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1
Introduction:

The dust content of spiral galaxies
“Surely, there is a hole in the heavens!” Sir William Herschel (1785)

1.1 Introduction

Dust extinction alters our perception of light from astronomical objects, such as spiral galax-
ies. Apart from the extinction hiding interesting astrophysical processes, it figures promin-
ently in the chemical and radiation budgets of a spiral disk.

The dust content of spiral disks can be characterized with many different techniques but
they generally rely on two effects of dust: the absorption of stellar light or the re-emission of
the absorbed energy at the infrared and sub-millimeter wavelengths. Historically, the absorp-
tion has been characterized first, and some of these observational techniques are discussed
here first. Recently, much observational effort has been expended on the emission character-
istics. Increasingly more sophisticated models now take emission, scattering and absorption
by different dust grains into account to explain observations at many wavelengths.

Reviews of the role of dust in spiral disks have been appearing regularly (Stein and
Soifer 1983; Calzetti 2001; Tuffs and Popescu 2002; Lockman 2003; Li and Greenberg
2003; Draine 2003), focusing on different aspects such as the link to starformation, dust
infrared emission or dust composition and chemistry. The number of publications related to
the extinction in spiral disks has grown very large however. As a consequence it is difficult
to be complete in a review on the subject. The review of Calzetti (2001) on dust in starburst
galaxies is an excellent one, and I will expand the spiral galaxy part here.

The phraseology of the effects of dust on light is somewhat whimsical: opacity, extinc-
tion, dimming, reddening, scattering and absorption. Most of these terms are used to describe
the diminishing effect of dust on the light from an astronomical object. The definitions of
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these terms are given in the Glossary of Astronomy and Astrophysics (Hopkins (1980), Table
1.1).

Table 1.1: Terms and definitions from the Glossary of Astronomy and Astrophysics, Hopkins
(1980).

Term Definition
Opacity A measure of the ability of a gas to absorb radiation. Since the opacity at

a given temperature depends on the number of particles per unit volume
and since heavier elements contain more electrons than lighter elements,
the opacity of a star will increase with increasing proportions of heavy
elements.

Extinction Attenuation of starlight due to absorption and scattering by Earth’s
atmosphere,or by interstellar dust. The longer the path through the dust,
and the denser the dust, the more the starlight is attenuated.

Reddening See extinction.
Scattering: Light absorbed and subsequently reemitted in all directions at about the

same frequency.
Absorption A decrease in the intensity of radiation, representing energy converted into

excitation, ionization, or thermal motions of electrons in the material
though which the radiation travels.

Attenuation The falling off of the energy density of radiation with the distance from
the source, or with passage through an absorbing or scattering medium.

In the literature, however, these terms are used with many other meanings. Absorption
is used more in the context of spectral features. Reddening and extinction are not as readily
interchangeable as the definitions above suggest. In the context of spiral disks, opacity is
usually used for the effect of the whole of the spiral galaxy’s disk on a background source
and extinction as the effect of associated dust on stellar light. In this thesis, the attenuating
effect of the disks opacity on the number of distant galaxies is explored. I have used the
terms extinction and opacity interchangeably in the following chapters.

This review chapter is organized as follows:
In section 1.2 the motivation for this thesis project is briefly discussed by a summary of the
various effects of dust.
Section 1.3 reviews the earlier work done on the inclination effects on samples of spiral
galaxies.
Section 1.4 treats the various other methods that rely on the light from the disk itself to
measure extinction.
Section 1.5 describes the expansion of that work into spectral energy distribution models that
include a dust disk.
Section 1.6 treats the characteristic emission by dust in a disk.
Section 1.7 focuses on the direct measurement of dust in a disk using known background
sources. In particular, section 1.7.2 reviews all the previous work done using distant galaxies
seen through a foreground galaxy as this is the technique used in this thesis. Section 1.7.3
summarizes the the crucial calibration method.
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In Section 1.8 the specific motivation for the thesis project is described.

1.2 The importance of dust

What is the motivation to study extinction in a spiral galaxy? The reasons for studies into
disk extinction have been as varied as the approaches to measure it:

First, there is the effect of the dust in the disk on general photometric studies, such as
the Tully-Fisher relation, the relation between spiral galaxy rotation and luminosity. The
correction of the total disk luminosity for inclination was the first science driver for the study
into disk opacity. More recently, estimates of disk opacity in individual galaxies instead of a
large sample, have gained interest.

Second, by hiding stellar mass contributions, dust skews our dynamical models of dark
matter in spiral galaxies.

Thirdly, the morphology of the spiral galaxy -whether it is flocculant or grand design-
depends on the wavelength of observation, in part due to the obscuration by dust (Block and
Wainscoat 1991; Block et al. 1996).

A fourth reason is the effect of dust on our observations of starformation. Calzetti et al.
(1994) found for starburst galaxies that all the simple models did not work and proposed a new
extinction law for starbursting galaxies. Some variable fraction of the observed starformation
is hidden by surrounding dust. In addition, dust can muddle measurements of metallicity and
age of distant stellar populations.

Shortly after the SN1a observations of acceleration of the Hubble expansion, intergalactic
dust was put forward as a serious obstacle to observe the high-redshift universe (Aguirre
1999b,a; Aguirre and Haiman 2000). The properties of this “cosmic dust” are somewhat
fanciful: uniformly distributed by galactic outflow and grey in nature. The effect of evolution
in the dust content of the host galaxies on the distant SN1a measurements may be quite
profound however.

Moreover, extended dust disks of nearby spirals could seriously influence our view on
the high-redshift Universe (Ostriker and Heisler 1984; Heisler and Ostriker 1988; Masci and
Webster 1995, 1999; Alton et al. 2001a). Knowing the actual extent of these disks is therefore
critical if our observations of the high-redshift objects are to be corrected for this.

These separate science motivations to characterize the dust extinction in a spiral disk have
sparked different approaches to the subject, all contributing to a general picture of the role
of dust in spiral galaxies. All these techniques have different strengths and weaknesses and
bring different perspectives on the prominence and role of dust in spiral galaxies.

1.3 Inclination effects on disks

The effects of inclination, characterized by the ratio of the disk’s minor and major axes, on
the disk’s surface brightness and size, such as the scalelengths measured for the exponential
disk, were the focus of many studies. This work partly grew out of the need to calibrate the
Tully-Fisher distance scale for the effects of the dust disk on the total luminosity of spiral
disks. A very good summary of this type of study done up to 1994 is in Huizinga (1994)
but more studies have appeared since then. In most of these studies, the dust is assumed to
reside in a thin disk encompassed by the stellar disk (“Sandwich model”), the most accurate
of simple analytical models. The goal of these studies was to find a statistical correction for
the total luminosities of galaxies for extinction in their disks.
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The limitations of this method are the sensitivity to selection effects, the uncertainty in the
inclination determination, its restriction to the brighter parts of the disks and the uncertainty
in the scale height of the dust. In addition, only an average value for a large section -generally
the whole- of the disk is obtained for a certain Hubble type or luminosity class.

1.3.1 The Holmberg test

Holmberg (1958) conducted the first statistical test on the opacity of spiral disks by studying
the effect on the average surface brightness by the inclination of the disk. He did not find
completely transparent galaxies but derived very slight face-on extinctions in the B-band,
making them optically thin over the whole disk. Corrections for inclination are included
into the Reference Catalogue of Bright Galaxies and its subsequent incarnations (de Vauc-
ouleurs et al. 1991). The statistical test on a large sample of disk photometry was called the
‘Holmberg test’ for some time. And the optically thin spiral disk was a canonical tenet as
well.

1.3.2 Sample selection effects

Disney et al. (1989), Burstein et al. (1991), Choloniewski (1991) and Davies et al. (1993)
point out that the inclination tests of disk opacity are very sensitive to selection effects. Con-
sequently, Valentijn (1990) claimed that disks could be completely optically thick for most
of their extent. The controversy that followed, sparked a flurry of publications on the inclin-
ation effects on disk photometry (Hesselbjerg 1990; Cunow 1992; Han 1992; Huizinga and
van Albada 1992; Kodaira et al. 1992; Peletier and Willner 1992; Reshetnikov and Sazonova
1993; Nedyalkov 1993, 1994; Boselli and Gavazzi 1994; Bernstein et al. 1994; Peletier et al.
1994, 1995; Willick et al. 1995; Bottinelli et al. 1995; Moriondo et al. 1998; Haynes et al.
1999a,b; Palunas and Williams 2000) and conferences in Cardiff (Davies and Burstein 1995)
and South Africa (Block and Greenberg 1996). The effects of sample selection were taken
into consideration (Davies 1990; Disney et al. 1992; Davies et al. 1993, 1994, 1995; Jones
et al. 1996; Trewhella 1997; Trewhella et al. 1997). Using larger and carefully selected
samples, Huizinga and van Albada (1992); Peletier and Willner (1992); Valentijn (1994);
Giovanelli et al. (1994, 1995); Jones et al. (1996); Moriondo et al. (1998) arrived at the con-
sensus that the central regions are optically thick while the outer regions are more transparent.
This consensus on extinction was a factor of 2 higher than the values used in the Reference
Catalog (de Vaucouleurs et al. 1991). In relation to the Tully-Fisher relation, it proved to
be less susceptible to large corrections of the galaxy luminosities in the near infrared. In
addition, Tully et al. (1998), Giovanelli et al. (1995) and Masters et al. (2003) found that the
brighter galaxies also have more opaque disks.

General values of disk opacity were the goal of this method and these have been found.
Extinction measurements for single galaxies or far beyond the optical disk fall outside the
scope of this type of research. Using the inclination effects, a measurement can be made for
a class of spirals for which sufficient galaxies are included in the sample. The Universe is
certainly not lacking in galaxies so the trend with luminosity could be further explored or
possibly a trend with redshift. However, this can only be done by treating a group of galaxies
as uniform and drawing a conclusion for the whole of the disk. These results can in turn be
used to calibrate the Tully-Fisher relation, the original scientific motivation behind this line
of inquiry.
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1.4 Characterizing dust from stellar emission

Stellar emission from the disk of a spiral galaxy is attenuated by dust. The effect on the
disk’s photometric properties was one of the original science drivers behind the study into
dust properties. Apart from the inclination effects on a large sample of galaxies, the dust
extinction can be a parameter in a model of an individual disk, concerning either its rotation
curve or its light or color profile.

1.4.1 Dust and disk kinematics

The kinematic information from rotation curves observed in two different spectral ranges,
such as in the optical and radio, can also be used to estimate dust extinction (Goad and Roberts
1981), although two optical lines are used as well. If these differ significantly, the lines
emanate from different optical depths in the disk. Bosma et al. (1992), Byun (1993), Prada
et al. (1996), Giovanelli and Haynes (2002) and Valotto and Giovanelli (2004) conclude,
based on rotation curves, that the disks are not optically thick, transparent at the edges and
highly attenuated in the center. In contrast, Kregel et al. (2004) conclude that their optical
rotation curves are not very affected by dust extinction. This method is inherently sensitive
to the distribution of emitting and absorbing regions and likely biased towards low extinction
lines-of-sight.

Conversely, the dynamics of the disk also influence the dust distribution. Dalcanton et al.
(2004) show that the scale height of the dust lane in edge-on systems appears to depend on
the rotational velocity of the disk. They interpret this as a sign of turbulence occurring in
the smaller, less massive disks. Turbulence inflates the dust lanes, typical of edge-on spiral
galaxies.

1.4.2 Light models

Another approach to probe the dust content of spiral disks is to construct models of the light
distribution and the color in optical and near-infrared images of disks, both edge-on (Xilouris
et al. 1999) and more face-on (Peletier et al. 1995). They find an optical depth in the center of
the disk between 0.3 and 2.5 in V (Peletier et al. 1995; Kuchinski et al. 1998; Xilouris et al.
1999) although higher values were found by Block et al. (1994b).

Face-on and inclined disks

One approach is to look at the trend in the scale-length with photometric band. Peletier
et al. (1995) present such an analysis for Sb and Sc galaxies and conclude that these have
substantial extinction in the central regions, up to the effective radius. In addition they find
an extinction of A≈ 0.5 in B at the R25. These results are the most accurate for the inner parts
as photometry is easier on the brighter regions. Beckman et al. (1996) use the scalelengths
in the arm and interarm regions of several disks and compare these profiles with extinction
models. They find that spiral arms are more opaque than the disk and that the outer parts of
spirals suffer from relatively little extinction. Peletier and Balcells (1996) note how the ratio
of scalelengths in K and B changes with Hubble type, indicating how later types suffer from
more dust extinction than earlier type galaxies. Natali et al. (1992) and Pompei and Natali
(1997) also analyse face-on systems and derive severe dust extinction from a trend in the
scale-length with photometric band. Such an approach necessitates a series of assumptions
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on the distribution of stellar light and dust as well as the relative importance of the central
bulge.

Block et al. (1994b) use the V-K’ color to characterize a lower limit to the dust content
of two spiral galaxies. They conclude that cold dust is missed by IRAS observations. This
paper is part of a larger effort to obtain spiral morphology measurements unencumbered by
dust (Block and Wainscoat 1991; Block et al. 1994a; Block and Puerari 1999; Puerari et al.
2000; Buta and Block 2001; Block et al. 2001), with several detections of grand design spiral
arms in optically flocculent galaxies. Remarkably, Block et al. (1996) find that in NGC 2841
there are dark dust lanes in a spiral structure in the K band image. This may well be an
extreme example of extinction in a spiral disk but it does illustrate well that even in the near
infrared, dust extinction can influence our observations of spiral galaxies.

Phillips et al. (1991) convert profiles of CO flux to optical depths, compute the effects on
the light profiles and conclude that disks are optically thick in B, corroborated by IRAS fluxes
from their galaxies. This method, however, takes and average over the whole disk, both the
optically thick and thin parts. Graham (2001) explores the relation between central surface
brightness and scalelengths of the disks and finds only a small correction for inclination in
the K-band.

Edge-on disks

Kodaira and Ohta (1994) use the difference between the minor and major axis surface bright-
ness profiles in edge-on systems. They constrain the optical depth in the center of the system
with these differential extinction profiles. Their models depend a great deal on assumptions,
leaving much flexibility in the final estimate of dust content. Kylafis and Bahcall (1987);
Xilouris et al. (1997, 1998, 1999); Wainscoat et al. (1990) model the profiles of edge-on disk
galaxies and derive extinction values. Edge-on systems show the most dramatic effect of dust
on the disk: the characteristic dark dust lane. Xilouris et al. (1999) list the general conclu-
sions on disk opacity based on their models of edge-on galaxies. Their foremost conclusion
is that, seen face-on, these galaxies would be effectively transparent. The dust in the disk is
found to be flatter than the stellar distribution but more extended radially. The existence of
a cold component is suspected when the derived dust mass is compared to IRAS flux. The
drawbacks of edge-on systems is that the photometry observed is a superposition of large and
small scale structures along the line of sight. The models are degenerate in parameter space
and samples of perfectly edge-on galaxies are still small.

The earliest models for disk extinction were purely analytical (the “screen”, “slab” and
“triplex” models) in order to explain photometry and color of the disks. Later approaches
modelled the entire galaxy with a disk, bulge and dust disk. Any global model of bulge and
disk with an extinction component is automatically degenerate in its fit of the photometry and
ignores the effect of small scale structure of the dust on photometry. A more thorough ana-
lysis is to compute the light path of the photons in the disk in large Monte-Carlo simulations.
For example, Trewhella (1998) analyses the colors of NGC 6946 in a way that appears to be
the precursor to these later SED analyses of the energy balance of spiral disks.

1.5 Spectral energy distribution models

Another approach to characterize dust extinction in spiral disks are models where apart from
the light profile, the extinction profile is a free parameter. As the dust reradiates absorbed
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stellar light in the infrared and submillimeter part of the spectrum, a self-consistent model of
the disk’s emission explains the flux at all wavelengths. Recently, models have been matched
to the observations in multiple photometric bands, the Spectral Energy Distribution (SED).

This approach is much more sophisticated than the original estimates of the dust content
from reddening. By expanding into the UV and infrared part of the spectrum, the main en-
ergy source illuminating the dust and its cooling mechanism are well characterized. Calzetti
(2001) lists three drawbacks for SED modeling to characterize dust in disks: it needs a large
wavelength coverage and is therefore data-intensive. A more fundamental problem is that
different parts of the disk are sampled at different wavelengths if the optical depths are more
than unity. In addition, the emission of dust in the infrared depends on its temperature and
the composition of the dust. Only the heated parts of the dust clouds show up in the infrared.
The emission from cold and large dust grains in thermostatic equilibrium (T ≈ 20 K) peaks
more in the sub-millimeter part of the spectrum, which is much less accurately observed for
nearby disks. Especially low surface brightness emission from the colder outer parts of a disk
may be overlooked in these studies while this can be a substantial part of the dust in a spiral
disk.

Many models have been used for the treatment of the radiative balance in the spiral disk
using Monte-Carlo simulations of photons in the disk. Initial models to treat the radiative
transfer equations were either spherically symmetric (Witt et al. 1992; Witt and Gordon 2000)
and later cylindrically symmetric (Bianchi et al. 1996; Wood and Jones 1997) or used plane-
parallel geometry (Baes and Dejonghe 2001a,b). The more recent developments allow for
any type of emitter and absorber geometry specified by the observer and use the Monte-Carlo
approach. Several groups are developing simulations to explain the SED of spiral disks. One
group has developed the DIRTY (Dust IRradiative Transfer Yeah!) code to model SEDs
observed in a wide variety of astronomical objects (Gordon et al. 2001; Misselt et al. 2001).
Kuchinski et al. (1998) apply an early version of this code to spiral galaxies. They find that
spiral disks are not opaque at large radii and that the color gradient from extinction is much
smaller than the observed gradient. Such a gradient can easily be due to a population effect.

Baes and Dejonghe (2001a,b) find that scattering by dust plays an important role in the
observations, but the effect depends on the inclination angle. They conclude that the Monte-
Carlo approach is not the most computing efficient one but does allow for arbitrary geomet-
ries. Flexible geometry makes the programs extremely versatile, hence most models use this
approach now. Baes and Dejonghe (2002); Baes et al. (2003, 2004); Baes (2005) also in-
vestigate the effects of dust on the radiative transfer in spiral disks with their Monte-Carlo
code SKIRT. Their focus is on the effects of dust on the kinematic observations of spiral and
elliptical galaxies. In the case of spiral galaxies (Baes et al. 2003), their conclusion is that
only in perfectly edge-on systems, the effects of dust are severe but otherwise they are not.
In the case of face-on systems the effect on the velocity dispersion is minimal. These results
would be consistent with the observations by Kregel et al. (2004).

The SED of spiral galaxies, predominantly edge-on, is the focus of a series of papers by
Popescu et al. (2000), Misiriotis et al. (2001), Tuffs et al. (2004) and Dasyra et al. (2005).
They find that it is predominantly the young stellar populations which heat the dust in the
disk. Tuffs et al. (2004) derive stellar extinction from the Popescu et al. (2000) model. More
edge-on disks have recently been fitted (Kylafis 2005). Although these models are restricted
to a few perfectly edge-on galaxies, they do appear to mimic the observations very well. The
caveat for the light models applies here as well: the edge-on galaxies are a superposition of



8 CHAPTER 1: THE DUST CONTENT OF SPIRAL GALAXIES

structures on several scales, with a degeneracy between the distributions of the illumination
and the absorbers.

Bianchi et al. (1996) also present Monte-Carlo simulatons of spiral disks in order to com-
pute the effect of scattering on extinction measurement and to predict the polarisation of disk
light. Ferrara et al. (1999) present a catalog of M-C models of dust extinction in galaxies.
Bianchi et al. (2000a) discuss the predicted far-infrared emission from spiral disks and model
NGC 6946. They find it to be optically thick from the UV-optical-FIR SED. However, they
assume a smooth distribution of both stars and dust and Bianchi et al. (2000b) discuss the
effects of clumping on the observed SED. They conclude that the model depends strongly on
the assumed spatial distribution and properties of the dust clumps.

An even more ambitious approach to the problem of dust in galaxy systems is that by
Jonsson et al. (2005) who apply their Monte-Carlo calculations to several stages in a galaxy-
galaxy merger to explain the photometric properties of high redshift galaxies and the Ultra
Luminous Infrared Galaxies (ULIRGs). Remarkably, they conclude that during the merger
the observed light stays the same while dust absorption scales with the intrinsic luminosity
during the merger. The escaping flux however depends on the viewing angle on the merging
system. They restate what is becoming increasingly clear, that a single extinction law cannot
be found for a superposed system such as a spiral galaxy’s disk.

This class of models for spiral galaxies, combining dynamical, photometric and even
chemical models of a disk, sometimes during an event as complex as a merger, are the most
thorough approach to explain the physics of such systems. However, these models must deal
with a great many variables and therefore deal with specific cases (a few perfectly edge-on
spirals e.g. Popescu et al. (2000)), or they are forced to make many assumptions to obtain
general predictions for galaxies.

The ratio between UV and IR

The first efforts towards characterizing dust extinction from the energy balance used the ratio
between ultraviolet (UV) and far-infrared (FIR) emission from a disk. This work grew out of
the need to calibrate the starformation estimate from the observed UV flux for the absorption
by enshrouding dust. As Calzetti et al. (1994) point out, there is no single reddening law
which can be used as the dust has a complex structure. By estimating the flux loss from
reradiated emission in the FIR, the starformation estimate is corrected properly, at least to first
order. However, the total dust content of the disk is underestimated as only the component
heated by the starformation regions is seen. This may well be only one side of a molecular
cloud.

A large number of papers deriving extinction values from the UV/IR ratio has appeared:
Xu and Buat (1995); Xu et al. (1997); Buat and Xu (1996); Wang and Heckman (1996);
Boselli and Gavazzi (1994); Rowan-Robinson (2003); Pierini and Möller (2003). Popescu
et al. (2005) compare the UV and the FIR fluxes of M101 on a pixel- to-pixel basis. With
improved resolution in both UV an FIR observations, it should be possible to characterize the
loss of UV flux better per star-forming region. Boissier et al. (2004) use the UV/FIR ratio
to obtain gas-to- dust ratios for several nearby galaxies. Calzetti (2001) already remarks that
these studies generally find lower disk extinction values for two reasons: often the opaque and
more transparent parts of the disk are averaged together and the UV selection of the samples
results in a bias towards lower extinction values.
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Wealth of data

Calzetti (2001) notes the problems associated with the observational work needed to quantify
SED models of spiral galaxies i.e. that it takes a cumbersome amount of data at similar spatial
resolution over a wide spectral range. These problems are currently being overcome by large
multi-mission surveys, such as the Spitzer Infrared Nearby Galaxy Survey (SINGS, Kennicutt
et al. (2003a)). The Spitzer Space Telescope and the GALEX mission provide coverage in
the infrared and ultraviolet to an unprecedented degree. The SINGS sample can constrain the
detailed predictions of the SED models discussed. The Sloan Digital Sky Survey (SDSS),
combined with the Two Micron All Sky Survey and GALEX observations provide a large
dataset to which the general predictions for galaxies by these simulations can be compared.
The wealth of data on either nearby galaxies or large numbers of galaxies is sure to result in
much better constrained models of spiral disks in the near future.

1.6 Dust emission

The emission of the dust grains has been increasingly well characterized in recent years. The
IRAS, ISO and Spitzer space observatories have observed the infrared emission from many
disks. In addition, observations in the sub-millimeter part of the spectrum have improved
with the SCUBA instrument on the JCMT mapping several disks of spiral galaxies. The
emission from dust does not only depend on the dust mass but also on its temperature and
composition. To find the temperature from the spectral energy distribution, observations at
several wavelengths in the mid-infrared to the sub-millimeter are needed. The mapping from
emission of a cold dust component in spirals, possibly associated with molecular clouds, has
proven to be difficult. The sub-millimeter observations, for instance, have to contend with
systematics from the sky. As a result, extended cold dust disks in spiral galaxies have been a
controversial subject.

Sub-millimeter emission is dominated by the larger colder dust grains, which may contain
a large portion of the dust mass. Provided the temperature is low enough, not much emission
will show in the infrared part of the spectrum. The results from IRAS (Nelson et al. 1998),
ISO (Alton et al. 1998b; Davies et al. 1999; Trewhella et al. 2000; Radovich et al. 2001;
Popescu and Tuffs 2003) and later the SCUBA instrument (Alton et al. 2001a,c; Thomas
et al. 2004; Stevens et al. 2005; Meijerink et al. 2005) have inferred from sub-millimeter
emission the presence of a cold and extended dust component.

The extent of these cold dust disks has been generally estimated as larger than the optical
stellar disk and within the HI disk. Radovich et al. (2001) agree with the slightly larger scale-
length found by Xilouris et al. (1999) for extinction, while Popescu and Tuffs (2003) find that
the cold dust component extends as far as the HI. Remarkable is that Xilouris et al. (1998)
and Popescu and Tuffs (2003) base these conclusions on the same galaxy, NGC 891, but on
different techniques, extinction and emission respectively. There is some agreement from the
FIR and sub-mm observations that there is a cold disk, just not on what its extent is.

What most of these authors do agree on is that a large fraction of the dust mass in a spiral
galaxy’s disk is likely hidden in this colder dust component. Since it may be associated with
the molecular gas component, there could be quite some mass in this cold ISM. However, how
the mass and the emission are related in the dust emissivity remains uncertain. The existence
of cold dust at large radii poses the question of how it got there. It implies that either part of
the material in the HI disk is not primordial but accreted from another system. Or that the
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galaxy’s own energy input into the ISM (supernovae, stellar winds) has transported it there in
an earlier epoch. Another option is that it formed in situ earlier. Infall, outflow and formation
probably all play some role and a good characterization of how much dust there is in a spiral
disk, is only a first step in answering which process dominated.

These observations are essential to constrain the SED models discussed in the previous
paragraph. And, combined with better heating and emission models for the various types of
dust grains, they reveal the composition and distribution of interstellar dust in a spiral disk.

1.6.1 Dust composition from emission

A recent model for the interaction between dust particles and stellar radiation is presented by
Draine and Li (2001); Li and Draine (2001). This model uses the microphysics of dust and
photon interaction to explain the observed infrared spectral features of galaxies. From these
observations, the relative importance of large dust grains, small ones and complex molecules 2

as well as their energy environment can be derived. Infrared spectra from galaxies can -with
the help of these models- reveal the composition of the dust across a disk, and the effects of
metallicity. However, these IR observations favour the parts of dust clouds which are exposed
to much stellar radiation. As a result, these will reveal the dust composition, but possibly not
the total content in a spiral disk. This work falls largely outside the scope of this thesis.
However, for a good comparison between fluxes from the dust and extinction measurements,
an understanding of the composition and radiative properties of dust grains is very necessary.
A good overview of the observed properties of interstellar dust grains is by Draine (2003).

1.7 Direct extinction measurements

All the preceding measurements of dust in spiral disks use the disk’s own light to estimate
the amount of dust in the disk. There are two methods that use an external light source as a
reference to estimate the opacity in a spiral disk. The first uses an occulted galaxy pair and
the second the distribution of distant galaxies. The history of this last technique is elaborated
upon as this one is used for the work in this thesis.

1.7.1 Occulting galaxies

The other way to directly measure the opacity through a foreground disk of a spiral galaxy
is the occulting galaxy technique. White and Keel (1992) proposed this method. The ideal
pair is illustrated in Figure 1.1, with the relatively face-on spiral backlit by a partly occulted,
preferably early type, galaxy. The well known photometric profile of early type galaxies is
to be preferred as a background source, but Keel and White have published on other pairs of
galaxies as well (Figure 1.2).

The basic assumption of their method is that the light from both the occulted galaxy
and the foreground galaxy is sufficiently symmetric to characterize the contributions in the
overlapping region from the unocculted parts of the galaxies. Chapter 3 (Holwerda et al.
2005b) verifies the earlier Keel and White opacity measurements using calibrated counts of
distant galaxies seen through other nearby disks. At greater distances only the Keel and
White method may be applicable, using high resolution data. The main advantage is that

2The comprehensive term for these are polycyclic aromatic hydro-carbon (PAH) molecules. Their properties are
something in between bigger dust grains and the smaller interstellar molecules.
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Figure 1.1: The optimal geometry for
the occulting galaxy technique. The flux
from the foreground spiral galaxy F ,
and the background galaxy B, with flux
contributions from the non-overlapping
parts denoted by a prime. The optical
depth of the foreground disk can be es-
timated using e−τ ′

= F+Be−τ−F ′
B′ . The

assumption is that the difference in both
F and F ′ and B and B ′ are small.
Provided the difference in line-of-sight
velocities is large enough, spectroscopy
can be used to separate out the contribu-
tions to the overlap regions (F and B).

Figure 1.2: NGC 3314, the
galaxy pair analysed by Keel
and White (2001b). This pair
is two occulting spiral galax-
ies. The optimal configuration
for the occulting galaxy method
(Figure 1.1) is rare and other
pairs like this one were ana-
lysed as well.

the occulting galaxy method does not rely on the assumption of a reddening law to derive
opacity. From purely differential photometry, an opacity estimate can be found and in the
case of multi-band photometry, a reddening relation as well.

Nearby pairs were initially investigated using ground based data, both imaging (Andreda-
kis and van der Kruit 1992; Berlind et al. 1997; Domingue et al. 1999a; White et al. 2000),
and spectroscopy (Domingue et al. 2000). Subsequently, using the HST, a more detailed pic-
ture of dust in these nearby disks emerged (Keel and White 2001a,b; Elmegreen et al. 2001).
Initially, the extinction law was found to be greyer than the Galactic one (Berlind et al. 1997;
White et al. 2000) and this was interpreted as an indication that the dust in disks is clumpy.
However, with higher-resolution data, the extinction law was found to be consistent with a
Galactic one by Keel and White (2001a,b). The structure of the extinction appears fractal.
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The extinction law from these measurements is grey when measured on linear scales larger
than a 100 pc. in the foreground disk.

The occulting galaxy technique works really well for the rare pairs to which it is ap-
plicable. The assumptions that both foreground and background galaxy are fully symmetric
remains the greatest source of uncertainty. The number of suitable pairs seems exhausted for
the nearby universe.

1.7.2 Counts of distant galaxies

The occasional observation of a distant galaxy through the disk of a spiral galaxy (e.g. Roen-
nback and Shaver (1997); Jablonka et al. (1998)), has sparked assertions that spiral disks
cannot be as opaque as sometimes is claimed. However, the distant object is seen only along
one line-of-sight through that disk. The number of distant galaxies seen through a galaxy
and how this number changes as one goes to the center of the foreground galaxy would be
much more revealing. The possibilities were realized early on and counts of distant galaxies
have been published with some regularity. Historically, most of these were on the Magellanic
Clouds. These are close-by systems, thought to be optimal for this technique. More recently,
with the arrival of CCD and later Hubble Space Telescope images, counts and colors of dis-
tant galaxies through other galaxy disks have also been reported.

The Milky Way

Counts of galaxies have been used to measure the dust extinction within our own Galaxy for
some time. Hubble (1934) noted that the the variation of galaxy number counts with Galactic
latitude is consistent with a layer of absorption in the Galactic plane. Holmberg (1958) found
that the color of spiral galaxies was dependent of Galactic latitude after correction for redshift
and internal reddening.

Shane and Wirtanen (1967) published their comprehensive galaxy counts and these were
subsequently used by Heiles (1976); Burstein and Heiles (1978a,b, 1982) to characterize
extinction in the Milky Way. In addition, de Vaucouleurs and Malik (1969) showed that
differences in optical depths derived by Hubble (1934) and Shane and Wirtanen (1967) can
be attributed to biases in the counts. In a series of papers, Heiles (1976) and Burstein and
Heiles (1978a,b) discuss the relationships between HI column density, the Shane and Wir-
tanen (1967) galaxy counts, and reddening. Heiles (1976) also addresses the influence of
both the photometric profile and the apparent angular diameter on the probability of detec-
tion of the distant galaxy.

Burstein and Heiles (1978b) elaborated on the effects of variable background when com-
paring number counts; they also concluded that the (Poisson plus clustering) variance in
the Shane and Wirtanen (1967) number counts was strong enough to prevent an accurate
determination of extinction toward the Galactic poles. The end result of their work was
Burstein and Heiles (1982), which was the primary reference for estimating Galactic extinc-
tion of extragalactic objects until the maps of Schlegel et al. (1998), who use the IRAS and
COBE/DIRBE 100 µm maps. Both estimates of Galactic extinction are given by the NASA
Extragalactic Database (NED) for extragalactic objects but the Schlegel et al. (1998) results
are now mostly quoted in the literature. The reliance on the Schlegel et al. (1998) result is
such that Fukugita et al. (2004) use this map and the colors of the distant galaxies in the
SLOAN survey to calibrate the photometry.
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Table 1.2: Galaxy Counts in the Magallenic Clouds
Author Galaxy Data Nr Galaxies Lim. Mag. Remarks
Shapley (1951) LMC 24.4 deg2 293 18

SMC 12 deg2 190
Wesselink (1961b) SMC 63 deg2 240 (1),(2)
Hodge (1974) SMC 85 deg2 B,V 2545 54/deg2 B<17.5 (3), (4)

V<17
Hodge and Snow (1975) SMC V<15 (5)
MacGillivray (1975) SMC 32 deg2 4937 (330/deg2) B<23 (4) ,(6)
Gurwell and Hodge (1990) LMC 96 V ≈ 22 (7)

B ≈ 23
Dutra et al. (2001) LMC Spectra

SMC Spectra

1. Wesselink (1961b) used a scoring system for the quality of the identification of the “nebulae” found. Also
note that he used some archival data.

2. Wesselink (1961b) used two photographic plates back-to-back (the photographic emulsions touching) for
comparison counts to quantify the effects of crowding on field galaxy identification. The crowding correction
factor was about 50%.

3. Hodge and Snow (1975) remark on the crowding problem and omit the most dense part of the SMC. The
data was eventually published in Hodge and Wright (1977).

4. Hodge and Snow (1975) and MacGillivray (1975) both compare their field galaxy counts to the HI profile.

5. Hodge and Wright (1977) give the limiting depth of the data. The actual detection limit of field galaxies is
several magnitudes higher.

6. MacGillivray (1975) quantifies and corrects for crowding.

7. Gurwell and Hodge (1990) use two independent observers and compare their individual identification rates.
They also quantify the effects of crowding with an emulsion-to-emulsion “synthetic field”.

8. Gurwell and Hodge (1990) note that the identification is a function of the brightness of the field galaxy.

Concluding from Humason et al. (1956); Baum (1959) that the luminosity and color of
the brightest cluster ellipticals have a small spread, Peterson (1970) uses their colors and
magnitudes to measure Galactic extinction and reddening. Following a similar reasoning,
Sandage (1975) uses the color and magnitude of radio galaxies in a galaxy group. Addi-
tionally Sandage (1976) determines reddening and absorption from the brightest E and S0
galaxies from a cluster in the zone of avoidance. Unfortunately, the need for an identified
cluster limits these measurements towards the lower extinction regions.

Recently Choloniewski (1991); Choloniewski and Valentijn (2003a,b) published an ex-
tinction map based on the surface brightnesses in R and B band of galaxies in the ESO-LV
catalog (Lauberts and Valentijn 1989a,b).

The Magellanic Clouds

Shapley (1951) reported the first use of the distribution of background galaxies as an indic-
ator for the dust opacity of a galaxy other than our own: the Small and Large Magellanic
Clouds (SMC and LMC respectively hereafter). He reported a completely transparent Small
Magellanic Cloud and some opacity in the LMC based on the numbers of galaxies found on
large photographic plates.

The transparency of the SMC was the accepted wisdom for some time until Wesselink
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(1961b) repeated galaxy counts on new higher resolution photographic plates, mostly spe-
cifically taken for the purpose of galaxy counts. Additional innovations were a grading sys-
tem for the quality of object identification and a rudimentary estimate of the loss of galaxy
numbers due to crowding. Hubble (1934) had argued that the loss and gain from misidentific-
ation in crowded fields were roughly equal. Wesselink’s experiment, counting the same field
of galaxies twice, once with a crowded starfield added, showed however that half of the field
galaxies were lost due to the crowding effects. Wesselink (1961b) did find opacity in the SMC
from the ratio of galaxies found inside and outside the SMC. In addition, Wesselink (1961a)
made an attempt to compare stellar colors to the dust opacities found from galaxy counts.
The debate went on as this counting method was compared to several others to estimate dust
opacities.

The existence of absorption in the SMC was later confirmed by two independent galaxy
counts by Hodge (1974) and MacGillivray (1975). The Hodge (1974) paper was part of a
larger effort to classify all objects in the SMC, eventually published by Hodge and Wright
(1977). These were still visual counts made from photographic plates but they were compared
to maps of HI column density and their primary results were the inferred gas-to-dust ratios.
The two results varied by a factor of two in average gas-to-dust ratio but both concluded that
it was at least not inconsistent with the ratio found in our own Galaxy. Hodge and Snow
(1975) also list bright galaxies behind the LMC for further study.

Hodge (1974) compares his results with the two earlier counts by Shapley (1951) and
Wesselink (1961b) (Figure 1.3) and shows all three are at least internally consistent. He does
note that the original conclusion from Shapley (1951) was influenced by misidentification of
a large number of foreground objects. MacGillivray (1975) calibrates his counts by using the
’stellar masking’ relation found from 47 Tuc where the loss of field galaxies is purely due to
crowding.

Figure 1.3: A comparison
between the numbers of dis-
tant galaxies found as a func-
tion of radius for the SMC.
Data was taken from Hodge
(1974), Figure 8 for the three
studies. The points are from
the data originally presented by
Shapley (1951) (scale on the
right vertical axis), the solid
line from Hodge (1974), and
the dashed line are the counts
from Wesselink (1961b) (the
two latter are both scaled on the
left vertical axis). The differ-
ent scales of the counts are il-
lustrative of the effects of data
quality on the number of distant
galaxies identified.
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In addition, Hodge (1969) points out that the colors of the distant galaxies offer a then
unexplored method to test absorption in the Magellanic Clouds even though an attempt was
made already by Wesselink (1961a).

A later count of galaxies behind the LMC was done by Gurwell and Hodge (1990). They
address the problem of observer bias in the identification of field galaxies in the crowded
fields of the LMC (Figure 1.4). While they do find a decrease in the number of field galaxies
near the center, they describe this result as ’highly tentative’ due to the problems in identific-
ation, crowding and limiting magnitude.

Figure 1.4: The comparison
Figure in Gurwell and Hodge
(1990) showing the discrep-
ancy in number counts between
the two observers, Gurwell and
Hodge. Galaxy counts are very
much dependent on the identi-
fication process.

Much more recently Dutra et al. (2001) obtain spectra of the nuclei of field galaxies seen
through the LMC and SMC, spectroscopically confirming their identity and determining the
reddening. Very little reddening was found and they conclude that many more galaxies would
be needed to map the dust.

Krienke and Hodge (2001) measure the colors of clusters imaged with the Hubble Space
Telescope throught the disks of nearby dwarfs. They do find significant reddening in the case
of the SMC.

See Table 1.2 for the respective depths, methods and targets of these measurements of the
opacity of the Magellanic Clouds, mostly using visual counts.

Other galaxies

Counts of field galaxies as an extinction tracer have mostly been applied to the Magellanic
Clouds. But in recent years high resolution deep imaging from both ground and space have
made identification of field galaxies through the disk of nearby spiral galaxies possible. It is
interesting to note that some of the field galaxies of Shapley (1951) are of the same apparent
magnitude as the foreground galaxies from González et al. (1998). See for the details of the
various observations on the opacity of other spiral galaxies Table 1.3.
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Table 1.3: Galaxy counts in other galaxies
Author Galaxy Data Nr Galaxies Lim Mag Comp. Fields
Zaritsky (1994) NGC 2835 B,I 1862 I<21 outer part

NGC 3521 0.12 deg2 1334 of fields
Lequeux et al. (1995) NGC 7814 V,I 42”× 42” 14 24<V<27 average color
González et al. (1998) NGC 4536 HST/WFPC2 64 I < 24,25 HDF-N

F555W, F814W
NGC 3664 HST/WFPC2 38 I < 22.8 HDF-N

F555W, F814W
Wyder and Hodge (1999) M31,SMC HST/WFPC2 -
Cuillandre et al. (2001) M31 CFHT V,I I < 22.5 CFHT field
Krienke and Hodge (2001) DDO216 HST/WFPC2 -

IC1613 F814W, F300W -
SMC -

The first attempt to use the field of galaxies as a probe of dust opacity in galaxies other
than a Magellanic Cloud was by Zaritsky (1994). He uses the average color of the background
galaxies compared to published values for field galaxies. His conclusions are that there is
substantial dust absorption in the halo of two spiral galaxies.

Again Lequeux et al. (1995) use the reddening of field galaxies -not their number- seen
in the outer regions of NGC 7814 as a dust indicator.

Wyder and Hodge (1999) attempt to detect field galaxies in HST images of very crowded
regions in the center of the SMC and nearby globular clusters in M31. This proves to be too
ambitious, even with stellar subtraction.

Cuillandre et al. (2001) measure dust opacities, reddening and gas-to-dust ratios from
counts of field galaxies and the average stellar color in a field in M31. They do note that the
number of field galaxies is too sparse to draw meaningful conclusions. Additionally, Krienke
and Hodge (2001) measure the reddening of clusters of galaxies seen through nearby galaxies
by HST.

1.7.3 Calibrated Counts

Why use distant galaxies?

Given the problems the previous studies faced, what are the intrinsic benefits of using distant
galaxies as a probe of extinction in a foreground disk? First it is one of two methods of direct
measurement through a spiral disk. Most of the other methods use the disk light itself in
some way, necessitating assumptions on its distribution and its relation to the absorbing dust.
The method is the only one universally applicable to nearby galaxies. The field of galaxies
is ubiquitous behind foreground disks and a measurement can always be made, provided one
accounts for the cosmic variance. There are no selection effects for either the dust population
-it can be diffuse or clumpy, hot or cold- or the foreground disk itself. Crowded fields make
the method uncertain but do not prevent a measurement. The opacity measured this way can
independently determine the extended disk of cold dust that has been claimed in several cases
from submillimeter emission.

However the counts clearly need to be calibrated for the effects of the disk, if the results
are to become better than ‘tentative’.
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A new method: calibrated counts

To properly derive the dust extinction in a galaxy disk from the number of distant galaxies,
the counts need to be calibrated for the separate effects of crowding and confusion due to
foreground objects. González et al. (1998) developed the “Synthetic Field Method” (SFM)
in order to calibrate the number of distant galaxies seen in an HST image of a spiral galaxy
disk. A synthetic field is the original science field with a suitable deep field added. The deep
field is progressively dimmed to mimic dust in each sequential synthetic field. Then the re-
lation between the number of retrieved synthetic background galaxies and dimming is found.
From this relation and the number of distant galaxies actually identified in the science field,
the average extinction in the science field is derived. This calibration scheme adds great ad-
vantages to the method using counts of distant galaxies as an extinction probe. The foremost
advantage of this method is that now the extinction by a foreground disk can be quantified
using the number of distant galaxies. The effects of crowding and confusion are the same for
science and synthetic fields and therefore are calibrated out. Problems with identification of
the distant galaxies by different observers (such as illustrated in Figure 1.4) can also be cir-
cumvented. Provided the identification of distant objects is the same in synthetic and science
fields, the derived extinction is calibrated for any observer bias. The method also promises to
be applicable for any galaxy for which HST imaging is available.

The SFM as presented by González et al. (1998) also has some drawbacks. The meas-
urement for an individual disk remains very uncertain due to the poor statistics in a single
field and the additional uncertainty due to cosmic variance in the number of distant galaxies
in a given field. In addition, the SFM used to be very laborious as the identification of distant
galaxies in both synthetic and science fields had to be done by eye. And a SFM measurement
still corresponds to a relatively large section of the foreground galaxy.

In order to obtain better measurements, better statistics on the background galaxies are
needed. González et al. (1998) already found that deeper fields did not yield significantly
greater numbers of identifiable distant galaxies. More improvement can be obtained by
adding solid angle to the measurement, for instance by combining the counts from several
WFPC2 fields already in the archive. González et al. (2003) provide the expected limita-
tions of field galaxy counts in HST images. According to their considerations, spiral disks at
intermediate distances are the optimal candidates for SFM analysis.

1.8 Motivation of this thesis.

The goal of this thesis was to improve the statistics of the SFM measurements of disk opacity.
This could best be done by more counts of distant galaxies in more fields and combining
these into a general opacity estimate of a typical spiral galaxy disk, or characteristic sections
thereof.

Since the counts would be combined, the identification and processing needed to be as
uniform as possible over the largest available solid angle. Therefore, the first priority was to
automate the method. Subsequently, the SFM was to be applied to 32 archival HST/WFPC2
fields, mostly from the HST Distance Scale Key Project, in order to analyse as much solid
angle as possible. General characteristics of the opacity of a spiral disk can then be obtained
as these counts are compared as a function of radius, surface brightness or other disk charac-
teristics.

Most of the following chapters have been submitted and published as papers and they are
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self-contained sections with separate introductions, descriptions of the method and conclu-
sions. The conclusions are again summarized in chapter 9 and the method is most compre-
hensively treated in chapter 2.

The maximum science results have been obtained from the available data thusfar, the
WFPC2 fields. In the meantime, more suitable datasets have been taken and become publicly
available. More science results from counts of distant galaxies through a foreground disk are
therefore to be expected in the future.


