ± 1.9 × 109

NGC6251 E2 107.0 290 6.1 (2.0, 2.1) × 108 g-19 0.06 1.2 -21.5 -25.4 -26.4 -26.6 11 ± 3 6.7 ± 1.8 × 1011



C
h

ap
ter

8
172

Table 2—Continued

Galaxy Type D σe MBH (+,−) Ref RBH Nres MB MJ MH MK Re Mbul

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Group 2?

MilkyWay SBbc 0.008 103 4.1 (0.6, 0.6) × 106 s-20 42.9 1714 -17.6 -22.0 -22.2 -22.3 0.70 ± 0.20 5.2 ± 2.5 × 109

M31 Sb 0.8 160 4.5 (4.0, 2.5) × 107 s-21 2.05 41 -19.0 -21.8 -22.5 -22.8 1.0 ± 0.3 1.9 ± 0.5 × 1010

NGC1068 Sb 15.0 151 8.3 (0.3, 0.3) × 106 m-22 0.02 2.7 -18.8 -23.6 -24.7 -25.0 3.1 ± 0.8 5.0 ± 1.4 × 1010

NGC4459 S0 16.1 186 7.0 (1.3, 1.3) × 107 g-11 0.11 2.2 -19.1 -23.9 -24.2 -24.5 15 ± 4 3.6 ± 1.0 × 1011

NGC4596 SB0 27.9 152 7.8 (4.2, 3.3) × 107 g-11 0.11 2.1 -20.6 -23.0 -23.7 -23.8 1.6 ± 0.4 2.6 ± 0.7 × 1010

NGC7457 S0 13.2 67 3.5 (1.1, 1.4) × 106 s-4 0.05 1.0 -17.7 -21.3 -22.0 -21.8 4.8 ± 3.5 1.5 ± 1.1 × 1010

NGC4342 S0 11.4 225 2.2 (1.3, 0.8) × 108 s-23 0.34 0.8 -16.4 -20.1 -20.7 -20.7 0.29 ± 0.07 1.0 ± 0.3 × 1010

NGC0821 E4 24.1 209 3.7 (2.4, 0.8) × 107 s-4 0.03 0.6 -20.4 -24.4 -24.9 -24.8 20 ± 5 6.2 ± 1.7 × 1011

NGC2778 E2 22.9 175 1.4 (0.8, 0.9) × 107 s-4 0.02 0.4 -18.6 -22.0 -22.8 -23.0 3.0 ± 0.8 6.5 ± 1.7 × 1010

NGC7052 E4 71.4 266 4.0 (2.8, 1.6) × 108 g-24 0.07 0.5 -21.7 -25.2 -25.9 -26.1 12 ± 3 6.0 ± 1.6 × 1011

Note. — (1) Galaxy Name. (2) Morphological type from RC3. (3) Galaxy Distance in Mpc. (4) Stellar velocity dispersions from T02 and

Kormendy & Gebhardt 2001 in units of km s−1. All σe values have ±5% errors except for the Milky Way (±20 km s−1), Cygnus A (±90 km s−1,

Thornton, Stockton, & Ridgway 1999) and NGC5252 (±27 km s−1). (5) BH mass in units of M�. ’(+,-)’ indicate the ± errors. (6) Method of

MBH determination (g=gas kinematics, s=stellar dynamics, m=gas kinematics with maser spots) and references from where MBH was obtained (if

necessary it was rescaled to the distances in column 3). (7) Black hole sphere of influence, RBH = GMBH/σ2
e , in arcseconds. (8) Nres = 2RBH/Rres

where Rres is the spatial resolution of the observations (9) Absolute bulge B luminosity from T02 or extracted from the RC3 catalog (de Vaucouleurs

et al. 1991). (10,11,12) Absolute J, H and K bulge magnitudes. Milky Way J and K values are taken from Dwek et al. (1995) while for M31 we

have corrected the total galaxy magnitudes Malhotra et al. (1996) with the Simien & de Vaucouleurs (1986) disk-bulge average ratios; H values are

interpolated. All MJ , MH and MK values have errors ±0.1 mag except for the Milky Way (∆MJ = 0.75, ∆MH = 0.75, ∆MK = 0.75), M31 (0.4,

0.5, 0.4), Centaurus A (0.2, 0.3, 0.2), NGC 1068 (0.6, 0.6, 0.6) and NGC 7457 (0.6, 0.4, 0.4). (13) J band effective bulge radius in kpc. For the Milky

Way we have taken the estimate by T02, while for M31 we have used that by Kormendy & Bender (1999). (14) Virial bulge mass in units of M�.

? Though the Milky Way represents by far the best case for a BH, it has been placed in group 2 because existing measurements of the bulge near-IR

luminosity are uncertain and because it is beyond the scope of this paper to estimate the luminosity of the Milky Way bulge from 2MASS data.

This is also the case for M31. NGC 1068 is in group 2 because the BH mass estimate is not ’secure’ in the sense that the maser spots are moving

sub-keplerianly (Greenhill et al. 1996) and MBH depends on the adopted disk model (Lodato & Bertin 2003). Also the complex morphology did not

allow to obtain an accurate estimate of the bulge luminosity. In the cases of NGC 4459 and NGC 4596, the data do not allow a tight constraint on

MBH (Sarzi et al. 2001).

References. — 1) Herrnstein et al. 1999; 2) Macchetto et al. 1997; 3) Emsellem, Dejonghe, & Bacon 1999; 4) Gebhardt et al. 2003; 5) Devereux

et al. 2003; 6) average of Bower et al. 1998; Maciejewski & Binney 2001; 7) Verolme et al. 2002; 8) Marconi et al. 2001; 9) average of Verdoes Klein

et al. 2000 and Cappellari et al. 2002; 10) Capetti et al. 2003; 11) Sarzi et al. 2001; 12) Kormendy 1988; 13) Barth et al. 2001; 14) Tadhunter et al.

2003; 15) Ferrarese et al. 1996; 16) T02; 17) Gebhardt et al. 2000; 18) Bower et al. 2001; 19) Ferrarese & Ford 1999; 20) Ghez et al. 2003; Schodel et

al. 2002; 21) Tremaine 1995; Kormendy & Bender 1999; Bacon et al. 2001; 22) Lodato & Bertin 2003; Greenhill et al. 1996; 23) Cretton & van den

Bosch 1999; 24) van der Marel & van den Bosch 1998



CHAPTER 9

The Disks of Galaxies that Host Seyfert and Starburst Nuclei:

I. Near-Infrared Colors and Color Gradients

Abstract1

We present near-infrared (NIR) broadband and color images of 26 galaxies which host Seyfert 1

(Sy1), Seyfert 2 (Sy2), or starburst nuclei (SBNs). The study is focussed on properties of the

host galaxies rather than their nuclei and, to this end, careful attention is paid to photometric

accuracy and to reliable measurements of the low-surface-brightness outer disk. Inspection of the

elliptically-averaged radial brightness and color profiles reveals that: (i) the NIR mean colors of

the inner and outer disks of Seyferts and starbursts are consistent with a normal late-type stellar

population, and do not differ significantly with activity class; (ii) the color gradients in the outer

disks are similar both in sign and magnitude to those observed in normal spirals; (iii) red “ridges”

in the inner parts of the J −H profile are evident in the majority of SBNs, but only in a few Sy1s,

and in no Sy2s; (iv) circumnuclear blue “dips” in the J −H profile are seen only in Sy2s. We then

construct color images and find ridges, rings, and filaments, not evident in the broadband images,

in the inner disks of SBNs and in NGC 7469, a Seyfert 1. The application of a simple model to these

features yields evidence for both dust extinction and excess 2-µm emission. Color-color diagrams

of individual pixels confirm these results, and also show that the stellar mix in most of the Sy2s

comprises a conspicuous contribution from an intermediate-age (3 − 5 × 108 yrs) population. In

conclusion, it appears that ongoing star formation in the inner disks of SBNs is signalled by the

presence of dust (and gas); the absence of such features in both Seyfert types implies that star

formation episodes are either absent or very old. However, while the blue colors of Sy2s suggest

that a burst of star formation did, in fact, occur not more than 109 yrs ago, the normal colors of

Sy1s imply that any starforming episodes must be significantly older.

1. Introduction

The relationship of a Seyfert nucleus to its host galaxy is one of the outstanding questions

in the study of active galactic nuclei (AGNs). Properties of the Seyfert galaxy such as mass and

1This chapter is taken from Hunt, L.K., Malkan, M.A., Salvati, M., Mandolesi, N., Palazzi, E., & Wade, R. 1997,

ApJS, 108, 229.
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luminosity concentration, morphological type, relative dominance of the bulge and disk components,

metal abundance, and total luminosity may be expected to influence nuclear activity and perhaps

in turn be affected by it.

The connection between Seyfert activity and intense star formation is a further outstanding

question. The standard model for a Seyfert nucleus invokes accretion onto a massive compact ob-

ject (cf. Rees 1977; Malkan 1983). Either this scenario or a nuclear burst of star formation (e.g.,

Terlevich et al. 1992) requires a reservoir of gas and an efficient way to concentrate the gas into

small nuclear regions on time scales that are comparable with the duration of the activity. Given

that high rates of star formation seem to be causally linked to high gas surface densities (Elmegreen

1987; Larson 1985; Kennicutt 1989), one would expect nuclear activity, whatever its cause, to be

frequently associated with intense star-forming episodes. There are some indications from obser-

vations that star formation is enhanced in the circumnuclear regions and disks of Seyfert galaxies

(Rodr̀ıguez-Espinosa, Rudy, & Jones 1987; Wilson 1988; Hunt & Giovanardi 1992), although other

observations appear to contradict this (Heckman et al. 1989; Carone 1992).

The problem of fuel supply and transport involves large quantities of mass, ∼ 107 − 109M�,

most of which must be somehow brought in from extra-nuclear regions. Current wisdom places

the origin of this gas in the galactic disk (e.g., Shlosman, Begelman, & Frank 1989; Barnes &

Hernquist 1991), but the mechanism by which the gas is transported into the nuclear regions of

the galaxy must reduce specific angular momentum of the gas by � 104 since viscous processes

become important only on very small spatial scales (� 10 pc) (Hernquist 1989; Shlosman et al.

1989). It seems likely on both observational (e.g., Simkin et al. 1980) and theoretical (Heller &

Shlosman 1994) grounds that the nuclear source is fed by disk gas, swept inwards by large-scale

non-axisymmetric perturbations in the gravitational potential. These perturbations could arise

from intrinsic global instabilities or from tidal interactions, and should be associated with irregular

morphology, bars, rings, twisted isophotes, or oval distortions. Observational evidence for such non-

axisymmetric structures in active galaxies is mounting (e.g., Simkin et al. 1980; MacKenty 1990;

Moles, Márquez, & Pérez 1995), but studies restricted to optical wavebands have some fundamental

limitations.

The advantages of studying galaxies in the near-infrared (NIR) bands have long been known:

(i) the energy output of a normal stellar population is dominated by old red giants and therefore

peaks around 1µm; and (ii) dust extinction is substantially reduced at these wavelengths. For both

reasons, the NIR properties of galaxies tend to be more homogeneous and well-defined than in the

optical, and the NIR wavelength bands are thus ideal when searching for bars or oval distortions.

Indeed, specific cases of so-called NIR bars are becoming more and more numerous (e.g., NGC 253,

Scoville et al. 1985; NGC 1068, Thronson et al. 1989; M 82, Telesco et al. 1991; NGC 7469,

Mazzarella et al. 1994). NIR wavelengths also facilitate studies of circumnuclear regions in AGNs

because the contrast between the stellar and non-thermal contributions is maximized. On the other

hand, a 2.2µm K-band excess can point to the hot dust that is sometimes associated with violent

star formation (e.g., Joseph et al. 1984; Hunt & Giovanardi 1992). The chief difficulty with such

observations has been with the sensitivity and number of pixels of infrared detectors. When IRCAM

became operational on the UK Infrared Telescope (UKIRT), a number of groups (including ours)

recognized the opportunity to overcome these problems much more effectively than had heretofore

been possible.

We have adopted an observational approach to address the connection between an active nu-

cleus and its host galaxy. In this paper, the first of a series, we present NIR images of 26 galaxies

which host Seyfert (Sy) or starburst nuclei (SBNs, e.g., Feldman et al. 1982). Subsequent papers

will describe the structural components of these galaxies together with the analysis of the non-

axisymmetric features in the images (Paper II), and the amplitudes and colors of the Seyfert and

starburst nuclei (Paper III). Here we discuss the sample selection in §2, followed by a description
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of the observations and our data reduction and analysis in §3. In particular, we determine, inde-

pendently of the background subtraction, NIR disk colors and color gradients of the galaxies in our

sample, and compare their properties, in §4, with those of normal spirals. We also present in §4
NIR color images of the central regions of these galaxies which reveal structures visible only in the

colors.

Unlike most previous NIR imaging studies of Seyferts (Kotilainen et al. 1992a, 1992b; Koti-

lainen & Ward 1994; Alonso-Herrero, Kotilainen, & Ward 1995 – hereafter collectively KW; Zitelli

et al. 1993; Danese et al. 1992 – hereafter collectively ZD), this project was designed to investigate

properties of the host galaxies. Hence deep images, acquired at the UKIRT, were obtained in three

bands to measure the low-surface-brightness outer disk. The galaxies’ distances were constrained

in the sample selection (see below) so that, in most cases, it was possible to image the outer disks

without using mosaics. As a result, the range of distances, and spatial resolution, of each activity-

class subsample is similar, and within a class varies by roughly a factor of two. Finally, special care

was paid to the determination of the background level and to photometric corrections so that disk

colors could be accurately determined and compared to the wealth of normal galaxy photometry

in the literature.

2. Sample Selection

The Seyfert galaxies studied here belong to the spectroscopically-defined CfA sample (Edelson

1987; Huchra & Burg 1992). To ensure that the galaxies could be successfully observed with the

small-format (62×58) array in the UKIRT camera (IRCAM1), we imposed a constraint on redshift,

z ≥ 0.015. Such a constraint ensured that the galaxies would be close enough so that we could

resolve relatively small spatial structures, but distant enough so that they would not overfill the

IRCAM array. We have obtained images in three colors of more than half (9/17 Sy 1’s and 8/14

Sy 2’s) of the subsample of those galaxies in the CfA sample with z ≥ 0.015. For two particularly

large galaxies–NGC 5674 and 1335+39–we obtained mosaics. The observed sample was selected

essentially randomly from the CfA list, and, as mentioned above, spans a range of about a factor of

two in distance; Table 1 gives the global properties of the observed galaxies. Distances are computed

from the redshifts, correcting for infall according to Geller & Huchra (1983), with a Hubble constant

H0 = 75 km s−1 Mpc−1.

To test the alleged connections between starburst activity and AGNs, we also imaged galaxies

with starburst nuclei in the same redshift range. These were selected from the survey of SBNs taken

from Balzano (1983) and Mazzarella & Balzano (1986). It should be emphasized that this starburst

sample, selected for bright compact nuclei with HII-region-like spectra, was chosen primarily for a

comparative analysis with Seyferts. Since Seyfert activity, as such, is a strictly nuclear phenomenon,

we felt that the starburst comparison was more appropriate for nuclear starbursts, and hence

galaxies with extended starburst regions were not included in the sample. In any case, one must

keep in mind that the Markarian lists from which these surveys are drawn suffer from a selection

bias (UV excess) which does not apply to the CfA sample. Nevertheless, it has the advantage of

being homogeneously selected, and allows us to search for peculiarities shared by galaxies that host

Seyfert or starburst nuclei. We have observed nine of the 43 SBNs with z ≥ 0.015 in the Mazzarella

& Balzano and Balzano lists.

Finally, in order to compare our results with a control sample, we have extracted from the

diameter-selected sample of normal spirals of de Jong & van der Kruit (1994) those galaxies with

well-defined spiral types between Sa and Sc, excluding S0 galaxies, Sd’s, and irregulars. To this

subsample, we applied the same redshift criterion as before and obtained a set of 30 galaxies. Of

these, eight have UKIRT IRCAM images in two NIR broadbands (H and K), and de Jong has
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kindly provided the images and profiles.

3. Observations, Data Reduction, and Analysis

Data were obtained during the course of ten nights on the UKIRT with IRCAM1 (April 1990,

March 1991, September 1991); of these five nights were useful, and, for the most part, photometric.

The camera was based on an InSb Santa Barbara 62×58 array, and we adopted a pixel size of

0.62 arcsec. 23 of the galaxies were imaged in the three broadband filters, J , H, and K; two were

imaged in H and K only, and one in H. The average seeing in the K-band was FWHM=1.3 arcsec,

and no data were obtained with seeing worse than 1.8 arcsec (FWHM).

A typical observing sequence consisted of five exposures ON-source, interleaved with five empty

sky exposures offset at least 90 arcsec from the center of the galaxy. Usually no more than 120 s was

spent in one telescope position, and this time was divided into a number of coadds to ensure that

the nuclei were not saturated and that the images were background limited. With one exception

(1614+35), galaxies were never observed at airmasses > 1.5. Dark exposures were acquired every

two or three hours throughout the night, as the dark current varied substantially (at least in the

first few hours); for each night, we were careful to acquire at least one dark exposure taken with the

same integration time and coadds as each of the source exposures. Bias exposures taken before each

integration were automatically subtracted by the double-correlated read-out algorithm of the data

acquisition system. Typical total integration times are around 300-500 s, and are given individually

in Table 1.

As we wanted our images to be flat to better than 1×10−3, we paid close attention to the

flat fielding and dark current subtraction. Dark current was determined by performing, for each

night, a pixel-by-pixel linear regression on all the bias-subtracted dark exposures. We thus obtained

two fitted frames, a slope and an intercept, which we then scaled and subtracted from each (bias-

subtracted) science frame. Tests show that the fits tend to reduce the noise introduced in the image

reduction, as opposed to using an average dark frame acquired with similar observing parameters.

These fits are interpolations, not extrapolations, as we acquired dark frames at all of the object

integration times used during a night.

After dark current subtraction, flatfields were constructed from pairs of sky frames acquired

before and after each source exposure. Each object frame was divided by the normalized (to the

image median), averaged pair of temporally adjacent sky frames, then registered and averaged,

after adjusting the offset sky level to a common median. To optimize the signal-to-noise of the final

images, we chose to use a simple average, rather than a median, since the flat fields were different

for each source image, the sky positions were chosen to be empty fields, and the field-of-view was

small. We found no residual stars in the final object frames.

Bad pixels were eliminated in the first approximation by a bad-pixel list derived from an

analysis of the dark frames, and the correction for these entailed substitution with the median of

its (eight) neighbors. Remaining bad pixels were eliminated manually from the final images with

linear interpolation. All image reduction was performed with IRAF and the STSDAS packages2.

3.1. Photometric Calibration and Corrections

During the photometric nights, standard stars taken from the UKIRT Bright Standard List

(see Casali & Hawarden 1992) were observed every two hours. Each standard star was measured in

2IRAF is the Image Analysis and Reduction Facility made available to the astronomical community by the

National Optical Astronomy Observatories, which are operated by AURA, Inc., under contract with the U.S. National

Science Foundation. STSDAS is distributed by the Space Telescope Science Institute, which is operated by the

Association of Universities for Research in Astronomy (AURA), Inc., under NASA contract NAS 5–26555.
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two positions on the array. The zero-point flux calibrations were typically accurate to 0.05 mag in

J , 0.04 mag in H, and 0.03 mag in K. The stability of the system was very good; zero points did not

differ by more than a few percent from one night to the next during a run. Airmass corrections were

applied to the standard stars and program objects using the mean UKIRT extinction coefficients

of 0.10, 0.05, and 0.07 mag airmass−1 in J , H, and K, respectively.

We applied a number of corrections to the photometric calibration given by the airmass cor-

rected standard star observations. The first involves the chromatic change in the IRCAM pixel

scale. While the nominal pixel scale in the K-band is 0.62 arcsec3, chromatic effects in the IRCAM

optical train make the J-band and H-band pixels larger by 4% and 1%, respectively, and change

the nominal calibration to mag arcsec−2 by 0.022 in H and 0.085 mag in J .

To analyze galaxy colors and compare them to those of normal galaxies in the literature, we

applied three additional corrections to the data. First, we transformed the UKIRT photometry

to the CalTech-CTIO (CIT) photometric system (Frogel et al. 1978; Elias et al. 1982). Such a

transformation affects mainly the UKIRT J filter as it is somewhat bluer than that of the CIT

(Casali & Hawarden 1992). We adopted the CIT system as it is one frequently used in observations

of normal galaxies (e.g., Frogel 1985), and is the one on which the UKIRT standard system is

based. Second, we corrected for Galactic extinction using the Burstein-Heiles values of the B-band

extinction given in the Third Reference Catalogue of Bright Galaxies (de Vaucouleurs et al. 1991;

RC3), together with the interstellar extinction curve of Cardelli et al. (1989).

The final correction was the K correction for redshift determined according to the precepts of

Persson, Frogel, & Aaronson (1979). These are based on the rather red (equivalent to a late-type

K III star) colors of normal galaxies, and are roughly linear with z for small redshifts: –0.5 z, –3.5 z,

and +3.3 z for J −H, H−K, and K, respectively. For a redshift of 0.03, they are –0.015 for J −H
and –0.11 mag for H −K. The transformed (to CIT) colors corrected for Galactic extinction and

redshift will be referred to as (J −H)0 and (H −K)0.

We have compared synthetic-aperture photometry obtained from our calibrated images with

photometry in the literature. The sense of all the comparisons is us - them in units of magnitudes;

NGC 7469 has been excluded from the comparison because of its known NIR variability (e.g.,

Lebofsky & Rieke 1980). The agreement with the photometry for the four galaxies in common

with Balzano & Weedman (1981) is good with ∆K = −0.03 ± 0.12, and similar values in J

and H (8.5 arcsec aperture). The agreement with other single-element photometer observations

is similar: ∆K = −0.07 for NGC 3362 (9 arcsec, Glass & Moorwood 1985) and ∆K = −0.08

for NGC 5548 (10 arcsec, Hunt et al. 1994). For the three galaxies common to this work and

ZD, the photometry agrees reasonably well with ∆K = 0.17 ± 0.17 (5 arcsec), a difference within

their estimated accuracy of 0.1 to 0.15 mag. Two galaxies are also common to this work and KW,

and the agreement of the photometry is good with ∆K = −0.05 ± 0.06 (12 arcsec). All things

considered, we estimate the effective uncertainty in our absolute calibration to be around 0.1 mag.

3.2. Profile Extraction

Elliptically-averaged radial surface brightness profiles were extracted from the images (before

sky subtraction, see below) by first fitting the central peak of the galaxy in each filter with an

axisymmetric two dimensional gaussian. The center was then fixed, and ellipses were fitted to the

outer J isophotes; the ellipticities and position angles were determined by measuring the best-fitting

ellipse at the 21 J-mag arcsec−2 isophote. This isophotal level is roughly 100 times fainter than

the sky and corresponds approximately to the 3σ noise limit of the images. We preferred to fix the

3We were unable to check this as we lacked the large field-of-view necessary to perform astrometry. See, for

example, de Jong (1995).
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ellipse parameters, instead of letting them vary radially, so that we could better compare profiles in

the different passbands. The major-axis increment of the radial profiles was defined to be 1 pixel,

or 0.62 arcsec (K-band).

Radial brightness profiles in the J band, and radial color profiles are presented in Fig. 1,

together with grey-scale images with contours of the J-band image overlayed. Images and profiles

in Fig. 1 are all shown after the sky subtraction described in the following section.

3.3. Outer Disk Colors, Color Gradients, and Sky Level Determination

Because accurate surface photometry of the outer disks of these galaxies requires sky level

determinations accurate to better than one part in 1000, after much experimentation we adopted a

new procedure for measuring the sky for each galaxy. Although it utilizes one powerful constraining

assumption, which might not always be valid, it has the advantages of speed, simplicity, objectivity,

and great precision.

We have exploited the techniques outlined in Sparks & Jørgensen (1993) to determine, inde-

pendently of sky level, mean colors and dimensionless color gradients in the outer disk. We then

incorporated these as fixed parameters in a simultaneous χ2 fitting procedure of the outer parts of

the J-, H-, and K-band surface brightness profiles. The constraining assumption alluded to before

is that the outer part of each of the profiles is described simply by the sum of a constant sky level

and an exponential law [I(r) = I(0) exp (-r/r0)]. We therefore fit the three profiles simultaneously

for five parameters, the sky levels in each of the three bands, and the surface brightness and scale

length of the disk in one band. The average colors and color gradients, derived independently,

constrain the disk fits in the remaining bands. Details of the method are given in Appendix A.

As an after-the-fact justification for this technique, we note that nearly all of the profiles,

in magnitude vs. radius (i.e., logarithmic vs. linear) plots, are extremely well characterized by

very straight lines over the outer two thirds to three quarters or more of their points (see Fig. 1).

In fact, we do not have any cases where the outer half of the profile is not well described by an

exponential law, a behavior similar to that generally observed in normal spiral disks (e.g., Freeman

1970; Boroson 1981; Kodaira, Watanabe, & Okamura 1986).

3.4. Inner Disk Colors

In addition to the outer disk colors obtained independently of sky subtraction as described in

the previous section, we also determined colors of the “inner disks”. This was done by calculating

averages of the radial color profiles between 4 arcsec and 3 kpc. An inner limit of 4 arcsec was used

as the color profiles show that, for bright and red nuclei, the nuclear colors can contaminate the

galaxy profile out to roughly this apparent radius (see in Fig. 1, for example, Mkn 530 and Mkn

817). The outer radius was the lower limit of the radial range used to fit for the average colors and

color gradients in the outer disk (see Appendix A). Photometric corrections, as described in Section

3.2, were applied to both inner and outer disk colors. The colors, thus obtained, are reported in

Table 2, along with mean values for each activity type obtained by simple averages over all the

galaxies in each subsample.

3.5. Two-Dimensional Color Images

To construct the color images, very accurate alignment is necessary. Because the small field-

of-view of IRCAM1 minimizes the probability of having stars in the galaxy field, we were forced

to align images using other techniques. To determine the alignment offsets, we first subjected the
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images to a 3 × 3 bi-linearly interpolated magnification; the exact expansion factor varies from

band to band as it is necessary to take into account the different pixel sizes in the different bands.

The shifts were then determined in two ways: (i) from the maximum of the two-dimensional cross-

correlation function of the expanded (sky-subtracted flux) images, and (ii) from the relative shifts

of the peak of the galaxy emission, as determined by a two dimensional axisymmetric gaussian fit.

In all but a few cases, the two methods of determining the relative alignment gave similar results,

implying that the nuclei are not sufficiently reddened to be offset spatially in the different NIR

passbands. In those few cases where the two methods did not give consistent shifts, usually where

there was structure in the color images or objects on the edge of the frame, we aligned the images

assuming that the peaks of the galaxy emission in the different wavebands coincide. Finally, the

magnitude images were registered to a fraction of a (magnified) pixel using polynomial interpolation

and subtracted. In this way, we generated color images in J −K and J −H.

A sample of these color images is shown in color in Plate 1. The remainder are shown in Fig. 1

as grey scale plots, with the direct J-band image adjacent.

4. Results

We defer a detailed analysis of the general morphology, the radial brightness profiles, and the

non-axisymmetric features of the broadband images to Paper II (Chapter 10). Here we discuss the

average disk colors, color gradients, and the structure in the color images. Note that the mean

colors and color gradients are measured from azimuthally averaged major-axis profiles, rather than

from virtual-aperture photometry.

4.1. Average Disk Colors

We find no significant difference in inner or outer disk colors between type 1 and type 2

Seyferts, nor between the Seyferts and the SBNs. More specifically, although Seyfert 2s may have

slightly blue colors (see Table 2), the outer disk colors of all three classes are consistent with those

of normal spiral disks as shown in the two-color diagram in Fig. 2; the sample medians (J −H =

0.68 and H −K = 0.22) are equivalent to those found by other groups for normal spiral galaxies

(Griersmith, Hyland, & Jones 1982; Glass 1984; Frogel 1985; Giovanardi & Hunt 1988; Giovanardi

& Hunt 1996).

The inner disk colors of type 1 Seyferts and SBNs tend to be slightly redder in J − H than

those of the outer disk, and lie at the blue end of the range of NIR colors of Sa’s, dominated

by massive metal-rich bulges (Giovanardi & Hunt 1996). Indeed, what we call “inner disk” colors

should probably be called colors of the bulge (see also Terndrup et al. 1994). In any case, the spread

in both sets of colors is remarkably small, given that these galaxies host active nuclei. We show

the H −K colors of the inner disk as histograms in Fig. 3. All four (Sy 1’s, Sy 2’s, SBNs, normal

spirals) of our color distributions are indistinguishable, in mean and scatter, from each other.

Our result contradicts both ZD and KW, who found Seyfert host galaxies to have a normal

distribution in J − H, but with an H − K color which: (i) is redder on average than in normal

galaxies; and (ii) has a substantially wider dispersion than is observed in normal spirals. There are

two possible reasons for this contradiction: the first is that both ZD and KW used colors determined

from annular rings somewhat close to the nucleus (2.5 to 3.9 arcsec radii, and 3 to 6 arcsec radii,

respectively), so that there is a chance of spillover from the bright non-stellar AGN (cf., color

profiles in Fig. 1). The second possible reason for the disagreement is that both groups neglected

to apply the K correction; as mentioned in Section 3.2, this correction is seven times larger for the

H −K color than for J −H, so that not applying it would result in colors substantially normal in

J −H, but redder than normal in H −K.



Chapter 9 180

Fig. 3.— Color-color diagram of the mean inner and outer disk corrected colors for each activity

class; the error bars correspond to the spread (standard deviation) of the colors within each activity

class. Circles show Seyfert 1s; squares Seyfert 2s; and triangles SBNs; filled symbols indicate the

“inner” disk, and open symbols the outer disk. Dotted lines show the spread of colors for elliptical

and Sc systems (Frogel 1985), and for Sa’s (Giovanardi & Hunt 1996). The locus of the K correction

is also shown (departing from the average colors), with z-increments of 0.01 shown by crosses. A

visual extinction of 1 mag is shown by the arrow in the lower right-hand corner.

We have checked this last hypothesis by correcting for redshift the host galaxy colors reported

in ZD and KW. They found sample medians for the host galaxy colors of 0.77 (ZD) and 0.71 (KW)

for J −H and 0.45 (ZD) and 0.49 (KW) for H −K. After applying the K-correction, the sample

medians are substantially unchanged in J − H: 0.75 (ZD) and 0.71 (KW), but are significantly

different in H − K: 0.36 (ZD) and 0.32 (KW). The corrected H − K values are shown in the

histogram in Fig. 3. The corrected colors of both groups coincide very well with our result for Sy

1s (inner disk), and the peaks of the distributions are consistent with colors of normal galaxies.

4.2. Color Gradients

A visual inspection of the azimuthally averaged radial color profiles illustrated in Fig. 1 shows

that of eight galaxies with starburst nuclei, six present red circumnuclear“ridges” in the J−H color.

In contrast, only three of eight galaxies with type 1 Sy nuclei and none of the type 2 Sy nuclei shows

the same tendency. Another phenomenon is shown only by the Sy 2’s: namely, a circumnuclear

blue “dip” in the J −H color. We will discuss these trends in more detail in connection with the

structure in the color images (§4.3).
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Fig. 4.— Histograms of the corrected inner disk (H −K)0 color as a function of activity type. The

top two panels show colors taken from Kotilainen & Ward (1994) and from Danese et al. (1992),

after correcting for K-dimming as described in the text. The bottom panel shows (corrected)

normal spiral colors derived from the radial profiles in de Jong & van der Kruit (1994).

Inner vs. Outer Colors

The inner and outer NIR disk colors are plotted against one another in Fig. 4; the solid line in

the figure indicates equality. The majority of type 1 Seyferts and SBNs present J −H colors which

are redder within 3 kpc than those in the outer disk; in contrast, the majority of type 2 Seyferts

show bluer J −H colors in the inner disk. The trend for redder J −H in the inner regions is weak

in any case, with a mean amplitude of 0.m02–0.m03 (see also Fig. 2). The change in H − K from

inner to outer disk shows more variation, as something like half the galaxies have redder and half

have bluer H −K in the inner part; this behavior in H −K is also seen in the de Jong & van der

Kruit normal spirals (denoted by × in Fig. 4).

The color behavior shown by the galaxies in our sample is similar to that of normal spirals.

Terndrup et al. (1994) analyzed J and K images of normal spirals and found that bulge (roughly

equivalent to our “inner”) and disk (outer) J−K colors are roughly the same. Their data are shown

by × in the J − K panel of Fig. 4. The redder inner disk J − H colors in Sy 1’s and SBNs are

evident in the middle panel, as all but three lie above the equality line. The effect is diluted in the

J − K color, however, and the behavior shown by our galaxies is similar to that of Terndrup et

al.’s sample. Multiaperture photometry also shows that bulge NIR colors tend to resemble those

of the disk component, with redder colors in the inner (few kpc) regions (Griersmith et al. 1982;

Frogel 1985). We, therefore, hesitate to attribute the slightly redder inner disk colors seen in Sy
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Fig. 5.— Corrected inner and outer disk colors. The upper-left panel shows J −K; the upper-right

panel J −H; and the lower panel H −K. The solid line indicates equality. Seyfert 1s are shown by

circles; Seyfert 2s by squares; and SBNs by triangles. Typical error bars are shown in the upper left

corner of each plot. In the J −K panel, crosses show normal spirals from Terndrup et al. (1994);

in the H −K panel, crosses show normal spirals from de Jong & van der Kruit (1994).

1’s and SBNs to processes associated with the active nucleus or star formation, as it seems more

plausible that the redder colors are due to effects which occur also in normal spirals, that is a red

bulge component which dominates the inner regions, or extinction, or both.

Outer Disk Gradients

The color gradients measured for sky subtraction (see Appendix A) are also of interest in

their own right. To interpret the results from the generalized polynomial fitting procedure we

used to derive them, we first need to impose a parametric model for the disk light. This is easily

accomplished using the generalized exponential given in Sparks (1988):

I(s) = Ie exp[−α(sγ − 1)] (9.1)

where s is a dimensionless radius, r/re, and re is the effective (half-light) radius. For an exponential

disk, α = 1.68 and γ = 1 (see Sparks 1988). Following Sparks & Jørgensen (1993), we suppose

that the radial profile is described by Eq. 9.1 at a first wavelength with scale length re and at a

second wavelength with scale length r′e = re + ∆re ≡ re(1 + ∆s). The second-order term, a2, in the
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Fig. 6.— Outer disk gradients as a function of activity type. The plotted quantity is the fractional

change in scale length ∆s, obtained from the second-order term a2 in the Tchebyshev polynomial

fit to the flux-flux profiles as described in the text and in Appendix A; error bars are the formal

errors associated with the polynomial fit. The upper-left panel shows J −K; the upper-right panel

J−H; and the lower panel H−K. The activity type spacing is arbitrary, and Seyfert 1s are shown

by circles; Seyfert 2s by squares; and SBNs by triangles (and denoted by “activity type” 3). For

convenience, a zero gradient is shown by the horizontal dotted line.

Tchebyshev polynomial fit to the fluxes at two different wavelengths is simply related to ∆s:

∆s ≈ −3

γ
≈ −3 a2 (9.2)

The a2’s for our sample are given in Table 3, together with the mean radius over which the gradient

was determined. Fig. 5 shows the fractional scalelength change ∆s as a function of activity type,

with Sy’s denoted by 1 and 2, SBNs by 3, and normal galaxies by 4.

We included a given outer-disk color gradient in the sky fits if it was determined with a S/N

≥ 3. Using this same criterion, we find that 4 of 9 Sy 1’s, 2 of 8 Sy 2’s, and 6 of 8 SBNs present

significant non-zero gradients in at least one of the two colors. In the normal spirals, for which we

only have H − K, we find 2 of 8 with significant non-zero gradients. The sign of the gradient in

each of the four samples is evenly distributed, with half of the significant gradients positive and

half negative. It seems that the largest gradients seen in Fig. 5 are from J to H and in the positive

sense, but the galaxies that present the largest gradients are those for which the assumption of an

exponential disk is probably not valid: namely 1614+35, Mkn 575, and Mkn 496. The first two are

systems with prominent bars, and the third is the result of a merger.
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Although we used a different method to derive color gradients, we can compare our results to

those found by Terndrup et al. (1994) for normal spirals. For a color gradient of the form:

∆(µJ − µK) = β∆ log r (9.3)

we find, from Eq. 9.1 and assuming an exponential disk, that:

β ≈ 4.2 〈s〉∆s (9.4)

The mean value of s, 〈s〉, can be defined as the mean radius of the interval used for the determination

of a2. Terndrup et al. measured disk gradients roughly from 0.8 to 1.8 of r0 (disk exponential folding

length), so that we assume an 〈r〉/r0 of 1.3. Since 〈r〉/r0 = 1.68 〈s〉 = 1.3, we have 〈s〉 = 0.77, and

β ≈ 3.25∆ s. The largest β’s in their sample are positive with amplitudes of 0.6–0.7, corresponding

to a fractional scale length change of around 0.2 from J to K, comparable to the largest value we

find for our galaxies. Moreover, the gradients for normal galaxies found by Terndrup et al. are

roughly evenly distributed between positive and negative values, as are the gradients measured

here. It appears that the color gradients in our galaxies are more or less normal, both in sign and

amplitude.

4.3. Structure in the Color Images

Although quantitative analyses of galaxy images are usually based on azimuthally-averaged

data, not all photometrically interesting structures possess azimuthal symmetry. In fact we have

found some of these in the two-dimensional images.

In several cases there is a clear color gradient which is not radial, but azimuthal or more

complex. Inspection of Fig. 1 shows cases where the J −K color weakly delineates spiral structure

(e.g., 1335+39, Mkn 334, Mkn 533, Mkn 307), or bars (e.g., 1614+35, NGC 5674, and Mkn 575).

The J −K images also show more exotic structures like rings and filaments in one type 1 Seyfert

(NGC 7469), and in five SBNs (Mkn 496, Mkn 545, Mkn 717, Mkn 732, Mkn 912).

Such non-axisymmetric red structure in active galaxies can be caused primarily by two mech-

anisms: dust extinction or excess 2µm emission (dust in emission or HII regions, see also Hunt &

Giovanardi 1992). We have investigated the alternatives of extinction or excess emission for the

galaxies in our sample by applying a simple model to the color images. First, we compute the

optical depth pixel-by-pixel from the (J −H)0 color image by assuming that the dust is in front of

the stars emitting the NIR flux (see Telesco et al. 1991); then we apply the extinction so derived

to the (H −K)0 image. Assuming that a red H −K color is due to reddened stellar emission +

some non-stellar processes that emit only in the K-band, we can derive an image that maps the

excess (over the reddened stellar) K-band emission:

(H −K)obs = (H −K)0(stars) +

1.086 (τH − τK) +

2.5 log
[

1 + ΣK(excess)
ΣK(stars)

]

(9.5)

where ΣK is the K-band surface brightness in flux units of the excess and stellar radiation. The

excess is given as the last term in Eq. 9.5. We calculated the visual optical depth, τV , by applying

the Cardelli et al. (1989) interstellar extinction curve, and, instead of adopting the corrected outer

disk colors as the intrinsic colors, we used the sample medians of 0.68 (in J−H) and 0.22 (H−K).

The sample medians were preferred to the individual corrected colors for each galaxy as we found

that the azimuthally averaged outer disk colors can frequently be as much as 0.m1 redder than those

outside the red structures. The implication is that even azimuthal averages can be affected by

sufficiently significant structure in the colors.
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The assumption of the dust acting as a foreground screen instead of being uniformly mixed

with the stars (hereafter denoted by “true”) simplifies the calculation of the K-band excess, but

underestimates the dust optical depth (e.g., Mathis 1970); moreover, such an assumption may

spuriously imply excess long-wavelength emission when, in fact, there is none. We have therefore

checked the validity of the simple screen model on these two points: (i) how well the optical depth

τV estimated by the screen model corresponds to the “true” one; and (ii) how the amplitude of

any spurious excess emission varies with τV . The results of these checks are given in Appendix

B, and show that, for inferred “screen” τV . 2.0, there is a simple multiplicative factor (∼ 2.3)

relating the “true” and “screen” τV . Under these conditions the spurious implied excess emission

fraction (the error on the last term in Eq. 9.5) . 0.01. Hence, as long as the “screen” optical depths

we derive are . 2.0 and the excess emission fractions & 0.05 (5σ), the excess should be real. We

emphasize that, while seemingly quantitative, this technique is really only a qualitative estimate

of both the extinction and excess K-band flux. We use it to diagnose the presence of dust and

excess 2µm emission, not to make definitive statements about the amplitude of the optical depth

or precise estimates of the quantity of non-stellar emission, as both quantities strongly depend on

the assumed intrinsic colors, the geometry of the dust and stars, and the properties of the excess

emission such as dust temperature and emissivity.

Spiral structure, bars, and lens distortions

The spiral arms in 1335+39, Mkn 307, Mkn 334, and Mkn 533 are characterized by ∆(J −
K) ≈ 0.14-0.18 across the arm. These are similar to the color changes across the spiral-arm dust

lanes in M 51 reported by Rix & Rieke (1993) who find ∆(J −K) ranging from 0.13 to 0.21. Our

simple model gives (screen) τV ranging from 0.3 to 0.6 in the arms, which correspond to “true”

optical depths τV between 1 and 2. We note that these inferred “true” optical depths are roughly

a factor of two lower than those derived by Rix & Rieke who applied a detailed radiation-transfer

model to multicolor optical and NIR data; evidently, even the internal extinction model tends to

underestimate the true extinction. We find no evidence for excess K-band emission in the arms.

Oval distortions and bars show less obvious color trends. The two galaxies with clear oval

or lens distortions, Mkn 1243 (Sy 1) and Mkn 732 (SBN), show negligible J − K color gradients

associated with the lens, as the J −K color image for Mkn 1243 is roughly axisymmetric and that

for Mkn 732 is confused by the circumnuclear ring (see below). The bars in 1614+35, Mkn 575,

and NGC 5674, on the other hand, all show roughly 0.14-0.18 of reddening in J −K along the bar.

Again, taken at face value, these color gradients correspond to (“true”) optical depths in the V band

between 1 and 2. Again, as for the spiral arms, neither bars nor oval distortions show evidence for

excess K-band flux.

Rings, ridges, and filaments

Perhaps the most striking features revealed in the color images are the rings and filaments in

the SBNs. Of eight SBNs with JHK colors, five show red circumnuclear rings (Mkn 545, Mkn 717,

Mkn 732, Mkn 912), non-axisymmetric circumnuclear ridges (Mkn 496), or filaments (Mkn 545).

These galaxies also show the circumnuclear “ridge” in the J−H color profile noted in §4.2. Of eight

type 1 Seyferts, only NGC 7469 shows an extended red circumnuclear ring+ridge (and circumnuclear

ridges in the color profiles); none of the type 2 Seyferts presents similar structure. We note that

such features in the SBNs are particularly surprising since the SBNs were selected for their nuclear

properties (see §2), not for evidence of any extended starburst region.

All of these features provide evidence for dust in extinction and excess 2µm emission. Fig. 6

shows contour plots of the τV maps, together with maps of the excess K-band emission. While the
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knots in the outer regions are due to noise, the contiguity of the inner contours implies that the

features in both the optical depths and in the excess emission correspond to real features. Values

for (screen) τV in the rings, ridges, and filaments ranges from 0.2 to roughly 1.5, corresponding to

“true” visual optical depths of up to 3 or 4. Excess emission fractions in these features range from

0.1 to 0.3 or more; the implication is that, locally, excess nonstellar emission can comprise as much

as 30% of the stellar K-band emission.

Red JHK extranuclear colors observed primarily in starbursts were also noted in previous

studies. Forbes et al. (1992), on the basis of NIR images of LINERS and starbursts, found evidence

for variations in obscuration in starbursts and hot dust close to the nucleus. Low resolution maps

of the NIR radial color distribution in Seyferts and starbursts (Hunt & Giovanardi 1992) show red

extranuclear JHK colors only in starbursts, colors that are consistent with internal extinction,

emission by hot dust, or both.

Color-color diagrams

To confirm the nature of the features described in the preceding subsections, we have produced

pixel-by-pixel color-color diagrams for our sample galaxies. The pixels are extracted directly from

the (J − H)0 and (H − K)0 images, and representative examples are shown in Fig. 7, together

with mixing curves for various physical processes. To conserve some spatial information, we have

coded the nuclear regions (R ≤ 4 arcsec) as filled circles, the circumnuclear regions (4 arcsec <

R ≤ 3 kpc, “inner disk”) as open circles, and the outer regions (3 kpc < R ≤ 11 arcsec) as

points. Indeed, the inferences made in the preceding paragraphs are borne out by the color-color

diagrams. In particular, the colors in one type 1 Seyfert NGC 7469 and in six SBNs (the five with

non-axisymmetric features noted above and Mkn 575 with a bar) lie along the extinction vector.

The nature of the excess K-band emission can also be investigated with the color-color dia-

grams. Roughly constant J−H colors together with red H−K indicate hot dust, while bluer than

normal J −H and red H −K suggest nebular emission probably from HII regions. Of the six gal-

axies that show evidence in the color images for excess emission, five show red H −K extranuclear

colors associated with normal stellar population J −H. We attribute the excess K-band emission

in these systems to hot dust. Only in Mkn 912 (SBN) does the rather blue J −H color together

with red H −K suggest that nebular emission causes the 2µm excess.

Finally, the color-color diagrams enable us to discern colors associated with an intermediate-age

population arising from a past burst of star formation (shown in the mixing curves as “Aged Burst”

and “A stars”). Five of the seven type 2 Seyferts with JHK colors have the blue colors that signify

a conspicuous contribution from a “fossil” starburst. We note that the azimuthally-averaged profiles

lend support for bluer colors in the inner regions of Seyfert 2s: (i) a subset of these galaxies also

show the circumnuclear blue“dip”noted in §4.2; (ii) the mean colors of Seyfert 2 inner disks tend to

be slightly bluer than those of Seyfert 1s and SBNs (sample mean of 0.67 vs. 0.70–0.71), although

no claim for significance was made because of the 0.m03–0.m05 scatter; (iii) the mean Seyfert 2 inner

disk colors are bluer than those of the outer disk (see Fig. 2), an unusual trend not observed in

the Seyfert 1s or the starbursts studied here, nor in normal spirals (e.g., Frogel 1985). In contrast

with the Seyfert 2s, only two type 1 Seyferts and three SBNs show clear evidence in the color-color

diagrams for blue colors associated with an intermediate-age stellar population.

5. Discussion and Conclusions

Our study is focussed on the galaxies hosting active nuclei, rather than the active nuclei

themselves; we were particularly careful in the analysis to avoid contamination by the nucleus, and

to obtain images and color images as precise as possible even at low surface brightness.



Chapter 9 187

Our main results are as follows. The average colors, both of the outer and the inner disks,

are fully consistent with being independent of activity class, and equal to those of normal spiral

galaxies. This is at variance with previous studies, which found H −K redder by ≈ a tenth of a

magnitude in the inner regions of active galaxies. We have shown that most of this discrepancy

arises from the neglect of the redshift correction: when the correction is made, the previous data

become compatible with the present results.

The outer disk color gradients are compatible with those of normal spirals. The color gradients

in the outer disks, and the color differences between inner and outer disk, do not show any clearcut

trend. In J −H, we find marginal evidence of red inward differences in Seyfert 1s and starbursts,

and of blue inward differences in Seyfert 2s; however, given the smallness of the effect, and the

uncertain results about NIR color gradients in normal galaxies, a pixel-by-pixel color analysis is

required.

Two methods have been used to investigate the presence of dust in these galaxies. We have

looked for dust features in absorption (J − H redder than normal) and in emission (H − K still

redder than normal after dereddening), with the constraint that reliable features should follow

simple connected patterns. Such features are seen primarily in the inner disks of starburst galaxies;

in the other activity classes, only NGC 7469 shows dust in absorption and in emission, in accordance

with its well-established circumnuclear starburst (Mazzarella et al. 1994; Genzel et al. 1995). The

implication of this is that in the starbursts, gas associated with the dust we observe has been swept

in from the outer disk, piling up in locations in the inner disk that perhaps correspond to dynamical

resonances. Such dust (and gas) is not observed in the inner disks of typical Seyferts.

We have also plotted small areas of each galaxy disk on a color-color diagram, in order to

enhance the visibility of localized, non-axisymmetric color features which would be smeared out in

the averaging process. We find that the inner disk blueing of Seyfert 2s, alluded to above, is due

to patches spread along the “Aged Burst” mixing line. Population synthesis models (e.g., Leitherer

& Heckman 1995; see Fig. 7) indicate that the blue colors observed in the Seyfert 2s correspond to

ages of roughly a few × 108 years after a burst of star formation. Systematic differences between

Seyfert 1s and Seyfert 2s with respect to the star formation activity have been reported previously,

indicating that Seyfert 2s are star-forming and Seyfert 1s are not (e.g., Maiolino et al. 1995).

Previous work also suggests that star formation in Seyfert 2s is “fossil” (Glass & Moorwood 1985;

Taniguchi & Mouri 1992; Dultzin-Hacyan & Benitez 1994; Oliva et al. 1995), and age indicators

such as the one proposed by Oliva et al. (1995) should prove useful in this context.

In conclusion, on a scale of a few kiloparsecs from the center, starburst galaxies show ongoing

star formation, signalled by the presence of hot dust; Seyfert 2s exhibit “fossil” star formation

activity, a few hundred Myr old, signalled by the presence of an old starburst component in addition

to a normal population; and, finally, Seyfert 1s do not show any sign of activity either ongoing or

fossil exceeding that of normal spirals. It is to be stressed that most of the evidence appears in the

pixel-by-pixel analysis, and is strongly diluted or completely washed out by averaging over large

disk areas; furthermore, nothing can be deduced from our data concerning possible star formation

activity in the immediate vicinity of the nucleus, where superior angular resolution would be needed.

The emerging picture is that of a starburst-Seyfert evolutionary connection, although not so

global and not so tight in time as previous studies would have implied. The starburst activity

appears to involve restricted regions of the inner disk in the pre-Seyfert phase; this spatially-

confined activity is however capable of feeding matter to the nucleus on a time scale comparable

with the lifetime of the starburst, and Seyfert activity begins. The reason why the Seyfert 2s appear

to precede in time the Seyfert 1s is perhaps only statistical (e.g., Maiolino et al. 1995): a ‘young’

active nucleus should be surrounded by matter contributed recently by the starburst, and injected

into non-equatorial orbits; then the lines of sight to the center should have a high probability of

being obscured. At later times the accretion flow should settle in a thinner configuration, and
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obscuration-free lines of sight should become more numerous.

Recent theoretical work seems to support this scheme. Heller & Shlosman (1994) have studied

the evolution of the gas distribution in globally unstable galactic disks and found that gas inevitably

builds up within the inner ∼ 100 pc on timescales of . 1 Gigayear. A circumnuclear /nuclear burst

of star formation and the creation of a supermassive object in the galaxy’s center are almost

certainly the consequence of such a central gas concentration. Their models further suggest that

the formation of a black hole would follow the episode of star formation, which is what seems to

emerge from our observations.

While an evolutionary link between starburst and Seyfert activity seems likely, we can only

speculate about the relationship between “active” and quiescent galaxies. Many lines of evidence

indicate that episodes of star formation can cause the structural components of galaxies to evolve

over time. For example, disks can become more compact by inward gas transport and subsequent

star formation (e.g., Kormendy 1993). Interestingly, steep inner disks have been noted to be as-

sociated with active star-forming galaxies (Boroson 1981). Bulges may also be built up by similar

evolutionary processes: as pointed out by Kormendy (1993), steep r1/4 brightness gradients associ-

ated with disk-like dynamics; triaxial bulges in disk-like barred galaxies; and Population I material

in “bulges” all imply that the distinction between bulges and disks is not as sharp as was previously

thought. Statistical evidence also leads to the conclusion that galaxies initially without massive

bulges can form them as a consequence of galaxy interaction and the ensuing star formation episode

(Elmegreen, Elmegreen, & Bellin 1990). Evidently, if a galaxy disk is subject to perturbations in

its gravitational potential, subsequent redistribution of the disk gas can give rise to bursts of star

formation which may alter the galaxy’s physiognomy. In the end, it is conceivable that starburst

and Seyfert activity may be transient, but inevitable, phases in the normal evolution of galactic

systems.
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A. Determination of Sky Levels, Outer Disk Colors, and Color Gradients

Analysis of cuts along the sides of some of the images shows that we have succeeded in flattening

them to 0.1–0.2% in J and H, and 0.08–0.09% in K4. At this level then, the sky in each frame

is presumed to be an additive constant at every pixel. As pointed out by Sparks & Jørgensen

(1993), some intrinsic galactic properties can be measured even when the absolute levels of the sky

brightness are not known in any of the filters. This capability is most evident when the flux at a

given wavelength at each pixel is plotted against the corresponding flux for that pixel at another

wavelength. The slope and curvature of this linear flux vs. linear flux plot are independent of the

additive offsets of the sky. Consider the fluxes f1 and f2 in two different filters:

f2 = c0 + c1 f1 + c2 f
2
1 (A1)

The first order coefficient c1 is the average color (or flux ratio) of the galaxy. The second order

coefficient c2 measures a dimensionless color gradient. Unfortunately, ordinary polynomials are not

suitable for the parameterization of scalelength changes with c2 as described in the text. Instead,

4These are, in fact, upper limits to the true image flatness, as in most cases, faint galaxy emission is evident even

on the edge of the array.
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we must exploit an orthogonal set of polynomials (Sparks & Jørgensen 1993):

n2 =
a0

2
+

4
∑

i=1

ai Ti(n1) (A2)

where n1 and n2 are the scaled fluxes (to the interval [–1,1]) and the Ti are the Tchebyshev

polynomials.

To determine the mean disk color, we performed second-order linear regressions on the flux-

flux data sets; each data set consists of the profile extracted as defined in the previous section, and

there is one data set for each filter. All fits were limited to galactocentric distances R > 3 kpc.

The first-order coefficient c1 is determined by the least-squares fitting routine with a typical error

bar of only a few percent of its value. To determine the mean color gradient, following Sparks &

Jørgensen (1993), we fit up to fourth-order Tchebyshev polynomials to the two scaled flux-flux data

sets (as before limiting the fits to those points with R > 3 kpc). The curvature term in these fits

a2 has a typical uncertainty of 0.01, that is to say a 3% difference in scale length between the two

wavebands.

While these sky-independent parameters are important in themselves, we also exploited them

to determine the unknown sky level of our images. In practice, after having determined the mean

disk colors and color gradients, we then used these parameters as the inputs to a second least-squares

fitting procedure. For a given galaxy, we simultaneously fitted, in a weighted least-squares sense,

to the outer parts (R > 3 kpc) of the J-, H-, and K-band surface brightness profiles the sum of a

constant sky level and an exponential law [I(r) = I(0) exp (-r/rd)]. All of these profiles were fitted

before any sky subtraction. The constant sky brightnesses in each waveband were three of the five

free parameters to be fitted; the remaining two were the parameters that describe the exponential

disk (central surface brightness and exponential folding length) in one band. The brightness profiles

of the other two wavelengths were also forced to be exponential, but with two modifications which

were not free fitting parameters. First, the average color in the fitting range of radius was fixed

to be equal to the color we found in the earlier polynomial fit described above. Second, the color

gradient was fixed by the second-order coefficient, which determines by how much the disk scale

length at the longer wavelength differs from that in J5.

The simultaneous fitting of the three different profiles in a self-consistent way gives very robust

results because the problem is highly over-constrained. Thus formal errors6 on the five free param-

eters are exceedingly small: typically 0.03%–0.1% in the sky levels, 0.5% in the disk central surface

brightness I(0), and 3% in the exponential scale length rd. The sky levels thus determined are

always lower than the median values along the edges of the image, and their errors are consistent

with the (upper limits of the) flatness we measure along the row-column cuts at the edges of the

images. We emphasize that the fits always started at an inner radius of 3 kpc, and went out to the

last measured profile point (see Fig. 1).

B. Extinction Models: Foreground Dust Screen vs. Uniformly Mixed Dust and

Stars

Most analyses of extinction in galaxies have been based on the assumption that the dust resides

in a foreground screen. Such an assumption simplifies the calculation of the unknown optical depth

5For the two galaxies where we have only H and K, we fit the disk to the H band, and imposed the average color

and color gradient to the K-band disk. For the single galaxy (Mkn 719) where we have only an H-band image, we

used the minimum curvature method described in Hunt (1993) to determine the sky level.

6Assuming an χ2 increment equal, not to 1, but rather to the 1σ confidence level for a five-parameter fit (i.e.,

5.9), e.g., Lampton, Margon, & Bowyer (1976).
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τ from reddened colors as the relations are linear (e.g.):

(H −K)obs = (H −K)stars + 1.086(τH − τK). (B1)

As has been amply pointed out (e.g., Mathis 1970; Boroson 1981; Tully & Fouqué 1985; Disney et

al. 1989), a more realistic configuration would have the dust interspersed with the stars, making

a determination of τ from reddening more complex. In the simple case of a uniform slab in which

the dust is distributed among the stars, the reddening equation becomes:

(H −K)obs = (H −K)stars − 2.5 log

[

τK(1 − e−τH )

τH(1 − e−τK )

]

. (B2)

Given a certain reddening and assuming a standard extinction curve, we can compare the

optical depth inferred for the two above configurations (Eq. B1 and Eq. B2). Such a comparison

is shown in Fig. 9a, and the onset of non-linearity is clearly evident for “slab” (uniform mix of dust

and stars) τV ≈ 2. At slab τV ≈ 5, a linear extrapolation of the slope (2.3) at τV = 0 results in

a discrepancy of 0.3 between slab and screen optical depths, or 15% of “screen” τV . Slab optical

depths are always greater than screen τV : by roughly a factor of two for small (screen) τV , and by

more than a factor of four for (screen) τV ∼ 4.

In §4.3, we described the method we used for estimating excess (over the reddened stellar

colors) 2µm emission. Assuming an intrinsic stellar color, we first derive the local optical depths

from the J − H image. These optical depths are then used to deredden the H − K image, and

any color excess over the assumed intrinsic stellar color is ascribed to excess K-band emission. The

results reported are those based on the assumption of a foreground dust screen instead of the more

realistic mix of dust and stars, and such an assumption may yield a spurious excess.

To estimate the influence of such an effect, we can proceed as follows. Assume there is no K-

band excess; then, for a given τV , we can compute the reddening in J−H and in H−K for the case

of the foreground screen. We can also derive the τV needed to produce the same J −H reddening

for the case of the uniform slab (e.g., Fig. 9a). But, in this case, the resulting H−K reddening will

be greater than that for the screen model. Hence, under the premise that the uniform slab model

corresponds to the “truth”, the assumption of a foreground screen will result in a spurious H −K

color excess. Fig. 9b shows this spurious excess as a function of screen optical depth. It appears

that the assumption of a foreground screen results in an erroneous H −K color excess . 0.01 for

screen τV . 2. Therefore, we conclude that, as long as we derive τV . 2 or so, the spurious K-band

excess is on the order of 1% of the stellar emission; this is also the (1-σ) limit and accuracy to

which our method can estimate the K-band non-stellar contribution.
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Fig. 7.— Extinction and excess emission maps. The left panel shows contour plots of the visual

optical depth τV , and right panel the excess 2µm emission, both obtained from the simple screen

model described in the text. (Additional galaxies can be viewed in the electronic version of the

published paper.) The τV contours run from 0 to 2 with increments of 0.2, and from 0 to 1 with

0.1 increments for the excess. They are overlayed on the J-band magnitude image, and arcsec

increments in R.A. and Dec. are shown on the coordinate axes. Notes on individual galaxies:

(i) Mkn 496: extinction peaks between the two continuum maxima, while a ridge of excess emission

is evident to the NE of the main nucleus; (ii) Mkn 545: NE and SW filaments spiraling in towards

nucleus, culminating in a circumnuclear ring (cf. Fig. 1) that is overshadowed by the J-band image;

(iii) Mkn 732: dust extinction and emission to the SW of nucleus, roughly coincident with the end

of the oval distortion; (iv) Mkn 912: broad ridge of excess emission to the S of nucleus, together

with a small amount of extinction; (v) NGC 7469: circumnuclear extinction and hot dust emission

extends to the N and S of nucleus – may coincide with the inner spiral noted by Mazzarella et al.

(1994); noteworthy the northern extinction and emission “ridge”.
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Fig. 8.— Color-color diagrams of individual pixels from selected color images. Pixels with dis-

tance R from nucleus ≤ 4” shown by filled circles; 4” < R ≤ 3 kpc shown as open circles; and

3 kpc < R < 11” by points. Also shown are theoretical mixtures of galaxy colors and non-stellar

emission processes (power-law, Sν ∝ ν−1.5; HII regions; thermal dust emission at 600 K), an

intermediate-age stellar population (A-type stars), the effects of extinction (external screen), and

of varying strengths of a starburst component at a post-starburst age of 3 × 108 yrs (Leitherer

& Heckman 1995). The mixing curves were calculated using a monochromatic approximation and

the flux calibration given in Wilson et al. (1972). The emitting dust was assumed to be optically

thin with emission coefficient ∝ ν. The extinction was calculated assuming an external screen and

the extinction curve of Cardelli et al. (1989). Colors of 0.0 were assumed for the A stars. The

NIR colors of HII regions (including free-free, free-bound, and two-photon emission) were taken

from Willner et al. (1972) (see also Thuan 1983, Sibille et al. 1974). The tick marks along the

mixing curves indicate fractional contributions to the K-band in units of 0.2 relative to the galaxy

contribution. The ticks along the extinction line correspond to unit increments of AV ; the ticks

along the aged burst line correspond to order-of-magnitude increments (1, 10, 100) in the fractional

contribution of the starburst component to the V -band relative to the galaxy contribution. The

open circle at the lower end of the burst only line indicates a post-starburst age of 107 yrs, and the

curve ends at 3 × 108 yrs where it coincides with the aged burst line dominated by the starburst.
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Fig. 9.— “Slab” visual optical depth and spurious H−K color excess vs. “screen” optical depth τV .

“Slab” refers to a uniform slab with dust interspersed with stars, and “screen” to a foreground screen

of dust. a) The ordinate is the slab τV that would produce the same amount of J −H reddening

as the screen τV in abscissa. The dotted line is the linear extrapolation of the slope (2.26) at zero

optical depth. b) The ordinate is the spurious H−K color excess that results from the assumption

of a foreground screen of optical depth τV in abscissa, instead of a uniform slab of dust and stars.

∆(H − K)(excess) = 2.5 log
[

1 + ΣK(excess)
ΣK(stars)

]

≈ ΣK(excess)
ΣK(stars) for small non-stellar emission fractions.

The dotted line emphasizes the 1% amplitude of the spurious excess emission fraction at screen

τV ≈ 2.
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Fig. 1.— J-magnitude images, J −K color images, and elliptically-averaged radial brightness and

color profiles. Galaxies are grouped by activity type, with Seyfert 1s followed by Seyfert 2s and

SBNs. For each galaxy, the J-band image is shown in the upper left panel; the J −K (expanded,

see text) color image in the lower panel; and the J-band brightness, J − H, H − K, and J − K

color profiles in the upper right panel. The broadband images are contoured from 23 to 16 J-

mag arcsec−2, and the color J −K images from 0.4 to 1.35. The horizontal dotted line in each of

the color profiles corresponds to the average outer disk color as determined from the flux-flux plots

(Appendix A); the vertical dotted line indicates the 3 kpc cutoff between “inner” and outer disk.

The dashed lines shown in the brightness and color profile panels give the disk fits described in

Appendix A. All magnitudes and colors are those observed, before application of the photometric

corrections described in the text. For additional figures, see electronic version of the published

paper.
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Fig. 2.— J-band and J −K images of representative SBNs. The top panel shows Mkn 496; the

middle panel Mkn 732; and the bottom Mkn 545. The color table shows brighter and redder regions

as white, and fainter and bluer regions as green. The white features in the outer parts of the color

images are due to noise.





CHAPTER 10

The Disks of Galaxies with Seyfert and Starburst Nuclei:

II. Near-Infrared Structural Properties

Abstract1

We have derived the near-infrared structural components of a sample of Seyfert and starburst

(SBN) host galaxies by fitting the images of Hunt et al. (1997) with a new two-dimensional

decomposition algorithm. An analysis of the fitted parameters shows that Seyfert 1 and

SBN bulges resemble normal early-type bulges in structure and color, with (J −K)c
b about

0.1 mag redder than disk (J −K)c
d. Seyfert 2 bulges, instead, are bluer than normal with

(J − K)c
b ∼ (J − K)c

d. Seyfert disks (especially Type 1), but not those of SBNs, are

abnormally bright (in surface brightness), significantly more so than even the brightest

normal disks. Seyfert disks are also compact, but similar to those in normal early-type

spirals. For a given mass, Seyferts and especially SBNs are abnormally rich in neutral

hydrogen, and there is strong, albeit indirect, evidence for lower mass-to-light (M/L) ratios

in Seyfert and SBN disks, but for normal M/Ls in their bulges. In Seyferts and SBNs,

HI mass fractions and M/L ratios are anticorrelated, and we attribute the high gas mass

fractions and low M/Ls in SBNs and several Seyferts to ongoing star formation. Such

abundant gas in Seyferts would be expected to inhibit bar formation, which may explain

why active galaxies are not always barred.

1. Introduction

While for many years, work on Seyfert activity was focussed on the properties of the active

nucleus (AGN), more and more studies of Seyfert activity are now aimed at characterizing the

host galaxy. Such a trend is mainly motivated by the notion that Seyfert activity, like violent star

formation, needs to be maintained by a reliable supply of fuel, the source of which is thought to

be in the galactic disk. Recent theoretical work, for example, has shown that non-axisymmetric

potentials, such as bars, are effective movers of gas into the central potential well, thus provid-

ing a mechanism for feeding the Seyfert nucleus (Norman 1987; Schlosman, Begelman, & Frank

1989; Barnes & Hernquist 1991). Such non-axisymmetric potentials could be induced by galactic

1This chapter is taken from Hunt, L.K., Malkan, M.A., Moriondo, G., & Salvati, M. 1999, ApJ, 510, 637.
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encounters (e.g., Hernquist 1989), or by cool disks, unstable to perturbations (Heller & Shlosman

1994).

The putative overabundance of bars in Seyferts is, however, still a subject of controversy. Some

statistical work suggests that Seyfert nuclei are more prevalent in barred galaxies (Arsenault 1989),

but other authors conclude that the frequency of bars in Seyfert hosts is the same as that in normal

spirals (Moles, Marquez, & Perez 1995). Observational studies of Seyferts have found no excess of

bars relative to normal galaxies (McLeod & Rieke 1995; Ho, Filippenko, & Sargent 1997; Mulchaey

& Regan 1997). Moreover, when the centers of Seyfert galaxies are examined at high resolution,

there is still no evidence that either inner bars or double/multiple nuclei are unusually common

(Malkan, Gorjian, & Tam 1998).

Interactions in Seyfert galaxies are subject to a similar controversy. While many studies find

a connection between interactions and Seyfert activity (Dahari 1985; Keel et al. 1985; Fuentes-

Williams & Stocke 1988; Rafanelli, Violato, & Baruffolo 1995), AGNs are also found in isolated

galaxies (Moles, Marquez, & Perez 1995; Keel 1996). Moreover, it appears that Seyfert activity is

virtually absent in very disrupted systems (Keel et al. 1985; Bushouse 1987).

Recent work on the connection between environmental factors and nuclear activity has also

concentrated on the properties of the bulge (e.g., Nelson & Whittle 1995). Seyfert nuclei tend to

reside preferentially in early-type spirals (e.g., Moles, Marquez, & Perez 1995), and intuitively the

bulge would be expected to be connected with the properties of the central gravitational potential

well. If massive compact objects (black holes) lie at the heart of Seyfert activity (c.f., Terlevich et

al. 1992), the importance of the bulge can be appreciated by considering the correlation of putative

black hole mass with the mass of the bulge (Kormendy & Richstone 1995). The relative dominance

of the bulge in a galaxy may also be connected with the size and strength of a bar, and with the

locations of resonances where gas piles up and star formation ensues (Elmegreen & Elmegreen 1985;

Combes & Elmegreen 1993).

In this paper, we study both structural components of Seyfert host galaxies by decomposing

the two-dimensional images into a bulge and a disk. In an earlier paper (Hunt et al. 1997, hereafter

Paper I), near-infrared (NIR) images of galaxies with Seyfert and starburst nuclei (SBN) were used

to quantify the host galaxies in terms of stellar populations. We found that both Seyfert and SBN

host galaxies have NIR colors that reflect, in the mean, normal late-type stellar populations. We

also found non-axisymmetric red colors primarily in SBNs and blue colors in Seyfert 2s, which could

be interpreted as a (possibly evolutionary?) sequence from SBNs, to Type 2, to Type 1 Seyferts.

Here, we have decomposed the NIR images in Paper I into bulge and disk components, and have

compared their structural parameters and component colors with those from normal spirals. In §2,

we briefly describe the Seyfert and SBN samples introduced in Paper I, together with the control

samples of normal spirals to which we applied the same decomposition algorithm. The image

decomposition is described in §3, and the structural parameters of Seyfert and SBN bulges and

disks are given in §4, and compared with those of normal galaxies in §5. Implications of our results

are discussed in §6. We defer analysis of the non-axisymmetric features of Seyfert galaxies to a

much larger sample (Hunt et al., in preparation), and discussion of the nuclear amplitudes and

colors to a future paper. As in Paper I, we use a Hubble constant H0 = 75 km s−1Mpc−1.

2. The Samples

The Seyferts studied here and in Paper I are part of the CfA sample (Huchra & Burg 1992),

and the SBNs were selected from the Markarian lists as identified and compiled by Balzano (1983)

and Mazzarella & Balzano (1986). Both samples are magnitude-limited, and we imposed a redshift

constraint of z ≥ 0.015 to ensure compatibility with detector field-of-view. The selection criteria

and observations are described in detail in Paper I where J-, H-, and K-band images of 26 Seyfert
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1s, Seyfert 2s, and SBNs are presented. One of the SBNs, Mrk 732, is, in reality, a Seyfert 1

(Osterbrock & Pogge 1991), and has therefore been included as a Seyfert in the statistical analysis.

Besides these “active” objects, two additional normal spiral samples for which we have NIR

images have also been considered in this paper. The first is selected from the normal spiral galaxies

described in de Jong & van der Kruit (1994) and in de Jong (1995), and is a minimum-diameter-

limited sample. This data set was also used as a control sample in Paper I, and as mentioned there,

we used only those objects with well-defined spiral types between Sa and Sc, and the same selection

criteria as for the program samples were applied, that is to say z ≥ 0.015. The subset of the de

Jong galaxies (hereafter referred to as “Sc’s”) considered here and in Paper I is dominated by later

spiral types; only two galaxies have a morphological type earlier than Sb, and most are clustered

around Sc. One of the “Sc’s” is Mrk 545 (UGC 89, NGC 23), a SBN, and was eliminated from

consideration in the statistical comparison.

The second normal galaxy sample comprises the early-type spirals studied in Moriondo, Gio-

vanardi, & Hunt (1998a,b) (hereafter MGH1, MGH2). These galaxies are taken mainly from the

work of Rubin and collaborators (Rubin et al. 1985) who selected Sa’s from Sandage & Tammann

(1981). They are relatively luminous systems with dominant bulges; the observing sample reported

in MGH1 contains only those galaxies with apparent diameter . 4 arcmin. The morphological type

spread in this sample is tight with only one galaxy (NGC 5879) as late as Sbc, and the remaining

objects are Sab or earlier. The Moriondo (hereafter referred to as “Sa’s”) and de Jong samples

together span the entire range of spiral types, with early-types well represented for comparison

with the Seyferts.

We anticipate here the sample medians for K-band galaxy total luminosity: the medians are,

in descending order, −24.5 (Sy 1’s), −24.3 (Sc’s), −24.2 (Sa’s), −23.9 (Sy 2’s), and −23.8 (SBNs).

The samples are similar in luminosity, and, moreover, the spread for each sample is also similar and

relatively small, about 3 mag. Therefore, we do not expect to find luminosity-dependent biases in

the derived structural parameters.

3. Galaxy Decomposition

Previous studies of Seyfert galaxies that examined the host galaxy bulge and disk relied on the

decomposition of one-dimensional (1D) surface brightness (SB) profiles (Yee 1983; MacKenty 1990;

Kotilainen et al. 1992; Danese et al. 1992)2. Such techniques generally fail to provide reliable galaxy

structural parameters (Byun & Freeman 1995). This can be understood by considering the general

case of a system inclined relative to the plane of the sky. When a galaxy is inclined, projected

bulge and disk components have quite different shapes, and their sum is not well-represented by

elliptical isophotes. Hence, even if the galaxy would be well-described by the simple two-component

bulge+disk model, it is difficult if not impossible for 1D profile-fitting to estimate correctly the true

parameters (Burstein 1979).

We have therefore adopted a technique which fits two-dimensional (2D) surface brightness

distributions as the sum of a bulge, a disk, and an unresolved point source. The bulge, assumed to

be an oblate rotational ellipsoid coaxial with the disk, is modelled with a generalized exponential

(Sèrsic 1968; Sparks 1988):

IB (x, y) = Ie

exp

{

−αn

[

(

1
re

√

x2 + y2

(1−εB)2

)1/n

− 1

]}

, (10.1)

Bulge index n = 4 corresponds to the “standard”R1/4 law. Ie (µe in magnitude units) and re are

2Yee and MacKenty applied a single-component disk model.
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effective (half-light) surface brightness and radius, εb is the apparent bulge ellipticity, and αn is a

constant relating the effective brightness and radius to the exponential values (see MGH1). The

bulge apparent eccentricity eb is related to the intrinsic eccentricity e′b by:

eb = e′b sin i . (10.2)

The disk, assumed to be thin, is modelled with a simple exponential:

Id (x, y) = Id(0) exp

[

− 1

rd

√

x2 +
y2

cos2 i

]

. (10.3)

Id(0) (µd in magnitude units) and rd are the central surface brightness and exponential folding

length, respectively, and i is the system inclination. The unresolved nuclear source is assumed to

be a delta function with amplitude In(0) (mn in magnitude units).

Structural parameters were determined by fitting the model, convolved with a circular Gaussian

PSF, to the data in flux units using a χ2 minimization. Weights were assigned to each pixel

according to the photon noise expected in background limited performance, behavior that was

verified observationally. For each galaxy, the bulge was fit with four values of the exponent n: 1,

2, 3, and 4. Because the field-of-view of IRCAM1 is relatively small, there are rarely stars in the

same image as the galaxy. Hence, the seeing width σ was determined by fitting a circular Gaussian

to standard stars taken close in time to the program objects. The galaxy center was determined by

applying Gaussian fits to the images, and the position angle of the galaxy on the sky was determined

when possible from NED3, or otherwise from the images themselves.

The algorithm fits three parameters for the bulge (Ie, re, and εb), three for the disk (Id(0),

rd, i), and one for the nucleus (In(0)). Because we saw no evidence for changes in scale length

with wavelength, and because simulations demonstrated that parameters are generally more reliable

when more than one wavelength is fit simultaneously, each galaxy was fit using all of the available

images in different filters. The bulge and disk scale lengths, re and rd, are therefore assumed to be

the same for all wavebands, as are bulge ellipticity eb and system inclination i. For three bands,

then, there are 13 free parameters in the fit. Bulge index n is not free to vary, as mentioned above,

so that the value of n that gave the best overall fit, nbest , was chosen a posteriori. The fitting

routine is described in detail in MGH1.

One feature of the decomposition used here bears special mention. Before fitting, the galaxy

image is folded about its major and minor axes to generate only one quadrant. Such a procedure is

possible because of the axial symmetry of the model. The uncertainty for each point is calculated

as the maximum of the photon noise, as mentioned above, and the deviations from symmetry

measured in the folding process. When bars, oval distortions, or other asymmetric structures are

not coincident with the line of nodes, such deviations are much larger than the photon statistical

uncertainties, and those regions are therefore fit with lower weight than more symmetric ones.

Hence, sensitivity to non axisymmetric structures is much reduced, relative to a more conventional

fitting technique, making the algorithm less subject to confusion between bars or lenses and bulges

or disks.

3.1. Numerical Simulations

The problem of separating the nucleus in active galaxies from the bulge does not have a simple

solution. To assess how well our algorithm succeeds in this task, in addition to the simulations

3The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California In-

stitute of Technology, under contract with the U.S. National Aeronautics and Space Administration.
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reported in MGH1, we fit a series of synthetic galaxies with an active nucleus, bulge, and disk com-

ponents. To better approximate the NIR observing conditions, we added background and photon

noise typical of those in our images. J , H, and K images were synthesized for each simulation,

convolved with an appropriate PSF, then fit using the same procedure as for the program galaxies.

Our main concern was the accuracy of bulge parameters when re is comparable with the seeing

σ. Hence, for all synthetic galaxies, we fixed the disk, the nucleus, and the seeing width, and varied

bulge n, eb, re, and µe. The nucleus and the disk were chosen to have the same properties as the

sample medians (disk with rd = 6 arcsec, µd(K) = 17.0, J −K = 0.91, H −K = 0.20, i = 45◦;

nucleus with mn(K) = 13.0, (J −K)n = 1.5, (H −K)n = 0.5). The seeing FWHM was fixed to

1.6, 1.4, and 1.3 arcsec, in J , H, and K, respectively.

It turns out that the most difficult parameter to determine correctly is bulge nbest . This is

the parameter that, in effect, describes the shape of the bulge; fixing n is the same as assuming

homologous shapes for all bulges. If this quantity can be unambiguously determined, then the fitting

algorithm returns the correct parameters of all components within the uncertainties. In general,

large-n bulges are equally well fit by either nbest = 3, 4, while their small-n (1, 2) counterparts give

correct (unambiguous) nbest . Spherical bulges with re ∼ σseeing are equally well fit by any n.

Perhaps the most important result of our simulations is that in all cases the disk parameters

are well determined, as are the nuclear amplitudes and colors. For all simulations, independently of

the correct nbest , we found that the fitted disk rd and the nuclear mn (and colors) reproduce those

of the synthetic galaxies to within a few percent. Disk µd (and colors) are also fit to within a few

percent, except for large-re, large-n bulges where the fitted disk surface brightness can be wrong

by as much as 0.3 mag arcsec−2, although colors remain accurate.

4. Results

The major-axis cut extracted from the image together with the best-fit decomposition is shown

for each program galaxy in Fig. 1. The results of our 2D decompositions are reported in Table

1. If the best-fitting bulge exponent nbest can be well-determined, the bulge parameters can be

considered reliable. “Well-determined” means that there is a unique lowest value of χ2 for a specific

value of bulge exponent n. For one-third of each of the samples analyzed (Sy 1, Sy 2, SBN, Sa, Sc),

this is not true and bulge nbest is “ill-determined”; thus for these objects the bulge parameters are

less reliable than they would be otherwise (and are marked with a colon in Table 1).

We have checked that components are not mis-identified by the decomposition algorithm. For

example, bars may be mistaken for either highly-flattened bulges or disks. Since roughly half of

each of the “active” samples are barred, at least as noted in de Vaucouleurs et al. (de Vaucouleurs

et al. 1991) (RC3) (see Paper I), this presents a potential problem. Bars are generally characterized

by a large aspect ratio, and in particular, if bars are interpreted as disks by the fitting algorithm,

the fitted inclinations should be larger than the “nominal” ones (those given by RC3 or measured

from the outer J-band isophotes). The mean ratio of nominal to fitted inclinations for the active

samples as a whole is 0.95 with a scatter of 0.5; for the Seyfert 1 sample alone the ratio is 0.89.

It appears that the fitted inclinations do not differ systematically from the “nominal” ones. We

conclude, albeit tentatively, that the “disks” given by the decomposition really are the photometric

structures normally called disks. Mis-identification of bars for bulges is more difficult to check, since

we have no way of determining, a priori, the intrinsic ellipticity of a given bulge. Nevertheless, only

Mrk 545 (SBN) has a fitted bulge with eb (0.45) which exceeds expected ranges of oblate ellipsoids

(Mihalas & Binney 1981).

The fitted parameters for each of the samples are shown as histograms in Fig. 2. Table 2 gives

the individual sample medians for all of the fitted parameters.

Typical Seyfert and SBN bulges are similar, being relatively spherical, compact, and bright,
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Fig. 2.— Observed distributions of fitted parameters for each component as a function of galaxy

activity class. Illustrated for bulge (top panel) and disk (bottom panel) are the K-band surface

brightnesses and absolute luminosities, scale lengths, and ellipticities/inclinations. The top panel

for each component shows Type 1 Seyferts as solid lines, and Type 2 as short-dashed lines; the

middle panel shows SBNs; the bottom panel shows Sa’s as solid lines, and Sc’s as short-dashed

lines.

with re ∼ 1 kpc and µc
e(K) ∼ 16 mag arcsec−2. They tend to differ only in the bulge exponent

nbest , or “shape parameter”, with Seyferts having nbest ∼ 2–3, and SBNs having nbest ∼ 1. Seyfert

1 bulges appear to be the most luminous, with Mb(K) ∼ −23.5.

The typical Seyfert disk is also compact and bright, with rd ∼ 2 kpc, and µc
d(K) of around

16.7 mag arcsec−2. SBN disks are slightly more extended and faint, and appear similar to early-

type disks, with rd ∼ 2.8 kpc, and µc
d(K) ∼ 17.3 mag arcsec−2. Seyfert disks are also luminous,

especially those of Seyfert 1s, with a median Md(K) ∼ −24.2.

4.1. Bulge and Disk Colors

As foreseen in Paper I, disk colors (J −K)c
d and (H −K)c

d of the active samples are similar to

those in normal spirals. Furthermore, as in most spirals (MGH1), bulge (J −K)c
b of all the galaxies

except the Type 2 Seyferts are ∼ 0.1 mag redder than disk (J −K)c
d. In particular, Sa bulges are

significantly (97% one-tailed) redder than their disks. On the other hand, Seyfert 2 bulges tend

to be blue with (J − K)c
b ∼ 0.9, comparable to the disk color. This bulge color in Seyfert 2s is
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Fig. 3.— Plots of mean surface brightness < µc(K) >e and luminosity M(K) versus (J − K)c.

Bulge parameters are shown in the left panels, and disks on the right. Seyfert 1s are denoted by

filled circles, Seyfert 2s by filled squares, SBNs by open triangles, Sa’s by ×, and Sc’s by +.

significantly (95% one-tailed) bluer than (J −K)c
b in normal bulges.

Bulge and disk J −K colors plotted versus 〈µc(K)〉e and M(K) are shown in Fig. 3. There

may be a slight trend for bright bulges to have redder colors, but the anomalous bulge colors

[(J − K)c
b & 1.2] do not conform to the trend. The tightness of the disk colors is evident in the

right panels of Fig. 3. Neither bulge nor disk colors depend on the component absolute luminosity.

We have compared the fitted bulge and disk colors to the inner and outer disk colors derived

in Paper I. The inner disk colors in Paper I were defined from averaging the elliptical profiles from

4 arcsec to 3 kpc, and the outer from 3 kpc to the noise limit of the profile. While the 1D outer

colors correlate well with the 2D-fitted disk colors, there is very little connection between the 1D

inner colors and those of the 2D-fitted bulge. Given the small bulge re in our samples, together

with the brightness of the disk, the disk contribution becomes comparable to that of the bulge

well within the 3-kpc limit, and thus “contaminates” the inner light. It appears that to properly

measure colors of the bulge, especially the relatively compact ones observed in Seyferts and SBNs

(and Sa’s), the effects of the disk and nucleus need to be removed, a task that is best accomplished

with (2D) decomposition.

5. Statistical Comparisons

The Kolmogorov-Smirnov (K-S) test evaluates the probability that two observed cumulative

distributions have been drawn from the same parent population. We have applied the K-S test to

each pair of samples for each parameter, on the basis of the distributions shown in Fig. 2. The

results are illustrated schematically in Fig. 4. As mentioned in the caption, we distinguish between

low significance level (between 90% and 95% shown in lower case), moderate (between 95 and 99%

in upper case), and high (> 99% in bold face). Although only those differences at 95% or greater

should be considered significant, certain trends emerge when the lower-probability differences are

taken into account.
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Fig. 4.— A graphic summary of the statistical analysis described in § 5. The upper panel refers to

bulge properties, the lower one to disks. The letters indicate the quantity for which a significant

difference was found between the two given subsamples: B stands for surface brightness, R for

roundness of bulges (i.e. rounder bulges have smaller εb), C for compactness (i.e. more compact

components have smaller physical scale length), and L for luminosity. The sign of the difference

(i.e., which sample has the largest value of a given parameter) is from left to above, in the sense

that for a given comparison, the sample towards the bottom and left has a smaller value of the

parameter than the sample to the top and right. The significance of the difference is given by the

size of the letter: lower case means a significance level between 90 and 95%, upper case between

95 and 99%, and bold face greater than 99%. For instance, considering only Sc’s and Sa’s in the

upper panel, we see that Sc bulges are rounder than Sa’s at between 90 and 95% confidence level,

whereas Sa bulges have higher surface brightnesses than Sc’s at more than 99%. Dotted lines are

given to better delineate the significant differences between samples.

5.1. Comparative Summary

Bulges of Seyfert, SBN, and normal spirals are similar to one another in most photometric

properties. The most salient difference is between the bulges of normal early- and late-type spirals,

as Sa bulges on average are > 1K-mag arcsec−2 brighter than those in Sc’s. This result confirms

the work of de Jong (1996), who found that early-type bulges are characterized by brighter µe,

independently of the type of bulge parameterization (nbest ).

Disk properties differ substantially among the different spiral and active types. Fig. 4 shows

that the Sc disks differ significantly from those of early-type and active spirals: they are measurably

more tenuous and extended than their early-type counterparts. Indeed, there appears to be a

progression from large, tenuous late-type spiral disks (rd> 5 kpc and µc
d(K)∼ 18), to brighter and

more compact early-types (rd ∼ 3 kpc and µc
d(K)∼ 17). While part of this behavior may result
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from selection effects4, MGH1 also found that early-type spiral disks are more than 1 mag arcsec−2

brighter than late-type disks (Giovanardi & Hunt 1988), similar to the trend of early- and late-type

bulges.

The K-S tests also show that Seyfert disks are significantly brighter even than Sa disks. Seyfert

disks are also compact, but not significantly more so than the Sa’s, and like early-type disks, they are

significantly more compact than those in late-type spirals. Although the Seyferts, SBNs, and Sa’s

are selected from magnitude-limited samples which tend to be biased against low surface-brightness

objects (McGaugh, Bothun, & Schombert 1995), they are also “maximum-diameter” selected (the

Sa’s explicitly so, and the Seyferts and SBNs indirectly so because of the redshift constraint).

Furthermore, as mentioned in § 2, the median luminosities and spreads of the different samples are

comparable. The similarity of the selection criteria and luminosities among the Seyferts, SBNs,

and Sa’s would therefore suggest that any bias is not acting “differentially” to affect our results.

5.2. Correlations of Surface Brightness and Scale Length

We investigate here whether bulge and disk parameters for Seyferts and SBN’s obey relations

similar to those in normal spirals. Correlations between surface brightness and scale length in ellip-

tical galaxies and of bulges and disks in spiral galaxies have been known for some time (Kormendy

1977; Hoessel & Schneider 1985; Djorgovski & Davis 1987; Kent 1985; Kodaira, Watanabe, & Oka-

mura 1986). These two parameters, in fact, constitute an almost face-on view of the “fundamental

plane” (FP) for bulges and ellipticals (e.g., Kormendy & Djorgovsky 1989, and references therein).

Figure 5 shows plots of bulge and disk SB against respective effective scale lengths5. The

Seyfert and SBN parameters are shown in the upper panels, and the normal galaxies in the lower

panels. Also shown in the lower left panel are bulges taken from Bender, Burstein, & Faber (1992)

and Andredakis, Peletier, & Balcells (1995) converted to the K band according to the prescription

given by Andredakis et al. The dotted lines in the left panels show the best-fit line to our normal

Sa and Sc bulges6. The best-fit slope of 2.90 corresponds to re ∝ I−0.86
e , very similar to what is

found by Bender, Burstein, & Faber (1992) and earlier work (e.g.,Kormendy & Djorgovsky 1989).

Moreover, the intercept relative to the B-band conversion gives a mean B −K color of 3.8, which

is a rather normal color for these systems. The upper left panel in Fig. 5 shows that the Seyfert

and SBN bulges follow very closely the trend defined by normal spiral bulges and ellipticals.

The situation changes for the disks. We have fit our normal Sa and Sc disks in the same way

as for the bulges7, and find a best-fit slope of 2.94, similar to the bulge value, and corresponding to

re ∝ I−0.85
e , identical to that found for ellipticals. This regression is shown, with the normalization

appropriate for normal disks, as the lower dotted line in the right panels of Fig. 5; the upper dotted

line shows the analogous trend for the bulges, repeated from the left panels. The figure shows that,

for a given disk re, Seyfert disks have a mean SB 0.9K mag arcsec−2 brighter than those in even

early-type spirals, comparable to the typical surface brightnesses of the bulge. This appears to be

another confirmation of the abnormally bright surface brightness of Seyfert disks.

4The Sc’s are taken from a minimum-diameter sample which is expected to be less biased against low-SB objects

than are magnitude-limited samples (McGaugh, Bothun, & Schombert 1995).

5The disk exponential folding length rd has been converted to the half-light radius, so that the bulge and disk

plots have the same units.

6The slope is calculated as the ordinary least-squares (OLS) bisector given by Isobe et al. (1990), and the intercept

is defined by forcing the regression to pass through the barycenter of the data points.

7The low-luminosity systems in the Sc sample, UGC 628 and UGC 12845, have been omitted from the fit. Given

that in dwarf galaxies the trends of scale length r and µ are contrary to those in luminous systems where r increases

with fading µ (Binggeli & Cameron 1991), this should be legitimate.
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Fig. 5.— Plots of mean surface brightness < µc(K) >e versus log re. Bulge parameters are shown

in the left panels, and disks on the right; active spirals are shown in the upper panels, and normal

spirals in the lower ones. Disk exponential folding length rd has been converted to the half-light

effective radius re, so that bulge and disk plots have the same units. As in Fig. 3, Seyfert 1s are

shown as filled circles, Seyfert 2s as filled squares, SBNs as open triangles, Sa’s as ×, and Sc’s as

+. In the lower left panel, bulges from Bender, Burstein, & Faber (1992) and from Andredakis,

Peletier, & Balcells (1995) are shown as open circles and open squares, respectively, converted to

K as described in the text. The regressions shown as dotted lines in the left panels are the best

fits to our normal bulges as defined in the text. The right panels show the bulge regression as the

upper line, and the best fit to the normal disks as the lower line; they have similar slope, but are

offset vertically by roughly 0.9 mag arcsec−2.

5.3. Mass-to-Light Ratios

To complete our discussion of the properties of Seyfert host galaxy components, we have

collected kinematic data from the literature in the form of central velocity dispersions (Nelson &

Whittle 1995; Prugniel & Simien 1996) and neutral hydrogen velocity widths (RC3). These data

have been used to derive global mass-to-light (M/L) ratios for the galaxies, and relative M/L ratios

for their bulges. Global galaxy M/Ls rely on an effective radius reff for the galaxy as a whole,

obtained by analytically integrating the bulge+disk model. Hydrogen velocity widths have been

corrected for inclination (using fitted values) and turbulence. As in Burstein et al. (1997), we have

used the expression for κ3 to calculate relative bulge M/Ls (κ3 ≡ (log σ2
c − log Ie − log re)/

√
3),

and reff to calculate global masses.

It turns out that effective K-band M/L ratios of Seyfert galaxies tend to be slightly smaller

than those of normal early-type spirals (median Seyfert M/L = 0.7, median Sa = 0.9 in solar

units). If the actively star-forming Sa’s are eliminated from the median8 (see MGH1), then the

Seyfert M/L ratios result almost a factor of two smaller (median true Sa = 1.2); the difference

in the sample means (0.8 for Sy’s vs. 1.5 for true Sa’s) is significant at the 96% (one-tailed) level.

These M/L ratios are plotted in the upper panels of Fig. 7.

8Hereafter, this subset of Sa’s will be denoted as “true Sa’s”.
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We would argue that the lower M/L ratio of Seyferts is due to their disks. While Nelson &

Whittle (1996) attribute an offset in Seyfert bulge luminosity versus velocity dispersion regressions

(e.g., Faber-Jackson) to reduced bulge M/L, a Faber-Jackson plot for the bulges in our samples

reveals no significant offset between Seyferts and Sa’s. A possible explanation of the discrepancy lies

in their determination of bulge luminosity, which relies on mean bulge-to-disk ratios as a function

of morphological type (e.g., Simien & de Vaucouleurs 1986). For the Seyferts (especially Type 1)

in our sample such corrections, on average, overestimate the bulge by 0.6 mag; instead, the normal

early-type bulges are well determined with the standard correction, having a mean error of 0.1 mag.

For a given morphological type, therefore, B/D ratios for Seyferts appear to be somewhat smaller

than those of normal spirals. Indeed, the Sy 1’s, similar to the Sa’s in almost every way, have

significantly more luminous disks (see Fig. 4), an effect which probably results from their high

surface brightnesses as shown in the upper right panels of Figs. 3 and 5. The mean difference of

0.6 mag that we find between Seyferts and normal early-type spirals is perhaps fortuitously similar

to Nelson & Whittle’s mean offset of 0.7 mag, but may be an explanation for the disagreement.

We have also placed Seyferts, SBNs, and Sa’s in the fundamental plane according to the

formalism of Burstein et al. (1997) (see also Bender, Burstein, & Faber 1992). Figure 6 shows

various projections of the FP together with the B-band relations defining the FP in the κ1/κ3

projection (shown as a solid line), and the “zone of exclusion” in κ1/κ2. As before, our data

have been converted from K to B according to Andredakis, Peletier, & Balcells (1995). In these

projections of the FP at a given mass, the M/Ls of Seyfert bulges (upper left panel) are very similar

to those in normal spiral bulges. In contrast, our K-band data for global M/Ls (upper right panel)

do not strictly conform to the FP as defined in B by Burstein et al. (1997). However, because of

our small sample sizes (further reduced by the available kinematic data), we have not determined a

slope, but rather fixed it to the canonical one, and for each sample adjusted the intercept (“offset”)

in a least-squares sense. The offsets for Sy’s (shown as dotted line) and true Sa’s (dashed line)

differ significantly (99.9% –one-tailed– level), again with Sy’s having global M/Ls almost a factor

of two lower. This result, though, is not independent of the smaller Seyfert M/L ratio previously

discussed, since it depends on the same input quantities. What we have shown here is that while

true Sa’s conform to the FP, Seyferts do not; they tend to have, in the mean, lower global M/Ls.

We therefore find no evidence for a systematically lower M/L ratio in Seyfert bulges, relative

to normal early-type spirals, but rather for smaller global M/L ratios in Seyfert galaxies. In the

absence of spatially-resolved kinematic data, it is not straightforward to determine absolute M/L

ratios of the bulge and disk, but indirect arguments seem to suggest that the Seyfert disk, not the

bulge, is the galaxy component with an anomalously low M/L ratio. This point will be discussed

further in the next section.

5.4. Neutral Hydrogen Content

We have calculated two quantities, both evaluated with reff , to measure the neutral hydrogen

content in our samples: the mean HI surface density σHI , and the HI mass fraction MHI/Meff .

Seyfert, SBN, and Sc median σHI are typical of spiral types Sb or later (Roberts & Haynes 1994),

while Sa’s show median σHI three or four times lower, consistent with normal early-type spirals

(Eder, Giovanelli, & Haynes 1991). In terms of neutral hydrogen mass fraction, SBN’s have the

highest median MHI/Meff of all the samples (∼ 40-50%), with Seyferts following at 18% (14%

for Type 1’s, 20% Type 2’s). Sa’s at 4% are consistent with normal early-type spirals (Roberts

& Haynes 1994; Broeils & Rhee 1997). On the basis of both criteria, therefore, we conclude that

Seyferts, although structurally very similar to Sa’s, are much richer in neutral gas. Indeed, even

normal very late-type spirals are observed to have MHI/Meff . 10 –12 % (Roberts & Haynes 1994),

so that the Seyferts, and especially SBNs, appear to have abnormally high neutral gas fractions,
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Fig. 6.— κ1/κ2 and κ1/κ3 projections of the FP as defined in Bender, Burstein, & Faber (1992).

κ1 ≡ (log σ2
c +log re)/

√
2; κ2 ≡ (log σ2

c +2 log Ie− log re)/
√

6; κ3 ≡ (log σ2
c − log Ie− log re)/

√
3.

Bulge parameters are shown in the left panels, with Ie and re defined in the K band from our

decompositions, and σc taken from Nelson & Whittle (1995). Global effective parameters are

shown in the right panels, with K-band Ieff and reff derived from the fits as described in the text.

HI line widths are taken from RC3, and corrected as described in Burstein et al. (1997). All data

have been converted to the B band as described in the text. Symbols are as in Fig. 3. The upper

panels, with κ1/κ3 shows the solid line defined by: κ3 = 0.15κ1 + 0.36, and the lower panels with

κ1/κ2 shows the zone-of-exclusion defined by: κ1 +κ2 = 8. Offsets as defined in the text are shown

as dashed lines for the Sa’s, and as dotted lines for the Sy’s. The lower global (effective) M/L for

the Seyferts is evident in the upper right panel.

independently of their morphological type. If the molecular gas were taken into account, the work

of Maiolino et al. (1997) shows that we could even be underestimating the total gas content in these

systems by a factor of two or more.

We also find the HI mass fraction MHI/Meff in Seyferts and SBNs to be anticorrelated with

effective M/L ratio. This anticorrelation is shown in the upper middle panel of Fig. 7 where lower

M/L is seen together with higher MHI/Meff , but the trend is amplified by the use of Meff in

both plotted variables. To assess the impact of this on the correlation, we have performed Monte

Carlo experiments that reproduce the statistical characteristics of the combined Sy+SBN sample

(in terms of mean and spread in LK , Meff , MHI , and the correlations between them). Results show

(via the Fisher z test, see Bulmer 1967) that the anticorrelation between MHI/Meff and M/L is

significant at the 96% (two-tailed) level (2σ), independently of underlying correlations and those

induced by correlated measurement uncertainties. The behavior of the Sa’s, on the other hand, is

well-reproduced by the Monte Carlo experiments, appearing to depend solely upon the underlying

biases.

The dependence of gas content on M/L is also shown in the upper right panel of Fig. 7,

where M/L is plotted against σHI . The HI surface brightness is independent of distance, and the
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Fig. 7.— Plots of (log) effective M/L versus µc
d(K) (upper left panel); versus (log) neutral hydrogen

mass fraction MHI/Meff (upper middle panel); versus (log) neutral hydrogen surface density σHI

(upper right panel); and MHI/Meff versus µc
d(K) (lower panel). M/L ratios are effective (half-light)

calculated as described in the text. As in Fig. 3, Seyfert 1s are shown as filled circles, Seyfert 2s as

filled squares, SBNs as open triangles, Sa’s as ×, and Sc’s as +. The three Sa’s in the upper left

panel are actively star-forming Sa’s (NGC 3593, 4419, 5879), and are marked with circumscribing

circles; the median Sa (omitting these) and Seyfert M/L are illustrated with horizontal dotted lines.

The dotted line in the lower left panel is not a fit, but rather indicative of the segregation of the

“active” and normal spiral classes.

correlation should be more free of systematic effects than MHI/Meff vs. M/L; σHI and M/L are

again significantly correlated in Seyferts and SBNs at the 2σ level. Nevertheless, true HI surface

brightness is only very crudely estimated by the values reported here, and we would argue that the

more physically significant variable is MHI/Meff . Even for anomalously high gas mass fractions,

spatially resolved HI maps are needed to determine if Seyferts and SBNs really do have, for a given

morphology, higher-than-average HI surface density.

We also find in Seyferts and SBNs a correlation (& 95% two-tailed) between µd(K) and HI

mass fraction, in the sense that fainter µd(K) implies higher MHI/Meff . This trend, shown in

the lower left panel of Fig. 7, is displaced from normal spirals, and the clear segregation between

active and normal spirals is indicated by the diagonal dotted line. Since HI tends to be associated

with the stellar disk, these are yet more indications that the low M/L ratios we and others find in

Seyfert galaxies are a property of the disk, and not of the bulge.
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6. Summary, Discussion, and Speculation

We summarize here what has emerged from our investigation, and then speculate about what

the results might imply.

• In normal spirals, we confirm the trends found in earlier studies of bulge and disk parameters

with morphological type: early-type spiral bulges are brighter (µe) than late-types (de Jong

1996), and Sa disks are more compact (rd) and bright (µd) than those in Sc’s (GMH1).

• Seyfert and SBN bulges resemble normal bulges in structure and color, with (J −K)c
b about

0.1 mag redder than disk (J −K)c
d, except that: i) Sy 2 bulges tend to be rounder than those

in Sy 1’s and normal spirals; ii) Sy 2 bulges have (J −K)c
b ∼ (J −K)c

d (see also Paper I).

• Seyfert disks (especially Type 1), but not those of SBNs, are significantly brighter than early-

type disks, which are, as mentioned above, brighter than those of Sc’s. Evidence of this

result is seen in the K-S comparision (Fig. 4) and in the trends of disk SB and radius (Fig.

5). Seyfert disks are also compact, but not significantly more so than those in early-type

spirals. We also find some suggestion (Fig. 4) for, at a given morphological type, higher disk

luminosity in Sy 1’s (hence reduced bulge-to-disk ratios) which we attribute to their higher

disk surface brightness.

• Seyferts, and especially SBNs, are very rich in neutral gas: while neutral gas fractions

MHI/Meff for normal spirals are observed to be . 10%, Seyferts have MHI/Meff of around

18%, and SBNs & 40%. This trend is illustrated in Fig. 7, where the different properties of

normal and active spirals are evident.

• We find strong, albeit indirect, evidence for lower M/L ratios in Seyfert and SBN disks, but

for normal M/Ls in their bulges. Such evidence includes normal (i.e., without offset) Faber-

Jackson plots for Seyfert bulges; an offset in the FP, not for the bulges, but rather towards

lower global M/L ratios (Fig. 6); and anticorrelations of M/L with what are usually thought

to be a disk quantities, namely HI mass fraction and surface density (Fig. 7).

First, we find Seyfert disks to be anomalously bright, relatively compact, and, for their mass,

abnormally rich in HI. Evolutionary simulations of disk galaxies suggest that such disks might be the

product of mass transport from the outer regions to the center, and the ensuing episode(s) of star

formation. Models of galaxies with a stellar bulge, disk, and a gas component show a significant

central buildup of stars and gas after 2 Gyr (Junqueira & Combes 1996). In the Junqueira &

Combes models, the evolved stellar (and gaseous) distributions show progressively brighter central

surface brightnesses and smaller effective radii, similar to those we observe in Seyfert galaxies. The

weak trend (Fig. 7) we find for dimmer µd(K) at higher MHI/Meff in Seyferts and SBNs (and

perhaps in normal spirals, see McGaugh & de Blok 1997) may also support this scenario: the more

gas already converted into stars, the lower the gas mass fraction, and the brighter the disk.

Second, such secular buildup and central concentration of stars and gas occurs in the simu-

lations even in the absence of a bar. The high neutral gas mass fraction in Seyferts (and SBNs)

may be an explanation for the discordant findings of incidence of bars and interactions in Seyfert

galaxies (see Introduction and references therein). The simulations of Junqueira & Combes (1996)

correspond to a gas fraction of 10%, but, as noted by them, when gas mass fractions exceed roughly

10%, the gas can damp bar instabilities, instead of exciting them (Shlosman & Noguchi 1993). The

abnormally abundant neutral gas in Seyferts may therefore prevent the formation of bars in Seyfert

disks; the gas gets funnelled inward anyway because of dynamical friction (Shlosman & Noguchi

1993) or spiral wave instabilities (Junqueira & Combes 1996; Zhang 1996).

Third, the anticorrelation between M/L and MHI/Meff suggests that SBN and some Seyfert

disks have undergone or are undergoing more star formation than normal spirals. For a given age,
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M/L ratios measured at wavelengths longward of about 1µm decrease with metallicity (Worthey

1994), and, at a given metallicity, increase with age. According to the Worthey models, the expected

range due to age is 0.5 dex for ages & 2 Gyr, and in metallicity less than half that. Because the

M/Ls observed here anticorrelate with neutral hydrogen mass fraction, and because their variation

has an amplitude (∼ 2 dex) that exceeds by far the spread predicted by the Worthey models, we

claim that the M/L ratios indicate a very young age, not extreme metallicity. If this is true, the

low M/L ratios and high MHI/Meff imply that the SBNs and some Seyferts are actively forming

stars, and their stellar populations are relatively young (< 2 Gyr). Turning again to Fig. 7, we add

that among Seyfert and SBNs, and perhaps separately among normal spirals, the more gas already

converted into stars, the higher the M/L, and the older the mean age of the stellar population.

As to differences in star formation histories between Seyfert 1s and 2s, we are not able, because

of our small samples, to make conclusive statements. Although the statistics are very poor, Type

2 Seyferts may have a higher HI mass fraction than Type 1s, suggesting that star formation may

have occurred more recently in Seyfert 2s (Paper I; Oliva et al. 1995). The blue disk-like color and

roundness of Seyfert 2 bulges are probably relevant here. Blue J −K bulge colors should indicate

younger age or lower metallicity or both, although we have very little color leverage to disentangle

the combined effects of age and metal abundance. We can only point out that Seyfert 2 bulges are

more similar to normal and active spiral disks, than to normal bulges, or to the bulges of Type 1

Seyferts and SBNs.

Finally, we address the question of an evolutionary link between Seyfert, SBN, and normal

bulges and disks. Normal early-type spiral bulges and disks are brighter and more compact than

those of late types. Since we argued above that bright, compact disks could result from inward mass

transport in Seyferts, we could speculate in a similar vein that normal early-type disks have evolved,

over time, from late-types. The central depression in neutral hydrogen commonly observed in early-

type spirals (e.g., van Driel & van Woerden 1991) would result naturally from such a scenario, since

presumably the gas would be blown out (e.g., Israel & van Driel 1990) or consumed (van Driel & van

Woerden 1991) by violent star formation in the central regions. Disk evolution is also compatible

with recent work that suggests that the rate of galaxy evolution depends on disk surface density.

Gas consumption is delayed in low-surface-brightness systems, and brighter disks are more evolved,

having undergone more episodes of star formation in the past (McGaugh & de Blok 1997).

We speculate further that Seyferts may be extreme cases of high (initial and present) HI mass

fraction coupled with high-density, evolved disks at the current epoch. Because of their high gas

content, Seyfert disks have continued to undergo episodes of star formation up to now, consuming

the gas, but not yet exhausting it. Early-type spirals would be those which did not have sufficient

gas initally to create either a bright Seyfert-like disk or an active nucleus, and SBNs would not yet

have had enough time to build up either one, but may do so in the future given the large reservoir

of gas available. The rate of bulge/disk/active nucleus evolution in spirals would be determined by

the gas fraction, the efficiency and time scale of the inward mass transport, and by the rate and

efficiency of star formation.

We would like to thank Edvige Corbelli, Daniele Galli, and Francesco Palla for interesting dis-

cussions; Carlo Giovanardi for insightful comments; and an anonymous referee for probing questions

that resulted in a better paper. This research was partially funded by ASI Grant ARS-96-66.



Chapter 10 214

Table 2. Sample Medians of Structural Parameters

Active Normal Spirals

Component Parameter Seyfert 1 Seyfert 2 SBN Sa’s Sc’s

(1) (2) (3) (4) (5) (6) (7)

nbest 2 3 1 3 2

εb 0.089 0.018 0.231 0.238 0.015

re (kpc) 0.98 0.59 0.75 1.12 1.88

Bulge µc
e(K) 16.2 15.7 16.3 16.7 18.1

(J −K)c
b 1.04 0.87 0.99 1.07 · · ·

(H −K)c
b 0.17 0.18 0.21 · · · 0.25

Mb(K) −23.5 −22.6 −22.7 −23.0 −22.7

rd (kpc) 2.5 2.1 2.8 3.2 7.7

µc
d(K) 16.6 16.7 17.3 17.2 18.3

Disk (J −K)c
d 0.94 0.93 0.87 0.90 · · ·

(H −K)c
d 0.21 0.20 0.25 · · · 0.18

Md(K) −24.2 −23.6 −23.3 −23.5 −23.8
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Fig. 1.— J-band major-axis cuts together with the best-fit decomposition. The observed and fit

J − K, J − H, and H − K color profiles are also shown; these are merely the difference of the

major-axis cuts in the various filters. The major-axis cuts are shown as crosses, and elliptically-

extracted profiles (see Paper I) are shown as open circles. Error bars indicate the uncertainties used

in the 2D decomposition, and may be dominated by asymmetries as described in the text. The top

horizontal axis shows galactocentric distance in kpc, assuming the distances given in Table 1, and

the bottom galactocentric distance in arcsec. Bulge nbest is shown in the upper right corner below

the object name. The three components are shown in the upper panel as long dashed lines, and

their sum in all panels as short dashed lines. The fits take into account the different seeing widths

in the different bands, but the observed profiles have not been rebinned. The profile of Mrk 993,

the most highly inclined galaxy in our samples, shows a good example of the difference between

elliptically-averaged profiles and the major-axis cut. Not only do the surface brightnesses differ

substantially in the central region, but also the colors (J −K, J −H).
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CHAPTER 11

Morphology of the 12µm Seyfert Galaxies:

Hubble Types, Axial Ratios, Bars, and Rings

Abstract1

We have compared the morphological characteristics of the 891 galaxies in the Extended

12µm Sample (E12GS), and assessed the effect of the 12µm selection criterion on galaxy

properties. The normal spirals in the E12GS have the same axial ratios, morphological

types, and bar and ring fractions as other normal spirals. The HII/starburst galaxies have

a higher incidence of bars, and more than twice the normal rate of “peculiar” morphologies,

both of which are attributable to relatively recent disturbances. The 12µm Seyferts show

a small (10%) deficiency of edge-on disks. This is caused by extinction, but is a much less

severe effect than in optically-selected samples. There is a similar modest deficit of highly

inclined HII/starburst galaxies in the 12µm sample. The galaxies with active nuclei (AGNs:

Seyferts and LINERs) have the same incidence of bars as normal spirals, but show rings

significantly more often than normal galaxies or starbursts. The LINERs have elevated

rates of inner rings, while the Seyferts have outer ring fractions several times those in

normal galaxies. The different formation times of bars and rings suggest an interpretation

of these differences. Bars form relatively quickly, and indicate that material is recently being

transported (by redistribution of angular momentum) to the center of the galaxy, where it is

likely to trigger a short (e.g., . 108 yrs) burst of star formation. Outer rings may result from

similar disturbances, but require much more time to form. They would then be associated

with more intense nuclear activity if it takes 109 years or more for the mass transfer to reach

the center and raise the black hole accretion rate, by which time the bar has dissolved or

begun to do so. Inner rings form before outer ones, with a formation time more comparable

to bars. Thus it may be that after an interaction or instability triggers an infall of gas, the

galaxy in the earliest stage is likely to show enhanced star formation in its center, while later

it is more likely to show LINER activity, and still later likely to be a Seyfert. The trends

we find with morphology and nuclear activity are not biased either by the distances of the

galaxies, or by the slightly elevated recent star formation rates shown by the 12µm galaxies

in general.

1This chapter is taken from Hunt, L.K. & Malkan, M.A. 1999, ApJ, 516, 660.
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1. Introduction

While for many years it was thought that initial conditions uniquely determined galaxy mor-

phology (Eggen, Lynden-Bell, & Sandage 1962), it is now becoming apparent that morphology can

be modified by physical processes (e.g., Pfenniger, Combes, & Martinet 1994). It follows that galaxy

morphology can be used to study these processes, if a relationship can be established between a

morphological feature and the physical mechanism responsible.

The most striking features of disk galaxy morphology are nonaxisymmetric structures such

as bars and spiral patterns. Such structures can be caused by instabilities in galactic disks, and

the interaction between bars and disks or bulges can give rise to angular momentum transfer and

resonance phenomena. Gas, because of its dissipative properties, is expected to have a substantial

influence on the development of spiral structure and bars. Numerical simulations suggest that bars

can induce substantial inflows of gas (Schwarz 1981; Friedli & Benz 1993), and the consequent

evolution of the bar may create thickened structures that resemble bulges (Norman, Sellwood, &

Hasan 1996; Friedli & Benz 1995). Environmental effects, such as tidal interactions and mergers, can

also induce bars, as well as bridges, tails, multiple nuclei, and highly non-axisymmetric “disturbed”

structure. Interactions may also alter the Hubble type in spirals, causing them to evolve from

late-type unbarred systems toward barred earlier types (Elmegreen, Elmegreen, & Bellin 1990).

Axisymmetric structures in galaxies, bulges and disks, may also be modified over time by

these processes and others, and the Hubble sequence itself may turn out to be an evolutionary

one (Pfenniger, Combes, & Martinet 1994; Martinet 1995). If this were true, there could be a

link between normal spiral evolution and the triggering of starburst and nuclear (Seyfert) activity.

These kinds of activity would be expected if such evolution, instead of proceeding at quiescent

quasi-static rates, were to occur violently on relatively short timescales, and involve only modest

fractions of the central mass.

In this paper, we investigate the morphology of several classes of disk galaxies in an attempt

to better understand the physical processes behind the creation and maintenance of an active

galactic nucleus (AGN). Much effort has been devoted to identifying the connection, if any, between

host galaxy properties and the AGN (Simkin, Su, & Schwarz 1980; Su & Simkin 1980; Yee 1983;

MacKenty 1990; Zitelli et al. 1993; Danese et al. 1992; Granato et al. 1993; Kotilainen et al. 1992;

Kotilainen & Ward 1994). In particular, galactic bars which should facilitate the inward transport

of gas to fuel the active nucleus (Shlosman, Begelman, & Frank 1990) are not ubiquitous in Seyfert

galaxies, even at the infrared wavelengths thought to favor bar detection (McLeod & Rieke 1995;

Mulchaey & Regan 1997). Likewise, interactions are frequent in Seyferts (Dahari 1985; MacKenty

1989), but not all Seyferts are found in interacting systems (de Robertis, Yee, & Hayhoe 1998).

The only salient difference between Seyfert and normal spiral morphology discovered to date is the

near-infrared surface brightness of the disk (Hunt et al. 1999): at 2µm, Seyfert disks turn out to

be almost 1 mag arcsec−2 brighter than those in normal early-type spirals.

This paper is the first of a series aimed at the investigation of the host-galaxy/nuclear connec-

tion in AGNs and starbursts through qualitative and then quantitative galaxy morphology. Our

study is based on the Extended 12µm Galaxy Sample (Rush, Malkan, & Spinoglio 1993) (hereafter

RMS), and here we report an analysis, with data from the literature, of the Hubble types, axial

ratios, and bar and ring fractions. We also assess the impact of the infrared selection criterion on

the star formation properties of the sample galaxies. Future papers will present and analyze new

optical and near-infrared images of the 12µm Seyferts that will enable us to further quantify the

morphologies of these objects.
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2. The Extended 12 µm Galaxy Sample

We have chosen the Extended 12µm Galaxy Sample (hereafter E12GS) for several reasons.

(1) The 12µm selection avoids biases associated with ultraviolet selection criteria which tend to

favor blue Seyfert 1s and quasars (e.g., Markarian and Green Green, Schmidt, & Liebert 1987).

(2) Optically-selected magnitude-limited samples may be biased against faint nuclei embedded in

bright galaxies (e.g., CfA Seyfert sample: Huchra & Burg 1992), but the 12µm flux is an approxi-

mately constant fraction of the bolometric flux in both types of Seyferts (RMS). (3) Importantly for

statistical studies, the 12µm Seyferts are numerous (116) and comprise the largest Seyfert sample

of both types yet compiled. (4) 12µm Seyferts are closer than the CfA Seyferts, thus affording

better spatial resolution and higher flux densities. (5) Distances of the two types in the 12µm Sey-

ferts are similar (69 Mpc for Seyfert 1s vs. 59 Mpc for Seyfert 2s) so that conclusions drawn from

type comparison should not suffer from resolution or distance/luminosity effects. (6) Enhanced

star formation activity may be favored by the infrared selection criterion, and evaluation of such

a selection artifact may help better understand the relationship between Seyfert activity and star

formation. (7) Finally, the E12GS automatically guarantees similarly-selected control samples of

HII/starbursts, LINERS, and non- active galaxies.

The E12GS was defined by RMS on the basis of 12µm flux, and contains 891 galaxies2. The

flux limit is 0.22 Jy, and the sample is estimated to be complete to 0.3 Jy. The multiwavelength

properties of Seyferts in the 12µm sample are discussed by Rush & Malkan (1996); Rush et al.

(1996) and Rush, Malkan, & Edelson (1996). Near-infrared photometry of the galaxies in general

is reported by Spinoglio et al. (1995).

3. Morphology of the 12 µm Galaxies

We are interested in the morphological characteristics of the 12µm galaxies not only for their

intrinsic interest, but also to assess any dependence on the 12µm selection criterion. Specifically,

(i) what are the Hubble types of the 12µm galaxies, and how do they compare with those for

normal spirals and previous Seyfert samples? (ii) what are the axial ratios of the 12µm galaxies,

and how do they compare with optically-selected samples? (iii) how does the bar fraction of the

12µm galaxies compare with that for normal spirals, and how does it vary with activity class and

Hubble type? (iv) what fraction of 12µm galaxies have rings?

To this end, we used the spectroscopic classifications of the E12GS (HII/starburst, LINER,

Seyfert 1 or 2) from the NASA/IPAC Extraglactic Database, NED3. From these classifications,

three subsets of the 12µm galaxies were derived: HII/starburst (67 objects), LINER (33 objects),

and “non-active” (neither HII/starbursts, nor LINERs, nor Seyferts: 626 objects, hereafter referred

to as “normal”). Ambiguous designations such as HII+LINER (8 objects), HII+Sy (6), LINER+Sy

(14) have been separated out in order to better represent “pure” activity classes, although we have

analyzed them where necessary to evaluate the validity of possibly low-significance results.

The resulting percentage of “active” galaxies in the E12GS is roughly 30%, as opposed to the

20% value given in RMS. The increase is in large part due to the different definition and consequent

greater number of HII/starbursts here, and to the inclusion of ambiguous classifications. More

observations in the literature and continuous updates of NED also contribute to the increase. 29

galaxies are classified as Seyferts in NED, but are not part of the 12µm Seyfert samples, and,

conversely, 22 of the 116 12µm Seyferts are not designated as such in NED. Hence, there may be

some doubt about the strict membership of the activity-class subsamples we have defined, although

23C273 and OJ287 are not considered here.

3The NASA/IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Laboratory, California In-

stitute of Technology, under contract with the U.S. National Aeronautics and Space Administration.
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the samples should be large enough to submerge small random effects of mistyping.

Morphological types, bar and ring classes, and major and minor diameters were taken from

NED, and the distributions of these compared among the subsets defined above. The optically-

selected CfA sample of Seyferts (Huchra & Burg 1992) is also considered in the analysis, so as to

better assess any selection effects introduced by the 12µm criterion (see § 4).

3.1. Morphological Types

The NED revised morphological types are typically taken from the Third Reference Catalogue

of Bright Galaxies (RC3; (de Vaucouleurs et al. 1991). The Hubble stage or type index (T) is derived

from these according to the principles outlined in RC3. When an object is tagged “pec”(uliar), but

has a well-defined type, we included it in the analysis. “Peculiar” morphology is shown by only 19%

of the normal 12µm galaxies, by roughly 25% of the 12µm Seyferts (21 and 27% for Types 1 and

2, respectively), by 35% of the LINERs, and by almost half (45%) of the 12µm HII spirals.

The distributions of Hubble type index for the different subsamples are shown in Fig. 1.

It is apparent that the normal 12µm galaxies are predominantly spirals, as expected, and that

there are fewer very late-type spirals relative to the UGC distribution (although both have median

T = 4 = Sbc). The 12µm and CfA Seyfert 1s tend to be early-type spirals (median T = 1 = Sa),

while the 12µm HII galaxies and LINERs tend towards later types (medians T = 3, 3.5 = Sb, Sbc,

respectively); Seyfert 2s are intermediate between the two with median T = 2 = Sab.

That Seyferts tend to reside in early-type spirals has been known for some time (Terlevich, Mel-

nick, & Moles 1987; Moles, Marquez, & Perez 1995). The trend found here of morphological types

in Seyfert galaxies is also similar to that of the Palomar Spectroscopic Survey (Ho, Filippenko, &

Sargent 1997a), and of a large sample of nearby Seyferts (Malkan, Gorjian, & Tam 1998) (hereafter

MGT). However, the 12µm HII galaxies tend towards earlier types and the LINERs towards later

types than those detected in the Palomar survey (Ho, Filippenko, & Sargent 1997b). This may be

a luminosity effect since the Palomar Survey tends towards low luminosities, or it could be related

to the 12µm selection and dust or gas content. The median morphological type of both 12µm and

CfA Seyfert 2s lies between Seyfert 1s and HII galaxies/LINERs (individual typing uncertainties

are T ∼ 0.7–(Buta et al. 1994), a trend confirmed by the ambiguous sub-samples: LINER / Sy

galaxies have median T = 2, HII/Sys T = 3, and HII/LINERs T = 4. There appears to be a global

progression from normal spirals and LINERS (median Sbc), to HII/starbursts (Sb), to Seyfert 2s

(Sab), and Seyfert 1s (Sa).

3.2. Axial Ratios

The intrinsic shape of spiral disks may be derived from distributions of axial ratios and has

been extensively studied (Sandage, Freeman, & Stokes 1970; Binney & de Vaucouleurs 1981; Fasano

et al. 1993; Odewahn, Burstein, & Windhorst 1997). Here we compare the axial ratios in the E12GS

with those of normal spirals, and with optically-selected Seyfert samples. The distributions of the

axial ratios of the galaxies in the E12GS are shown in Fig. 2. The normal 12µm galaxies exhibit

an axial-ratio distribution entirely consistent with normal disk galaxies, being roughly flat from

b/a . 1.0 down to ∼ 0.2 (Binney & de Vaucouleurs 1981).

Optically-selected Seyfert galaxies tend to avoid edge-on systems (Keel 1980), partly because

of the bias of (optical) magnitude-limited samples against extremely inclined systems (Burstein,

Haynes, & Faber 1991; Fasano et al. 1993; Maiolino & Rieke 1995). Indeed, the CfA Seyferts show

a strong deficiency of highly inclined disks, especially for the type 1s: the mean b/a for the CfA

type 1s (2s) is 0.80 (0.77), compared with 0.56 for the normal 12µm galaxies. Figure 2 shows that

the 12µm Seyfert galaxies are much less affected by this bias than the CfA sample, as the mean
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Fig. 1.— Distributions of the morphological type index (Hubble stage). The distributions denoted

by a dotted line correspond (from bottom to top) to: 1) the distribution of the Uppsala General

Catalog as tabulated by Roberts & Haynes (1994); 2) the 12µm LINER sample; 3) the CfA Seyfert

2s; 4) the CfA Seyfert 1s. The numbers given in this and subsequent histograms refer to the

number of objects with (in this case) morphological types defined in NED. The two values given

in the HII/LINER panel correspond to the HII and LINER subsamples, respectively, and the two

values in the Seyfert panels to the 12µm and CfA samples. The vertical arrows mark subsample

medians, calculated with a type index resolution of unity.

b/a for the 12µm type 1s (2s) is 0.65 (0.64). 11% of the type 2 Seyferts, and 13% of the type 1s

have b/a≤ 0.4, versus none of the CfA Seyferts. A similar lack of edge-on Seyfert 2s has been noted

by McLeod & Rieke (1995), who attributed it to obscuration on scales of ∼ 100 pc or more.

The LINERs and HII galaxies have a mean b/a of 0.59. Only 9% of the HII galaxies have

b/a≤ 0.4, which implies that if obscuration causes the deficiency of highly inclined galaxies, it

operates equally well whether an AGN or a starburst is present.

3.3. Bars

70% of the normal sample and roughly half of each of the active samples have bar classes

defined, and those galaxies with bar definitions have been divided into three categories: unbarred

(SA); barred (SAB or SB); and strongly barred (SB). Table 1 gives the results of this division. It

turns out that 69% of the normal galaxies are barred, in good agreement with the magnitude-limited

sample of northern spirals with B ≤ 13 of which 68% have bars (see Moles, Marquez, & Perez 1995),

but slightly higher than the 60% fraction in field spirals (Sellgren & Wilkinson 1993) and in the

Palomar Survey spirals (Ho, Filippenko, & Sargent 1997c). If we apply a velocity constraint and
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Fig. 2.— Distributions of the axial ratios (b/a). The distributions denoted by a dotted line are

the same as those in Fig. 1. Numbers under the panel label give the number of galaxies in each

subsample with defined axial ratios. The horizontal dashed line in the lowest panel indicates a

random distribution in the absence of optical depth effects, and assuming disks are intrinsically

round.

consider only those sources with v < 5000 km s−1, the bar fraction is 68%. We conclude that the

bar properties of the 12µm normal galaxies are similar to those of optically-selected samples (see

also Pompea & Rieke 1990).

In contrast to the normal spirals, the vast majority of the 12µm starbursts are barred. 82 –

85% (depending on whether the distant galaxies are excluded) of the HII/starbursts with known

bar class are barred, and half of them are strongly barred4. This is a significantly higher barred

fraction of HII galaxies than the 61% found by Ho, Filippenko, & Sargent (1997c), and it does

not appear to be a selection effect. A detailed discussion of barred starbursts or star formation

in barred galaxies is beyond the scope of this paper, but it would appear that all starbursts, at

least relatively luminous ones, are preferentially barred. We have analyzed the bar fraction of the

Markarian nuclear starbursts (as listed by Balzano (1983) and by Mazzarella & Balzano (1986))

and found that 87.5% of the (32) galaxies with known bar class are barred, and 75% are strongly

barred.

The bar fractions of 12µm LINERs and Seyferts appear very normal with between 61 and

68% of them having bars; the CfA Seyferts are similar with roughly a 62% bar fraction. 4 of 9

hybrid LINER/Sy are barred (56%). This is yet another confirmation of the emerging consensus

4The hybrid HII/Sy sample with defined bar class has 4 of 4, or 100%, barred, while the HII/LINERs have 4 of

7 barred (57%).
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Table 1. Bar Class and Activity Type

Weakly Strongly

Activity Unbarred Barred Barred Barred

Type Totala (SA) (SAB) (SB) (SAB + SB)

Normal 447 138 (31%) 131 (29%) 178 (40%) 309 (69%)

HII/starburst 34 5 (15%) 11 (32%) 18 (53%) 29 (85%)

LINER 23 9 (39%) 9 (39%) 5 (22%) 14 (61%)

12µm Sy 1 28 9 (32%) 12 (43%) 7 (25%) 19 (68%)

12µm Sy 2 33 11 (33%) 9 (27%) 13 (39%) 22 (67%)

CfA Sy 1 18 8 (44%) 5 (28%) 5 (28%) 10 (56%)

CfA Sy 2 12 4 (33%) 5 (42%) 3 (25%) 8 (67%)

v <5000 km s−1 ⇒

Normal 401 128 (32%) 122 (30%) 151 (38%) 273 (68%)

HII/starburst 28 5 (18%) 10 (36%) 13 (46%) 23 (82%)

LINER 23 9 (39%) 9 (39%) 5 (22%) 14 (61%)

12µm Sy 1 20 6 (30%) 9 (45%) 5 (25%) 14 (70%)

12µm Sy 2 27 10 (37%) 6 (22%) 11 (41%) 17 (63%)

CfA Sy 1 11 4 (36%) 5 (45%) 2 (18%) 7 (64%)

CfA Sy 2 6 2 (33%) 2 (33%) 2 (33%) 4 (67%)

aTotal number of objects with well-defined bar class.



Chapter 11 230

that bars occur in Seyferts with the same frequency as they occur in the normal spiral population

(see Introduction and references therein). Recent work has suggested that bars and distortions are

more frequent in type 2 Seyferts than in type 1s (Maiolino et al. 1997). For the 12µm Seyferts,

however, this is not the case as the bar fraction (with v < 5000 km s−1) is greater for type 1s (70%)

than for type 2s (63%). It is only marginally the case for the CfA sample which has 67% of Seyfert

2s barred versus 64% of Seyfert 1s, although if all distances are considered, the differences between

the two types in the CfA sample are more pronounced (56% type 1s vs. 67% type 2s, see Table 1).

More and higher-quality image data are needed to decide if the difference is significant, and if so,

if it results from optical selection.

We turn finally to the variation of bar fraction with morphological type. Although the counting

statistics are sufficiently large only for the normal sample, we have analyzed bar fraction as a

function of Hubble type as shown in Fig. 3; the data have been binned as described in the figure

caption. Very late-type normal E12GS galaxies show a higher percentage of bars than early types,

as also found by Ho, Filippenko, & Sargent (1997c): 86% (31/36) of the 12µm galaxies with T > 6

are strongly barred (SB), and only 8% (3/36) are not barred at all. Otherwise the bar fraction is

constant with morphological type, except for S0s and earlier, which tend to have a lower percentage

(see also Ho et al.).

Within the errors, the bar fractions of 12µm HII galaxies and Seyfert 2s are also constant with

morphological type, while Seyfert 1s show a peak of 90% at type Sb (T = 3). This type is also

the mode in the Hubble type distribution, and means that 9 of 10 Sb Seyfert 1s are barred. The

fraction of unbarred Seyfert 1s is highest for the very early-types (S0 and earlier), similar to the

case for normal galaxies.

3.4. Rings

Rings trace dynamical resonances in galaxies and are locations of strong density enhancements

in stars and gas. Numerical simulations show that bar perturbations can form rings (Schwarz 1981),

and almost inevitably do in early-type spirals (Combes & Elmegreen 1993; Piner, Stone, & Teuben

1995). Patterns in ring structure have also been interpreted as an evolutionary sequence in Seyferts

where rings signify active gas flow into nuclear regions (Su & Simkin 1980). For these reasons, we

have quantified the presence of rings in the E12GS. Inner and outer rings have been associated with

inner and outer Lindblad resonances (Schwarz 1981; Buta 1993; Piner, Stone, & Teuben 1995), and

we have used the RC3 designations “(r)” and “(rs)” to tally inner rings, and “(R)” and “(R’)” for

outer ones. The tallies are shown in Table 2, together with the (s) (S shape), which designates

an inner spiral. Following Simkin, Su, & Schwarz (1980), we have applied a velocity constraint

(v < 5000 km s−1), shown in the lower part of the Table and in Fig. 4, so as to ensure reasonably

consistent typing among the different activity types.

Outer rings are relatively rare in normal galaxies, as shown in Table 2. Simkin, Su, & Schwarz

(1980) found similar fractions for an optically-selected comparison sample of normal spirals, so the

12µm galaxies appear normal in terms of the occurrence of rings. Three features, however, stand

out in Table 2: (1) the high fraction of Seyferts – especially type 1s – with outer rings (40% for

v < 5000 km s−1, as opposed to 10% for the normal 12µm galaxies); (2) the high fraction of Seyferts

and LINERs with both inner and outer rings; and (3) the high fraction of LINERs with inner rings.

Seyferts show outer rings or simultaneous inner and outer ring structures between 3 and 4 times

more frequently than do normal spirals; the formal significance of the higher Seyfert 1 outer ring

fraction is 3.9σ. Outer rings occur in LINERS almost twice as often as normal, although with low

significance, and with a normal frequency in HII/starburst galaxies. No outer rings are found in

any of the hybrid activity classes, although S shapes occur in 70% of the HII hybrids (HII/LINER,

HII/Sy). The anomalously high outer ring fraction in Seyferts is similar to results reported for
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Fig. 3.— Fraction of barred galaxies as a function of Hubble type. The dotted lines shows

the unbarred galaxies, the dashed lines the weakly-barred (SAB), and the solid lines the barred

(SAB + SB). Error bars are shown only for the barred distributions, and are derived from counting

statistics as
√

f(1 − f)/N , where f is the fraction of barred objects in a given morphological type

bin, and N is the total number of objects in the bin. Numbers under the panel label give the

number of galaxies in each subsample with well-defined bar class. The data have been binned as

follows: S0a and earlier (T≤ 0); Sa, Sab (0<T≤ 2); Sb, Sbc (2<T≤ 4); Sc, Scd (4<T≤ 6); Sd

and later (6<T).

Simkin, Su, & Schwarz (1980) for a smaller optically-selected sample. The incidence of inner rings

(40%) and S shapes (33%) in normal spirals (see also Simkin, Su, & Schwarz 1980) is exceeded only

by the LINERs (57%), a 2-σ effect. MGT also found that inner rings are not unusually frequent in

Seyfert galaxies.

Because inner and outer rings may occur preferentially in very early-type barred spirals (Combes

& Elmegreen 1993; Elmegreen et al. 1992), we have checked to ensure that the high outer ring frac-

tion in Seyferts is not due to their predominantly early Hubble types. Considering only 12µm

normal galaxies with T≤ 2 (Sab), the outer ring fraction increases by a factor of two (to 24%),

while the inner ring fraction remains roughly constant (at 43%). Among only early types, the Sey-

fert outer ring fractions are 60% and 50%, for Types 1 and 2, respectively. These fractions remain

significantly higher than normal, although instead of a 4-σ effect, it is around 2σ.

We can also examine what percentage of barred and unbarred galaxies have rings, as shown

in Table 3. While 10% of all normal 12µm galaxies have outer rings, 13% of barred normal spirals

do, and 7% of the unbarred spirals. While the presence of a bar may influence the occurrence of

an outer ring, bars definitely appear to be associated with inner rings: 52% of barred spirals have

inner rings, but only 38% of unbarred spirals have them. Such a result is not surprising since inner
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Table 2. Ring Class and Activity Type

Outer Inner

Activity Ring Ring Outer + Outer || S-shaped

Type Totala (R) + (R′) (r) + (rs) Innerb Innerc (s)

Normal 547 58 (11%) 209 (38%) 36 ( 7%) 237 (43%) 174 (32%)

HII/starburst 47 2 ( 4%) 18 (38%) 2 ( 4%) 18 (38%) 13 (28%)

LINER 29 4 (14%) 13 (45%) 3 (10%) 14 (48%) 8 (28%)

12µm Sy 1 34 10 (29%) 13 (38%) 6 (18%) 17 (50%) 12 (35%)

12µm Sy 2 45 11 (24%) 14 (31%) 5 (11%) 21 (47%) 11 (24%)

CfA Sy 1 19 6 (32%) 6 (32%) 2 (11%) 10 (53%) 10 (53%)

CfA Sy 2 16 3 (19%) 7 (44%) 3 (19%) 7 (44%) 1 ( 6%)

v <5000 km s−1 ⇒

Normal 479 48 (10%) 192 (40%) 31 ( 6%) 215 (45%) 162 (34%)

HII/starburst 36 2 ( 6%) 16 (44%) 2 ( 6%) 16 (44%) 11 (31%)

LINER 23 4 (17%) 13 (57%) 3 (13%) 14 (61%) 8 (35%)

12µm Sy 1 22 9 (41%) 10 (45%) 6 (27%) 13 (59%) 9 (41%)

12µm Sy 2 35 10 (29%) 12 (34%) 5 (14%) 18 (51%) 9 (26%)

CfA Sy 1 10 4 (40%) 4 (40%) 2 (20%) 6 (60%) 7 (70%)

CfA Sy 2 8 2 (25%) 3 (38%) 2 (25%) 3 (38%) 1 (12%)

aNumber of objects with well-defined morphological type.

bNumber of objects with both an inner and an outer ring.

cNumber of objects with either an inner or an outer ring.
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Fig. 4.— Fraction of ringed galaxies as a function of activity class. The lower panel shows inner

rings, the middle panel outer ones, and the upper panel those galaxies with both inner and outer

rings. Only those objects with (v < 5000 km s−1) are shown in the figure.

resonances are expected to develop in early-type barred spirals (Combes & Elmegreen 1993). These

fractions for 12µm spirals are consistent with those reported by de Vaucouleurs & Buts (1980) who

find a fraction of 43% of the unbarred and almost 70% of the barred spirals in the Second Reference

Catalogue of Bright Galaxies (RC2; de Vaucouleurs, de Vaucouleurs, & Corwin 1976) to have inner

rings. Finally, twice the normal fraction (& 80%) of unbarred HII/starburst galaxies have inner

rings.

3.5. Morphology Summary

We have examined the attributes, gleaned from NED, of the E12GS, and find:

i. The normal spirals in the E12GS are truly normal in terms of morphological types, axial

ratio distribution, bar fraction, and rings. Only one-fifth (19%) of them are designated as

morphologically “peculiar”.

ii. Almost half (45%) of the 12µm HII / starburst galaxies are morphologically “peculiar”, and

more than 80% of them are barred. A normal percentage of them has rings, but twice the

normal fraction (& 80%) of unbarred HII/starbursts show inner rings.

iii. The axial ratios of the 12µm Seyferts show a much smaller deficiency of edge-on systems

than in optically-selected Seyferts. This is because selection in the mid-infrared is much less

biased against Seyferts suffering large extinction.
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iv. One-fourth of the 12µm Seyferts are classified as having “peculiar” morphology, and, consis-

tently with previous studies, they are not preferentially barred.

v. The incidence of outer rings and simultaneous inner/outer rings in the 12µm Seyferts is

overwhelmingly higher (× 3–4) than that for normal spirals; LINERs show a high (× 1.5

normal) inner ring fraction. Both results are statistically significant.

4. Star Formation in the 12 µm Sample

An important selection effect that may operate in the E12GS is the tendency for infrared-

selected galaxies to be dominated by powerful star formation (e.g., Soifer et al. 1987). Star forma-

tion occurring on short timescales can alter morphology, and thereby flavor results drawn from a

morphological analysis. Such a selection artifact could also influence conclusions about star forma-

tion and Seyfert activity. For these reasons, we have attempted to quantify star formation in the

E12GS on the basis of infrared luminosity ratios and colors.

4.1. Infrared-to-Blue Luminosity Ratio

Infrared (IR) emission measured by the Infrared Astronomical Satellite (IRAS) is usually

attributed to dust heated by the quiescent interstellar medium (20–25 K), young massive stars

(∼ 50 K), and possibly an AGN (e.g., Rowan-Robinson & Crawford 1989). The relative contri-

bution of these processes determines the infrared luminosity output which can vary substantially

from galaxy to galaxy. As the contrasting examples of M 31 and Arp 220 illustrate (Telesco 1988),

infrared-to-blue luminosity ratios (LIR/LB) range over a factor of 1000 (e.g., Soifer et al. 1984).

Although LIR/LB is not a direct measure of “infrared activity” in galaxies (Soifer et al. 1989),

it is commonly used as an indicator of the relative importance of young stars and vigorous star

formation (Keel 1993; Combes et al. 1994), and we have calculated LIR/LB for the sample gal-

axies. For the far-infared (FIR) contribution (from 40 to 120µm), we used the usual expression:

FIR = 3.25 × 10−14 fν(60µm) + 1.26 × 10−14 fν(100µm) (e.g., Persson Lonsdale & Helou 1987).

The B-band contribution was calculated as ν fν based on the magnitudes given in NED, taken

mostly from RC3.

Figure 5 shows the distributions of LIR/LB for the various activity classes of the E12GS.

The normal galaxies in the E12GS are characterized by LIR/LB (median log of 0.16) intermediate

between the high ratios typical of infrared-selected galaxies selected at 60µm (IRAS Bright Galaxy

Sample –BGS– Soifer et al. 1987; the median (log) of 0.75 is shown by the right vertical arrow in

the lowest panel of Fig. 5), and the low ratios in optically-selected galaxies [De Jong et al. 1984,

medians (log) of -0.4 (unbarred) and -0.26 (barred) shown by the left arrows]. We conclude that

the tendency of infrared selection criteria to favor high LIR/LB is much less pronounced at 12µm

than at 60µm.

The 12µm-selected Seyferts have higher LIR/LB (median log: -0.05, 0.31 for type 1s and

2s, respectively) than their optically-selected CfA counterparts ( -0.14, 0.13 for the CfA Sy 1s, 2s);

Seyfert 2s in both samples show higher values of LIR/LB than in Seyfert 1s. The 12µm HII/

starbursts have a median (log) LIR/LB (0.55) larger than any of the other classes, comparable only

to the BGS, while 12µm LINERS show the lowest LIR/LB of any of the 12µm activity classes,

similar to those in Seyfert 1s. Although these results seem to indicate a moderate 12µm selection

effect on Seyferts, some fraction of the Seyfert 60µm flux can be due to the AGN (Spinoglio et al.

1995). Such a contribution would boost LIR/LB , independently of recent star formation history.
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Fig. 5.— Distributions of logLIR/LB . The distributions denoted by a dotted line are the same as

those in Fig. 1. The vertical arrows in the lowest panel mark medians of the unbarred (-0.4) and

barred (-0.26) Shapley-Ames galaxies as analyzed by De Jong et al. (1984), and the IRAS Bright

Galaxy Sample (Soifer et al. 1987) selected at 60µm (0.75).

4.2. The Proportion of Warm and Cold Dust Components

IRAS observations revealed that infrared-to-blue luminosity ratios correlate with the flux ratio

Θ ≡ fν(60µ)/fν(100µ) (De Jong et al. 1984), although the correlation is looser in IR-selected

samples (Soifer et al. 1984). This was probably the first observational evidence of the presence of

a cold dust component and a more variable warm component: the higher the 60µm/100µm ratio,

the higher the proportion of warm dust, and the more LIR emitted relative to the optical. Such

correlations are shown for the E12GS in Fig. 6. The two bold data points in the Normal panel

show the loci of optically-selected samples (lower left, De Jong et al. 1984), and 60µm-selected ones

(upper right, Soifer et al. 1989). It can be seen that the normal 12µm galaxies are well-represented

by these values, while almost half of the HII/starbursts exceed them. On the other hand, more

Seyferts fall below the normal range than above it, and they show the worst correlation of any of

the activity classes.

Subsequent work demonstrated that IR emission from the interstellar medium (ISM), the

cold component, is not well-represented by “classical” dust grains in thermal equilibrium (silicate

and graphite particles with diameters ranging from 0.005 to 0.25µm), as they fail to produce the

observed emission for λ < 40µm (Pajot et al. 1986). Very small grains transiently heated by the

absorption of single UV photons were proposed by Sellgren (1984) to explain the excess mid-infrared

emission. In galaxies, a general relationship between IRAS color ratios fν(60µ)/fν(100µ)

and fν(12µ)/fν(25µ) was found by Helou (1986), and intrepreted as the interplay between the

contributions from classical and very small grains. Indeed, an empirical estimate of the small-to-
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Fig. 6.— Plots of LIR/LB versus far-infrared flux ratio fν(60µ)/fν(100µ); scale is logarithmic.

In the upper right panel, the 12µm Seyferts are marked with filled symbols (circles for Type 1,

squares for Type 2), and the CfA Seyferts with the respective open symbols. In the Normal panel,

the two bold data points correspond to the mean and spread in an optically-selected sample (RSA

galaxies, De Jong et al. 1984), and in a 60µm-selected sample (BGS, Soifer et al. 1989). Each panel

contains dashed lines which show the median LIR/LB for the activity class; in the Seyfert panel,

the upper horizontal dashed line marks Type 2s, and the lower Type 1s. The two outlying points

(upper right) in the Seyfert panel are Arp 220 (12µm Sy2) and Mrk 231 (CfA Sy1).

large dust grain ratio Γ ≡ νfν(12µ)/FIR has been shown to depend only on the flux ratio Θ

in Galactic nebulae and in optically- and IR-selected samples of galaxies (Helou, Ryter, & Soifer

1991) (hereafter HRS).

Given that the E12GS is defined on the basis of 12µm flux, the selected galaxies may be

anomalous in their dust content or relative contributions from the large and small dust grains.

We have therefore considered the behavior of Γ, the ratio of 12µm flux to FIR, in the sample

galaxies. Following HRS, Fig. 7 shows Γ versus Θ for the various activity classes in the E12GS.

The phenomenological model described in HRS, and plotted in Fig. 7, consists of two dust phases:

a cool one represented with a quiescent ISM energy density of uc ' 0.5 eV cm−3, and the other

with an increasing fraction immersed in a higher intensity field uw ' 30 eV cm−3 (solid line), or

uw ' 100 eV cm−3 (dotted line). Also shown in Fig. 7 as a dashed line in the lower left panel

is the linear fit to data from the Galactic interstellar medium in the vicinity of stars as given by

HRS. The remaining panels in Fig. 7 show as a dot-dashed line the colors that would be observed

were the quantities artificially controlled by the 12µm flux limit; such a trend is not followed by

the data. The figure shows convincingly that the HRS two-phase dust model is appropriate for the

bulk of the normal galaxies, the LINERS, and the HII/starbursts, except, perhaps at high Θ.
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Fig. 7.— Plots of Γ ≡ νfν(12µ)/FIR versus fν(60µ)/fν(100µ); scale is logarithmic. In all the

panels, the models described in HRS are shown as a solid line and dotted line; the dashed line in

the normal panel corresponds to the linear fit for Galactic interstellar medium data given in HRS,

and is not reproduced in the other panels. The monotonically-increasing dot-dashed line in the

active panels (not shown in the normal panel) represents the trend that would be followed if the

colors were dictated by the flux limit at 12µm (see HRS). The outlier (lower right) in the Seyfert

panel is Arp 220.

To assess the influence of star-formation properties on the morphological characteristics des-

cribed in the previous section, we have calculated the fractions of bars and rings in “star-forming”

and “quiescent” galaxies in the E12GS, as distinguished by the far-infared flux ratio Θ. The median

value of the HII/starbursts was used as the threshold: Θ = 0.51; galaxies with the far-infared flux

ratio greater than this value were (arbitrarily) considered“star-forming”, and the others“quiescent”.

With this criterion, 20% of the normal 12µm galaxies turn out to be actively star-forming, and

50% of the HII/starbursts (by definition), 13% of the LINERs, 30% of the Seyfert 1s, and 56% of

the Seyfert 2s. The occurrence of bars in the star-forming galaxies is significantly (4.8-σ) higher

than the quiescent category (86% versus 63%) only for the normal galaxies; there is no equivalent

trend for HII/starbursts, LINERs, or Seyferts.

Normal star-forming galaxies also have a higher percentage of outer rings than their quiescent

counterparts (24% versus 8%), with a significance of 2.4σ; the same is true for Seyfert 1s (83%

versus 28%, 3σ), but not for Seyfert 2s (40% versus 33%). An opposing trend emerges for inner

rings, with quiescent normal galaxies having a higher inner ring fraction (50%) than the star-forming

ones (37%), an effect which is only marginally significant at 2.1σ. The same is true for Seyfert

2s (66% quiescent versus 27% star-forming, significance 2.2σ), but not for Seyfert 1s. Evidently
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outer rings tend to prefer “actively-star-forming” galaxies, while inner ones prefer quiescent ones5.

Nevertheless, even the quiescent Seyferts have outer ring fractions of around 30%. We conclude

then that the high outer ring fraction found in Seyferts is not an artifact of the the 12µm selection

criterion, which may favor more recent star formation.

4.3. Mid-Infrared Flux Ratio

The HRS model for dust emission does not apply to the majority of Seyfert galaxies, mostly

because of the excess at 25µm that characterizes the objects in the upper right corner of the

Seyfert panel in Fig. 76. Indeed, the mid-infrared flux ratio fν(25µ)/fν(60µ) in the 12µm Seyferts

correlates extremely well with Γ, but not with LFIR/LB or with LFIR, unlike optically-selected

Seyferts where smaller fν(25µ)/fν(60µ) is associated with higher LFIR (Hunt 1991). The large

deviation from the dust model in Fig. 7 must therefore arise from the mid-infrared excess observed

in Seyferts (Miley, Neugebauer, & Soifer 1985; Edelson & Malkan 1986), attributed to an AGN,

either emission directly from the nucleus or from dust heated by it.

We have also examined the “warm” and “cold” fractions of the 12µm galaxies on the basis of

the mid-infrared flux ratio fν(25µ)/fν(60µ). Following Soifer et al. (1989), we distinguish between

“warm” and “cold” with fν(25µ)/fν(60µ) = 0.17, and find 21% of the normal 12µm galaxies to be

warm, as opposed to the 16% fraction in the 60-µm selected BGS. This higher percentage is almost

certainly due to the 12µm flux selection criterion because of the correlation between fν(12µ) and

fν(25µ). The warm fractions of HII/starbursts (18%) and LINERs (13%) are similar to the BGS,

while the much greater fractions (almost 60%) fractions of warm Seyferts arise from the mid-infrared

excess cited above.

We have investigated the occurrence of rings and bars in warm and cold galaxies in the E12GS.

It turns out that the ring fractions in HII / starbursts and LINERs are similar for warm and cold

objects, but the outer ring fraction in warm normal 12µm galaxies is greater (17%) than in cold

ones (9%), a significant trend at 3.1-σ. A similar conclusion holds for the outer rings in Seyferts:

54% (50%) of warm Seyfert 1s (2s) have outer rings, versus 33% (18%) of cold Seyferts, but only the

difference in Seyfert 2s is –marginally– significant at 1.9σ. It therefore seems plausible to interpret

the higher outer ring fractions in warm normal 12µm galaxies as due to unidentified Seyferts, seen

also in the Normal panel in Fig. 7 as the vertically-displaced outliers. There are no significant

differences in the bar frequencies between warm and cold 12µm galaxies of any activity class. We

conclude then that even though 1/5 of the E12GS is “warm”, as opposed to 1/6 of the 60-µm

selected BGS, the ring and bar fractions do not depend significantly on mid-infrared flux ratio,

except perhaps as it relates to Seyfert activity.

4.4. Star Formation Summary

The analysis of the infrared properties of the E12GS reveals that:

i. The LFIR/LB ratios of galaxies in the E12GS are intermediate between optically-selected and

60µm-selected samples, but tend to be higher in the HII / starbursts and in the Seyfert 2s.

ii. While the high values of LFIR/LB and the general properties of the infrared emission in

12µm normal galaxies, LINERs, and HII / starbursts can be explained by the two-phase dust

model proposed in HRS, those of Seyferts cannot.

587% of the LINER sample is quiescent, and also has the highest inner ring fraction of any of the activity classes.

6Large values of the fν(25µ)/fν(60µ) flux ratio were used initially to define potential Seyfert samples (De Grijp,

Miley, & Lub 1987).
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iii. Deviations from the dust model in Seyferts seems to be due to their excess emission at 25µm,

thought to have origin in either dust heated by the AGN, or in the AGN itself.

iv. Bar fractions in the E12GS are significantly greater for greater far-infrared flux ratio fν(60µ)/fν(100µ)

only for the normal galaxies; no class shows a dependence of bar fractions on fν(25µ)/fν(60µ).

v. Outer rings in normal galaxies and Seyferts tend to prefer higher fν(60µ)/fν(100µ) and

fν(25µ)/fν(60µ)7, while for inner rings the reverse is true. Nevertheless, the high outer ring

fractions in Seyferts and the high inner ring fraction in LINERs do not appear to be the result

of a selection artifact.

These considerations lead us to conclude that the 12µm selection criterion does influence the

star-formation activity of the E12GS, but the effect is mild compared to that of 60µm selection.

Not unexpectedly, the 12µm HII/starbursts display extreme values of the “star-formation” indica-

tors, but they are compatible with trends predicted by two-component dust models. The infrared

properties of the 12µm Seyferts may be partly affected by recent star formation activity, at least

in Seyfert 2s, but there is undeniably a strong contribution from an AGN, since Γ correlates very

well with the mid-infrared flux ratio fν(25µ)/fν(60µ), known to be an indicator of Seyfert activity.

5. Interpretation and Implications

We have examined the morphological attributes and global star-formation characteristics of

the 891 galaxies in the E12GS. In what follows, we attempt to link together some of the results,

and provide a coherent picture of what they might imply for galaxies hosting AGNs and starbursts

in particular, and for spiral galaxies in general.

5.1. How Many AGN Do We Miss from Extinction in the Galactic Disk?

If we simply assume that the intrinsic distribution of b/a in the Seyfert host galaxies must be

uniform, like what we observe in the normal 12µm galaxies, we can estimate how many inclined

Seyferts are missing from the 12µm sample. Even if all of the Seyferts within the flux limit were

picked up by the E12GS, the identification of their Seyfert nuclei still rests on optical spectroscopy,

which could be incomplete in the presence of large extinction in the body of the host galaxy. The

b/a distributions of the 12µm Seyfert 1s and 2s can be made identical to that of the normal galaxies

with the addition of 5 highly inclined (b/a < 0.4) Seyfert 1s, and 5 highly inclined Seyfert 2s. This

corresponds to incompletenesses of 12% and 9% for the Seyfert 1s and 2s, respectively. This may

be however an overestimate, especially for type 1s with a median Hubble type of Sa, since the

axial-ratio distributions of the 12µm Seyferts are very similar to those of normal early-type spirals

(Binney & de Vaucouleurs 1981).

5.2. Why are Outer Rings but not Bars Abnormally Frequent in Seyfert Nuclei?

Previous researchers suggested that, since many reasonably-sized galaxies already harbor

massive black holes, perhaps from their early formation days, the key to making them Seyferts is

a gas supply that can fuel their nucleus during the current epoch. Alternatively, black holes could

be formed and maintained by normal stellar evolution in a massive compact nuclear star cluster

(Norman & Scoville 1988). Either way, any dynamical mechanism that can redistribute angular

momentum, and cause gas to spiral in very close to the center, should be strongly associated with

central bursts of star formation and observed nuclear activity.

7The former significantly for Seyfert 1s, while the latter for Seyfert 2s.
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Bars, or nested bars, are thought to be such a mechanism. In fact they probably do function

in this way, because they seem to be helpful in promoting a burst of star formation in the center

of a “normal” galaxy, as indicated in § 3. However, it is not understood why bars do not promote

Seyfert nuclear activity, even in any weak statistical sense.

One answer to this dilemma may lie in the large fraction of outer rings in Seyferts. Buta &

Combes (1996) discuss the observational and theoretical properties of rings in spiral galaxies, and

we mention here a few points germane to our discussion but not already mentioned previously.

First, bars in galaxies require between 2 and 5× 108 yrs to form (Combes & Elmegreen 1993);

subsequently, formation of nuclear and inner rings requires roughly 108 yrs, and outer rings about

3× 109 yrs. Second, while outer rings (R) can be sustained for a Hubble time in the absence of

tidal interactions, in dense environments they are relatively fragile and tend to be either completely

destroyed or converted into pseudo-rings (R′). Third, inner or nuclear rings can have a lifetime as

short as 108 yrs, because of nuclear gas inflow and consequent star formation. Fourth, because of

the long time necessary for the formation of an outer ring, true outer rings8 would not be expected

to be observed preferentially in strongly barred galaxies. This last is true because strong bars

are thought to be only a transient phase in the life of the galaxy, as they can be dissolved or

converted into lenses or triaxial configurations by massive gas flow to the center. It follows that

rings may supplant bars as signals of historical angular momentum transfer late in the life of the

galaxy. Seyfert galaxies, with their high ring frequency, may have reached an advanced stage in

their evolution which would be characterized by “older” indicators of angular-momentum transfer.

Such timescale considerations would also help explain the extremely high bar fraction in HII

/ starburst galaxies. If bars, associated with centralized starbursts, signal mass transfer only early

on in the galaxies’ development, then we could interpret the low outer-ring fraction in HII galaxies

as an indication of lack of time; outer rings have not yet had time to form in starbursts. On the

other hand, 80% (of the 20%) unbarred HII fraction present inner rings; such structures would have

had sufficient formation time if the timescales delineating “early” and “late” (or young and old) are

roughly 108 and 109 yrs, respectively. An implication of this scenario is that the “trigger delay

time” for Seyfert activity should be much longer than that for starbursts.

5.3. Implications for AGN Unification

The core idea of AGN Unification schemes is that apparently different types of nuclear activity

may in fact be intrinsically similar, if only we could observe them more fully. Two examples of AGN

unification are the hypotheses that: i) the emission lines in “classical” LINERs are photoionized by

a hard continuum, the same as in Seyfert 2 nuclei, except that the ionization parameter is lower

because of the lower intensity of radiation reaching the emitting clouds; or ii) each narrow-line

AGN (e.g. Seyfert 2) actually contains a broad-line region like those in Seyfert 1s, but something

obscures it from our view.

One implication of the unification hypotheses is that the apparently different types of active

nuclei should reside in statistically similar galactic environments. In other words, the host galaxy

should not “make much difference” to the AGN, if they are all fundamentally the same kind of

objects. Thus a (negative) test is proposed: are there any significant differences between the host

galaxies of different classes of AGNs? As usual, the most difficult aspect of such tests is finding

suitably unbiased samples, so that apparent differences are not artificially produced by selection

effects.

This was a strong motivation for our morphological study of the host galaxies of the 12µm

AGN. In terms of bars, the 12µm AGN pass the unification test, since we could not find any

8As opposed to pseudo-outer rings which appear to be younger.
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significant differences among AGN types. In contrast, the HII-region galaxies show a higher bar

frequency. In this regard, then, LINER galaxies resemble more the Seyferts than the HII/starbursts.

In our relatively unbiased AGN sample, we found apparent host-galaxy differences among

different AGN types: i) The LINERs appear to have an unusually high incidence of inner (∼ 108 yrs

formation time) rings, in contrast to the Seyfert 1s which have an unusually high incidence of outer

(∼ 109 yrs formation time) rings. This complicates the simplest version of unification for LINERs

and Seyferts. One possible embellishing solution, for example, might be to postulate that LINER

and Seyfert nuclei are the same objects, but seen at different evolutionary stages, as revealed by

the differences in the rings in their host galaxies (see above). ii) The Seyfert 2s appear to have later

morphological types than Seyfert 1s. Again a possible complication could be that Seyfert 2 nuclei

are dustier, creating more obscuration along more lines-of-sight (see discussion in MGT).

We could carry the proposed negative test further by formulating a counter-hypothesis: Seyfert,

LINER, and starburst activity in galaxies could be directly related to the evolutionary status of

the galaxy, at least since its last major disturbance. Previous work (see Introduction) suggests

that non-axisymmetric perturbations, such as bars, induce rapid evolution of spiral disks through

transfer of angular momentum; evolution in this sense is most likely from late to early spiral types

(Pfenniger & Friedli 1991; Martinet 1995). The presence of gas is fundamental in this process

because of its dissipative properties and destabilizing influence.

It follows that Seyfert nuclei, hosted by predominantly early-type spirals, would represent a

more evolved manifestation of activity (central gas deposit) than either LINERs or starbursts which

tend to be found in later Hubble types. Type 1 Seyferts would also be older, more evolved, than type

2s since they are found in slightly earlier morphological types. The high frequency of outer rings

in Seyferts, inner rings in LINERs, and bars in HII/starbursts would also follow, since the different

formation times and lifetimes of these structures would reflect differences in the evolutionary stage of

the galaxies. If peculiar morphologies reflect recent (young) disturbances, likely since they occurred

more frequently in the past (van den Bergh 1998, and references therein), then the peculiar fractions

that decrease systematically going from HII / starbursts (45%), to LINERs (37%), Seyfert 2s (27%),

and Seyfert 1s (21%) obey a similar trend in evolutionary status. The high HI mass fractions in

starbursts that decrease going to Seyfert 2s and 1s, together with an opposing trend in disk surface

brightness (Hunt et al. 1999) are also compatible with such a progression of activity and Hubble

type. Finally, an evolutionary sequence from starbursts to Seyfert 2s, to type 1s (e.g., Oliva et al.

1995) would be a possible consequence.

In the same vein, if Seyfert 2 nuclei were younger/less evolved than type 1s, and considering

that type 2 nuclei tend to be weaker relative to the galaxy than type 1s (Yee 1983), we would deduce

that the intensity of nuclear activity increases with age. If age goes hand-in-hand with morphological

type, we might therefore expect to find trends with measures of nuclear activity. Figure 8, where

the mid-infrared flux ratio fν(25µ)/fν(60µ) is plotted against the Hubble type index, may show

such a trend. As discussed in § 4.3, fν(25µ)/fν(60µ) is a good indicator of Seyfert activity, and the

figure shows a correlation between it and Hubble type T; the correlation is significant at > 99.9%

(two-tailed). As the mid-infrared flux ratio becomes larger, the morphological types become earlier,

and the nuclei older and more intense, if time increases to the left as it would were our hypothesis

correct. If fν(25µ)/fν(60µ) measures black hole mass, presumably related to nuclear intensity,

such a trend would also be consistent with the correlation between black hole mass and total bulge

luminosity (Kormendy & Richstone 1995), since early-type spirals tend to have more luminous

bulges than late types.

While our findings are inconsistent with some of the consequences of the Unification Scheme

for AGNs, and perhaps more consistent with other hypotheses, our study suffers from limitations.

We have used qualitative data from the literature, and some of the results are of necessity plagued

by small-number statistics. High-quality multiwaveband image data are needed to systematically



Chapter 11 242

Fig. 8.— Plots of mid-infrared flux ratio fν(25µ)/fν(60µ) versus Hubble type index T for the 12µm

Seyferts. Seyfert 1s are marked with filled circles, and Type 2s with filled squares. The parametric

correlation coefficient for the regression is -0.62 for 28 data points, corresponding to a Student-t

statistic of 4.06.

quantify the occurrence of bars, rings, and lenses, and to better evaluate their influence on the

galaxy as a whole. Indeed, lenses may follow from bar dissolution (Combes 1996), but the lack of

consistent literature data in this regard precluded analysis. A subsequent paper will report on an

optical and near-infrared image atlas of the 12µm Seyferts with the aim of further investigating

the connection between nuclear activity and galaxy morphology.
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Table 3. Bars with Rings and Activity Classa

Activity (R) + (R′) (r) + (rs)

Type Barredb Unbarredb Barredb Unbarredb

Normal 36 (13%) 9 ( 7%) 142 (52%) 49 (38%)

HII/starburst 1 ( 4%) 1 (20%) 12 (52%) 4 (80%)

LINER 2 (14%) 2 (22%) 8 (57%) 5 (56%)

12µm Sy 1 8 (57%) 1 (17%) 9 (64%) 1 (17%)

12µm Sy 2 8 (47%) 2 (20%) 10 (59%) 2 (20%)

CfA Sy 1 4 (57%) 0 ( 0%) 4 (57%) 0 ( 0%)

CfA Sy 2 1 (25%) 1 (50%) 2 (50%) 1 (50%)

aWith v < 5000 km s−1.

bPercentages are calculated using total number with a given bar

class. (See Cols. (3) and (6) of Table 1.)



Chapter 11 244

REFERENCES

Balzano, V.A. 1983, ApJ, 268, 602

Binney, J., & de Vaucouleurs, G. 1981, MNRAS, 194, 679

Burstein, D., Haynes, M.P., & Faber, S.M. 1991, Nature, 353, 515

Buta, R. 1993, PASP, 105, 654

Buta, R., Mitra, S., de Vaucouleurs, G., & Corwin, H.G., Jr. 1994, AJ, 107, 118

Buta, R., & Combes, F. 1996, Fundamentals of Cosmic Physics, 17, 95

Combes, F., & Elmegreen, B.G. 1993, A&A, 271, 391

Combes, F., Prugniel, P., Rampazzo, R., & Sulentic, J.W. 1994, A&A, 281, 725

Combes, F. 1996, in Barred Galaxies, Buta, R., Crocker, D.A., & Elmegreen, B.G. eds., ASP

Conference Ser. Vol. 91, 286

Dahari, O. 1985, AJ, 90, 1772

Danese, L., Zitelli, V., Granato, G.L., Wade, R., De Zotti, G., & Mandolesi, N. 1992, ApJ, 399, 38

de Grijp, M.H.K., Miley, G.K., & Lub, J. 1987, A&As, 70, 95

De Jong, T., Clegg, P.E., Soifer, B.T., Rowan-Robinson, M., Habing, H.J., Houck, J.R., Aumann,

H.H., & Raimond, E. 1984, ApJ, 278, L67

De Robertis, Yee, H.K.C., & M.M., Hayhoe, K. 1998, ApJ, 496, 93

de Vaucouleurs, G., de Vaucouleurs, A., & Corwin, H.G., Jr. 1976, Second Reference Catalogue of

Bright Galaxies (Austin: Univ. Texas Press) (RC2)

de Vaucouleurs, G., & Buta, R. 1980, ApJs, 44, 451

de Vaucouleurs, G., de Vaucouleurs, A., Corwin, H. G., Jr., Buta, R., Paturel, G., & Fouqué, P.
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CHAPTER 12

Circumnuclear Structure and Black Hole Fueling:

HST/NICMOS Imaging of 250 Active and Normal Galaxies

Abstract1

Why are the nuclei of some galaxies more active than others? If most galaxies harbor a

central massive black hole, the main difference is probably in how well it is fueled by its sur-

roundings. We investigate the hypothesis that such a difference can be seen in the detailed

circumnuclear morphologies of galaxies using several quantitatively defined features, includ-

ing bars, isophotal twists, boxy and disky isophotes, and strong non-axisymmetric features

in unsharp masked images. These diagnostics are applied to 250 high-resolution images

of galaxy centers obtained in the near-infrared with NICMOS on HST. To guard against

the influence of possible biases and selection effects, we have carefully matched samples of

Seyfert 1, Seyfert 2, LINER, starburst and normal galaxies in their basic properties, taking

particular care to ensure that each was observed with a similar average scale (10−15 parsecs

per pixel). Several morphological differences among our five different spectroscopic classifi-

cations emerge from the analysis. The H ii/starburst galaxies show the strongest deviations

from smooth elliptical isophotes, while the normal galaxies and LINERS have the least dis-

turbed morphology. The Seyfert 2 galaxies have significantly more twisted isophotes than

any other category, and the early-type Seyfert 2s are significantly more disturbed than the

early-type Seyfert 1s. The morphological differences between Seyfert 1s and 2s suggest that

more is at work than simply the viewing angle of the central engine. They may correspond

to different evolutionary stages.

1. Introduction

The established theoretical explanation for Seyfert activity requires that all active galactic

nuclei (AGNs) must have formed central massive black holes (BHs) and are now fueling them,

presumably with gas from the host galaxy that has lost most of its orbital angular momentum.

However, BHs are not exclusive to AGNs, since quiescent ones are now found in most, if not all,

galaxies with massive spheroids. The BH mass seems to depend on certain properties of the bulge

1This chapter is taken from Hunt, L.K. & Malkan, M.A. 2004, ApJ, in press.
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in which it resides (Ferrarese & Merritt 2000; Gebhardt et al. 2000; Tremaine et al. 2002; Marconi

& Hunt 2003). But only a fraction of galaxies (Ho, Filippenko, & Sargent 1997a; Miller et al. 2003)

host AGN, and it is not understood why some galaxies contain AGNs, while the majority do not.

The prevailing explanation implicates the efficiency of nuclear fueling. Although the gas avail-

able for fueling the AGN may play an important role, there is as yet only weak evidence for larger

gas fractions in Seyfert galaxies (e.g., Hunt et al. 1999a). Most research has instead concentrated on

the mechanism by which disk gas loses its angular momentum, thereby becoming available to feed

the BH. The main focus has been on galactic bars, which are efficient at transporting gas on kpc

scales, but are unable to funnel gas inward to strictly nuclear scales (pc–tens of pcs); to overcome

this, nested bars were proposed as a possible mechanism (Shlosman, Frank, & Begelman 1989).

Nevertheless, Seyfert galaxies have not shown an excess of of large-scale bars (Moles, Marquez, &

Perez 1995; McLeod & Rieke 1995; Ho, Filippenko, & Sargent 1997b; Mulchaey & Regan 1997;

Regan & Mulchaey 1999; Hunt & Malkan 1999; Regan & Mulchaey 1999; Márquez et al. 2000),

although Seyferts may host bars on smaller spatial scales (Knapen, Shlosman, & Peletier 2000;

Laine et al. 2002). It has also been suggested that only type 2 Seyferts show an excess of bars

(Maiolino et al. 1997).

Another focus has been on tidal interactions, since these are also theoretically viable mech-

anisms for inward gas transport (Hernquist 1989; Barnes & Hernquist 1991). However, Seyferts

are found neither preferentially in interacting systems nor with an excess of companions (Fuentes-

Williams & Stocke 1988; de Robertis, Yee, & Hayhoe 1998), although this too is still a point of

debate (Dultzin-Hacyan et al. 1999; Krongold, Dultzin-Hacyan, & Marziani 2002).

Hence, it appears that large-scale galactic structure in Seyfert host galaxies (with the possible

exception of their disks, see Hunt et al. 1999a), has little bearing on the creation and fueling of the

AGN. It is possible however that the causes (or effects) of the AGN can be found on small spatial

scales, such as those available to HST. Indeed, using a sample of HST/NICMOS images, Martini

& Pogge (1999) and Regan & Mulchaey (1999) suggested that nuclear spirals are responsible for

fueling AGNs, but later work did not confirm this (Martini et al. 2003b). With much of the same

imaging data, Laine et al. (2002) found a significant excess of bars in Seyferts on all spatial scales,

including circumnuclear bars as revealed by HST. Again there is no consensus about AGN fueling

mechanisms even with careful analyses of virtually the same high-resolution images.

In this paper, we readdress the issue of AGN fueling on small spatial scales with the largest

sample of active and non-active galaxies ever compiled in this context. We start with virtually all

galaxies imaged with HST/NICMOS in the F160W (H band, 1.6 µm) filter, but carefully construct

subsamples separated according to activity type so as to eliminate potential biases. Our study

differs from previous ones in several important ways: (i) to maximize sample size, we incorporate

data from all three NICMOS cameras, taking care to ensure that the images have similar spatial

scales; (ii) LINERs and H ii/starburst galaxies are included in the analysis in order to investigate

possible evolutionary trends and the importance of star formation; (iii) active and non-active

samples are constructed to have comparable medians and ranges in parsec-to-pixel spatial scale,

B-band luminosity, distance, inclination, and Hubble type; (iv) objective techniques are used to

detect isophotal twists, bars, boxy/disky isophotes, banana or heart-shaped isophotes, and non-

axisymmetric structure in unsharp masked images. Except for bars and visually identified non-

axisymmetric structure, none of these features has been analyzed previously.

Morphology studies such as this one are best conducted in the near-infrared (NIR) bands in

general, and the F160W filter in particular. The NIR effectively traces the bulk of the stellar mass

because of its sensitivity to the cooler stars which dominate evolved stellar populations. This means

that the massive stars associated with recent star formation are less apt to disturb morphology,

allowing us to use the NIR images as a rough proxy for mass distributions. NIR wavelengths are also

much less affected by dust extinction than optical bands, and suffer very little gas contamination.
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Our initial sample of 250 galaxies includes all nuclear activity classes, from “normal” (non-

active) and H ii/starburst, to LINER, and Seyfert galaxies of both types, so that we can perform

a comparative analysis, and investigate how nuclear morphology of the galaxy influences, if at all,

the creation and fueling of an AGN.

2. The Images

We have acquired HST/NICMOS F160W images of 30 Seyfert galaxies in a GO Snapshot Pro-

gram (ID 5479, Malkan PI). Our GO snapshots have been augmented with other F160W snapshot

images from the HST archive acquired with all three NICMOS cameras (Pogge-ID 7867, Mulchaey

-ID 7330, Sparks-ID 7919, Stiavelli-ID 7331, Peletier-ID 7450).

2.1. Target Selection

Our Snapshot targets were a subset of Seyfert galaxies with z≤0.015 listed in the 1993 Veron-

Cetty and Veron AGN catalog (Veron-Cetty & Veron 1993), imaged in a WFPC2 Snapshot program

(ID 5479, Malkan PI). Many were selected because of their unusual properties. For example,

several galaxies classified as Seyfert 1s had no detectable point source in our WFPC2 images, while

several galaxies classified as Seyfert 2s showed strong point sources. About half of the targets –

particularly those with strong point-like nuclei– were observed with the highest resolution camera,

NIC-1 (0.043 arcsec pixels; 11 arcsec field-of-view: FOV). The remainder were observed with the

medium resolution camera, NIC-2 (0.075 arcsec pixels; 19.2 arcsec FOV).

The other observed sets of Seyfert galaxies were based on similar criteria. Using NIC-1, Pogge

imaged 23 of the CfA Seyfert 2s (Huchra & Burg 1992) known from WFPC2 imaging to have dusty

centers. With NIC-2, Mulchaey observed 104 Seyfert and comparison normal galaxies, selected

from the Revised Shapley-Ames (RSA) catalog, excluding those with v > 5000 km s−1 and axial

ratios > 0.35.

Normal spiral samples were more diversified, but comprise mainly early Hubble types. A large

sample of nearby, mostly normal galaxies was imaged in F160W snapshots with the NIC-3 camera

by Sparks, randomly selected from the RSA according to HST scheduling convenience. An atlas of

these images has been published by Böker et al. (1999). Normal Sa to Sbc galaxies were observed

by Stiavelli with NIC-2. This sample was selected from the UGC (Nilson 1973) and the ESOLV

(Lauberts & Valentijn 1989) catalogs, and excluded galaxies with v > 2500 km s−1, inclinations

> 75◦, and systems with known bars. Additional spirals imaged with NIC-2 by Peletier were

selected from a B-magnitude limited sample (Balcells & Peletier 1994), with inclinations > 50◦,

and of early Hubble type (S0-Sbc).

2.2. Image Processing

We re-reduced all images using the STSDAS/calnica2 routine using the“best available” calibra-

tion frames for bias subtraction, dark subtraction, flatfielding and bad pixel identification, rather

than the frames that were originally used. The images were then corrected, quadrant-by-quadrant,

for the unpredictable drifts in the bias level which produces the well-known “pedestal”–a positive or

negative ghost of the flatfield which remains in the reduced image. The four bias level corrections

(one for each quadrant) that must be made are determined by an iterative process in the pedestal

removal algorithm of van der Marel (see http://www.stsci.edu/∼marel/software/pedestal.

html).

2STSDAS is the Space Telescope Science Data Analysis System.



Chapter 12 250

Excepting program 7919, the observations were made with two, three, or four equal exposures

shifted in a small dither pattern (an “L” shape for the triple exposures, and a square for the quadru-

ple exposures). We determined the exact shifts with the IRAF3 task xregister, and then summed

the dithered images using the imshift and combine tasks in IRAF. Bad pixel masks were generated

from the Data Quality flags, and augmented by hand when necessary after visual inspection of the

final combined image. Representative galaxy images are shown in Figures 2, 3, 4, 5, and 6 (see §3).

2.3. Photometric Calibration

A key advantage of infrared imaging over almost all optical imaging obtained with HST is

the large dynamic range over which flux measurements remain linear. Particularly for Seyfert 1s

with bright nuclei, even in relatively short exposures most WFPC2 images suffer saturation which

cannot be corrected. Photometry from the 500-second exposures in Malkan, Gorjian, & Tam (1998)

(hereafter MGT) is suspect for point sources brighter than V=19 (see http://www.astro.ucla.

edu/∼malkan/mgt.txt).

Fortunately, all of our NICMOS images have linear flux scales even into the centers of bright

Sy1 nuclei. This allows us to obtain accurate photometry, perform image deconvolution, and model

fitting to the central brightness distributions, none of which are practical for most WFPC2 images.

We used the F160W zeropoints of 21.667, 21.826, and 21.566 respectively, for the NICMOS Cameras

1, 2 and 3, which puts our magnitudes on the H (Vega) scale (see http://www.stsci.edu/hst/

nicmos/performance/photometry/keywords.html).

We made a detailed comparison shown in Figure 1 of the F160W photometric scale using our

own ground-based H-band images of 8 of the sample galaxies (Hunt et al. 1999b). The growth

curves of magnitude versus aperture diameter agree to within 5% based on the transformations

for NIC-2. This good agreement was obtained assuming a zero sky level, hence this assumption

was maintained for all cameras. In general, the comparison of our NICMOS photometry to our

ground-based measurements shows little evidence for any time-variability of the nucleus at 1.6µm,

roughly consistent with the findings of Quillen et al. (2001). The NIC-1 H magnitudes are about

∼0.1 fainter at all radii, but we have not corrected the data for this systematic offset, since we are

interested in morphology rather than absolute calibration.

3. The Matched Samples

Given the variety of selection preferences that led to the observation of these 250 objects, they

cannot be considered fair samples of local active or normal galaxies. We therefore have carefully

selected the five activity-type subsamples so as to mitigate potential biases.

The galaxies were classified according to their optical spectra, following NED, as normal (non-

active galaxies), H ii-region/starbursts (H ii), LINERs, Seyfert 2s (Sy2s), or Seyfert 1s (Sy1s). The

physical foundation of some of these categories is not absolutely clear. For example, galaxies having

“low ionization”line emission (“LINERs”) may be a heterogeneous class which includes some galaxies

with recent star formation and possible associated wind outflows with shocked gas, as well as some

genuine low-power active galaxies, with relatively weak central nonstellar engines. If a galaxy was

classified as having both an AGN and H ii-region-like spectra, we placed it in the more “active”

category (LINER or Seyfert).

A small fraction of the images from the comprehensive target set was discarded a priori because

3IRAF is the Image Analysis and Reduction Facility made available to the astronomical community by the

National Optical Astronomy Observatory, which is operated by AURA, Inc., under contract with the U.S. National

Science Foundation.
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Fig. 1.— Curves of growth for ground-based images in the H-band filter and HST/NICMOS with

F160W. Dashed lines show NICMOS photometry, and × mark the ground-based.

of bad pointing, which shifted the center of the galaxy partly or entirely off the detector. About

two dozen galaxy images were rejected from further analysis because they are too irregular or do

not contain any clear nucleus.

3.1. Parameter Control and Sample Construction

The next step in the sample construction process was to constrain several physical parameters.

Galaxies are complex objects which span very wide ranges in virtually every observable, and our

aim is the mitigation of selection biases which could distort the results by producing spurious

“differences” among samples. Nevertheless, there are intrinsic differences between galaxies which

host Seyfert nuclei and their normal non-active counterparts. Seyfert galaxies tend to be of early

Hubble type (Moles, Marquez, & Perez 1995), and more luminous (Huchra & Burg 1992). Optically

selected Seyferts also tend to avoid edge-on systems (Keel 1980), although infrared-selected Seyferts

are less affected by this bias (Hunt & Malkan 1999). Our approach here is to maximize the size of the

sample to optimize statistical significance, while at the same time, minimize the sample differences
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which could result in biases. The distributions of a given parameter in each activity sample were

examined, and the extrema eliminated. Sample medians and ranges were then recomputed, and

this process was repeated until extrema and medians are similar for all activity classes.

This approach provides several advantages over previous studies. First, instead of creating

paired samples (e.g., Martini et al. 2003b), we retain as many galaxies as possible since we require

statistical similarity of the samples rather than individual matching among galaxies. Second, rather

than modifying binning intervals to match distributions (e.g., Laine et al. 2002), we constrain the

ranges and medians of the samples, so their statistical properties should be more robust. Third, the

resulting Seyfert samples maintain the principal characteristics of Seyfert galaxies, namely slightly

higher luminosity and earlier Hubble type than normal galaxies. We however ensure that these

differences are as small as possible, and analyze subsamples where necessary to verify that they are

not the cause of any differences (e.g., §5.1, 5.4, 5.5).

Our highest priority is to study samples of galaxies with various categories of nuclear activity

with equivalent physical spatial resolution, as measured by parsecs per pixel. This consideration

is especially important given our use of all three NICMOS cameras which differ by more than a

factor of four in pixel size. Because of the HST diffraction limit at 1.6µm of 0.17′′, it is also

necessary to constrain distance. Blue luminosity constraints were applied in order to eliminate

possible Malmquist biases and trends of structure with luminosity, independently of activity type.

Hubble type is also checked so as to ensure that potential differences are not simply a function

of galaxy morphology. Finally, we checked large-scale galaxy inclination, so as to exclude highly-

inclined systems in which circumnuclear morphology may not be easy to measure. Bar class as

given in RC3 was also checked, but not constrained.

We started with 250 galaxies, and ended by eliminating 85 of them, so that the final sample

consists of 165 galaxies, 47 of which are non-active; this set of samples will be designated hereafter

as MS (Matched Samples). From this, we also constructed two additional sets. In the first, distance

is further constrained to be ≤ 80 Mpc (denoted as DMS, Distance-Matched Samples), and in the

second, we require inclination i to be < 70◦ (denoted as IMS, Inclination-Matched Samples). Details

of the sample matching are given in the Appendix, together with a list of the 85 galaxies eliminated.

The medians and ranges of the parameters for each of the matched sample sets is reported in Table

1. For each activity class, the first line reports medians and standard deviations, and the second

line the range. Col. 8. is an exception to this where only percentages of bar class are given. The

values in parentheses are quartiles, not standard deviations. The final samples of galaxies separated

by activity type are listed in Table 2, with NED designations, redshifts, RC3 classifications, and

optical major and minor axes and magnitudes.
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Table 1. Matched Sample Properties

Activity Numbera Distance Resolution Absolute RC3 Type cos(i) % SB

Class [Mpc] [Pc/pixel] Magnitude % SAB

(1) (2) (3) (4) (5) (6) (7) (8)

Normal 47 27.8 (4.8) 10.4 (2.6) −19.3 (1.0) 3.0 (3.0) 0.45 (0.25) 32%

11.4−67.4 5.2−24.5 −18.5 − −21.4 −2 − 9 0.13−0.90 32%

47∗ 27.8 (4.8) 10.4 (2.6) −19.3 (1.0) 3.0 (3.0) 0.45 (0.25)

11.4−67.4 5.2−24.5 −18.5 − −21.4 −2 − 9 0.13−0.90

32† 25.0 (5.2) 10.1 (1.8) −19.2 (0.6) 3.0 (1.5) 0.59 (0.18)

11.4−38.6 5.2−15.6 −18.5 − −21.4 −2 − 9 0.35−0.90

H ii/starburst 14 27.0 (12.2) 12.6 (3.2) −19.7 (0.5) 4.0 (1.5) 0.66 (0.19) 42%

10.9−75.3 4.0−15.7 −18.5 − −21.2 0 − 7 0.37−0.93 42%

14∗ 27.0 (12.2) 12.6 (3.2) −19.7 (0.5) 4.0 (1.5) 0.66 (0.19)

10.9−75.3 4.0−15.7 −18.5 − −21.2 0 − 7 0.37−0.93

14† 27.0 (12.2) 12.6 (3.2) −19.7 (0.5) 4.0 (1.5) 0.66 (0.19)

10.9−75.3 4.0−15.7 −18.5 − −21.2 0 − 7 0.37−0.93

LINER 22 18.5 (5.0) 7.5 (2.7) −19.8 (0.7) 2.0 (1.5) 0.64 (0.18) 10%

10.6−55.1 3.9−20.0 −18.4 − −22.0 −4 − 5 0.31−1.00 38%

22∗ 18.5 (5.0) 7.5 (2.7) −19.8 (0.7) 2.0 (1.5) 0.64 (0.18)

10.6−55.1 3.9−20.0 −18.4 − −22.0 −4 − 5 0.31−1.00

20† 18.5 (4.7) 7.5 (3.8) −19.8 (0.6) 2.0 (1.5) 0.65 (0.18)

10.6−55.1 3.9−20.0 −18.6 − −22.0 −4 − 5 0.36−1.00

Sy 2 55 37.4 (17.9) 12.9 (5.1) −20.4 (0.7) 2.0 (2.0) 0.73 (0.17) 37%

11.8−117.4 4.9−25.9 −18.6 − −21.7 −4 − 5 0.18−1.00 37%

51∗ 36.0 (14.8) 12.5 (4.5) −19.9 (0.7) 2.0 (2.0) 0.73 (0.16)

11.8−71.3 4.9−25.9 −18.6 − −21.7 −4 − 5 0.18−1.00

51† 38.3 (19.9) 13.2 (5.2) −20.4 (0.7) 2.0 (3.0) 0.74 (0.15)

11.8−117.4 4.9−25.9 −18.6 − −21.7 −4 − 5 0.37−1.00

Sy 1 27 48.5 (38.2) 15.2 (6.1) −20.3 (0.5) 3.0 (3.0) 0.67 (0.22) 32%

11.4−119.4 3.3−24.9 −19.0 − −21.5 −4 − 5 0.12−1.00 26%

18∗ 37.5 (14.9) 13.2 (4.0) −20.2 (0.8) 1.0 (2.5) 0.60 (0.20)

11.4−79.2 3.3−21.1 −19.0 − −21.4 −4 − 5 0.12−0.93

23† 54.5 (38.9) 16.5 (6.8) −20.3 (0.5) 3.0 (3.0) 0.74 (0.16)

11.4−119.4 3.3−24.9 −19.0 − −21.5 −4 − 5 0.36−1.00

aNo superscript on the number corresponds to “matched samples” (MS), ∗ to the set with distance ≤ 80Mpc

(DMS), and † to the set with inclination < 70◦ (IMS).
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The most important parameter of relative spatial resolution, parsec-to-pixel scale, is very

similar for each of the final matched samples. As seen in Table 1, the median resolutions are 10.4,

12.6, 7.5, 12.9, 15.2 pc/pixel for the normal, H ii, LINER, Sy2, and Sy1 galaxies, respectively. The

worst discrepancy is a factor of two between LINERs and Sy1s, but as will be seen, this discrepancy

only strengthens our results.

Distance is also another obviously important parameter, because of the inability to resolve

features in far-away objects. In the MS, the median distance of the Sy1s is 2.6 times larger than

the LINERs (the closest sample), and 30% larger than the Sy2s. This effect is mitigated in the

DMS, as the Sy1s are (in the median) only twice as far as the LINERs, and at the same distance

as the Sy2s (see Table 1).
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Table 2. Sample Properties

Namea z Dist. RC3 Type a b Mag. Abs. Mag. Pc/pixel Bar Twist 3θ cos(4θ) USM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Non-active

NGC0289 0.005 18.5 SAB(rs)bc 5.1 3.6 11.7 −19.6 6.7 Y? Y?

NGC0488 0.008 27.5 SA(r)b 5.2 3.9 11.2 −21.0 10.0

NGC0772 0.008 30.8 SA(s)b 7.2 4.3 11.1 −21.4 11.2

NGC2196 0.008 31.7 (R’:)SA(rs)ab 2.8 2.2 11.8 −20.7 11.5

NGC2339 0.007 31.6 SAB(rs)bc 2.7 2.0 12.5 −20.0 11.5 Y? D?

NGC2460 0.005 21.5 SA(s)a 2.5 1.9 12.7 −19.0 7.8 Y?

NGC2566 0.005 24.2 (R’)SB(r)ab 4.0 2.9 11.8 −20.1 8.8 Y? Y?

NGC2748 0.005 21.9 SAbc 3.0 1.1 12.4 −19.3 8.0 B?

ESO498-G005 0.008 35.9 SAB(s)c 1.3 1.1 14.0 −18.8 13.1

NGC3067 0.005 23.8 SAB(s)ab? 2.5 0.9 12.8 −19.1 8.7 Y? D?

NGC3115 0.002 13.4 S0- 7.2 2.5 9.9 −20.7 13.0 D +

NGC3259 0.006 25.7 SAB(rs)bc: 2.2 1.2 12.9 −19.1 9.3 Y? Y? D?

NGC3277 0.005 23.3 SA(r)ab 1.9 1.7 12.5 −19.3 8.5

NGC3455 0.004 19.3 (R’)SAB(rs)b 2.5 1.5 12.8 −18.6 7.0 D?

NGC3900 0.006 29.1 SA(r)0+ 3.2 1.7 12.2 −20.1 10.6

NGC3949 0.003 14.7 SA(s)bc: 2.9 1.7 11.5 −19.3 5.3 Y

NGC4026† 0.003 16.2 S0 5.2 1.3 11.7 −19.4 15.7 D

NGC4219† 0.007 30.2 SA(s)bc 4.3 1.3 12.7 −19.7 11.0 Y? −

NGC4417 0.003 16.1 SB0:sp 3.4 1.3 12.0 −19.0 15.6 BD

NGC4806 0.008 37.1 SB(s)c? 1.2 1.0 13.4 −19.4 13.5 Y?

ESO443-G080 0.007 32.7 SB(s)m 1.4 0.9 14.1 −18.5 11.9 +

NGC5326 0.008 38.6 SAa: 2.2 1.1 12.9 −20.0 14.0

NGC5389† 0.006 28.3 SAB(r)0/a:? 3.5 1.0 12.9 −19.4 10.3 Y? B? +

NGC5377 0.006 28.2 (R)SB(s)a 3.7 2.1 12.2 −20.1 10.3 Y?

NGC5422† 0.006 27.7 S0 3.9 0.7 12.8 −19.4 10.1 B?D?

NGC5443 0.006 27.9 SB(s)b? 2.7 1.0 13.1 −19.1 10.1 Y? D?

NGC5448 0.007 31.3 (R)SAB(r)a 4.0 1.8 11.9 −20.6 11.4 Y?

NGC5475† 0.005 25.7 Sa?sp 2.0 0.5 13.5 −18.6 9.3 B?

IC4390† 0.007 31.3 SA(s)b 1.8 0.6 13.8 −18.7 11.4 Y? Y

NGC5587† 0.008 35.9 S0/a 2.6 0.8 13.5 −19.3 13.1 B?D?

NGC5689† 0.007 33.0 SB(s)0/a: 3.5 1.0 12.8 −19.8 12.0 Y? Y? D? +

NGC5707† 0.007 33.6 Sab:sp 2.6 0.4 13.3 −19.3 12.2 Y? B?D?

NGC5719 0.006 27.8 SAB(s)abpec 3.2 1.2 13.3 −18.9 10.1 −

NGC5746† 0.006 27.5 SAB(rs)b?sp 7.4 1.3 11.3 −20.9 10.0 Y? D? −

NGC5806 0.005 22.3 SAB(s)b 3.1 1.6 12.4 −19.3 8.1 Y?

NGC5854† 0.006 27.5 SB(s)0+ 2.8 0.8 12.7 −19.5 10.0 B

NGC5965† 0.011 49.7 Sb 6.2 0.8 12.6 −20.9 18.1 Y? B?D? +

NGC6010† 0.006 28.9 S0/a:sp 1.9 0.5 13.6 −18.7 10.5 D?

NGC6504† 0.016 67.4 S 2.2 0.5 13.5 −20.6 24.5 Y?
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Table 2—Continued

Namea z Dist. RC3 Type a b Mag. Abs. Mag. Pc/pixel Bar Twist 3θ cos(4θ) USM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

NGC6684 0.003 11.4 (L)SB(r)0+ 4.0 2.6 11.3 −19.0 11.1 Y D

ESO404-G003 0.008 29.8 SB(r)bc 1.5 0.7 13.9 −18.5 10.8 +

NGC7162 0.008 28.7 (R’)SA(r)bc 2.8 1.0 13.3 −19.0 10.4 Y?

NGC7280 0.006 22.3 SAB(r)0+ 2.2 1.5 13.0 −18.7 8.1 Y? D?

NGC7421 0.006 21.8 SB(r)bc 2.0 1.8 13.0 −18.7 7.9 Y? D?

IC5271 0.006 20.4 Sb? 2.6 0.9 12.9 −18.6 7.4 Y?

IC5273 0.004 14.4 SB(rs)cd 2.7 1.8 12.2 −18.6 5.2 +

NGC7537† 0.009 33.1 SAbc: 2.2 0.6 13.9 −18.7 12.0 D? +

HII

UGC01385 0.019 75.3 (R)SB0/a 0.7 0.6 13.9 −20.5 15.7

NGC0986 0.007 24.5 (R’1)SB(rs)b 3.9 3.0 12.0 −19.9 8.9 +

NGC0972 0.005 18.6 Sab 3.3 1.7 12.3 −19.1 6.8 Y? Y? −

NGC2903 0.002 10.9 SB(s)d 12.6 6.0 9.7 −20.5 4.0 +

NGC2964 0.004 21.6 SAB(r)bc 2.9 1.6 12.0 −19.7 7.9 Y? Y?

NGC3184 0.002 11.5 SAB(rs)cd 7.4 6.9 10.4 −19.9 11.2 Y

NGC4062 0.003 14.7 SA(s)c 4.1 1.7 11.9 −18.9 14.3 Y

NGC4384 0.008 38.1 Sa 1.3 1.0 13.5 −19.4 13.9 Y? B? +

NGC4536 0.006 29.5 SAB(rs)bc 7.6 3.2 11.2 −21.1 10.7 Y? Y +

NGC5188 0.008 36.6 (R’:)SAB(rs)b 3.0 1.1 13.0 −19.8 13.3 Y? Y? D? +

NGC5597 0.009 40.6 SAB(s)cd 2.1 1.7 12.6 −20.4 14.8 Y? B

NGC5757 0.009 39.6 (R’)SB(r)b 2.0 1.6 13.5 −19.5 14.4 +

NGC6000 0.007 32.5 SB(s)bc: 1.9 1.6 13.0 −19.6 11.8 +

NGC6207 0.003 13.8 SA(s)c 3.0 1.3 12.2 −18.5 13.4 Y

LINER

NGC1961 0.013 55.1 SAB(rs)c 4.6 3.0 11.7 −22.0 20.0 Y D

NGC2985 0.004 20.1 (R’)SA(rs)ab 4.6 3.6 11.2 −20.3 7.3

NGC3169 0.004 20.8 SA(s)apec 4.4 2.8 11.1 −20.5 7.6

MESSIER105 0.003 16.6 E1 5.4 4.8 10.2 −20.9 16.1

NGC3675 0.003 14.3 SA(s)b 5.9 3.1 11.0 −19.8 13.9 Y?

NGC3898 0.004 19.4 SA(s)ab 4.4 2.6 11.6 −19.8 7.1

NGC4102 0.003 14.9 SAB(s)b? 3.0 1.7 12.0 −18.9 5.4 −

NGC4143 0.003 17.4 SAB(s)00 2.3 1.4 11.7 −19.5 6.3 Y?

NGC4293 0.003 16.7 (R)SB(s)0/a 5.6 2.6 11.3 −19.8 16.2 Y? Y B

NGC4314 0.003 17.5 SB(rs)a 4.2 3.7 11.4 −19.8 6.4 Y D

NGC4527† 0.006 28.5 SAB(s)bc/ 6.2 2.1 11.4 −20.9 10.4 Y Y −

NGC4750 0.005 24.6 (R)SA(rs)ab 2.0 1.9 12.1 −19.9 8.9 Y? Y? D?

NGC5064 0.010 43.6 (R’:)SA(s)ab 2.5 1.1 12.9 −20.3 15.9 Y

NGC5678 0.006 29.3 SAB(rs)b 3.3 1.6 12.1 −20.2 10.7 Y? B?D?
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Table 2—Continued

Namea z Dist. RC3 Type a b Mag. Abs. Mag. Pc/pixel Bar Twist 3θ cos(4θ) USM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

NGC5838 0.005 22.3 SA0- 4.2 1.5 11.9 −19.8 8.1 Y? D?

NGC5879† 0.003 13.2 SA(rs)bc:? 4.2 1.3 12.2 −18.4 4.8 B?

NGC6340 0.004 17.8 SA(s)0/a 3.2 3.0 11.9 −19.4 6.5

NGC6384 0.006 24.2 SAB(r)bc 6.2 4.1 11.1 −20.8 8.8 Y?

NGC6744 0.003 10.6 SAB(r)bc 20.0 12.9 9.1 −21.0 3.9

NGC7177 0.004 12.9 SAB(r)b 3.1 2.0 12.0 −18.6 4.7 Y Y? D?

NGC7217 0.003 10.6 (R)SA(r)ab 3.9 3.2 11.0 −19.1 3.9

NGC7742 0.006 19.1 SA(r)b 1.7 1.7 12.3 −19.1 6.9 Y?

Seyfert 2

NGC0449 0.016 63.3 (R’)S? 0.8 0.5 15.0 −19.0 13.2 Y? Y D

UGC01214 0.017 67.8 (R)SAB(rs)0+: 1.3 1.3 13.7 −20.5 24.7 Y Y

NGC0788 0.014 52.6 SA(s)0/a: 1.9 1.4 13.0 −20.6 19.1 Y

UGC02456 0.012 47.8 (R)SB(s)0+ 1.7 1.0 13.6 −19.8 17.4 Y? Y Y

NGC1241 0.014 52.9 SB(rs)b 2.8 1.7 12.0 −21.6 19.2 Y B

NGC1275 0.018 71.3 cDpecNLRG 2.2 1.7 12.6 −21.7 25.9 Y B?

NGC1320† 0.009 34.6 Sa:sp 1.9 0.6 13.3 −19.4 12.6 D

NGC1398 0.005 16.6 (R1R’2)SB(rs)ab 7.1 5.4 10.6 −20.5 6.0 Y?

NGC1672 0.005 17.1 (R’1:)SB(r)bc 6.6 5.5 10.3 −20.9 6.2 Y

NGC1667 0.015 61.3 SAB(r)c 1.8 1.4 12.8 −21.1 22.3 Y

ESO362-G008 0.016 64.8 Sa 1.2 0.6 13.6 −20.5 13.5 Y? B

UGC04203 0.013 58.0 Sa 0.8 0.8 14.3 −19.5 21.1 Y Y?

NGC2681 0.002 11.8 (R’)SAB(rs)0/a 3.6 3.3 11.1 −19.3 11.4 Y? Y D?

NGC2685 0.003 14.3 (R)SB0+pec 4.5 2.3 12.1 −18.7 13.9 D

NGC3081 0.008 36.0 (R1)SAB(r)0/a 2.1 1.6 12.8 −20.0 13.1 Y Y

NGC3079† 0.004 18.2 SB(s)c 7.9 1.4 11.5 −19.8 6.6 Y +

IC2560 0.010 43.2 (R’:)SB(r)bc 3.2 2.0 12.5 −20.7 15.7 B

MESSIER096 0.003 16.4 SAB(rs)ab 7.6 5.2 10.1 −21.0 6.0 Y

NGC3486 0.002 13.4 SAB(r)c 7.1 5.2 11.1 −19.5 4.9

NGC3593 0.002 12.9 SA(s)0/a 5.2 1.9 11.9 −18.6 12.5 Y

MESSIER066 0.002 14.3 SAB(s)b 9.1 4.2 9.7 −21.1 5.2 −

NGC3982 0.004 18.5 SAB(r)b: 2.3 2.0 11.8 −19.5 6.7 Y

NGC4388† 0.008 39.4 SA(s)b:sp 5.6 1.3 11.8 −21.2 8.2 Y −

MESSIER090 -0.001 16.8 SAB(rs)ab 9.5 4.4 10.3 −20.8 6.1 Y?

NGC4785 0.012 54.1 (R’)SAB(r)ab 1.9 1.0 13.2 −20.5 19.7 Y?

NGC4941 0.004 19.6 (R)SAB(r)ab: 3.6 1.9 12.4 −19.1 7.1 Y Y

NGC4939 0.010 47.3 SA(s)bc 5.5 2.8 11.9 −21.5 17.2 B

NGC4968 0.010 44.6 (R’)SAB00 1.9 0.9 13.9 −19.4 16.2 Y B

NGC5005 0.003 17.0 SAB(rs)bc 5.8 2.8 10.6 −20.6 6.2 Y? −

NGC5135 0.014 60.3 SB(l)ab 2.6 1.8 12.9 −21.0 21.9 +

NGC5256∗ 0.027 117.4 Compactpec 0.4 0.3 14.1 −21.2 24.5 Y? Y Y +
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Table 2—Continued

Namea z Dist. RC3 Type a b Mag. Abs. Mag. Pc/pixel Bar Twist 3θ cos(4θ) USM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

NGC5283 0.010 45.6 S0? 1.1 1.0 14.2 −19.1 9.5 Y? Y D?

UGC08718 0.016 71.3 S 0.7 0.5 14.6 −19.7 14.9 Y B

NGC5347 0.008 36.2 (R’)SB(rs)ab 1.7 1.3 13.4 −19.4 13.2 Y Y

NGC5427 0.009 40.2 SA(s)cpec 2.8 2.4 11.9 −21.1 14.6 Y D?

NGC5643 0.004 18.7 SAB(rs)c 4.6 4.0 10.7 −20.7 6.8 Y

NGC5695 0.014 62.1 SBb 1.5 1.1 13.6 −20.4 12.9 Y

NGC5929 0.008 37.4 Sab:pec 1.0 0.9 14.1 −18.8 7.8 Y D

NGC5953 0.007 30.4 SAa:pec 1.6 1.3 13.3 −19.1 11.1 Y

NGC6217 0.005 20.1 (R)SB(rs)bc 3.0 2.5 11.8 −19.7 7.3 Y? Y?

ESO137-G034 0.009 38.5 SAB(s)0/a? 1.4 1.1 12.2 −20.7 14.0 Y

ESO138-G001 0.009 38.3 E-S0 1.0 0.5 14.3 −18.6 13.9 Y? Y

NGC6300 0.004 15.3 SB(rs)b 4.5 3.0 11.0 −19.9 5.6

FAIRALL0049†∗ 0.020 83.5 Sa 0.0 0.0 13.2 −21.4 17.4 D +

NGC6810† 0.007 26.8 SA(s)ab:sp 3.2 0.9 12.4 −19.7 9.7 Y? Y? D? +

NGC6890 0.008 31.6 (R’)SA(r:)ab 1.5 1.2 13.0 −19.5 11.5 Y Y

NGC6951 0.005 19.6 SAB(rs)bc 3.9 3.2 11.6 −19.9 7.1 Y −

IC5063 0.011 45.2 SA(s)0+: 2.1 1.4 12.9 −20.4 16.4 Y

NGC7130 0.016 64.1 Sapec 1.5 1.4 13.0 −21.0 23.3 Y Y

ESO075-G041∗ 0.028 115.8 SA0-Radiogal 1.6 0.8 14.3 −21.0 24.1

NGC7479 0.008 29.3 SB(s)c 4.1 3.1 11.6 −20.7 10.7 Y?

NGC7496 0.006 19.4 (R’:)SB(rs)bc 3.3 3.0 11.9 −19.5 7.1 Y? Y B

NGC7582 0.005 18.3 (R’1)SB(s)ab 5.0 2.1 11.4 −19.9 6.7 +

NGC7674∗ 0.029 116.4 SA(r)bcpec 1.1 1.0 13.9 −21.4 24.3 Y? D

NGC7743 0.006 19.7 (R)SB(s)0+ 3.0 2.6 12.4 −19.1 7.2 Y

Seyfert 1

UGC00006∗ 0.022 87.7 Pec 1.0 0.7 14.4 −20.3 18.3 Y +

UGC01395 0.017 68.4 SA(rs)b 1.3 1.0 14.2 −20.0 14.3

NGC1019∗ 0.024 97.1 SB(rs)bc 1.0 0.9 14.3 −20.6 20.2 +

NGC1365 0.005 19.8 (R’)SBb(s)b 11.2 6.2 10.3 −21.2 7.2 +

IC0450 0.019 79.2 SAB0+: 0.8 0.5 15.0 −19.5 16.5 +

NGC2639 0.011 48.5 (R)SA(r)a:? 1.8 1.1 12.6 −20.8 17.6

NGC2841 0.002 11.4 SA(r)b: 8.1 3.5 10.1 −20.2 4.1 B?

UGC05849∗ 0.026 112.3 Sc/d 0.9 0.6 14.7 −20.6 23.4 Y Y +

NGC3516 0.009 38.8 (R)SB(s)00: 1.7 1.3 12.5 −20.4 14.1 Y D

NGC3786 0.009 41.2 SAB(rs)apec 2.2 1.3 13.5 −19.6 8.6 Y +

NGC4235† 0.008 37.8 SA(s)a 4.2 0.9 12.6 −20.3 13.7 BD

NGC4253 0.013 58.0 (R’)SB(s)a: 1.0 0.8 13.7 −20.1 21.1 D

NGC4278 0.002 13.2 E1-2 4.1 3.8 11.2 −19.4 12.8

NGC4565† 0.004 22.0 SA(s)b?sp3 15.9 1.9 10.4 −21.3 8.0 −

NGC4593 0.009 41.7 (R)SB(rs)b 3.9 2.9 11.7 −21.4 15.2 +
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Table 2—Continued

Namea z Dist. RC3 Type a b Mag. Abs. Mag. Pc/pixel Bar Twist 3θ cos(4θ) USM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

NGC5033 0.003 16.0 SA(s)c 10.7 5.0 10.8 −20.2 3.3 Y Y B

NGC5252∗ 0.023 100.2 S0 1.4 0.9 14.0 −21.0 20.9 D?

NGC5273 0.004 18.8 SA(s)00 2.8 2.5 12.4 −19.0 3.9 Y

NGC5506† 0.006 29.6 Sapecsp 2.8 0.9 13.4 −18.9 10.8 B

NGC5674∗ 0.025 107.5 SABc 1.1 1.0 13.7 −21.5 22.4 Y? Y D

NGC5985 0.008 37.1 SAB(r)b 5.5 3.0 11.9 −20.9 13.5 Y? D?

NGC6104∗ 0.028 119.4 S(R)pec/Pec 0.8 0.7 14.2 −21.2 24.9 Y

ESO103-G035 0.013 54.5 SA00 1.1 0.4 14.7 −19.0 19.8

NGC6814 0.005 20.2 SAB(rs)bc 3.0 2.8 12.1 −19.4 7.3 Y? D?

MRK0516∗ 0.028 115.0 Sc 0.5 0.5 15.3 −20.0 24.0 Y D

MRK0915†∗ 0.024 96.5 Sb 1.0 0.3 14.8 −20.1 20.1 B

UGC12138∗ 0.025 100.3 SBa 0.8 0.7 14.2 −20.8 20.9 D

a ∗ Eliminated in the DMS because distance > 80Mpc. † Eliminated in the IMS because inclination > 70◦.
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The images (§2.2), surface brightness profiles with ellipse parameters (§4.1), and unsharp-

masked images (§4.2) are shown in Figures 2, 3, 4, 5, and 6, for the normal, H ii, LINER, Sy2,

and Sy1 samples, respectively. Only a representative page of each activity sample is shown; the

remainder are available electronically (www.arcetri.astro.it/∼hunt/nicmos.html).

4. The Analysis

We have studied the circumnuclear morphology of these galaxies with several methods. First,

elliptically-averaged profiles were generated. Then, the elliptical surface brightness distribution was

subtracted from and divided by the original image to create unsharp masks (USMs); with these,

we are better able to examine residual asymmetric structures not well fitted with ellipses. Finally,

objective quantitative procedures were applied to identify all morphological peculiarities discussed

here, with subsequent visual inspection to verify the objective diagnostic. The morphological pecu-

liarities we examined are outlined below, together with their operational definition and what kinds

of physical processes they probe.

4.1. Elliptical Isophote Fitting

We fitted an axisymmetric Gaussian to the nuclear region of each galaxy to determine the

centers. Then, we used the IRAF/STSDAS task isophote/ellipse4 to fit the major and minor

axes, position angle and brightness level of a series of elliptical isophotes, logarithmically spaced in

galactocentric distance. Coefficients to the cos 3θ and cos 4θ residual terms were also determined

(Jedrzejewski 1987). Except for the ellipse center, which was kept fixed, all the coefficients were

allowed to vary over the full radial range. We also generated a set of profiles with linear spacing.

Both types of profiles were analyzed as described in §4.4.

The elliptically-averaged surface-brightness profiles together with the higher-order residuals are

plotted as a function of radius in the central panels of Figures 2–6. Only the logarithmically spaced

profiles are shown in the Figures. Plots for all the galaxies in the sample are available electronically

from www.arcetri.astro.it/∼hunt/nicmos.html.

A few profiles show an apparent small inflection in the surface brightness at a radius of 0.5′′

(e.g., NGC 5443, NGC 5475, NGC 5587, NGC 5854, NGC 4293, NGC 5838). This is an artifact due

to the ellipse fitting algorithm which we set to start at a 0.5′′ radius with an initial value of 0 for

the ellipticity. In these galaxies, the algorithm was able to fit the central region within 0.5′′ only

with circular isophotes; beyond this, the best fit was obtained with elliptical isophotes.

4.2. Unsharp Masking from Ellipse Fitting

Using the STSDAS task bmodel, we converted the fitted elliptical isophotes into a smooth

model of the galaxy surface brightness distribution, and subtracted it from the original image, out

to a typical radius of typically 100 pixels. The resulting residual images are then normalized by the

original image. Examples are shown in the right panels of Figures 2–6, which present the fractional

deviations of the brightness distributions from the purely elliptical fitted isophotes. These images,

very much like unsharp masks, filter out the low spatial frequencies, and show the fine-structure

residual structures that cannot be fitted by any smooth symmetric model. Since we kept the center

of the concentric ellipses fixed, any central structure is due to non-axisymmetric structure on small

spatial scales. A comparison of our unsharp mask images with those in common with Ravindranath

4STSDAS is distributed by the Space Telescope Science Institute, which is operated by the Association of Uni-

versities for Research in Astronomy (AURA), Inc., under NASA contract NAS 5–26555.
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et al. (2001) shows that they are virtually identical. Although our methods differ, the results are

similar because no model with only axisymmetric components, even if fully two-dimensional, can

fit these fine structures.

4.3. Reliability Checks

11 galaxies in our sample were observed more than once, by different NICMOS cameras or

different observers (e.g., UM 146, NGC 5033, NGC 5252, and NGC 5273 with NIC-1 and NIC-2;

NGC 1241, NGC 2639, NGC 2841, and NGC 3627, NGC 4102, and NGC 6744 with NIC-2 and NIC-

3; NGC 2985 by different observers with NIC-2). Although these frames were reduced independently,

we find that the resulting photometry, isophotes and visual appearances are virtually identical, as

shown in Figure 7.

The only disagreement larger than a few hundredths of a magnitude is for the nuclear region of

NGC 5033; however the two profiles are identical beyond a radius of 0.15′′. The position angles (θ)

may disagree because of the different orientations of the observations, since the profile extraction

and analysis was performed on the original (unrotated to canonical North up, East left) images.

The generally excellent agreement gives us confidence that the images, photometry and surface

brightness profiles analyzed below are accurate and reproducible. This also means that H-band

nuclear variability above 10-20% is not very common, as already mentioned in §2.3. In all cases,

we have incorporated only the higher resolution images in the analysis.

A number of the galaxy images presented in this study have already been reduced and analyzed

independently by Ravindranath et al. (2001) and Laine et al. (2002). We have 14 galaxies in common

with Ravindranath et al. (2001). By comparing their brightness profiles and unsharp masks with

ours, we find generally very good agreement. Only in four cases do our masks not reveal the

structure that they find with two-dimensional bulge/disk decomposition models. In all these, theirs

show very faint axisymmetric features, while our USMs are featureless. This shows that our USMs

are as efficient as more sophisticated ones in revealing the small-scale non-axisymmetric structure

that we are interested in. The profile parameters (ε and θ) of the 67 galaxies in common with Laine

et al. (2002) also agree well. However, the agreement is worse when the galaxy is more inclined; this

is probably because Laine et al. (2002) deproject their profiles in order to analyze bar properties

on all scales while we do not. When the galaxies are face-on or almost, our profiles are identical to

theirs.

4.4. Central Fine Structure

A “profile analyzer” was applied to the linearly-spaced profiles. This objective algorithm follows

each profile and calculates the extrema and radial variations of the fitted ellipticities, position angles,

3θ, and cos(4θ) coefficients. Probable morphological features are identified automatically in each

profile, but the profiles were subsequently inspected visually by both authors independently to

ensure against spurious features. The logarithmically-spaced profiles were also subjected to the

analyzer, then checked visually as before. When a feature was clear in the linearly-spaced profiles,

but less so in the log ones, a “?” was assigned to it. These relatively more uncertain features

are given half-weight in the subsequent statistical comparison (see also §5). All 250 profiles were

analyzed before the galaxy samples were compiled; in principle no bias was introduced because of

preconceived knowledge of activity type. For each galaxy, our findings of bars, isophotal twists, large

3θ coefficients, boxy/disky isophotes, and high-amplitude non-axisymmetric structure as identified

in the unsharp masks are reported in Table 2.
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Bars

Bars are defined in the profile analyzer (and visually) according to McLeod & Rieke (1995)

and Wozniak et al. (1995); the requirement is that the fitted position angle (PA or θ) remains

constant to within 10◦, while the ellipticity ε monotonically rises to a maximum, then falls to some

value, which on larger scales is usually determined by the galaxy inclination (cos(i) = b/a). This

is a slightly different definition of a bar than that of Laine et al. (2002), who require that the PA

remains constant to within 20◦. Indeed, some of the features that we call isophotal twists (see

below) may be identified as bars in Laine et al. (2002), a point which will be discussed in more

detail in § 5.

Imaging in the NIR is particularly sensitive to stellar bars. Bars imply non-axisymmetric radial

streaming motions (e.g., Binney & Tremaine 1987) which may be relevant to nuclear fueling or a

massive compact central object.

Isophotal Twists

Following Wozniak et al. (1995), Elmegreen et al. (1996), and Jungwiert, Combes, & Axon

(1997), isophotal twists are defined as systematic rotations in fitted PA θ > 10◦ over a region with

monotonically varying ellipticity ε. When twists occurred over the same radial range as the effects

of a strong nuclear point-spread function (PSF), they were not considered significant.

Isophotal twists may be related to stellar orbits and resonances or triaxial structure (Shaw

et al. 1993), although the presence of a resonance does not guarantee a twist (Elmegreen et al.

1996). Twists may also be related to nested bars (e.g., Shlosman, Frank, & Begelman 1989), either

through gas viscosity and dissipation (Shaw et al. 1993) or through two misaligned bars at different

pattern speeds (Friedli & Martinet 1993).

3θ and 4θ Coefficients

The higher-order (3θ and 4θ) residuals to best-fit ellipses can be the diagnostic of dynamical

instabilities in the stellar component. Significant boxy or disky isophotes are identified in those

profiles where the cos4θ coefficient, A4, is non-zero over a substantial range in radius; in the

case of disky profiles, A4>0, and for boxy ones, A4<0 (Carter 1978; Jedrzejewski 1987). For a

profile to obtain boxy or disky status, the A4 coefficient must be > 0.02 (these are normalized, see

documentation of the IRAF/STSDAS ellipse task) over a range of radius well outside the nuclear

PSF. This is because the NICMOS PSF tends to be boxy, and strong nuclei generally showed

negative A4 terms close to the nucleus.

We defined significant cos3θ or sin3θ residuals in profiles where the coefficients of these terms,

A3 or B3, are non-zero over some range in radius, and larger than the cos4θ residuals over the same

range. Given the fitting procedure followed in ellipse, it is unlikely that the same galaxy image can

show both strong A3/B3 coefficients as well as strong A4 coefficients (“boxiness”) over the same

radii. We confirmed that these two classifications are virtually mutually exclusive in our study:

the presence of strongly detectable boxiness eliminates the possibility of detecting strong A3/B3

asymmetry, and vice-versa.

Boxy/disky isophotes in the central regions of elliptical galaxies have been investigated with

numerical simulations, which suggest that they may originate in mergers of disk galaxies (Naab,

Burkert, & Hernquist 1999). It is unclear whether this phenomenon could explain such isophotes

in the galaxies observed here, because they have retained their stellar disk. Nevertheless, it may

have bearing on the merger origin of Seyfert activity as proposed by Dultzin-Hacyan et al. (1999);

Krongold, Dultzin-Hacyan, & Marziani (2002). Boxy isophotes and 3θ excesses in disk galaxies may

also be related to internal dynamical instabilities and vertical resonances (Merritt & Hernquist 1991;
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Pfenniger & Friedli 1991; Patsis et al. 2002). However, strong A3/B3 coefficients primarily measure

distortions from dust filaments (Peletier et al. 1990), although they can show up as morphological

disturbances produced by close gravitational encounters with nearby companion galaxies (Kenney

et al. 1996).

Unsharp-Masked Images

Each residual image was searched automatically for regions of particularly large positive or

negative deviations from the model fit. A grid of squares was superposed onto each galaxy, with

a length set to the integral number of pixels closest to a physical distance of 180 parsecs. (These

squares were on average about 12 x 12 pixels in size). This search was repeated with the grid

of squares shifted by half a box in both coordinates. For each search and each box, the median,

mean, and mode of the residual image was calculated, and the boxes with the highest and lowest

median values were identified. The nuclear region was avoided in the searches because of possible

contamination by a strong nuclear PSF. We defined a “significant” deviation in the unsharp-masked

images (normalized residuals from the smooth ellipse fit, hereafter USM) as one with an absolute

value of the median in one or boxes of 0.27 or greater. This somewhat arbitrary cut-off was

established by visual inspection of all the USMs, and the consequent evaluation of what was a real

feature. Bad pixels had been previously removed by the reduction algorithm, but we checked to

make sure that none of the significant USMs was defined so because of bad pixel contamination.

The last column (14) of Table 2 lists all USMs which have any 180-parsec boxes which deviate from

the smooth model fit by more than +/- 27%; those with positive deviations are designated with +,

and negative ones with −.

Negative USM residuals are typically associated with dust (e.g., Sparks et al. 1985), while

positive features may indicate star clusters or compact H ii regions, similar to color images (Pogge

& Martini 2002). The unsharp mask structure with this technique is usually very similar to emission-

line images when these last are available (e.g., Böker et al. 1999), and in most cases also to V −H

color images (Martini & Pogge 1999; Martini et al. 2003a). Good examples of this agreement are

NGC 3786, UGC 12138, NGC 5033, NGC 5252, NGC 5273 (Sy1s), and NGC 5347, NGC 5929, and

NGC 7674 (Sy2s). Because negative USM residuals tend to indicate the presence of dust, it is

important to compare the 3θ diagnostic with the USM one.

5. Results: Comparison of Seyfert, LINER, HII and Normal Galaxies

The fractions of each morphological diagnostic as a function of activity class (normal, HII/starburst,

LINER, Sy2, Sy1) are reported in Table 3, and shown graphically in Figures 8 and 9. Fractions are

calculated by assigning unit weight to “certain” identifications (when the features were evident in

both the linear- and logarithmically-spaced profiles), and half weight to less certain ones. Figure 8

shows the frequencies of small-scale bars, isophotal twists, boxy/disky isophotes, and the cos3θ and

sin3θ residual (denoted as A3/B3). Figure 9 shows these frequencies for the indicators of strong

nuclear asymmetry, namely the positive/negative residuals measured in the unsharp masks, and

the cos3θ and sin3θ residuals (repeated from Fig. 8).
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Fig. 2.— Representative data for the normal (non-active) sample: NICMOS F160W images (left panel); elliptically

averaged surface brightness profiles (middle panel); unsharp masked images (see text) (right panel). In the images (left),

North is up and East to the left. In the USMs (right), white indicates positive excesses, and black negative ones. Profiles

are more completely described in the caption of 7.
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Fig. 3.— Representative data for the H ii/starburst sample. The presentation is the same as in

Fig. 2.
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Fig. 4.— Representative data for the LINER sample. The presentation is the same as in Fig. 2.
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Fig. 5.— Representative data for the Sy2 sample. The presentation is the same as in Fig. 2.
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Fig. 6.— Representative data for the Sy1 sample. The presentation is the same as in Fig. 2.
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Fig. 7.— Comparison of elliptically averaged surface brightness profiles for different observers or different NICMOS

cameras. The panels plot the radial run of surface brightness, ellipticity ε, position angle θ, 3θ residuals (A3/B3), and 4θ

residuals (A4/B4). In the upper panel, the solid line corresponds to the best-fit Nuker function (not discussed in this paper),

and the dotted lines to the galaxy and nuclear components. In the lower panels (A3/B3, A4/B4), the solid lines give the

cosine (A) term, and the dashed lines the sine (B) one.
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Fig. 8.— Fractions of non-axisymmetric features as a function of activity type. The error bars are

calculated as σ =
√

Nact(1 −Nact)/Tact, where Nact is the number of features in activity class act,

and Tact is the total number in the class. Individual features are joined only for the eye.

Fig. 9.— Fractions of positive (upward-pointing triangle) and negative (downward triangle) USM

residuals as a function of activity type. The error bars are calculated as in Fig. 8. Individual

features are joined only for the eye. The A3/B3 comparison shown here differs from that in Fig. 8

because full (rather than half) weighting is given to the uncertain classifications.
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To determine statistical significance, we compared the structural properties among the various

activity sub-samples using the z-test (Moore & McCabe 1989)5. Uncertainties in the fractions are

given as σ =
√

Nact(1 −Nact)/Tact, where Nact is the number of features in activity class act, and

Tact is the total number in the class. We list in the following only those trends which are ≥ 95%

significant in all three sample sets (MS, DMS, IMS):

• There are more isophotal twists in Sy2s, and fewer of them in non-active galaxies than in any

other class. 63±7% of the Sy2s possess twisted isophotes, in contrast with only 6±4% the

normal galaxies. The significance levels of these differences range from 2.2σ (Sy2, non-active

vs. H ii, LINER, Sy1) to 5.8σ (Sy2 vs. non-active).

• Bars are less frequent in Sy1s relative to normal galaxies; 2±3%6 of the Sy1s and 20±6% non-

active galaxies have nuclear bars according to our definition. This difference is a 2σ effect

(98% confidence level).

• 29±12% of the H ii galaxies have strong 3θ residuals compared to 9±4% of non-active galaxies.

This is a significant excess at a confidence level of 98% (2σ).

• Only 4±5% of H ii/starbursts contain disky isophotes, a deficiency significant at a 2σ level

relative to the the 24±6% fraction of non-active galaxies . There is no difference among the

samples for boxy isophotes.

• 50±13% of the H ii galaxies contain either positive or negative USM residuals. Negative

USM residuals occur more often in H ii/starbursts than in any other activity class, differences

significant at 2.8 − 3.5σ. Positive USM residuals are also more frequent in H ii’s than in

non-active galaxies (2.5σ), LINERs (3.7σ), and Sy2s (3.3σ), and also more frequent in Sy1s

relative to Sy2s (1.8σ) and LINERs (2.6σ). They are less frequent (0 objects) in LINERs

than in any other class.

In addition to the three main sets of samples (MS, DMS, IMS), we also divided the samples

into high- and low-luminosity groups, and recalculated the statistics. The significantly greater

frequencies of isophotal twists in Sy2s, A3 and USM positive residuals in H ii/starbursts, and fewer

bars in Sy1s emerge as before. For particular features (see §5.1, 5.4, 5.5), we also derived statistics

on subsets of early and late Hubble types. The significance of the trends was usually enhanced.

We therefore conclude that these results are robust to possible sample biases, and in what follows,

each feature is discussed in detail.

5.1. Isophotal Twists

More than 60% of Sy2 galaxies show twisted isophotes, while the frequency of twists in all of

the remaining active samples is roughly 20−30%. Only the non-active galaxies show a very low

fraction of 6%. It is difficult to attribute this result to different sensitivity to structure on a given

spatial scale, because the median resolution of the Sy2 sample is very similar to the non-active and

H ii samples (Table 1).

We have examined the possibility that the isophotal twists are related to primary large-scale

bars (e.g., Shaw et al. 1993; Friedli et al. 1996; Jungwiert, Combes, & Axon 1997). By considering

the bar classes from RC3, and then tallying the twisted isophotes which occur in barred galaxies,

we find that the majority of them are found in the SAB and SB galaxies, with the exception of the

5This test requires a z score of greater than 1.65 for differences which have a 5% or lower probability of being due

to chance (95% significance).

6This corresponds to 0.5 galaxies, because of the half weighting used for uncertain determinations.
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Table 3. Non-Axisymmetric Features: Matched Sample Fractionsa

Activity Sampleb Number Isophotal Bars 3θ Boxy Disky USM USM

Class Twists A3/B3 A4<0 A4>0 <0 >0

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)

Normal Matched (MS) 47 0.06 0.04 0.20 0.06 0.09 0.04 0.12 0.05 0.24 0.06 0.09 0.04 0.17 0.05

D≤80Mpc (DMS) 47 0.06 0.04 0.20 0.06 0.09 0.04 0.12 0.05 0.24 0.06 0.09 0.04 0.17 0.05

cos(i) > 0.34 (IMS) 32 0.09 0.05 0.17 0.07 0.08 0.05 0.05 0.04 0.20 0.07 0.03 0.03 0.13 0.06

H ii/ Matched (MS) 14 0.25 0.12 0.07 0.07 0.29 0.12 0.11 0.08 0.04 0.05 0.50 0.13 0.50 0.13

D≤80Mpc (DMS) 14 0.25 0.12 0.07 0.07 0.29 0.12 0.11 0.08 0.04 0.05 0.50 0.13 0.50 0.13

starburst cos(i) > 0.34 (IMS) 14 0.25 0.12 0.07 0.07 0.29 0.12 0.11 0.08 0.04 0.05 0.50 0.13 0.50 0.13

LINER Matched (MS) 22 0.27 0.09 0.16 0.08 0.11 0.07 0.09 0.06 0.18 0.08 0.09 0.06 0.00 0.00

D≤80Mpc (DMS) 22 0.27 0.09 0.16 0.08 0.11 0.07 0.09 0.06 0.18 0.08 0.09 0.06 0.00 0.00

cos(i) > 0.34 (IMS) 20 0.30 0.10 0.12 0.07 0.07 0.06 0.07 0.06 0.20 0.09 0.05 0.05 0.00 0.00

Sy 2 Matched (MS) 55 0.63 0.07 0.15 0.05 0.17 0.05 0.14 0.05 0.15 0.05 0.15 0.05 0.11 0.04

D≤80Mpc (DMS) 51 0.65 0.07 0.16 0.05 0.17 0.05 0.15 0.05 0.12 0.05 0.16 0.05 0.08 0.04

cos(i) > 0.34 (IMS) 50 0.65 0.07 0.16 0.05 0.18 0.05 0.15 0.05 0.11 0.04 0.10 0.04 0.06 0.03

Sy 1 Matched (MS) 27 0.30 0.09 0.02 0.03 0.15 0.07 0.17 0.07 0.28 0.09 0.11 0.06 0.26 0.08

D≤80Mpc (DMS) 18 0.25 0.10 0.03 0.04 0.06 0.05 0.19 0.09 0.22 0.10 0.17 0.09 0.22 0.10

cos(i) > 0.34 (IMS) 23 0.35 0.10 0.02 0.03 0.17 0.08 0.07 0.05 0.28 0.09 0.09 0.06 0.30 0.10

aUnit weight is given to “certain” features; half weight is given to “uncertain” features which are less clear in the logarithmically spaced

profiles than in the linear ones (see text).

bFirst line: matched samples; second line: matched samples with additional distance constraint; third line: matched samples with

inclination constraint.



Chapter 12 273

Sy1s. However, while 3 of 3 twists (100%) in the non-active sample are associated with SB or SAB

morphology, and 75% in LINERs, the percentage decreases considerably for the remaining activity

types. Only 57% of the twisted isophotes in H ii (2 of 3.5 twists) and Sy2 galaxies (19.5 of 34.5) are

found in barred galaxies, and 38% (3 of 8) of the twists in Sy1s. Although these numbers suffer to

some degree from small-number statistics, they indicate that a substantial fraction of circumnuclear

twists in Seyferts are not found in previously known barred galaxies.

We also investigated the possibility that the differences in frequency of twisted isophotes among

the samples are related to Hubble type, since they tend to be found primarily among early spirals

(Friedli et al. 1996; Elmegreen et al. 1996). If we divide the samples into late (T ≥ 3) and early

(T < 3) types and redo the analysis, we find that the same statistical differences are shown by both

the early and late sub-samples. Indeed, the isophotal twists in our sample are not confined to strictly

early-type morphologies, as they are seen in Hubble types as late as Sc (e.g., NGC 5643). The early

Hubble types taken alone show significantly more twists in Sy2s relative to non-active galaxies,

LINERs, and Type 1 Seyferts as before7. We conclude that the greater frequency of isophotal

twists in Sy2s, and their lesser frequency in non-active galaxies, are not caused by differences in

Hubble types among the samples.

5.2. Bars

Even though §A.6 shows that 84% of the H ii sample contains large-scale bars and more than

half the galaxies in the remaining samples are barred, there are very few bars on the scales probed

by our NICMOS images. The largest bar fraction we find is ∼ 20% in the non-active sample; the

active galaxies have fewer bars, ∼ 15%, and the Sy1s show no bars at all (at best we have an

uncertain determination, which we have given 0.5 weighting in the analysis). It is likely that the

low bar fraction in Sy1s and starbursts is related to the excess of positive USM residuals (see §5.5);

both have significantly high fractions of these, together with anomalously low fractions of bars.

Such irregular structure would make it difficult for the profile analyzer to pick out a bar. Also a

strong nuclear point source would make bar detection more difficult.

Our result agrees with Regan & Mulchaey (1999), Martini & Pogge (1999), and Martini et al.

(2001), who found a low fraction of nuclear bars in Seyfert galaxies. However, it contrasts with that

of Laine et al. (2002) who find an “excess of bars among Seyfert galaxies at practically all length

scales”. Much of the difference may lie in our slightly more conservative definition of bars; they use

a maximum of 20◦ for the PA variation in a bar, while we use > 10◦ to define isophotal twists. A

detailed comparison of our bar classes with those in Laine et al. (2002) supports this explanation.

Of the 34 Seyferts in common with them, our bar classifications agree in 24 objects8. Of the ten

remaining objects, 7 of their nuclear-scale bars are defined here as twists. Also, Laine et al. (2002)

combine the high-resolution NICMOS images with large-scale NIR and optical images, while with

our data, we are really only looking at nuclear bars. Indeed, virtually all of the single bars, and a

large fraction of the secondary bars detected by Laine et al. (2002) would not be detected in our

images because of their small field-of-view.

5.3. Boxy and Disky Isophotes

The frequency of boxy isophotes (A4< 0) is not significantly different in any of the samples.

Boxiness in the inner kpc is rare, being found in ∼10% of all galaxies (see Table 3).

7The small number of early types in the H ii sample are not not sufficient to make the differences significant,

although the same trend is present.

8We both find nuclear bars or none, or we find no bars, and they find only large-scale bars.
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Disky profiles (A4> 0) are slightly more frequent than boxy ones. Significantly disky isophotes

are found in ∼20% of all galaxies except for H ii/starbursts (Table 3). Only 4±5% of the H ii/starbursts

have disky profiles, a significant deficit relative to the other activity samples, but which rests on

small-number statistics. This absence of cos(4θ) deviations in the starbursts’ isophotes may be

partly explained by their unusually high frequency of 3θ distortions, discussed next.

5.4. 3Θ Distortions and Dust Absorption

Large 3θ coefficients, A3/B3, occur most often in H ii/starbursts (29%). They are least frequent

in the non-active galaxies and LINERs (∼ 10%), and intermediate in the Seyferts with ∼ 16%.

The presence of strong deviations from elliptical isophotes, and in particular large 3θ coeffi-

cients, are usually indicators of strong dust absorption (Peletier et al. 1990). Such features are

most frequent in the H ii galaxies, suggesting morphological disturbances traced by dust. The Sey-

fert galaxies also show these disturbances, but only half as often as H ii/starbursts, although large

A3/B3 are more frequent in Seyferts than in LINERs and non-active galaxies.

The A3/B3 residuals are the only fine structures that become significantly more likely in later

galaxy morphologies. Indeed, our results show that, with the exception of the Sy2s, by far the

majority of A3/B3 residuals occur in spirals with T ≥ 3. To better assess whether our result

depends on different Hubble type distributions among samples, we have divided each subsample

into early (T < 3) and late (T ≥ 3) as in §5.1, and performed again the statistical comparison. We

find that among the late-type samples only, there is no significant difference in A3/B3 residuals;

any activity class of late Hubble type is equally likely to show 3θ deviations to smooth ellipses.

Among the early types however, in addition to the excess of A3/B3 residuals in H ii galaxies (25%),

20% of the Sy2s but none of the Sy1s and only 4% of the non-active galaxies show 3θ deviations;

the high fraction in Sy2s is a significant difference at 2.4σ. Hence, in starbursts and Sy2s, the excess

of the A3/B3 features emerges among the early Hubble types, where such morphologies are usually

more rare.

MGT also found dust absorption more often in Sy2s than in Sy1s. There is some correlation

between our finding of 3θ residuals and their reporting dust, but it is far from perfect. One reason

for this may be because the shorter wavelength of the F606W filter made the WFPC2 images

analyzed by MGT more sensitive to dust lanes. Another reason for the difference may be that dust

lanes are not necessarily distributed in “banana-” or “heart-shaped” isophotes; our diagnostic would

miss these.

5.5. Unsharp-Mask Residuals

Half the H ii/starbursts show negative USM residuals, followed by the type 2 Seyferts with

15%, 11% of the Sy1s, and 9% of the non-active galaxies and LINERs. The excess of negative

USM residuals in the H ii galaxies is highly significant. A similar frequency (50%) of positive USM

residuals is found for the H ii/starbursts, followed by the Sy1s with 26%, 17% of the non-active

galaxies, 11% of the Sy2s, and no LINERs. Again the excess of positive USM residuals in the H ii

galaxies is significant. The LINERs have the lowest frequency of features in the USM images–they

have the smoothest isophotes.

The statistics for the negative USM residuals are similar to the 3θ ones (see Fig. 9), lending

support to the idea that both diagnostics are revealing irregular dust morphology. We repeated the

statistical analysis for USMs by dividing each subsample into early and late types as in the previous

section. Like the A3/B3 residuals, the negative USM ones are more than 3 times as common in

late-type spirals as in early-type ones independently of activity type, except for the H ii/starbursts

where they are equally as common. Among the early-type spirals the only three classes that show
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negative USM residuals are H ii’s (67%), Sy2s (9%), and non-active galaxies (4%); no early-type

LINERs nor Sy1s have these features. In terms of these diagnostics, the H ii/starbursts are the

galaxies most affected by dust. Sy2s are the next most affected class, particularly among the early

Hubble types.

We checked that the excess of positive USM residuals in Sy1s is not due to strong point-source

contamination. Visual inspection shows that the positive residuals are more extended and irregular

than a strong nuclear PSF. Also most of the US mask structures are not aligned with the diffraction

spikes of the central point source (see e.g., Fig. 6) We therefore conclude that the positive USM

residuals are real, and not an artifact of the strong nuclear unresolved sources generally seen in type

1 Seyferts. It is noteworthy that a similar excess of positive USM residuals is found in H ii/starburst

galaxies; both Sy1s and starbursts have significantly greater fractions of positive USM residuals than

any other class. However, we hesitate to ascribe them to the same cause (localized bursts of star

formation?) because of the other differences in morphology between the two classes.

6. Non-axisymmetric Structure and AGN Fueling

The most robust result which emerges from our analysis is the excess of isophotal twists in

type 2 Seyferts. Such features must be implicated in the fueling of BHs in Sy2s, but not in Sy1s.

Isophotal twists in spiral galaxies can have several possible causes. Projection effects on triaxial

ellipsoids (bars, bulges) can cause the isophotes to appear twisted when viewed from an oblique

angle (Wozniak et al. 1995; Friedli et al. 1996; Jungwiert, Combes, & Axon 1997). Independently

of projection angle, triaxial bulges embedded within a primary bar or nested misaligned secondary

bars within primary bars can also result in twisted isophotes (Friedli & Martinet 1993; Shaw et

al. 1995; Elmegreen et al. 1996). The presence of gas accumulated within orbital resonances in

a barred galaxy could also give rise to twists, because of the misalignment of the central stellar

component with respect to the primary bar (Shaw et al. 1993; Combes 1994; Friedli et al. 1996;

Jungwiert, Combes, & Axon 1997). The models by Knapen et al. (1995), Heller & Shlosman (1996),

and Regan & Teuben (2003) show how this could happen, although perhaps not all Sy2s have a

sufficiently high gas fraction for nuclear gaseous disks to be a universally viable explanation. On

the other hand, the isophotal twists could be related to the deficiency of thin stellar bars in Seyferts

found by Shlosman, Peletier, & Knapen (2000); bars tend to be weaker (thinner) in the presence

of a cold and clumpy gas component which could be causing the twists.

Our analysis is generally not able to distinguish among these alternatives, although we ar-

gue that projection effects at these spatial scales are difficult to correct for. While some authors

have deprojected ground-based images (e.g., Friedli et al. 1996; Jungwiert, Combes, & Axon 1997;

Laine et al. 2002), we have not done so because there is no a priori reason to suppose that the

circumnuclear structures probed by our images are coplanar with the outer disk.

Star formation patterns, spiral arms, or absorption by dust could produce distorted central

isophotes, although this is much less probable in the NIR than in the optical. However, a substantial

number of the twisted isophotes in Sy2s may be due to genuine nuclear triaxial structures. Some

of them are clearly associated with dust features, and morphological disturbances signified by the

3θ coefficient (e.g., UGC 2456=Mrk 1066) or dust lanes (e.g., NGC 3079), but others are found

in otherwise unremarkable morphologies, even in the USM image (e.g., NGC 3982). All of the

structures that could give rise to isophotal twists in our images −triaxial bulges, nested misaligned

bars, nuclear gas disks− would disrupt kinematics at small spatial scales. Nuclear disks and bars

are associated with inward gas flow, but the connection between triaxiality and inflow is not so

clear. Either way twists appear to be a signature of Seyfert activity, but only in type 2s. Possible

reasons why isophotal twists are not found as frequently in Sy1s are discussed below.

What we identify as isophotal twists could also be a manifestation of the nested-bar scenario
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of Shlosman, Frank, & Begelman (1989) and Laine et al. (2002). Nevertheless, since only a fraction

of the twists in our sample are found in barred galaxies, our observations may not be entirely

consistent with it.

We find significant differences in the dust content of Sy1s and Sy2s among the early Hubble

types, in agreement with Storchi-Bergmann et al. (2001). Among late types, there is no difference

in A3 or negative USM residuals, where they are more frequent in all activity classes. However,

among early types the differences between Sy2s and Sy1s are significant. Seyferts are also found

primarily in early morphological types (Moles, Marquez, & Perez 1995), which suggests that Hubble

type may be related to nuclear activity. However, type alone does not seem to be enough. Seyfert

activity, at least in Sy2s, seems to be distinguished also by a greater morphological irregularity, as

shown by the excess of twists and A3s.

7. Testing Unification Schemes: Comparison of Seyfert 1 and 2 Host Galaxies

Unified Schemes assert that Seyfert 1 and 2 nuclei are intrinsically the same. Their apparent

differences are due to additional dust absorption of much of the Seyfert 1 emission (UV to soft-

Xray continuum and broad emission lines). In the torus model, this absorption occurs very close

to the central engine and is co-aligned with its axis. Since this axis is in general uncorrelated with

the major axis of the host galaxy (Keel 1980; Schmitt et al. 2001), no systematic differences are

expected between Seyfert 1 and Seyfert 2 host galaxy properties.

In apparent disagreement with the torus model, we find some significant differences between

our samples of Seyfert 1 and 2 host galaxies.

• Isophotal twists are twice as common in Sy2s as in Sy1s (63±7% vs. 30±9%). This significant

difference (see §5.1) is not readily explained by the Unified Scheme.

• Bars are present in 15% of our Sy2 galaxies, but in 2% of the Sy1s. Even if we loosened our

definition of a “bar”, so that it would include the cases we call “isophotal twists”, the Sy 1 vs.

2 difference would still remain: Sy2s have a significantly higher fraction of bars or twists than

do Sy1s.

• Among the early-type Seyferts (T < 3), 20% of the Sy2s have 3θ residuals, but no Sy1s,

a formally significant difference (see §5.4). Nevertheless, our other dust indicator, strong

negative residuals in the USMs, confirms only weakly the suggestion of excess dust in the

centers of Sy2s. Our result is weaker than that of MGT who claimed that the centers of Sy2

galaxies had systematically more, or more widely distributed dust absorption than those of

Sy1 galaxies. The reason may be due to the lack of sensitivity to dust of our infrared images,

although sample effects may also be important; we find no differences among late Hubble

types but significant ones among early types.

If the Seyfert 1 and 2 galaxies differ in more ways than just the orientation of a central torus,

then perhaps they represent nuclear activity from black hole accretion in different evolutionary

stages, which we will now explore.

7.1. Evolutionary Scenario?

Our sample of “normal” (non-active) galaxies defines a morphological baseline against which

various samples of active galaxies can be compared. We find that the central isophotes of normal

galaxies are usually well described by ellipses at a relatively constant (to within 10◦) position angle.

Thus they show very few significant 3θ or 4θ deviations, or other large excesses or deficiencies of light

that would appear in unsharp masking. The other extreme of our non-AGN baseline is defined by
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the H ii/starburst galaxies which contain relatively large amounts of interstellar matter and young

stars. These differ mainly from the normal galaxies in having strong positive and negative light

excesses in their USMs, and strong 3θ deviations from elliptical isophotes.

Among our AGN (“active”) galaxy sub-samples, the LINERs show the least non-axisymmetric

structure, and the closest morphological similarity to the normal galaxies. They have the smallest

fraction of significant A3 residuals, and the USMs show that they are in fact even more featureless

than the normal galaxies. That the LINER sample is the closest most well-resolved one only

strengthens this result. This would be consistent with the view that LINERs are early-type galaxies

with little indications of any recent disturbance. The Seyferts lie between the H ii/starbursts and

the LINERs. But we are unable to identify any particular morphological peculiarities that equally

distinguish both Seyfert 1s and Seyfert 2s from the other kinds of less active galaxies. Thus one

standard morphological “explanation” for all Seyfert activity may not exist.

We speculate that these patterns of small-scale non-axisymmetric structure are the footprints

of an evolutionary scenario, which we hypothesize starts with a H ii/starburst, and ends with

(or returns to) a normal galaxy. H ii/starburst galaxies are morphologically “younger”, viewed

soonest after the onset of a dynamical instability, either intrinsic or extrinsic induced by a merger,

interaction, or accretion event. Large A3/B3 and USM residuals are the morphological signatures

of the cataclysmic perturbation(s) which triggered the starburst. Nuclear bars on the 100s-pc scales

studied here do not seem to be directly implicated for the starburst, since the bar fraction in the

H ii galaxies is not excessive, unlike their fraction of large-scale bars (Hunt & Malkan 1999).

Our results would place Sy2s earlier or “younger” than Sy1s in the evolutionary sequence, but

later or “older” morphologically than a H ii/starburst. Of the two Seyfert types, Sy2s appear to

be more morphologically disturbed in their central regions than Sy1s. More than 60% of the Sy2s

show isophotal twists, and their A3/B3 fraction in the early-type subset (see §5.4) is second only to

the H ii galaxies. Sy2s are also intermediate between starbursts and Sy1s in other features such as

disky isophotes and nuclear bars. The only exception to this generalization is the higher incidence

of positive USM features in Sy1s and starbursts, for which we have no explanation.

Our hypothetical placement of Seyferts as intermediate evolutionary stages between “younger”

starburst galaxies and“older”non-active galaxies and LINERs is consistent with our previous results

from morphology on larger scales. H ii/starbursts in the 12µm sample were found to have an excess

of large-scale bars, and Seyferts unusually high rates of outer rings (Hunt & Malkan 1999). Either

of these features could be produced by some instability or interaction event, but outer rings cannot

even form before 109 yr and require a bar to do so (Buta & Combes 1996). This would suggest

that Seyfert activity is prompted by a disturbance, but with a significant time delay relative to the

relatively rapid burst of star formation that preceded it. The structures that could be responsible

for twists (nuclear disks, nested or misaligned bars) have evolution times of a few ×108 yr, but

the process requires a bar to have already formed (at least in the simulations, see Shaw et al.

1993; Knapen et al. 1995; Heller & Shlosman 1996; Friedli et al. 1996). Hence, isophotal twists

are apparently younger than outer rings, but older than the relatively prompt results of a galaxy

interaction, such as a violent star-formation episode. Twists may be a subsequent phase of what

originally began as a bar-induced starburst.

Taken together, these results could be a confirmation of the H ii-Sy2 evolutionary scenario

proposed by (Storchi-Bergmann et al. 2001; Kauffmann et al. 2003), and the H ii-Sy2-Sy1 scenario

proposed by us and other groups (Hunt & Malkan 1999; Krongold, Dultzin-Hacyan, & Marziani

2002; Levenson et al. 2001). Relatively young ( <∼ 1 Gyr) stellar populations are found in more than

half of type 2 Seyferts (Schmitt, Storchi-Bergmann, & Cid Fernandes 1999; González Delgado,

Heckman, & Leitherer 2001; Cid Fernandes et al. 2001; Raimann et al. 2003). High-luminosity

broadlined AGN in general host similarly young populations, and there is evidence for bursts of

star formation in AGNs which occurred up to a few Gyr ago (Kauffmann et al. 2003). These
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timescales agree roughly with what we have deduced from the non-axisymmetric morphology. First,

a dynamical instability turns a galaxy into a starburst with disturbed and dusty morphology, on

a timescale corresponding to the large-scale bar formation time of ∼ 108 yr. Given a sufficient gas

supply, a starburst could evolve toward a Sy2, after the time necessary (few times 108 yr) to set up

sufficiently efficient gas inflow as manifested by nuclear disks, misaligned bars, or triaxial structures,

to which we attribute the observed twists. After another Gyr or two, a Sy2 could “settle down”

to a Sy1 with an outer ring which is a signature of the previous inflow and consequent outflow of

material and angular momentum. Such an evolutionary trend could be episodic, depending on the

environment and the disk kinematics, since a new instability or external perturbation could start

the process all over again.

LINERS are the most morphologically “settled down”, viewed perhaps much after the event

which triggered a starburst, and, in our picture, the onset of nuclear activity. This would imply

that LINERs are either unrelated to Seyferts, or are “exhausted” Seyferts at the end of their fuel

supply. The latter scenario seems more plausible in the light of the significant excess of inner rings

in LINERs (Hunt & Malkan 1999). In inner or nuclear rings, gas tends to pile up in the resonances

rather than funneling inward to the nucleus (Regan & Teuben 2003). Thus inner rings slow down

or halt completely the gas supply available for feeding an accreting BH (e.g., Combes et al. 2004).

LINERs, with their high fraction of inner rings, could be “starving AGNs”.

8. Conclusions

NICMOS imaging of the centers of large numbers of normal and active galaxies has revealed

some systematic morphological differences. The normal galaxies and LINERs tend to have the most

regular images, while H ii/starbursts are the most disturbed. The Seyfert galaxy morphologies tend

to be intermediate between these two extremes.

Sy2s appear to be more structurally relaxed than H ii/starbursts, but are more disturbed than

Sy1s and LINERs. In terms of circumnuclear peculiarities, Sy2s appear to be intermediate between

H ii/starbursts and Sy1s; they show substantially more inner isophotal twists than any other class,

and, in the early-type subset, are between the H ii galaxies and the Sy1s in terms of 3θ and USM

residuals.

If we hypothesize that the non-axisymmetric structure in the central part of the galaxy can

influence the active nucleus by enhancing its gas fueling rate, then our morphological data can fit

into the evolutionary scenario advanced by us (Hunt & Malkan 1999) and other groups (Krongold,

Dultzin-Hacyan, & Marziani 2002; Levenson et al. 2001). The first result of a dynamical instability,

perhaps caused by an interaction/close encounter, is to transform a “normal” galaxy into a “star-

burst”; then for a few hundred million years its spectrum may be characterized as an “H ii region”.

Later, as the bar evolves, perhaps forming nuclear disks or nested bars, the galaxy is more likely

to appear as a Seyfert 2 because of increased gas inflow to the nuclear BH. Finally, after another

billion years or so, when the central structure has evolved and “relaxed” into a greater degree of

axisymmetry, but still able to feed the BH, the galaxy would appear as a Seyfert 1. LINERs,

because of their smooth appearance, could be “starved” AGNs, having exhausted the available fuel

supply, at least temporarily.
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A. Distributions of Parameters for Matched Samples

We have analyzed the full sample of 250 galaxies in terms of distance, physical spatial scale,

luminosity, Hubble type, and inclination in order to minimize possible selection biases among the

activity samples. The properties of the galaxies which we have eliminated in order to construct the

matched samples described below are given in Table 4.

A.1. Distance

To ensure sufficiently high spatial resolution, we eliminated from further consideration all

NIC-3 galaxies with recession velocities > 5000 km s−1. Pixel size in parsecs (pc/pixel) was then

obtained from the camera pixel scales, with distances determined by assuming a Hubble constant of

H0 = 72 km s−1 Mpc−1 (Sakai et al. 1997), and a Virgocentric infall model with an infall velocity of

-300 km s−1 (Geller & Huchra 1983). The distances of four nearby galaxies (NGC 404, NGC 4395,

NGC 4569, NGC 5055) were taken from the Nearby Galaxies Catalogue (Tully 1994), and other

galaxies with negative velocities were assigned a distance of 5 Mpc.

All objects with distances < 10 Mpc were eliminated a priori. Moreover, to match the distance

medians of the subsamples to within ∼20 Mpc, we had to eliminate several distant Seyfert galaxies.

The resulting set of samples (to which all the constraints described in the following sections also

apply) contains 165 galaxies, and we denote it as MS (Matched Samples). The worst mismatch is

that between the LINERs and Sy1s; the Sy1 sample is roughly ∆D ∼ 27 Mpc (55%) more distant

than the LINERs. The distance medians of the remaining samples relative to the Seyferts are

within ∼ 20 Mpc of one another. Both Seyfert samples are, at median distances of 49 (Sy1s) and 37

(Sy2s) Mpc, substantially closer than either the 12µm sample (Hunt & Malkan 1999), or the CfA

Seyferts (Huchra & Burg 1992).

We also created a second more rigorous set of samples (DMS, Distance Matched Samples)

consisting of 152 galaxies, in which all objects with distances ≥ 80 Mpc were thrown out. 4 Sy2s

and 9 Sy1s were eliminated by this constraint. The median distances of the DMS are much more

closely matched, with 38 Mpc for the Sy1s and 36 Mpc for the Sy2s (see Table 1).

A.2. Parsec-per-pixel Scale

It is even more important to match our images to comparable resolution scales. Because the

NIC-3 pixels are so large compared to the other two cameras (0.20′′ vs. 0.075′′ and 0.0475′′), we

truncated the samples so that no activity sample contained galaxies with pc/pixel≥30. This cutoff,

while arbitrary, defines roughly the physical scales of the morphological features we are interested

in, since 3 pixels would correspond to ∼ 100 pc in the worst case. The majority of the galaxies

excluded with this criterion were non-active ones, given that many of them were imaged with NIC-

3. Constraining the parsec-to-pixel scale eliminated 28 galaxies, 23 of which are non-active. Both

the MS and the DMS mentioned above and the third sample described below include this constraint.

The median physical pixel scales range from 7.5 (LINERs) to 15.2 (Sy1s) pc/pixel. In the

DMS, the median Sy1 scale is 13.2 pc/pixel. The remaining samples have similar medians with

10.4, 12.6, and 12.9 pc/pixel, for the non-active, H ii, and Sy2 samples, respectively. The maximum

pixel scale is 25.9 pc/pixel for the Sy2 sample, closely followed by the Sy1s with 24.9 and the

non-active sample with 24.5 pc/pixel. Figure 10 shows the relative parsec-to-pixel spatial scales for

the MS.
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Fig. 10.— Distribution of spatial resolution (parsec/pixel) for each activity class. The binning of

10pc/pixel is deceptive, as the maximum resolution is ∼25pc/pixel (see text).

A.3. Blue Luminosity

It was necessary to remove the lower luminosity galaxies from the normal and H ii subsamples,

because of the presence of (25) dwarf galaxies. The final minimum in blue absolute magnitude MB

is −18.4, which resulted in a worst discrepancy of ∆M ∼ 1 mag between the normal sample and

the more luminous Seyfert ones. The high-luminosity Seyfert galaxies were eliminated from the

sample with the distance and pc/pixel criteria described previously. The low- and high-luminosity

ends of all samples turn out to be similar (∼ −18.5 and ∼ −21.5) with the most and least luminous

galaxies both being LINERs (NGC 1961: −22.0 and NGC 5879: −18.4). These ranges are virtually

identical to the CfA Seyfert sample (Huchra & Burg 1992), and we conclude that our samples

should be a fair representation of Seyfert galaxies in terms of luminosity.

A.4. Hubble Type

The earliest types present have T=−4, one exemplar of which is present in the LINER

(NGC 3379 = M 105) and Seyfert (NGC 1275, NGC 4278) samples. The latest types in the sam-

ples are one exemplar of T=9 (normal), and one of T=7 (H ii). The remaining galaxies range from

T=−2 to T=6. Two Seyfert galaxies were classified as “S” (spiral) in RC3, and we assigned T=5

to these (see the LEDA database). The sample medians for Hubble type are Sab (LINER and
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Sy2), Sb (normal and Sy1), and Sbc (H ii). These are very similar to the type distributions found

in the 12µm sample (Hunt & Malkan 1999), except for the later types here of Sy1s (12µm Sy1s

have median Sa) and earlier types here of LINERs (12µm LINERs have median Sbc). The normal

galaxies have the same median Hubble type as the Sy1 sample, and lie between the remaining active

subsamples; thus they should be a “fair” comparison.

A.5. Galaxy Inclination

Because the inclination of a galaxy may affect our ability to distinguish morphology, we also

checked for the apparent axial ratio distributions. The normal galaxies have a median inclination

of 63◦, while the remaining samples ∼ 50◦. In particular the Sy2 sample has a median axial ratio

of 0.73 (43◦), which may reflect the paucity of optically selected edge-on Seyferts (Keel 1980).

In order to ensure that we are not missing peculiar morphology because of excesses in galaxy

inclination, we created a third sample set of 139 galaxies, denoted as IMS (Inclination Matched

Samples). Here all galaxies with inclination > 70◦ were eliminated. This operation had the greatest

impact on the non-active sample in which 15 galaxies were excluded.

A.6. Bar Types

Finally, we investigated the bar classifications based on the RC3 designations. With the ex-

ceptions of the H ii sample which shows an excess of bars similar to the Markarian and 12µm

starbursts (Hunt & Malkan 1999) (84% strongly-SB or weakly-SAB barred) and the LINER sample

with a deficit of bars (52% unbarred), the remaining three samples (non-active and Seyferts) show

“normal” bar properties (Moles, Marquez, & Perez 1995; Ho, Filippenko, & Sargent 1997b) with

∼ 60 − 70% of the galaxies being either SB or SAB.
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Table 4. Properties of Rejected Galaxies

Name z Dist. RC3 Type a b Mag. Abs. Mag. Pc/pixel Bar Twist 3θ cos(4θ) USM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

Non-active

ESO205-G007 0.007 26.8 SAB(rs)bc 0.9 0.8 15.2 −16.9 9.7 Y? D

ESO240-G012 0.006 22.3 S? 1.3 0.5 14.3 −17.4 8.1

ESO548-G029 0.004 13.8 SB? 1.1 0.8 14.3 −16.4 5.0

ESO549-G018 0.005 19.2 SAB(rs)c 2.6 1.5 13.7 −17.7 7.0

ESO572-G022 0.006 30.4 Sb 1.3 0.4 14.8 −17.6 11.1 +

IC0749 0.003 14.6 SAB(rs)cd 2.3 1.9 12.9 −17.9 14.2 Y Y?

IC0750 0.002 13.4 Sab:sp 2.6 1.2 12.9 −17.7 13.0 Y +

MESSIER074 0.002 5.4 SA(s)c 10.5 9.5 9.9 −18.8 5.2 Y

NGC0151 0.012 47.7 SB(r)bc 3.7 1.7 12.3 −21.1 46.3 Y Y

NGC0214 0.015 59.4 SAB(r)c 1.9 1.4 13.0 −20.9 57.6 Y Y

NGC0491 0.013 49.8 SB(rs)b: 1.4 1.0 13.2 −20.3 48.3 Y Y Y

NGC1345 0.005 18.1 SB(s)cpec: 1.5 1.1 14.3 −17.0 6.6 +

NGC1483 0.004 13.5 SB(s)c 1.6 1.3 13.1 −17.5 4.9 Y?

NGC1688 0.004 15.5 SB(rs)dm 2.4 1.9 12.6 −18.4 5.6 +

NGC2082 0.004 14.2 SAB(rs+)c 1.8 1.7 12.6 −18.2 5.2 Y?

NGC2104 0.004 15.0 SAB(s)cd: 2.0 0.9 13.2 −17.7 5.5

NGC2314 0.013 54.1 E3 1.7 1.4 13.2 −20.5 52.5 Y?

NGC2344 0.003 14.7 SA(rs)c: 1.7 1.7 12.8 −18.0 5.3

NGC2642 0.014 62.6 SB(r)bc 2.0 1.9 13.3 −20.7 60.7 Y? Y D?

NGC2672 0.014 62.9 E1-2 3.0 2.8 12.7 −21.3 61.0 Y

NGC2749 0.014 61.2 E3 1.7 1.4 12.7 −21.2 59.3 B?

NGC2758 0.007 29.6 (R’)SBbcpec? 1.9 0.5 14.0 −18.4 10.8 −

NGC2942 0.015 64.5 SA(s)c: 2.2 1.8 13.2 −20.9 62.5 Y

NGC2998 0.016 69.4 SAB(rs)c 2.9 1.3 13.1 −21.1 67.3 Y Y

NGC3271 0.012 54.5 SAB(s)00 3.1 1.8 12.9 −20.8 52.8 Y

NGC3275 0.011 47.1 SB(r)a 2.8 2.1 11.8 −21.6 45.7 Y Y

NGC3544 0.012 53.8 (R)SAB:(rs)a 3.0 1.0 13.0 −20.6 52.2

NGC3769 0.002 13.6 SB(r)b: 3.1 1.0 12.6 −18.1 13.2 Y? Y +

NGC3782 0.002 13.8 SAB(s)cd: 1.7 1.1 13.1 −17.6 13.4 +

NGC3928 0.003 17.1 SA(s)b? 1.5 1.5 13.2 −18.0 6.2 Y?

NGC4085 0.003 13.8 SAB(s)c:? 2.8 0.8 12.9 −17.8 13.4 Y

NGC4373 0.011 50.0 SAB(rs)0-: 3.4 2.5 11.9 −21.6 48.5

NGC4701 0.002 14.4 SA(s)cd 2.8 2.1 12.8 −18.0 14.0 Y −

NGC4786 0.016 68.7 E+pec 1.6 1.3 12.7 −21.5 66.6

NGC5444 0.013 59.2 E+: 2.4 2.1 12.8 −21.1 57.4

NGC5605 0.011 50.6 (R’)SAB(rs)cpec: 1.6 1.3 13.2 −20.3 49.1 Y

NGC5641 0.014 64.0 (R’)SAB(r)ab 2.5 1.3 13.1 −20.9 62.1 Y? Y D

NGC5908 0.011 48.4 SA(s)b:sp 3.2 1.2 12.8 −20.6 46.9 B

NGC6699 0.011 46.5 SAB(s)bc 1.5 1.5 12.6 −20.7 45.1 Y Y
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Table 4—Continued

Name z Dist. RC3 Type a b Mag. Abs. Mag. Pc/pixel Bar Twist 3θ cos(4θ) USM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

NGC6754 0.011 44.1 SAB(rs)bc 1.9 0.9 12.9 −20.3 42.8 Y? Y D

NGC6808 0.012 47.0 SA(r)abpec: 1.5 0.8 12.5 −20.9 45.6 Y?

NGC6876 0.013 54.3 SB0− 2.8 2.2 12.1 −21.6 52.7

NGC7188 0.006 20.9 (R’2)SB(s)bc 1.6 0.7 13.8 −17.8 7.6

NGC7259 0.006 20.2 Sb 1.1 0.9 13.9 −17.6 7.3

NGC7309 0.013 51.7 SAB(rs)c 1.9 1.8 13.0 −20.6 50.1 Y Y

NGC7457 0.003 8.2 SA(rs)0-? 4.3 2.3 12.1 −17.5 3.0

NGC7513 0.005 17.7 (R’)SB(s)bpec 3.2 2.1 13.1 −18.1 6.4 Y?

NGC7690 0.005 17.9 Sb 2.2 0.9 13.0 −18.3 6.5

UGCA196 0.003 16.1 (R’)SA(s)b 3.2 1.3 13.3 −17.7 5.9

HII

IC0745 0.004 20.2 S0 0.7 0.6 14.2 −17.3 7.3 Y Y

IC4870 0.003 11.1 IBm?pec 1.6 0.9 13.9 −16.3 4.0

MRK0930 0.018 72.9 Pair 0.0 0.0 17.0 −17.3 26.5 +

NGC2989 0.014 60.4 SAB(s)bc: 1.7 0.9 13.6 −20.3 58.6 Y Y

NGC5653 0.012 53.1 (R’)SA(rs)b 1.7 1.3 12.9 −20.7 51.5 Y

LINER

MESSIER063 0.002 7.2 SA(rs)bc/ 12.6 7.2 9.3 −20.0 7.0

NGC0404 -0.000 2.4 SA(s)0-: 3.5 3.5 11.2 −15.7 0.9

NGC7013 0.003 8.9 SA(r)0/a 4.0 1.4 12.4 −17.3 3.2 Y? D?

NGC7331 0.003 8.6 SA(s)b 10.5 3.7 10.3 −19.4 3.1 B?D?

Seyfert 2

CGCG164-019 0.030 128.0 Sa 0.4 0.3 15.3 −20.2 26.7 Y? Y Y D? −

MESSIER061 0.005 26.1 SAB(rs)bc 6.5 5.8 10.2 −21.9 9.5 Y Y

MESSIER096 0.003 16.4 SAB(rs)ab 7.6 5.2 10.1 −21.0 6.0 Y? D?

MRK0078 0.037 156.2 SB 0.4 0.2 15.0 −21.0 56.8 D

MRK0477 0.038 160.2 S 0.0 0.0 17.0 −19.0 58.3 Y Y D

NGC3362 0.028 119.1 SABc 1.4 1.1 13.5 −21.9 24.8

NGC4117 0.003 16.8 S00 1.8 0.9 14.0 −17.1 6.1

NGC7319 0.023 91.0 SB(s)bcpec 1.7 1.3 14.1 −20.7 33.1 Y Y D

UGC06100 0.030 126.2 Sa? 0.8 0.5 14.3 −21.2 26.3 Y

UGC06527 0.028 119.1 SA(s)0/apec: 0.4 0.3 17.0 −18.4 43.3 Y? Y D

UGC12348 0.025 102.0 Sa 1.0 0.3 15.3 −19.7 37.1 B

UM625 0.025 108.0 S0 0.3 0.2 17.4 −17.8 22.5 Y

Seyfert 1
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Table 4—Continued

Name z Dist. RC3 Type a b Mag. Abs. Mag. Pc/pixel Bar Twist 3θ cos(4θ) USM

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14)

ARP151 0.021 90.9 S0pec 1.3 0.2 16.8 −18.0 18.9 Y? D

IC1854 0.031 126.1 S0/a 0.5 0.4 14.9 −20.6 26.3 Y

MESSIER104 0.003 18.3 SA(s)a 8.7 3.5 9.0 −22.3 6.7 Y? D? +

NGC0985 0.043 175.7 SBbc?p(Ring) 1.0 0.9 13.8 −22.4 63.9 Y Y

NGC4395 0.001 3.6 SA(s)m: 13.2 11.0 10.6 −17.2 1.3

NGC5940 0.034 144.2 SBab 0.8 0.8 14.3 −21.5 30.1 Y

UGC09214 0.034 146.0 SBa 0.9 0.6 14.5 −21.3 30.4 Y Y +

UGC10120 0.031 133.0 SB(r)b 1.1 1.1 14.6 −21.0 27.7
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CHAPTER 13

Summary

In this thesis, stellar populations, star formation, and structural properties were investigated for gal-

axies ranging from Blue Compact Dwarfs (BCDs) to galaxies with Active Galactic Nuclei (AGNs).

Part 1, regarding BCDs, is based on case studies of the two most metal-poor BCDs in the local

universe, SBS 0335−052 and I Zw 18, with abundances of 2.5% and 2% Z�, respectively. Part

2 comprises data from more than 1000 galaxies, emphasizing a statistical approach rather than

individual objects.

Part 1: Blue Compact Dwarfs

In spite of their similar metallicity, star formation in the two BCDs studied here occurs in very

different ways, although the stellar populations are relatively similar. In particular:

• Through analysis of deep near-infrared (NIR) images and HST/WFPC2 optical images of

I Zw 18, and comparison with model predictions, we found that the stellar populations in

this metal-poor BCD are rather young. The composite best fit is obtained for an age for

evolved stellar populations of <∼ 200 Myr; fits with an older age of <∼ 500 Myr are less likely

but possible. Our data show no evidence for stellar populations in I Zw 18 older than this,

although as much as 22% of the stellar mass in older stars (4% in J light) could remain

undetected. The colors of the young and intermediate age stellar populations are significantly

affected by widespread and inhomogeneously distributed ionized gas and dust. Ionized gas

emission is important in every region examined except the NW star cluster. This conclusion

is in agreement with new data obtained with HST/ACS by Thuan & Izotov, and supports

the idea that stars in BCDs with metallicity lower than ∼ Z/Z�
<∼ 5% are generally young.

The implication is that such galaxies are indeed templates for primordial star formation in

the chemically unenriched environments which must be present when the Universe was very

young.

• Analysis of NIR images and spectra of another metal-poor BCD, SBS 0335−052, gave similar

results, at least for the stellar populations. The NIR spectral characteristics and broadband

colors of this galaxy are those of an extremely young starburst; the major part of the star

formation occurs in dense compact clusters younger than ∼5 Myr. We also were able to place

constraints on the possible contribution from an evolved stellar population in SBS 0335-052
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which cannot exceed 15%.

• However, unlike I Zw 18, SBS 0335−052 shows evidence for a substantial amount of warm

dust. This is an important result because of the common misconception that dust cannot

be present in metal-poor environments. The 2–4µm emission turns out to be extremely

red, consistent with the extrapolation of the mid-infrared spectrum obtained with the ISO

satellite. Moreover, from hydrogen recombination lines and a fit to the near-/mid-infrared

SED, we confirm a visual extinction of >∼ 15 mag. Our data suggest that the sites of the

optical and infrared emission are distinct: the optical spectral lines come from an almost

dustless region with a high star formation rate and a few thousand OB stars. This region

lies along the line-of-sight to a very dusty central star cluster in which there are more than

three times as many massive stars, completely hidden in the optical. From the extinction,

we derive an upper limit for the dust mass of 105 M� which could be produced by recent

supernovae. These conclusions are reinforced by data from the Infrared Spectrograph (IRS)

on the Spitzer Space Telescope (Houck et al. 2004) in which silicate absorption features are

consistent with a very significant dust extinction. However, the dust mass estimated before

the new Spitzer observations may be too high; the IRS spectrum peaks at ∼28µm, which

substantially reduces the amount of cooler dust that can be present in SBS 0335−052.

• The radio spectrum of SBS 0335−052 is also very unusual. The radio data show considerable

absorption at 1.49 GHz, and a composite thermal+non-thermal slope. We find the best-fitting

geometry to be one with free-free absorption homogeneously intermixed with the emission of

both thermal and non-thermal components. By comparing the inferred thermal emission

with observed Brα flux, we find that there must be a substantial contribution from stellar

winds. The radio emission also appears compact, rather than diffuse, associated with the

two brightest star clusters. Because the starburst is so young and compact, it is difficult

to interpret the non-thermal radio emission as resulting from diffusion of supernova (SN)

accelerated electrons over 107 − 108 yr timescales, which is the common mechanism in older

more massive starbursts. Rather, we attribute the non-thermal radio emission to an ensemble

of compact SN remnants expanding in a dense interstellar medium, similar to those observed

in another starburst, M 82.

• Our studies of I Zw 18 and SBS 0335−052, together with an investigation of a larger sample

of low-metallicity BCDs (Hunt et al. 2003), led us to conclude that in low-metallicity en-

vironments there are two very different modes of star formation, which we dubbed “active”

and “passive”. The “active” BCDs host super star clusters (SSCs), and are characterised by

compact size, rich H2 content, large dust optical depth, and high dust temperature; the “pas-

sive” BCDs are more diffuse with cooler dust, and lack SSCs and large amounts of H2. The

models presented in Chapter 6 suggest that the difference between the two regimes can be

understood through the variation of the “compactness” of the star-forming region: an “active”

mode emerges if the region is compact and dense, and a “passive” one if the region is diffuse.

In an active star-forming complex, the dust, supplied from Type II supernovae in a compact

configuration, effectively reprocesses the heating photons into the infrared and induces a rapid

H2 formation over a period of several Myr. We hypothesize that the active regime should

dominate at high redshift; the new Spitzer surveys (e.g., SWIRE) will help confirm or refute

this conjecture.

While only two low-metallicity BCDs were studied here, their properties are not unique. Among

the known metal-poor BCD population, we find several examples of galaxies with either active

(NGC 2366, NGC 5253, II Zw 40) or passive (VII Zw 403, Mrk 59, UM 311) characteristics. Further-

more, the“dichotomy”between active and passive modes is not confined to metal-poor environments
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(Hunt, Giovanardi, & Helou 2002). Passive star formation is taking place in most galactic disks,

at low rates, in diffuse low density regions; active star formation occurs in dense star clusters, with

clear signs of dust emission and extinction.

Part 2: Bulges, Disks, and Nuclei of Spiral Galaxies

Spiral galaxies lie at the other extreme of the galaxy population from BCDs in terms of their

mass, luminosity, age, and chemical enrichment. Like BCDs, later-type spirals are forming stars, but

in very different environments. Unlike BCDs, spiral galaxies generally have well-defined structural

components with well-ordered velocity fields, indicative of dynamical support by rotation. The

axisymmetric and non-axisymmetric structural components in luminous spirals were studied in

Part 2 of this thesis. First, bulges and disks, and their relation to different types of nuclei were

emphasized, together with their stellar populations. Then, non-axisymmetric galaxy structure on

both small (circumnuclear) and large (several kpc) scales was examined. Thanks to the large

number of galaxies studied, several important trends emerged. These include:

• The scaling relations of bulges and disks for more than 100 disk galaxies were shown to

depend on Hubble type T and bulge shape, as defined by the Sérsic index n. As Hubble

type T increases, bulges become less luminous and their mean effective surface brightness

< µB
e > gets fainter; disk < µD

e > shows a similar, but much weaker, trend. When bulge

parameters (effective surface brightness < µB
e >, effective radius rB

e , absolute magnitude

MB) are compared with disk ones (< µD
e >, rD

e , MD), they are tightly correlated for n = 1

(exponential) bulges. The correlations gradually worsen with increasing n such that n = 4

bulges appear virtually independent of their disks. The Kormendy relation, < µB
e > vs. rB

e , is

shown to depend on bulge shape n; the two parameters are tightly correlated in n = 4 bulges

(parametric correlation coefficient r = 0.8), and increasingly less so as n decreases; disk

< µD
e > and rD

e are well correlated (r = 0.7). Exponential bulges appear to be closely related

to their underlying disks, while bulges with higher n values are less so; n = 4 bulges and their

disks apparently have no relation. We interpreted our results as being most consistent with

a secular evolutionary scenario, in which dissipative processes in the disk are responsible for

building up the bulges in most spirals.

• We also found that bulge velocity dispersion σe is not enough to determine accurate the

mass of the central black hole (BH); how the bulge mass is distributed (e.g., Re) is also

important. In light of the tight correlations among bulge properties and BH mass, we derived

new accurate NIR bulge parameters for galaxies with secure BH mass measurements. By

combining the bulge effective radii Re measured in our analysis with σe, we find a tight linear

correlation (rms ' 0.25 dex) between BH mass and the virial bulge mass (∝ Reσ
2
e). A partial

correlation analysis shows that BH mass depends on both σe and Re, and that both variables

are necessary to drive the correlations between BH mass and other bulge properties.

• Through NIR imaging of 30 Seyfert and starburst galaxies, we were able to constrain the

relative ages of their stellar populations. Azimuthally averaged elliptical profiles show that the

inner and outer disks of Seyferts and starbursts are consistent with a normal late-type stellar

population, and do not differ significantly with activity class; however, color-color diagrams

of individual pixels show that the stellar mix in most of the type 2 Seyferts comprises a

conspicuous contribution from an intermediate-age (3 − 5 × 108 yrs) population. Moreover,

while most of the starburst galaxies show irregular inner structure in the colors, most of the

Seyferts do not. We concluded that ongoing star formation in the inner disks of starbursts

is signalled by the presence of dust (and gas); the absence of such features in both Seyfert

types implies that star formation episodes are either absent or very old. However, while the
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blue colors of Seyfert 2s suggest that a burst of star formation did, in fact, occur not more

than 109 yrs ago, the normal colors of Seyfert 1s imply that any starforming episodes must

be significantly older.

• A bulge/disk decomposition of the galaxies shows that Seyfert 1 and starburst bulges resemble

normal early-type bulges in structure and color, with (J − K)b about 0.1 mag redder than

disk (J −K)d. Seyfert 2 bulges, instead, are bluer than normal with (J −K)b ∼ (J −K)d.

Seyfert disks (especially Type 1), but not those of starbursts, are abnormally bright (in

surface brightness), significantly more so than even the brightest normal disks. In Seyferts

and starbursts, HI mass fractions and mass-to-light (M/L) ratios are anticorrelated, and we

attribute the high gas mass fractions and low M/Ls in starbursts and several Seyferts to

ongoing star formation. Such abundant gas in Seyferts may inhibit bar formation, which

could explain why active galaxies are not always barred. While intriguing, these results need

to be confirmed on a larger sample, and work is in progress (Stevenson et al. 2002).

• To better assess the star-formation properties of the 891 galaxies in the Extended 12µm

Sample (E12GS), we compared the large-scale non-axisymmetric morphological characteristics

as defined in RC3 for different activity classes. Surprisingly, galaxies with AGNs (Seyferts

and LINERs) have the same incidence of bars as normal (non-active) spirals, but show rings

significantly more often than normal galaxies or starbursts. The LINERs have elevated rates

of inner rings, while the Seyferts have outer ring fractions several times those in normal

galaxies. The different formation times of bars and rings suggest an interpretation of these

differences. Bars form relatively quickly, and transport material (by redistribution of angular

momentum) to the center of the galaxy, where it is likely to trigger a short (e.g., . 108 yrs)

burst of star formation. Outer rings require much more time to form, as they must form

after the bar. They would then be associated with more intense nuclear activity if it takes

109 years or more for the mass transfer to reach the center and raise the black hole accretion

rate, by which time the bar may have begun to dissolve. Inner rings form before outer ones,

with a formation time more comparable to bars. Thus it may be that after an interaction or

instability triggers an infall of gas, the galaxy in the earliest stage is likely to show enhanced

star formation in its center, while later it is more likely to show LINER activity, and still

later likely to be a Seyfert. This evolutionary scenario is consistent with the results from NIR

imaging on much smaller samples, but numerical simulations are needed to better define the

relationship among the non-axisymmetric features singled out by our study.

• Small-scale morphology of AGNs and starbursts was analyzed from NICMOS/HST images of

250 spiral galaxies. We found several differences among galaxies with different activity types

which may be connected with nuclear fueling: the H ii/starburst galaxies show the strongest

deviations from smooth elliptical isophotes, while the normal galaxies and LINERS have the

least disturbed morphology. The Seyfert 2 galaxies have significantly more twisted isophotes

than any other category, and the Seyfert 1 galaxies the fewest nuclear bars. The morphological

differences between Seyfert 1s and 2s suggest that more is at work than simply the viewing

angle of the central engine. They may correspond to different evolutionary stages.

Many of the results presented in Part 2 of this thesis were interpreted in an evolutionary

framework. However, direct evidence for secular evolution is difficult to obtain. Because we, as

observers, are unable to watch galaxies over sufficiently long timescales, we must make deductions

based on circumstantial evidence. Morphology studies such as those in this thesis can be interpreted

in many ways, and the simplest interpretation may not always be unanimously defined. More and

better simulations will help to more accurately date morphological features, and provide a more

precise understanding of the causal relationships among bars, rings, and spiral structure, and the

effect they have on the distribution of gas and stars in galaxies.
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Fig. 1.— Left (right) panel: VLA image of I Zw 18 at 4.86 GHz/C configuration (1.43 GHz/B

configuration) overlayed on the HST/WFPC2 F555W image. In both panels the radio emission is

resolved.

3. Future directions

Because dust effectively obscures star formation, and because we are interested in the dustiest

regions in BCDs, a multiwavelength approach is necessary. But first, we need some statistics. We

have already acquired NIR spectra and images for ∼15 BCDs at UKIRT, which will enable us to

better understand the active/passive dichotomy. The HST archive has also been“mined”for images,

and we now have a sample of ∼20 metal-poor BCDs with either WFPC2 or NICMOS images; the

high spatial resolution allows us to measure directly the size of the star-forming complex, and

compare it with electron densities measured from spectra. We can then classify BCDs in terms of

active and passive modes, and better assess the validity of this dichotomy and our models.

We also have an approved program to observe BCDs with the mid-infrared camera Michelle on

Gemini North; this should help characterize the warm dust which we expect to be present in active

star-forming regions. Our planned observations with Spitzer Space Telescope will help constrain

the cooler dust component (MIPS) in active and passive BCDs, as well as the warm/hot dust

component (IRAC). Even cooler dust can be detected with SCUBA at JCMT, and we will be able

to compare the spectral energy distributions of active and passive BCDs, and model them.

The radio emission of SBS 0335−052 is so unusual that it is of interest to compare it with that

of I Zw 18. Figure 1 shows radio images from the VLA archive overlayed on WFPC2/HST images.

Our analysis of the images shows that the the radio emission in I Zw 18 is resolved and diffuse,

centered on, but more extensive than, the star clusters. In SBS 0335−052, the radio emission is

close to being unresolved, and appears to originate in the brightest star clusters. While the radio

morphology differs between the two lowest-metallicity BCDs, the spectral index α is -0.4, similar

to that found in Chapter 5 for SBS 0335−052. The distinct radio morphology but similar spectral

index in both BCDs is puzzling, and we need additional VLA multifrequency observations to better

decompose into thermal and non-thermal components in I Zw 18. Active star formation may also

be characterized by compact mixed thermal/non-thermal radio sources, distinct from diffuse (radio

emitting) regions in the passive mode.

3.1 Luminous spiral galaxies and bars

One aspect of non-axisymmetric structure that was relatively neglected in this thesis was bars.

To remedy this, we have undertaken a quantitative characterization of the bars in the Pisces-
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Fig. 2.— Maximum relative torque Qmax plotted agains axial ratio (b/a)bar. In the left panel,

galaxies are coded by bar type (flat shown as filled circles, exponential by ×); in the right by torque

morphology.

Perseus sample discussed in Chapter 7. The gravitational potential is first calculated assuming

an exponential vertical disk structure, then the relative torque is derived (e.g., Buta, Laurikainen,

& Salo 2004); this should give us one measure of the strength of the bar. Another measure of

bar strength is obtained by fitting ellipses to the images and applying a “profile analyzer” to the

radial profiles. We distinguish two bar types (flat and exponential) as in Elmegreen & Elmegreen

(1985), by examining the surface brightness profile along the bar. A Fourier decomposition of the

image is also performed in order to establish which components dominate in the different bar types.

Preliminary results are interesting, and suggest a difference in bar strength between the two main

types of bars, flat and exponential. There also appear to be differences in torque morphology as a

function of bar strength. These differences can be seen in Fig. 2 for a subset of the Pisces-Perseus

sample with Hubble type T ≈ 3 (Sb). Exponential bars tend to be “fatter” (larger axial ratio

(b/a)bar) than flat bars, and strong bars tend to show a particular kind of torque structure. It

will be interesting to investigate whether different bar types and strengths can be interpreted in an

evolutionary framework, in which as the bar evolves, it promotes the evolution of the galaxy.
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CHAPTER 14

Dutch Summary

Nederlandse Samenvatting

In dit proefschrift bestuderen we sterpopulaties, stervorming en structurele eigenschappen van

melkwegstelsels. Het gaat daarbij over een groot bereik van vormen van stelsels, te weten blauwe

compacte dwergstelsels (Blue Compact Dwarfs of BCD’s) aan de ene kant tot stelsels met actieve

kernen (Active Galactic Nuclei of AGN’s) aan de andere. Deel 1, dat over BCD’s gaat, is gebaseerd

op studies van twee typische voorbeelden van die klasse, te weten SBS 0335-052 en I Zw 18, die

metaal-abondanties (het relatief voorkomen van chemische elementen zwaarder dan helium; hierna

slechts te noemen abondantie) hebben van respectievelijk slechts 2.5 en 2% van die van de zon.

Astronomen noemen dat “metaal-arm”. Deel 2 betreft waarneemgegevens van meer dan 1000

melkwegstelsels, waarbij de nadruk eerder ligt op een statistische analyse dan op de studie van

individuele objecten.

Deel 1: Blauwe Compacte Dwergstelsels.

Ondanks de vergelijkbare abondantie van de twee BCD’s die hier bestudeerd zijn, geschiedt in

deze stelsels de stervorming op zeer verschillende wijze, alhoewel ook de sterpopulaties uiteindelijk

min of meer vergelijkbaar zijn. Met name:

• Met behulp van een analyse van diepe, gevoelige beeld-opnamen in het nabije infrarood (NIR)

en optische opnamen met de WFPC2 camera van de Hubble Space Telescope (HST) van I

Zw 18 en na vergelijking met model voorspellingen, vinden we dat de sterpopulatie van deze

metaal-arme BCD relatief jong is. De beste composiete fit aan de waarnemingen geeft een

leeftijd voor de geëvolueeerde sterpopulatie van minder dan ongeveer 200 miljoen jaar (Myr);

fits met een oudere leeftijd van ongeveer 500 Myr zijn mogelijk, maar minder overtuigend.

Ons materiaal geeft geen direkte aanwijzingen voor sterpopulaties ouder dan deze 500 Myr in

I Zw 18, alhoewel tot 22% van de massa in sterren in de vorm van zulke oudere sterren (4%

van het licht in de J-band in het NIR) nog onopgemerkt kan zijn. De waargenomen kleuren

van de jonge en intermediaire sterpopulaties zijn significant bëınvloed door de effecten van

het wijd en zeer inhomogeen verbreide gëıoniseerde gas (via emissie van licht) en het stof

(door absorptie en verstroöıing). Gëıoniseerd gas is belangrijk op alle bestudeerde plaatsen

in het stelsel, behalve misschien de stercluster in het noordwesten (NW). Deze conclusie is in

overeenstemming met nieuwe waarnemingen met de ACS camera in HST van Thuan & Izotov
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en ondersteunen het idee dat sterren in BCD’s met een abondantie lager dan 5% van die van

de zon over het algemeen jong zijn.

• De analyse van beelden in het NIR en spectra van de andere BCD, SBS 0335-052, duidt op een

vergelijkbaar resultaat, tenminste betreffende de sterpopulaties. De spectrale karakteristieken

en de breed-band kleuren in het NIR zijn hetzelfde als die van een uiterst jonge (recente)

explosie van stervorming; het merendeel van de stervorming treedt op in dichte, compacte

clusters die jonger zijn dan ongeveer 5 Myr. Het bleek ook mogelijk om grenzen te bepalen

voor de mogelijke bijdrage van een oudere sterpopulatie in SBS 0335-052, namelijk maximaal

15%.

• Echter, anders dan in I Zw 18, toont SBS 0335-052 aanwijzingen voor een substantiële hoeveel-

heid warm stof. Dit is een belangrijk resultaat vanwege de wijd verbreide misconceptie dat

stof niet aanwezig kan zijn in metaal-arme omgevingen. De emissie bij 2-4µm golflengte blijkt

extreem rood te zijn, hetgeen overeenstemt met de extrapolatie van het spectrum in het mid-

infrarood verkregen met de satelliet ISO. Met behulp van waarnemingen van recombinatieli-

jnen van waterstof en de spectrale energie verdeling (SED) in het nabij en midden-infrarood

vinden we verder bevestiging van de aanwezigheid van een absorptie in het optische van meer

dan ongeveer 15 magnituden. Onze data geven aanwijzingen, dat de gebieden van optische

en infrarode emissie verschillend zijn; de optische spectraallijnen komen van een praktisch

stof-vrij gebied met een hoge mate van stervorming en enkele duizenden jonge, hete sterren

van type O en B. Dit gebied ligt langs de gezichtslijn naar een centrale stercluster met zeer

veel stof waarin zich meer dan drie maal zoveel massieve sterren bevinden en die in het optisch

geheel door het stof verborgen wordt. Uit de extinctie leiden we een bovenlimiet af voor de

massa van het aanwezige stof van 105 M�, hetgeen gevormd moet zijn door recente super-

novae. Deze conclusies worden nog versterkt door de gegevens van de Infrared Spectrograph

IRS van de Spitzer Space Telescope (Houck et al. 2004), waarin de absorptie eigenschappen

van de silicaten consistent zijn met een hoge mate van absorptie door stof. Echter, de massa

aan stof geschat voor de nieuwe waarnemingen met Spitzer gedaan waren lijkt nu te hoog;

het IRS spectrum vertoont een piek bij ∼ 28µm, hetgeen een substantiële reductie impliceert

voor de hoeveelheid koeler stof, dat in SBS 0335-052 aanwezig kan zijn.

• Het radio spectrum van SBS 0335-052 is zeer ongewoon. De radio data vertonen een aanzien-

lijke absorptie bij 1.49 GHz en een composiet van een thermische en niet-thermische helling.

De best passende geometrie is er een met de vrij-vrij absorptie homogeen gemengd met de

de emissie van zowel thermische als niet-thermische componenten. Uit een vergelijking van

de waargenomen Brα flux vinden we dat er een aanzienlijke bijdrage moet zijn van stel-

laire winden. De radiostraling lijkt verder oneven verdeeld en niet min of meer gelijkelijk

verspreid over het stelsel en is geassocieerd met de twee helderste sterclusters. Omdat de

stervormings explosie zo jong en compact blijkt te zijn is het moeilijk om de niet-thermische

radiostraling te interpreteren als het resultaat van een diffusie over een tijdschaal van 107

tot 108 jaar van electronen die versneld zijn in een aantal supernova explosies, hetgeen het

gebruikelijke mechanisme is dat voor oudere en meer omvangrijke stervormingsexplosies geldt.

In tegenstelling daarmee schrijven we de niet-thermische radiostraling toe aan een ensemble

van compacte supernovaresten, die uitdijen in het interstellair medium, zoals op vergelijkbare

wijze is waargenomen in een ander stelsel met een stervormingsexplosie, namelijk M82.

• Onze studies van I Zw 18 en SBS 0335-052, tesamen met een onderzoek van een grotere

groep van metaal-arme BCD’s (Hunt et al. 2003), leidt tot de conclusie dat in omgevingen

van lage abondantie twee zeer verschillende verschijningsvormen van stervorming optreden,

die we aanduiden met “actief” en “passief”. De “actieve” BCD’s bevatten super-sterclusters
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(SSC’s) and worden gekarakteriseerd door een compacte afmeting, aanwezigheid van veel

H2, grote optische diepte voor absorptie door stof en een hoge temperatuur van het stof;

de “passieve” BCD’s zijn meer diffuus met koeler stof en bevatten geen SSC’s en geen grote

hoeveelheden H2. De modellen, die we in hoofdstuk 6 hebben gepresenteerd suggeren dat het

verschil tussen de twee regime’s begrepen kan worden als een verschil in de “compactheid”

van het stervormingsgebied: een “actieve” vorm treedt op als het gebied compact en dicht

is en een “passieve” als het gebied diffuus is. In een actief stervormingscomplex is het stof,

dat geproduceerd wordt in Type II supernovae in een compacte configuratie, in staat om

effectief de verwarmende fotonen om te zetten naar infrarode fotonen en om aanleiding te

geven tot een snelle vorming van moleculaire waterstof over een periode van enkele miljoenen

jaren. We stellen de hypothese voor dat het actieve regime wel eens zou kunnen domineren

op grotere roodverschuiving; de nieuw surveys met Spitzer (zoals bijvoorbeeld SWIRE) zou

kunnen helpen deze voorspelling te bevestigen of verwerpen.

De eigenschappen van de twee BCD’s met lage abondantie, die we hier bestudeerd hebben,

zijn echter niet uniek. Onder de bekende populatie van BCD’s vinden we diverse voorbeelden van

melkwegstelsels met hetzij actieve (NGC 2366, NGC 5253, II Zw 40), hetzij passieve eigenschappen

(VII Zw 403, Mrk 59, UM 311). Verder is de “dichotomie” tussen actieve en passieve vormen

niet beperkt tot omgevingen met een lage abondantie (Hunt, Giovanardi & Heloe 2002). Passieve

stervorming vindt plaats in de meeste schijven van melkwegstelsels en wel in laag tempo en in diffuse

gebieden van lage dichtheid; actieve stervorming vindt plaats in dichte sterclusters met duidelijke

tekenen van emissie en absorptie door stof.

Deel 2: “Bulges”, Schijven en Kernen van Spiraalstelsels

Spiraalstelsels zijn het andere uiterste van de populatie van melkwegstelsels ten opzichte van

BCD’s in termen van hun massa, helderheid, leeftijd en chemische evolutie. Net zoals in BCD’s

vormen zich sterren in melkwegstelsels van latere typen, maar dan in geheel andere omgevingen.

Geheel anders dan in BCD’s echter hebben spiraalstelsels over het algemeen goed gedefiniëerde

structurele componenten binnen goed geordende snelheidsvelden die gëınterpreteerd worden als

teken van dynamisch evenwicht ten gevolge van rotatie. De assymmetrische en niet-assymmetrische

structurele componenten in heldere spiraalstelsels zijn bestudeerd in Deel 2 van dit proefschrift.

In de eerste plaats is de nadruk gelegd op de “bulges” (de oude, min of meer bolvormige structuren

in de centrale delen van de schijfstelsels, die voornamelijk uit oude sterren bestaan) en de schijven

en hun relatie tot verschillende typen van kernen, tesamen met hun stellaire samenstelling. Verder

werd de niet-assymetrische structuur in de stelsels bestudeerd op zowel kleine (rondom de kern)

als wel grote (verscheidene kpc) schaal. Dankzij het grote aantal stelsel dat bestudeerd is, zijn een

aantal belangrijke tendensen aan het licht gekomen.

• De schalings-relaties van bulges en schijven voor over 100 schijfstelsels hangen af van het

Hubble type T en de vorm van de bulge, zoals die is gedefineerd door de Sérsic index n.

Met toenemend Hubble type T worden de bulges minder helder en wordt hun oppervlakte-

helderheid op de effectieve straal < µB
e > zwakker; dezelfde parameter voor de schijf < µD

e >

vertoont eenzelfde, zij het zwakkere tendens. Als de parameters voor de bulge (effectieve

oppervlaktehelderheid < µB
e >, effectieve straal rB

e an absolute magnitude MB) vergeleken

worden met die voor de schijf (< µD
e >, rD

e , MD) vinden we een nauwe correlatie voor n = 1

(exponentiële) bulges. De correlaties worden systematisch slechter als we n laten toenemen

zodanig dat voor n = 4 de bulges grotendeels onafhankelijk zijn geworden van hun schijven.

De Kormendy relatie tussen < µB
e en rB

e blijkt af te hangen van de bulge parameter n; de

twee parameters zijn sterk gecorreleerd voor n = 4 bulges (parametrische correlatie coëfficiënt

r = 0.8) en in toenemende mate minder sterk voor afnemende n; schijf parameters < µD
e >
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en rD
e correleren goed (r = 0.7). Exponentiële bulges lijken sterk gerelateerd tot hun on-

derliggende schijven, terwijl dat minder geldt voor bulges met een hogere n; n = 4 bulges in

hun schijven hebben kennelijk geen relatie. We interpreteren deze resultaten als zijnde het

meest in overeenstemming met een seculair evolutie scenario, waarbij de dissipatieve processen

in de schijf verantwoordelijk zijn voor het opbouwen van de bulges in de meeste spiraalstelsels.

• We hebben ook gevonden dat de snelheidsdispersie in de bulge σe niet voldoende is om precies

de massa van een centraal zwart gat (BH) te bepalen; hoe de massa in de bulge verdeeld is (via

de effectieve straal Re bijvoorbeeld) is ook van belang. In het licht van de sterke correlaties

onder de eigenschappen van de bulges en de massa van de BH meten we nieuwe, precieze

parameters in het NIR voor de bulges in stelsels met een goed bepaalde BH massa. Door het

combineren van de effectieve straal Re van de bulge, die we in onze analyse bepaald hebben,

met σe vinden we een sterke lineaire correlatie (rms spreiding ongeveer 0.25 dex) tussen de

BH massa en de viriaal massa van de bulge (∝ Reσ
2
e). Een gedeeltelijke correlatie-analyse

laat zien, dat de BH massa afhangt van zowel σe als van Re and dat beide variabelen nodig

zijn om de correlaties tussen BH massa en andere bulge eigenschappen te bewerkstelligen.

• Met behulp van NIR beeldopnamen van 30 Seyfert en stelsels met een stervormingsexplosie

(“starburst”) zijn we in staat geweest om grenzen te bepalen aan de relatieve leeftijden van

de sterpopulaties. Azimuthaal gemiddelde elliptische helderheidsprofielen laten zien, dat de

binnen- en buitendelen van de schijven van Seyferts en starbursts consistent zijn met een laat-

type sterpopulatie, en niet significant verschillen met de mate van activiteit (de activiteits-

klasse) in de kern; echter kleur-kleur diagrammen per pixel geven aan dat de mix van sterren

in de meeste type 2 Seyfert stelsels een duidelijke bijdrage heeft van een populatie met een

intermediaire leeftijf (3 − 5 × 108 jaar). Verder is het zo, dat terwijl de meeste starburst

stelsels onregelmatige structuur tonen in hun binnendelen, de meeste Seyferts dat niet doen.

We concluderen hieruit, dat de stervorming die nu plaatsvidt in de binnendelen van starbursts

te herkennen is aan de aanwezigheid van stof (en gas); de afwezigheid van zulke tekenen in

beide typen Seyferts impliceert dat episoden van versterkte stervorming ofwel afwezig zijn

ofwel erg lang geleden plaatsvonden. De blauwe kleur van Seyferts van type 2 suggereert

echter dat een explosie van stervorming in feite niet meer dan 109 jaar geleden moet hebben

plaats gevonden, terwijl de normale kleuren van de Seyferts van type 1 impliceren dat elke

episode van toegenomen stervorming significant langer geleden moet zijn geweest.

• Een scheiding van bulge en schijf in stelsels toont aan dat Seyfert 1 en starburst bulges lijken

op die van vroeg-type stelsels, zowel in structuur als kleur, waarbij de bulge-kleur (J −K)b

obgeveer 0.1 magnitude roder is dan de schijf-kleur (J −K)d. Seyfert 2 bulges daarentegen

zijn blauwer dan normaal met (J −K)b ∼ (J −K)d. Seyfert schijven (vooral bij type 1), in

tegenstelling tot bij starbursts, zijn abnormaal helder (in oppervlaktehelderheid), significant

meer dan zelfs de helderste normale schijven. In Seyferts en in starbursts tonen de HI massa

fractie en de massa-lichtkracht verhoudingen (M/L) een anticorrelatie, en we schrijven de

hoge gasmassa fracties en lage M/L’s in starbursts en verschillende Seyferts toe aan nog

plaatsvindende stervorming. Zulk veel voorkomend gas in Seyferts zou de vorming van balken

(“bars”) in de schijven kunnen verhinderen, hetgeen zou kunnen verklaren waarom actieve

stelsels niet altijd een bar hebben. Intigerend als dit moge zijn, deze resultaten zullen eerst

bevestigd moeten worden in een grotere steekproef en zulk werk is in uitvoering (Stevenson

et al. 2002).

• Om beter de stervormings-eigenschappen van de 891 stelsels in het “Extended 12µm Sample”

(E12GS) te kunnen onderzoeken, hebben we de grote-schaal niet-assymetrische morfologische

eigenschappen, zoals die zijn gedefinieerd in de Third Reference Catalogue RC3, vergeleken
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voor verschillende activiteitsklassen. Tot onze verbazing hebben stelsels met AGN’s (Seyferts

en zogenaamde LINERs) dezelfde mate van voorkomen van balken (“bars”) als normale (niet-

actieve) stelsels, maar treden ringen significant meer op dan in normale stelsels of starbursts.

De LINERs hebben een frequenter voorkomen van ringen in de binnendelen, terwijl Seyferts

ringen in de buitendelen verschillende malen frequenter voorkomen dan in normale stelsels.

De verschillende vormingstijdschalen van balken en ringen vormen een mogelijke interpretatie

van deze verschillen. Balken vormen dan relatief snel en transporteren materie (door de

herverdeling van hoekmoment) naar de centrale delen van de stelsel, waarbij mogelijk een

korte (bijvoorbeeld minder dan zo’n 108 jaar) explosie van stervorming gëınduceerd wordt.

Ringen in de buitendelen hebben veel meer tijd nodig om te vormen, aangezien ze na de balk

gevormd moeten worden. Deze zouden geassocieerd zijn met meer intense activiteit in de kern

als het 109 jaar of meer duurt om voldoende materie naar het centrum te transporteren en

voor het zwarte gat om materie als “brandstof” te verzamelen, zodat inmiddels de balk zou

kunnen zijn begonnen op te lossen. Ringen in de binnendelen vormen dan eerder dan die in

de buitendelen met een vormingstijdschaal vergelijkbaar met de balken. Het zou zo kunnen

zijn, dat na een interactie of een instabiliteit die aanleiding geeft tot een invallen van gas,

het stelsel in de eerste stadia mogelijk een toenemende mate van stervorming in zijn centrale

delen ondervindt, terwijl het later waarschijnlijker is dat het LINER-activiteit vertoont en nog

later mogelijk dat van een Seyfert. Dit evolutionair scenario is in overeenstemming met de

resultaten van beeldopname studies op veel kleinere steekproeven, maar numerieke simulaties

zijn nodig om beter te definiëren wat de relatie is onder de niet-assymetrische eigenschappen

die we in onze studie gebruikt hebben.

• De morfologie op kleinere schalen in de AGN’s en starbursts zijn verder geanalyseerd met

NICMOS beelden opgenomen met HST voor 250 spiraalstelsels. We hebben diverse verschillen

gevonden onder de stelsels met verschillende typen van activiteit, die een relatie kunnen

hebben met processen van toevoegen van gas aan de kern voor de activiteit (“brandstof”):

de HII en starburst stelsels tonen de sterkste verstoring van elliptische isofoten, terwijl de

normale stelsels en LINERs de minst verstoorde morfologie hebben. De Seyfert 2 stelsels

hebben significant vaker verdraaingen van de isofoten dan elke andere categorie, en de Seyferts

1 hebben het minst balken. De morfologische verschillen tussen Seyferts 1 en 2 suggereren

dat er meer aan de hand is dan eenvoudigweg de hoek waaronder we de centrale motor van

de activiteit zien. Het zou kunnen corresponderen met verschillende evolutionaire stadia.

Veel van de resultaten, die we in deel 2 gepresenteerd hebben zijn gëınterpreteerd in een evolutionair

kader. Direkte aanwijzingen voor seculaire evolutie zijn echter moeilijk te verkrijgen. Omdat we als

waarnemers niet in staat zijn om melkwegstelsels over voldoend lange perioden te volgen, moeten

we conclusies afleiden uit indirecte aanwijzingen. Studies van de morfologie zoals in dit proefschrift

kunnen op diverse wijzen worden gëınterpreteerd en de eenvoudigste interpretaties kan niet altijd

eenduidig worden gedefinieerd. Meer en betere simulaties kunnen helpen om de morfologische

details beter te dateren, en een beter begrip te geven voor de causale verbanden tussen balken,

ringen en spiraalstructuur, en het effect dat die hebben op de ruimtelijke verdeling van gas en

sterren in melkwegstelsels.
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