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Night

A solitary moment

Plucked from the night.

Draped in black,

Dotted in white elegance.

A fragile offering,

A voiceless emotion,

Releasing a feast

To those who partake

Of diamond desserts.

Judith A. Lindberg
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1
Introduction

THROUGHOUT human history attempts have been made to grasp the meaning of the faint
narrow band of whitish light seen winding across the entire sky. Remarkably, the con-

struction of a scientific framework for the appearance of this ‘Milky Way’ was already ini-
tiated during the period of the Enlightenment, much earlier than the techniques necessary to
carry out detailed observational programs. Based on a conjecture by Thomas Wright, the
philosopher Immanuel Kant suggested in 1755 that the Milky Way is a vast collection of
stars, flattened by systematic rotation and upheld by Newton’s force of gravity. He went on
to argue that the occurrence of stars away from the symmetry plane of the Milky Way indi-
cates that these stars lie on more erratic orbits. Most strikingly, Kant further envisioned that
the similarly faint, much smaller nebulae were distant ‘island universes’ like our Milky Way.

Since then, the ongoing acceleration of advances in observational instrumentation and the
simultaneous branching and expansion of theoretical astrophysics have not just confirmed
Kant’s reasoning, but tremendously improved our understanding of the nature of the galax-
ies. Galaxies are highly diverse entities that come in different shapes and sizes, and have
both inborn characteristics as well as traits fostered by their environment. The centrifugally
supported disks of the spiral galaxies, of which our Milky Way is the prime example, form a
most conspicuous element within the galaxy population. These flattened structures point to a
common evolutionary history undisturbed by major galaxy interactions and form the purest
end-product of galaxy formation.

The constituents of galaxy disks can be loosely categorized into two groups: a young disk
or layer consisting of the gaseous interstellar medium and young stellar populations (with
ages less than a few Gigayears), and an old disk consisting of the older stellar populations
(among which our sun). In radius, the young disk is often more extended than the old disk.
In mass, the young disk is dominated by the hydrogen clouds (atomic and molecular). These
clouds are highly dissipative and trace nearly circular orbits, making the inner parts of the
young disk highly flattened. The old disk, on the other hand, is dynamically hotter, thicker
and contains the bulk of the luminous matter. In essence, old disks form the fossil record of
the processes governing the formation and evolution of galaxy disks.

Galaxy disks attract much attention because the circular-speed curves of the young, dy-
namically cold disks form a reliable tracer of the radial distribution of mass. The neutral



10 CHAPTER 1: INTRODUCTION

hydrogen (H I) circular-speed curves remain flat out to radii far beyond the stellar disk. This
observation demonstrates unambiguously that spiral galaxy disks are embedded within halos
of unseen matter. Unfortunately, poor understanding of the amount of matter in the luminous
disks themselves has hampered our understanding of the structure of these dark matter halos.
The disk mass budget also plays a key role in our understanding of the disks themselves,
as well as in the interrelation between disks and dark halos. Examples are dynamical disk
stability, the possibility of the presence of dark matter within disks and the origin of the tight
relation between disk luminosity and galaxy rotational velocity, all of which trace back to the
processes of disk galaxy formation and evolution. Clearly, it is of great importance to put
constraints on the disk mass.

In this thesis, attention is focussed on the global structure and kinematics of the old stellar
disks of spiral galaxies. The ultimate goal is to study the disk masses by applying the princi-
ples of stellar dynamics to the observations. To this end, galaxy disks are addressed from an
observational perspective, and by taking an edge-on view. Before embarking on an outline
of this approach and commenting on its virtues and vices, first our current knowledge on the
global structure and kinematics of stellar disks is summarized.∗

1.1 Background
1.1.1 The age-old shining disk

Stellar disks are strikingly inhomogeneous systems. Across the face of the disk the surface
brightness diminishes by about four magnitudes. The basic shape of this radial decline is
exponential in most spiral galaxies (de Vaucouleurs 1959; Freeman 1970). In the local uni-
verse, the scalelength of the disk light (the radial distance over which the brightness decreases
by a factor e) attains values between roughly one and twenty kiloparsecs, depending on the
galaxy’s maximum rotational velocity and the disk central surface brightness (Graham 2002).
If the disk mass-to-light ratio is almost constant with galactocentric radius, as suggested by
the shallow radial color gradients in the disk (de Jong 1996b), then the disk mass distribu-
tion is also approximately exponential. This suggests that the exponential form has a generic
origin. It is not yet clear whether the exponential is either a footprint of the settling of gas
during the collapse of the protogalaxy (Fall & Efstathiou 1980; Dalcanton, Spergel, & Sum-
mers 1997) or the result of secular re-distribution of angular momentum within the disk (Lin
& Pringle 1987; Thon & Meusinger 1998).

In addition to the exponential decline, the disk light shows a steeper drop at large galac-
tocentric radii (van der Kruit & Searle 1982; Pohlen et al. 2000b, for the Milky Way see
Drimmel & Spergel 2001). This stellar disk truncation or cut-off is most easily detected in
edge-on spirals because of their higher surface brightness. The location of the stellar disk
edge constitutes an important constraint on theories of disk formation and evolution. For ex-
ample, it may reflect the maximum specific angular momentum of the protogalaxy (van der
Kruit 1987), or correspond to the radius at which the gas density drops below a threshold
value necessary for wide-spread star formation (Fall & Efstathiou 1980; Kennicutt 1989).

Stellar disks consist of various generations of stars, such that the vertical light distribution
is the result of an intricate convolution of the histories of star formation and dynamical heating
and the evolution of the initial mass function (Bahcall 1984a; Haywood, Robin, & Créze
1997). Hence, the disk is a stratified structure, with young stellar populations being confined

∗Hereafter, the old stellar disk is often loosely referred to as the stellar disk.
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to the galaxy plane and the old stellar populations dominating at sufficiently large distances
from the plane. The fact that the stellar mass-to-light ratio (M/L) rapidly increases with age
strongly suggests that the old stellar disk dominates the disk mass budget. This old disk light
shows a vertical decline which is approximately exponential, with an exponential scaleheight
roughly ten times smaller than the radial scalelength (van der Kruit & Searle 1982; Shaw &
Gilmore 1990). In the solar neighborhood the scaleheight of the old disk light is probably
close to the thickness of the disk mass distribution (Siebert, Bienaymé, & Soubiran 2003).
Remarkably, despite the large drop in stellar density, the old disk scaleheight is approximately
constant with radius (van der Kruit & Searle 1981a; de Grijs & Peletier 1997, for the Milky
Way see Kent, Dame, & Fazio 1991).

Stellar disks are truly three-dimensional structures, and their vertical structure is needed
to fully understand internal processes such as star formation and disk heating. In addition,
dynamical estimates of the disk mass rely on the principle of vertical dynamical equilibrium
(i.e. hydrostatic equilibrium). This states that the amount of mass contained in the disk is
proportional to the ratio of the stellar velocity dispersion (i.e. the spread in stellar velocities)
and the disk scaleheight. Hence, the scaleheight is of considerable importance for dynamical
estimates of the disk mass. Although several studies of edge-on spiral galaxies have addressed
the scaleheight of the old disk light, at present little is known about the scaleheights among
galaxy disks. Similarly, there are indications that the flattening of the stellar disk (i.e. the ratio
of scalelength to scaleheight) increases slowly with Hubble type (Guthrie 1992; de Grijs
1998). Further study of the disk scaleheight and the disk flattening as a function of other
global galaxy properties is needed.

1.1.2 Older, slower, and more erratic. . .

In the solar neighborhood, the spread in the velocities of the stars of a coeval population in-
creases with the population’s age (Parenago 1950; Wielen 1977). This trend can be explained
by the gravitational scattering of stars off density enhancements within the disk, such as giant
molecular clouds (Spitzer & Schwarzschild 1951, 1953) and spiral arms (Barbanis & Woltjer
1967). In addition, secular heating due to satellite accretion (Velazquez & White 1999) may
play a role. In this way, coeval populations become increasingly well-mixed with increasing
age, such that their velocity distributions can be approximated by a simple velocity ellipsoid
(a trivariate Gaussian, Schwarzschild 1907). In particular the old disk can be identified with
a homogeneous population of stars having ages between three and ten Gigayear, metallici-
ties [Fe/H] of −0.6 to +0.2, and in essence a single velocity ellipsoid (Freeman 1991). In
the solar neighborhood the velocity ellipsoid of the old disk has its long axis pointing to-
wards the Galactic center, and its velocity dispersions in the three principal directions are
σR : σφ : σz = 1.0 : 0.7 : 0.5 with σR ' 35 km s−1 (Wielen 1974; Dehnen & Binney 1998).

An important point that follows from these solar neighborhood studies is that the kinemat-
ics of a sufficiently large sample of old disk stars are well described by a velocity ellipsoid.
This corresponds to what can be observed in nearby galaxies, because there a ground-based
telescope samples on the order of a million stars per spatial resolution element. Since, in
addition, the optical spectra of normal spiral galaxies are dominated by evolved stars (long-
ward of 5000 Å, Kennicutt 1992), a composite spectrum at a single position in a stellar disk
is essentially that of a star typical of the evolved population convolved with the line-of-sight
component of the velocity ellipsoid. The kinematics of the old stellar disk can thus be probed
using the stellar absorption lines (Kormendy 1984; van der Kruit & Freeman 1984).
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Stellar disk rotation curves derived in this way from deep long-slit galaxy spectra show the
same general shape as those of the gas, yet with lower amplitude (Bottema 1993; Gerssen,
Kuijken, & Merrifield 2000, for the Milky Way see Lewis & Freeman 1989). This phe-
nomenon is widely known as the asymmetric drift (first recognized in the Milky Way by
Strömberg, 1924). Depending of the amount of energy invested in random motion, most stars
follow rosette-shaped orbits at an azimuthal velocity lagging the circular speed. The stellar
disk velocity dispersions decrease with galactocentric radius, with an exponential scalelength
roughly twice times the scalelength of the disk light (van der Kruit & Freeman 1984, 1986;
Bottema 1993). The data further suggest that the shape of the velocity ellipsoid does not
change strongly throughout the old disk. An independent observational argument for the ap-
proximate constancy of the shape of the velocity ellipsoid comes from the detailed ages and
kinematics of 182 F and G dwarf stars in the solar neighborhood (Edvardsson et al. 1993).
These indicate that the ellipsoid shape was set after an early heating phase and, though the
Galaxy has probably changed much over its lifetime, has remained constant throughout the
life of the old disk (Freeman 1991).

1.1.3 Weighing disks

Although stellar disks are dynamically slowly evolving, they are collisionless on a dynamical
time scale (the time-scale of a single galactic revolution). Hence, stellar disks are in a quasi-
equilibrium state, such that their kinematics contain information regarding the gravitational
potential. Thus, when combined with the principles of stellar dynamics, the stellar disk
kinematics can be used to constrain the disk mass distribution. Despite its potential, this
technique has been applied for only a handful of galaxies (Bottema 1993). The reason is
practical: stellar disks are faint, requiring a considerable observational effort to retrieve their
kinematics.

Nonetheless, for twelve normal (= unbarred) high surface brightness disks Bottema (1993)
noticed a correlation between the amplitude of the stellar disk velocity dispersion and the
galaxy maximum rotational velocity (vmax). This σ − vmax relation suggests that the stel-
lar disks of more massive spirals are dynamically ‘hotter’. A comparison with the relation
for isolated exponential disks indicates that the peak rotation of the disk is on average only
63±10 percent of the observed maximum rotation (Bottema 1993). This important result
implies that the disk mass is a factor of two lower than in the hypothetical maximum-disk
situation (van Albada & Sancisi 1986). In other words, disks appear to be submaximal. The
submaximality of disks is consistent with the tightness of the Tully-Fisher relation for disks
of different central surface brightness (Courteau & Rix 1999). Since the dynamical disk M/L
corresponding to the 63% result is in the lower part of the range of the stellar M/L according
to population synthesis models (Bell & de Jong 2001), submaximal disks would further imply
that there is not much room for dark matter within disks. This is consistent with dynamical
studies of the solar neighborhood (Kuijken & Gilmore 1991; Siebert et al. 2003).

Simultaneously, submaximal disks imply that the dark matter halo dominates the mass
fraction down to small galactocentic radii. This is in agreement with numerical and analytical
models of disk galaxy formation within dark matter halos, which predict that the dark matter
is dominant down to radii of around one disk scalelength (Dalcanton et al. 1997; Mo, Mao,
& White 1998). Unfortunately, the observational result is still ill-constrained due to the small
number of spirals for which the stellar disk velocity dispersions are known. In addition,
Bottema’s (1993) argument assumes that the average disk flattening is about ten, something
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which also has not yet been investigated using a statistically significant galaxy sample. If the
σ − vmax relation and the assumed average disk flattening could both be confirmed, the case
for the presence of a large amount of dark matter in the inner parts of spiral galaxies would
strengthen considerably.

1.1.4 The edge-on perspective

Edge-on spiral galaxies are notorious for having the very elements which complicated early
twentieth century Galactic astronomy – dust extinction and line-of-sight integration (i.e. a
sight line passes through the entire disk). The recognition and confrontation of these diffi-
culties using various observational techniques has greatly improved our understanding of the
structure and dynamics of the Milky Way. Similarly, the construction of a coherent framework
which recognizes the complementary properties seen in the edge-on and the face-on view is
fundamental to understand the physical processes governing spiral galaxies in general.

In recent years, various techniques have been developed to study the dust distribution and
line-of-sight projection in edge-on spirals. The detailed study of individual edge-on spirals
has provided valuable insights regarding the opacity of spiral galaxies. Detailed radiative
transfer modeling of edge-on spirals in the optical, infrared and submillimeter have estab-
lished that the bulk of the dust is confined to the galaxy plane, with a scaleheight about half
times that of the stellar disk (Kylafis & Bahcall 1987; Alton et al. 2000). These as well as
recent statistical studies of large numbers of spirals of different orientations (Giovanelli et al.
1995; Tully et al. 1998) are converging on the view that massive spirals are optically thick in
their centers, with face-on central optical depths around unity in the optical, and transparent
in the outskirts. Dwarfs and low surface brightness spirals appear to be transparent through-
out (Matthews & Wood 2001). As an important corollary, in edge-on spirals the old disk can
be studied at a sufficient distance from the plane without having to account for large amounts
of dust extinction. The influence of residual dust extinction can be inferred from a compari-
son of the rotation curve derived from the optical emission lines with that of dust-free tracers
such as H I or CO (Bosma et al. 1992).

Stellar disks are not axisymmetric in detail, showing lopsidedness, spiral structure and in
some cases warping (Rix & Zaritsky 1995; de Grijs 1997). Still, these deviations from ax-
isymmetry are often small: the basic radial behavior of the disk structure and kinematics can
be studied by selecting against irregular spirals and assuming axisymmetry. Hence, the sur-
face brightness distributions and line-of-sight kinematics of stars and gas of edge-on galaxies
can be corrected for the effect of projection. This has opened up, for example, the study of
the three-dimensional disk luminosity distribution (van der Kruit & Searle 1981a) and the
stellar disk kinematics of edge-on spirals (Bottema, van der Kruit, & Freeman 1987).

Besides allowing a direct measurement of the disk scaleheight, edge-on spirals have a
number of observational advantages that are often not fully recognized. First, the line-of-
sight integration ensures that the disk surface brightness is substantially higher when seen
edge-on, at least away from a dust lane. This brightening is proportional to the flattening of
the disk and can easily amount to two magnitudes arcsec−2. Hence, when viewed edge-on,
disks can be more easily studied at larger galactocentric radii and out to larger cosmological
distances. This effect also facilitates the study of disks with a low face-on surface brightness.
Secondly, the stellar velocity distribution is broadened by the velocity gradient across an
edge-on disk. This allows the detection of lower intrinsic velocity dispersions in edge-on
systems with the same instrumental setup, typically by a factor of two. Thirdly, the line-of-
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sight integration means that effectively the entire galaxy plane is sampled by a single slit.
This ensures that local irregularities present in the stellar density and kinematics, such as
spiral structure (Misiriotis et al. 2000), are largely averaged out.

1.2 This Thesis

1.2.1 Goals

The prime objective of this study is to provide new constraints on the dynamics of spiral
galaxy disks through an observational synthesis of the global stellar disk structure and kine-
matics. The importance of the vertical disk structure for the estimating the disk masses au-
tomatically brings the aim toward edge-on systems. The wish to study ‘pure’ disks further
narrows the focus toward undisturbed spirals of intermediate- to late- Hubble type. By com-
bining photometry, absorption line spectroscopy and H I synthesis observations for a substan-
tial sample of such spirals, the properties of galaxy disks can be probed over a large range
in maximum rotational velocity and surface brightness. For such a sample, optical and near-
infrared photometry has been analyzed by de Grijs (1998). This sample has been adopted as
a starting point for the present study.

As may be appreciated from Sect. 1.1, such data touches upon many fundamental ques-
tions. Does the stellar disk thickness relate to the size of the galaxy? Is the flattening of the
disk linked to other global galaxy properties? At what radius do stellar disks truncate and
why? Is there indeed a trend between the amount of random stellar motions and the rota-
tional velocity of a galaxy? If so, what is physical cause of this relation? Is the matter in the
disk sufficient to explain the rotation curve in the inner parts of spiral galaxies? And finally,
how do the answers to the above questions change for disks of lower surface brightness? In
this thesis, specific attention will be given to the disk flattening, the stellar disk truncations,
the stellar kinematics, and the gaseous rotation curves. For example, combining the stellar
velocity dispersions with the gas rotation curve will significantly increase the statistics on
the σ − vmax relation. Ultimately, the data will be used together with a dynamical model to
address the (sub)maximal nature of galaxy disks.

1.2.2 Brief outline

In Chapter 2, the global structure of the old thin disks is analyzed using a two-dimensional
decomposition technique, which takes into account the effects of dust attenuation, projection
and a possible radial truncation. The derived disk parameters, especially the flattening of the
disks, are investigated with respect to other global parameters. A re-evaluation of the Bottema
(1993) argument is made using the observed distribution of the disk flattening. In Chapter 3,
the stellar disk light is investigated for the presence of a radial truncation. The results are
compared to the predictions of several scenarios for the origin of the stellar truncation.

Chapter 4 is devoted to the new optical long-slit spectroscopic observations obtained with
the SSO 2.3m, the WHT and the VLT. The stellar kinematics are extracted from the stellar
absorption lines in these spectra using the improved cross-correlation technique. The results
are discussed individually as well as generally. For the same spirals, new H I synthesis ob-
servations obtained using the ATCA and the WSRT are described in Chapter 5. This chapter
describes the observations and their reduction, and summarizes an analysis of the properties
of the H I. Specific attention is given to the methods for determining the gaseous rotation
curves of edge-on spirals.
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In Chapter 6 the rotation curves are investigated. A new technique is introduced for
determining a gaseous rotation curve. The technique is applied to the H I observations of
eight spirals of sufficient quality. The H I rotation curves for the full sample are further
augmented with the optical emission line kinematics. First, the two kinematical tracers are
compared in order to infer the effect of dust extinction on the optical kinematics. Second,
they are combined in order to estimate the full rotation curves.

To study the dynamical properties of the stellar disks, the three-dimensional disk struc-
ture, the stellar kinematics, and the rotation curves of fifteen edge-on spiral galaxies are
modeled in Chapter 7. First, simulations of three-dimensional disks that include a realistic
radiative transfer prescription are investigated for the effects of dust extinction and projec-
tion. Then, the dynamical model is matched to the observations, yielding for each galaxy
the intrinsic stellar disk kinematics and the disk mass. These data are finally analyzed with
respect to the σ − vmax relation and the disk contribution to the rotation curve.
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Flattening of Galaxy Disks∗

M. Kregel, P. C. van der Kruit & R. de Grijs

ABSTRACT — We analyze the global structure of the stellar disks of 34 edge-on
spiral galaxies. The exponential scale parameters and the central surface brightnesses
of the disks are obtained by applying a two-dimensional decomposition technique to I-
band photometry. The average ratio of scalelength to scaleheight – the disk flattening
– is used to re-estimate the disk contribution to the maximum rotational velocity in high
surface brightness (HSB) spirals. This results in an average of 57±22 percent, confirming
that HSB disks contain about half of the mass expected in the hypothetical maximum-
disk situation. We find a clear increase in the disk scaleheight with maximum rotational
velocity, in qualitative agreement with the empirical relation between stellar disk velocity
dispersion and maximum rotational velocity. The data further reveal that more flattened
disks tend to have a lower face-on central surface brightness and a larger dynamical mass-
to-light ratio. This observation suggests that at a constant maximum rotational velocity
lower surface brightness disks have smaller vertical stellar velocity dispersions.

2.1 Introduction

The study of the light and mass distribution of stellar disks is of fundamental importance for
our understanding of the formation and evolution of spiral galaxies. It is well established that
globally, the radial light distribution of galaxy disks is exponential in nature (Freeman 1970),
over a wide range of central surface brightnesses (de Blok, van der Hulst, & Bothun 1995;
de Jong 1996c). This radial exponential distribution can be understood in the framework of
the collapse theory of disk galaxy formation if the stellar mass-to-light ratio is approximately
constant with radius (Fall & Efstathiou 1980; van der Kruit 1987; Dalcanton, Spergel, &
Summers 1997). The vertical light distribution of the disk is also approximately exponential,
at least away from the galaxy plane (van der Kruit & Searle 1981a,b, 1982, hereafter KS1–3;
Wainscoat, Freeman, & Hyland 1989; Shaw & Gilmore 1990; de Grijs, Peletier, & van der
Kruit 1997). While the radial structure of the stellar disk is probably largely determined
during disk galaxy formation, the vertical structure reflects the secular disk evolution (Wielen
1977; Bahcall 1984b; Haywood, Robin, & Créze 1997). Together, the radial and vertical disk

∗Based on MNRAS 2002, 334, 646
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structure determine the intrinsic disk flattening. Hence, disk flattening is governed by both
disk galaxy formation and evolution and may offer additional insight into the physics of these.

The disk flattening can only be studied directly in edge-on galaxies (KS1), but is required
to estimate the disk mass based on stellar velocity dispersions and the principle of hydrostatic
equilibrium (van der Kruit & Freeman 1986; Bottema 1993). Hence, together with observed
stellar velocity dispersions, the disk flattening provides a test of the maximum-disk hypoth-
esis (van Albada et al. 1985; Freeman 1992). This also suggests that the disk flattening may
be related to the dark matter content of spiral galaxies. Studies of large samples of edge-on
disk galaxies point out that, on average, the disk light distribution slowly flattens from early
to late morphological type (Guthrie 1992; Kudrya et al. 1994). These studies adopted a sta-
tistical approach based on isophotal axial ratios. A similar trend is observed in a sample of
47 edge-ons (de Grijs 1998), using the more direct ratio of the exponential scalelength to the
exponential scaleheight (see also Schwarzkopf & Dettmar 2000). A further comparison of
the disk flattening with more quantitative global parameters such as maximum rotational ve-
locity or de-projected face-on surface brightness may reveal additional trends. An important
related finding is that high surface brightness (HSB) spirals follow an approximately linear
relation between the stellar disk velocity dispersion and maximum rotational velocity (Bot-
tema 1993). Together with the increase of the stellar velocity dispersion with age (Wielen
1977), this suggests that spirals of higher maximum rotation are more evolved dynamically.
If correct, then more rapidly rotating spirals are expected to have larger scaleheights.

In a previous study, de Grijs (1998) analyzed BVIJK′ photometry of a statistically com-
plete sample of nearby edge-on disk galaxies. He used several suitably chosen profiles to
determine the disk scale parameters (hereafter 1D method). The determination of the scale-
lengths was based on radial profiles taken at some distance above the plane to minimize
extinction. Still, the uncertainty in this analysis is considerable. First, the exponential was
used directly as a fitting function, thereby neglecting the effect of line-of-sight projection.
Secondly, the 1D method does not consider the presence of a disk truncation, as observed in
many edge-on spirals (KS3; Pohlen et al. 2000b; Ch. 3). Thirdly, spiral galaxies have a sur-
face brightness distribution which shows significant local deviations from assumed smooth
distributions (Shaw & Gilmore 1990; de Jong 1996a). Since the 1D method uses a small por-
tion of a galaxy, it is susceptible to these deviations. These omissions have probably caused
a serious error in the derived scalelengths.

Here, we re-analyze the Kron-Cousins I-band photometry of 34 regular spiral galaxies
taken from the de Grijs (1998) sample. In Sect. 2.2 we summarize the selection criteria and
present this sample. We describe and test a two-dimensional (2D) bulge-disk decomposition
algorithm in Sect. 2.3. This 2D least-squares method minimizes the effects of a radial trunca-
tion and dust attenuation, and takes the line-of-sight projection into account. In Sect. 2.4, the
results of its application to the photometry are presented. To assess the effect of residual dust
extinction, the Johnson B-band data are subjected to the same analysis and compared to the
I-band results. We analyze the derived disk parameters in Sect. 2.5, giving specific attention
to the disk flattening. Our main findings are summarized in Sect. 2.6.

2.2 The sample

The parent sample (de Grijs 1998) contains 47 spirals and lenticulars and was selected from
the ESO-LV catalog (Lauberts & Valentijn 1989) according to the following criteria:
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(i) inclination, i ≥ 87◦;
(ii) blue diameter, DB

25 > 2′.2;
(iii) morphological type ranging from S0–Sd;
(iv) non-interacting

Initially, the inclinations were estimated from the blue isophotal axis ratios in the ESO-LV
according to the standard formula (Hubble 1926), assuming an intrinsic axis ratio q0 = 0.11.
The inclinations were then checked by eye from the shape of the dust lane (when present)
and the degree of symmetry with respect to the disk plane; only highly inclined galaxies were
retained (de Grijs 1998).

From this sample we selected all regular spiral galaxies, excluding those that are clearly
lopsided or warped. The properties of the 34 selected spirals are summarized in Table 2.1,
columns 1–5. The sub-sample covers a large range in maximum rotational velocity (vmax =
50–400 km s−1) and is dominated by spirals of intermediate- to late-type. Although there
are not many barred galaxies in the sample according to the Lyon/Meudon Extragalactic
Database (LEDA) classification, there are several candidates which display a clear boxy- or
peanut-shaped bulge. Almost all of the spirals occur either in the field or in small loose groups
(de Grijs 1997). We checked the completeness of the sub-sample with the standard V /Vmax

test (Davies 1990; de Jong & Lacey 2000). Based on the blue angular diameters given by
the ESO-LV catalog, the average V /Vmax is 0.58±0.06. This is slightly larger than the 0.5
expected for a randomly distributed sample. In the remainder of this chapter, one should keep
in mind that our sample is of modest size and is strictly not statistically complete.

While our J and K′-band data more closely trace the underlying disk mass distribution
than the optical BVI data (Rix & Rieke 1993), the quality of the former is poorer (de Grijs
1998) and will not be used. Of the optical passbands, the light in the I band is least affected
by dust extinction and most dominated by the old stellar population (e.g. Bruzual & Charlot
1993). We will therefore primarily use those data to study the global structure of the stellar
disks. The data reduction and sky subtraction have been discussed by de Grijs (1997, 1998).
Throughout, distances according to the Virgo-centric velocities from LEDA (based on the
flow model described in Bottinelli et al. 1986) and a Hubble constant of H0 = 75 km s−1

Mpc−1 are adopted.

2.3 The two-dimensional method

2.3.1 The model

The spiral galaxy luminosity density is assumed to be composed of a disk and a bulge com-
ponent. The disk is assumed to be axisymmetric, transparent and without a radial truncation:

Ldisk(R, z) = L0 e−R/hRe−z/hz , (2.1)

where (R, z) are the cylindrical coordinates, L0 is the central luminosity density and hR and hz

are the radial scalelength and the vertical scaleheight (in terms of the vertical scale parameter
z0: hz = 0.5 z0). The vertical exponential distribution is adopted following the results of
photometric studies of edge-on spiral galaxies in the near-infrared (Wainscoat et al. 1989;
Aoki et al. 1991; de Grijs et al. 1997). While other functionalities have been proposed for
the vertical distribution, most notably the locally isothermal (KS1) and sech(z) distributions
(van der Kruit 1988), the exact choice is unimportant for our purpose (see Sect. 2.3.2). The
scaleheight is taken to be constant with radius (KS1–3). De Grijs & Peletier (1997) showed
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that this is the case for the late-type spirals in our sample and that for the early-type spirals
(about one-third of the sample) radial flaring is modest and can be safely ignored. Thus, the
ratio of the exponential scalelength to scaleheight hR/hz forms the most natural parameter
for measuring the intrinsic flattening of the disk light. It is further assumed that the galaxies
are perfectly edge-on. As KS1 demonstrate, the error on the scale parameters due to this
assumption is negligible when i ≥ 86◦ (see also de Grijs et al. 1997), which is the case for
nearly all the galaxies in our sample. Still, some caution is in order because KS1 assumed
an intrinsic flattening of ten to one. Disks of higher flattening do exist (Kudrya et al. 1994),
and for those smaller deviations from i = 90◦ may play a role. This will be investigated in
Sect. 2.3.3.

With these assumptions the disk surface brightness distribution is given by (KS1):

µdisk(R
′, z) = µedge−on

0 (R′/hR) K1(R
′/hR) e−z/hz , (2.2)

where R′ is the projected radius along the major axis, µ0 = 2 hRL0 is the edge-on cen-
tral surface brightness in linear units and K1 is the modified Bessel function of first order.
The corresponding face-on central surface brightness is µface−on

0 = µedge−on
0 (hR/hz)

−1. If
present, the bulge is modeled either by an exponential:

µbulge(R
′, z) = 5.360 µe e−1.679 r/re , (2.3)

or by an r1/4 law:

µbulge(R
′, z) = µe e−7.669 [(r/re)

1/4−1], (2.4)

here r is the projected radius; r =
√

R′2 + (z/q)2, re is the effective radius, µe is the
effective surface brightness, and q is the bulge axial ratio (the ratio of the bulge minor to
major axis diameter). The best-fitting bulge in the reduced χ2 sense is adopted. To account
for the effect of seeing, the model bulges are convolved with a two-dimensional Gaussian
PSF. For the disk component the seeing effect can be neglected (see Sect. 2.3.3). The central
positions and position angles of the galaxies are fixed parameters in the fit. Thus, the adopted
model has at most six free parameters; µ0, hR, hz, µe, re, and q.

2.3.2 The approach

Starting with the studies of KS1–3 several techniques have been developed to model the
global stellar disk structure of edge-on spiral galaxies (Kylafis & Bahcall 1987; Shaw &
Gilmore 1989; Xilouris et al. 1997). The application of these techniques to the region near
the galaxy planes has proven to be problematic, mainly because of three reasons; (1) the
presence of large amounts of dust, (2) the presence of additional luminous components, e.g.
in the form of a thin layer of young stars showing strong spiral structure, and (3) the limited
accuracy, of about 1–2 degrees, with which the inclination can be determined.

Radiative transfer modeling of photometry of nearby spirals has pointed out that dust
is more confined to the plane than the light; hz,dust ∼ 0.5 hz,stars (Kylafis & Bahcall 1987;
Xilouris et al. 1997, 1999). Considering the small velocity dispersions of young stars (Wielen
1977; Dehnen & Binney 1998), the same is true for young stellar populations. Hence, if we
assume that the range in z/hz affected by dust extinction and young populations is similar
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among galaxy disks, it becomes possible to mask out that region in a systematic way. In-
deed, the vertical I − K color profiles of the galaxies in our sample, which trace the amount
of dust extinction (de Grijs et al. 1997), show that in all cases the region |z| > 1.5 hz is
only marginally affected by extinction (see also Dalcanton & Bernstein 2002). Therefore, to
solely study the old stellar population, we choose to mask out the region corresponding to
|z| ≤ 1.5 hz. Since the differences among the various functionalities proposed for the vertical
light distribution are small outside this mask (van der Kruit 1988, his fig. 1), the choice for
the vertical distribution becomes unimportant. Still, we will further assess the presence of
dust extinction outside the mask by (1) testing the 2D method on ‘dusty’ artificial images
(Sect. 2.3.3) and (2) repeating the 2D fits in the B band to make a comparison with the I-band
results (Sect. 2.4).

The 2D decomposition uses the non-linear least-squares technique developed by Mar-
quardt (1963). The fit of Eqns. 2.2–2.4 is done in the linear regime, to the masked version of
the sky-subtracted image (the data are not binned as in many previous methods, e.g. KS1–3,
Shaw & Gilmore 1989). To ensure that the fitting algorithm minimizes the relative difference
between our model and the data, each pixel is weighted inversely proportional to the value
of the model surface brightness distribution of the disk at that pixel (cf. de Jong 1996a). As
a consequence of this weighting, regions of the lowest signal-to-noise carry a large weight
in the fit. To prevent this side effect, the data outside the region defined by the 1σ contour
of the model image are excluded from the fit (the 1σ level is the standard deviation of the
background). By using this criterion on the model instead of the data, there is no discrim-
ination in favor of positive noise peaks. Since the adopted weighting scheme and the fitted
region depend on the initial estimate of the model, an iterative application of the algorithm is
required (see Sect. 2.3.3).

The radial light distribution may show an additional steepening in the outer parts indi-
cating a stellar disk truncation (KS3; Pohlen et al. 2000b; de Grijs, Kregel, & Wesson 2001;
Ch. 3). If present, such a region will be excluded from the 2D fit by using an outer fitting
boundary. This boundary will be assigned by eye, at a projected radius within the radius at
which the radial light profile starts to deviate from a pure exponential disk. The error in-
troduced by the subjectivity of this procedure is estimated by performing several 2D fits in
which the fitting boundary is varied by 10–20%. Disk truncations are addressed in Ch. 3.

2.3.3 Tests on artificial images

In order to assess the reliability of the method and the effectiveness of the mask used for |z| ≤
1.5 hz, a series of tests was performed on artificial images. First, we created fifty artificial
images using Eqns. 2.2 and 2.3. For the input parameters, random values were drawn from a
uniform distribution covering the following ranges:

Disk Bulge

16 < µedge−on
0 < 21 mag arcsec−2 17 < µe < 22 mag arcsec−2

10 < hR < 40 arcsec 0.2 < re < 10 arcsec
2 < hz < 10 arcsec 0.5 < q < 1.0

with µedge−on
0 and µe in logarithmic units. To ensure the absence of artificial galaxies resem-

bling bulge-dominated systems, the bulge-to-disk luminosity ratio was required to be less
than two. Then, in order for the images to resemble the I-band observations, a sky back-
ground corresponding to µ = 20 mag arcsec−2 was added. The use of a different value for
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(a) (b) (c)

Figure 2.1: The recovery of the disk parameters in tests of the 2D fitting method on artificial images
(circles – fitting the disk only, circles with crosses – fitting both disk and bulge). (a) – Edge-on central
surface brightness, (b) – scalelength and (c) – scaleheight.

the background in each image is unnecessary, because sufficient contrast with the background
is already provided by the variation in µedge−on

0 and µe. The effect of seeing was mimicked
by convolving the images with a circular Gaussian of 1.5 arcsec full width at half maximum
(FWHM), which is typical for the observations. Finally, Gaussian read-out noise and Poisson
noise were added and the background was fitted and subtracted.

For each artificial galaxy, initial estimates of the free parameters were generated by ran-
domly offsetting the input parameters by up to ± 25 percent. The region corresponding to
|z| ≤ 1.5 hz was masked out. Then, the 2D fits were performed while discarding data outside
the 1σ contour of the model and redefining the mask and the pixel weights in each iteration.
Generally, convergence was achieved within three iterations. In many of these 2D fits the
bulge parameters did not converge. This is mainly due the small luminosities of these bulges
(bulge-to-disk luminosity ratios less than 0.1) and the use of the mask, causing the bulge con-
tribution in the fitted region to be too small. However, for the same reason, the 2D fits could
be safely repeated by fitting a disk-only model (cf. Fig. 2.1).

Figure 2.1 displays the test results for the disk parameters. It shows that the scale param-
eters are always recovered to within 10 percent, the standard deviation being about 2 percent
for each parameter. As expected, the accuracy of the recovery decreases with decreasing cen-
tral surface brightness (Fig. 2.1a). For example, the three outliers of Fig. 2.1b are all disks
of low central surface brightness, µedge−on

0 > 20 mag arcsec−2. The amplitude of the devia-
tions shown in Fig. 2.1 is mainly caused by the application of the mask; if no mask is applied
the errors are less than 1 percent. Note that the application of the mask does not introduce a
systematic error.

We repeated the tests after incorporating a dust lane. For the distribution of the dust we
chose a double exponential with hR,dust = hR,stars and hz,dust = 0.5 hz,stars and neglected
scattering (see Kylafis & Bahcall 1987, their eqn. 14). Of course, in reality, dust shows
clumpy and filamentary structures on small scales. However, the global nature of the fitting
routine and the edge-on view largely average these out (Kuchinski et al. 1998), so that the
exponential distribution is a good approximation. Since scattering mainly acts to reduce the
extinction, our neglect of scattering means that the extinction is slightly overestimated. To
resemble a strong dustlane, we chose a face-on central optical depth τI(0) = 1 (Xilouris et al.
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Figure 2.2: The difference between the disk parameters inferred from the 2D method and the actual
disk parameters for inclinations lower than 90 degrees. Shown is for hR/hz = 4, 8 (solid line), 12,
16 and 20 the difference in (a) edge-on central surface brightness, (b) scalelength, (c) scaleheight, (d)
face-on central surface brightness, (e) luminosity and (f) flattening of the disk (see text).

1999). The effect of the dust on the scale parameters turned out to be moderate; the hR and hz

were found to be on average 4 percent and 9 percent larger, respectively. The edge-on surface
brightnesses are underestimated by about 0.3 magnitudes. The use of a smaller mask than
that adopted here (or no mask at all) would mean that the effect of dust becomes substantial
however, causing errors on the scale parameters larger than 10 percent.

The 2D method assumes that the galaxies are exactly edge-on. The accuracy of this as-
sumption was investigated by applying the method to the surface brightness distributions of
model disks viewed at inclinations less than 90 degrees. These artificial images were calcu-
lated by numerically integrating Eqn. 2.1 along the line of sight for inclinations in the range
84–90 degrees. Figure 2.2 shows, as a function of inclination, the difference between the disk
parameters obtained with the 2D method and the actual input parameters for different values
of the intrinsic flattening hR/hz. As expected, when the inclination is less than 90 degrees
the 2D method underestimates the edge-on central surface brightness (Fig. 2.2a) and over-
estimates the disk scale parameters (Fig. 2.2b & c). For inclinations larger than 86 degrees
and hR/hz = 8 (solid line) the difference between the fitted and the input disk parameters is
indeed small, within 10% (KS1; de Grijs et al. 1997). The discrepancy becomes larger for
disks which are intrinsically highly flattened. In that case the effect is especially pronounced
for the resulting edge-on surface brightness and the scaleheight. Figures 2.2d–f further show
the discrepancies for the inferred face-on central surface brightness, the luminosity and the
flattening of the disk. Interestingly, the 2D method provides a very good estimate of the face-



24 CHAPTER 2: FLATTENING OF GALAXY DISKS

on central surface brightness (within 0.1 mag) independent of the actual disk flattening. The
disk luminosity may be overestimated by up to 35%. The disk flattening inferred with the 2D
method is significantly underestimated if hR/hz & 10 and the inclination is lower than 87
degrees. The inclination effect will be taken into account in the interpretation (Sect. 2.5.1).

The effect of a moderate stellar warp was investigated by simply introducing a vertical
offset zwarp(R,φ) to the axisymmetric disk model (Eqn. 2.1) for R > Rwarp:

L(R, z, φ) = L(R) e−|z−zwarp(R,φ)|/hz ,

zwarp(R,φ) = w [(R − Rwarp)/hR] cos(φ) hz. (2.5)

Here w is the rate of warping in units of scaleheight per scalelength, Rwarp designates the
onset of the warp, φ is the angle in the disk plane measured with respect to the major axis,
and the line of nodes of the warp is assumed to be straight and along the line of sight. For an
example see Fig. 3.2. For any reasonable warping, the effect on the derived scale parameters
turned out to be small. For a stellar warp with Rwarp = 3 hR and w = 0.5, hR and hz are
respectively under-and over-estimated by only 2 percent. This is mainly due to the fact that
the inner parts of the edge-on disk, which form a large portion of the fitted region, are mostly
unaffected by the warping. The effect is similarly small, and in the same direction, if the line
of nodes of the warp lies in the plane of the sky.

We also studied the errors introduced by offsets in the fixed parameters. This was done
by offsetting these parameters by their typical uncertainty and repeating the 2D fits. The
following fixed parameters were investigated: sky subtraction – 1 percent error, seeing – 0.1′′

error, central position – 1′′ error and position angle – 1 degree error. The scale parameters
were found to be most sensitive to an error in the sky background, resulting in an error . 4
percent. We estimate the total error due these systematic effects at . 6 percent.

Further tests confirmed that the choice for the model used for the vertical light distribution
is rather arbitrary when the region corresponding to |z| ≤ 1.5 hz is discarded (as stated in
Sect. 2.3.1). For example, when instead a vertical sech(z/hz) distribution is used to create
the artificial images, the scale parameters found by our 2D method differ from the input values
by about 2 percent. The inferred central surface brightness is significantly affected because
of the different shape of the vertical distribution at low z (the region which contributes most
to the total luminosity); the integrated light of a sech(z/hz) distribution that matches the
exponential distribution at high z is π/4 times that of the exponential distribution.

The algorithm does not take into account the effect of seeing on the disk component. This
omission is justified according to tests on a series of artificial images, each image created
with a PSF of a different width. For the unlikely case that the seeing FWHM is comparable
to the scaleheight of the disk, the error made by applying the method is only 3 percent. Since
the scaleheight is much larger than the seeing FWHM for all galaxies in our sample, one can
safely ignore this effect.

Finally, we investigated the effect of a truncation by applying the method to truncated ar-
tificial galaxies. These were constructed by including L(R, z) = 0 for R > Rmax in Eqn. 2.1,
and numerically integrating the luminosity density along the line of sight. The difference in
edge-on surface brightness between such a truncated disk and the infinite exponential disk
increases with projected radius, causing the 2D method to underestimate the exponential
scalelength. For galaxies with Rmax/hR ≥ 4 this difference is small. For example, in a
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galaxy for which Rmax/hR = 4, our method underestimates the scalelength by ∼ 6 percent.
This error increases slightly for galaxies with smaller Rmax/hR, reaching ∼ 9 percent for
Rmax/hR = 3.

In summary, we conclude that the uncertainty in the scale parameters obtained with the
2D method is caused by several effects. In order of decreasing importance, these are: (1) an
inclination lower than exactly edge-on, depending on the actual disk flattening (Fig. 2.2), (2)
the presence of a truncation, depending on the value of Rmax/hR, (3) residual dust extinction
(error . 9 percent), (4) inaccurate sky subtraction (error . 4 percent), and (5) the application
of the mask for |z| ≤ 1.5 hz (error ∼ 2 percent, Fig. 2.1). For example, for a disk at an
inclination of 87 degrees having hR/hz = 8 and Rmax/hR equal to 4 (Ch. 3), the total
measurement error in the scalelength is about 15 percent.

2.4 Results

First, to prepare the images for the 2D fits, H II regions, foreground stars and background
objects were masked out using a combination of the SEXTRACTOR algorithm (Bertin &
Arnouts 1996) and manual editing in the galaxy’s immediate vicinity. The center and major
axis position angle of the galaxies were determined by fitting ellipses to the I-band images
using the GALPHOT package (Franx, Illingworth, & Heckman 1989) in IRAF (Table 2A.1,
App. 2A). Then, several profiles were extracted in the I band, both parallel and perpendicular
to the major axis. These profiles were inspected for the effects of dust extinction. In most of
the vertical profiles, the turnover due to dust extinction lies below z = 1.0 hz (see App. 2A
and de Grijs et al. 1997). However, in 16 galaxies the extinction clearly extends further out on
one side of the galaxy plane (with ESO 435-G14 being the most extreme case). This indicates
that these galaxies are not exactly edge-on (Byun, Freeman, & Kylafis 1994), with the more
dusty side corresponding to the near side of the galaxy. In these cases the affected side was
excluded from the 2D fit.

Fits were made to each I-band image, taking the values determined in the 1D analysis
(de Grijs 1998) as initial estimates. In 10 cases, the mask needed to be decreased from |z| ≤
1.5 hz to |z| ≤ 1.0 hz in order to achieve convergence (Table 2A.1, App. 2A). A bulge-disk
decomposition was attempted in the 23 systems which clearly show an additional component.
As the best-fitting bulge model, either exponential (Eqn. 2.3) or r1/4 (Eqn. 2.4), the bulge-disk
fit with the smallest reduced χ2 was retained. However, in 14 galaxies the bulge parameters
did not converge. This was not unexpected, since many galaxies contain a small bulge for
which only a small portion of the light is emitted in the region outside of the mask. Still, two
of the 14 systems do show an extended central component: ESO 321-G10 and ESO 416-G25.
In these galaxies this component has a boxy or peanut-like shape, which probably causes the
fit to diverge. To determine the disk parameters in these 14 cases, we assigned an inner radial
fitting boundary, as in the ‘marking the disk’ method (Freeman 1970), and repeated the 2D
fits with a disk component only. Finally, the 2D fits were repeated in the B band using exactly
the same fitting regions.

Tables 2.1 and 2.2 show the resulting parameters for the disk and the bulge component,
respectively. The columns in Table 2.1 are: (1) Name (ESO-LV catalog); (2) Morphologi-
cal type, taken from LEDA. These types were assignment outlined in de Vaucouleurs et al.
(1991). Galaxies which have a boxy- or peanut-shaped bulge are indicated; (3) Heliocentric
velocity corrected for Virgo-centric flow (LEDA); (4) I-band absolute magnitude, calculated
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Table 2.2: Results of the 2D least-squares fits for the bulge component

Galaxy bulge µe,I ± re ± q ± B/D

(mag arcsec−2) (arcsec)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

ESO 240-G11 v 20.9 0.3 15.0 3.0 0.60 0.20 0.29
ESO 263-G18 e 18.9 0.2 3.5 1.2 0.77 0.08 0.06
ESO 315-G20 v 19.4 0.2 5.7 1.3 0.56 0.09 1.68
ESO 435-G25 e 20.1 0.2 17.5 0.5 0.50 0.03 0.24
ESO 437-G62 e 17.8 0.5 9.2 1.3 0.45 0.04 0.84
ESO 446-G18 e 19.1 0.1 7.7 0.5 0.36 0.05 0.67
ESO 460-G31 v 19.3 0.3 6.8 1.5 0.45 0.14 1.05
ESO 487-G02 e 18.1 0.2 6.7 1.5 0.45 0.04 0.54
ESO 506-G02 e 18.1 0.2 3.7 1.3 0.40 0.05 0.49

Notes – Columns: (1) Name (ESO-LV catalog); (2) Bulge type: e - exponential,
v - de Vaucouleurs; (3) and (4) Bulge effective surface brightness and error; (5)
and (6) Bulge effective radius and error; (7) and (8) Bulge axial ratio and error;
(9) Bulge-to-disk luminosity ratio.

using the apparent magnitude from de Grijs (1998) and col. (3) and corrected for Galactic
extinction (as in de Grijs 1998); (5) Maximum rotational velocity from LEDA, obtained from
a global H I profile and corrected for turbulent motions; (6) and (7) I-band edge-on central
surface brightness and error; (8) and (9) I-band scalelength and error, in arcsec; (10) I-band
scalelength in kpc; (11) and (12) I-band scaleheight and error, in arcsec; (13) I-band scale-
height in kpc; (14) and (15) The ratio of scalelength to scaleheight, i.e. the disk flattening,
in the I band and error; (16) and (17) B-band scalelength and error, in arcsec; (18) and (19)
Deprojected face-on central surface brightness and error; (20) and (21) B-band scaleheight
and error, in arcsec.

The errors are not the formal errors of the least-squares fit; these were in general less than
a few percent and do not take into account the subjectivity of the assignment of the radial fit-
ting boundaries. Instead, the errors were estimated by comparing results from several similar
fits in which the inner and outer radial fitting boundaries were varied by 10–20 percent. For
each galaxy, the 2D fits are illustrated in Fig. 2A.1.

To investigate the effect of dust extinction in the fitted regions we calculated the scale-
length ratios hB

R/hI
R. A scalelength ratio is a global measure of the radial color gradient

in the disk. Since dust is known to be concentrated to the galaxy centers and dust extinc-
tion increases towards bluer wavelengths, the presence of dust will result in a larger hB

R/hI

R.
Consequently, when the observed scalelength ratio is compared to the ratio expected solely
from radial stellar population changes, the effect of dust extinction can be inferred (Peletier
et al. 1994; Byun et al. 1994). The value of the scalelength ratio due to population changes
is, however, somewhat uncertain. Peletier et al. (1994) argue that the scalelength ratio due
to population changes is in the range hB

R/hI

R = 1.05–1.1. From radiative transfer modeling
of 6 nearby edge-on galaxies Xilouris et al. (1997, 1999) find an average ratio of 1.25±0.13
(1σ). From a study of 21 Sb galaxies of various inclination, Cunow (1999) derives a ratio
of 1.13. For our sample, the average hB

R/hI

R is 1.17±0.18 (1σ). This is clearly within the
range of ratios attributed to radial population changes, and smaller than the ratios observed in
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Figure 2.3: Comparison of the disk scale parameters obtained with the 2D (this chapter) and 1D
(de Grijs 1998) method. (a) – The relative difference between the scalelengths as a function of the
scalelength determined with the 2D method, (b) – as (a) but for the exponential scaleheight. A few
galaxies for which there is a large discrepancy are indicated.

less-inclined galaxies (Peletier et al. 1994). We conclude that the dust extinction in the fitted
regions is probably small. This is in accordance with the results of Sect. 2.3.3.

In Fig. 2.3, the disk scale parameters are compared to those obtained with the 1D method
(de Grijs 1998). For the scalelength, the differences are significant. The scalelengths de-
termined with the 2D method are on average 13 percent larger. These differences are due
to the combination of three effects. First, the fitted regions are different in both methods.
According to Knapen & van der Kruit (1991), a difference of about 10 percent is not un-
usual in this respect. For example, the 1D method adopts a radial outer fitting boundary at

Table 2.3: Comparison of the scale parameters with
the literature for five galaxies

Galaxy hR,I ± hR,r hz,I ± hz,r

(arcsec) (arcsec) (arcsec) (arcsec)

(1) (2) (3) (4) (5) (6) (7)
ESO 269-G15 29.0 5.2 40.4 4.2 0.6 4.0
ESO 321-G10 20.5 4.1 21.6 2.9 0.3 2.5
ESO 446-G18 25.8 3.0 23.7 2.0 0.1 2.0
ESO 446-G44 31.1 2.1 29.8 2.8 0.2 2.9
ESO 564-G27 38.0 5.1 50.9 3.5 0.4 3.3

Notes – Columns: (1) Name (ESO-LV); (2) and (3) Scale-
length and error in I band (this study); (4) Scalelength in r-
band (Pohlen et al. 2000b); (5) and (6) Scaleheight and er-
ror in I band (this study); (7) Scaleheight in r-band (Pohlen
et al. 2000b).
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Figure 2.4: The systematic error made
in the 1D method (de Grijs 1998) by fit-
ting an exponential instead of Eqn. 2.2.
(a) – The radial surface brightness pro-
file according to Eqn. 2.2 (solid line). The
exponential profile is shown for compar-
ison (dashed line, arbitrary offset). (b)
– The ratio of the measured scalelength,
obtained in an exponential fit to the re-
gion between R = Rmin and R = 4 hR

(de Grijs 1998), to the actual scalelength
as a function of Rmin. The dotted line
indicates Rmin = hR used by de Grijs
(1998).

four scalelengths while many galaxies show a steepening of the radial surface brightness in
this region caused by a truncation (Ch. 3). This effect causes the scalelength to be under-
estimated. Secondly, in early-type spirals the bulge contribution is substantial, sometimes
even in the outer parts of the disk. Thirdly, the 1D method adopts an exponential as a fitting
model instead of its projection (Eqn. 2.2), leading it to overestimate the scalelength by 20
percent (see Fig. 2.4). For the vertical scaleheight, the differences between the two meth-
ods are mostly within 20 percent (Fig. 2.3b), except for 7 outliers for which the 2D method
finds a scaleheight which is smaller by about 50 percent. These differences are caused by the
differences in the fitting methods; the 2D method uses a two-dimensional fitting region and
a bulge-disk decomposition, whereas in the 1D method the scaleheight is determined from
profiles taken perpendicular to the major axis at several projected radii.

Our sample has 5 galaxies in common with the sample of Pohlen et al. (2000b). The
model used by these authors differs from our method at two important points; (1) – no mask is
applied to the region near the galaxy plane and (2) – whereas with our method the truncation
is largely avoided, their method is based upon the assumption that all disks show a sharp
axisymmetric truncation. Table 2.3 lists the I-band scale parameters obtained here and the
same parameters derived by Pohlen et al. (2000b) in the r band. The scale parameters agree
well, except for the scalelengths of two galaxies, ESO 269-G15 and ESO 564-G27. For these,
the present determination is smaller by about 30 percent, much larger than the difference
expected between the I and the r-band from radial population changes alone. This scalelength
difference is not due to our assumption that i = 90 degrees, because this effect would have
caused the 2D method to overestimate the scalelength (Fig. 2.2). We note that for ESO
269-G15, our 2D fit was performed to the eastern side because it is not perfectly edge-on
(see App. 2A). In ESO 564-G27 additional extended emission is present at large distances
from the plane in the inner parts, indicating that perhaps the use of different fitting regions is
causing the discrepancy.
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Figure 2.5: Distributions of (a) disk scalelength, (b) disk scaleheight and (c) disk flattening. The
dotted and solid histograms show the distributions before and after the volume correction, respectively
(see text).

2.5 Discussion

We now further investigate the derived disk parameters, focusing on the flattening of galaxy
disks and discussing the results in relation to a simple physical framework.

2.5.1 Distributions of scale parameters

The distributions of the I-band scalelengths, scaleheights and flattening are shown in Fig. 2.5.
The solid histograms were obtained by applying a volume correction to the diameter-limited
distributions (dotted histograms) and normalizing to the number of galaxies in the sample
(van der Kruit 1987; Davies 1990; de Jong & Lacey 2000). A diameter selection limit implies
that spirals with small physical sizes already drop out of the sample at short distances, such
that below a certain physical size the sampled volumes are too small to contain any spirals
(Disney & Phillipps 1983). This is particularly problematic for edge-on spirals because the
density of spirals with inclination & 87◦ is only about 2 × 10−3 Mpc−3, much smaller than
that of samples with a wider inclination selection. Since small scalelength spirals (hR .

4 kpc) are known to dominate the spiral population (van der Kruit 1987; de Jong 1996c;
de Jong & Lacey 2000), this selection effect likely causes the low number of small spirals
seen in the scalelength distribution (Fig. 2.5a). Recognizing the fact that these small spirals
are underrepresented, the shape of the volume-corrected scalelength distribution is consistent
with the results of van der Kruit (1987) and de Jong (1996c). Interestingly, the distribution of
scaleheight shows a similar shape, including a lack of small scaleheight galaxies (Fig. 2.5b).
This lack is also due to the selection against intrinsically small galaxies because scaleheight
and scalelength are observationally related (Sect. 2.5.3). Still, the smaller scaleheight disks
are the most numerous; the volume-corrected distribution of scaleheights implies that at least
90 percent of the spirals has hz < 0.6 kpc.

The volume-corrected distribution of the disk flattening (Fig. 2.5c) is remarkably narrow:
about 70 percent of spirals seem to have a disk flattening between 6 and 8. The average
flattening of the volume-corrected distribution is 〈hR/hz〉 = 7.3±2.2 (1σ), while that of the
diameter-limited distribution is 〈hR/hz〉 = 8.5±3.0 (1σ). A cut-off at small disk flattening
occurs at hR/hz ' 4. This cut-off may be related to a global instability for less flattened
(fatter) disks, separating spirals and lenticular galaxies from ellipticals. In addition, the highly
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flattened disks are downweighted by the volume correction, causing a shallow tail in the
corrected distribution up to hR/hz ∼ 20. The reason is that in the current sample the larger
scalelength disks, which can be detected in a larger volume of space and hence receive a
smaller weight, tend to be more flattened (cf. Fig. 2.6a & c). The trend between disk flattening
and galaxy size may be caused by our selection criteria, which impose a selection against
galaxies of small scalelength and of low surface brightness (see also the discussion following
Fig. 2.6c). Therefore, and because of the modest sample size, the shape of the tail toward
high hR/hz is uncertain. Note that the diameter limit imposes a selection against disks with
a low edge-on surface brightness. Because µedge−on = µface−on − 2.5 log10(hR/hz) the
selection is strongest against low face-on surface brightness (LSB) disks that are fat. The fact
that we do observe these fat LSB disks (Fig. 2.6f), therefore suggests that fat LSB disks are
more common than flat LSB disks. It can be concluded that the selection against small low
surface brightness disks may have caused a slight error in the inferred average disk flattening.
Note that the flattening distribution has not been significantly affected by our assumption that
i = 90 degrees; for the galaxies with i ≥ 88 degrees the average flattening is 〈hR/hz〉 = 8.1
(no volume correction), close to that obtained for the entire sample.

2.5.2 Disk flattening and submaximal disks

The disk flattening is important for obtaining a dynamical estimate of the disk mass based
on observed stellar velocity dispersions (Bottema 1993). For a self-gravitating exponential
disk there is a simple relation between its peak rotational velocity (vdisk, at 2.2 hR), central
surface density (Σ0) and scalelength (Freeman 1970):

vdisk = 0.88
√

πGΣ0hR, (2.6)

where G is the gravitational constant. Departures from a smooth exponential disk have a neg-
ligible effect on this peak velocity (e.g. Sellwood 1999). Strictly speaking, the disk flattening
should also be taken into account in Eqn. 2.6, but this would lower the constant of propor-
tionality only slightly (KS3). For a self-gravitating disk in vertical dynamical equilibrium the
surface density is tied to the scaleheight of the disk mass distribution and the vertical stellar
velocity dispersion (σz) through the vertical Jeans equation (i.e. hydrostatic equilibrium):

σz|R=0 =
√

CGΣ0hz, (2.7)

where C is a constant depending on the detailed form of the vertical density distribution: for
an exponential distribution C = 3π/2, for a sech-dependence C = 1.71 π and for the isother-
mal distribution C = 2π (van der Kruit 1988). When the surface density from Eqn. 2.7 is
substituted into Eqn. 2.6, a simple relation between the maximum rotation, velocity disper-
sion and flattening of the disk is obtained:

vdisk = (0.69 ± 0.03) σz|R=0

√

hR

hz
. (2.8)

Here the constant accounts for density laws ranging from an exponential to a sech-dependence,
motivated by observations of the near-infrared light distribution of the edge-on spirals in the
current sample (de Grijs et al. 1997). This equation states that a flatter disk with the same
vertical stellar velocity dispersion or ‘temperature’ requires a higher peak rotational veloc-
ity (i.e. contains more mass) in order to be in dynamical equilibrium. Observations of the
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stellar kinematics in 11 HSB spirals by Bottema (1993) have revealed a related trend; more
rapidly rotating spirals appear to have larger stellar velocity dispersions. A simple linear
least-squares fit, adopted from his fig. 6, gives:

σz|R=0 = (0.29 ± 0.10) vmax. (2.9)

By eliminating σz between this empirical σ − vmax relation and Eqn. 2.8, one can estimate
the contribution of the disk to the rotation curve in HSB spirals from the flattening alone:

vdisk/vmax = (0.21 ± 0.08)

√

hR

hz
. (2.10)

A maximum disk has vdisk/vmax = 0.85±0.10, lower than unity to avoid hollow halo
cores and allow for a bulge contribution (Sackett 1997). By taking hR/hz = 10 for the
flattening of the disk mass and using a locally isothermal vertical distribution, Bottema
(1993) argued that the disk supplies on average only 63 percent of the maximum rotation,
i.e. 〈vdisk/vmax〉 = 0.63. Of course, this argument can be checked with our sample, where
we measured the flattening of the disk light in the I band. Assuming that the flattening of the
disk light equals that of the disk mass, and using the average of the volume-corrected flatten-
ing, 〈hR/hz〉 = 7.3, gives 〈vdisk/vmax〉 = 0.57±0.22. This confirms the result of Bottema
(1993) and suggests that in HSB spirals the actual disk mass is about half of that according to
the maximum-disk hypothesis. To turn the argument around, in order for the 11 HSB disks
observed by Bottema (1993) to be maximal, all would need to belong to the tail of the flat-
tening distribution (hR/hz > 15), which appears extremely unlikely. One may object that
the result assumes that disks are self-gravitating (Eqn. 2.7). However, the neglect of the halo
potential causes the velocity dispersion in Eqn. 2.8 to be over-estimated, by about 10% for
HSB disks (Bottema 1993; App. 7C). Accounting for this effect would yield an even lower
〈vdisk/vmax〉. One may also argue that the disk mass is more flattened than the old disk light,
i.e. the disk mass-to-light ratio decreases with z. However, this is unexpected from the age-
scaleheight relation in the solar neighborhood and would need a substantial amount of dark
matter within the disk, which is not required (Kuijken & Gilmore 1989). Indeed, near the
sun the scaleheight of the old disk light is close to the thickness of the disk mass distribution
(Siebert, Bienaymé, & Soubiran 2003). Finally, the current sample contains several spirals
with a boxy- or peanut-shaped bulge, suggesting that these are barred (Kuijken & Merri-
field 1995; Bureau & Freeman 1999). Instead, Bottema (1993) specifically targeted unbarred
disks. However, taking only the galaxies which do not show a boxy- or peanut-shaped bulge
gives 〈hR/hz〉 = 8.0 and 〈vdisk/vmax〉 = 0.59, well below the maximum-disk situation.

Still, the conclusion that disks are submaximal is not entirely unambiguous. Given the
error in the determination, the value of the average disk contribution to the rotation could be
as high as 80 percent. This would mean the disk can still be close to maximum. The relatively
large error in our determination stems from the scatter in the σ − vmax relation (Eqn. 2.9),
a relation which is still ill-constrained due to the small number of spirals for which stellar
velocity dispersions are known.

2.5.3 Global trends with disk flattening

Both scale parameters and their ratio are plotted as a function of the galaxy maximum ro-
tational velocity according to LEDA in Fig. 2.6a-c, and against the face-on central surface
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Figure 2.6: The disk scalelength, scaleheight and flattening as a function of maximum rotational
velocity (a–c) and face-on central surface brightness (d–f). The black dashed line in (b) is the relation
expected for a vertically exponential disk with face-on central surface brightness µB = 21.65 mag
arcsec−2 and constant mass-to-light ratio M/LB = 2 (M/L)� (see text). The black dashed line in (d)
is the relation for exponential disks with luminosity L? = 4 1010 L�,I . In each panel the gray lines
show the prediction of a collapse model for disk galaxy formation; dashed lines connect models of the
same total mass (log10(Mtot) = 10–13 in steps of 0.5, solid line at log10(Mtot) = 12), and dotted lines
connect models with same spin parameter (logarithmically spaced, separated by factors of 0.2 dex, solid
line at λ = 0.06). Arrows indicate the direction of increasing Mtot and λ.

brightness of the disk in Fig. 2.6d-f. These face-on surface brightnesses (Table 2.1) were
obtained using µface−on = µedge−on + 2.5 log10(hR/hz) and were corrected for Galactic
extinction as in de Grijs (1998). The range in face-on central surface brightness is about four
magnitudes (e.g. Fig. 2.6d), reaching well into the LSB regime. The brightest disks appear
to have µ0,I ' 20 mag arcsec−2. This is roughly a magnitude fainter than observed in less-
inclined spirals (Verheijen 1997; de Jong & Lacey 2000), signaling an underestimation of the
face-on surface brightness for at least the HSB disks. This may be related to the uncertainty
in the shape of the vertical light distribution close to the plane and/or residual dust extinction
(Sect. 2.3.3).

As seen in studies of face-on spirals, the disk scalelength increases with maximum rota-
tional velocity (Fig. 2.6a, found based on the 1D fits by van der Kruit & de Grijs 1999) and
tends to be smaller for a higher face-on central surface brightness (Fig. 2.6d). In essence,
these correlations are a reflection of the fact that spirals follow a single Tully-Fisher relation
(Tully & Fisher 1977) irrespective of their central surface brightness (Zwaan et al. 1995; Ver-
heijen 2001). The tendency of higher surface brightness disks to have smaller scalelengths
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is a manifestation of the exponential cut-off of the luminosity function of spirals; the black
dashed line in Fig. 2.6d indicates the relation expected for L? = 4 1010 L�,I (de Jong &
Lacey 2000). High surface brightness disks with large scalelengths do not appear to exist.

Of equal interest is the tight correlation found between the scaleheight and vmax (Fig. 2.6b,
found based on the 1D fits by van der Kruit & de Grijs 1999). A Spearman rank correlation
test yields a correlation coefficient RS = 0.74 (greater than 99% confidence). Apparently,
spiral galaxies with a higher maximum rotation have both larger and thicker disks. The most
extreme example of this is ESO 509-G19. This huge spiral has an extremely large maximum
rotational velocity of 392 km s−1 and a disk scalelength and scaleheight of 17 kpc and 1.7
kpc respectively. A least-squares bisector fit (Isobe et al. 1990) to the relation gives hz =
(0.45±0.05) (vmax/100 km s−1) + (−0.14±0.07) kpc and an observed scatter of 0.21 kpc.
This may be used to get a rough estimate of the scaleheights of similar spirals that are less
inclined.

Assuming that the scaleheight of the disk mass distribution is proportional to that of the
old stars, vertical dynamical equilibrium (Eqn. 2.7) predicts that an increase in the vertical
velocity dispersion is associated with an increase in the scaleheight, as long as the central sur-
face density does not change strongly. Furthermore, by eliminating σz|R=0 between Eqns. 2.7
and 2.9, the scaleheight of the disk light is then also related to the maximum rotational ve-
locity; hz ∝ v2

max/Σ0. We illustrate this in Fig. 2.6b (dashed line) for vertically exponential
disks with a constant face-on central surface brightness equal to the Freeman (1970) value,
µB = 21.65 mag arcsec−2, and constant mass-to-light ratio M/LB = 2 (M/L)�. While
the disk mass-to-light ratios in and among spiral galaxies are still poorly known, at least the
shape of the predicted relation for a constant mass-to-light ratio is roughly similar to that
of the observations. Galaxies with a higher maximum rotational velocity clearly have more
dynamically evolved and thicker disks.

Fig. 2.6c appears to show that there are no slowly rotating, highly flattened spirals. A
similar, clearer effect is seen with the total H I mass (Fig. 2B.1c, App. 2B). The observed
lack of these spirals may be due to the selection against small and LSB spirals imposed by
the diameter limit. Indeed, the B-band isophotal axial ratios of the galaxies in the Revised
Flat Galaxy Catalog (RFGC; Karachentsev et al. 1999), selected using a substantially smaller
diameter limit, show no evidence for a correlation with maximum rotational velocity (Zasov
et al. 2002). The current data do show a weak correlation between disk flattening and face-on
central surface brightness (Fig. 2.6f, RS = −0.27 or 90% confidence); on average LSB disks
tend to be more flattened. It should be stressed also here that the diameter limit causes a
selection against low surface brightness disks, especially those which are less flattened (cf.
discussion on Fig. 2.5c). We do however observe a significant number of fat LSB disks. This
suggests that fat LSB disks are more common than flat LSB disks. In any event, highly flat-
tened disks of high face-on surface brightness should clearly stand out in a diameter-limited
sample. The fact that these are not observed (Fig. 2.6f) indicates that the trend between disk
flattening and face-on surface brightness is probably real. Similar but tighter relations have
been reported recently for two samples drawn from the RFGC (Bizyaev & Mitronova 2002;
Zasov et al. 2002), based on R-band photometry and 2MASS Ks-band images. Perhaps these
tighter relations are the result of different selection criteria; the galaxies in the RFGC were
selected to have B-band optical diameters larger than 40′′ and isophotal axis ratios a/b ≥ 7
(Karachentsev et al. 1999), favoring intrinsically small galaxies of late morphological type.

The analytical collapse model of disk galaxy formation incorporates a range of central
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surface brightnesses, providing a simple framework for understanding the observed trends
(Fall & Efstathiou 1980; Gunn 1982; Dalcanton, Spergel, & Summers 1997; Mo, Mao, &
White 1998). In this picture disks form through dissipational collapse of the baryonic matter
within virialized dark matter halos. The collapse of the baryons is halted depending on the
amount of angular momentum imprinted on the halos in the early universe, and the baryons
settle in a rapidly rotating disk. Under the basic assumption of detailed angular momentum
conservation throughout the collapse, the model predicts the final disk radial surface density
profile and the galaxy rotation curve as a function of the total mass Mtot and the spin param-
eter λ (Peebles 1969) of the protogalaxy. We used the prescription of Dalcanton et al. (1997)
to calculate these over a range in total mass, Mtot = 1010–1013 M�, and spin parameter, λ =
0.01–0.28. The latter range was adopted based on the spin parameters of the collapsed dark
matter halos in cold dark matter simulations. These simulations consistently reveal an ap-
proximately log-normal distribution of spin parameters with a mean 〈λ〉 ' 0.04 and a width
log σλ ' 0.5 (Warren et al. 1992; Bullock et al. 2001a). We used a fixed baryonic mass
fraction F = 0.10, a Hernquist halo at the onset of baryon-decoupling (as in Dalcanton et al.
1997) and H0 = 75 km s−1 Mpc−1. Surface brightness and luminosity are calculated assum-
ing that the efficiency for turning the baryons into stars over the age of the disk is constant
among galaxies at (M/L)disk = 2.

In the collapse model both hR and vmax increase as M
1/3
tot , yielding a linear relation for

a constant spin parameter (Fig. 2.6a). The region in the hR − vmax plane occupied by the
models is in general agreement with the data and suggests that the observed disks arise from
halos with higher than average λ. This is irrespective of the adopted baryonic fraction, but
may be a manifestation of the selection against small galaxies. The model is also able to
roughly match the observed scalelength-central surface brightness distribution (Fig. 2.6d); at
constant Mtot the baryons within less rapidly spinning halos collapse further inward, yielding
higher surface brightness disks with smaller scalelengths (Dalcanton et al. 1997).

The scaleheights of the model disks were estimated as follows. Numerical simulations
suggest that galaxy disks are on the verge of instability (Hohl 1971; Sellwood & Carlberg
1984; Athanassoula & Sellwood 1986; Mihos, McGaugh, & de Blok 1997; Bottema 2003),
having stellar velocity dispersions that are a constant multiple of the critical velocity dis-
persion for local stability. In terms of Toomre’s (1964) stability criterion the radial velocity
dispersion is:

σR = Q σcrit = Q
3.36 Σ

κ
, (2.11)

where κ is the epicyclic frequency (from the rotation curve) and simulations suggest Q =
1.5–2.5. Hence, for an assumed Q the collapse model predicts the radial stellar velocity
dispersion. And, for disks in vertical dynamical equilibrium (Eqn. 2.7), an estimate of the
ratio of the vertical to the radial velocity dispersion (σz/σR) then also gives a prediction for
the scaleheight. Combining Eqns. 2.7 and 2.11 for a vertically exponential disk:

hz = (3.36 Q σz/σR)2
Σ

(3/2)πGκ2
(2.12)

With this semi-empirical approach scaleheights were calculated at a radial distance of one
scalelength, adopting Q = 2.5 and the solar neighborhood value σz/σR = 0.6 (Dehnen &
Binney 1998; Mignard 2000). The validity of such a constant product (Q σz/σR) is certainly
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questionable. Disk heating theory suggests that the range in σz/σR is small among spirals,
about 0.4–0.8 (Jenkins & Binney 1990), consistent with the (scarce) observational evidence
(Gerssen, Kuijken, & Merrifield 2000; Shapiro, Gerssen, & van der Marel 2003). However,
taking an uncertainty of factor of two for Q already gives a huge range in possible model
scaleheights. Considering that the assumption of disk self-gravity underlies Eqn. 2.7 further
underlines that the model cannot be expected to exactly match the observations at low surface
brightness. Nevertheless, this simple model provides a useful starting point to investigate
possible trends with scaleheight and flattening.

Like the scalelengths, the predicted scaleheights increase as M
1/3
tot , such that the model

shows a behavior similar to that in the hR−vmax plane. However, for the adopted (Q σz/σR)
the sizes of the observed scaleheights are under-predicted by a factor of two (Fig. 2.6b).
A σz/σR around 0.8 could explain this discrepancy, but is unexpected for late-type spirals
(Gerssen et al. 2000; Shapiro et al. 2003). Taking a Q value higher than that reached in
the simulations would also work. Alternatively, a higher baryonic mass fraction could raise
the disk surface density and hence the scaleheight. However, the adopted F = 0.10 is also
already on the high side considering that conservative upper limits based on extended H I

rotation curves require F . 0.05 (McGaugh & de Blok 1998).
An interesting feature of the collapse model is that the disk flattening is solely driven

by the spin parameter. Halos with higher spin produce disks which not only have a lower
surface brightness but also a higher flattening, independent of Mtot. This is in qualitative
agreement with the data (Fig. 2.6f). This is remarkable because any systematic change in
(Q σz/σR) with surface brightness could easily alter the predicted trend (the flattening goes
as (Q σz/σR)−2). Therefore at least the range in (Q σz/σR) is approximately constant among
disks with different surface brightness. Note that the model predicts the existence of small,
highly flattened spirals (Fig. 2.6c). This is the case for a large range in (Q σz/σR) and F ,
suggesting that the lack of these systems in our sample is indeed a selection effect.

To investigate the trends with the global dynamics, Fig. 2.7 displays in logarithmic units
the scale parameters versus the dynamical mass and the ratio of dynamical mass to disk
luminosity. The dynamical mass is defined as the total mass enclosed within four scale-
lengths, Mdyn = 4hRv2

max/G (assuming sphericity), and the disk luminosity is Ldisk =
2πh2

Rµface−on
0 . Both the scalelength and scaleheight show a tight correlation with dynamical

mass, as expected from Fig. 2.6a & b. The disk scalelength also tends to be larger for spi-
rals with a higher dynamical mass-to-light ratio (Fig. 2.7d, RS =0.49 or a confidence level
greater than 99%). A less clear trend is observed between scaleheight and dynamical mass-
to-light ratio (Fig. 2.7e, RS = 0.33 or 94% confidence). The disk flattening appears to show
an increase towards higher masses. As for vmax (Fig. 2.6c), this trend is probably artificial.

The disk flattening shows a genuine trend with dynamical mass-to-light ratio (Fig. 2.7f,
RS =0.48 at greater than 99% confidence). More flattened disks tend to reside in spiral
galaxies with larger dynamical mass-to-light ratio, i.e. in which the luminous disk is less
important dynamically (provided that (M/L)disk does not strongly increase with dynamical
mass-to-light ratio). The trend is similar to those found in the R and Ks bands by Zasov
et al. (2002) and to that of the simple collapse model. Interestingly, the collapse model
reduces to a single line with a logarithmic slope of unity; both the predicted disk flattening
and dynamical mass-to-light ratio are independent of Mtot but increase with increasing spin
parameter. A simple linear least-squares bisector fit to the entire sample gives a logarithmic
slope 0.75±0.11 and a 1σ scatter of 0.2 dex (due to the uncertainties in the disk luminosities
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Figure 2.7: The disk scalelength, scaleheight and flattening as a function of dynamical mass (a–c)
and the ratio of dynamical mass to disk luminosity (d–f). The gray lines are as in Fig. 2.6. The dashed
line in (f) indicates the least-squares bisector fit.

of edge-on spirals the zero point can not be reliably determined). Note that the outliers also
deviate strongly from the disk Tully-Fisher relation (Fig. 2.8a, e.g. ESO 263-G15). Perhaps
the distances to these spirals are seriously in error.

The observation that disk flattening correlates with both dynamical mass-to-light ratio
and surface brightness is rooted in the Tully-Fisher (TF) relation. Figure 2.8a shows the
TF relation, using the disk luminosity derived here and the maximum rotation according to
LEDA. A least-squares bisector fit (solid line) gives a slope α = 3.2±0.2∗ and an intercept
log10(L100/L�) = 9.33±0.03. This relation lies systematically below the HST Key Project
I-band TF relation (dashed line) which refers to the total luminosities and has a slope α =
4.0 and an intercept log10(L100/L�) = 9.39 (Sakai et al. 2000). The offset is a complicated
issue and will be further pursued in Ch. 7 using vmax derived from full H I synthesis rotation
curves. An important ingredient for the present discussion is that spirals lie on the same
TF relation irrespective of their disk surface brightness (Zwaan et al. 1995; Verheijen 2001).
This implies that the product (Mdyn/Ldisk)

2 µface−on
0 (with µ in linear units) is a constant

among spirals, provided that the disk TF relation has a slope close to four (Zwaan et al. 1995;
McGaugh & de Blok 1998; Graham 2002). The relation between Mdyn/Ldisk and µface−on

0 is

shown in Fig. 2.8b. The data are indeed consistent with a tight relation Mdyn/Ldisk ∝ µ
−1/2
0 ,

as in face-on systems (de Blok, McGaugh, & van der Hulst 1996).

Since (vdisk/vmax)|2.2hR
∝ (Mdisk/Mdyn)

1/2
|4hR

, the relation between Mdyn/Ldisk and

∗L/L� = L100/L� [vmax/(100 km s−1)]α, M�,I = 4.14
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Figure 2.8: (a) – The disk luminosity Tully-Fisher relation. The solid line indicates the least-squares
bisector fit. The dashed line indicates the I-band TF according to the HST Key project (Sakai et al.
2000), (b) – The dynamical mass to disk luminosity ratio versus the face-on central surface brightness
of the disk. The dashed line indicates a Mdyn/L ∝ µ

−1/2

0 relation, arbitrarily shifted in zero-point to
match the observed relation.

surface brightness implies that the disk contribution to the rotation curve declines continu-
ously with decreasing surface brightness, provided that the disk mass-to-light ratio (M/L)disk

is not strongly increasing with decreasing surface brightness. Stellar population synthesis
models do indicate a relation between the stellar (M/L)disk ratio and surface brightness
(Bell & de Jong 2001), but this relation is relatively weak and has the opposite sign (see Mc-
Gaugh & de Blok 1998, for a discussion). In a similar fashion, Fig. 2.7f strongly suggests
that the disk contribution to the rotation curve decreases with increasing flattening. At first
sight this appears to be inconsistent with Eqn. 2.10. However, that equation was derived ex-
plicitly using the stellar velocity dispersions observed in HSB disks and strictly only applies
to those. Instead, the observed relation between disk flattening and dynamical mass-to-light
ratio may be used with the general equation (Eqn 2.8) to estimate the stellar velocity disper-
sion as a function of disk flattening. Unfortunately, also here the zero-point is difficult to
determine given the uncertainties in the disk luminosities. Still, taking the bisector fit for the
disk flattening versus Mdyn/Ldisk and using Mdyn/Ldisk ∝ µ

−1/2
0 :

σz(0) ∝
(

hR

hz

)−1.17(
M

L

)1/2

disk

vmax ∝ µ0.44
0

(

M

L

)1/2

disk

vmax, (2.13)

with µ0 in linear units. The important implication is that at a constant vmax (or luminosity) the
vertical stellar disk velocity dispersion decreases with increasing flattening, or, equivalently,
with decreasing central surface brightness. This prediction holds for self-gravitating disks
as long as the disk M/L does not strongly increase with decreasing surface brightness. The
trend is very similar to that predicted by Bottema (1997) on the basis of a relation between
disk mass-to-light ratio and broadband color.
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2.6 Conclusions

We have analyzed I-band photometry of 34 edge-on spiral galaxies taken from the sample of
de Grijs (1998) to study the global structure of the old stellar disks. The exponential scale
parameters and the central surface brightness of the disk light were derived using a 2D least-
squares fitting method. This procedure includes a bulge-disk decomposition and adopts a
mask to systematically exclude the region affected by dust and young populations.

We used the average volume-corrected flattening of the disk light, 〈hR/hz〉 = 7.3, to re-
estimate the disk contribution to the rotation curve according to existing observations of the
stellar disk kinematics of 11 HSB spirals (Bottema 1993). This results in a disk contribution
of 57±22 percent, suggesting that in a typical HSB spiral the actual disk mass is about half
of that expected in a maximum-disk situation. We find a clear increase in the scaleheight
of the stellar disk as a function of maximum rotational velocity and dynamical mass. This
is in general accordance with the observations of the stellar kinematics; more massive spi-
rals tend to contain disks that are more dynamically evolved and thicker. Remarkably, the
disk flattening tends to increase towards lower face-on central surface brightness and larger
dynamical mass-to-light ratio. This observation provides a link between the disk flattening
and the Tully-Fisher relation, and predicts that for constant maximum rotational velocity the
vertical stellar velocity dispersions of lower surface brightness disks are smaller.

Many of the trends revealed by the data are roughly matched by the simple collapse
model for disk galaxy formation (Dalcanton et al. 1997). At present however, too little is
known observationally concerning the parameters (M/L)disk, Q and σz/σR on which the
model rests. More observational input is required before we can try to constrain the more
fundamental astrophysical parameters such as the baryonic mass fraction and question the
basic assumptions of even the simplest models of disk galaxy formation. An obvious route
would be to extend the sample of spirals with measured stellar disk velocity dispersions, both
in number and towards lower surface brightness.
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2A Contour plots and selected brightness profiles

Here, we further illustrate the results of the 2D fits (Sect. 2.4) and the truncation analysis
(Sect. 3.3). The panel at the top left shows the surface brightness distribution in the I band,
after editing and rotation. The surface brightness at the lowest contour corresponds to the 3σ
noise level of the background. This 3σ level is marked by the solid arrow on the magnitude
scale of the lower left panel. The contour interval is 0.5 mag arcsec−2, except for ESO 033-
G22, ESO 041-G09 and ESO 138-G14, where we chose an interval of 1.0 mag arcsec−2 for
clarity. The inner and outer radial fitting boundaries and the mask (Sect. 2.4) are marked by
the vertical and horizontal dotted lines, respectively. The dashed contour marks the boundary
outside of which the data were not included in the 2D fit (Sect. 2.3.2).
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Table 2A.1: Positioning
Galaxy R.A.(J2000) Dec.(J2000) P.A. R1 R2

(h m s) (d m s) (deg) (hR) (hR)
(1) (2) (3) (4) (5) (6)

ESO 026-G06 20 48 27.9 -78 04 09.1 76.1 0.5 1.5
ESO 033-G22 05 31 41.7 -73 45 06.1 168.1 1.2 2.5
ESO 041-G09 14 47 43.8 -73 18 21.5 132.7 0.7 1.5
ESO 138-G14 17 06 59.4 -62 04 59.4 135.1 0.5 1.5
ESO 141-G27 19 07 06.7 -59 27 59.0 125.1 0.5 1.4
ESO 142-G24 19 35 42.2 -57 31 05.2 7.2 0.7 2.4
ESO 157-G18 04 17 54.6 -55 55 54.4 18.9 0.5 1.5
ESO 201-G22∗ 04 08 59.9 -48 43 37.3 59.1 0.7 1.5
ESO 202-G35 04 32 16.5 -49 40 35.0 134.2 0.5 1.5
ESO 240-G11 23 37 49.5 -47 43 38.1 127.6 0.8 1.9
ESO 263-G15 10 12 19.8 -47 17 40.4 108.6 0.5 1.8
ESO 263-G18∗ 10 13 30.5 -43 43 00.0 128.5 0.2 1.5
ESO 269-G15∗ 12 57 13.1 -46 22 40.8 179.0 0.7 2.0
ESO 288-G25 21 59 17.8 -43 52 01.3 54.1 0.5 2.0
ESO 315-G20∗ 09 42 22.0 -41 48 56.7 58.9 0.5 1.5
ESO 321-G10 12 11 42.1 -38 32 54.4 71.3 1.0 1.7
ESO 322-G87∗ 12 48 02.7 -40 49 06.5 138.6 0.5 1.5
ESO 340-G08 20 17 11.6 -40 55 28.4 34.9 1.5 2.5
ESO 340-G09∗ 20 17 21.1 -38 40 26.7 98.5 0.7 1.5
ESO 416-G25 02 48 40.8 -31 32 09.5 25.1 1.1 2.0
ESO 435-G14 09 57 48.2 -28 30 23.6 54.5 1.0 2.0
ESO 435-G25 09 59 55.4 -29 37 02.4 77.4 0.1 1.2
ESO 435-G50 10 10 50.2 -30 25 25.7 70.2 0.5 2.0
ESO 437-G62∗ 10 48 04.4 -31 32 00.5 179.5 0.5 1.5
ESO 446-G18 14 08 38.3 -29 34 19.4 7.2 0.5 1.5
ESO 446-G44 14 17 49.1 -31 20 56.3 77.1 0.0 1.0
ESO 460-G31∗ 19 44 21.5 -27 24 24.6 92.4 0.5 1.5
ESO 487-G02 05 21 48.2 -23 48 35.5 60.6 0.5 2.5
ESO 506-G02∗ 12 20 10.1 -26 04 00.4 4.2 0.2 1.2
ESO 509-G19 13 27 56.3 -25 51 22.4 51.3 0.7 1.2
ESO 531-G22 21 40 29.5 -26 31 39.3 9.3 0.7 1.5
ESO 555-G36 06 07 41.9 -19 54 45.2 145.5 1.0 2.0
ESO 564-G27 09 11 54.7 -20 07 02.4 167.6 0.5 1.8
ESO 575-G61∗ 13 08 15.4 -21 00 06.1 175.3 0.0 2.0

Notes – Columns: (1) Name (ESO-LV), the galaxies for which
a smaller mask (|z| ≤ 1.0 hz) was used are indicated by an as-
terisk; (2) and (3) Center adopted in the 2D fits; (4) Adopted
major axis position angle (N →E); (5) and (6) Radii used to
extract the vertical profiles.

Figure 2A.1: See text for a description.
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Figure 2A.1: (continued)
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Figure 2A.1: (continued)
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Figure 2A.1: (continued)
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Figure 2A.1: (continued)
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Figure 2A.1: (continued)
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Figure 2A.1: (continued)
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Figure 2A.1: (continued)
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Figure 2A.1: (continued)
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The bottom left panel uses the same spatial scale and shows two profiles taken parallel to
the major axis. In each case the best-fitting model is shown for comparison (dashed lines).
The bottom profile (solid line) is the average of two profiles. These were taken at a distance
of 1.5 hz on each side of the galactic plane and averaged over a range of 1/3 hz to yield an
acceptable signal-to-noise ratio. When one side of the galaxy was fitted, only that side is
used to construct this profile. The inner and outer radial fitting boundaries are indicated by
the vertical dotted lines. The top profile is used in Chapter 3 for a truncation analysis (see
Sect. 3.2 for a description). It is shifted upwards by 1.5 magnitudes for clarity. If a truncation
is present then the truncation fit (solid line) is also shown. The dashed–dotted lines indicate
an envelope corresponding to ± 3 times the background error. The open (lower) arrow at the
magnitude scale, also shifted by 1.5 mag, indicates the standard deviation of the background
in the vertically averaged profile used to clip the light profile (Sect. 3.3).

The panel at the bottom right shows two selected profiles taken perpendicular to the major
axis. The corresponding projected radii R1 and R2 at which these were taken are given in
Table 2A.1, columns 5 & 6. The model is shown for comparison (dashed lines). Again,
each of the profiles is an average of two profiles, one taken on each side of the galaxy after
averaging over a range of 1/3 hR (the top profile is taken at R1, the bottom profile at R2).
The boundary of the mask is indicated by the dotted lines.

2B Trends with H I mass
Here, we show for 27 galaxies the trends between the disk scale parameters and the H I mass
(Fig. 2B.1). The H I masses were calculated using the integrated H I fluxes from LEDA and
assuming the H I is optically thin. Note that ESO 437-G62 is classified Sb in LEDA, but
given its very low H I mass is probably a lenticular.

Figure 2B.1: The disk scale parameters versus total H I mass (a–c) and H I richness (d–f).
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Truncation of Galaxy Disks∗

M. Kregel, P. C. van der Kruit & R. de Grijs

ABSTRACT — I-band surface photometry of a sample of 34 edge-on spirals is in-
vestigated for the presence of stellar disk truncations. Using a quantitative edge-fitting
technique we find that the stellar disks of at least 20 spirals are radially truncated. For
smaller spirals the stellar truncation tends to occur at a larger number of disk scalelengths.
A tentative correlation is found with the de-projected face-on central surface brightness;
lower surface brightness disks tend to have a smaller truncation radius in units of scale-
length. The observed relations are best reproduced when the truncation of the stellar disk
is caused by a gas density threshold on star formation.

3.1 Introduction

Stellar disks have a finite size. In the extreme outer parts of spiral galaxies the stellar light
diminishes more steeply than exponential and is close to zero beyond the so-called truncation
radius Rmax (van der Kruit 1979, van der Kruit & Searle 1981a,b, 1982, hereafter KS1–3;
Pohlen et al. 2000b; Schwarzkopf & Dettmar 2000; de Grijs, Kregel, & Wesson 2001, here-
after GKW; Florido et al. 2001). This truncation or cut-off of the disk light is often directly
visible in contour maps of highly inclined spirals. It usually occurs at a radius between 3
and 5 disk scalelengths (van der Kruit 2001b), although stellar disks that extend to a much
larger number of scalelengths are certainly known to exist (e.g. Weiner et al. 2001b). The
truncation is most easily found in edge-on spirals because of the line-of-sight projection and
the associated higher surface brightness. In less inclined spirals, for which azimuthally aver-
aged radial light profiles are routinely studied, the non-axisymmetric component (e.g. spiral
structure, lopsidedness) can smooth out a truncation present in the old disk. This effect was
first noted by van der Kruit (1988). For 16 face-on spirals, of which 15 did not show any sign
of a truncation in the azimuthally averaged light profile, he found that the three outermost
isophotes were much more closely spaced than the inner ones, providing clear evidence for
the truncation. The Milky Way disk also shows the truncation, with recent estimates of Rmax

ranging from 10–15 kpc based on near-infrared star counts (Ruphy et al. 1996) and the near-
and far-infrared sky survey of the COBE/DIRBE instrument (Freudenreich 1998; Drimmel

∗Based on MNRAS 2002, 334, 646
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& Spergel 2001). Recently, wide-field surveys have also revealed truncations in the Local
Group galaxies NGC 2403 (Davidge 2003) and NGC 3109 (Demers et al. 2003).

The origin of the truncation of the stellar disk is still unclear and could possibly result
from a number of physical scenarios (Freeman 2002). For example, if there has been no
major re-distribution of the disk angular momentum during its formation and evolution, the
truncation may reflect the maximum specific angular momentum of the protogalaxy (van der
Kruit 1987). This would imply that the H I extending beyond the stellar disk (e.g. Broeils
& Rhee 1997) has been accreted, and that the truncation is associated with a small drop in
the rotation curve (KS3; Bottema 1996). Another interesting possibility is that the truncation
corresponds to the radius at which the gas density drops below a threshold density necessary
for star formation (Fall & Efstathiou 1980; KS3; Kennicutt 1989; Schaye 2002).

In Ch. 2, I-band photometry of 34 edge-on spiral galaxies was used to study the scale pa-
rameters of the old stellar disks. Here, the I-band radial light profiles are further examined for
the presence of a truncation. For the selection criteria and global properties of this sample we
refer to Sect. 2.2 and Table 2.1. The adopted technique is based on a quantitative comparison
between the data at large radii and the extrapolation of the exponential fits obtained for the
inner disk in Ch. 2, and is described in Sect. 3.2. The results of its application to the sam-
ple are reported in Sect. 3.3, giving special attention to the background subtraction and the
viability of alternative explanations for a steepening of the radial light profiles. In Sect. 3.4
the results are further investigated and compared to the predictions of the different scenarios
proposed for the origin of the truncation. Our main findings are summarized in Sect. 3.5.

3.2 The edge-fitting method

The truncation, or cut-off, of a stellar disk can be inferred from a sharp drop (in addition
to the exponential) in the radial light profile (KS1–3). The truncation radius is then defined
by the actual radius at which the light profile disappears asymptotically into the background
noise, i.e. extrapolating the light profile to zero flux. The error made in such an extrapolation
is largely due to Poisson statistics, imperfect sky subtraction and foreground stars (KS1–3).
While truncations are most easily observed in edge-on systems because of their higher sur-
face brightness, there one views the result of a complicated line-of-sight integration across
the truncated disk, which includes the effects of dust extinction and non-axisymmetric com-
ponents such as spiral arms. Additionally, the truncation may not be axisymmetric, such that
in an edge-on spiral the truncation becomes apparent at a different projected radius on either
side (GKW). These considerations, as well as the variety of shapes of the radial light profiles
seen in truncated edge-on spirals (e.g. Näslund & Jörsäter 1997; GKW; Pohlen et al. 2000b),
illustrate the difficulties faced in the construction of a model for the shape of the truncation
from studies of edge-on spirals. For these reasons we did not include a truncation in the
model adopted for the two-dimensional fits (Sect. 2.3).

By applying an edge-fitting method similar to the one used by GKW, it is possible to
objectively determine the truncation radius. The adopted method is as follows. A radial
profile is constructed by first averaging vertically over the range 1.0 hz ≤ z ≤ 2.0 hz on the
least obscured side of the galaxy plane. The choice for this range minimizes the effects of
dust and young stellar populations, while retaining a good signal-to-noise ratio. To further
increase the signal-to-noise in the outer parts the profile is also averaged radially, starting at
the innermost radius at which the signal-to-noise ratio drops below 10. The first bin, at the
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Figure 3.1: The edge-fitting method, illustrated with a close-up of the averaged profile on one side
of an artificial galaxy. This artificial galaxy was constructed as in Sect. 2.3.3 with Rmax = 100 arcsec
and Rmax/hR = 4. (a) – Linear surface brightness as a function of radius after vertical and radial
averaging (open circles). The dashed line shows the profile expected for an untruncated exponential
disk (Eqn. 2.2). The vertical dotted line marks the outermost radius for which data are included in the
trial fits of the truncation region. In this example, the minimum reduced χ2 is reached when including
10 points in the fit (after trying 4 points and 7 points); the corresponding best-fitting straight line is
shown as a solid line. Extrapolation of this fit to zero flux yields Rmax = 100.3±3.6 arcsec. The
difference in surface brightness with the untruncated disk at the outermost radius is marked by the
arrow. It corresponds to 3σ of the background. (b) – as (a) but on a logarithmic scale. In addition, the
vertically averaged profile is shown, shifted by 1.5 mag arcsec−2. The horizontal dotted line, shifted by
the same amount, marks the standard deviation of the background after vertical averaging.

innermost radius of a signal-to-noise ratio of 10, is set to a size b. The nth bin is given a
size bn. The base b was set at a value of 1.2 based on tests of the edge-fitting method on
artificial images. These images were constructed as in Sect. 2.3.3 and included an infinitely
sharp truncation. Care was taken to ensure that this radial averaging does not smooth out the
truncation (e.g. Fig. 3.1).

After averaging, the region of the prepared profile containing flux is defined using the
vertically averaged profile as a mask. In the vertically averaged profile only the emission
above the 1σ level is retained (σ being the standard deviation of the background after vertical
averaging). This mask is then used to define the flux in the prepared profile. By using
this conditional transfer technique the outermost projected radius included in the profile is
determined directly by the data quality. Following this, a series of trial fits of a straight line
is performed in linear surface brightness at the edge of the profile (note that GKW use an
exponential function). This is illustrated in Fig. 3.1. In the first trial fit the four outermost
points are included. Then, in each of the subsequent trial fits the inner fitting boundary is
decreased by three points. Finally, only the fit with the smallest reduced χ2 is retained and
extrapolated to zero flux (Fig. 3.1). The corresponding projected radius is then the truncation
radius, provided it satisfies the criterion outlined in the following.

The edge-fitting method was already applied, although in a different form, to four sample
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galaxies in B, V, and I band by GKW. There, as in all previous studies, the presence of
a truncation is deduced from a qualitative comparison between the observed radial profile
and the exponential disk model. In our sample, which is expected to contain many less
obvious cases, a quantitative criterion is needed to determine its presence. To search for such a
criterion, we performed several tests of the edge-fitting method on artificial images of sharply
truncated galaxies. Not surprisingly, it was found that Rmax is more easily recovered when
the difference between the observed surface brightness and that expected for an untruncated
exponential disk (Eqn. 2.2) is large. In particular, when the difference between the observed
and expected surface brightness at the outermost radius of the profile is larger than about
2σ (σ is the standard deviation of the background in the original image) then Rmax could
always be recovered (within the uncertainty). When the surface brightness difference at the
outermost radius is smaller than 2σ then the recovery often fails. This is caused by either a
low central surface brightness and/or a large Rmax/hR. In what follows, a profile is said to
be truncated if it satisfies this 2σ criterion.

3.3 Results

When measuring the surface brightness in the outer parts of galaxy disks, the accuracy of
the background subtraction is very important. The main factors which limit this accuracy
are large-scale flat-fielding errors and the presence of background sources and foreground
stars; our small-scale flat-fielding errors are within 0.5 percent (de Grijs 1998) and the CCDs
were not affected by fringing. The background emission in the I-band images was originally
estimated by fitting a plane to regions far away from the galaxy (de Grijs 1998). To check
the influence of residual light due to objects within that region, we repeated these fits after
heavily growing our object masks (see Sect. 2.4 for the mask construction). The results
show that the earlier fits slightly overestimated the background, on average by 0.3 times
the standard deviation in the background. Although this over-subtraction is much smaller
than the amplitude necessary to produce artificial truncations (see below), it would affect the
deduced values for Rmax and we have therefore decided to apply the edge-fitting method to
the new background-subtracted images (the over-subtraction has a negligible effect on the
two-dimensional fits of Ch. 2). To estimate the amplitude of remaining variations due to
large-scale flatfielding errors, we inspected the distributions of pixel values in 10×10 sized
boxes at a large number of positions in the sky-subtracted background images. The standard
deviation of the medians of these distributions was adopted as the error in the background
determination.

The results of the application of the edge-fitting method to our sample are shown in Ta-
ble 3.1 and Fig. 2A.1. To calculate the errors two additional images were constructed for
each galaxy by adding/subtracting the 1σ error in the background determination. The fits
were repeated for each of these and the error on Rmax was calculated by quadratically adding
half the difference between the truncation radii found from the two modified images to the
formal error of the original fit. For the galaxies for which no truncation could be determined,
Table 3.2 lists a lower limit for Rmax.

To summarize, a truncation is found in 28 of the 68 profiles (counting each side of each
galaxy separately). At the outermost point in these profiles, the differences between the ex-
ponential disk model and the data are larger than 3σ, clearly satisfying our criterion. These
differences are also much larger than the error in the background determination, i.e. the trun-
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Table 3.1: Results of the successful truncation fits

Galaxy Side Rmax ± Rmax Rmax ± Diff.
(arcsec) (kpc) (hR,I ) (σ)

(1) (2) (3) (4) (5) (6) (7) (8)
ESO 026-G06 W 85 4 14 3.3 0.3 3
ESO 041-G09∗ SE 125 4 34 3.6 0.3 8
ESO 141-G27 SE 104 2 11 2.6 0.3 7

NW 110 10 12 2.8 0.4 8
ESO 142-G24∗ S 130 5 15 3.5 0.3 13

N 126 9 14 3.4 0.3 13
ESO 157-G18 NE 127 18 9 3.5 0.5 5

SW 143 18 10 3.9 0.5 4
ESO 201-G22 NE 102 5 25 4.2 0.5 4

SW 96 7 24 3.9 0.5 6
ESO 202-G35∗ NW 95 6 10 4.1 0.5 6
ESO 240-G11∗ SE 210 14 36 4.3 0.8 11
ESO 269-G15∗ N 97 18 20 3.4 0.9 5
ESO 288-G25∗ NE 91 19 14 5.0 1.5 7
ESO 315-G20 NE 71 4 21 3.1 0.7 6
ESO 321-G10 NE 65 6 12 3.2 0.7 5
ESO 416-G25 NE 74 4 23 3.3 0.4 5

SW 74 3 23 3.3 0.3 5
ESO 435-G14∗ SW 79 12 13 4.5 1.1 6
ESO 446-G18∗ S 84 12 25 3.3 0.6 13
ESO 446-G44 W 79 6 14 2.6 0.3 26

E 88 6 15 2.8 0.3 25
ESO 460-G31∗ W 113 24 42 4.0 1.0 7
ESO 487-G02 NE 113 11 11 4.6 0.6 9

SW 110 5 11 4.5 0.4 10
ESO 509-G19∗ SW 90 12 62 3.6 0.8 8

NE 91 9 62 3.7 0.7 9
ESO 564-G27∗ N 148 11 19 3.9 0.6 8

Notes – Columns: (1) Name (ESO-LV), an asterisk indicates a
galaxy which is not exactly edge-on and shows signs of spiral
structure; (2) Side; (3) and (4) Truncation radius and error, in arc-
sec; (5) Truncation radius in kpc; (6) and (7) Truncation radius and
error, in I-band scalelengths; (8) Difference between the observed
surface brightness and that of the untruncated exponential disk at
the outermost point of the profile, in units of the standard deviation
of the background.

cations are not produced by over-subtracting the sky background (Table 3.1 and Fig. 2A).
The most extreme and clear case is that of ESO 446-G44, which truncates at a mere 2.7
scalelengths. Of the 40 profiles for which no truncation could be found, about half had to
be discarded because of the presence of foreground stars, background objects or a limiting
field of view. In the remaining profiles, the difference between the data and the untruncated
exponential disk at the outermost point is less than 2σ. The 28 truncations are found in 20
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Table 3.2: Lower limits to the truncation radii for the unsuccessful fits

Galaxy (Rmax)min Galaxy (Rmax)min

(arcsec) (kpc) (hR) (arcsec) (kpc) (hR)

(1) (2) (3) (4) (1) (2) (3) (4)
ESO 033-G22 80 21 4.4 ESO 435-G25 200 30 2.1
ESO 138-G14 130 13 3.1 ESO 435-G50 60 10 4.5
ESO 263-G15 113 17 3.6 ESO 437-G62 115 21 3.2
ESO 263-G18 80 19 2.9 ESO 506-G02 65 16 3.4
ESO 322-G87 60 13 3.6 ESO 531-G22 85 18 4.3
ESO 340-G08 70 12 6.1 ESO 555-G36 65 29 6.0
ESO 340-G09 70 11 3.1 ESO 575-G61 55 6 3.4

Notes – Columns: (1) Name (ESO-LV); (2), (3) and (4) Lower limit to the trunca-
tion radius in arcsec, kpc and I-band scalelengths, respectively.

galaxies, 8 of which show a truncation on both sides. In all of these 8 cases the truncation
appears symmetric; any asymmetries are less than 15 percent. Of the 12 galaxies in which a
single truncation is seen, there are only 2 for which the profile on the other side of the galaxy
could be studied as well; ESO 435-G14 and ESO 460-G31. Looking directly at the images
of these, we note that their disks are not perfectly edge-on and show a signature of strong
spiral arms which may be causing the single-sided truncation. Galaxies which are not exactly
edge-on and show signs of spiral structure are marked with an asterisk in Table 3.1. As an al-
ternative possibility, their single truncations may be caused by a lopsided stellar disk in which
the truncation occurs at a smaller projected radius (= higher surface brightness) on one side.
A comparison of the truncation results with the H I kinematics presented in Ch. 5 reveals a
curious fact: the six galaxies with a single-sided truncation that were observed in the H I are
truncated on the receding side. However, three of these spirals could not be studied on the ap-
proaching side either due to interference with foreground stars or because of the limited field
of view. Thus, the finding may be merely a coincidence. Alternatively, further study may
show that in some of these galaxies an apparent truncation is caused by a non-axisymmetric
property which manifests itself differently on the receding side, the obvious candidate being
spiral structure.

Three possible physical mechanisms which can cause an apparent truncation are dust
extinction, disk warping and disk flaring. To assess whether dust extinction is influencing the
results, the fits were repeated using the region below one scaleheight. The resulting Rmax are
consistent with the values of Table 3.1, indicating that dust extinction near the edge of the disk
is small and unimportant. Observations of dust tracers such as CO emission and mm/sub-
mm continuum in the outer parts of spiral galaxies confirm this picture (Neininger et al.
1996; Combes & Becquaert 1997). Other effects which may cause an apparent truncation are
warping or flaring of the stellar disk. Although no strongly warped spirals were included in
our sample (Sect. 2.2), artificial images of warped disks constructed as in Sect. 2.3.3 show
that even a moderate warp can introduce a break in the radial profile similar to the signature
of a truncation. Fig. 3.2 shows an example. A warp can cause a strong asymmetry in radial
profiles taken some distance away from the major axis; a break at a small galactocentric radius
on one side and an upturn followed by a break at a large galactocentric radius on the other.
This causes a large difference between the apparent truncation radii on both sides. While
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Figure 3.2: The effect of a warp on the edge-on surface brightness distribution, illustrated using
a model galaxy. The image was constructed as in Sect. 2.3.3, using hR/hz = 8, a warping onset
Rwarp/hR = 3 and a strong warping rate w = 1.0. (a) – Surface brightness distribution, arbitrary
contour levels. (b) – Radial surface brightness profile (solid line) obtained by vertically averaging
across the shaded area in (a). The dotted line shows the profile of an unwarped exponential disk.

similar upturns in a few of our sample galaxies may be a sign of warping or the effect of spiral
arms, the galaxies having a double-sided truncation show no evidence for such an asymmetry.
To address disk flaring, we also investigated artificial images of flared disks viewed edge-on.
These were constructed as in Sect. 2.3.3, but included a scaleheight increasing linearly with
radius. It turned out that a very strong and localized thickening in the outer parts is required
to produce a feature resembling a radial truncation (a rate larger than 1 hz per hR). For our
sample galaxies, and late-type spirals in general, such extreme thickening is not observed
(Morrison et al. 1994; de Grijs & Peletier 1997; Fry et al. 1999; Neeser et al. 2002). We
conclude that warping and flaring are very unlikely to have caused the truncations.

For the galaxies in common with GKW the determined truncation radii are in good agree-
ment. We can also compare our results to those obtained by Pohlen et al. (2000b), who esti-
mated the truncation radius by visually comparing radial profiles to a truncated model. For
the 5 galaxies in common the results for the truncation radius are consistent (Table 3.3). Thus,
the truncation is seen in different data-sets using different methods, confirming their reality.
Finally, we emphasize that the fraction of galaxies in which a truncation is found, about 60
percent, is clearly a lower limit. The detection of a truncation depends on the edge-on cen-
tral surface brightness and the Rmax/hR of the disk, the limiting magnitude reached by the
observation and, to a lesser extent, on the shape of the truncation.

3.4 Discussion
The truncation radius is an important global disk parameter whose place in theories of disk
galaxy formation and evolution is still under debate. We showed that the stellar disks of
at least 20 out of the 34 galaxies in our sample are radially truncated. These galaxies dis-
play a tight relation between the truncation radius and I-band disk scalelength (Fig. 3.3).
By taking the average Rmax in case of a double-sided truncation, we obtain a sample av-
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erage of Rmax/hR = 3.6 and a 1σ scatter of 0.6. Previous studies have also revealed the
relation between the truncation radius and disk scalelength, but yielded different values for
the ratio Rmax/hR. For example, for 7 nearby spirals KS3 find a mean value Rmax/hR =
4.2±0.5, Pohlen, Dettmar, & Lütticke (2000a) find 2.9±0.7 for a sample of 31 galaxies,
whereas Schwarzkopf & Dettmar (2000) obtain 3.7±0.9 from 61 galaxies (although the lat-
ter two samples have several galaxies in common). Differences may be introduced due to
the use of different passbands: the use of bluer passbands will result in larger scalelengths
due to population gradients and dust attenuation (Peletier et al. 1994), and hence leads to
smaller Rmax/hR. However, this can only be part of the explanation; the study of Pohlen
et al. (2000a) revealed a decrease of the ratio with increasing scalelength for galaxies studied
in the same band (r band).

We show the distribution of Rmax/hR versus scalelength in Fig. 3.4a. For those galaxies
for which no truncation was found, the lower limit is shown (arrows). Figure 3.4a appears
to show a subtle increase in Rmax/hR towards small scalelengths; the average ratio for the
spirals with hR < 4 kpc is 4.4, more than one standard deviation higher than that of the
entire sample. This increase of Rmax/hR may be related to its decrease found at very large
scalelengths by Pohlen et al. (2000a). However, the reality of this feature is not entirely
clear considering the modest sample size and the selection effect against galaxies of small
physical sizes and low surface brightness. We are, for example, still missing small low surface
brightness galaxies, which may have entirely different Rmax/hR. While our view of the
distribution of Rmax/hR is certainly obscured by this selection effect, additional information
can be obtained from face-on samples. We have estimated a lower limit to Rmax for the
spirals in the face-on sample of de Jong & van der Kruit (1994), a sample which is dominated
by spirals of small scalelength. By taking the lowest contour in their R-band contour plots as
a lower limit to Rmax, we find an average (Rmax/hR)min = 4.0±1.1 (1σ). When combining
this lower limit with the results from the present truncation analysis, this suggests that the
ratio of truncation radius to disk scalelength in small scalelength spirals is at least four.

Figure 3.4b shows the dimensionless truncation radius versus the de-projected face-on

Table 3.3: Comparison of the trun-
cation radius with the literature

Galaxy Rmax,I ± Rmax,r

(arcsec) (arcsec)

(1) (2) (3) (4)
ESO 269-G15 97 18 90
ESO 321-G10 65 6 65
ESO 446-G18 84 12 76
ESO 446-G44 84 6 76
ESO 564-G27 148 11 141

Notes – Columns: (1) Name (ESO-LV);
(2) and (3) Truncation radius and error
in the I band (this study), (4) Trunca-
tion radius in the r band (Pohlen et al.
2000b).
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Figure 3.3: The truncation radius ver-
sus disk scalelength. The dotted line is
the linear least-squares fit. The arrows
indicate lower limits for 13 galaxies for
which no Rmax could be determined.

central surface brightness (corrected for Galactic extinction as in de Grijs 1998). The ratio
Rmax/hR appears to be correlated with surface brightness in the sense that lower surface
brightness disks tend to truncate at a smaller number of scalelengths. A Spearman rank cor-
relation test appears conclusive, yielding a correlation coefficient of 0.61 (or a confidence
level greater than 99%). However, this test does not take the errors into account, which are
substantial in many cases. Note that the face-on surface brightnesses are probably under-
estimated, by ∼ 0.7 mag according to a comparison between the Tully-Fisher relations of
edge-on and face-on spirals (Sect. 7.5.4). The large lower limits for ESO 340-G08 and ESO
555-G36 are puzzling (Table 3.2, far above the data points in Fig. 3.4b). The disks of these
spirals appear to be far more extended than the norm.

Figures 3.4a & b combined suggest that in small scalelength, high surface brightness
spirals the truncation occurs at at least four scalelengths. This is important, because small
spirals (hR . 4 kpc) are the most numerous in the local Universe (van der Kruit 1987; de Jong
& Lacey 2000, Sect. 2.5.1). As another corollary, the range in face-on surface brightness
among spirals is narrower at Rmax than at the disk center. If the disks in the current sample
are exponential out to Rmax then the distribution of I-band face-on surface brightnesses at
Rmax has an average of 25.3 mag arcsec−2 and a 1σ scatter of 0.6 mag arcsec−2. This
dispersion is considerably smaller than the 1.1 mag arcsec−2 dispersion in the central surface
brightness. This also implies that in the face-on view, the truncation is just as easily (or
laboriously) detected in LSB as in HSB spirals.

We can compare the observed trends to the predictions of the analytical collapse model
of disk galaxy formation (Fall & Efstathiou 1980; Gunn 1982; Dalcanton et al. 1997). The
two basic assumptions of the collapse model are: (1) the details of the hierarchical merging
process are unimportant for the formation of disks and (2) the angular momentum distribution
of the baryons is unchanged throughout the collapse and subsequent disk evolution. Although
these simple assumptions appear to be in conflict with disk galaxy formation in a cold dark
matter context (e.g. Navarro & Steinmetz 1997), the predictions of the collapse model are
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Figure 3.4: (a) – Rmax/hR versus disk scalelength. The arrows are as in Fig. 3.3. The cross-hatched
region shows the prediction of the collapse model for disk galaxy formation (see text). The dashed lines
show the predicted threshold radii for star formation (Schaye 2002) for disk masses of, from bottom
to top, 7.5 109, 5 × 7.5 109 and 25 × 7.5 109 M�. (b) – Rmax/hR versus face-on central surface
brightness in the I-band. The arrows are as in Fig. 3.3, the cross-hatched region is as in (a). The dashed
line shows the star-formation threshold prediction. The shifted dotted line is obtained when allowing
for an underestimation of the surface brightnesses by 0.7 mag (see text).

in general agreement with many of the basic properties of the structure and dynamics of
disk galaxies (Dalcanton et al. 1997; Mo, Mao, & White 1998; de Jong & Lacey 2000). If
protogalaxies are relatively sharp-edged, then the collapse theory also predicts the outermost
radius of the baryonic disk (van der Kruit 1987). This radius corresponds to the material with
the highest specific angular momentum in the protogalaxy. To quantify this prediction we
calculated model surface density profiles using the method of Dalcanton et al. (1997) for a
range in spin parameter and total mass of the protogalaxy. We assume a constant baryonic
mass fraction F = 0.10 and a constant efficiency for turning the baryons into stars over
the age of the disk at (M/L)disk = 2 (see Sect. 2.5.3 for a more detailed discussion). The
scalelengths were derived using a method similar to the ‘marking-the-disk’ method (Freeman
1970), and the outermost radii were obtained by taking the radius at which the density drops
to zero. The result is indicated by the cross-hatched region in Figs. 3.4a & b.

In the collapse theory, both the outermost radius and the scalelength of the baryonic proto-
disk increase with the mass and angular momentum of the protogalaxy such that their ratio
remains approximately constant at 3–4. Taking a different or non-constant baryon mass frac-
tion does not significantly change this result. The predicted Rmax/hR is slightly smaller than
the ratio of 4.5 predicted by van der Kruit (1987) based on a comparison of the angular mo-
mentum distribution of an exponential disk with that of a uniformly rotating, uniform sphere
with λ = 0.07. Although the prediction of the collapse model roughly coincides with the
average observed Rmax/hR, it can not explain the existence of disks which extend to a rela-
tively large or a small number of scalelengths. In particular, it does not predict an increase of
Rmax/hR toward small scalelengths (Fig. 3.4a), or a decrease towards low surface brightness
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disks (Fig. 3.4b). Taking a different halo density profile and/or angular momentum profile
could change the value of Rmax/hR, but not its constancy. Including additional prescriptions
for mass accretion, star formation and supernova feedback can lead to Rmax/hR ratios that
do change as a function of central surface brightness, but with the opposite sign (van den
Bosch 2001). Perhaps taking a range in angular momentum profiles, as suggested by N-body
simulations in the ΛCDM cosmology (Bullock et al. 2001a), or re-distributing the angular
momentum during and/or after the collapse could solve the discrepancy.

Alternatively, the stellar disk truncation may be caused by the inhibition of widespread
star formation below a critical gas surface density (Fall & Efstathiou 1980; Kennicutt 1989),
if the corresponding critical radius is approximately constant over time. This star formation
threshold is suspected to be related to the stability of the gas disk (Fall & Efstathiou 1980;
KS3). Recently, Schaye (2002) made a prediction for the threshold radius based on simu-
lations of the thermal and ionization structure of the gaseous disks assembled in the galaxy
formation model of Mo et al. (1998). In these simulations the transition to the cold ISM
phase is responsible for the onset of local gravitational instability that triggers star formation.
This transition to the cold phase is independent of the shape of the rotation curve and occurs
at a critical gas surface density, which for reasonable values of the gas fraction, turbulence,
metallicity and the UV radiation intensity attains values in the range Σc ∼ 3–10 M�pc−2

(Schaye 2002). For a disk with an exponential surface density profile (Schaye 2002):

Rmax

hR
= ln

Mdisk

2πh2
RΣc

, (3.1)

where Mdisk is the disk mass (gas and stars) and hR is the mass scalelength. It is easy to
show that when the gas mass is negligible this prediction reduces to:

Rmax

hR
= ln

(M/L)?µ0

Σc
(3.2)

with (M/L)? the stellar mass-to-light ratio and µ0 its central surface brightness (linear units).
The predicted threshold radii according to Eqn. 3.1 are shown in Fig. 3.4a for three disk

masses and Schaye’s (2002) fiducial critical surface density Σc = 5.9 M� pc−2 (NH = 5.6
1020 cm−2). For the adopted disk masses, the threshold model brackets the observations.
Interestingly, the model predicts an increase in Rmax/hR towards small scalelengths. Disks
with a higher central surface density form stars out to a larger radius in terms of scalelengths
before reaching the critical density. Since, for constant total disk mass, a higher surface
density disk has a smaller scalelength, it follows that smaller scalelength disks have larger
Rmax/hR. This anti-correlation, which is similar to the observed trend in the Pohlen et al.
(2000a) sample (Schaye 2002), is also in accordance with the present observations.

Motivated by the observation that the H I gas fraction in the galaxies is small (Ch. 5), we
show Eqn. 3.2 in Fig. 3.4b assuming Σc = 5.9 M�pc−2 and (M/L)? = 2 (constant among
galaxies). Lower surface brightness disks are predicted to be less extended, with a slope
in agreement with the observed trend. The match is better if we take into account that the
inferred disk central surface brightnesses are fainter by about 0.7 magnitudes compared to
their face-on counterparts (Sect. 7.5.4). The scatter and outliers may be explained as being
due to a variation in Σc, e.g. due to a varying UV radiation intensity or metallicity, or due
to a variation of (M/L)?. Altogether, the observations are consistent with a ‘critical surface
brightness’ in the range Σc/(M/L)? = 1.5–4 L�,I pc−2. Saying it differently, for Σc = 5.9
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M�pc−2 the stellar mass-to-light ratio is (M/L)? = 4–1.5 M�/L�,I . The lower part of this
range is reasonable, both from the perspective of stellar population synthesis (Bell & de Jong
2000) and observations of the stellar velocity dispersions in galaxy disks (Bottema 1997).

It has long been known that viscosity driven angular momentum re-distribution within
a star-forming gas disk may drive the resulting stellar disk towards an exponential profile
(Lin & Pringle 1987). Depending on the details of star formation, this process may yield a
stellar disk with a well-defined edge that advances radially outward with time (Ferguson &
Clarke 2001). Unfortunately, the theory has not yet been explicitly investigated with respect
to this truncation radius. The theory of stochastic self-propagating star formation predicts
Rmax/hR = 4 (Seiden et al. 1984) for flat rotation curves. This prediction is similar to that of
the collapse model, suggesting that it too is not responsible for the disk truncation.

3.5 Conclusions
We used an edge-fitting method to analyze the outer parts of the I-band radial light profiles
of 34 edge-on spiral galaxies. In this method the edges of the profiles are fitted with a simple
straight line in intensity and a quantitative criterion is used to establish the reality of the
truncation.

At least 20 galaxies have truncated stellar disks, displaying a tight relation between disk
scalelength and truncation radius. In this sample the truncation occurs at an average number
of 3.6 I-band scalengths, with a 1σ scatter of 0.6. The stellar disk edge seems to occur at a
larger number of scalelengths in galaxies with a smaller scalelength, in agreement with the
decrease of Rmax/hR towards large scalelengths reported by Pohlen et al. (2000a). In ad-
dition, we observe a tentative correlation between the ratio Rmax/hR and the de-projected
face-on central surface brightness of the disk. These observations appear to have two impor-
tant implications. First, high surface brightness spirals with small scalelengths, which are the
most numerous spirals in the local Universe (de Jong & Lacey 2000), have an Rmax/hR of
at least four. Secondly, the face-on disk surface brightness at the truncation radius is roughly
constant among galaxies.

The observed truncation radii were compared to the predictions of several theories pro-
posed for its origin. The data are best reproduced by the star-formation threshold model for
the truncation (Fall & Efstathiou 1980; KS3; Kennicutt 1989; Schaye 2002). In particular,
this model is able to match the correlation between Rmax/hR and surface brightness for rea-
sonable stellar mass-to-light ratios. The collapse model for disk galaxy formation (van der
Kruit 1987; Dalcanton et al. 1997) provides a significantly poorer match to the observations,
requiring perhaps a re-distribution of angular momentum during and/or after the collapse.
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The Stellar Kinematics of Edge-on

Spiral Galaxies
M. Kregel, P. C. van der Kruit & K. C. Freeman

ABSTRACT — We present deep optical long-slit spectra of 17 edge-on spiral galax-
ies of intermediate- to late- morphological type. The line-of-sight stellar kinematics
are obtained from the stellar absorption lines using the improved cross-correlation tech-
nique. In general, the stellar kinematics are regular and can be traced well into the disk-
dominated region. The mean stellar velocity curves are far from solid-body, indicating
that the effect of dust extinction is not large. The line-of-sight stellar disk velocity dis-
persion correlates with the galaxy maximum rotational velocity, but detailed modeling
is necessary to establish whether this represents a physical relation. In four spirals with
a boxy- or peanut-shaped bulge we are able to detect asymmetric velocity distributions,
having a common signature with projected radius in the mean line-of-sight velocity and
the h3 and h4 curves. In two cases this kinematic asymmetry probably represents the
‘figure-of-eight’ pattern synonymous of a barred potential. We emphasize, however, that
the signatures seen in the h3 and h4 curves may also be due to the disk seen in projection.

4.1 Introduction

The kinematics of the evolved stellar population of galaxy disks contain valuable information
regarding the disk mass distribution (van der Kruit & Freeman 1986; Bottema 1993), the
mechanisms responsible for disk heating (Gerssen, Kuijken, & Merrifield 1997, 2000), and
the stability properties of disks which are widely believed to regulate star formation (Wang &
Silk 1994; Martin & Kennicutt 2001). A full understanding of these fundamental but elusive
disk properties requires a synthesis of the kinematics and the three-dimensional structure of
stellar disks. In Ch. 2, the stellar disk flattening was used to re-estimate the disk contribution
to the rotation curve, based on the empirical relation between stellar velocity dispersion and
maximum rotational velocity in unbarred high surface brightness (HSB) spirals (Bottema
1993). Unfortunately, this σ − vmax relation is still ill-constrained due to the small number
of spirals for which the stellar disk velocity dispersions are known (Bottema 1993; Gerssen
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et al. 1997, 2000; Pignatelli et al. 2001), causing a significant uncertainty in the derived
result. In addition, the observed correlation between the disk flattening and the global ratio
of dark to luminous matter (Sect. 2.5.3, Zasov et al. 2002) suggests a more complicated
picture, in which the face-on central surface brightness performs the role of a third parameter
in the σ − vmax relation. Enlarging the sample of spiral galaxies with measured stellar disk
kinematics is needed to improve the statistics on the σ−vmax relation and to study the relative
importance of the disk mass among spiral galaxies.

Here we present deep spectroscopic observations of 17 edge-on spirals of intermediate to
late morphological type. For most of these spirals the slit was placed parallel to and away
from the major axis during the observations to avoid the bulk of the dust and to study the
radial variation of the stellar disk kinematics. In three spirals the slit was placed parallel
to the minor axis at a projected radius of one disk scalelength to monitor the effect of dust
extinction on the disk kinematics. We extract the line-of-sight (l.o.s.) stellar kinematics from
the stellar absorption lines in the 4800–5800 Å region using the cross-correlation technique.
This technique is well suited for handling the spectra of galaxy disks (Bottema 1988; Bender
1990; Statler 1995), which are currently still in the regime of low signal-to-noise and poor
spectral sampling. The stellar kinematics derived here will be used in conjunction with the
global disk structure (Ch. 2) and the circular speed curves (Ch. 5 & 6) to study the intrinsic
stellar disk velocity dispersion and the stellar disk mass (Ch. 7).

Focusing on edge-on spirals has several advantages that are not always fully recognized.
First, edge-on spirals allow studying the vertical structure of the stellar disk, which is a nec-
essary ingredient for constraining the disk mass based on stellar velocity dispersion measure-
ments. Secondly, edge-on spirals have a higher surface brightness by virtue of their orien-
tation, allowing the construction of a substantial sample within a short amount of observing
time. This effect also facilitates the study of the stellar kinematics in disks with a low face-
on surface brightness. Thirdly, the edge-on orientation has the advantage that young stellar
populations can be largely avoided by placing the slit away from the galactic plane, reducing
possible systematics related to template mismatch. Finally, the orientation also means that
effectively the entire galaxy plane is sampled by a single slit, such that local deviations from
axisymmetry in the stellar structure and kinematics are largely averaged out. The obvious
disadvantage of edge-on spirals is that the line-of-sight projection has to be taken into ac-
count when interpreting the observed stellar kinematics. However, the ‘de-projection’ of the
observed kinematics is possible using a realistic dynamical disk model and the circular speed
curve (Bottema, van der Kruit, & Freeman 1987; Bottema, van der Kruit, & Valentijn 1991).

The galaxy properties are summarized in Sect. 4.2. In Sect. 4.3, we present the observa-
tions, outline the data reduction, and describe the cross-correlation technique. This includes
a comparison with three alternative methods for obtaining the stellar kinematics and a brief
discussion on the effects of template mismatch. The derived l.o.s. stellar kinematics are pre-
sented together with notes on each individual galaxy in Sect. 4.4. The observations are dis-
cussed in Sect. 4.5, focusing on global trends and the presence of conspicuous asymmetries
in the l.o.s. velocity distributions. Finally, Sect. 4.6 summarizes the main results.

4.2 The sample

The sample consists of a subset of the sample studied in Ch. 2 plus the three large, well-
studied spirals NGC 891, NGC 5170 and NGC 5529. We added these three spirals to allow
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Table 4.1: Properties of the sample galaxies

Galaxy Type vvir M 0

I vmax hR,I (hR/hz)I

(km s−1) (mag) (km s−1) (kpc)
(1) (2) (3) (4) (5) (6) (7)

ESO 142-G24 IC 4872 Scd 2496 –19.54 99 4.3 7.0
ESO 157-G18 IC 2058 Scd 1103 –18.55 89 2.6 7.6
ESO 201-G22 Sc 3819 –20.43 155 6.0 8.4
ESO 240-G11∗ Sc 2656 –21.65 260 8.4 14.0
ESO 269-G15 NGC 4835A Sc 3191 –21.16 155 5.9 6.9
ESO 288-G25 Sbc 2333 –20.84 164 2.8 7.4
ESO 416-G25∗ Sb 4812 –21.53 204 7.1 6.0
ESO 435-G14 Sc 2482 –20.11 124 2.8 5.3
ESO 435-G25∗ IC 2531 Sc 2290 –21.46 231 14.4 19.4
ESO 437-G62∗ NGC 3390 Sb 2860 –22.30 209 6.6 5.4
ESO 446-G18∗ Sb 4661 –21.34 189 7.8 12.9
ESO 487-G02∗ NGC 1886 Sbc 1558 –20.17 162 2.5 6.4
ESO 509-G19 Sbc 10574 –23.51 392 17.0 9.9
ESO 564-G27 Sc 2020 –19.93 152 5.0 10.9
NGC 891∗ Sb 691 –21.36 212 4.8 13.0
NGC 5170 Sc 1431 –21.75 238 6.5 7.8
NGC 5529∗ Sc 3070 –22.32 274 5.9 10.2

Notes – Columns: (1) Name, an asterisk marks a galaxy with a boxy- or peanut-shaped
bulge; (2) Hubble type (LEDA); (3) Heliocentric velocity corrected for Virgo-centric flow
(LEDA); (4) I-band absolute magnitude, calculated using the apparent magnitude (de Grijs
1998) and H0 = 75 km s−1 Mpc−1, and corrected for Galactic extinction. For NGC 891 and
NGC 5529 an apparent magnitude was provided by Xilouris (private communication); (5)
Maximum rotational velocity (LEDA), obtained from global H I profiles and corrected for
turbulent motions. For ESO 288-G25 vmax is unavailable and was estimated using a least-
squares fit to the Tully-Fisher relation defined by cols. (4) and (5); (6) I-band scalelength in
kpc (Ch. 2); (7) The disk flattening in the I band (Ch. 2). For NGC 891 and NGC 5529 the
scale parameters were taken from Xilouris et al. (1999), for NGC 5170 from App. 4A.

us to study the stellar kinematics in finer detail, especially regarding its variation with pro-
jected radius and height above the galactic plane. The selection of the galaxies from Ch. 2 for
spectroscopic observations was mainly influenced by the allocation of observing time. Impor-
tant properties of the observed spirals are listed in Table 4.1. The sample is well suited for a
study of the stellar disk kinematics among spiral galaxies; it is dominated by intermediate- to
late-type spirals, such that bulge contamination is small, while both the maximum rotational
velocity and the disk flattening cover a wide range. We note that although there are no barred
galaxies in the sample according to the Lyon/Meudon Extragalactic Database (LEDA) classi-
fication, there are several candidates which display a boxy or peanut-shaped bulge (Fig. 2A.1,
marked by an asterisk in Table 4.1). Of these, ESO 437-G62 has an extremely low H I content
(Fig. 2B.1) and would fit better in the S0 class.
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4.3 Observations and data reduction

4.3.1 The observations

The long-slit spectra were obtained during five observing runs at the 2.3m telescope (SSO
2.3m) at Siding Spring (Australia), two runs at the 4.2m William Herschel Telescope (WHT)
on La Palma (Spain) and service mode observations at the 8.2m Unit Telescope 2 (Kueyen) of
the Very Large Telescope on Paranal (Chile). The observations were carried out in dark time
to minimize the sky background. At Siding Spring, the Double Beam Spectrograph (DBS)
was used with a dichroic to observe simultaneously in two wavelength regions. The blue arm
of DBS was tuned to record the 4800–5800 Å region, which contains the characteristic MgI b
triplet, numerous strong FeI absorption lines and the Hβ and [OIII]4959,5007 emission lines.
The red arm registered the Hα, [NII]6548,6583 and [SII]6716,6731 emission lines. The same
approach was taken with the ISIS spectrograph at the WHT. At Paranal, FORS2 covered the
blue region using the holographic 1400V grism. This grism has an extraordinary efficiency
of ∼90% in the V band. Details of the instruments are summarized in Table 4.3. The spectral
resolution of the obtained spectra is in the range 0.8–1.2 Å FWHM in the blue (50–75 km s−1

FWHM). The exact wavelength setup and a log of the observations is presented in Table 4.2.
The observing runs at the SSO2.3m and the WHT proceeded as follows. During the af-

ternoon setup care was taken to align the dispersion axis with the image rows. At evening
twilight a number of spectra were taken of an essentially blank piece of sky, followed by
spectra of at least two bright stars close to MK type K0III. For these stars, which will serve
as templates in the cross-correlation analysis, the telescope was de-focused to obtain a uni-
form illumination on the slit. The exposure times of the template spectra were maximized by
trailing the star along part of the slit during the exposure; the final template spectra are essen-
tially noise-free. In photometric conditions a spectro-photometric standard was taken. Single
exposures of the galaxy were limited to 1800–2000 seconds to avoid excessive cosmic ray
contamination, and were bracketed by exposures of an arc lamp for accurate wavelength cali-
bration. The total exposure time on the galaxy was determined by requiring that a reasonable
amount of additional spatial binning of the final spectrum is able to yield a signal-to-noise
ratio (SNR) in the range 10–20 per spectral pixel. Finally, during the daytime, spectra of a
tungsten lamp were taken for flat-fielding, together with a number of bias and dark frames. To
minimize read-out noise we used on-chip binning at the WHT, taking a 5×2 binning scheme
(spatial × spectral) in Jul. 2000 (NGC 5529) and a 5×1 scheme in Nov. 2000 (NGC 891).
In the spectrum taken parallel to the major axis of NGC 891 the galaxy light dominates along
the entire length of the slit. In this case a 600s spectrum of a neighboring piece of sky was
taken after each galaxy exposure to serve for the sky background subtraction.

The VLT observations were carried out in service mode. Ironically, observing regulations
did not allow us to de-focus the telescope. To still obtain a uniform slit illumination for
the stellar spectra the observations were performed during relatively poor seeing conditions.
The lower spatial resolution is not a problem because additional spatial binning is required
to provide a sufficient SNR. To reach an adequate spectral resolution the narrow 0.51′′ slit
was used, which has the additional advantage that the spectra sample a small vertical range.
Standard FORS2 calibrations included arc lamp exposures, bias frames and screen flats, and
were augmented with twilight flats and dark frames.

In most cases the slit was positioned parallel to the major axis and away from the dust
lane, when present. In three galaxies the slit was positioned parallel to the minor axis at a
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Table 4.3: Instruments and setup
Parameter Telescope

SSO2.3m WHT VLT-Kueyen
Spectrograph DBS ISIS FORS2
Slit length (arcmin) 6.7 3.7 6.8
Dichroic D3 (6300 Å ) 6100 –

Blue arm Red arm Blue arm Red arm
Grating∗ 1200B 1200R R1200B R1200R GRIS 1400V+18
Detector SITe (CCD7) SITe (CCD9) EEV12 TEK4 TEK
Format 1752×532 1752×532 4096×2048 1024×1024 2048×2046
Pixel size 15 µm 15 µm 13.5 µm 24 µm 24 µm
Gain (e−/ADU) 1.0 1.0 1.01 1.6 1.91
Readout noise (e−) 5.5 6.0 3.9 4.1 5.41
Scale (arcsec pixel−1) 0.90 0.91 0.19† 0.33 0.20
Dispersion (Å pixel−1) 0.55 0.55 0.23† 0.41 0.50
Arc lamp Ne–Ar Ne–Ar Cu–Ar Cu–Ne Hg–Cd+2

Notes – ∗ all observations were carried out in 1st order
† see text for binning schemes adopted with ISIS blue.

projected radius of one disk scalelength (1 hR) to avoid the bulge-dominated region. At the
SSO2.3m and the WHT a star was included in the slit for accurate positioning. The exact slit
positions are listed in Table 4.4.

4.3.2 The data reduction

The data reduction was carried out using ‘standard’ IRAF procedures in the LONGSLIT and
RV packages. For the DBS and ISIS spectra these were carried out separately for the data
from the blue and the red arm. First, the bias pedestal was removed by subtracting from each
spectral row the median value of the overscan region. Any residual bias structure along the
spatial axis was removed by fitting a first order polynomial to each column of the median
bias and subtracting the result from all the frames. The dark current proved to be negligible
and was not subtracted. To create a flat field, first the median of the tungsten lamp exposures
was formed. The large-scale wavelength response from the lamp was removed by fitting and
subsequently dividing a low order polynomial. This ensured that small-scale features due to
the dichroic were retained in the median flat. The lamp-corrected median flat was divided into
the science and calibration frames, removing the pixel-to-pixel gain variations. To check for
vignetting along the slit, the twilight frames were combined and inspected. When significant,
a low order polynomial was fitted to this frame at five to ten positions along the dispersion
axis and the result was interpolated and subsequently divided into the science and calibration
frames. Cosmic rays were removed using the COSMIC algorithm in MIDAS.

Dispersion solutions were determined for each arc frame at a sufficient number of po-
sitions along the slit by fitting a fourth order polynomial to about 20 bright emission lines.
For the DBS the root-mean-square (r.m.s.) wavelength residuals were typically 0.04 Å in the
blue and 0.02 Å in the red arm, for ISIS these residuals were about 0.02 Å and 0.01 Å, and
for FORS2 they were only ∼ 0.005 Å. These two-dimensional dispersion solutions were then
used to calculate the coordinate transformation needed to rectify the data in the dispersion
direction. This geometrical distortion was small and its transformation, according to a fifth
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order polynomial fit in each dimension, was well defined with r.m.s. residuals below five hun-
dredth of a pixel. The spectro-photometric standard was traced in the wavelength direction
to map the distortion in the spatial direction (the ‘S-shape’ distortion). At the WHT, a frame
containing a series of spectra from the same star along the slit was used to map this distortion
across the entire frame. The two-dimensional dispersion and the S-shape solutions were used
to map the CCD pixel coordinates to position versus logarithmic wavelength coordinates (so
that a pixel shift corresponds to a linear velocity shift). The logarithmic bin size (Table 4.2)
is chosen to preserve the number of spectral pixels. At this stage the FORS2 spectra showed
a residual wavelength offset because the arc frames were taken during the day, long after the
actual observations. This shift was corrected using the bright 5577.33 Å [OI] night sky line.

All galaxy spectra taken within the same night were then added, and heliocentric velocity
corrections were calculated. For galaxy positions observed during multiple nights the spectra
were re-aligned in velocity when the difference between the heliocentric corrections was
larger than the r.m.s. wavelength error, and spatially using either a star or the peak of the
galaxy continuum. The sky emission in the combined galaxy spectra was estimated by fitting
a zeroth or first order polynomial to the outer source-free parts of the slit, and subtracted. A
similar procedure was used for the template stars. For the major axis position of NGC 891
the sky was determined by combining the separate sky spectra and scaling the result to the
total galaxy exposure time. Finally, the radial velocities of the template stars were determined
from the average of the wavelength shifts of twelve strong absorption lines. The errors of the
template velocities are 1–2 km s−1. The stellar absorption lines in the 4800–5800 Å region
will be the subject of this chapter. The emission lines in both the 4800–5800 Å and the 6000–
7000 Å regions will be studied separately in Ch. 6.

4.3.3 The cross-correlation technique

The basics

A spectrum taken at a position in a galaxy is the sum of the spectra of its constituent stars, each
stellar spectrum being Doppler-shifted according to its l.o.s. velocity and weighted according
to the details of the radiative transfer. Under the assumption that the galaxy spectrum can be
described by that of a single star, the galaxy spectrum G(x) is simply the convolution of the
template star S(x) with the line-of-sight velocity distribution (LOSVD) B(x):

G(x) = S ∗ B ≡
∫

S(x − v/c) B(v) dv, (4.1)

here ‘∗’ denotes convolution, c is the lightspeed, and x ≡ log λ/λ0 (so that a wavelength
shift corresponds to a linear velocity shift v/c). The cross-correlation function (XCF) of the
galaxy spectrum and the template spectrum is defined by:

XCF (v) = G ? S ≡
∫

G(x) S(x − v/c) dx, (4.2)

where ‘?’ indicates correlation. Inserting Eqn. 4.1 into Eqn. 4.2 gives:

XCF (v) = (S ∗ B) ? S ≡ (S ? S) ∗ B = ACF ∗ B, (4.3)

where ACF is the template auto-correlation function. In words, the galaxy–template cross-
correlation function equals the template auto-correlation function convolved with the LOSVD.
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Thus, the problem of deconvolving the template spectrum from the galaxy spectrum has
been converted into the problem of deconvolving the ACF from the XCF. The XCF was first
used by Simkin (1974) to measure radial velocities from the position of its peak, and by Tonry
& Davis (1979) to estimate the velocity dispersion from a comparison of the widths of the
XCF and ACF. This cross-correlation approach has been improved to retrieve the LOSVD
either by fitting the peak of the XCF with a broadened ACF (Bottema 1988; Bender 1990;
Statler 1995) or by straight deconvolution of the peak using the CLEAN algorithm (Franx &
Illingworth 1988).

Unlike elliptical galaxies and bulges, galaxy disks are dynamically cool structures and
typically have a surface brightness far below that of the night sky. With current instrumental
capabilities, spectra of galaxy disks are characterized by SNRs of about 10–20 per spectral
pixel. At these low SNRs it is not possible to minimize the error due to template mismatch
by constructing an ideal template from a mixture of stellar types (Rix & White 1992). In
this case the cross-correlation (XC) method is particularly useful (van der Kruit & Freeman
1986; Bottema 1988). The use of the XCF peak partly eliminates the coupling between
the stellar kinematics and the spectral synthesis, making the XC method less sensitive to
template mismatch than methods which directly rely on the galaxy spectrum (Bender 1990;
Statler 1995). The least-squares fit also provides a reliable estimate of the errors and the
goodness-of-fit, largely independent of template mismatch (Statler 1995; but see de Bruyne
et al. 2003).

The implementation

Before being able to calculate the XCF and ACF from the observed spectra and to perform the
actual least-squares fits, the spectra need further processing. First, to obtain a sufficient SNR,
the galaxy spectra were binned spatially to yield a constant SNR per spatial bin. For this
binning scheme the choice of SNR per bin is of some importance, not only because it sets the
bin sizes but also because it simultaneously influences the number of parameters which can
be determined from the binned spectrum. Low SNR binning, say SNR . 10, cannot constrain
LOSVDs more complex than a Gaussian, but yields smaller bins and reaches down to lower
surface brightness (larger galactocentric radii). Higher SNR binning is spatially coarser but
allows better study of higher moments of the LOSVD, provided the spectral sampling is
sufficient.

After binning, an estimate of the stellar continuum was obtained by fitting a low-order
polynomial to each binned spectrum. This fit was subsequently divided into the spectrum,
after which the mean was subtracted. To avoid aliasing and ringing during Fourier trans-
formation, the outer 10 percent of the spectra were end-masked using a cosine-bell curve.
Remaining large-scale variations were then removed in the Fourier domain by padding the
spectra with zeros up to wavenumber ktaper and using a cosine-bell taper up to wavenumber
2 ktaper (Brault & White 1971). Based on tests on artificially broadened template stars a
value ktaper = 10 was adopted for all our spectra (which are similar in terms of sampling and
length). The spectra were further padded with zeros to ensure that one end of the template
spectrum does not ‘wrap around’ to the other end of the galaxy spectrum when forming the
cross-correlation sum. The stellar spectra were prepared using the exact same procedure. In
the prepared galaxy spectra regions containing emission lines or residuals from strong sky
lines were put to zero. As an example, a fully processed spectrum of ESO 435-G25 (IC
2531) is shown in Fig. 4.1. Finally, the noise in the prepared spectrum was estimated by
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Figure 4.1: Example of fully processed spectra, showing the template HD 88601 (S) and a single
position in ESO 435-G25 (G, corresponding to the bin centered at +11′′, cf. Figs. 4.2 & 4.5). The third
spectrum is that of the template HD 88601 but shifted and broadened according to the parametrized
LOSVD obtained from the XC analysis. No meaningful parameter can be ascribed to the ordinate.

quadratically adding the Poisson noise according to the photon counts from galaxy and sky
to the read-out noise (taking into account the number of spectra which were combined). The
total noise spectrum is dominated by read-out noise in many of the observations. This noise
spectrum was then processed in the same way as the galaxy spectrum.

The cross-correlation and least-squares minimization was performed using the improved
XC method Statler (1995). Statler’s IDL algorithm uses standard Fourier techniques to cal-
culate cross-correlation functions, and the multi-dimensional simplex algorithm (Nelder &
Mead 1965) to find the minimum χ2. The XCF errors are estimated from the noise spectrum
and used to calculate the covariance matrix of the least-squares fit. For the fitting region the
region bounded by the first local minima on either side of the XCF peak is adopted. For the
LOSVD either a simple Gaussian:

B(v) =
γ√

2πσlos

e−(v−vlos)
2/2σ2

los , (4.4)

or a truncated Gauss–Hermite series (van der Marel & Franx 1993) is used:

B(v) =
γ√

2πσlos

e−(v−vlos)
2/2σ2

los{1 + h3H3((v − vlos)/σlos) + h4H4((v − vlos)/σlos)},
(4.5)

where γ is the ‘line strength’, vlos the mean l.o.s. velocity, σlos the l.o.s. velocity dispersion
and H3 and H4 are the Hermite polynomials of the third and fourth degree. The h3 parameter
measures the degree of anti-symmetric deviations from a pure Gaussian (skewness; a posi-
tive h3 indicates a tail towards larger velocities). The h4 parameter measures the degree of
symmetric deviations from a Gaussian (kurtosis/peakedness; for positive h4 the LOSVD has
smaller wings than a Gaussian, whereas for negative h4 it has broader wings).
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Figure 4.2: Cross-correlation functions for ESO 435-G25 (circles) and least-squares fits (solid lines),
shown for every second bin along the slit (cf. Fig. 4.5). The fit and the XCF errors are plotted only in the
fitted region. The intensity weighted position of each bin is shown in the upper left of each panel. The
upper right corner shows the reduced χ2 of each fit. The H I systemic velocity (Table 5.3) is indicated
by the dotted line. The lower-right panel shows the template ACF.

As an example, we consider the XCFs obtained from the FORS2 data of ESO 435-G25
and the K0 giant HD 88601 (Fig. 4.1). For the spatial binning a SNR of 15 was used up to
30′′ from the galaxy center and, to reach the largest possible radii, a SNR of 10 further out
(Table 4.4). Figure 4.2 shows the XCFs and the fits obtained with the XC method using the
truncated Gauss-Hermite series for the LOSVD. The corresponding results for the LOSVD
parameters are shown in Fig. 4.5 and will be discussed together with the results for the entire
sample in Sect. 4.4. By viewing the XCFs it is already apparent that the mean velocity
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increases and that the velocity dispersion decreases with radius. In addition, at radii up to
30–40′′ the XCFs are clearly asymmetric, showing a tail towards velocities away from the
systemic velocity.

4.3.4 A comparison with alternative methods

To assess the reliability of the XC method, we compared its results to those obtained with
several other attested methods. Figure 4.3 shows the l.o.s. stellar kinematics of NGC 5170
(along position A, see Table 4.2 and Fig. 4.5) according to four entirely different methods,
under the assumption of a Gaussian LOSVD and using HD 023959 (a K2 giant) as a template.
The applied methods are the XC method, unresolved Gaussian decomposition (UGD: Kuijken
& Merrifield 1993), the cross-correlation clean technique (CCC: Franx & Illingworth 1988;
Bottema 1999) and direct pixel fitting (PF: van der Marel 1994).

UGD is a non-parametric method which models the LOSVD as the sum of a set of unre-
solved Gaussians, uniformly spaced in velocity. The UGD software was run using Gaussians
separated by 2 pixels and with a dispersion of 4/3 pixels. To be able to include the UGD
result in the comparison, Gaussians were fitted to the non-parametric UGD estimates of the
LOSVDs. The CCC method was applied to the cross-correlation peaks, cleaning down to
a level well below the noise. The clean components were restored using a Gaussian ‘clean
beam’ with a dispersion of 2.5 pixels, and added to the residuals to yield the CCC estimate
of the (resolution broadened) LOSVD. Following standard practice, the restored peak was
then fitted with a Gaussian, taking the r.m.s. value of the XCF away from the XCF peak for
the errors on the restored peak. Finally, the fitted dispersion was corrected for the velocity
resolution of the ‘clean beam’. The PF method models the galaxy spectrum as the sum of a
broadened template spectrum and a number of continuum terms using the Legendre polyno-
mials. The PF method was applied using six continuum terms and excluding the outermost

Figure 4.3: The line-of-sight stellar velocities (left) and velocity dispersions (right) of NGC 5170
derived using four different methods (cf. Fig. 4.5). The horizontal error bars on the XC data denote the
amount of averaging along the slit. The data points for the other methods were given a slight offset to
the left to facilitate the comparison.
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short-wavelength end for which no template information is available.
The mean l.o.s. velocities obtained with all four methods are in excellent agreement

(Fig. 4.3); no systematic offsets are detected. In addition, the velocity errors also agree
well, although the errors obtained with the CCC method are slightly smaller than those of the
other three methods. The velocity dispersions and their errors are also in good agreement,
except for the values of the CCC method at −4′′ and −6′′. There the CCC method seems to
have overestimated the velocity dispersion. We conclude that the XC method is reliable and
that the additional data processing required for the XC method introduces no (measurable)
systematics.

4.3.5 The template mismatch

The issue of mismatch needs to be considered as a final source of systematic error. To assess
this error the XC method was tested on synthetic galaxy spectra constructed using five stel-
lar spectra obtained during the November 2000 WHT run: HD076629 (G8III), HD166207
(K0III), HD075523 (K0III), HD001527 (K1III) and HD166229 (K2III). The logarithmic
wavelength scale of these spectra is 25.7 km s−1 pix−1. The stellar spectra were convolved
with Gaussians centered at a velocity of 1000 km s−1 having dispersions of 20, 40, 60 and
120 km s−1 to give four synthetic galaxy spectra for each template. For each of these, an
ensemble of forty noise realizations was created by adding Poisson noise corresponding to
SNRs of 10 and 20. The XC method was then applied in the exact same way as to the ob-
servations, using the K0 giant HD 75523 as a template in each case. Figure 4.4 shows the
XC results, plotting the mean and standard deviation for the output velocities and velocity
dispersions in each ensemble. These tests are similar to those performed by Statler (1995),
but specifically aim at the low dispersions and SNR typical of galaxy disks.

For the zero mismatch case (the ensemble created using HD 075523) the random error
in both the velocity and velocity dispersion increases with the input velocity dispersion. For
the perfect template, the recovery works very well down to small dispersions, even below
the spectral pixel size of 26 km s−1 (see also Bender 1990). At half the SNR the standard
deviations of the ensembles double. These standard deviations agree well with the formal
errors of the least-squares fit (Statler 1995).

Mismatch systematically affects the outcome of the XC method. For the mean velocity
the systematic error increases with increasing velocity dispersion reaching values somewhat
less than the random error. For galaxy disks, which are observed to have a radially decreasing
velocity dispersion, this means that the largest systematic error is expected to occur in the
inner parts. The velocity dispersion is more strongly affected. The systematic errors are on
the order of 5–10 km s−1 and can exceed the random errors. The systematics become severe
for the lowest dispersions, those comparable to the instrumental resolution, for which the
relative systematic error can reach fifty percent. This is serious indeed and must be taken
into account when interpreting dispersions close to the instrumental resolution. The effect of
template mismatch is independent of SNR.

Similar tests using a truncated Gauss-Hermite series revealed the same trends for input
dispersions greater than 40 km s−1, but with slightly larger random errors. In those cases
the systematic errors on h3 and h4 were . 0.05. However, for input dispersions closer to
the instrumental dispersion both the random and systematic errors increase dramatically such
that h3 and h4 are essentially unmeasurable. At these low dispersions the number of data
points in the XCF peak is too small to warrant the use of the truncated Gauss-Hermite series
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Figure 4.4: The recovery of the velocity (left) and velocity dispersion (right) for five synthetic galaxy
spectra for a SNR of 20 (top) and 10 (bottom) using HD 075523 as a template. Circles denote ensembles
with input velocity dispersion of 20 km s−1, dots for 40 km s−1, open squares for 60 km s−1 and filled
squares for 120 km s−1.

as a fitting model, even at high SNR. The h4 parameter is often found to be more sensitive
to template mismatch, as well as residual large scale continuum variations (van der Marel &
Franx 1993; Statler 1995). The former could not be confirmed using the adopted template
stars, probably because they do not cover a large range in spectral type.

4.4 Results

4.4.1 The stellar kinematics

The stellar kinematics obtained with the XC method are illustrated in Fig. 4.5. Table 4.4 lists
the adopted dynamical center, the slit position and position angle, the SNR per bin, the tem-
plate star and the type of parametric LOSVD used for each galaxy. For the dynamical center
the position of the apparent optical nucleus in the I-band image (App. 2A.1) was adopted,
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unless the observed velocity curves of the stars and the emission line gas (Ch. 6) revealed
an offset from this position. In that case the dynamical position was corrected for this offset
(offsets were always within a few arcsec). Note that whether observed offsets represent a real
offset between the dynamical center and the nucleus is uncertain, given that extinction due to
clumpy dust often hampers the determination of the optical center. For NGC 5170 the center
was determined from an I-band image obtained at the JKT. This image was analyzed using
the two-dimensional bulge-disk decomposition method of Ch.2 (see App. 4A). For NGC 891
the center was determined from an R-band image, its value being consistent with the center
of the nuclear continuum source (Allen, Baldwin, & Sancisi 1978) and the dynamical center
of the CO (Garćia-Burillo et al. 1992). In several galaxies a higher SNR per bin was used in
the inner parts to ensure that the bin sizes exceed the seeing element, while further out the
lower SNR guarantees that the largest possible radii are reached. At first, a Gaussian LOSVD
was used in the XC analysis. Then, for the galaxy spectra with sufficient SNR (& 10) and
velocity resolution the XC analysis was repeated with the truncated Gauss-Hermite series.
These results were retained only when the reduced χ2 of the fits improved. In the following
the l.o.s. stellar kinematics will be briefly described for each galaxy.

4.4.2 Notes on individual galaxies

ESO 142-G24 – Both the l.o.s. velocity and l.o.s. velocity dispersion∗ curves are symmetric
with respect to the galaxy center. The velocity dispersion appears to be approximately con-
stant over the measured extent. This may be artificial, given that the dispersions are close to
the instrumental resolution.
ESO 157-G18 – On the approaching side, the stellar velocity and velocity dispersion are
larger (see also Fig. 7A.1). The asymmetry in the velocities is also seen in the H I and the
[OIII] emission lines (Fig. 6.5).
ESO 201-G22 – The velocities are systematically smaller by 10–20 km s−1 at the approach-
ing side. Note that the slit was not positioned entirely outside the dust lane.
ESO 240-G11 – The stellar kinematics were observed twice, with DBS (position A) and
FORS2 (position B). While the stellar velocity dispersions derived from the DBS spectrum
are consistent with those derived from the FORS2 spectrum, the stellar velocities are not.
For comparison the DBS velocities and velocity dispersions are also shown in the FORS2
panel of Fig. 4.5 (dots). The DBS observations, taken with a 2′′ slit positioned on the major
axis, show velocities closely symmetric with respect to the position of the nucleus and the
H I systemic velocity. These stellar velocities are in good agreement with the determination
of Chung & Bureau (2003). The FORS2 observations, taken with a 0.5′′ slit positioned at 2′′

from the major axis, reveal velocities that are asymmetric w.r.t. the galaxy center, with the
velocities at the approaching side being smaller up to 60 km s−1. A similar velocity difference
is observed between the emission line velocities at both slit positions (Fig. 6A.1). Other
large-scale peculiarities revealed by the FORS2 data are the larger velocity dispersions on the
approaching side and the asymmetric h4 behavior with radius (the LOSVDs are more peaked
than Gaussian at the receding side). These features and especially the markedly different
velocity curves seem to point to a pronounced non-axisymmetric structure within the stellar
disk. The change in position angle of the high surface brightness isophotes, from a projected
radius of about 20′′ to about 40′′ (Fig. 2A.1), may perhaps be another manifestation of this

∗hereafter simply referred to as velocity and velocity dispersion
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Figure 4.5: Line-of-sight stellar kinematics for the full sample. For each galaxy, the upper panel
shows an optical image, rotated such that the major axis is horizontal and the receding side to the
left. The top axis is units of I-band scalelengths (Table 2.1). Two solid lines represent the slit jaws.
The image passband and the slit position angle are indicated. The second panel shows the average
number of counts in the spectra per spectral pixel. The third panel shows the mean l.o.s. stellar velocity
(heliocentric). Data are plotted at the intensity-weighted mean position of each bin, with the horizontal
error bars indicating the bin size. The horizontal and vertical dotted lines indicate the H I systemic
velocity (Table 5.3) and the dynamical center (Table 4.4), respectively. The fourth panel displays the
l.o.s. stellar velocity dispersion. The horizontal dotted line indicates the velocity shift per pixel. In case
the truncated Gauss-Hermite series was used, the fifth and sixth panels show the h3 and h4 parameters.

asymmetry. The ‘figure-of-eight’ signature seen in the optical emission lines within the inner
10′′ suggests that ESO 240-G11 contains a small bar (Bureau & Freeman 1999, Ch. 6). This
is consistent with the high-speed tail (i.e. away from the systemic velocity) implied by the h3

parameter at radii < 10′′. Perhaps the small bar is related to the large scale asymmetry of the
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Figure 4.5: (continued)

disk revealed by the FORS2 data.
ESO 269-G15 – There is an offset of 3′′ between the optical center (Table 2A.1) and the
adopted dynamical center (Table 4.4). The symmetry in the stellar velocity and velocity
dispersion curves suggests that this offset is not due to lopsidedness. Perhaps it is caused by
dust attenuation affecting the determination of the optical center.
ESO 288-G25 – In essence, the velocity dispersion shows two plateaus, one in the bulge



80 CHAPTER 4: THE STELLAR KINEMATICS OF EDGE-ON SPIRAL GALAXIES

Figure 4.5: (continued)
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Figure 4.5: (continued)

region and the other beyond ∼10′′ corresponding to the disk. Since no H I data is available,
the systemic velocity was derived by symmetrizing the Hα rotation curve (Ch. 6).
ESO 416-G25 – The prominent boxy bulge of this early-type spiral may dominate the light
out to the last measured point. Dust attenuation is unlikely to be important because the slit is
positioned far from the dust lane. There is a hint at a double reversal of the h3 curve similar
to that in e.g. ESO 435-G25.
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Figure 4.5: (continued).

ESO 435-G14 – A subtle asymmetry w.r.t. the galaxy center is seen in the velocities of the
outermost bins, with the velocity flattening off at the receding side and increasing up to the
outermost point at the approaching side. The dispersion on the other hand is symmetric. The
peaks in the slit intensity profile reflect the presence of strong spiral arms seen in the optical
image, which are perhaps related to the asymmetry in the velocity curve.

ESO 435-G25 – A small plateau is present in the velocity curve at 10′′. The velocity dis-
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persion shows a rather steep drop at small radii followed by a much more gradual decline
starting at ∼20′′. The h3 curve shows a conspicuous signature. This signature is also seen in
at least three other galaxies and will be discussed in Sect. 4.5. Note that the h3 goes through
the origin, suggesting that template mismatch is not a problem.
ESO 437-G62 – The poor quality of the H I data (Ch. 5) did not allow a determination of
the systemic velocity. Instead, the dynamical center and systemic velocity were determined
by symmetrizing the stellar velocity curve. The observed kinematics may be influenced by
dust attenuation since, unfortunately, the slit was positioned ‘on’ the dust lane during the
service observing. The h3 and h4 curves show remarkably strong deviations from Gaussianity
(Sect. 4.5). The stellar kinematics are highly symmetric with respect to the center, in contrast
with the optical emission-line kinematics (Bureau & Freeman 1999).
ESO 446-G18 – Unfortunately, the slit was positioned ‘on’ the dust lane during the service
observing. The mean velocity curve is still rising rather steeply in the inner bulge-dominated
region, while the decrease in velocity dispersion is steep compared to other galaxies in the
sample. The h3 and h4 show no strong radial variation.
ESO 487-G02 – For the systemic velocity a value of 1753.7 km s−1 was adopted (LEDA).
Due to a low SNR, all the emission along the slit had to be averaged in the analysis, includ-
ing the prominent dust lane. The better quality data of the vertical slits for NGC 891 and
NGC 5170 indicates that this averaging tends to decrease the observed velocity and velocity
dispersion. This effect will be estimated when modeling the observed kinematics (Ch. 7).
ESO 509-G19 – Both the velocity and dispersion are fairly symmetric, although the data
cover a rather limited radial range. This huge spiral is of importance because it greatly extends
the range in maximal rotational velocity and disk size covered by the sample.
ESO 564-G27 – Unfortunately the spatial sampling is rather poor due to the low SNR of
the spectra and the presence of two bright foreground stars on the major axis. The velocity
dispersions approach the instrumental resolution beyond ∼ 20′′.
NGC 891 – The slit positioned perpendicularly to the major axis indicates that the kinematics
are rather symmetric with respect to galactic plane (z = 0). Both the velocities and velocity
dispersions show a clear drop below z ' hz with minima at z = 0. This behavior is likely
caused by dust attenuation. A high optical depth near the plane would largely hide the region
at the line of nodes (the intersection of the galaxy plane and the plane of the sky). Only the
outskirts of the stellar disk nearer to the observer, which are expected to have small projected
velocities and velocity dispersions, still contribute to the LOSVD (cf. Fig. 7.1). Above the
strong dust lane (z ≥ hz), the stellar velocities and dispersions remain constant with z up
to ' 2.5 hz. The slit positioned parallel to the major axis reveals a steady radial decrease of
the velocity dispersion. In addition, several small scale irregularities in the stellar velocity
and dispersion are apparent, for instance at R = −110′′. These irregularities can be traced
to distinct dust patches in the optical image. The h3 parameter reveals a high-speed tail in
the LOSVD for radii up to 50′′. The h4 parameter seems to indicate that the LOSVD is more
peaked than Gaussian in this region.
NGC 5170 – The stellar kinematics at slit position A show a maximum in the velocity and, at
the same position, a minimum in the dispersion. The fact that this position is offset from the
major axis is probably related to the slight tilt of NGC 5170 away from edge-on. At position
B the kinematics are sparsely sampled and shows no clear trend with z.
NGC 5529 – The velocity curve is asymmetric. On the approaching side, it reaches a distinct
plateau at projected radii around 10′′, then rises sharply and slowly flattens out to the last
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measured point at three scalelengths. The central velocity dispersion is the largest in the
sample, and declines slowly with projected radius. The h3 and h4 parameters reveal very
strong asymmetries in the velocity profiles and show several sign reversals with projected
radius.

4.5 Discussion

4.5.1 General properties

As an overview, Fig. 4.6 shows simultaneously the velocity and velocity dispersion curves
for all the galaxies for which a spectrum was taken parallel to the major axis. To facilitate a
meaningful comparison the data are plotted in units of I-band disk scalelengths. In most cases
the data extend well into the disk-dominated region, the last-measured point corresponding
to a projected radius between one and two and a half disk scalelengths. The exceptions
are ESO 416-G25 and ESO 509-G19, for which the data are mainly confined to the bulge
region (data up to 0.5 scalelengths). Viewing the entire sample, there is no strong systematic
difference between the l.o.s. stellar kinematics on the approaching and the receding sides.
However, there are substantial differences in a few individual cases, most notably ESO 157-
G18 and ESO 240-G11 (Sect. 4.4.2). These kinematic asymmetries are most clearly seen in
the stellar velocity. These differences may arise from strong non-axisymmetric structures in
the disk, e.g. in the form of a bar, lopsidedness or spiral arms. Note that an asymmetry in the
l.o.s. velocity is expected in case of template mismatch, because a mismatch induced error
is expected to have the same sign independent of position. The fact that any asymmetries
observed in the stellar velocity curve are also seen in the H II kinematics (Ch. 6) provides
direct evidence that the effect of template mismatch is small.

Although the parametrization of the stellar kinematics does not present a direct view
of the intrinsic stellar disk rotation and velocity dispersion, the l.o.s. velocity and velocity
dispersion curves already show several important features. First, none of the galaxies in
Fig. 4.6 exhibits a velocity curve of solid-body (linear) form. This simple observation implies
that the stellar disks are all differentially rotating. More importantly, a high optical depth
would lead to a solid-body velocity curve (Bosma et al. 1992, Sect. 7.3.4). Hence, the fact
that no solid body curves are observed also shows that dust extinction is not strongly affecting
the observed LOSVDs. Note however that strong dust extinction can have a large effect of the
LOSVD, as in NGC 891 at z-heights smaller than one vertical scaleheight (z < hz, Fig. 4.5).
This appears to justify our strategy of positioning the slit outside the main dust lane to avoid
the bulk of the dust (see also Sect. 7.3.4, Baes et al. 2003). A quantification of the extent
to which dust attenuation influences the observed stellar kinematics is deferred to Ch. 6,
where the optical emission line kinematics will be studied and compared to the kinematics
of the optically thin H I line. Besides the fact that none of the curves are of solid-body form,
there is a large variety in the amplitudes and the shapes of the curves. Albeit rather crude,
the separation into morphological type illustrates that on average both the amplitude and the
slope (in km s−1 per disk scalelength) of the l.o.s. velocity curves decreases towards later
types, although there is certainly a large variation within each class.

The l.o.s. velocity dispersions cover a substantial range in amplitude, with central dis-
persions of 20–150 km s−1. In most galaxies the l.o.s. stellar velocity dispersion clearly
decreases with projected radius, also outside the central bulge region (R & 0.5 hR). Nice
examples are ESO 435-G14, ESO 437-G62, NGC 891 and NGC 5529. For some galaxies the
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Figure 4.6: The l.o.s. velocities and velocity dispersions for the 15 galaxies for which the slit was
positioned parallel to the galaxy major axis (top rows). The same data are also shown after dividing by
the maximum rotational velocity (LEDA) (bottom rows). In each row, the first panel shows the total
sample, while in the other panels the galaxies are binned according to morphological type (LEDA). The
abscissa is in units of scalelengths.

data outside the bulge region instead suggest a l.o.s. dispersion constant with projected radius
(e.g. ESO 142-G24 and ESO 288-G25). However, in these cases the velocity dispersion is
close to the instrumental resolution, where the systematic errors due to template mismatch
may be substantial (Sect. 4.3.5). It appears that the data are consistent with the radially de-
clining intrinsic stellar disk velocity dispersions measured in less-inclined spirals (Bottema
1993; Gerssen et al. 1997, 2000). However, part of the decline may also be due to the l.o.s.
projection: modeling of the l.o.s. stellar kinematics is required to firmly address this question.

4.5.2 A σ − vmax relation for disks?

There is no strict trend of the l.o.s. velocity dispersion with morphological type, although
later type spirals generally have smaller σlos/vmax (Fig. 4.6). This trend can be ascribed
to the decreasing bulge contribution: (1) bulges have larger stellar velocity dispersions than
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Figure 4.7: (a) – The line-of-sight velocity dispersion at one I-band scalelength versus maximum
rotational velocity (LEDA). The values for ESO 416-G25 and ESO 509-G19 are based on a visual
extrapolation (circles). The dashed line indicates the relation between the intrinsic radial velocity dis-
persion at hR and maximal rotational velocity in HSB spirals (Bottema 1993). (b) – Sketch illustrating
the increase of the width of the stellar LOSVD for a larger maximal rotational velocity in dynami-
cally cold edge-on disks with a truncation at four hR. Solid lines show the intrinsic stellar rotation
curves. Hatched regions indicate the range covered by the l.o.s. stellar velocities. The arrows indicate
the velocity width.

disks and, when dominant, will cause a higher l.o.s. velocity dispersion in the central parts, (2)
early-type spirals generally have steeper circular-speed curves causing a larger l.o.s. velocity
gradient in the inner parts. In contrast, at one disk scalelength, where the disk dominates,
the range in l.o.s. velocity dispersions is rather narrow: σlos(hR) = 0.2–0.4 vmax. Fig. 4.7a
visualizes this observation in a different way, showing the l.o.s. velocity dispersion at one
disk scalelength versus the maximum rotational velocity. This relation is not due to dust ex-
tinction. First, as discussed above, the effect of dust extinction is not large because the stellar
rotation curves are far from solid-body. Secondly, because dust extinction reduces the l.o.s.
stellar velocity dispersion (Sect. 7.3.4), Fig. 4.7a would imply that extinction progressively
increases towards spirals with smaller vmax. This is contrary to what is observed (Giovanelli
et al. 1995; Tully et al. 1998).

Observations of the stellar kinematics in 11 HSB spirals of various inclination show a re-
lation very similar to that of Fig. 4.7a, but for the intrinsic radial velocity dispersion (Bottema
1993, Ch. 2):

σR(hR) = (0.29 ± 0.10) vmax. (4.6)

Does the correlation seen in Fig. 4.7a represent this σR−vmax relation? In Ch. 7, an ensemble
of exponential stellar disk models studied with respect to the effect of the l.o.s. projection on
the observable kinematics. For a range of rotation curve shapes these models show that the
l.o.s. velocity dispersion at one disk scalelength is comparable to the intrinsic radial velocity
dispersion σR(hR). Hence, if the σR − vmax relation (Eqn. 4.6) holds for all stellar disks it
will probably also be visible in our data. There is an important caveat however. For stellar
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disks that are dynamically colder, σR(hR)/vmax . 0.2, the dispersion in the l.o.s. velocities
of the stars is mainly due to the gradient in the l.o.s. rotational velocity. In that case a galaxy
with a larger maximum rotational velocity will have a larger l.o.s. velocity dispersion simply
because of the projection (Fig. 4.7b). This causes a correlation between σlos and vmax with
a slope similar to that observed in Fig. 4.7a (cf. Fig. 7.3). This effect is actually expected
for low surface brightness (LSB) disks if they are indeed dynamically colder than HSB disks
(Ch. 2). For disks that are dynamically hotter, σR(hR)/vmax & 0.4, the tangential velocity
dispersion dominates the l.o.s. projection. Since the tangential dispersion is smaller than
the radial dispersion (a factor 1/

√
2 for a flat rotation curve) this also drives the relation

between σlos and vmax toward the observed slope (cf. Fig. 7.3). We conclude that although it
is possible that the correlation seen in Fig. 4.7 represents the σR − vmax relation observed by
Bottema (1993), proper modeling of the stellar kinematics is required to firmly address this
question.

4.5.3 Non-Gaussian LOSVDs

An examination of the h3 and h4 curves of the seven galaxies for which the Gauss-Hermite
parametrization could be used (Table 4.4) reveals that four clearly show a common signature
in the h3 parameter. These galaxies, ESO 240-G11, ESO 435-G25, ESO 437-G62 and NGC
5529, show a low-speed tail at large radii and a high-speed tail at small radii. Three of
these also show a common signature in the h4 parameter (ESO 435-G25, ESO 437-G62 and
NGC 5529); a LOSVD which is more peaked than Gaussian at large radii, less peaked at
intermediate radii and again more peaked in the very central region. Moreover, in ESO 435-
G25, ESO 437-G62 and especially NGC 5529 the mean stellar velocity shows a small plateau
in the central region. Two other galaxies, ESO 416-G25 and NGC 891, appear to show similar
weaker features, although the radial range covered by the data is less in these cases. All of
these spirals have a boxy- or peanut-shaped bulge.

Since the high-speed tails occur at small projected radii it is tempting to identify the asym-
metric velocity distributions with a bar. A barred potential induces a lack of possible orbits
near corotation, which in the edge-on view results in LOSVDs with a ‘figure-of-eight’ or ‘X’
appearance with projected radius (Kuijken & Merrifield 1995; Bureau & Athanassoula 1999;
Athanassoula & Bureau 1999). This feature has been detected in the velocity distributions of
ionized gas and stars in several edge-on spirals with a boxy- or peanut-shaped bulge (Kuijken
& Merrifield 1995; Bureau & Freeman 1999), suggesting that these bulges are associated
with bars. The signatures seen in the l.o.s. velocity, h3 and h4 would then need to represent
this ‘figure-of-eight’. Indeed, ESO 240-G11 (see also Bureau & Freeman 1999) and NGC
5529 clearly show this signature in the optical emission lines (App. 6A), suggesting that these
spirals are barred.

However, a similar conspicuous signature in the h3 and h4 curves is seen in the projected
kinematics of a pure exponential disk (Sect. 7.3.4). Consider the h3 parameter. At large
projected radii the high density material at the line-of-nodes, for which the l.o.s. velocity
equals the circular speed, dominates the LOSVD while the remaining low density material
forms a low-speed tail. However, contrary to common belief (e.g. Kuijken & Merrifield
1995), this behavior does not continue down to R = 0. Instead, an exponential disk causes a
high-speed tail at small projected radii due to the increasing velocity crowding of low density
material (see Sect. 7.3.4 and Fig. 7.2c for a more detailed description). Unfortunately, the
spectra of the bulgeless spirals in the current sample do not have the signal-to-noise ratio
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and/or spectral sample to show this observationally. Nonetheless, the exponential disk model
studied in Ch. 7 suggests that the occurrence of the h3 and h4 signatures alone cannot be used
to infer the presence of a bar. The plateau seen in the mean velocity curve at small radii is not
present in the projection of an exponential disk. Perhaps this signature can be used instead to
unequivocally establish the bar connection. Finally, note that all the h3 curves nicely reverse
sign at the dynamical center. This indicates that the effect of template mismatch is small.

4.6 Summary

We have presented deep long-slit spectra of 17 edge-on spiral galaxies of intermediate- to
late- morphological type. Most of these spectra have been taken parallel to and away from
the galaxy major axis to study the radial variation of the stellar kinematics. For three galaxies
the slit was positioned perpendicular to the major axis to investigate the variation of the stellar
kinematics with height above the galaxy plane. The line-of-sight (l.o.s.) stellar kinematics
have been extracted from the stellar absorption lines in the 4800–5800 Å region using the
cross-correlation technique. For fifteen galaxies the derived l.o.s. stellar kinematics reach
well into the disk region and are well suited for a study of the intrinsic stellar disk kinematics.

None of the l.o.s. stellar velocity curves has a solid-body shape, showing that the stellar
disks are differentially rotating and, more importantly, that the effect of dust attenuation is not
large. The l.o.s. stellar disk velocity dispersions decrease with radius, in qualitative agreement
with the trends observed in less-inclined spirals. We find that the l.o.s. stellar disk velocity
dispersion correlates strongly with maximum rotational velocity. A de-projection of the l.o.s.
stellar kinematics is necessary to establish whether this correlation reflects the σ − vmax

relation observed in less-inclined spirals (Bottema 1993) or is due to the projection.
At least four of the seven spirals for which the Gauss-Hermite parametrization could be

used have asymmetric LOSVDs, with a localized plateau in the l.o.s. stellar velocity curve
and a common signature in the h3 and h4 parameters with projected radius. All of these have
either a boxy- or peanut shaped bulge. For ESO 240-G11 and NGC 5529 a ‘figure-of-eight’
feature is present in the optical emission lines, showing that their disks are probably barred.
This would suggest that in general the asymmetries seen in the Gauss-Hermite parameters
are linked to the presence of a bar. However, a pure exponential disk shows asymmetries in
the h3 and h4 parameters reminiscent of those observed.
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4A 2D bulge-disk decomposition of NGC 5170
Observations of NGC 5170 were carried out on May 31st 2000 using the direct-imaging mode
of the JKT on La Palma. The JKT was operated with a 20482 SITe CCD (0.330 ′′/pixel,
effective field of view ∼8′). The galaxy was observed during non-photometric conditions
for two times 900s using the Harris I-band filter. Data reduction was carried out following
standard IRAF procedures. After combining the images, the sky level was determined by
fitting a low-order two-dimensional polynomial to the background (making sure the regions
containing objects were excluded) and subtracted. The image was calibrated using m0

I
=

9.66 mag (Mathewson & Ford 1996, corrected for Galactic extinction).
Further preparations of the galaxy image followed the same procedures as in Sect. 2.4,

including rotating the image to align the major axis with the image rows (using a major axis
position angle of 216 degrees) and masking. For the galaxy center the position of the nucleus
was adopted (Table 4.4). Then, a bulge-disk decomposition was performed according to
the 2D fitting method (Ch. 2), using initial estimates obtained from one-dimensional fits to
the major and minor axis profiles. Since the south-western side is clearly affected by dust
attenuation, only the north-eastern (far) side was included in the 2D fit. Data below one
scaleheight were masked out using an iterative approach (see Sect. 2.3.2 for details). The
best fit was found for an exponential bulge, although the corresponding reduced χ2 is only
marginally lower than that obtained with an r1/4 bulge. The data and best fitting model are
illustrated in Fig. 4A.1. The derived parameters are µedge−on

0 = 18.7±0.3 mag arcsec−2,
hR = 70±15′′, hz = 9±2′′, µe = 18.5±0.3 mag arcsec−2, re = 15±4′′ and q = 0.53±0.06
(see Sect. 2.3.1 for the definitions of these parameters).

Figure 4A.1: Results of the 2D bulge-disk decomposition applied to the JKT I-band image of NGC
5170. Top – surface brightness distribution, contours levels are in steps of 0.5 magnitudes, starting with
22.2 mag arcsec−2 at the lowest contour. Lower left – profiles extracted parallel to the major axis at 1
and 2 scaleheights after averaging over 1/3 scaleheights. Lower right – profiles extracted parallel to the
minor axis at 0.5 and 2.5 scalelengths after averaging over 1/2 scalelengths. In both lower panels the
dashed line shows the best-fitting model. The dotted lines indicate the adopted fitting boundaries.
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5
The Neutral Hydrogen of Edge-on

Spiral Galaxies
M. Kregel, P. C. van der Kruit & W. J. G. de Blok

ABSTRACT — We present Australian Telescope Compact Array (ATCA) and Wes-
terbork Synthesis Radio Telescope (WSRT) H I synthesis observations of 15 edge-on spi-
ral galaxies of intermediate to late morphological type. The global properties and the
distribution and kinematics of the H I gas are derived and discussed. We point out that the
envelope-tracing method for determining the rotation curve is unreliable in the inner parts,
where the effects of beam smearing and the line-of-sight projection are most pronounced.

5.1 Introduction
The neutral atomic hydrogen gas (H I) in spiral galaxies is highly dissipated, its bulk being
confined to nearly circular orbits and forming a thin layer in the galaxy plane. This physical
property makes the H I 21-cm emission line an excellent tracer of the circular speed curves of
spiral galaxies, and hence of their underlying radial mass distributions (Bosma 1978; Bege-
man 1987; de Blok, McGaugh, & van der Hulst 1996). This also applies to the H I in spirals
that are viewed edge-on, albeit that the velocity profiles are more complex due to the line-of-
sight (l.o.s.) projection (Sancisi & Allen 1979; Sofue 1996; Garcı́a-Ruiz, Sancisi, & Kuijken
2002). Although challenging, the l.o.s. projection in edge-on spirals is actually much less
severe for the H I layer than for the old stellar disk (Ch. 4). From a practical viewpoint,
the signal-to-noise of H I synthesis observations is generally larger such that the H I can be
studied at a higher velocity resolution. From the physical side, the H I velocity dispersion is
typically 6–13 km s−1 (van der Kruit & Shostak 1982; Kamphuis 1993), much smaller than
that of the old stellar population. Hence, the H I l.o.s. velocity profiles are mainly shaped by
the density distribution and the rotation curve. The H I rotation curves of edge-on spirals may
therefore be retrieved from the extreme-velocity envelope of the major axis position-velocity
(XV) diagram.

In Ch. 4 we presented deep optical long-slit spectra for 17 edge-on spirals and extracted
the l.o.s. stellar kinematics. A determination of the H I rotation curves of these edge-on spirals
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gives the additional constraint needed to build realistic dynamical models of their stellar disks
(Ch. 7). This will allow a study of the intrinsic stellar disk velocity dispersion and the stellar
disk surface density. Previously, H I synthesis observations were made only for three galaxies
in this sample: NGC 891 (Sancisi & Allen 1979; Rupen 1991; Swaters, Sancisi, & van der
Hulst 1997), NGC 5170 (Bottema, van der Kruit, & Freeman 1987) and NGC 5529 (Rhee
& van Albada 1996). Here, we present both new 21-cm synthesis radio observations for 14
galaxies, including more sensitive observations of NGC 5170 and NGC 5529, and archival
observations for 4 additional galaxies. The prime purpose of these H I observations is to
provide detailed rotation curves. Besides allowing the construction of dynamical models
of the stellar disks, these H I rotation curves can also be compared to the optical emission
line velocities, yielding an estimate of the effect of dust extinction on the observed stellar
kinematics (Ch. 6). In addition, the morphology of the H I can be used to gauge environmental
influences through the presence of telltale signs such as warping of the H I layer and the
presence of companions.

The outline of this chapter is as follows. In Sect. 5.2 the H I synthesis observations are pre-
sented and the reduction steps are summarized. The continuum and H I emission is analyzed
in Sect. 5.3. This section also contains a brief investigation of the envelope-tracing method
for determining the H I rotation curves. In Sect. 5.4 we explore the global H I properties of
this sample of edge-on spirals. Finally, a summary is presented in Sect. 5.5. Throughout dis-
tances are calculated using the Virgo-centric velocities from the Lyon/Meudon Extragalactic
Database (LEDA, see Table 2.1) and a Hubble constant H0 = 75 km s−1 Mpc−1.

5.2 Observations and Data Reduction

5.2.1 New observations

The main observational parameters of both the new and the archival observations (Sect. 5.2.2)
are given in Table 5.1. Among the fourteen newly targeted galaxies, we decided to re-observe
NGC 5170 and NGC 5529, because earlier observations lacked the sensitivity to determine
their rotation curves. The new 21-cm line observations were carried out during 2000–2001
using the ATCA and the WSRT. The new ATCA observations were performed with the array
in one of its 1.5 km configurations (Table 5.1) and using the correlator configured to cover a
bandwidth of 8 MHz with 1024 channels (1.6 km s−1 channel−1). On-line Hanning velocity
smoothing was not applied. To calibrate the flux density scale and the bandpass the source
PKS B1934-638 was observed for 15 minutes at either the start or the end of each full synthe-
sis observation. To allow proper correction of gain and phase changes the galaxy observations
were interspersed every hour with a 5 minute observation of a secondary calibrator.

Note that for three of the galaxies (ESO 263-G15, ESO 321-G10 and ESO 435-G50)
the quality of the recorded optical spectra (Ch. 4) proved too low to determine their stellar
kinematics. Their H I content does still contain valuable information and is included here.

The WSRT observations of NGC 5529 were carried out using the ‘Maxi-Short’ configu-
ration. This configuration yields 52 baselines, the shortest being 36m, 54m, 72m and 90m.
The correlator provided 128 channels over a 10MHz bandwidth (16.6 km s−1 channel−1).
On-line velocity tapering was not applied in order to retain the highest possible velocity res-
olution. Initial calibration was performed using the sources 3C147 and CTD93, after which
a self-calibration procedure on the continuum map of the field surrounding NGC 5529 was
used to perfect the calibration.
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5.2.2 Archival observations

Four out of the six remaining galaxies in the Ch. 4 sample (ESO 240-G11, ESO 435-G25,
ESO 437-G62 and ESO 487-G02) had been observed at 21-cm by Bureau, Freeman & Bosma
with the ATCA (project no. C529). These data were retrieved from the ATCA archive and
will be investigated here. The archival ATCA observations were carried out in 6A, 6B and
1.5D array configurations and used 512 channels covering a 8 MHz bandwidth (3.2 km s−1

channel−1). These observations used the same calibration method as our ATCA observations
(Sect. 5.2.1). Details of the observations can be found in Table 5.1. Note that at 21-cm the
primary beam sizes of the ATCA and WSRT are 33′ and 36′ at full width half maximum
(FWHM), respectively. Hence, all targeted galaxies are well within the primary beam.

The two remaining galaxies, ESO 288-G25 and NGC 891, are not included here. The H I

distribution of the galaxy NGC 891 has been analyzed in detail in previous studies (Sancisi &
Allen 1979; Rupen 1991; Swaters et al. 1997). The H I rotation curve of NGC 891 will be re-
analyzed in Ch. 6, using the H I data of Swaters et al. (1997). For ESO 288-G25 H I synthesis
observations are still lacking. Fortunately, the Hα major axis position-velocity diagram is
well defined allowing an adequate determination of the rotation curve (Ch. 6).

5.2.3 The data reduction

The reduction of the visibility data was performed with the MIRIAD package. Using stan-
dard techniques, the visibilities were examined, interactively flagged for interference, and
calibrated. A preliminary low spatial resolution data cube was then produced to locate the
21-cm line signal. The continuum signal was determined in the visibility domain by fitting
a low order polynomial to the line free channels, and subtracted. Spectral line data cubes
and continuum maps were then created at three different spatial resolutions. A full resolution
version was produced using robust weighting of the visibility data without further tapering
(using robust values of 0.5 for the ATCA observations and 0.1 for the WSRT observations).
Two lower resolution versions were obtained by applying a Gaussian taper to the visibility
data with FWHM corresponding to 30′′ and 60′′ in the image domain. For the archival ATCA
data, which included the 6km array configuration, the low resolution line cubes were created
by applying a Gaussian taper with FWHM corresponding to 10′′ and 30′′. Pixel sizes were
chosen to be close to one third of the synthesized beam width and the field was imaged out
to the primary beam half power points. The velocity axis of the H I data cubes is heliocentric
and uses the radio definition, yielding a constant velocity increment between channels. As
a compromise between sensitivity and velocity resolution the ATCA data were averaged in
velocity to yield 256 independent channels and a channel spacing of 6.6 km s−1. The WSRT
data of NGC 5529 were Hanning smoothed to suppress Gibbs ringing, yielding a velocity
resolution of 33 km s−1 (FWHM).

Unfortunately, at this point it became clear that for 3 galaxies the sensitivity was insuf-
ficient to determine their H I properties: ESO 437-G62 remained undetected, whereas ESO
487-G02 and ESO 509-G19 were detected only after excessive velocity smoothing. The data
for these galaxies were not further processed.

The spectral line data cubes and continuum maps for the fifteen detected galaxies were
further processed and analyzed within the GIPSY environment. First, the CLEAN algorithm
(Högbom 1974) was applied to correct for the effects introduced by limited visibility sam-
pling. In each channel map, the region of H I emission to be cleaned was defined by a masked
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version of the 60′′ data cube. Following standard practice, this masked cube was created by
retaining the H I emission in the channel maps above a level of twice the r.m.s. noise (2σ),
and manually removing remaining noise peaks and grating rings. For the archival ATCA
data the 30′′ data cube was used to create these clean masks. Then, at each resolution, the
areas defined by the masks were cleaned down to 0.5σ. The clean components were finally
restored using a Gaussian beam with a FWHM similar to that of the central peak of the dirty
beam. The continuum maps were cleaned using the same approach.

5.3 Analysis

5.3.1 Radio continuum emission

21-cm continuum emission was detected in only five galaxies. Table 5.2 gives the continuum
flux in the cleaned radio continuum maps at full resolution. The continuum fluxes are in
agreement with those found for galaxies of similar Hubble type (Hummel 1981). For ESO
435-G50 there is a very bright continuum source projected onto the receding side of the
optical disk which may perhaps be associated with this galaxy (S1.42 GHz = 109 mJy, not
listed in Table 5.2. Interestingly, this bright source is double-lobed with the lobes apparently
sticking out of the galaxy plane up to a projected height of ∼30′′ (15 stellar disk scaleheights).

5.3.2 The neutral hydrogen emission

Global properties

The global profiles were constructed from the H I fluxes in the full resolution channel maps.
In each of these channel maps the flux was calculated from the emission in the region of the
clean masks and corrected for primary beam attenuation. The flux error was estimated by
projecting the clean mask at eight different line-free locations, and integrating over each area
separately. The standard deviation in the line-free ‘fluxes’ of these regions was then adopted
as the flux error. For the four spirals for which companion satellites were also detected (see
Sect. 5.3.4) only the emission from the main galaxy was included in the global profile. The
resulting global H I profiles are presented in Fig. 5.3. The integrated primary beam corrected
flux densities are listed in Table 5.3. The corresponding H I masses were calculated using
the standard formula: MH I = 2.36 105 D2

∫

S dv where D is the distance of the galaxy in

Table 5.2: Radio continuum fluxes

Galaxy S1.42 GHz ± log10 P1.42 GHz ±

(mJy) (W Hz−1)
(1) (2) (3) (4) (5)

ESO 263-G15 17.0 1.4 21.28 0.04
ESO 435-G25 4.5 0.8 20.70 0.08
ESO 564-G27 3.7 1.3 20.51 0.16
NGC 5170 14.1 2.6 20.81 0.08
NGC 5529 22.4 0.9 21.66 0.02

Notes – Columns: (1) Name; (2)&(3) Continuum flux and
error; (4)&(5) Logarithm of the total power and error.
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Table 5.3: H I global properties
Galaxy

∫

S dv ± MH I ± vsys ± WR,20 ± WR,50 ± Rrece
H I Rappr

H I

(Jy km s−1) (109 M�) (km s−1) (km s−1) (km s−1) (′′) (′′)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)

ESO 142-G24 22.9 0.3 2.9 0.1 1925.4 0.7 242.0 1.7 243.5 2.4 145 147
ESO 157-G18 16.3 0.3 0.8 0.1 1378.8 0.6 185.7 1.7 187.5 .5 126 107
ESO 201-G22 14.2 0.2 8.7 0.1 4067.8 0.4 334.8 1.1 339.5 1.2 127 103
ESO 240-G11 49.7 0.5 14.7 0.2 2842.9 0.9 546.2 2.3 542.7 2.9 203 225
ESO 263-G15 19.5 0.4 4.3 0.1 2527.2 1.2 334.3 3.2 339.2 3.6 145 133
ESO 269-G15 8.6 0.2 3.7 0.1 3386.1 2.8 330.0 8.0 326.4 7.9 85 88
ESO 321-G10 3.9 0.2 1.4 0.1 3134.6 1.8 303.4 5.0 311.9 5.0 66 73
ESO 416-G25 9.7 0.2 9.5 0.2 4988.6 1.4 446.8 4.0 447.6 4.0 92 113
ESO 435-G14 16.0 0.4 4.1 0.1 2663.7 1.6 269.8 5.1 276.2 3.9 93 111
ESO 435-G25 44.1 0.3 9.7 0.2 2474.7 0.9 473.2 2.2 471.4 3.1 195 230
ESO 435-G50 7.3 0.3 2.0 0.1 2713.0 1.0 173.9 3.1 182.6 2.7 73 77
ESO 446-G18 8.2 0.3 7.4 0.3 4771.6 1.4 412.1 4.0 421.1 4.0 99 100
ESO 564-G27 39.7 0.4 6.8 0.1 2177.3 0.5 323.3 1.2 325.4 1.6 189 201
NGC 5170 91.1 0.6 8.2 0.1 1500.7 0.4 504.2 1.1 508.6 1.3 302 314
NGC 5529 43.2 0.3 17.4 0.1 2875.3 0.4 574.8 1.2 567.8 1.3 188 213

Notes – The quoted velocities and line widths use the optical velocity definition. Columns: (1) Name;
(2)&(3) Flux density and error; (4)&(5) H I mass and error; (6)&(7) Systemic velocity and error;
(8)&(9) Line width at the 20% level and error; (10)&(11) Line width at the 50% level and error; (12)
H I radius at the receding side; (13) H I radius at the approaching side.

Mpc and
∫

S dv is the flux density in Jy km s−1. The basic assumption of this formula is
that the H I is optically thin. This assumption clearly holds with respect to the continuum
absorption, since for each galaxy the continuum flux is small compared to the line flux in a
single channel. The effect of H I self-absorption is also small, according to a conservative
estimates of the optical depth (Sect. 6.3.2). The errors listed for the flux density and H I mass
are the probable errors, calculated from the errors on the fluxes in the individual channels. The
difference between the measured flux densities and those listed in LEDA (from single dish
measurements) is shown in Fig. 5.1a. The agreement is excellent, except for ESO 240-G11
and ESO 435-G25. For those the radio synthesis measurements yield lower flux densities.
This missing flux is not surprising given that the angular sizes of ESO 240-G11 and ESO
435-G25 are significantly larger than the angular size corresponding to the shortest spacing
used in the observations (∼ 6′). Note that considering the uncertainties the flux densities
agree remarkably well for the remaining galaxies: the uncertainties in the LEDA fluxes are
probably overestimated.

The H I global profiles were also used to calculate the systemic velocity and the line
widths at the 20% and 50% levels. When double horned, the peak fluxes on the approaching
and receding sides were used separately to determine these levels. Otherwise, the overall peak
flux was used on both sides (which only applies to ESO 157-G18). The systemic velocity,
listed in Table 5.3, was taken to be the average of the midpoints between the extreme veloc-
ities determined at 20% and 50% of the peaks. The derived systemic velocities agree well
with the LEDA values (Fig. 5.1b), although, as for the flux densities, the uncertainties quoted
in LEDA have been overestimated. The observed line widths were corrected for instrumental
broadening and random motions according to the formalism of Verheijen & Sancisi (2001).
Their instrumental correction is as follows:
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Figure 5.1: A comparison with the literature for (a) the flux densities, (b) systemic velocities and (c)
line widths at the 20% level (see text).

W20 = W20,obs − 35.8
[

√

1 + (R/23.5)2 − 1
]

,

W50 = W50,obs − 23.5
[

√

1 + (R/23.5)2 − 1
]

(5.1)

where R is the velocity resolution (FWHM). This correction is based on approximating the
edges of the global profile, which are mostly due to turbulent motion, with a Gaussian of
dispersion of 10 km s−1. The corrections typically amount to a 20–25 km s−1 reduction in
width. To enable a meaningful comparison of the corrected widths with the literature, the
raw literature values were gathered (Table 5A.1) and corrected for instrumental broadening
in the exact same way. The derived widths at the 20% level are compared to these literature
values in Fig. 5.1c. The line widths are in agreement; the weighted mean of the difference
W20 − W20,lit is −0.4±1.6 km s−1, whereas the r.m.s. scatter is 14 km s−1. For the line
widths at 50% level the agreement is comparable (not shown).

The correction for random motion is based on the empirical formula of Tully & Fouque
(1985):

W 2
R,l = W 2

l + W 2
t,l

[

1 − 2 e
−
(

Wl
Wc,l

)2
]

− 2 WlWt,l

[

1 − e
−
(

Wl
Wc,l

)2
]

(5.2)

where the subscript l refers to the level at which the line width was determined, Wc,l is the
line width which defines the transition between quadrature summation (at small line widths)
and a linear correction (at larger line widths), and Wt,l is a constant representing the H I

random motions. We adopt Wc,20 = 120 km s−1, Wc,50 = 100 km s−1 and Wt,20 = 22 km
s−1, Wt,50 = 5 km s−1 in order to probe the maximum rotation (Verheijen & Sancisi 2001).
The corrected line widths are listed in Table 5.3.

The H I distribution

The H I column density maps were obtained by taking the zeroth moment of the masked
channel maps (Fig. 5.3). Since the area containing H I emission is different in each channel,
the noise in the column density map varies according to the number of channels summed at
each position. To facilitate the interpretation of the H I column density maps, this noise map
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was calculated according to σtotal = (nchan)1/2 σ, where nchan is the number of summed
channels and σ is the actual r.m.s. noise level in a single channel map (the correlated noise
introduced by the continuum subtraction is negligible). For NGC 5529 the data were Hanning
smoothed. In this case we used σtotal = (nchan − 3

4 )1/2 4√
6

σ (Verheijen & Sancisi 2001).
From the column density map and this noise map a signal-to-noise map was constructed.
Then, the average flux density of the pixels in the column density map with a signal-to-noise
ratio between 2 3

4 and 3 1
4 was calculated. This signal-to-noise level is indicated in Fig. 5.3 by

a thick contour.
The l.o.s. projection of an edge-on H I layer entails that each observed position contains

information on a large range of galactocentric radii. The face-on H I surface density profile
can be retrieved by de-projecting the observed radial H I distribution under the usual assump-
tions that the H I distribution optically thin and axisymmetric. Any large deviations from
axisymmetry can then be investigated by comparing the results from the approaching and the
receding sides. The observed radial H I distribution was de-projected following the method
outlined in Warmels (1988). First, the so-called strip integral was calculated by integrating
the H I column density map perpendicularly to the major axis, as defined by the dynamical
center and position angle of the stellar disk (Table 4.4). The approaching and the receding
sides of this strip integral are de-projected separately, using Lucy’s (1974) iterative deconvo-
lution method. The iteration process is halted at the point at which it produces a reduction
in χ2 less than 10% (typically at 10–15 iterations). The inferred face-on H I surface den-
sity profiles are plotted in Fig. 5.3. The radii at which the azimuthally-averaged H I surface
density drops below 1 M� pc−2 were determined for the approaching and the receding side
separately. These H I radii are listed in Table 5.3.

Note that Warmels’ (1988) method has two disadvantages. First, it overestimates the H I

surface density in the central parts (at radii smaller than 1–2 beam FWHM, Warmels 1988;
Swaters 1999). For a poorly resolved edge-on spiral this may lead to an over-interpretation
of the major axis position-velocity diagram: rotational velocities could be assigned at small
radii even when in reality no H I is present. Secondly, although comparing the receding and
approaching sides gives a rough estimate, the method does not provide error estimates. In
Ch. 6, an alternative method will be introduced which attempts to lift these drawbacks by
determining both the H I surface density profile and the rotation curve from the position-
velocity diagram.

Finally, the H I column density map was also used to determine the projected H I layer
thickness as a function of projected radius. For this, Gaussians were fitted to profiles extracted
from a H I column density map which was constructed from a version of the channel maps
smoothed to a circular beam. These profiles were extracted perpendicularly to the major axis
at an interval corresponding to two-thirds of the circular beam FWHM. The fitted Gaussian
centroids and 1σ dispersions are shown in Fig. 5.3.

The H I kinematics

The H I kinematics were studied using the major axis position-velocity (XV) diagrams (see
Fig. 5.3). These XV diagrams were extracted from the full resolution data cubes by integrat-
ing the H I emission perpendicularly to the major axis as defined by the stellar disk center and
position angle (Table 4.4). For NGC 5529, which has two nearby satellites connected to the
main galaxy via H I bridges (Sect. 5.3.3), the anomalous H I was excluded while forming the
XV diagram.
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In first instance, the H I rotation curves were derived from these XV diagrams using
the envelope-tracing technique, also often referred to as the terminal-velocity or edge-fitting
method (Sancisi & Allen 1979; Olling 1996; Sofue 1996; Garcı́a-Ruiz et al. 2002). The basic
assumptions of this method are that the H I is (1) in perfect circular rotation and (2) detected
everywhere along the line-of-nodes. Under these assumptions the extreme-velocity envelope
of the major axis XV diagram traces the H I along the line of nodes (see Fig. 6.1 for a sketch
of the geometry). Provided that a proper correction is made for instrumental broadening and
turbulent motion this envelope can thus be used to derive the rotation curve. This correc-
tion, in essence a deconvolution, is what differs between the various implementations of the
envelope-tracing method in the literature.

Here, a series of Gaussian least-squares fits was made to the extreme-velocity side of
each velocity profile along the major axis (see Garcı́a-Ruiz et al. 2002, for an illustration). In
these fits the Gaussian dispersion was fixed at σG = (σ2

H I + σ2
instr)

1/2, where σH I is the H I

velocity dispersion and σinstr is the velocity resolution. According to H I observations of face-
on galaxies the turbulent motion of the H I is characterized by a vertical velocity dispersion
of about 8–13 km s−1 within the region of the stellar disk and 6–8 km s−1 at larger radii,
(van der Kruit & Shostak 1982; Dickey, Hanson, & Helou 1990; Kamphuis 1993). For our
present purpose we are mainly interested in the region corresponding to the stellar disk and,
assuming that the H I velocity dispersion is isotropic, we adopt a constant value σH I = 10
km s−1. In each Gaussian fit in the series, the upper fitting boundary was fixed at the highest
velocity showing emission above three times the r.m.s. noise level. In the first fit, three
channels towards lower velocities were included, in the second four channels, etcetera, until
the channel corresponding to the peak emission was reached (cf. Garcı́a-Ruiz et al. 2002).
The fit with the smallest reduced χ2 was retained as the best fit, with the peak velocity of the
fitted Gaussian defining the rotation. The errors are estimated according to the formula of
Garcı́a-Ruiz et al. (2002) derived from Monte Carlo simulations: σvc

= 4 σG/
√

nps (S/N),
where nps is the number of channels per σG and S/N is the ratio of the amplitude of the
fitted Gaussian to the r.m.s. noise level in a single channel.

The derived rotation curves are overlayed on the major axis XV diagrams in Fig. 5.3.
While in general the least-squares fits to each of the major axis velocity profiles were well
behaved, in first instance they did not converge for ESO 157-G18, ESO 435-G14 and ESO
446-G18. This was caused by the fact that the extreme-velocity side of the velocity profiles
was steeper than that implied by an H I velocity dispersion σH I = 10 km s−1. For these
galaxies σH I was lowered until the fits did converge, yielding values of 6 km s−1 for ESO
157-G18 and ESO 446-G18, and 7 km s−1 for ESO 435-G14. Since ESO 157-G18 and ESO
435-G14 are small spirals, this would suggest that the H I velocity dispersions are smaller
in dwarfs. However, ESO 446-G18 is clearly a massive spiral, and for the other two small
systems in the sample (ESO 142-G24 and ESO 435-G50) the fits using σH I = 10 km s−1

were well behaved.

Notes on the envelope-tracing method

Application of the envelope-tracing method to artificial data of axisymmetric H I layers in per-
fect circular rotation indicates that it works reasonably well at large projected radii (Garcı́a-
Ruiz et al. 2002). The reason is that at those radii the rotation curve is approximately flat,
such that the extreme-velocity envelope of the XV diagram is only mildly contaminated by
beam smearing (i.e. the presence in a single velocity profile of emission from neighboring
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Figure 5.2: The envelope-tracing method applied to a simulated edge-on XV diagram of NGC 2403
(see Fig. 6.1 for the XV diagram), illustrating that the inferred rotation curve differs from the true curve
and depends on the data quality. (a) – Comparison of the velocities found by tracing the envelope
(symbols) with the true rotation curve (solid line). Squares/circles show the results of the Gaussian fits
that include emission down to a level of 0.5/0.1 times the peak emission. The bar indicates the beam
size. (b) – The envelope fits (dashed and dotted Gaussians) for a single velocity profile at a projected
radius of 7 kpc (solid line). The vertical lines show the level down to which emission was included in
the fits, and the arrows indicate the inferred peak velocities.

positions due to the finite spatial resolution) and l.o.s. projection. There is however a small
systematic error introduced by the fact that the envelope is not solely due to the H I at the line
of nodes, as assumed. Instead, the envelope also contains emission from the high velocity
tails of H I clouds located in front of and behind the line of nodes (but seen in projection).
This H I causes the high velocity side of the observed line profiles to deviate from an exact
Gaussian tail with dispersion σH I (cf. Olling 1996). The strength of this deviation mainly
depends on the H I surface density distribution. As a consequence, the result of the envelope-
tracing method depends on the part of the envelope included in the fit.

The effect is illustrated in Fig. 5.2 for a simulated edge-on view of the intermediately
inclined spiral NGC 2403, based on the H I density profile and rotation curve obtained by
Fraternali et al. (2002). See Sect. 6.2.1 for a contour representation of this artificial XV
diagram and details on its construction. The use of upper fitting boundaries at relatively low
velocities, as would be used in case of poor signal-to-noise data, yields rotation velocities
that are systematically lower than the true rotation (squares). High upper fitting boundaries
on the other hand clearly yield velocities which are systematically higher than the true rotation
(circles). Although this error is relatively small at large radii, reaching values of ∼ 5 km s−1,
it is systematic. More importantly, at small projected radii the discrepancy can become much
larger (Fig. 5.2). This additional effect is caused by beam smearing, which is contaminating
the extreme-velocity side of the velocity profiles with emission from larger projected radii.
The beam-smearing effect by itself leads to an over-estimate of the rotational velocities at
small projected radii (see also Garcı́a-Ruiz et al. 2002). For poorly resolved edge-on spirals,
the steepness of the inner rise of the rotation curves may thus be overestimated. Note that this
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is contrary to the underestimation of the rotation curves of less-inclined spirals that occurs
when beam smearing is not taken into account in deriving the velocity field (Begeman 1987).

A possible solution to the fundamental problem of beam smearing in edge-on spirals is to
fit Gaussians to the edges of the velocity envelope in the spatial direction as well, and adopt
the minimum of both curves as the rotation curve (Garcı́a-Ruiz et al. 2002). However, this
approach does not take into account the fact that a large fraction of the emission at small
projected radii is due to H I in the outer parts of the galaxy seen in projection. For example,
the proposed method would assign rotational velocities at small radii even in case of a central
H I hole. We therefore prefer a more cautious approach and simply excluded the envelope-
tracing results in the inner parts. A more complete analysis of the rotation curves is deferred
to Ch. 6. There the entire XV diagrams will be modeled using the rotation curves derived here
as initial estimates. This approach implicitly corrects for the effects of the l.o.s. projection
and beam smearing and provides a more robust error analysis.

Data presentation

The H I distribution and kinematics of each galaxy is presented in Fig. 5.3. From left to right,
top to bottom these figures show:
Optical image – The first panel shows an optical image rotated according to the center and
position angle of the stellar disk (Table 4.4). The white cross marks the dynamical center. The
position angle and the optical passband are indicated in the upper left and right, respectively.
Column density map – The H I column density distribution at full resolution (corrected for
primary beam attenuation) overlayed on the optical image. Contour levels are 1/9, 2/9, . . . ,
8/9 times the peak column density, unless the figure caption indicates otherwise. The thick
contour corresponds to the signal-to-noise level of three. The dots indicate the loci of the
peaks of the Gaussians fitted to the vertical H I distribution. The peak column density and the
average column density at the signal-to-noise level of three are listed next to the plots.
Renzogram – The so-called renzogram, overlayed on the optical image, shows for a number
of full resolution channel maps a contour drawn at 4 times the r.m.s. noise level. A renzogram
is a compact way of showing the H I distribution in the channel maps. The contour line
styles and the corresponding helio-centric velocities (radio definition) for each of the selected
channels are listed next to this panel.
XV diagram – The integrated position-velocity diagram (radio definition). Contour levels
are −4, −2, 2, 4, 6, 8, etc., in units of the r.m.s. noise in the XV diagram, unless indicated
otherwise in the figure caption. The r.m.s. noise (σXV) is listed next to the plots. The dots
show the rotation curve derived using the envelope-tracing method. The horizontal and verti-
cal lines denote the dynamical center and the H I systemic velocity, respectively. The spatial
and velocity resolutions (FWHM) are indicated by the cross in the lower left.
Global profile – Primary beam corrected H I flux as a function of helio-centric velocity (radio
definition).
Surface density profile – Face-on H I surface density profile obtained using the method of
Warmels (1988).
Projected thickness – The dispersion obtained by fitting Gaussians to the (projected) vertical
H I distribution as a function of projected radius, both before (dots) and after (circles) correc-
tion for the spatial resolution. The circular beam of the smoothed version of the H I column
density map is indicated. This panel is omitted when the vertical distribution is unresolved.
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Figure 5.3: (continued) Notes: NGC 5529 – Contour levels in the XV diagram are −4, −2, 2, 4, 8,
16, 24, 32, 40, 48 and 56 times σ. Contour levels in the H I column density map are 1.9, 3.8, 7.6, 15.2,
30.4 and 60.8 1020 cm−2.

5.3.3 Notes on individual galaxies

ESO 142-G24 – The H I radius is only slightly larger than the stellar disk, which has a
truncation at radius Rmax = 130′′ (Ch. 3). The H I appears to be warped on both sides,
following a pattern similar to that of the stellar disk. The distinct H I feature detected in the
XV diagram at a projected radius of 140′′ and 2020 km s−1 lies just outside our optical image.
The tentative H I extension in the column density map (approaching side) is an artifact of the
continuum subtraction.
ESO 157-G18 – This dwarf system is lopsided, both in terms of its H I kinematics and density
distribution. This is directly apparent from the global profile, which is single peaked, and the
XV map, which reflects a slowly rising/flat rotation curve at the approaching/receding side.
No H I is detected at radii beyond the stellar disk. The lopsidedness may be related to the
presence of the small companion APMBGC 157+052+052 (Sect. 5.3.4), or the proximity of
the S0 liner NGC 1553 and/or the elliptical NGC 1549.
ESO 201-G22 – Radially, the H I is more extended at the receding side, causing an asym-
metry in the global profile. At that side, the H I extends well beyond the stellar disk (stellar
truncation radius Rmax = 102′′, Ch. 3). On the approaching side H I emission is detected at
the 4σ level outside the stellar disk (R ' 130′′), having a velocity 20–30 km s−1 lower than
the H I at smaller radii. The vertical H I distribution is barely resolved.
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ESO 240-G11 – Although the H I in this fairly massive spiral is not detected far beyond the
stellar disk, it appears to show a mild thickening just beyond Rmax (210′′). On the approach-
ing side the thickening is accompanied by a warping of the H I. XV diagrams taken parallel to
and away from the major axis show that the warp forms a linear structure in the XV diagram,
as if confined to a ring. Interestingly, the H I warp can be identified with faint emission in the
I-band image. Further in, the H I is dominated by a ring or spiral arm with a radius ∼ 120′′.
At the receding side, the XV diagram is dominated by a curved structure, perhaps a strong
spiral arm. The projected outer edge of this structure, at R ' 90′′, coincides with a ‘knee’ in
the I-band surface brightness distribution (cf. Fig. 2A.1).
ESO 263-G15 – The H I is more extended at the receding side, causing an asymmetry in the
global profile. The XV diagram is regular and consistent with a flat rotation curve beyond
40′′. The low level signal away from the galaxy plane is artificial.
ESO 269-G15 – The density profile is fairly symmetric. The XV diagram on the other hand
is asymmetric, the most striking being that the highest H I densities on the approaching side
do not correspond to extreme-velocity envelope. On this side the H I appears to be in solid-
body rotation, while on the receding side the rotation curve seems to reach a flat part. No H I

was detected beyond the stellar disk.
ESO 321-G10 – This small Sa is structurally lopsided in H I. The rotation curve is poorly
resolved spatially. For the dynamical center the optical center was taken (Table 2A.1).
ESO 416-G25 – On the approaching side the H I is more extended, reaching well beyond
the truncation radius (Rmax = 74′′). The peak face-on surface density on this side is almost
twice as low as that on the receding side.
ESO 435-G14 – Although the global profile is rather symmetric, the face-on surface density
profiles are very different at both sides. The H I clearly extends further than the optical disk
(Rmax = 80′′).
ESO 435-G25 – The H I in this large Sc spiral, which has a peanut-shaped bulge, displays
rich structure in its distribution and kinematics. First, the H I , like the stars, extends to larger
projected radii on the approaching side. Secondly, there is a moderate warping of the H I on
both sides. On the approaching side this warp is also observed in the optical. On that side
the rotation curve is approximately flat until it shows a drop of about 20 km s−1 coinciding
roughly with the onset of the warp (R ∼ 200′′). On the receding side the warping appears
to be smaller. On this side the XV diagram is dominated by a curved high density ridge.
Inspection of the data cube at full resolution shows that this ridge is actually a superposition
of multiple linear features (rings). The extreme-velocity envelope at the receding side is
slowly rising from R = 50′′ up to R = 160′′ and shows a remarkable upturn in the outskirts,
reaching velocities higher than on the approaching side. Finally, the data hint at a vertical
extension in the central region. Deeper observations are needed to confirm this.
ESO 435-G50 – The column density map shows a strongly warped H I distribution. The
stellar disk does not appear to follow this H I warp. The rotation curve rises up to the last
measured point.
ESO 446-G18 – Most of the H I emission of this galaxy is located on the receding side. On
the approaching side, the H I shows an upturn which in the optical image coincides with a
structure that resembles a spiral arm. The peak in the face-on surface density profile from
the receding side coincides roughly with the ‘knee’ present in the I-band surface brightness
distribution (cf. Fig. 2A.1).
ESO 564-G27 – This Sc is rather symmetric, both in density and kinematics. The H I extends
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further than the stellar disk (Rmax = 148′′). In addition, it is warped on both sides, with the
warp apparently starting outside the stellar disk. The rotation curve shows a local maximum
on the receding side, at a projected radius of about two disk scalelengths.
NGC 5170 – The H I is structurally lopsided. At the present sensitivity the H I does not
extend far beyond the stellar disk. Remarkable is a local maximum in the rotation curve
on the receding side at R ∼ 240′′. This maximum corresponds to the projected end of a
curved structure, probably a spiral arm, which dominates the XV diagram on that side. On
the approaching side an inner ring-like structure with R ∼ 120′′ dominates.
NGC 5529 – This spiral is probably barred (App. 6A). In addition, its H I layer is warped,
and, like the stellar disk, strongly perturbed on the approaching side. Hence, it is likely that
a substantial fraction of the H I follows non-circular orbits, at least in the inner parts (R .

50′′). In that region, the extreme-velocity envelope is not representative of the circular speed
curve. On the approaching side, the envelope rises sharply and peaks at a velocity of about
290 km s−1 at R ∼ 90′′. Further out, at R ∼ 120′′ it shows a steep drop with a minimum
of 245 km s−1, which is followed by a gradual increase. Two small companions are located
south of and close to the perturbed H I layer at a velocity close to the systemic velocity of
NGC 5529. Interestingly, these companions are connected to the main galaxy via low column
density H I bridges (see also Sect. 5.3.4). On the receding side, the envelope is less steep but
again shows a local minimum at R ∼ 120′′. The H I on the receding side is also warped.
It further shows a faint extension to larger projected radii with an H I mass of about 3.1 108

M�. This gas cannot be identified with an optical companion and may be part of the warped
H I layer.

5.3.4 Companion galaxies

The H I data cubes were searched for the presence of companion galaxies. Table 5.1 gives
for each of the data cubes an indication of the mass sensitivity. In four cases, ESO 157-G18,
ESO 240-G11, ESO 435-G25 and NGC 5529, a total of seven companions are detected. Their
main properties are listed in Table 5.4. Each of these is discussed in the following.
ESO 157-G18 – APMBGC 157+052+052 is located at a projected distance of 110′′ or about
3 disk scalelengths. Its apparent magnitude in I-band was determined using the photometry
of de Grijs (1998) to be mI = 14.87 mag. At the adopted distance of the main galaxy this
translates to a luminosity LI = 1.2 108 L� (using M�,I = 4.11), or about 10% of the I-band
luminosity of ESO 157-G18. An interesting feature is an offset of ∼ 7′′ (one third of the
FWHM of the synthesized beam) between the H I and the optical centers of this companion.
It is conceivable that this offset has resulted from an ongoing interaction with ESO 157-G18.
ESO 240-G11 – At a projected distance of about 17′ or about 20 disk scalelengths we find
the small SBb galaxy ESO 240-G13. It has an I-band magnitude mI = 12.41 (Mathewson
& Ford 1996) corresponding to a luminosity LI = 6.2 109 L� (M�,I = 4.14). Together with
ESO 240-G11 and ESO 240-G10 (not detected), ESO 240-G13 forms an isolated triple sys-
tem (Karachentseva & Karachentsev 2000). The second detection, APMBGC 240-032-114
is a small companion to ESO 240-G11 at a projected distance of 14′ or 18 disk scalelengths.
Its photographic magnitude BJ = 15.87 ± 0.12 (Loveday 1996) corresponds to LB = 8.8 108

L� (M�,B = 5.48).
ESO 435-G25 – The optical counterpart of companion A at a projected distance of 12′ (12
disk scalelengths) has an irregular appearance on the Digital Sky Survey (DSS). Companion
B, at 14′ (14 disk scalelengths), has only one tenth of the H I mass of companion A and is
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Table 5.4: Companion galaxies detected in H I

Galaxy Companion R.A. Dec. Vel. range MH I

(h m s) (d m s) (km s−1) (108 M�)
(1) (2) (3) (4) (5) (6)

ESO 157-G18 APMBGC 157+052+052 04 18 07.7 −55 55 43 1373–1420 0.2
ESO 240-G11 ESO 240-G13 23 39 26.9 −47 46 27 3131–3388 7.3

APMBGC 240-032-114 23 36 24.4 −47 41 00 2742–2897 5.9
ESO 435-G25 A∗ 10 00 44.7 −29 31 12 2635–2715 13.0

B∗ 10 01 00.9 −29 44 40 2247–2338 1.2
NGC 5529 MCG +06−31−085a 14 15 18.8 +36 12 08 2826–2990 6.7

B∗ 14 15 35.5 +36 12 02 2928–2990 1.3

Notes – Columns: (1) Main galaxy; (2) Companion, an asterisk indicates the companion is
listed neither in LEDA nor in the NASA/IPAC Extragalactic Database; (3)&(4) Companion
central position; (5) Companion velocity range (heliocentric, optical definition); (6) Companion
H I mass (using the adopted distance of the main galaxy).

barely visible on the DSS. Given their small velocity differences with the systemic velocity of
ESO 435-G25, both companions are probably satellites (both are outside the optical images
of de Grijs 1998).
NGC 5529 – MCG +06-31-085a is located at a projected distance of 3.5′ (2.5′ from the
galaxy plane) and is connected to NGC 5529 via an H I bridge. The H I associated with this
bridge amounts to about 6.5 108 M�. Companion B is found at a projected distance of about
30′′ from the plane of NGC 5529 and also appears to be connected to NGC 5529 via a bridge.

5.4 Discussion

Although the main purpose of the present H I observations is to determine the H I rotation
curves (Ch. 6), the global H I properties also provide valuable information.

5.4.1 The H I mass-luminosity relation

It has been well established that spirals of higher optical (or near-infrared) luminosity tend to
have a larger H I mass (Roberts & Haynes 1994; de Blok et al. 1996; Broeils & Rhee 1997).
This is illustrated in Fig. 5.4a for our sample of edge-on spirals, where we plot the H I mass
versus the I-band absolute magnitude. For the ESO-LV galaxies this magnitude was taken
from de Grijs (1998, corrected for Galactic extinction, see Table 4.1), and for NGC 5170 from
Mathewson & Ford (1996). For the H I masses of ESO 240-G11 and ESO 435-G25 the single
dish values were used due to missing flux at small spacings in the synthesis observations
(Sect. 5.3.2). For comparison, the Ursa Major cluster sample of Verheijen & Sancisi (2001)
is shown (crosses), using the I-band magnitudes from Tully et al. (1996) and adopting the
HST Key Project distance of 20.7 Mpc (Sakai et al. 2000). A small offset between the two
samples appears to be present, although the statistics are poor. Such an offset is expected on
the basis of a larger amount of internal extinction due to the high inclinations of our sample
galaxies (although several of the Ursa Major cluster spirals are also highly inclined). A rough
estimate of the extinction effect can be obtained by comparing the average I − K colors of
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Figure 5.4: (a) – H I mass versus absolute magnitude in I band (dots). (b) – The H I mass fraction
versus absolute magnitude in I band (dots). In both panels the sample of Verheijen & Sancisi (2001) is
shown for comparison (circles). The arrows indicate an estimate of the effect of extinction (see text).
The bars indicate the effect of a ±15% distance uncertainty.

both samples. The average values for our sample and the Ursa Major sample are 2.3±0.4
(1σ) (de Grijs 1998) and 1.7±0.4 (1σ) magnitudes, respectively. This indicates that the effect
of dust extinction is to lower the I-band luminosities by at least 0.6 I-band magnitudes (this
lower limit is indicated by the arrow in Fig. 5.4a).

5.4.2 H I richness

The H I mass fraction or gas richness, MH I/L, has been shown to decrease with increasing
luminosity (e.g. Roberts & Haynes 1994; Verheijen & Sancisi 2001): spirals of higher lumi-
nosity tend to be less rich in H I. Fig. 5.4b shows this relation for our sample, again using
the I-band luminosity. The relation appears to lie slightly above the one found for the Ursa
Major cluster (Verheijen & Sancisi 2001). Unlike the small offset in the H I mass luminosity
relation, dust extinction is unable to explain this offset. Instead the offset probably indicates
that our field spirals tend to be somewhat richer in H I than the spirals of the Ursa Major clus-
ter. The sample average is MH I/LI = 0.7±0.5 (1σ scatter) M�/L�. The H I mass fraction
shows no correlation with the stellar disk scalelength or stellar disk flattening.

5.4.3 The H I mass-size relation

The H I mass–luminosity relation (Sect. 5.4.1) is mostly one of size. Previous studies pointed
out that the H I mass correlates strongly with both the H I diameter DH I (the diameter at
which the H I surface density reaches 1.0 M� pc−2) and the optical diameter D25 (measured
from the 25.0 B-mag arcsec−2 isophote). The relation between H I mass and H I diameter for
our sample is shown in Fig. 5.5a (solid dots). It has a logarithmic slope of 1.95 and is within
0.1 dex of the relations found for samples of less-inclined spirals (e.g. Broeils 1992; Swaters
1999; Verheijen & Sancisi 2001). This good agreement suggests that H I self-absorption can-
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Figure 5.5: (a) – H I mass versus the H I diameter (dots) and the stellar disk truncation diameter
(circles). The solid and dashed lines show the linear least-squares fits (also indicated in the lower right
corner). (b) Luminosity-linewidth relation in the I-band for 14 edge-on spirals, not corrected for internal
extinction (solid dots). The solid line indicates a least-squares bisector fit, and the dotted line indicates
the extinction corrected I-band luminosity-linewidth relation according to the HST Key project (Sakai
et al. 2000).

not have removed more than about 20 percent of the H I flux. The relation between H I mass
and the optical diameter D25 loses its meaning for highly inclined galaxies. The reason is that
the l.o.s. projection causes a higher surface brightness than in the face-on view, depending
on the disk flattening, the stellar disk truncation radius Rmax and the dust distribution. The
truncation diameter presents a natural measure of the stellar disk size allowing a more use-
ful comparison with the H I mass. The relation between stellar truncation diameter and the
H I mass is shown in Fig. 5.5a (open circles), using 2 Rmax for galaxies with a single sided
truncation. The relation of H I mass with the stellar truncation diameter is similar to the one
with the H I diameter. Or, saying it differently, for the galaxies with detected truncations the
radius at which the H I surface density drops to 1.0 M� pc−2 is close to the truncation radius,
with an average RH I/Rmax = 1.1±0.2 (1σ). The ratio of H I radius to stellar truncation ra-
dius is in agreement with the disk galaxy formation model studied by van den Bosch (2001)
for which RH I/Rmax is close to unity for spirals with vmax & 100 km s−1. This galaxy
formation model is questionable, however, since it does not predict the observed decrease in
Rmax/hR for stellar disks of a lower face-on central surface brightness (Ch. 3).

5.4.4 The luminosity-linewidth relation

The offset between the H I mass-luminosity relation for our sample of edge-on spirals and
the same relation observed in less inclined spirals (Sect. 5.4.1) pointed out that edge-on spi-
rals suffer considerably from dust extinction. A similar offset is expected to show up in
the luminosity-linewidth or Tully-Fisher relation (Tully & Fisher 1977). The luminosity-
linewidth relation using the I-band luminosities (de Grijs 1998) and the line widths at the
50% level is shown in Fig. 5.5b, re-scaled to H0 = 71 km s−1 Mpc−1 (Sakai et al. 2000).
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The I-band luminosities are uncorrected for internal extinction. The outlier, ESO 263-G15,
has a regular H I XV diagram and a well-determined line width. Instead its (edge-on) lumi-
nosity has probably been overestimated. Given that ESO 263-G15 has a pronounced dust
lane (Fig. 2A.1), it is likely that this overestimate is caused by a serious distance error. A
least-squares bisector fit to the entire sample yields a slope α = 3.05±0.17∗ and an intercept
log10(L100/L�) = 9.27±0.03 (solid line). The dotted line indicates the I-band luminosity-
linewidth relation according to the HST Key Project, which has a slope α = 4.0 and an in-
tercept log10(L100/L�) = 9.39 (Sakai et al. 2000). This relation uses luminosities that were
extinction corrected to the face-on orientation according to the Tully et al. (1998) scheme.
The uncorrected I-band relation defined by our edge-on systems (solid line) lies systemat-
ically below the HST Key Project I-band relation. Although the sample size is small, the
shallower slope of the edge-on relation appears to be robust (a 5σ difference with the HST
Key Project slope). This implies that the additional extinction in the edge-on orientation
steadily increases with line width, from values close to zero magnitudes at WR,50/2 < 80
km s−1 to values on the order of a magnitude or more for WR,50/2 > 200 km s−1.

5.5 Summary

We have presented H I synthesis observations of 15 edge-on spiral galaxies for which the
stellar disk structure and kinematics were studied in Chapters 2 & 4. The main purpose of
these observations is the derivation of the H I rotation curves. These will allow us to construct
dynamical models of the stellar disks and constrain the intrinsic stellar disk kinematics and
stellar disk mass (Ch. 7).

Here, we analyzed the global properties, distribution and kinematics of the H I. On the
whole, the H I is distributed regularly, showing no strong warps or massive companions. This
reflects our selection against spiral galaxies that are optically irregular or strongly warped.
The exception is the barred spiral NGC 5529, which is strongly perturbed in both the optical
and the H I and has two companions connected to the main galaxy via H I bridges. Several of
the spirals are mildly lopsided, but strong lopsidedness, both kinematically and structurally,
is present only in ESO 157-G18. For 10 spiral galaxies with a stellar disk truncation we
find an average ratio of the H I to truncation radius of RH I/Rmax = 1.1 ± 0.2 (1σ). A
comparison of the luminosity-linewidth relation of edge-on spirals with the relation found
in less-inclined spirals indicates that the internal extinction increases towards more massive
spirals. We point out that the envelope-tracing method for deriving the rotation curves of
edge-on spiral galaxies is reliable only in the outer, flat parts of the rotation curve. At small
radii the effects of beam-smearing and the projection have to be taken into account.
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Table 5A.1: Raw line widths
Galaxy Wobs,20 ± Wobs,50 ± Wlit,20 ± Wlit,50 ± R ref.

(km s−1) (km s−1) (km s−1) (km s−1) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

ESO 142-G24 264.5 1.7 249.8 2.4 274 6 260 12 7 a
ESO 157-G18 207.2 1.7 193.7 1.5 213 4 201 4 7 a
ESO 201-G22 357.4 1.1 345.8 1.2 361 4 347 6 7 a
ESO 240-G11 568.8 2.3 549.1 2.9 579 6 555 4 7 a
ESO 263-G15 356.9 3.2 345.6 3.6 356 14 346 10 7 b
ESO 269-G15 352.6 8.0 332.7 7.9 366 8 346 20 7 a
ESO 321-G10 326.0 5.0 318.3 5.0 359 21 326 14 7 c
ESO 416-G25 469.4 4.0 453.9 4.0 441 6 435 4 7 a
ESO 435-G14 292.3 5.1 282.6 3.9 296 12 283 8 10 d
ESO 435-G25 495.8 2.2 477.7 3.1 518 22 480 6 7 a
ESO 435-G50 194.9 3.1 188.8 2.7 198 10 189 6 10 d
ESO 446-G18 434.7 4.0 427.5 4.0 430 27 407 18 10 d
ESO 564-G27 345.9 1.2 331.8 1.6 355 4 338 4 7 a
NGC 5170 526.8 1.1 514.9 1.3 526 10 508 6 7.3 e
NGC 5529 596.8 1.2 590.2 1.3 617 3 575 1 33.5 f

Notes – Columns: (1) Galaxy; (2)&(3) Raw line width at the 20% level and error; (4)&(5)
Raw line width at the 50% level and error; (6)&(7) Raw line width at the 20% level from the
literature and error; (8)&(9) Raw line width at the 50% level from the literature and error;
(10) Velocity resolution used in the literature measurement; (11) Reference, a – Mathewson,
Ford, & Buchhorn (1992), b – Davies et al. (1989), c – Di Nella et al. (1996), d – Theureau
et al. (1998), e – Staveley-Smith & Davies (1988), f – Rhee & van Albada (1996).

from the Netherlands Foundation for Scientific Research (NWO). The data analysis was per-
formed using MIRIAD, distributed by ATNF, and GIPSY, developed at the Kapteyn Institute.
We have made use of the LEDA database.

5A Raw line widths
In Table 5A.1 we list the uncorrected line widths at the 20 and 50 percent levels, from both
the present synthesis observations and the literature. The line widths use the optical velocity
definition.
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Rotation curves of Edge-on Spiral

Galaxies
M. Kregel

ABSTRACT — A technique is introduced for deriving the gaseous rotation curves of
edge-on spiral galaxies. The entire major axis position-velocity (XV) diagram is modeled
with a set of rings in a least-squares sense, allowing for the effects of beam-smearing and
line-of-sight projection. The feasibility of the technique is demonstrated by applying it to
good quality H I XV diagrams of eight edge-on spirals. For seven additional spirals the
XV diagrams are of insufficient quality, and the H I rotational velocities derived earlier
using the envelope-tracing method are retained. The H I results are augmented with the
optical emission line (H II) kinematics to arrive at estimates of the full rotation curves.
A detailed comparison of the H I and H II kinematics confirms that intermediate to late-
type edge-on spirals are transparent in the outer parts. In several of these spirals the H II

is mainly confined to spiral arms and does not extend out to the edge of the H I layer,
causing the H II velocity profiles to be significantly narrower than those of the H I.

6.1 Introduction

The large-scale circular motion of the interstellar gas in spiral galaxies balances the radial
gradient of the gravitational potential. The readiness with which this circular motion can be
derived from spectroscopic observations of gaseous emission lines such as H I, CO and Hα
has prompted numerous studies aimed at re-constructing the radial mass distribution (e.g.
Kent 1986; Begeman 1987; Verheijen 1997; Palunas & Williams 2000; de Blok et al. 2001;
Swaters et al. 2003; Sofue et al. 2003). These studies focus on galaxies of intermediate
inclination, because a given line of sight (l.o.s.) or beam then yields a simple velocity profile
which originates at a single galactocentric radius. In that case the velocity field, i.e. the first
moment of each of the velocity profiles, can be taken as representative for the true circular
velocity. For a line of sight towards an edge-on spiral, however, a velocity profile consists
of a superposition of gas clouds from a large range of galactocentric radii, each having a
different l.o.s. velocity. Thus, for spirals seen edge-on a first moment analysis is clearly
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inadequate. Nevertheless, edge-on spirals offer a unique perspective for studying a host of
properties related to the vertical structure of spiral galaxies. Examples include the vertical
light and color profiles of stellar disks (de Grijs, Peletier, & van der Kruit 1997; Kuchinski
et al. 1998), the kinematics and vertical structure of bulges and bars (Kuijken & Merrifield
1995; Aronica et al. 2003), the nature of stellar halos and thick disks (Sackett et al. 1994;
Dalcanton & Bernstein 2002), the gaseous disk-halo interface (Swaters, Sancisi, & van der
Hulst 1997; Collins et al. 2000) and the distribution of interstellar dust (Howk & Savage
1999; Alton et al. 2000). To study any of these properties in relation to the global dynamics
or mass composition requires the ability to derive the rotation curves of edge-on spirals.

For edge-on spirals an envelope-tracing (terminal velocity) method is often used to obtain
the rotation curve from an H I or CO major axis position-velocity (XV) diagram (Sancisi &
Allen 1979; Sofue 1996; Garcı́a-Ruiz, Sancisi, & Kuijken 2002). The main drawbacks of
envelope-tracing methods are that they do not properly include the effects of beam smearing
and the l.o.s. projection and use a small fraction of the data (Ch. 5). An attractive alterna-
tive method is to simulate the entire XV diagram by manually adjusting the rotation curve
and surface density profile until a visual match with the observed XV diagram is achieved
(van der Kruit 1981; Rand 1994). The construction of a model XV diagram allows one to
include and hence correct for the effects of beam smearing and l.o.s. projection. In addition,
the rotation curve is determined using the entire XV diagram. Moreover, the XV diagram of
the residuals, left after subtracting the model from the observed XV diagram, provides infor-
mation concerning the presence of gas at small galactocentric radii and possible deviations
from axisymmetry and/or non-circular motion. The obvious disadvantage of the method as
applied previously, however, was its subjectivity.

In this thesis study a determination of the rotation curves of edge-on spiral galaxies is
needed to construct dynamical models of their stellar disks (Ch. 7). Therefore, the iteration
procedure for simulating the XV diagram was automated and enhanced by incorporating a
least-squares fitting routine. This technique is described in Sect. 6.2, which also includes
Monte Carlo tests on artificial XV diagrams. Its application to the observed H I XV diagrams
of 8 edge-on spirals is detailed in Sect. 6.3. Then, to complement the H I rotation curves at
small radii, the kinematics of the optical emission lines (Ch. 4) are analyzed. A synthesis
of the H II kinematics and the H I rotation curves is presented in Sect. 6.4. The H I and H II

kinematics and the estimated full rotation curves are discussed in Sect. 6.5, giving specific
attention to the effect of dust extinction. The most important findings are summarized in
Sect. 6.6.

6.2 The method

A common approach for dealing with the l.o.s. projection in edge-on disk galaxies is to as-
sume that the gas layer is axisymmetric, transparent and in pure circular rotation. In that
case the extreme-velocity envelope of the XV diagram traces the gas at the line of nodes.
An envelope-tracing technique can then be used to retrieve the rotation curve. However, as
explained in Sect. 5.3.2 this method has several drawbacks (see also Irwin 1994). First, the
envelope is not solely due to the gas at the line of nodes, but also contains emission aris-
ing from the high-speed tails of clouds at larger galactocentric radii seen in projection. This
causes a small but systematic error in the derived velocities (Fig. 5.2, Olling 1996). Sec-
ondly, for rotation curves that rise steeply across a resolution element the velocity profiles
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Figure 6.1: The mapping of the gas density and kinematics onto the XV plane, illustrated for a
simulated edge-on view of the H I in NGC 2403 (adopted distance 3.2 Mpc). (a) – Spider diagram
showing the l.o.s. velocities in the disk plane (receding side only). Contours range from 10–130 km
s−1 in steps of 20 km s−1. The grayscale divides the plane into a set of five rings, uniformly spaced in
radius. (b) – The integrated major axis position-velocity diagram in contours. The grayscale indicates
the rings in the disk plane from which the H I originates. (c) – A velocity profile (solid line) at a
projected radius of 7 kpc (the hatched region in the other panels) and the contributions from the different
rings (grayscale).

are distorted. This beam-smearing effect causes the envelope-tracing method to overestimate
the circular velocities in the inner parts (Fig. 5.2, Garcı́a-Ruiz et al. 2002). In these parts
the method is somewhat unreliable even at high spatial resolution, because of confusion with
gas at larger galactocentric radii seen in projection (Sect. 5.3.2). Finally, the rotation curve
derived from the gas at the line-of-nodes is not necessarily a global rotation curve. These
drawbacks may be lifted by modeling the entire XV diagram.

6.2.1 Fitting the position-velocity diagram

In edge-on spirals, which are mostly unresolved along their minor axis, a single beam sam-
ples the gas density and kinematics across a large range in galactocentric radius. All the
available information concerning the gas density and kinematics then condenses in the XV
diagram. To illustrate this, the H I XV diagram expected for an edge-on view of the inter-
mediately inclined Sbc galaxy NGC 2403 was simulated, using the H I density profile and
rotation curve determined by Fraternali et al. (2002). NGC 2403 is suitable for this exercise
because it is well-resolved and its main H I layer is symmetric and essentially in pure circular
rotation (but see Fraternali et al. 2002, for the detection of a faint kinematically anomalous
component). The velocity profiles were calculated assuming axisymmetry, transparency, pure
circular rotation, and a constant isotropic velocity dispersion σgas of 10 km s−1:
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f(R′, v) =
1√

2πσgas

∫
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(6.1)
Here R′ is the radius projected on the sky, s is the l.o.s. coordinate (s = 0 at the line of
nodes), R is the galactocentric radius, Σgas(R) is the face-on surface density profile and
vc(R) the rotation curve. The result is illustrated in Fig. 6.1. The important property of
the l.o.s. projection is that each ring or annulus in the disk plane maps onto a straight line
in the XV diagram. As a consequence, the observed velocity profile at a certain projected
radius is determined by the H I surface densities and rotational velocities at and outside the
corresponding galactocentric radius. For example, for the velocity profile shown in Fig. 6.1c
the extreme velocity H I originates at a galactocentric radius of 7 kpc (at the line of nodes,
s = 0), whereas the low velocity tail stems from progressively larger galactocentric radii
seen in projection. Hence, in the outskirts the velocity profiles are dominated by the H I from
a small range in galactocentric radius (a single ring in Fig. 6.1a), whereas towards smaller
projected radii, an increasing number of rings are seen in projection.

The mapping of circular orbits onto the XV plane can be inverted by modeling an ob-
served XV diagram with a set of concentric, coplanar rings using an outside–in or ‘onion
peel’ approach. Assume that the dynamical center and systemic velocity are known. On
one side of the galaxy (receding or approaching) consider first the velocity profile at the out-
ermost projected radius where gas is detected, R′

outer. When the surface density profile is
known, e.g. using Warmels’ (1988) method (Sect. 5.3.2), and assuming that the gas velocity
dispersion is constant throughout, the rotational velocity at Router can be determined in a fit
of Eqn. 6.1 to the outermost velocity profile. For the initial estimate the velocity obtained
with the envelope-tracing method can be used. Following this first fit the neighboring profile
at smaller projected radius is considered, (R′

outer − ∆R′). Here ∆R′ is the adopted width
of the rings (or annuli). At this point the velocity profiles at R′

outer and (R′
outer − ∆R′) are

fitted simultaneously. As initial estimates the value of the rotational velocity determined in
the previous fit is used at R′

outer and at (R′
outer − ∆R′) the envelope-tracing value is taken.

In this way the part of the XV diagram at and outside the current projected radius is fitted,
yielding the velocity at the current radius, vc(Router − ∆R) and a new value for vc(Router).
This procedure is repeated for the neighboring line profile in the diagram (R′

outer − 2∆R′)
and so on, until the center is reached.

Such an outside-in approach to fitting the XV diagram does not become ill-constrained.
The reason is that the information included in the fit increases at the same rate as the number
of free parameters (with one parameter for each new position) and in general the signal-to-
noise ratio increases with decreasing radius. In addition to fitting the rotation curve it is also
possible to simultaneously fit the surface density profile. However, this doubles the number
of free parameters and is only justified for high signal-to-noise data (Sect. 6.2.2). Letting the
velocity dispersion free is stretching the data too far. Note that this XV fitting method can
also be applied to galaxies of lower inclination, as long as the XV diagram is obtained by
integrating along the minor axis.

Beam smearing can be naturally included by fitting a smoothed model. In that case a
model velocity profile is easily constructed by first calculating a sufficient number of adja-
cent velocity profiles using Eqn. 6.1. This ‘mini’ XV diagram surrounding the requested
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Figure 6.2: Results of the application of ‘XV fit’ to the simulated XV diagram of NGC 2403 (Fig. 6.1).
(a) – Rotation curve (crosses). Circles denote the curve obtained with the envelope-tracing method, for
which the fits included emission down to a level of 0.1 times the peak emission. (b) – Surface density
profile (crosses). Circles denote the profile obtained with Warmels’ (1988) method. In both panels, the
solid lines denote the true curves (Fraternali et al. 2002). The bars indicate the beam (FWHM).

velocity profile is then convolved along the spatial axis with a Gaussian beam representative
of the observations. The beam smearing corrected velocity profile is retained for use in the
χ2 fitting. Similarly, the effects of the instrumental bandwidth and a Hanning taper can be
mimicked by convolving the model velocity profile.

The minimization of χ2 is handled well by the ‘amoeba’ implementation (Press et al.
1992) of the simplex method (Nelder & Mead 1965). The simplex method is suitable be-
cause (1) it can easily handle a large number of free parameters and (2) it does not require
the derivatives of the model with respect to those parameters (a calculation of which would
need an excessive amount of computing time). Errors can be estimated using Monte Carlo
simulations (Sect. 6.2.2).

As an example, consider the simulated H I XV diagram of NGC 2403 presented earlier
(Fig. 6.1). To highlight the effect of beam smearing, this XV diagram was smoothed to a
spatial resolution of 2 kpc (full width at half maximum, FWHM). For an initial estimate of the
rotation curve the envelope-tracing method was used with a fitting boundary at high velocities
(Sect. 5.3.2). For the surface densities initial estimates were obtained using Warmels’ (1988)
method (Sect. 5.3.2). The XV-fitting technique was then applied as outlined above, letting
both the rotation curve and density profile free in each of the fits. The result is shown in
Fig. 6.2. The XV-fitting method is able to accurately retrieve both the rotation curve and
surface density profile, in contrast to the methods used to obtain the initial estimates. The
envelope-tracing method systematically overestimates the rotational velocity, especially in
the inner region. This overestimation is an artifact caused by a combination of beam smearing
and the choice of the upper fitting boundary. Note that the envelope-tracing method would
have underestimated the rotation curve when a fitting boundary was chosen at relatively low
velocities, as in case of poor signal-to-noise data (cf. Fig. 5.2). Beam smearing is also the
cause of the fact that Warmels’ (1988) method (Fig. 6.2b, circles) is unable to retrieve features
in the surface density profile smaller than the beam size. This is most clear for the peak of



122 CHAPTER 6: ROTATION CURVES OF EDGE-ON SPIRAL GALAXIES

the density profile which is smoothed out in Warmels’ (1988) method, but is retrieved by the
XV-fitting method.

In short, fitting the entire XV diagram as described here has several advantages. The
most fundamental one is the correction for the effects of beam smearing and the line-of-
sight projection. In addition, all the information available in the XV diagram is used. These
advantages apply especially to the inner (rising) parts of the rotation curve, for which current
H I synthesis observations are characterized by poor spatial resolution in all but the nearest
galaxies. Of course, the applicability of the XV fitting method is limited inherent to the
assumptions of axisymmetry, transparency and pure circular rotation. The XV diagram of
the residuals, left after subtracting the model from the observations, provides information
regarding deviations from these assumptions.

6.2.2 Tests on artificial position-velocity diagrams

Monte Carlo simulations are a useful tool to establish the convergence of the XV-fitting
method in the presence of noise. These simulations can also be used to study the applica-
bility of the method with respect to different rotation curve shapes and beam sizes and to
quantify the random errors of the derived rotation curves.

To assess the XV-fitting method in the presence of noise two artificial XV diagrams were
created using Eqn. 6.1 with σgas constant at 10 km s−1. For the first a steep rotation curve
with a local maximum was chosen, characteristic of those observed in massive high surface
brightness spirals, whereas a slowly rising rotation curve characteristic of low surface bright-
ness (LSB) spirals was used for the second. In both cases the same surface density profile
was used, having an exponential decline at large radii and a strong depression at small radii.
Figure 6.3 illustrates the XV diagrams (top panels). Note that these choices are not intended
to provide an exhaustive coverage of parameter space; they illustrate the behavior of the XV-
fitting method for markedly different rotation curves and the difficult case of a strong central
gas depression. For each artificial XV diagram two ensembles of 20 noise realizations were
created using Gaussian random deviates. The first ensemble has a 1σ noise level correspond-
ing to a ratio of the peak signal to noise of ten (SNR = 10) and a large beam size, typical of
poor quality observations. The second used a peak SNR of 30 and a small beam size, mim-
icking good quality observations. In each of these XV diagrams the emission was isolated by
discarding the signal below a level of 2σ and manually removing the remaining noise peaks.

The initial estimates were derived using the envelope tracing method (Sect. 5.3.2) for
the rotation curve and Warmels’ (1988) method (Sect. 5.3.2) for the surface density profile.
The receding sides of the artificial XV diagrams were then fitted as described in Sect. 6.2.1,
letting both the rotation curve and surface density profile free. In each fit the simplex search
of parameter space was terminated at the point when it yields a less than 10% decrease in χ2.

The results of the fits for the ensembles of artificial XV diagrams are illustrated in Fig. 6.3.
The figure reveals several interesting points. First and foremost, the XV-fitting method is
able to recover the true rotation curves and density profiles to within the dispersion, both at
low SNR and large beam size and high SNR and small beam size. The dispersion in the
velocities decreases with increasing SNR and decreasing beam size, although the effect is
not very large for the SNRs and beam sizes chosen (a factor of 1.5–2). The dispersions are
somewhat larger for the LSB model, which is probably due to the fact that a slowly rising
curve causes the individual rings to overlap in the XV plane. At low SNR however, the
rotational velocities still show a systematic offset from the true curve. In this case the data
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Figure 6.3: Results of Monte Carlo simulations of the XV-fitting method for two different rotation
curve shapes, at a peak SNR of 10 and a large beam size (left) and at a peak SNR of 30 and a small
beam size (right). Top panels show the noiseless artificial XV diagrams in contours. The beam size is
indicated in the lower right. Middle panels show the mean (circles) and the 1σ dispersion (error bars)
of the fitted rotational velocities for each ensemble. Bottom panels show the results for the surface
densities. Solid lines show the true rotation curves (middle panels) and density profiles (bottom panels).

do not provide sufficient constraints to improve upon the initial estimates. Somewhat better
results for the rotation curve are obtained when the surface density profile is kept fixed at
its initial estimate, but in general the SNR of 10 is simply insufficient. The simulations also
reveal a side-effect at the outermost points. At the edge of the XV diagrams, defined by
the 2σ level, the surface densities are slightly overestimated due to the presence of a small
amount of signal from larger galactocentric radii (which was assumed to be zero). This leads
to a small underestimate of the fitted rotational velocities at those radii.

It is important to stress the need for reasonable initial estimates. Tests which instead used
initial estimates created by adding random offsets to the true curves indicate that the initial
estimates for the rotational velocities need to be within ∼ 20 km s−1 from the true values.
This accuracy may prove difficult to reach in the inner rising part of the XV diagram where
the envelope-tracing method cannot provide good initial estimates. In that case, one may
have to resort to the manual approach.
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6.3 Analysis

6.3.1 The sample

The sample of edge-on galaxies to which the XV fitting method was applied is listed in
Table 6.1. These galaxies were selected from Ch. 5 by requiring that the peak SNR in the
integrated H I XV diagram is at least 10 (see Sect. 5.3.2 for details on their construction). To
meet this condition, the XV diagrams of several galaxies were Hanning smoothed in velocity.
NGC 891 was added to this sample, using the deep Westerbork Synthesis Radio Telescope
H I observations of Swaters et al. (1997). Its integrated XV diagram was extracted using the
stellar disk center and position angle (Table 4.4). To avoid including the H I attributed to the
halo (Swaters et al. 1997) the vertical integration was stopped at a distance of 20′′ from the
plane. Notable features of NGC 891 are that it is only slightly warped (Rupen 1991; Swaters
et al. 1997), and that its southern H I extension may be located far from the line-of-nodes or
be in non-circular motion (Sancisi & Allen 1979; Rupen 1991).

6.3.2 Remaining concerns

Before applying the XV fitting method, it was investigated to what extent the assumption of
transparency in the H I line holds. In Sect. 5.3.2 it was already noted that the continuum emis-
sion and hence the continuum absorption is negligible. For NGC 891, however, substantial
absorption against the strong radio continuum is likely (Sancisi & Allen 1979). Therefore,
the XV fits for NGC 891 will be treated differently (Sect. 6.3.3). In addition, the central
region of the XV diagrams may be affected by significant H I self-absorption due to velocity
crowding. To check this assertion, the maximum optical depth in the channel maps was esti-
mated according to τmax = − ln(1 − TB(max)/ 〈Tspin〉), where TB(max) is the maximum
brightness temperature in the channel maps and 〈Tspin〉 is the mean spin temperature. Ac-
cording to studies of H I absorption spectra for individual sight lines within the Milky Way
and towards M31 and M33 the mean spin temperature is in the range 130–450 K, with the
higher values corresponding to the outer parts of the galaxies (Dickey & Brinks 1993, and
references therein). For edge-on systems it is thus expected that the mean spin temperature
varies considerably along the l.o.s. and hence across the XV diagram. Therefore, the maxi-
mum optical depths were calculated for a conservative constant 〈Tspin〉 of 100 K. The results,
listed in Table 6.1, imply optical thinness for all of the spirals in the sample except NGC 891.

Another concern is that the inclination and position angles are assumed constant with
galactocentric radius. This is not a problem in the region of the stellar disk, where the H I

layer is close to being coplanar (Briggs 1990; Bottema 1996). However, beyond the stellar
disk the H I layer is often warped, showing warping angles of up to 30 degrees (Sancisi 1976;
Bosma 1991; Christodoulou et al. 1993; Garcı́a-Ruiz et al. 2002). Fortunately, for the spirals
in the present sample the H I does not extend far beyond the stellar disk and contains no such
strong warps (Fig. 5.3). Still, since many do clearly show moderate warping, the effect of a
warped H I layer on the observed XV diagram should be considered. Briefly, for an H I layer
of which the inner region is coplanar and edge-on, the l.o.s. velocities of an outer tilted ring
are lower compared to those expected for a coplanar ring. The difference in l.o.s. projected
velocity between a tilted ring and a coplanar ring is maximal at the ascending node in case
the ascending node coincides with the major axis. For an extreme warping angle w = 30◦

the velocity is lowered by (1 − cosw) or 13 percent. It can be concluded that the effect of
a warp on the major axis XV diagram is significant only in case when the warping angle is
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large. Except for NGC 5529, the observed warps appear to be rather moderate such that the
effect on the observed XV diagrams is likely small.

6.3.3 Results

The emission in the XV diagrams was isolated by discarding the signal below a level of 2σ
and manually removing the remaining noise peaks. The XV fits were then started at the
outermost radius for which the velocity profile contains at least four independent data points.
The H I velocity dispersion was kept constant at 10 km s−1 and the systemic velocity was
fixed at its value determined from the H I global profile (Table 5.3). For NGC 891 vsys = 528
km s−1 was used (Sancisi & Allen 1979). For the dynamical center the stellar disk dynamical
center was taken (Table 4.4), and the width of the rings was set to the pixel size. Each
side of the XV diagram was fitted using as initial estimates the rotational velocities obtained
with the envelope-tracing method (Sect. 5.3.2) and the density profile using Warmels’ (1988)
method (Sect. 5.3.2). At the inner, rising part of the XV diagram initial estimates of the
rotational velocities were obtained by linearly extrapolating the envelope-tracing velocities
to the dynamical center. The XV fits were performed both for a free and a fixed density
profile, and the best fit in terms of reduced χ2 was retained. In the cases in which a Hanning
taper was used with the observations the model velocity profiles were smoothed accordingly.
For each galaxy a series of XV diagrams of the residuals, constructed by subtracting one
by one each of the individual fitted rings from the observed XV diagram, was inspected to
determine the smallest galactocentric radius at which H I is detected. The derived rotation
curves and (in a few cases) the surface density profiles were averaged to yield roughly two
points per beam (FWHM).

The successful fits are illustrated in Fig. 6.4 and their properties are listed in Table 6.1.
The errors were calculated using the Monte Carlo approach (Sect. 6.2.2). In six cases the
fits did not converge. For ESO 269-G15, ESO 416-G25, ESO 435-G14 and ESO 435-G50
the XV diagrams are of particularly poor spatial resolution and signal-to-noise ratio (SNR <
15) which has likely caused the XV fitting method to diverge. For the other two systems the
assumption of axisymmetry clearly does not hold. ESO 157-G18 is a dwarf system which is
strongly lopsided (Sect. 5.3.3). NGC 5529 is a massive, spiral with a pronounced warp in H I.
In the following, the results for each of the successful fits will be described.
ESO 142-G24 – The XV fits show that H I emission is present down to a galactocentric ra-
dius of 25′′, thereby revealing the rising part of the rotation curve. The residual XV diagram,
left after subtracting the best fitting model, does not show any obvious structure. Receding
side: at radii less than 60′′ the XV fit velocities are 5–15 km s−1 higher than those derived
from the extreme velocity envelope. Approaching side: a good fit, the XV fit velocities are
consistent with the earlier envelope-tracing results.
ESO 201-G22 – Receding side: the residuals are comparable to the noise. Remarkably, at
radii beyond 60′′ the XV fit velocities are up to 20 km s−1 higher than those obtained with
the envelope-tracing method. Approaching side: the ‘ridge’ structure at a radius R ∼ −40′′

is difficult to reproduce with the model. XV fit velocities are up to 10 km s−1 higher than the
envelope-tracing velocities.
ESO 240-G11 – Letting the density profile free reduces χ2 by a factor of two. The XV
diagram of the residuals reveals a lack of H I at radii smaller than 40′′. The observed XV dia-
gram does appear to show emission at R ∼ −20′′ and a velocity of −270 km s−1. Receding
side: the velocities agree well with the earlier envelope-tracing results. At the outermost radii
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Table 6.1: Properties of the XV diagrams and the XV fits

Galaxy Beam Vel. res. σXV SNR Mode χ2
rece χ2

appr τmax

(arcsec) (km s−1) (mJy beam−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

ESO 142-G24 29.3 6.6 3.8 15 v 2.1 0.9 0.47
ESO 157-G18∗ 29.5 6.6 5.0 12 – – – 0.58
ESO 201-G22 27.8 13.2 1.9 15 v 0.8 2.1 0.20
ESO 240-G11 33.7 13.2 1.3 37 v+d 4.2 3.7 0.29
ESO 263-G15 25.6 13.2 1.7 19 v+d 1.6 1.6 0.31
ESO 269-G15∗ 33.2 13.2 2.3 14 – – – 0.23
ESO 416-G25∗ 50.7 13.2 2.2 12 – – – 0.10
ESO 435-G14∗ 34.4 13.2 2.7 12 – – – 0.23
ESO 435-G25 19.1 13.2 1.8 27 v+d 4.6 3.3 0.26
ESO 435-G50∗ 29.5 13.2 2.1 13 – – – 0.23
ESO 564-G27 69.9 6.6 4.0 36 v 2.0 2.1 0.38
NGC 891 20.0 33.0 0.31 148 v+d 60 134 0.85
NGC 5170 46.7 13.2 2.2 38 v 2.8 3.5 0.41
NGC 5529∗ 17.5 33.0 0.3 60 – – – 0.33

Notes – Columns: (1) Galaxy, an asterisk indicates the XV fit did not converge; (2) Spatial
resolution in the integrated XV diagram (FWHM); (3) Velocity resolution (FWHM); (4) Noise
level (1σ); (5) Peak signal to noise ratio; (6) v+d – set free both the rotation curve and surface
density profile in the fit, v – set free the rotation curve only; (7)&(8) Reduced χ2 at the receding
and approaching side, respectively; (9) Estimated maximum optical depth (see text).

the fits do not give a meaningful result because of the large range in velocity covered by the
faint emission. The ridge structure at R ∼ +100′′ is not well reproduced. Approaching side:
results agree to within 5 km s−1 with the envelope-tracing results except for the outermost
radii. The latter may be caused by the edge-effect (Sect. 6.2.2).
ESO 263-G15 – The symmetric XV diagram is very well reproduced by the model. The fitted
rotational velocities are ∼ 10 km s−1 higher than the envelope-tracing velocities. Receding
side: the residual XV diagrams reveal H I down to R ' +25′′.
ESO 435-G25 – The XV diagram is highly asymmetric. The residual XV diagrams show a
lack of H I at R . 50′′. Receding side: the upturn in the velocities at large radii is associated
with the (projected) end of the curved ridge dominating the XV diagram on this side. Ap-
proaching side: the XV fit velocities are slightly higher than those derived from the envelope.
Interestingly, the velocities in the extension (R > 180′′) are higher than those found with the
envelope tracing method, but consistent with a flat rotation curve. The extension is similar in
appearance to the well-studied southern extension of NGC 891 (Rupen 1991).
ESO 564-G27 – The residuals are comparable to the noise. The XV fit velocities are consis-
tent with the envelope-tracing method.
NGC 891 – For NGC 891 a different approach was taken in order to minimize the influence
of the probable absorption. Here, each velocity profile was fitted separately, such that once
the circular velocity is determined at a certain radius it is kept fixed in each of the remaining
fits. This ensures that the fit is less susceptible to absorption because the inner part of the XV
diagram, where the absorption is probably highest, no longer influences the determination of
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Figure 6.4: Results of the XV fits. Top – H I rotation curves (dots) overlayed on the observed XV
diagram (contours). Contour levels are −4, −2, 2, 4, 6, 8, etc. in units of σXV (Table 6.1), except for
ESO 240-G11, ESO 435-G25, ESO 564-G27 and NGC 5170 for which the levels are −4, −2, 2, 4, 8,
12, 16, etc. times σXV. Circles denote the velocities obtained with the envelope-tracing method. The
cross in the lower right shows the resolution. Middle – H I surface density profile. Circles indicate the
densities obtained using Warmels’ (1988) method. The fitted density profile is also shown when letting
it free significantly improved the χ2 (dots). Bottom – as top but for the model XV diagram. Heliocentric
velocities adhere to the radio definition except for NGC 891 where the optical definition is used.

rotational velocities at larger radii. The resulting fit matches the extreme-velocity envelope
very well. The amplitude of the rotation curve is about 225 km s−1, in agreement with pre-
vious H I studies (Sancisi & Allen 1979; Rupen 1991). The inner maximum is in agreement
with the CO measurements (Sofue 1996). The decline of the rotational velocity at the onset
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Figure 6.4: (continued)

of the southern extension (R ∼ +300′′) is much more gradual than it appears from the lowest
contour. This is caused by the sharp drop in H I surface density at that radius.
NGC 5170 – Receding side: The XV fits did not converge at large radii, where the H I data
indicate a double peaked velocity profile. The model does not reproduce in detail the curved
ridges which dominate both sides of the XV diagram.

The assumption of pure circular motion can be checked at the minor axis. There radial
motions will show up most clearly, broadening the velocity profile. Radial motions can thus
be inferred by comparing the observed and model velocity profiles at the minor axis. Such
a comparison is allowed because the XV fits were not performed all the way to the minor
axis. A comparison of the widths of the minor axis velocity profiles shows that in none of
the spirals the observed central velocity profile is significantly broader than that of the model.
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Figure 6.4: (continued)

Any deviations from non-circular motion are therefore small and do not affect the analysis.
In several cases the rotational velocities found from the XV fits differ significantly from

those determined using the envelope-tracing method. A clear example is ESO 263-G15, an Sc
galaxy with a closely symmetric XV diagram but for which the envelope-tracing velocities
are systematically lower by ∼ 10 km s−1. This difference is likely due to the envelope-
tracing method’s neglect of the effect of the l.o.s. projection and its sensitivity to the adopted
fitting boundary (Sect. 5.3.2). In two cases, ESO 142-G24 and ESO 263-G15, the XV fits
have provided information regarding the rotation curve at small radii. In general, however,
the analysis has not provided the anticipated information on the inner parts of the rotation
curves. In several cases this lack of information at small galactocentric radii is caused by
an H I deficiency; nearly all of the emission observed at small projected radii is due to H I
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Figure 6.4: (continued).

at large galactocentric radii seen in projection. The clearest examples are ESO 240-G11,
ESO 435-G25 and NGC 5170. The fact that this H I deficiency is not apparent in the face-on
density profiles derived using Warmels’ (1988) method is probably due to the well-known
fact that this method overestimates the H I surface density in the central parts (Warmels 1988;
Swaters 1999). In other cases, poor spatial resolution further prevents an analysis at small
galactocentric radii (ESO 201-G22 and ESO 564-G27). In the following section the H I

results will be combined with the kinematical information from the optical emission lines to
further investigate the rotation curves in the inner parts.
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6.4 Optical emission line kinematics

The optical emission lines of spiral galaxies can be studied at high spatial resolution and pro-
vide extra information concerning the rotation curve at small radii. Unlike the H I, however,
the optical emission lines are affected by dust extinction. If the filling factor of the dust is
such that in the edge-on view the H II regions at the line of nodes are unobscured, then the full
velocity range will be observed. When, on the other hand, the galaxy is completely optically
thick only the galaxy outskirts will contribute to the velocity profiles, yielding an apparent
solid-body rotation curve (Goad & Roberts 1981). In edge-on spirals, a comparison of the
velocities derived from the optical emission lines with the H I rotation curve can thus be used
to infer whether extinction is seriously affecting the optical velocity profiles (Bosma et al.
1992). Such a comparison is important not only for rotation curve studies, but also because
dust extinction similarly affects the stellar kinematics (Ch. 4).

Long-slit spectroscopic observations were performed for a sample of 19 edge-on spi-
rals of intermediate to late morphological type (Table 4.2). Spectra were taken either in the
4800–5800 Å region, covering the Hβ and the [OIII]5007 emission lines, in the 6000–7000
Å region, containing Hα, or in both wavelength regions. A detailed account on the obser-
vations and basic data reduction is given in Sect. 4.3. In the spectra of ESO 437-G62, ESO
487-G02 and ESO 509-G19 the optical emission lines remained undetected. To isolate the
emission lines in the other spectra both the galaxy continuum and the stellar absorption lines
were removed as follows. The absorption lines were modeled with the stellar template spectra
used to determine the stellar kinematics (Table 4.4). First, the stellar continuum of the tem-
plate star was fitted using a low order polynomial and removed through division. Then, for
each position along the slit this template absorption-line spectrum was shifted and broadened
according to the l.o.s. stellar kinematics. In essence, the resulting spectrum is a continuum-
divided model of the galaxy absorption lines. Finally, this model was multiplied into the
galaxy continuum, also determined by fitting a low order polynomial, and subtracted. For
ESO 263-G15 and ESO 435-G50 the stellar kinematics could not be determined (Ch. 4), and
their continuum was instead removed by subtracting a low order polynomial fit.

While well resolved spatially, the low spectral resolution and the patchy distribution of
ionized gas preclude a correction for the effect of l.o.s. projection using the XV fitting method.
The optical emission line kinematics were instead derived by fitting Gaussians to the velocity
profiles (Goad & Roberts 1981; Makarov et al. 1997). In case of double-peaked velocity pro-
files, two Gaussians were used. The mean (peak) velocities of the best-fitting Gaussians are
shown overlayed on the H I XV diagrams in Fig. 6.5. The best-fitting Gaussian dispersions,
corrected for the spectral resolution, are also shown (error bars, at a few radial positions for
clarity). Where available, the Hα line was used to calculate the dispersions because of its
higher brightness and the higher velocity resolution in the red. For the galaxies observed
with VLT–FORS2 the Hβ line was used, except for ESO 435-G25 for which the [OIII]5007
line is much brighter. Note that the systemic velocities of the H I and the optical emission
lines are in good agreement. The symmetric rotation curves (solid lines) were obtained by
averaging the H I rotational velocities at the approaching and the receding sides, and taking in
the inner parts an estimate of the extreme velocities reached by the H II. For the latter the sum
of the H II mean l.o.s. velocity and the H II l.o.s. velocity dispersion is adopted. The curves
will be further discussed in Sect. 6.5. Here, the optical emission line kinematics, hereafter
often referred to as simply H II kinematics, will be described for each galaxy.
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Figure 6.5: Optical emission line velocities overlayed on the H I XV diagrams for 16 galaxies. Circles
– Hα, triangles – Hβ , squares – [OIII]5007, crosses – Hα from Persic & Salucci (1995). The error bars
indicate the H II velocity dispersion (± 1σ). The dots show the H I rotational velocities and the solid
line shows the adopted rotation curve (Sect. 6.5). H I contours are as in Fig. 6.4. For galaxies not part
of Fig. 6.4 contour levels are as in Fig. 5.3, except for ESO 435-G14 for which a Hanning smoothed
version is shown using levels of −4, −2, 2, 4, 6, 8, 10, etc. times σXV. The cross in the lower left
shows the H I resolution, and the top axis is in units of I-band disk scalelengths.

ESO 142-G24 – The H II velocity distribution extends up to the extreme-velocity envelope
of the H I at all radii. In the outer parts the Hα closely traces the bright H I ridges. These
ridges appear to coincide with spiral arms in the optical image, suggesting that the dip in the
H II mean velocities at ∼ ±70′′ is due to the projection. The smooth connection of the Hα
with the H I rotational velocities and the low galaxy inclination (Table 7.1) suggest that the
effects of projection and dust extinction are small.
ESO 157-G18 – The Hβ velocity distributions are consistent with the H I rotational veloci-
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Figure 6.5: (continued)

ties, except at ∼ −60′′. There, the Hβ velocities exceed the H I velocities by 10–15 km s−1.
The l.o.s. stellar velocities also show a disturbance on this side (Fig. 4.5, Fig. 7A.1). The
adopted rotation curve (solid line) pertains to the receding side.
ESO 201-G22 – Although the slit covers part of the dust lane, the H II velocity distribution
extends up to the H I rotation at most positions. This suggests that the effect of dust extinction
on the H II kinematics is small. On both sides the H II velocity profiles are double peaked in
the inner parts, tracing both the extreme H I velocities and a bright H I ridge.
ESO 240-G11 – The H II velocity broadening is much smaller than that of the H I. The ob-
served Hα velocities are surprisingly close to the H I rotation down to a projected radius of 1′.
At smaller radii Hα is clearly present whereas H I is barely detected. In the innermost parts
(R. 5′′) the H II lines appear double peaked, showing the ‘X’ signature suggestive of a barred
potential (see Fig. 6A.1, and also Bureau & Freeman 1999). From 5′′ onward the velocities
trace an apparent solid-body curve up to 15′′. The inner maximum in the adopted rotation
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Figure 6.5: (continued)

curve (solid curve) was chosen to match the H I and H II emission (see also Fig. 6A.1).
ESO 263-G15 – The Hα mean velocities of this virtually bulgeless Sc show a solid-body
behavior up to 25′′, followed by a sharp drop and a steady rise to match the H I rotational
velocities in the outer parts. On the receding side the drop is more pronounced and the Hα
velocities reach the circular velocity further out (at 70′′, versus 50′′ at the opposite side).
While the galaxy is almost perfectly edge-on and shows a patchy dust-lane, the smooth con-
nection of the H II velocity distribution with the H I rotational velocities at 30′′ suggests that
in the inner parts the H II velocities are close to the true rotation curve. Note that the H II

velocity broadening is smaller than that of the H I.
ESO 269-G15 – The Hβ velocity curve is almost solid-body over much of its extent. The
H II velocities are actually lower than the observed stellar velocities (Ch.4). This is puzzling
because the asymmetric drift is expected to be larger for the stars. Any dust extinction will
also more strongly affect the stellar velocities because of the larger optical depth at shorter
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Figure 6.5: (continued).

wavelengths. A possible explanation, although unexpected for a late-type spiral, is that the
inner region is devoid of H II regions such that the H II emission at small projected radii is
actually located in the outskirts of the disk.
ESO 288-G25 – Although no H I information is available, the Hα reveals several important
points. First, the Hα velocity distributions are consistent with a flat rotation curve beyond a
radius of 20′′. The systemic velocity, from symmetrizing the Hα velocities on the flat part,
is 2495 km s−1 (optical velocity definition). The adopted rotation curve (solid line) is an
‘eyeball fit’ of the simple function v(R) = vmax R/

√
R2 + d2, taking vmax =175 km s−1

and d = 7′′. The gray lines show curves for d = 4′′ and d = 11′′, and give an estimate of the
uncertainty in the inner parts.
ESO 416-G25 – The Hβ and [OIII]5007 lines are faint for this closely edge-on Sb. The H II

velocities agree with the H I rotation starting at radius of 40–50′′, although the H I rotation
curve itself is uncertain.
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ESO 435-G14 – The Hβ and [OIII]5007 velocity distributions extend up to the extreme-
velocity envelope of the H I at all radii. This indicates that the effects of dust extinction and
projection are small, consistent with its low inclination (i ' 82 degrees, Table 7.1). The H II

velocity broadening is smaller than that of the H I. The linear feature in the mean velocities
on the receding side from R ∼ 50′′ to ∼ 30′′, coincides with a prominent spiral arm in the
optical image (Fig. 2A.1). No such feature is seen on the approaching side, where the H I

emission is also much fainter.
ESO 435-G25 – H II emission is mainly detected along the bright H I ridge that dominates
the receding side of the H I XV diagram. This emission contains little information concerning
the rotation curve. The rotation curve (solid line) can not be determined in the inner parts.
ESO 435-G50 – The Hα velocity distribution of this small Sc is consistent with the H I. Re-
markably the H II velocity broadening is about 30 km s−1 (1σ), similar to that of the H I.
ESO 446-G18 – The Hβ emission line is weak, and the Hβ velocities were therefore com-
plemented with the Hα velocities measured by Persic & Salucci (1995). The combined H II

velocities show an apparent solid-body rotation within 20′′, and agree with the H I rotational
velocity further out. Outside 40′′, the H II velocity distribution extends up to the extreme-
velocity envelope of the H I.
ESO 564-G27 – The H II kinematics show a pattern that is remarkably similar to that ob-
served in ESO 435-G14. Both galaxies show an apparent solid-body rotation within 0.5
I-band disk scalelengths followed by a small plateau and a rise up to the H I rotational veloc-
ities at 1.5 scalelengths. Beyond that radius both galaxies show a dip in the mean velocities
at 2 scalelengths (except for the approaching side of ESO 435-G14), followed by another
increase to match the H I rotation curve at 3 scalelengths. Since the galaxies are both of type
Sc and have a similar vmax (e.g. Table 6.2), this suggests that the effect of dust extinction is
also small in ESO 564-G27.
NGC 891 – For N891 the slit was placed at a distance of 10′′ from the plane, covering its
approaching side out to 4′ from the dynamical center. The emission lines are well resolved
in velocity, showing skewed velocity profiles. The lines were therefore also fitted using the
Gauss-Hermite series (van der Marel & Franx 1993, Eqn. 4.5), including only the h3 param-
eter. These fits reveal a prograde tail (i.e. away from systemic) for radii up to 2′, with an
average h3 ∼ −0.03. The stellar kinematics show a similar behavior (Sect. 4.4.2). Beyond 2′

the velocity profiles are indistinguishable from a Gaussian, and the Hα velocity distributions
reach up to the H I rotation. The latter indicates that Hα emission is present at a galactocen-
tric radius of 2′and that at 10′′ from the plane the disk is transparent. The observation that
at 2′ the Hα velocities fall short of the H I rotation at z = 0 (Bosma et al. 1992) therefore
implies that at z = 0 the disk is still optically thick. Note that the adopted rotation curve does
not include the southern extension (R & +6′).
NGC 5170 – For this galaxy the maximum Hα velocities in the two spectra taken perpendic-
ular to the major axis are plotted. These extreme velocities occur exactly at the major axis
and correspond to the H I rotation. This suggests that this massive Sc is transparent down to
at least one I-band disk scalelength from the center.
NGC 5529 – The slit limits the observed radial range to (+1′, −3′) with respect to the dy-
namical center. In the region of the peanut-shaped bulge the H II lines (Hα as well as [NII]
and [SII]) show intricate double-peaked velocity profiles. These outline a ‘figure-of-eight’
signature with radius, indicative of a barred potential (see Fig. 6A.1). In this region the ro-
tation curve can not be determined. At larger radii, the Hα mean velocities show a behavior
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steeper than solid body up to ∼ 50′′, after which they are consistent with the H I rotational
velocities. In the outermost parts the profiles are again double-peaked. There the high veloc-
ity component traces the H I rotation, whereas the lower velocity component forms a linear
feature which follows a bright H I ridge.

6.5 Discussion

The H I and H II kinematics provide two diagnostics for the dust opacity. First, an edge-on
galaxy that is optically thick out to its periphery will show an apparent solid-body rotation
curve in the optical regardless of the true rotation curve shape (Goad & Roberts 1981). None
of the galaxies studied shows such an H II (Sect. 6.4) or stellar (Sect. 4.5.1) velocity curve.
More specifically, in all cases for which both H I and H II kinematics are available the H II ve-
locity distribution (H II mean velocity plus velocity dispersion) matches the extreme-velocity
envelope of the H I at a projected radius between 1–2 I-band disk scalelengths. At this radius
H II is detected at the line of nodes (assuming the HII is dynamically cold and in circular
rotation). Table 6.2, lists for each galaxy the innermost radius at which the H II velocity
distribution clearly overlaps the H I rotation curve, Roverlap (in units of I-band scalelengths).
The galaxies are transparent at radii larger than Roverlap, at least along the measured slit. This
confirms earlier claims based on kinematic data that intermediate to late-type spiral galaxies
are transparent in the outer parts (Bosma et al. 1992; Bosma 1995).

A second constraint on this ‘transparency radius’ is the first occurrence of a change in
slope of the H II velocity curve, Rslope (Table 6.2). Outside the radius at which the slope
first declines, the disk may be considered transparent (Bosma et al. 1992). The first clear
change in slope of the H II velocity curves is listed in Table 6.2. These radii seem to indicate
that the sample galaxies are transparent except for the inner 0.5–1.0 I-band disk scalelengths.
However, the simulations of Hα rotation curves by Matthews & Wood (2001) suggest that
this criterion does not hold at high optical depths. For galaxies which show a strong dust lane
in the optical image the Rslope may therefore underestimate the true transparency radius.

The radii quoted in Table 6.2 are not easily translated into quantitative statements regard-
ing the dust content as a function of morphological type or maximum rotational velocity. This
would require detailed modeling of the H II distribution and kinematics, taking into account
the galaxy inclination as well as the exact location of the slit. Table 6.2 does provide a firm
handle on the effect of dust extinction at the exact slit positions studied. This will be taken
into account when modeling the observed stellar kinematics (Ch. 7).

The H II mean velocities and velocity dispersions are not easily corrected for the effect of
l.o.s. projection. Still, in the inner parts the H II kinematics do contain additional information
regarding the rotation curves. For galaxies in which the H II velocities connect smoothly to
the rising part of the H I rotation curve, such as ESO 142-G24 and ESO 263-G15, the mean
H II velocities probably trace the true rotation. In these cases the effects of dust extinction
and projection are probably small. In many other cases, the H I data does not reveal the inner
rising part of the rotation curve and the H II velocity distributions match the H I rotation curve
on the outer flat part. Examples include ESO 201-G22, ESO 240-G11, ESO 446-G18 and
ESO 564-G27. For these galaxies the H II mean velocities plus the 1σ velocity dispersions
provide a firm lower limit to the true rotation. In the remaining cases, the H II is located far
below the H I rotation curve in the inner parts and does not provide additional information.
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Table 6.2: Upper limits to the transparency radius
Galaxy Type vmax ± Roverlap Rslope Galaxy Type vmax ± Roverlap Rslope

(km s−1) (hR,I ) (hR,I ) (km s−1) (hR,I ) (hR,I )

(1) (2) (3) (4) (5) (6) (1) (2) (3) (4) (5) (6)

ESO 142-G24 Scd 121 4 0.8 0.4 ESO 435-G14 Sc 136 9 1.4 0.6
ESO 157-G18 Scd 88 6 1.1 0.4 ESO 435-G25 Sc 232 10 – –
ESO 201-G22 Sc 169 5 1.0 0.4 ESO 435-G50 Sc 86 4 1.9 0.9
ESO 240-G11 Sc 273 7 1.2 0.4 ESO 446-G18 Sb 198 7 1.2 0.8
ESO 263-G15 Sc 166 3 0.8 0.8 ESO 564-G27 Sc 160 6 1.3 0.5
ESO 269-G15 Sc 167 8 1.7 0.9 NGC 891 Sb 227 5 1.3 0.8
ESO 288-G25 Sbc 175 5 – 0.7 NGC 5170 Sc 250 4 1.0 –
ESO 416-G25 Sb 212 6 2.2 – NGC 5529 Sc 284 8 2.0 1.3

Notes – Columns: (1) Name; (2) Morphological type (Lyon/Meudon Extragalactic Database); (3)&(4)
Maximum rotational velocity and error; (5) Innermost radius at which the H II velocity distribution
overlaps the H I rotation; (6) First occurrence of a change in slope of the H II mean velocity curve.

Examples are ESO 435-G25 and NGC 891. This behavior is consistent with these galaxies
having steeply rising rotation curves, for which the projection effect is expected to be most
pronounced (Matthews & Wood 2001). Finally, although underrepresented in the current
sample, in barred galaxies such as NGC 5529 the H II shows clear signs of non-circular
motion in the inner parts. In that case the inner rotation curve can not be determined.

The full rotation curves (Fig. 6.5, solid lines) were estimated by averaging the H I ro-
tational velocities on both sides and taking in the inner parts, in those cases where the H II

provides extra information, the maximum velocities reached by the H II. For the H I the ro-
tational velocities obtained with the XV fitting method (Sect. 6.3.3) were used, or, in cases
of poor signal-to-noise, the envelope-tracing results (Sect. 5.3.2). For the H II, the sum of the
H II mean velocity and the velocity dispersion was adopted. Although this sum may not reach
the true circular velocity of the H II (Matthews & Wood 2001), it approximates this circular
velocity far better than simply taking the mean velocity curve. The symmetric rotation curves
shown in Fig. 6.5 are a cubic spline interpolation of the combined points and the origin.

Most of the rotation curves are asymptotically flat. In addition, there are two examples of
rotation curves that are slowly rising up to the last measured point, ESO 269-G15 and ESO
435-G50. For ESO 240-G11, ESO 435-G14 and ESO 564-G27 the rotation curve shows
a small decline in the outer parts. In two other spirals, ESO 240-G11 and NGC 891, the
adopted rotation curve has an inner maximum, although ESO 435-G25 and NGC 5529, for
which no H I or H II information is available in the inner parts, may have similar maxima.
The maxima of the adopted rotation curves are given in Table 6.2, where for ESO 240-G11
not the inner maximum but the secondary maximum is listed. The rotation curves will be
used in conjunction with the observed stellar kinematics to construct dynamical models of
the stellar disks (Ch. 7).

In many of the XV diagrams the H II mainly coincides with the high density H I. In
the outer parts, the H II mean velocities are often aligned with a bright H I ‘ridge’ and form
a slightly curved structure which points roughly at the dynamical center. This co-location
of H I and H II further strengthens the case for transparency at these radii. Clear examples
are ESO 142-G24, ESO 263-G15, ESO 435-G25, ESO 564-G27, NGC 5529 and NGC 891.
These curved structures are highly suggestive of well-developed spiral arms. A concentration
of H II regions in spiral arms would also, at least partly, explain the significantly smaller
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velocity broadening in H II compared to H I. This effect, first reported by Bosma (1995),
is also expected if the H II regions do not extend as far out in galactocentric radius as the
H I. Indeed, in those galaxies for which the slit covers the entire radial range over which
H I is detected, there is a lack of H II regions at large projected radii and in the H I velocity
tails towards the systemic velocity. Conspicuous examples are ESO 240-G11, ESO 263-G15,
ESO 435-G15 and ESO 564-G27. Given that these ridge structures often seem to occur in
the outer parts where the rotation curve is approximately flat, the exact location of the H II

mean velocities may actually be used to reconstruct the spiral arm shapes. This could put
the morphological classification of edge-on spirals, which currently is based purely on bulge
to disk ratios, on a firmer footing. A final notable effect which is present in some cases is a
systematic asymmetry between the H II velocities on either side of the galaxy. Examples are
ESO 435-G14 and ESO 435-G50. This may perhaps be caused by the edge-on view of spiral
arms, in which the dust is dislocated from the H II regions.

6.6 Conclusions

A new technique is presented for determining the rotation curves of edge-on spiral galaxies.
The major axis position-velocity (XV) diagram of the gas is de-projected under the assump-
tions of pure circular motion, transparency and axisymmetry. This de-projection is performed
via a least-squares fit of a set of concentric, coplanar rings according to an outside–in (‘onion
peel’) approach. The advantage of this XV fitting method is that it naturally corrects for the
line-of-sight projection and beam smearing. This allows an investigation of the gas kinemat-
ics in the inner regions which are shielded by emission from large galactocentric radii seen in
projection. Monte Carlo simulations of the method illustrate its viability and provide errors.

The XV fitting method is applied to good quality H I XV diagrams of eight edge-on
spirals. These galaxies show only moderate warping, are transparent in the H I line (except
NGC 891) and show no evidence for strong non-circular motions. For ESO 142-G24 and
ESO 263-G15 the XV fitting method reveals the rising part of the rotation curve. For the
other galaxies the XV fits either show a deficiency of H I at small galactocentric radii or are
limited by beam smearing in the innermost parts. A rule of thumb is that the peak signal to
the root-mean-squared noise level in the XV diagram needs to be at least 15 in order for the
XV fitting technique to improve upon the envelope-tracing method.

A comparison of the H I rotation curves with the H II kinematics for 16 edge-on spi-
rals confirms that intermediate- to late-type spiral galaxies are transparent in the outer parts.
In particular, the H II velocity distribution (mean velocity plus velocity dispersion) already
matches the H I rotation within 1–2 I-band disk scalelengths, providing strong evidence for
transparency at larger radii. Although not as robust, the first occurrence of a change in slope
of the H II velocity curve indicates that the galaxies in the present sample are transparent ex-
cept for the inner 0.5–1.0 disk scalelengths. Estimates of the full rotation curves are obtained
by combining the information from the H I and H II kinematics. The resulting rotation curves
have shapes similar to those of less-inclined spirals, including slowly rising rotation curves,
declining rotation curves, and rotation curves with a steep inner rise and inner maximum. In
the XV diagram, the H II is mainly found in regions of high density H I, often forming curved
‘ridges’. In addition, the velocity broadening of the H II is less than that of the H I. Both of
these properties can be explained if the H II is mainly confined to spiral arms and does not
extend out to the edge of the H I layer.
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6A Complex inner gas kinematics
Figure 6A.1 displays close-ups of the XV diagrams of ESO 240-G11 and NGC 5529. These
two galaxies show, both in the neutral and the ionized gas, an additional inner component
which rises steeply in velocity. Together with the normal slowly rising component, this gives
the H II in the XV diagram an ‘X’ shaped appearance. This signature suggests that both of
these galaxies contain an inner bar (Kuijken & Merrifield 1995; Bureau & Freeman 1999). In
Fig. 6A.1a the Hβ mean velocities at the FORS2 slit position (2′′ away from the major axis)
are also shown (triangles). These velocities are asymmetric with respect to the galaxy center,
an asymmetry which is also present in the stellar velocities (see Sect. 4.4.2 for a discussion).

Figure 6A.1: Close-ups of the XV diagrams which show complex gas kinematics in the central
region. (a) – ESO 240-G11 – The [NII] line (grayscale) overlayed on the H I XV diagram (contours).
Contour levels are as in Fig. 6.4. The triangles indicate the Hβ mean velocities obtained from the VLT-
FORS2 spectrum and the solid line shows the adopted rotation curve. (b) – NGC 5529 – The Hα line
(grayscale) overlayed on the H I XV diagram (contours). Contour levels are as in Fig. 6.5. In both
panels the velocities use the radio definition.
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ABSTRACT — The stellar disk kinematics of fifteen intermediate- to late-type
edge-on spiral galaxies are analyzed using a dynamical modeling technique in conjunc-
tion with the observed disk structure and gaseous rotation curves. The sample covers a
substantial range in maximum rotational velocity and deprojected face-on surface bright-
ness, and contains seven spirals with either a boxy- or peanut-shaped bulge. For thirteen
spirals a transparent model provides a good match to the stellar disk kinematics. Models
that include a realistic radiative transfer prescription confirm that the stellar kinematics
are practically dust free at the observed slit positions. At least twelve disks are submax-
imal. The average disk contributes 53±4 percent to the observed rotation at 2.2 disk
scalelengths, with a 1σ scatter of 15 percent. Since boxy and peanut-shaped bulges are
probably associated with bars, this strongly suggests that the submaximal nature of disks
is independent of barredness. In addition, it is confirmed that the radial stellar disk ve-
locity dispersion is related to the galaxy maximum rotational velocity. The scatter in this
σ − vmax relation appears to correlate with the disk flattening, face-on central surface
brightness and dynamical mass-to-light ratio. Low surface brightness disks tend to be
more flattened and have smaller stellar velocity dispersions. The findings are in good
agreement with the observed correlation between disk flattening and dynamical mass-
to-light ratio, as well as the collapse theory for disk galaxy formation. The disk mass
Tully-Fisher relation is offset from the maximum-disk scaled stellar mass Tully-Fisher
relation of the Ursa Major cluster. This offset, −0.3 dex in mass, is naturally explained if
the disks of the Ursa Major cluster spirals are submaximal.

7.1 Introduction
The absence of a Keplerian decline in H I rotation curves that extend well beyond the stel-
lar disk has provided compelling evidence that spiral galaxies are embedded within massive
dark matter halos (Bosma 1978; Begeman 1987). At the same time, it was noticed that the
inner rotation curves can often be reproduced by the stellar disk alone, with a fairly similar
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disk mass-to-light ratio among spirals (Kalnajs 1983; Kent 1986; Freeman 1992; Palunas &
Williams 2000). This coincidence has prompted the ‘maximum disk hypothesis’, stating that
the disk is as massive as allowed by the rotation curve (van Albada & Sancisi 1986). Repeat-
edly though, multi-component mass modeling has pointed out that a rotation curve alone is
insufficient to constrain the radial mass distributions of the individual galactic components
(e.g. van Albada et al. 1985). In fact, the inner rotation curves are equally well reproduced
with a submaximal disk and a more concentrated dark halo (van der Kruit 1995; Broeils &
Courteau 1997). An important development is that spirals of widely different disk central
surface brightness follow the same Tully-Fisher relation (Zwaan et al. 1995; Verheijen 2001).
This strongly implies that the disk contribution to the rotation curve decreases toward lower
disk surface brightnesses (McGaugh & de Blok 1998; Ch. 2). Of course, the behavior with
disk surface density remains unknown.

A promising tool suited for lifting this disk-halo degeneracy is the dynamical modeling
of the stellar disk kinematics (van der Kruit & Freeman 1984, 1986; Bottema 1993; Pig-
natelli et al. 2001). This technique uses the principle of vertical dynamical equilibrium to
constrain the actual disk surface density. Knowledge of the disk surface density will increase
our understanding of the baryonic matter content of spiral galaxies and ultimately allow an
investigation of the radial distribution of the dark matter. Important applications include the
origin of the Tully-Fisher relation (McGaugh et al. 2000; Bell & de Jong 2001; Freeman
2002) and the stability properties of disks, which are widely believed to regulate secular evo-
lution through the generation of spiral and bar perturbations (see Buta, Crocker, & Elmegreen
1996, for reviews) and star formation (e.g. Wang & Silk 1994).

In a first attempt, Bottema (1993, hereafter B93) modeled the stellar kinematics of 11
normal (=unbarred) high surface brightness (HSB) spirals of predominantly late morpholog-
ical type. Using the radial stellar velocity dispersion at one exponential disk scalelength as a
reference, B93 argued that spirals follow an approximately linear relation between stellar ve-
locity dispersion and maximum rotational velocity. B93 then compared this σ−vmax relation
to that expected for an isolated exponential disk, assuming a disk flattening of ten (the ratio
of disk scalelength to scaleheight). Based on this comparison B93 found that in normal HSB
spirals the disk supplies on average 63±10% of the observed rotation at a radius of 2.2 disk
scalelengths (the radius at which the rotation curve of an isolated exponential disk peaks,
Freeman 1970). In other words, approximately 40% of the mass enclosed within 2.2 disk
scalelengths resides in the disk. In contrast, a working definition for the maximum contribu-
tion of the disk to the rotation is substantially higher at 85±10% (Sackett 1997). Note that
the 63% result is not based on either the disk color or Freeman’s (1970) law, as sometimes
stated (e.g. Bosma 1999).

Despite their potential, stellar disk velocity dispersion measurements are still few and far
between. Galaxy disks have a low surface brightness and hence a considerable effort is re-
quired to obtain the stellar kinematics for substantial samples. In addition, the determination
of the disk surface density from the observed velocity dispersions is non-trivial. First, the
modeling technique relies on vertical hydrostatic equilibrium which links the vertical veloc-
ity dispersion and scaleheight of the stellar disk to its surface density (e.g. Bahcall 1984a).
Clearly, it is impossible to directly observe both the stellar disk scaleheight and vertical veloc-
ity dispersion in a single galaxy (except for the Milky Way). Hence, in face-on and interme-
diately inclined galaxies a disk scaleheight needs to be assumed, using e.g. the disk flattening
observed in edge-on spirals (Ch. 2). Similarly, edge-on spirals require an assumption for the
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vertical velocity dispersion, based on e.g. the ratio of vertical to radial velocity dispersion ob-
served in less-inclined spirals (Gerssen, Kuijken, & Merrifield 1997, 2000; Shapiro, Gerssen,
& van der Marel 2003). Secondly, the integrated galaxy spectra used to extract the stellar
kinematics include young stellar populations, which have a lower stellar velocity dispersion
than the late-type stars which dominate the disk mass budget. This implies that the measured
stellar velocity dispersions may be too low to represent the actual disk mass. For a stellar
composition such as in the solar neighborhood this effect is around 20% (Fuchs 1999).

In recent years, the disk contribution has been addressed using several other techniques.
For two large independent samples the Tully-Fisher residuals do not correlate with surface
brightness (Courteau & Rix 1999). Courteau & Rix (1999) argue that this observation re-
quires a disk contribution of 60±10% in the majority of normal HSB spirals. In addition, the
Tully-Fisher relation appears to be independent of barredness (Courteau et al. 2003), suggest-
ing that barred and unbarred spirals have comparable fractions of luminous and dark matter.
Maller et al. (2000) pointed out that constraints on the disk contribution are also provided by
spirals that are strong gravitational lenses. By modeling both the lensing and the kinemat-
ics of the barred HSB spiral 2237+0305, Trott & Webster (2002) find a disk contribution of
57±3%. Finally, fluid dynamical modeling of the gas structure and kinematics also constrains
the disk contribution. These models seem to require a high disk mass-to-light ratio (M/L)
and a fast-rotating bar in both the Milky Way (Englmaier & Gerhard 1999) and NGC 4123
(Weiner et al. 2001a). Using this technique for normal spirals, Kranz, Slyz, & Rix (2003)
find that two massive HSB spirals, NGC 3893 and NGC 5676, have maximum disks whereas
three less massive HSBs, NGC 3810, NGC 4254 and NGC 6643, are submaximal.

Measurements of the bar pattern speeds in early-type spirals and lenticulars indicate that
bars are fast-rotating (see Gerssen 2002, for a compilation). The numerical simulations by
Debattista & Sellwood (1998, 2000) suggested that these high pattern speeds require maximal
disks to prevent the bars from rapidly slowing down due to dynamical friction with the dark
halo. However, more detailed simulations and analytical calculations now show that the bar
slowdown alone does not constrain the disk contribution (Athanassoula 2003). Actually, very
recent higher resolution N-body simulations suggest that the bar-halo dynamical friction is
much smaller than originally thought (Valenzuela & Klypin 2003). These simulations also
show that bars can form in submaximal disks, calling into question the paradigm that massive
halos stabilize disks against bar formation (Ostriker & Peebles 1973).

In this final chapter, the disk contribution is investigated through dynamical modeling
of the stellar kinematics of 15 intermediate- to late-type edge-on spirals. Edge-on spiral
galaxies were chosen firstly because of their higher surface brightness, such that good quality
absorption-line spectra are more easily obtained for larger samples. Secondly, this effect also
facilitates the study of disks with a low face-on surface brightness. Third, in edge-on spirals
the disk scaleheight can be directly determined. Fourth, the edge-on orientation ensures that
the entire galaxy plane is sampled by a single slit, such that any local deviations in the stellar
structure and kinematics tend to be averaged out. Finally, young stellar populations and dust
extinction can be largely avoided by placing the slit away from the galactic plane.

This chapter is organized as follows. The selection and properties of the sample are de-
scribed in Sect. 7.2. In Sect. 7.3 the dynamical stellar disk model is described. Using a real-
istic radiative transfer prescription this model is then used to investigate the effects of line-of-
sight projection and dust extinction at orientations close to edge-on (Sect. 7.3.4). The model
is then fitted to the observed stellar kinematics (Sect. 7.4), giving attention to the importance
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Table 7.1: Sample properties

Galaxy Type Distance AI µ0,I ± i ± vmax ±

(LEDA) (Mpc) (mag) (mag arcsec−2) (deg) (km s−1)
(1) (2) (3) (4) (5) (6) (7)

ESO 142-G24 IC 4872 Scd 23.2 0.09 22.09 0.19 85 1 121 4
ESO 157-G18 IC 2058 Scd 14.7 0.00 22.02 0.22 88 2 88 6
ESO 201-G22 Sc 50.9 0.00 21.60 0.27 87.5 1 169 5
ESO 240-G11 Sc† 35.4 0.01 21.29 0.48 87 1 273 7
ESO 269-G15 NGC 4835A Sc 42.5 0.17 21.02 0.41 87 1.5 167 8
ESO 288-G25 Sbc 31.1 0.00 19.77 0.50 86 2 175 5
ESO 435-G14 Sc 33.1 0.07 20.11 0.50 82 2 136 9
ESO 435-G25∗ IC 2531 Sc† 30.5 0.09 20.83 0.11 89.5 0.5 232 10
ESO 437-G62 NGC 3390 Sb† 38.1 0.11 20.63 0.50 89.5 0.5 277 20
ESO 446-G18 Sb† 62.1 0.08 21.79 0.15 87 1 198 7
ESO 487-G02 NGC 1886 Sbc† 20.8 0.01 20.40 0.33 88.5 0.5 167 18
ESO 564-G27 Sc 26.9 0.20 21.98 0.28 88 1 160 6
NGC 891∗ Sb† 9.2 0.13 20.09 0.11 89.8 0.5 227 5
NGC 5170 Sc 19.1 0.15 20.93 0.44 86.5 1 250 4
NGC 5529∗ Sc† 40.9 0.02 19.63 0.11 87.5 1 284 8

Notes – Columns: (1) Galaxy, an asterisk indicates that the disk structure according to Xilouris
et al. (1999) was used; (2) Morphological type (LEDA), a dagger indicates spirals with a boxy-
or peanut-shaped bulge; (3) Adopted distance (4) Galactic extinction in the I-band, as in de Grijs
(1998). For galaxies marked with an asterisk the Schlegel et al. (1998) values were taken. (5)
Deprojected face-on central surface brightness of the disk according to the best-fitting exponen-
tial disk model (Ch. 2, for galaxies marked with an asterisk from Xilouris et al. 1999), corrected
for Galactic extinction; (6) Inclination (see text); (7) Maximum rotational velocity (Ch. 6).

of dust extinction (Sect. 7.4.3) and possible systematic errors (Sect. 7.4.4). The results are
analyzed in Sect. 7.5. This includes a discussion on the velocity anisotropy (Sect. 7.5.1), the
disk contribution to the rotation curve (Sect. 7.5.2), the σ − vmax relation (Sect. 7.5.3), and
the Tully-Fisher relation (Sect. 7.5.4). The results are summarized in Sect. 7.6.

7.2 The Sample

7.2.1 Properties

The galaxy sample for which the stellar kinematics have been observed (Ch. 4) consists of 12
edge-on spirals taken from the sample of de Grijs (1998) plus the three large edge-on spirals
NGC 891, NGC 5170 and NGC 5529. For this sample the stellar kinematics are available
out to a projected radius between one and three scalelengths, well within the disk-dominated
region. Two galaxies, ESO 416-G25 and ESO 509-G19, had to be removed from the sample
of Ch. 4 because of the limited radial range of the stellar kinematics. Information regarding
the sample selection, spectroscopic observations and the extraction of the stellar kinematics
can be found in Ch. 4. The determination of the rotation curves from the combined H I and
optical emission line kinematics is described in Ch. 6.

The sample mainly consists of intermediate- to late-type spirals (Table 7.1). The ex-
ception is ESO 437-G62 which is classified Sb in the Lyon/Meudon Extragalactic Database
(LEDA) but is actually a lenticular (App. 2B). In three galaxies the emission lines show a
‘figure-of-eight’ signature: ESO 240-G11, NGC 5529 (App. 6A.1) and ESO 487-G02 (Bu-
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Table 7.2: Group membership and nearest neighbors

Galaxy Group Number Nearest neighbor Projected distance

(Mpc)
(1) (2) (3) (4) (5)

ESO 142-G24 F - NGC 6810 0.63
ESO 157-G18 NOGG 214 (Dorado) 12 NGC 1553 0.07
ESO 201-G22 F - - -
ESO 240-G11 F - ESO 240-G10 0.14
ESO 269-G15 F - ESO 269-G30 0.86
ESO 288-G25 NOGG 1018 4 NGC 7166 0.29
ESO 435-G14 NOGG 450 2 NGC 3089 0.25
ESO 435-G25 F - ESO 435-G19 0.35
ESO 437-G62 NOGG 495 5 ESO 437-G65 0.22
ESO 446-G18 F - - -
ESO 487-G02 F - ESO 487-G17 0.82
ESO 564-G27 F - NGC 2758 0.87
NGC 891 NGC 1023 group 13 NGC 1003 0.55
NGC 5170 NOGG 724 2 MCG -03-34-082 0.18
NGC 5529 NOGG 777 5 NGC 5544/45 0.33

Notes – Columns: (1) Galaxy; (2) Group membership, NOGG – group identification in the
Nearby Optical Galaxy sample (Giuricin et al. 2000, according to their P1 algorithm), F
– field galaxy (not assigned to a group). For the NGC 1023 group see Tully (1980); (3)
Number of galaxies in the group; (4) Neighbor with smallest projected distance to the main
galaxy; (5) Projected distance according to the adopted distance of the main galaxy.

reau & Freeman 1999). These plus four additional spirals show a boxy- or peanut-shaped
bulge and may be barred (marked by a dagger in Table 7.1). Adopted distances are based on
the Virgo-centric velocities from LEDA (which uses the flow model described in Bottinelli
et al. 1986) and a Hubble constant H0 = 75 km s−1 Mpc−1. Note that the radial velocities of
most galaxies are large, vvir > 2000 km s−1, indicating that distance errors due to peculiar
motion are small, probably less than 15%. Exceptions are ESO 157-G18 and NGC 891. ESO
157-G18 is a member of the Dorado group (Table 7.2), for which the central elliptical NGC
1549 is at a distance of 19.7 Mpc (H0 = 75 km s−1 Mpc−1) according to the Dn-σ method
(Tonry et al. 2001). For NGC 891 the adopted distance is consistent with results from the
planetary nebulae luminosity function (9.9±0.7 Mpc, Ciardullo, Jacoby, & Harris 1991) and
surface brightness fluctuations (8.4±0.6 Mpc, Tonry et al. 2001).

The sample covers an appreciable range in deprojected central surface brightness, from
19.6 down to 22.1 I-mag arcsec−2. The disk inclination listed in Table 7.1 was estimated from
the curvature of the dust lane in the B-band images of de Grijs (1998). For NGC 891, the
inclination was determined by comparing dusty models with the stellar kinematics observed
at the vertical slit position (App. 7A). Finally, the galaxies also cover a substantial range in
the observed maximum rotational velocity (vmax ' 90–280 km s−1). For most galaxies this
quantity was taken from the rotation curves (Table 6.2). For two galaxies no optical or H I

rotation curve is available and vmax was determined either from the H I global profile (ESO
487-G02) or by modeling the stellar kinematics (ESO 437-G62, see App. 7A).
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7.2.2 Environment

The majority of the galaxies were selected from the sample of de Grijs (1998) to be regular
and non-interacting (Sect. 2.2). Table 7.2 summarizes the environment of each galaxy, listing
group membership, the number of neighboring galaxies and the closest neighbor (in projec-
tion, ignoring small companions). Only two galaxies have large neighbors at a relatively
small separation (in projection): ESO 157-G18 and ESO 240-G11. The remaining galax-
ies are located either in the field or in small loose groups. This general picture of relatively
undisturbed disks is confirmed by the H I observations (Ch. 5). These indicate that there are
no massive H I companions, and that the H I is distributed in regular, moderately warped lay-
ers. The exception is NGC 5529. This massive spiral has a strongly warped H I layer and two
nearby satellites connected to the main galaxy via H I bridges.

7.3 The Model

The stellar disk kinematics will be modeled according to the semi-empirical approach intro-
duced by van der Kruit & Freeman (1986). This approach has been applied successfully to
a dozen intermediate- to late-type spirals of various inclination (van der Kruit & Freeman
1986; B93; Bottema 1999). The stellar disk model is three-dimensional and allows for an
anisotropic stellar velocity ellipsoid. The model further includes a radiative transfer prescrip-
tion, which makes it suitable for modeling highly inclined spirals.

7.3.1 Stellar emissivity

The stellar disk luminosity density is assumed, as in Ch. 2, to be axisymmetric, and exponen-
tial in both the radial and vertical directions:

L(R, z) = L0 e−R/hR e−|z|/hz , (7.1)

where (R, z) are the usual cylindrical coordinates, L0 is the central luminosity density and
hR and hz are the scalelength and the scaleheight, respectively. In those cases where a trun-
cation was detected (Ch. 3) an infinitely sharp truncation was added (i.e. L(R, z) = 0 for
R > Rmax). The vertical exponential distribution is adopted following the results of pho-
tometric studies of edge-on spiral galaxies in the near-infrared. These reveal vertical disk
light distributions intermediate between exponential and sech(z), although uncertainties due
to seeing and inclination imply that the observations are consistent with the vertical distribu-
tion being exponential (Wainscoat, Freeman, & Hyland 1989; de Grijs, Peletier, & van der
Kruit 1997). Star counts in the solar neighborhood (Gilmore & Reid 1983; Chen et al. 2001)
and the Galactic near-infrared emission (Kent, Dame, & Fazio 1991; Drimmel & Spergel
2001; López-Corredoira et al. 2002) also favor an exponential distribution for the old disk
light. Since the contribution of young red supergiants in the near-infrared is probably small
(Jones et al. 1981; Rhoads 1998) the vertical exponential distribution mainly refers to the old
stellar population. The scaleheight is taken to be constant with radius (van der Kruit & Searle
1981a; de Grijs & Peletier 1997; Bizyaev & Mitronova 2002).

7.3.2 Stellar kinematics

The Poisson and Jeans equations yield analytical expressions for the stellar kinematics under
the fundamental assumptions that the stellar disks are self-gravitating and plane-parallel (i.e.
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the radial and vertical stellar motions are decoupled). The appropriateness of these assump-
tions will be addressed in Sect. 7.4.4. The vertical stellar velocity dispersion follows from the
vertical Jeans equation (i.e. hydrostatic equilibrium). For a disk which is exponential in both
the radial and vertical direction (cf. van der Kruit 1988):

σz(R, z) =
√

π G hz (2 − e−z/hz)(M/L) µ0 e−R/2hR , (7.2)

where M/L is the disk mass-to-light ratio, µ0 is the face-on disk central surface bright-
ness (in linear units) and G is the gravitational constant. Equation 7.2 states that for disks
with a constant mass-to-light ratio the vertical velocity dispersion declines exponentially with
radius, with a scalelength twice that of the luminosity density. Although there is no strong
evidence for the constancy of the disk M/L within galaxies, an approximately constant M/L
is consistent with the observations of the stellar kinematics in the inner parts of face-on and
intermediately inclined spirals (van der Kruit & Freeman 1984, 1986; B93; Gerssen et al.
1997, 2000) and the modest radial color gradients (de Jong 1996b). Here it is assumed that
the M/L is simply constant. The effect of realistic deviations from constant M/L on the
modeling results will be discussed in Sect. 7.4.4. Note that the vertical velocity dispersion
has a minimum at z = 0, such that σz(R, 0) = 1/

√
2 σz(R,∞). Such a minimum is present

for all mass distributions steeper than the sech2(z) (isothermal) distribution.
Assuming a constant velocity anisotropy σz/σR, the radial velocity dispersion becomes:

σR(R, z) =
√

π G hz (2 − e−z/hz)(M/L) µ0 (σz/σR)−1 e−R/2hR . (7.3)

While a constant velocity anisotropy is not expected in theory, theoretical arguments do sug-
gest that it is a fair approximation in the inner parts of galaxy disks (Cuddeford & Amendt
1992; Famaey, van Caelenberg, & Dejonghe 2002). An observational argument for the ap-
proximate constancy of the velocity anisotropy is provided by the ages and kinematics of
182 F and G dwarf stars in the solar neighborhood (Edvardsson et al. 1993). These indicate
that the anisotropy was set after an early heating phase and, though the Galaxy has probably
changed much over its lifetime, has remained constant throughout the life of the old disk
(Freeman 1991).

The tangential velocity dispersion follows from the epicyclic approximation:

σϕ(R, z) = (1/
√

2) σR

(

1 +
∂ ln vc

∂ ln R

)1/2

, (7.4)

where vc is the circular speed curve. Theoretical studies of realistic distribution functions
indicate that the epicycle approximation is at least 20% accurate down to a radius of about
half a scalelength (Cuddeford & Binney 1994; Batsleer & Dejonghe 1995).

The mean streaming velocity of the stars can now be calculated from the radial Jeans
equation (i.e. the asymmetric drift equation):

v?(R, z)2 = v2
c + σ2

R

(

∂ ln(ρdisk σ2
R)

∂ ln R
+ (1 −

σ2
ϕ

σ2
R

) +
R

σ2
R

∂ σ2
Rz

∂z

)

, (7.5)

where the final term refers to the tilt of the ellipsoid. In the plane-parallel case this term is
zero. In Sect. 7.4.4 it will be shown that the influence of this term on the results is small.
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Since the sum of the remaining two terms between brackets is negative, stars lag the circular
velocity vc by an amount proportional to the radial velocity dispersion – the well known
asymmetric drift. Note that v? decreases slowly with z due to the increase of the σR with z.

Thus, given the observed rotation curve (Ch. 6) and the disk luminosity density (Ch. 2)
Eqns. 7.2–7.5 predict the stellar velocity ellipsoid and the stellar mean streaming velocity
as a function of position. In the general case this model has two free parameters, M/L and
σz/σR. For an edge-on disk however, only σR, σϕ and v? enter in the observable stellar
kinematics. In that case the product

√

M/L (σz/σR)−1 acts as a single free parameter.

7.3.3 Radiative transfer

The combined effects of absorption and scattering during the interaction of photons with
interstellar dust modify the line-of-sight velocity distribution (LOSVD). Further on it will be
shown that in edge-on systems this effect can be significantly reduced by positioning the slit
outside the dust lane. Yet, several galaxies in the present sample do not clearly show a dust
lane and even away from a central dust lane extinction may play a role. To investigate the
role of dust extinction a radiative transfer prescription has been included in the model (cf.
Bottema, van der Kruit, & Valentijn 1991).

The radiative transfer equation is solved using the iteration method of Kylafis & Bahcall
(1987), generalized to include the kinematic information. For brevity the absorption-only
case is described here. The scattering treatment is described in App. 7B. The dust is dis-
tributed smoothly with an extinction coefficient:

κ(R, z) = κ0 e−R/hR,d e−|z|/hz,d , (7.6)

where κ0 is the extinction coefficient at the galaxy center and hR,d and hz,d are the dust
scalelength and scaleheight, respectively. The amount of dust is parametrized by the face-
on central optical depth τ0 = 2 κ0 hz,d. In reality dust distributions are of course clumpy,
resulting in lower effective dust extinction (Witt & Gordon 1996). On the other hand, for
highly inclined galaxies a line of sight (l.o.s.) intersects a large number of clumps such that
the effect of the clumpiness on the global observed surface brightness distribution may be
much reduced (Kuchinski et al. 1998). Note that the choice for the vertical form of the dust
distribution is ad hoc. However, Baes & Dejonghe (2001) find that the difference in extinction
between an exponential and a sech2 dust distribution is small, whereas the ratio hz,d/hz on
the other hand is crucial.

An observed stellar velocity distribution is an emission weighted integral of the stellar
kinematics encountered at each position along a sight line. Given the galaxy inclination
i, each position along a l.o.s. can be written in terms of the cylindrical galaxy coordinates
(R,ϕ, z). The unattenuated velocity distribution at a single location along the l.o.s. is then:

f(R,ϕ, z, v) =
L(R, z)√

2πσlos

exp
[

−(v − vlos)
2/2σ2

los

]

, (7.7)

where the l.o.s. projected rotational velocity and velocity dispersion follow from the geom-
etry, vlos(R) = v?(R) sin i cos ϕ, σ2

los = (σR(R) sin i sin ϕ)2 + (σϕ(R) sin i cos ϕ)2 +
(σz(R) cos i)2, and the local velocity distribution is approximated with a trivariate Gaus-
sian. The observed absorption–only LOSVD is simply an integral sum of these local velocity
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Figure 7.1: Sketch of the galaxy plane illustrating the buildup of the LOSVD in an edge-on disk.
Left – View of the disk plane. Circles mark galactocentric radii of 1–4 disk scalelengths. The vertical
lines represent sight lines crossing the receding side of the disk. The arrows and ellipses represent the
stellar velocity and velocity dispersion, respectively. The symbol size indicates the amplitude of the
rotation/dispersion. Right – LOSVD buildup along the l.o.s. marked by the eye, from far behind the
line of nodes (top) to the near side (bottom).

distributions along the l.o.s., each of them weighted according to the optical depth at that
position (cf. Kylafis & Bahcall 1987, eqn. 9):

f0(v) =

∫ s0

0

ds f(R,ϕ, z, v) exp

[

−
∫ s0

s′

ds′ κ(R, z)

]

(7.8)

where s is the l.o.s. coordinate and s0 is the location of the observer. By calculating this
LOSVD for a number of positions on the galaxy one can construct position-velocity diagrams
or a ‘data cube’ of the model.

7.3.4 The edge-on view

In edge-on disks a single sight line samples the density and kinematics across a large range
in galactocentric radius. This projection effect is considered in the following, first for a
transparent and then for a dusty stellar disk.
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Figure 7.2: The effect of the l.o.s. projection on the stellar kinematics for a representative disk model.
(a) – Projected (short-dashed line) and true (solid line) stellar rotation curve overlayed on the position–
velocity diagram (contours). The long-dashed line denotes the circular-speed curve. (b) – Projected
velocity dispersion (short-dashed line) and true radial velocity dispersion (solid line). The long-dashed
line denotes the tangential velocity dispersion. (c) – The h3 (skewness) and h4 (kurtosis/peakedness)
parameters.

Line-of-sight projection

The l.o.s. projection affects the stellar velocity distribution in a way similar to that of the H I

(Fig. 6.1). For a stellar disk the projection is however somewhat more complex because of
the non-constant, anisotropic velocity ellipsoid. In this case both the distributions of l.o.s.
velocities and l.o.s. velocity dispersions enter in the projection. This is illustrated in Fig. 7.1.

To investigate the projection, major axis stellar position-velocity diagrams were calcu-
lated for an ensemble of 400 model disks having a rotation curve of the form vc(R) =
vmax R/

√
R2 + d2. Different values of vmax, d, hR and σR(0) were assigned to each model.

These values were randomly drawn from uniform distributions chosen to roughly match the
properties of spirals: 50 < vmax < 350 km s−1, 0.0125 vmax < hR < 0.0625 vmax (from
Fig. 2.6a), 0.09 vmax < σR(hR) < 0.49 vmax (B93), and 0.25 hR < d < 1.25 hR. Each of
the LOSVDs in the calculated position-velocity diagrams was fitted with a truncated Gauss-
Hermite series (cf. Sect. 4.3.3).

As a representative example, consider first a single model with vmax = 150 km s−1,
σR(0) = 60 km s−1 and d = hR/2 (Fig. 7.2). Clearly, the projected stellar rotation curve
is lower and less steep than the true stellar rotation curve. For the velocity dispersion curve
the effect of the projection is less severe; at projected radii beyond one scalelength the pro-
jected stellar velocity dispersion is of a similar amplitude and shape as the true radial velocity
dispersion. This similarity arises because the rotation curve is flat at these radii and yields
a constant ratio σϕ/σR. At smaller radii, the projected dispersion shows a drop, reaching a
minimum at R = 0. This is due to a continuous decrease in the range of l.o.s. velocities to-
ward small radii (velocity crowding), until at R = 0 all l.o.s. velocities are zero and only the
radial velocity dispersion contributes to the LOSVD. At radii very close to R = 0 the asym-
metric drift equation predicts an imaginary mean streaming velocity and the model breaks
down. This occurs when the velocity dispersion becomes comparable to the mean streaming
velocity (R . 0.2 hR in the example). At these small radii the model cannot be applied.

The projection causes a pronounced asymmetry in the LOSVDs, leaving a clear signature
in the h3 and h4 curves. At large radii the LOSVDs are more sharply peaked than Gaussian
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Figure 7.3: Comparison of the l.o.s. projected and the intrinsic velocity dispersion for the ensemble of
models. (a) – Ratio of the projected dispersion and the intrinsic radial dispersion at one disk scalelength
versus the disk ‘temperature’. The dashed lines bracket the range of σR(hR)/vmax found by B93. (b)
– As (a) but versus the observed ratio σlos(hR)/vmax.

(h4 > 0) and show a retrograde tail (h3 < 0, i.e. toward systemic). This tail is formed by
the lower density regions behind and in front of the line-of-nodes. Toward smaller projected
radii the LOSVDs change markedly, with h3 and h4 changing sign once and twice, respec-
tively. This behavior, like the drop in the projected dispersion, is due to the rapidly increasing
fraction of stars with small line-of-sight velocities toward smaller radii. Due to this velocity
crowding, the lower l.o.s. velocity stars (away from the line of nodes) start to dominate the
LOSVD at small projected radii, whereas the high l.o.s. velocity stars (close to the line of
nodes) form only a prograde tail. The pattern seen in h3 and h4 is common to the entire
ensemble, with the strength of the asymmetries and the positions of the sign-changes de-
pending on the model parameters. The projection causes pure axisymmetric disks to exhibit
asymmetric LOSVDs.

The calculations for the entire ensemble confirm that the projected velocity dispersion is
comparable to the true radial velocity dispersion. Fig. 7.3a shows the ratio of the projected
dispersion and the true radial dispersion at one scalelength versus σR(hR)/vmax, the disk
‘temperature’. This dispersion ratio decreases toward dynamically hotter disks. For a con-
stant σR a smaller vmax (= higher σR/vmax) contributes less to the width of the LOSVD,
causing a smaller projected velocity dispersion (cf. Fig. 4.7b). For the hottest disks the pro-
jection effect becomes negligible, with the projected velocity dispersion approaching the tan-
gential dispersion; the ratio σlos/σR approaches σϕ/σR (1/

√
2 for a flat rotation curve). At

constant σR/vmax the ratio σlos/σR has a rather narrow range (Fig. 7.3a). In particular for
σR(hR)/vmax = 0.29±0.10 (B93) the ratio is roughly unity. Hence, it is expected that if a
correlation between σR(hR) and vmax exists, it would be visible in a plot of σlos(hR) versus
vmax. This is indeed the case (Fig. 4.7a). However, for disks that are dynamically hotter,
σR(hR)/vmax & 0.4, or colder, σR(hR)/vmax . 0.2, a correlation between σlos(hR) and
vmax is introduced artificially. This is shown in Fig. 7.3: model disks with widely different
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Figure 7.4: (a) – Projected stellar rotation curves for the example of Fig. 7.2 at inclinations of 90
degrees (dashed) and 80, 70, 60 and 50 degrees (dotted) using hR/hz = 8. The solid curve shows the
true stellar rotation. The 1/ sin i correction allows a direct comparison of the curves. (b) – Projected
stellar velocity dispersion curves for the same model at inclinations of 90 (dashed), 87.5 and 85 degrees
(dotted). (c) – The h3 and h4 parameters, curves are as in (b).

σR(hR)/vmax in panel (a) show similar σlos(hR)/vmax(∼ 0.2–0.3) in panel (b). This stresses
the need for de-projecting the stellar kinematics of edge-on spirals.

Figure 7.4 shows the effect of the projection at inclinations away from edge-on, using the
average disk flattening hR/hz = 8 (Ch. 2). For the rotation curve the line-of-sight projection
is still significant at inclinations as low as ∼ 60 degrees. For disks which are less flattened
the effect is even larger because of the longer pathlength through the disk. For inclinations
close to edge-on the projected stellar velocity dispersion is rather insensitive to the inclination
(Fig. 7.4b). The deviations from Gaussianity weaken with decreasing inclination (Fig. 7.4c).

Dust extinction

The intrinsic kinematics can be further cloaked by dust extinction. To study this effect a
smooth exponential dust distribution (Eqn. 7.6) was embedded in the reference model of
Fig. 7.2, using hR/hz = 8. The scalelength of the dust distribution was set to scalelength of
the stellar light and for the dust scaleheight hz,d = 0.5 hz was taken (Xilouris et al. 1999).
Position-velocity diagrams were calculated for various amounts of dust and, in first instance,
excluding scattering. Figure 7.5 displays the results. In addition to the projected velocity and
velocity dispersion the figure also shows the loci at which the optical depth along the l.o.s.
reaches unity. The area on the near side of these curves (at negative s) corresponds to the part
of the disk which still makes a significant contribution to the LOSVD.

Starting with the first row of Fig. 7.5 it is obvious that increasing τ0 leads to a further
decrease of the observed stellar rotation. At τ0 ∼ 10 the projected stellar rotation curve
has a solid-body shape (τ edge−on

0 = τ0 hR,d/hz,d ∼ 160). In that extreme case only the
outskirts of the disk’s near side contribute to the LOSVD (see the loci of unit optical depth).
The projected dispersion also decreases with increasing τ0, because regions with larger l.o.s.
velocity dispersions are becoming hidden from view. At large projected radii, the dispersion
actually first increases at small τ0 before decreasing at very large τ0. Here, the contribution
of the region around the line-of-nodes to the LOSVD first becomes less, causing the LOSVD
to flatten, and eventually, at large τ0, becomes negligible.

At lower inclination, the pathlength through the dust layer decreases, thereby lessening
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Figure 7.5: Projected stellar rotation (left) and velocity dispersion (middle) curves for six different
values of τ0 at inclinations of 85 and 90 degrees and at projected heights z = 0 and z = hz (on the far
side). In the top panels arrows indicate the direction of increasing τ0. For τ0 = 2 calculations including
scattering are also shown (dashed lines). The solid lines indicate the intrinsic curves. The right panels
show the loci of unit optical depth projected onto the plane defined by the l.o.s. and line-of-nodes. The
dashed line denotes a circle with a radius of four scalelengths.
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Figure 7.6: The h3 and h4 parameters for various amounts of dust extinction (dotted lines) at i = 90◦,
z = 0 (Fig 7.5, top row). The arrows indicate the direction of increasing τ0. The dashed lines show
calculations for τ0 = 2 that include scattering.

its effect on the projected stellar kinematics. This is shown in the second row of Fig. 7.5 for
i = 85◦. While overall the projected velocity dispersion is lower because of the inclination
(cf. Fig. 7.4), the decrease in velocity dispersion due to dust extinction is now limited to the
inner parts. At one projected stellar scaleheight on the far side of the galaxy (3rd and 4th
rows) the effect of dust extinction is already much smaller. In fact, for central face-on optical
depths up to τ0 = 1, the projected velocity and velocity dispersion curves are practically
indistinguishable, even at i = 90◦. This gives support to the strategy employed in Ch. 4 of
positioning the slit parallel to the major axis at one stellar scaleheight in cases of a strong
dust lane.

The behavior of the h3 and h4 parameters for various amounts of dust extinction is shown
in Fig. 7.6. The effect of the dust extinction is a radial ‘stretching’ of the curves as more and
more of the stellar disk becomes hidden from view. This causes the positions of sign reversal
to shift towards larger radii. The dependence is rather sensitive, suggesting that it may form
a useful tool for assessing the amount of dust extinction. Figures 7.5 & 7.6 also show the
results obtained when including scattering for the τ0 = 2 case (dashed lines). The addition
of the scattered photons to the LOSVD counteracts the effect of absorption for all LOSVD
parameters, but the reduction is negligible and scattering can be safely ignored.

Although the question of the opacity of spiral galaxies is still not completely settled, the
most widely supported view comes from detailed studies of individual edge-on galaxies. Both
radiative transfer modeling of multi-band photometry (Kylafis & Bahcall 1987; Xilouris et al.
1999) and comparisons of the kinematics of the gaseous component at different wavelengths
(Bosma et al. 1992; Bosma 1995) indicate that massive edge-on spirals with strong dust lanes
have a face-on central optical depth τ0 around unity in the V band (see Kuchinski et al. 1998,
for a discussion). At central optical depths of unity and for z = hz, the projected kinematics
of the model with smoothly distributed dust are practically indistinguishable from the dust
free case. At z = 0 dust extinction becomes important if the inclination is close to 90 degrees.
These results are in general agreement with the recent study of Baes et al. (2003).
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7.4 Modeling the observed stellar kinematics

7.4.1 Approach

A least-squares approach was used to determine the transparent stellar disk model (Sect. 7.3)
that best matches the stellar kinematics for each galaxy. In Sect. 7.4.3 it will be shown that
using dusty models instead does not significantly change the results. First, position-velocity
(XV) diagrams were calculated for a sequence of transparent models. The models cover
a sufficient range in the free parameter,

√

M/L (σz/σR)−1, and use the observationally
determined I-band luminosity distribution (Ch. 2), rotation curve (Ch. 6) and inclination (Ta-
ble 7.1). The XV diagrams were calculated for the exact same positions as sampled by the slit
(Table 4.4). Then, each of the simulated stellar XV diagrams was first smoothed to match the
seeing during the observations, and subsequently spatially averaged using the same binning
scheme as applied to the observations. In further analogy with the observations, the veloc-
ity profile in each bin was then fitted with a parametrized LOSVD, using either a Gaussian
(Eqn. 4.4) or a truncated Gauss-Hermite series (Eqn. 4.5). Finally, the best-fitting model was
determined by comparing the parametrized stellar kinematics of the models with the observa-
tions in a least-squares analysis. Both the l.o.s. mean stellar velocity and velocity dispersion
were fitted simultaneously in case of a Gaussian, whereas for a truncated Gauss-Hermite
series the l.o.s. velocity, dispersion and the h3 and h4 parameters were fitted.

For the ESO–LV galaxies and NGC 5170 the 2D bulge-disk decomposition parameters
were used for the disk luminosity distribution (Ch. 2, NGC 5170: App. 4A). For ESO 435-
G25, NGC 891 and NGC 5529 the I-band parameters determined by Xilouris et al. (1999)
were taken. Xilouris et al. (1999) have studied multi-band surface photometry to constrain
the global luminosity and dust distributions, employing the same model luminosity and dust
distributions as adopted here. This allows a check on the importance of dust extinction for
these three galaxies (Sect. 7.4.3). Xilouris et al. (1999) quote formal errors of a few percent
for the disk luminosity parameters of ESO 435-G25, NGC 891 and NGC 5529. Here, a more
conservative 10 percent error for their derived face-on central surface brightness and disk
scale parameters was adopted.

The model is inapplicable at small galactocentric radii. First, the radial force gradi-
ent, neglected in the plane-parallel approximation, becomes comparable to the disk density
(Sect. 7.3.4). By monitoring the ratio of radial force gradient to disk density (C) the accu-
racy of the plane-parallel approximation can be assessed (Bottema, van der Kruit, & Freeman
1987). Therefore, the ratio of radial force gradient to disk luminosity density, C M/L, was
calculated as a function of radius for each galaxy. The inner radial range where the ratio is
substantial was not included in the fits. Secondly, a bulge restricts the radial range at which
the disk model can be applied. This was one of the reasons for selecting intermediate- to
late-type galaxies. For galaxies with an appreciable bulge data inside the projected radius
corresponding to a bulge-to-disk surface brightness ratio of 1/10 was excluded (ESO 240-
G11, ESO 435-G25, ESO 437-G62, ESO 446-G18, NGC 891, NGC 5170 and NGC 5529).

7.4.2 Results

The fits are displayed and described for each individual galaxy in App. 7A. In Table 7.3 the
fit parameters are gathered, listing the product

√

M/L (σz/σR)−1 and the intrinsic stellar
kinematics at one disk scalelength. The density weighted velocity dispersion, 〈σR(hR)〉z =
√

3/2 σR(hR, 0), allows a direct comparison with B93. The errors were obtained by quadrat-
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Table 7.3: Results of the least-squares fits to the stellar kinematics
Galaxy side

√

M/L (σz/σR)−1 ± χ2 v?(hR, 0) ± σR(hR, 0) ± 〈σR(hR)〉
z

±

((M/L)
1/2

� ) (km s−1) (km s−1) (km s−1)
(1) (2) (3) (4) (5) (6) (7)

ESO 142-G24 b 3.0 +1.0
−1.0 1.5 98 +4

−4 23 +8
−9 28 +9

−11

ESO 157-G18 r 2.0 +0.9
−1.0 1.4 80 +3

−4 14 +7
−6 17 +8

−7

ESO 201-G22 r 2.8 +0.7
−1.6 1.2 156 +6

−8 35 +16
−17 43 +20

−21

ESO 240-G11 b 2.2 +1.3
−1.3 1.7 267 +9

−5 29 +17
−18 36 +21

−22

ESO 269-G15 b 1.9 +0.6
−1.0 4.3 141 +6

−7 36 +11
−19 44 +13

−23

ESO 288-G25 b 1.9 +0.7
−1.0 6.7 156 +8

−15 39 +10
−21 48 +12

−26

ESO 435-G14 b 1.8 +0.4
−0.5 5.0 107 +6

−5 40 +4
−6 49 +5

−7

ESO 435-G25 b 2.4 +0.5
−0.7 2.5 207 +14

−9 39 +14
−11 48 +17

−13

ESO 437-G62 b 1.9 +1.1
−0.7 9.2 270 +11

−18 49 +34
−11 60 +42

−13

ESO 446-G18 b 3.2 +0.8
−1.6 3.2 186 +4

−4 34 +6
−18 42 +7

−22

ESO 487-G02 r 4.2 +0.7
−1.3 0.1 144 +16

−9 69 +10
−22 85 +12

−27

ESO 564-G27 b 5.7 +1.7
−1.4 3.6 130 +8

−8 45 +10
−12 55 +12

−15

NGC 891 a 2.9 +0.6
−0.8 5.3 208 +4

−4 54 +8
−10 66 +10

−12

NGC 5170 r 3.1 +1.7
−1.1 3.6 184 +4

−7 58 +15
−14 71 +18

−17

NGC 5529 a 3.3 +0.5
−0.8 16 223 +23

−21 92 +8
−16 113 +10

−20

Notes – Columns: (1) Galaxy; (2) Side(s) fitted, b – both, a – approaching, b – receding; (3) Best
fitting product; (4) Reduced χ2; (5) Stellar velocity at (R = hR, z = 0); (6) Radial stellar velocity
dispersion at (R = hR, z = 0); (7) as (6) but weighted with the vertical density.

ically adding the formal fitting error to the errors introduced by the uncertainties in the face-
on central surface brightness, the disk scale parameters, the inclination (Table 7.1) and the
position of the dynamical center (Table 4.4).

In most cases the fits are well behaved, with 5 galaxies having a reduced χ2 below 2,
and 12 having a χ2 below 6. The exceptions are ESO 437-G62 and NGC 5529, for which
the l.o.s. velocity dispersion and especially the h3 and h4 cannot be reproduced (see below).
Still, in general the disk model based on the I-band luminosity distribution and a constant
M/L provides a good match. Note that none of the sample galaxies shows the drop in the
l.o.s. dispersion at small radii expected for a pure disk system (Sect. 7.3.4). In most cases this
is probably due to the bulge, which will have a larger l.o.s. velocity dispersion than the disk.
For galaxies with no clear bulge component, such as ESO 157-G18, ESO 142-G24 and ESO
269-G15, the lack of a drop can be explained by the inclination (cf. Fig 7.4). An interesting
feature is that the range in the products

√

M/L (σz/σR)−1 is only a factor of two. This
will be discussed in Sect. 7.5.1. For NGC 891 and NGC 5170 the results are consistent with
earlier studies (Bottema et al. 1987; Bottema et al. 1991).

7.4.3 Dust extinction

For the three galaxies in common with Xilouris et al. (1999) the fits were repeated after
including a smooth dust distribution (Sect. 7.3.3). These models used the Xilouris et al.
(1999) dust distribution in the V band, which corresponds most closely to the 4800–5700 Å
region used to measure the stellar kinematics. For the disk luminosity distribution the I-band
parameters were retained. The results for these three massive spirals are listed in Table 7.4
and are shown in Fig. 7A.1 (dashed lines). For NGC 891 and NGC 5529 the derived products
√

M/L (σz/σR)−1 and dispersions are somewhat smaller, although still within the errors
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Table 7.4: Fitting results for three massive spirals using dusty models

Galaxy τ0 h∗
R,d h∗

z,d

√

M/L (σz/σR)−1 χ2 v?(hR, 0) σR(hR, 0) 〈σR(hR)〉
z

(kpc) (kpc) ((M/L)
1/2

� ) (km s−1) (km s−1) (km s−1)
(1) (2) (3) (4) (5) (6) (7) (8) (9)

ESO 435-G25 0.30 11.4 0.33 2.5 2.4 207 41 50
NGC 891 0.85 7.5 0.28 2.0 16 213 39 48
NGC 5529 0.65 9.8 0.44 2.6 22 236 73 89

Notes – Columns: (1) Galaxy; (2) Face-on optical depth; (3) Dust scalelength; (4) Dust
scaleheight; (5) Best fitting product; (6) Reduced χ2; (7) Stellar velocity; (8) Radial stellar
velocity dispersion; (9) Radial velocity dispersion weighted with the vertical density.

derived for the transparent models. For ESO 435-G25, which has the smallest optical depth,
the effect of dust is negligible. The goodness of fit obtained for the dusty models of NGC
891 and NGC 5529 is substantially poorer than for the transparent models. This suggests
that the smooth dust models are overestimating the effect of dust extinction. A clumpy dust
distribution (Matthews & Wood 2001) or a dust distribution shallower than exponential may
perhaps offer a solution. It can be concluded that the effect of dust is small in these three
cases. Note that in these cases the slit was positioned away from the major axis (Fig. 4.5).

Although constraints on the dust distribution in the remainder of the galaxies are not
available, several arguments support the view that the effect of dust extinction is small. First,
for all galaxies except ESO 201-G22, ESO 564-G27 and ESO 437-G62 the slit was posi-
tioned away from the dust lane. The simulations show that this avoids the bulk of the dust
(Sect. 7.3.4). Indeed, a comparison of the H I and H II kinematics (Ch. 6) shows that at the
slit positions studied the galaxies are transparent beyond about one scalelength. Secondly, the
adopted inner fitting boundary ensures that the central parts (R . 0.5 hR), those expected to
be the most affected, are not included in the fits. A third reason is that since the effect of dust
is to reduce both the stellar velocity and velocity dispersion (Sect. 7.3.4), a transparent model
will no longer be able to fit dust-affected kinematics. Briefly, in the transparent model a lower
intrinsic velocity dispersion means a smaller asymmetric drift and hence is associated with a
higher observed stellar velocity. Since this is contrary to what is observed for dust-affected
kinematics, the least-squares routine will compensate and pick a velocity and velocity dis-
persion which are higher than observed. In this case, the product

√

M/L (σz/σR)−1 and
the intrinsic velocity dispersion will be overestimated. None of the transparent model fits
show such a signature, except for ESO 564-G27. Fourthly, the three galaxies for which the
dust was included (Table 7.4) and shown to have a small effect are among the most massive
systems. Several studies indicate that in massive systems the amount of dust is relatively
large (Giovanelli et al. 1995; Tully et al. 1998; Matthews & Wood 2001; Sect. 5.4.4). It is
therefore likely that the effect of dust extinction is also small in the remaining, smaller sys-
tems. A fifth argument against a dust extinction effect is that for those galaxies for which the
Gauss-Hermite parametrization of the LOSVD was used, such as ESO 437-G62, the fitted h3

and h4 are similar to those of the observations. There is no need for the radial ‘stretching’
seen in the dusty models (Sect. 7.3.4). Finally, the contribution of dusty patches is naturally
reduced because the spatial binning scheme used to extract the stellar kinematics is intensity
weighted.

In short, from Ch. 6 there was already strong evidence based on a detailed comparison of
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H I and H II kinematics that most of the galaxies are transparent beyond about one disk scale-
length. Here, a radiative transfer prescription was included to model three massive spirals,
showing that the effect of dust extinction on the stellar kinematics is probably small. The
fact the slit was positioned away from the dust lane in the remaining galaxies plus a number
of additional arguments based on simulated dusty galaxies (Sect. 7.3.4) shows that the effect
of dust extinction is small for the remainder of the galaxies. Possible exceptions are ESO
201-G22 and ESO 564-G27.

7.4.4 Systematic errors

The important assumptions which have not yet been addressed are the plane-parallel approx-
imation, the constancy of the disk M/L, the disk self-gravity and the shape of the vertical
density distribution.

To monitor the plane-parallel approximation the ratio of radial force gradient to disk lumi-
nosity density (C M/L) was calculated for each galaxy (Sect. 7.4.1). The C M/L parameter
is much less than unity when the gradient in the rotation curve is shallow (Fig. 7A.1). Hence,
in most cases the C parameter is small, even for a low value of the disk M/L. In these
cases the use of the plane-parallel approximation is well justified. For galaxies for which the
rotation curve is rising in the fitted region, such as ESO 142-G24, ESO 157-G18 and ESO
564-G27, the radial force gradient is appreciable. To assess the importance of deviations from
the plane-parallel approach in these cases, the spherical approximation for the tilt term in the
radial Jeans equation Eqn. 7.5 was used (Oort 1965) and the fits were repeated. The dif-
ferences with the plane-parallel approach are insignificant, suggesting that the plane-parallel
approximation is also justified for galaxies with more slowly rising rotation curves.

The mass-to-light ratio of the disk is assumed to be constant. The effect of deviations
from this assumption can be investigated by fitting simulated galaxies having non-constant
M/L with the constant M/L model. Clues regarding the radial M/L behavior are given
by nearly face-on spirals, for which radial color gradients (de Jong 1996b) and the ratios of
disk scalelengths in different bandpasses (Peletier et al. 1994) indicate that disks are bluer
at larger galactocentric radii. If this outward blueing is primarily driven by lower mean
ages and metallicities as suggested by spectro-photometric models of disk evolution (de Jong
1996b; Bell & de Jong 2000), the stellar M/L will drop with galactocentric radius. A simple
prescription for such a decreasing M/L is obtained when both the disk mass and luminosity
decrease exponentially with radius but each with a different scalelength:

M/L =
Σ0 e−R/hR,M

µ0 e−R/hR,L
= (M/L)0 e−R/hR,M/L , (7.9)

where Σ0 is the central surface mass density, hR,M the mass scalelength, hR,L the luminosity
scalelength and hR,M/L the corresponding M/L scalelength. It follows that the disk M/L
decreases exponentially in the case hR,L > hR,M .

Figure 7.7a shows three different M/L behaviors; hR,M/L = ∞ (hR,L/hR,M = 1),
hR,M/L = 8 hR,L (hR,L/hR,M = 9/8) and hR,M/L = 2 hR,L (hR,L/hR,M = 3/2). Using
these M/L, three versions of the reference model of Sect. 7.3.4 were created, all having the
same luminosity scalelength but different mass scalelengths. Fig. 7.7b shows their projected
stellar kinematics. At small hR,M/L the observed stellar velocity increases and the observed
dispersion decreases because of the lower surface densities. A parallel with the observable
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Figure 7.7: The effect of non-constant M/L on the derived stellar kinematics, illustrated using the
reference model of Sect. 7.3.4. (a) – M/L versus radius for three models (arbitrary scale, see text for
details). (b) – Projected stellar velocity (top) and velocity dispersion (bottom) for the three models.
Lines are as in (a). (c) – Intrinsic stellar velocity and velocity dispersion for hR,M/L = 2 hR,L (dashed
line). In each panel the gray lines indicate the constant M/L fit to the hR,M/L = 2 hR,L model.

scalelengths can be drawn recognizing that the stellar kinematics were studied in V band
(approximately) and assuming that the disk M/L is truly constant in K band. In that case
hR,L/hR,M = hR,V/hR,K. Since spirals with hR,V/hR,K > 3/2 are rare (de Jong 1996a)
it follows that hR,M/L = 2 hR,L is an extreme case. Fig. 7.7b shows that for this case the
differences with a constant M/L case are less than 10% (compare dashed and solid lines).
The actual fit of a constant M/L model to the hR,M/L = 2 hR,L case at R < 2hR,L is shown
by the gray lines. The fit underestimates (overestimates) the M/L and intrinsic dispersions at
small (large) radii, such that the inferred M/L is close to the average M/L in the fitted range
(Fig. 7.7a). The inferred radial dispersion at hR,L is close to the true dispersion (Fig. 7.7c).
Hence, it can be concluded that the effect of deviations from a constant M/L on the derived
stellar kinematics at hR,L is small, likely within 10%.

The disk is assumed to be self-gravitating. The neglect of the halo gravity is addressed
in App. 7C, based on solutions for the vertical disk structure and kinematics in a disk+halo
potential. It is shown that a stellar disk embedded within a halo has a larger vertical velocity
dispersion compared to an isolated disk with the same surface density and energy. Therefore,
the surface density inferred from an observed velocity dispersion using a self-gravitating disk
model is an overestimate of the true surface density. The overestimate in surface density is
negligible for high surface brightness disks, about 5%, but may become appreciable for very
low surface brightness disks, ∼20%. This would affect ESO 142-G24, ESO 157-G18, ESO
201-G22 and ESO 446-G18. The neglect of the gravity of the gas layer is treated in App. 7D.
There, numerical solutions of the joint potential of stars and H I gas are used to investigate
the difference between the actual stellar disk surface density and the surface density inferred
assuming a self-gravitating stellar disk. For the spirals studied here the disk surface density at
one scalelength appears to be slightly overestimated, on average by about 10% (Table 7D.2).
The exception is the dwarf spiral ESO 157-G18 for which the gas fraction is large, ΣH I/Σ∗ ∼
0.6, indicating that the stellar disk surface density is overestimated by almost 50%.

An exponential form is used for the vertical density distribution. This distribution is not
well known close to the galaxy plane, because of uncertainties in the interpretation of the
observations of edge-on spirals (dust, inclination, seeing) and the exact contribution of young
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red supergiants in the near-infrared, although probably small (Jones et al. 1981; Rhoads
1998). To gauge the effect of a shallower vertical distribution, the fits were repeated for a
sech(z) form (van der Kruit 1988). The face-on central surface brightnesses were calculated
by requiring that the sech(z) profile matches that of the exponential model at large z, giving
µsech

0 = (π/4) µexp
0 . The inferred radial velocity dispersions 〈σR(hR)〉z are ∼ 15% smaller

for disks with i < 89◦. At higher inclination the shape of the vertical distribution does not
enter in the l.o.s. projection, and the 〈σR(hR)〉z are the same as those obtained with the expo-
nential form (within the errors). The products

√

M/L (σz/σR)−1 obtained with the sech(z)
distribution are smaller for inclinations i < 89◦ by, on average, 12%. For galaxies with higher
inclinations the product is unchanged.

At relatively low inclinations (i < 87◦) the two-dimensional bulge-disk decomposition
tends to overestimate the disk scaleheight (Ch. 2). Only one third of the sample has an
inclination i < 87◦ (Table 7.1). In a worst case scenario, the scaleheights of some of these
disks may have been overestimated by 100% (Fig. 2.2). To estimate its effect, the scaleheights
of these galaxies were halved, and the fits repeated. The inferred dispersions are somewhat
larger, to compensate for the smaller l.o.s. projection effect for smaller scaleheights. Even
for this extreme case the effect is small though, about 10%. The product

√

M/L (σz/σR)−1

was larger by a factor ' 1.3. This can be easily understood from Eqn. 7.3: the product has to
compensate for the reduction of hz while the best-fitting σR is still roughly the same.

The product
√

M/L (σz/σR)−1 scales inversely with the square root of the distance. For
example, for H0 = 71 km s−1 Mpc−1(Freedman et al. 2001) the derived products are 3%
smaller. In individual cases deviations from the adopted Virgo-centric velocity model may
have introduced an error somewhat larger than this (5% for a residual peculiar velocity ∼ 200
km s−1 at a radial velocity of 2000 km s−1).

Finally, the model contains several approximations such as axisymmetry and an expo-
nential disk. These approximations probably hold to first order, introducing small errors that
average out given a substantial sample. For example, the symmetry of most of the observed
stellar velocity curves indicates that non-axisymmetric components such as spiral structure
have a small effect on the overall results. There are of course exceptions such as NGC 5529
for which the effect is difficult to quantify.

In summary, most of the systematic uncertainties are probably small. In order of de-
creasing importance the effects are: (1) neglect of the halo gravity, (2) a possible scaleheight
overestimate (for at most one third of the sample), (3) steepness of the vertical density distri-
bution at low z, (4) neglect of the gas gravity and (5) constant disk M/L. For the dispersions
the effects are less than 10% and tend to cancel one another. The product

√

M/L (σz/σR)−1

is possibly overestimated by about 20% for the lowest surface brightness galaxies due to the
neglect of the halo gravity. This should be kept in mind in the following.

7.5 Disk dynamics

7.5.1 The velocity anisotropy

A study of the disk mass in edge-on spirals requires an estimate for the velocity anisotropy
of the old disk stars, σz/σR. In the solar neighborhood this ratio is σz/σR = 0.53±0.07
(Dehnen & Binney 1998; Mignard 2000). Recently, it has also been measured in five spirals
of type Sa to Sbc (Gerssen et al. 1997, 2000; Shapiro et al. 2003), giving σz/σR in the range
0.6–0.8. These values are broadly consistent with the theory of dynamical heating in isolated
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disks (Gerssen et al. 2000; Shapiro et al. 2003), which predicts that σz/σR is larger in disks
with less pronounced spiral structure (Jenkins & Binney 1990). Although the anisotropy can
not be measured in edge-on spirals, two indirect arguments provide further insight.

Disk stability

Toomre’s (1964) criterion states that local axisymmetric perturbations in a razor-thin stellar
disk are suppressed by differential rotation and random motion when:

Q ≡ σR κ

3.36GΣ
(7.10)

exceeds unity. Here κ is the epicyclic frequency (
√

2 vc/R for a flat rotation curve) and Σ
the disk surface density. From modeling the observed stellar kinematics the surface density
(= µ0 M/L) is known up to a factor (σz/σR)2. Hence, independent knowledge of Q can be
used with the stellar dispersions and the rotation curves to estimate σz/σR. Simulated disks
that prove stable evolve to Q values in the range 1.5–2.5 (Hohl 1971; Sellwood & Carlberg
1984; Athanassoula & Sellwood 1986; Mihos et al. 1997; Bottema 2003), with the lower
bound corresponding to more massive disks (relative to the halo). These values agree with
stability criteria which take into account that a disk is more unstable to non-axisymmetric
perturbations (Griv et al. 1999).

Figure 7.8a shows for each galaxy at one disk scalelength the velocity anisotropy implied
by the Toomre criterion, assuming that Q = 2.0 for all disks. It was chosen to plot the
anisotropy versus the disk contribution to the rotation curve. This is defined as the ratio
of the peak rotational velocity of a pure exponential disk (Freeman 1970) to the observed
maximum rotational velocity:

vdisk

vmax
=

0.880 (πGΣ0 hR)1/2

vmax
. (7.11)

Note that this is a dependent parameter; it is proportional to the square root of the surface
density and hence to σz/σR. The anisotropies in Fig. 7.8a have an average value of 0.67
and a 1σ scatter of 0.12. Obviously, for different Q the inferred average changes: for Q in
the range 1.5–2.5 the average σz/σR is in the range 0.77–0.60. Fig. 7.8a further hints that
the anisotropy decreases with increasing disk contribution. For disks which appear close to
maximal (vdisk/vmax > 0.75) the anisotropy appears to be σz/σR ∼ 0.5, while for strongly
submaximal disks σz/σR ∼ 0.8. Such a trend is present independent of the Q value, as long
as Q is constant.

If spiral structure and molecular clouds are the prime agents for disk heating, σz/σR will
decrease from ' 0.75 for heating by clouds alone to ' 0.45 as spiral structure becomes more
and more important (Jenkins & Binney 1990). This range is in agreement with Fig. 7.8a.
Unfortunately, in edge-on systems it is difficult to verify whether the tentative decrease in
σz/σR is associated with an increasing importance of spiral structure. The observed trend
does appear to fit in with swing-amplification theory, which predicts that spiral structure is
stronger in disks with a larger contribution to the rotation (Toomre 1981; Athanassoula et al.
1987). Qualitatively, more massive disks show more pronounced spiral structure in agreement
with their lower σz/σR.

Although a constant Q among late type spirals is appealing, the contrary is certainly pos-
sible. For example, low surface brightness (LSB) spirals probably have disk surface densities
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Figure 7.8: (a) – The velocity anisotropy at one disk scalelength versus the disk contribution to the
rotation curve for constant Q = 2.0. (b) – Q at one scalelength versus the disk contribution to the
rotation curve for constant σz/σR = 0.6. The dotted line shows Q ∝ (vdisk/vmax)

−2 (not a fit).

that are several magnitudes lower than those of HSBs. In Sect. 7.5.3 evidence will be pre-
sented indicating that LSB disks have only slightly lower velocity dispersions. In that case,
the Q parameter (Eqn. 7.10) is expected to be larger for LSB disks. The data support such a
behavior when σz/σR is approximately constant (Fig. 7.8b). For σz/σR = 0.6 disks which
appear close to maximal (high surface density) have Q slightly larger than unity, indicating
these disks are only marginally stable to local perturbations. Submaximal disks (low surface
density) on the other hand have Q in the range 1.5–3 and appear to be quite stable. Perhaps
the truth lies in between the cases of constant Q and constant σz/σR. Finally, note that for
galaxies close to maximum disk Fig. 7.8b implies that the velocity anisotropy cannot be much
larger than 0.6 since otherwise vdisk/vmax > 1 and Q < 1.

Disk mass-to-light ratio

The distribution of the products
√

M/L (σz/σR)−1 obtained in Sect. 7.4.2 is shown in
Fig. 7.9. Thirteen of the fifteen disks have 1.8 .

√

M/L (σz/σR)−1 . 3.3. The outliers
are ESO 487-G02 and ESO 564-G27. Their values may have been overestimated; for ESO
487-G02 the rotation curve is unknown and only two stellar data points are available, and for
ESO 564-G27 the stellar kinematics may be affected by dust extinction (App. 7A). Excluding
these two outliers, the average is 〈

√

M/L (σz/σR)−1 〉 = 2.5±0.2 with a 1σ scatter of 0.6
(including the outliers yields an average 2.7±0.2 with a scatter of 0.7). The near constancy of
the product can be used with M/L based on stellar population synthesis models to estimate
the velocity anisotropy. This estimate is however less robust than that based on Toomre’s Q,
because of the considerable uncertainty in the face-on surface brightness of edge-on spirals
(Ch. 2).

The adopted vertical exponential luminosity distribution applies to the old stellar popula-
tion (Sect. 7.3.1). The M/L in the product

√

M/L (σz/σR)−1 therefore refers to this popu-
lation. Taking M/LI = 3.6 for the old population (Worthey 1994, for a single burst 12 Gyr
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Figure 7.9: Histogram of the product
√

M/L (σz/σR)−1. Except for two out-
liers the distribution of

√

M/L (σz/σR)−1

is rather narrow.

old population of solar metallicity and a Salpeter IMF) implies σz/σR ' 0.7. Alternatively,
the product

√

M/L (σz/σR)−1 can also be corrected using the 0.7 mag offset between the
I-band Tully-Fisher relations of edge-on and face-on spirals (Sect. 7.5.4). The corrected value
is
√

M/L (σz/σR)−1 =1.8. This can be used with an estimate of M/L based on observed
colors to infer σz/σR. For late-type spirals at one disk scalelength B− I = 1.7±0.2 (de Jong
1996b). According to the stellar M/L versus color relation of Bell & de Jong (2001, hereafter
BJ01), the maximum-disk scaled stellar M/L for this color range corresponds to M/LI =
1.1–1.7, yielding σz/σR = 0.6–0.7. For lower stellar M/L ratios implied by a ‘bottom-light’
initial mass function (IMF), M/LI ' 0.8 (Portinari, Sommer-Larsen, & Tantalo 2003), the
implied velocity anisotropy is about 0.5.

In summary, independent knowledge of both Q and the stellar M/L ratio in conjunction
with the current data suggests that the velocity anisotropy is in the range 0.5–0.7. This is sim-
ilar to the solar neighborhood value (Dehnen & Binney 1998; Mignard 2000), and lower than
most values measured in early-type spirals (Shapiro et al. 2003). In the following σz/σR =
0.6 will be adopted, bearing in mind an uncertainty of 0.1.

7.5.2 Submaximal disks

In the present sample the observed rotational velocity at 2.2 hR is close to the observed
maximum rotational velocity, i.e. vc(2.2hR) ' vmax (Ch. 6). Hence, the disk contribution to
the rotation curve at 2.2 hR, i.e. vdisk/vc(2.2hR), can be parametrized by the ratio vdisk/vmax

(Eqn. 7.11). This ratio is known up to a factor σz/σR and distance-independent. Figure 7.10
shows this parameter for σz/σR = 0.6 as a function of (a) maximum rotational velocity
and (b) face-on surface brightness. Clearly, most galaxy disks cannot provide the observed
maximum rotation. The disk contribution to the observed maximum rotation is on average
only vdisk/vmax = 0.58±0.05, with a 1σ scatter of 0.18. For ESO 487-G02 and ESO 564-
G27 the

√

M/L (σz/σR)−1 values are high (Fig. 7.9, App. 7A). Excluding these outliers
from the average yields vdisk/vmax = 0.53±0.04, with a 1σ scatter of 0.15. A maximal disk
on the other hand will have contribution only a bit lower than unity. A working definition is
vdisk/vmax = 0.85±0.10 (Sackett 1997), lower than unity to allow a bulge contribution and
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Figure 7.10: Contribution of the disk to the observed maximum rotation for σz/σR = 0.6. (a) –
as a function of maximum rotational velocity (circles). The black dashed lines bracket the range for
maximal disks (Sackett 1997). (b) – as function of face-on central surface brightness. In both panels
several galaxies are highlighted, and the triangles indicate the outliers in Fig. 7.9, ESO 487-G02 and
ESO 564-G27. The gray lines show the prediction of the collapse model (Dalcanton et al. 1997); dashed
lines connect models of the same total mass (log10(Mtot) = 10–13 in steps of 0.5) and dotted lines
connect models of with same spin parameter (logarithmically spaced, separated by factors of 0.2 dex,
with the solid line at λ = 0.06). The arrows indicate the direction of increasing Mtot and λ.

let dark halos have a low density core. Thus, the average spiral has a submaximal disk. Note
that Eqn. 7.11 strictly applies to a razor-thin disk. For a disk with a flattening of hR/hz '
10 the radial gravitational force is weaker, leading to decrease of about 5% in vdisk/vmax

(van der Kruit & Searle 1982). Taking the gravity of the gas layer and dark halo into account
would yield a 10% effect, also in this direction (Sect. 7.4.4).

The submaximal disk result may be questioned on three grounds: via the value for σz/σR,
the stellar kinematics, or the assumed vertical density distribution. The remaining systematic
effects are probably unimportant (Sect. 7.4.4). The argument can then be turned around. In
order for the average disk in the sample to be maximal either (1) the velocity anisotropy must
be about 0.9 (almost isotropic), or (2) the intrinsic velocity dispersions have been underesti-
mated by about 50% (such that the average vdisk/vmax is underestimated by 0.58/0.85), or
(3) the vertical density distribution is more peaked than exponential at low z. Each of these
three possibilities is very unlikely. A velocity anisotropy σz/σR = 0.9 would imply a stellar
Q parameter below unity for half of the sample. In addition, such a velocity anisotropy can
not be attained according to the theory of disk heating (Jenkins & Binney 1990), and is even
larger than the σz/σR measured in early-type spirals (Shapiro et al. 2003). In principle the
stellar kinematics may be affected by young stellar populations, which have a lower stellar ve-
locity dispersion than the late-type stars which dominate the disk mass budget. However, the
effect is only 20% for a stellar composition resembling the solar neighborhood (Fuchs 1999;
van der Kruit 2001a). In addition, young populations were largely avoided by choosing edge-
on spirals and placing the slit away from the plane. Finally, a density distribution which is



DISK DYNAMICS 165

more sharply peaked than exponential at z . hz would need to hide as much disk mass as
is already contained in the exponential distribution. This appears to be unrealistic, especially
considering that near the plane the observed vertical light distributions in the near-infrared
(de Grijs et al. 1997) still contain a small amount of light due to young red supergiants (Jones
et al. 1981; Rhoads 1998). These stars make an very small contribution to the disk mass.

According to Fig. 7.10 the disks of five spirals may be close to maximal: ESO 487-
G02, ESO 564-G27, NGC 891, NGC 5170 and NGC 5529. However, for ESO 487-G02
and ESO 564-G27 the

√

M/L (σz/σR)−1 values are not solid. Taking instead the aver-
age

√

M/L (σz/σR)−1 in the sample for these two galaxies would lower both of them to
vdisk/vmax ' 0.55. While for NGC 891 and NGC 5170 the most probable vdisk/vmax are
less than 0.75 the uncertainties allow a maximal disk according to the Sackett (1997) defini-
tion. The disk of the barred spiral NGC 5529 has a normal

√

M/L (σz/σR)−1 combined
with a high face-on surface brightness and a high radial velocity dispersion. It could be maxi-
mal, but the stellar and gas kinematics suggest that the disk is strongly perturbed and therefore
the disk model may not be applicable. The other two spirals in the sample for which there
is kinematical evidence that they contain a bar are ESO 487-G02 and ESO 240-G11 (Ch. 6;
Bureau & Freeman 1999). Again, the value for ESO 487-G02 is uncertain. The disk of ESO
240-G11 is relatively flat (Ch. 2), of low surface brightness and strongly submaximal.

This points to an important corollary. If the seven spirals with a boxy- or peanut-shaped
bulge (Table 7.1) are barred, then the submaximal nature of disks is not limited to normal
spirals. Excluding ESO 487-G02 and ESO 564-G27, the six spirals with a boxy- or peanut-
shaped bulge have on average vdisk/vmax = 0.56±0.09, with a 1σ scatter of 0.22. The seven
remaining spirals, which do not have a boxy- or peanut-shaped bulge, are practically indistin-
guishable with an average vdisk/vmax = 0.51±0.02, and a 1σ scatter of 0.06. The association
of boxy- and peanut-shaped bulges with bars is well established (Kuijken & Merrifield 1995;
Bureau & Freeman 1999). The results therefore suggest that the contribution of the disk to the
rotation curve is independent of barredness, at least outside the bar region. This is in agree-
ment with the recent high resolution N-body simulations by Valenzuela & Klypin (2003).
These point out that disks can form bars even in the presence of strong halos, and that these
disks are submaximal at 2.2 hR.

There is no evidence for an increase in vdisk/vmax with vmax as suggested by Kranz et al.
(2003). For example, the present sample contains three galaxies of high vmax (> 200 km s−1)
that have submaximal disks: ESO 240-G11, ESO 435-G25 and ESO 437-G62. Excluding the
values for ESO 487-G02 and ESO 564-G27, there is perhaps a hint at a trend with surface
brightness (Fig. 7.10b). However, the uncertainties are too large to address this properly.
Similarly, there is no hard evidence for a trend of vdisk/vmax with the total dynamical mass-
to-light ratio (not shown). Note that the de-projected disk surface brightnesses (Table 7.1)
strictly apply to the old disk light. The difference with the total integrated light is given
attention in Sect. 7.5.4 and is found to be on average ∼ 0.7 mag.

The analytical collapse model of disk galaxy formation (Fall & Efstathiou 1980; Gunn
1982; Dalcanton et al. 1997) makes a prediction for vdisk/vmax as a function of the total
mass and spin parameter of the initial protogalaxy. Although it contains no prescription for
the subsequent disk evolution, the collapse theory is of interest because its predictions are in
general agreement with the basic structure and kinematics of disk galaxies (Dalcanton et al.
1997; Mo, Mao, & White 1998; Syer, Mao, & Mo 1999). To quantify this prediction, model
surface density profiles and rotation curves were calculated using the method of Dalcanton
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et al. (1997) for a range in spin parameter and total mass of the protogalaxy, taking a baryonic
mass fraction F = 0.10 and a mass-to-light ratio (M/L)disk = 2 (see Sect. 2.5.3 for details).
The vdisk/vmax were calculated using Eqn. 7.11, but taking the circular speeds at 2.2 hR

instead of the maxima.
The result is shown in Fig. 7.10 (gray lines). In this picture the disk contribution increases

with decreasing λ: more compact, higher surface density disks result from the collapse of
lower λ protogalaxies. An important feature of the model is that at constant λ the disk con-
tribution is independent of Mtot (vmax), because the disk rotation and the maximum rotation
both increase as M

1/3
tot . Since Dalcanton et al. (1997) have shown that the collapse model

roughly matches the observed distribution of disk central surface brightness and scalelength
it comes as no surprise that the range of predicted vdisk/vmax corresponds to the observed
range. Interestingly, the model predicts a gradual increase in the disk contribution toward
higher surface brightness disks, not inconsistent with the data. The predicted trends are in-
dependent of the adopted baryonic mass fraction and M/L, and are in qualitative agreement
with more detailed semi-numerical disk galaxy formation models (e.g. Zavala et al. 2003).

7.5.3 The σ − vmax relation

Figure 7.11a shows the stellar disk velocity dispersion 〈σR(hR)〉z versus the galaxy max-
imum rotational velocity. A Spearman rank correlation test yields a correlation coefficient
RS =0.44, or a confidence level of 90% (about 2σ). The confidence level is somewhat low,
mainly due to ESO 240-G11. This spiral will be discussed below. An ordinary linear least-
squares fit to the data yields a slope of (0.22±0.10) and an intercept (10±17) km s−1. The
scatter about this relation is 22 km s−1 (1σ) in σR. The correlation is similar to that reported
by B93 (gray lines), although the samples have NGC 891 and NGC 5170 in common.

This study improves upon the statistics of the σ − vmax relation, almost doubling the
total number of spiral galaxies with known stellar disk velocity dispersions. The spirals with
previously published velocity dispersions are gathered in Table 7.5, and the distribution of the
combined sample in the σ − vmax plane is shown in Fig. 7.11b. A Spearman rank correlation
test applied to the combined sample of 36 galaxies yields RS = 0.68, or a confidence level
greater than 99%. An ordinary linear least-squares fit yields a slope of (0.33±0.05) and an
intercept (−2±10) km s−1. The scatter about this linear relation is 25 km s−1 (1σ). This
slope and intercept are in agreement with the simple linear relation σR(hR) = 0.29 vmax,
which, to be consistent with Ch. 2, will be adopted as the average σ − vmax relation in the
remainder of this chapter. The Sb Seyfert NGC 1068 and the S0-a NGC 6340 lie far above
the average relation. NGC 6340 is the only early-type disk galaxy in the B93 sample. Note
that in B93 the maximum rotation of NGC 6340 was erroneously assigned too high a value,
causing it to lie closer to the mean relation. The lower value vmax = 157 km s−1 implied
by the HST Key Project Tully-Fisher relation (Sakai et al. 2000) fits better with its small
scalelength hR,B = 2.7 kpc (cf. Fig. 2.6).

When combined with the Toomre criterion (Eqn. 7.10) the collapse model for disk galaxy
formation (Dalcanton et al. 1997) makes a prediction for the velocity dispersion. This pre-
diction is shown in Fig. 7.11b for Q = 2.0, again for lines of constant Mtot and λ. For
constant Q the collapse model predicts galaxy disks to be distributed in a large portion of
the σ − vmax plane. Disks originating from halos with the same λ occupy straight lines of
slope σ/vmax; at constant λ local stability requires that the disks of more massive spirals
have a larger velocity dispersion. This suggests that the correlation between σR and vmax is a
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Figure 7.11: (a) – Stellar disk velocity dispersion versus galaxy maximum rotational velocity. The
lines indicate the relation σR(hR) = (0.29±0.10) vmax (B93). (b) – Stellar disk velocity dispersion
versus galaxy maximum rotational velocity for galaxies with published stellar velocity dispersions.
Circles and triangles indicate the present sample, dots the literature galaxies. Gray lines show the
collapse model for Q = 2.0, as in Fig. 7.10. NGC 1068 lies outside the plotted region.

result of local stability (B93; van der Kruit 1995; Boissier et al. 2003). Model disks residing
in halos with a higher than average spin parameter have lower surface densities and lower
vdisk/vmax (cf. Fig. 7.10). If Q is constant then these model disks also have lower velocity
dispersions. Hence, for constant Q the collapse model suggests that disks do not define a sin-
gle linear relation in Fig. 7.11. For a peaked distribution of halo spin parameters the model
disks scatter about a linear σ−vmax relation, with a slope corresponding to the average λ and
a scatter related to the spread in λ. Adopting a different baryonic fraction does not change
the predicted trend.

For the Q implied by a constant σz/σR (Fig. 7.8b) the portion of the σ − vmax plane oc-
cupied by the collapse model narrows considerably. In fact, for a form Q ∝ (vdisk/vmax)

−2

the model disks all follow a single straight line. The particular example shown in Fig. 7.8b
(dotted line) gives a relation σR(hR) = 0.29 vmax. However, the correlation between the
disk flattening and the total dynamical mass-to-light ratio Mdyn/Ldisk (cf. Sect. 2.5.3) does
indicate that there is at least one other parameter in the σ − vmax relation. For the fitted
power-law relation between hR/hz and Mdyn/Ldisk (Ch. 2, Eqn. 2.13):
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Table 7.5: Galaxies with published stellar disk velocity dispersions

Galaxy Type vmax ± σR(hR) ± hR Ref. Notes

(km s−1) (km s−1) (arcsec)
(1) (2) (3) (4) (5) (6) (7)

Milky Way SABbc 210 25 83 24 3±1 kpc a
NGC 488 Sb 358 16 109 32 32 b iii
NGC 1068 Sb 302 44 159 20 21 b iii
NGC 1566 SBbc 212 30 67 +26

−14 35 c ii
NGC 2460 Sab 198 24 96 12 15 b iii
NGC 2552 SBm 92 3 19 2 33 d iv, v
NGC 2613 Sb 315 10 92 32 – c
NGC 2775 Sab 283 4 91 14 35 b iii
NGC 2815 SBb 285 5 66 12 46 c
NGC 2985 Sab 250 15 111 12 30 b iii
NGC 2998 SBc 213 8 61 15 17 e
NGC 3198 SBc 157 2 40 7 58 c
NGC 3938 Sc 160 20 30 8 36 c ii, iv
NGC 4030 Sbc 247 51 92 23 18 b iii
NGC 5247 SBbc 187 20 40 62 10 f ii, iv
NGC 6340 S0-a 157 40 100 20 25 c ii, iv
NGC 6503 Sc 120 2 33 4 24 c
NGC 7184 SBbc 266 10 96 25 48 c
NGC 7331 Sbc 257 5 38 11 52 g
NGC 7782 Sb 324 24 112 50 22 h i, iv, v
IC 5249 Scd 105 5 35 5 40 i

Notes – Columns: (1) Galaxy; (2) Morphological type; (3) Maximum rotational
velocity; (4) Radial velocity dispersion at one scalelength; (5) Disk scalelength
(photometric); (6) Reference: a – Lewis & Freeman (1989), b – Shapiro et al.
(2003), c – B93, d – Swaters (1999), e – Swaters et al. (2004), f – van der Kruit
& Freeman (1986), g – Bottema (1999), h – Pignatelli et al. (2001), i – van der
Kruit et al. (2001); (7) Additional notes: i – maximum rotational velocity taken
from LEDA, ii – maximum rotational velocity according to the I-band Tully-
Fisher relation of Sakai et al. (2000) using the extinction corrected magnitudes
from LEDA, iii – taking for vmax the value of their parametrized rotation curve
at 2.2 hR, iv – assuming σz/σR = 0.6 (see B93), v – assuming σφ = σz.

which varies among disks unless the right-hand products are all constant. The latter is un-
likely, even though the anisotropy is roughly constant (Sect. 7.5.1). For example, for the
first equation there is evidence that the flattening increases (Ch. 2) and the disk M/L ratio
decreases (BJ01) toward lower surface brightness.

The scatter on the σ − vmax relation is comparable to the uncertainties (Fig. 7.11a), pro-
viding no evidence by itself for another parameter. It was therefore investigated whether the
deviations from the average relation σavg

R = 0.29 vmax correlate with any of the parameters
of Eqn. 7.12. In Fig. 7.12 this scatter is shown versus disk flattening, face-on central surface
brightness and dynamical mass-to-light ratio. Although the uncertainties are large, a Spear-
man rank test provides evidence for a negative correlation in each case (at the 1.3, 2.1 and



DISK DYNAMICS 169

Figure 7.12: Deviation from the average σ − vmax relation as a function of (a) – Intrinsic disk
flattening, (b) – I-band face-on central surface brightness, and (c) dynamical mass-to-light ratio. The
dotted lines indicate Eqns. 7.12, arbitrarily shifted in zero-point to roughly match the data. The two
outliers are indicated.

1.6σ levels, respectively). Hence, the σ − vmax relation is probably not a single linear rela-
tion. Disks with a smaller radial stellar velocity dispersion tend to be more flattened, have a
lower surface brightness and a higher dynamical mass-to-light ratio. Note that ESO 487-G02
and ESO 564-G27, the two outliers in Fig. 7.9, are also outliers in Fig. 7.12b & c.

7.5.4 The Tully-Fisher relation

In recent years, studies on the nature of the Tully-Fisher (TF) relation (Tully & Fisher 1977)
have started to focus on the baryonic mass TF relation, i.e. the relation between stellar plus
gaseous mass and the maximum rotational velocity (McGaugh et al. 2000; BJ01). One of
the ultimate goals is to use the observed baryonic mass TF relation to constrain models of
hierarchical structure formation. These studies start at the classic luminosity TF relation and
use stellar population synthesis models to estimate the stellar mass TF relation of galaxy
disks. The stellar mass TF is then combined with estimates of the gaseous mass to arrive at
the baryonic mass TF relation. Edge-on spirals cannot provide direct information regarding
the classic luminosity TF relation because of a large and uncertain effect of dust extinction
(Sect. 5.4.4). Their observed stellar kinematics do pin down the stellar disk masses, thereby
providing a dynamical route to the stellar and baryonic mass TF relations.

The luminosity TF relation for edge-on spirals

The luminosity TF relation can be compared to the now well-known relation for less inclined
spirals (Sakai et al. 2000; Verheijen 2001) to gain insight into the nature of the missing light in
edge-on spirals. For the rotation the maximum rotational velocity was taken (Table 7.1). For
the luminosity the I-band values of the best-fitting two-dimensional models have been used
(Ch. 2, NGC 5170 – App. 4A, ESO 435-G25, NGC 891 & NGC 5529 – Xilouris et al. 1999).
These model luminosities minimize the effect of dust extinction, which is clearly present in
the purely observational luminosity-linewidth relation (Sect. 5.4.4). Considering the model
luminosities also allows a check on the amount of light still missing in the deprojected surface
brightnesses (Table 7.1), which only take into account the old disk population. For the eight
galaxies with a clear bulge, namely the galaxies with log10(vmax) > 2.3 plus ESO 487-G02,
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Figure 7.13: The I-band
Tully Fisher relation, using
the model luminosities and
the observed maximum rota-
tional velocities. The solid
line indicates a least-squares
bisector fit to the data. The
dashed line indicates the I-
band TF of the HST Key
project (Sakai et al. 2000).

the luminosities include the bulge luminosity. For the remaining systems a bulge is either
not present or too compact to be modeled (Fig. 2A.1). For these small, late-type spirals the
bulge luminosities are likely less than 20% of the disk luminosities (de Jong 1996c). The
luminosities were also corrected for the radial truncation, if detected. For this correction the
truncation radii Rmax from Table 3.1 and the literature were used (NGC 891 – van der Kruit
& Searle 1981b, ESO 435-G25 & NGC 5170 – Pohlen, Dettmar, & Lütticke 2000a), and it
was assumed that the truncation is infinitely sharp (i.e. zero luminosity density at radii larger
than Rmax). The average correction is 9% of the disk luminosity. Finally, the luminosities
were corrected for Galactic extinction using the values of Table 7.1.

Figure 7.13 shows the TF relation, scaled to H0 = 71 km s−1 Mpc−1 (Sakai et al. 2000).
The solid line shows an unweighted least-squares bisector fit to the data. It has a slope
α = 3.64±0.26∗ and an intercept log10(L100/L�) = 9.22±0.07. The I-band TF relation as
determined by the HST Key Project (Sakai et al. 2000, their eqn. 11) is shown by the dashed
line. Sakai et al. (2000) used the H I line width at the 50% level (WR,50). For regular spirals
WR,50/2 is a good approximation to the maximum rotational velocity (Verheijen 2001). For
example, for the 11 spirals in common with Ch. 5 the difference between the two values
(vmax−WR,50/2) is on average −2.5 km s−1 with a 1σ scatter of 4.3 km s−1. The HST Key
Project luminosities were corrected for extinction to the face-on orientation using the Tully
et al. (1998) scheme.

Considering that the sample size is small, the slope of the ‘edge-on TF relation’ is con-
sistent with the HST Key Project slope (α = 4.00±0.04). The edge-on TF does lie system-
atically below the ‘face-on TF’, as expected. The offset is about 0.7 magnitudes (or about
0.08 dex in velocity). This cannot be explained as being due to distance errors in the present

∗L/L� = L100/L� [vmax/(100 km s−1)]α, M�,I = 4.14
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sample (0.1 mag for a systematic distance error of 5%) or due the uncertainty in the zero point
of the face-on TF, which is only 0.13 mag (Sakai et al. 2000). Instead, most of the offset is
probably caused by the following effects.

First, the vertical exponential disk model refers to the old stellar populations and does not
take into account the (mostly obscured) light from young stellar populations in the galaxy
plane (Sect. 7.3.1). The fraction of the disk light arising from young stellar populations in the
I-band may be estimated using stellar population synthesis models. For example, in order to
match the observed integrated colors of late-type spirals, B − I = 1.4–2.0 (de Jong 1996b),
the Worthey (1994) model suggests that for a constant star formation rate and solar metallicity
roughly 30% of the I-band luminosity is due to young stars (ages less than a Gyr). Secondly,
while care was taken in the two-dimensional modeling to exclude the region affected by dust
extinction (Sect. 2.3.2), it is possible that a small amount of extinction still plays a role at
large z heights. Especially in large spirals (log10(vmax) & 2.3) dust features are often present
at distances greater than 400 pc from the plane (Howk & Savage 1999). Extra-planar dust
extinction probably has a smaller effect on the observed luminosities of less massive spirals.
However, the offset between the edge-on and face-on TF relations appears similar for both
large and small systems. This suggests, although the number of spirals at low vmax is small,
that extinction can only explain part of the observed offset. A final possibility is that the disk
model underestimates the old disk luminosity density at |z| ≤ 1.5 hz. This would require a
vertical luminosity distribution of old stars which is more sharply peaked than exponential,
which is unlikely (de Grijs et al. 1997).

Finally, note that for a vertical light distribution shallower than exponential the inferred
model luminosities would have been smaller. For example, for an isothermal distribution the
old disk luminosity would be reduced by a factor of two, causing the offset with the face-
on TF relation to increase to about 1.5 magnitudes. In that case it appears unlikely that the
offset can be explained by young populations and residual dust extinction, implying that the
isothermal is indeed not an adequate description for the old disk light.

The stellar mass TF relation

The stellar disk masses were calculated using M∗ = 2πh2
RΣ0 and assuming σz/σR = 0.6.

These masses were then refined by applying two corrections. First, the disk masses were
corrected for the radial truncation, as in the above for the disk luminosities. Secondly, it
will be recognized here that the neglect of the gas gravity has led to a slight overestimate
of the stellar disk surface densities (Sect. 7.4.4). The adopted correction factors are listed in
Table 7D.2 (see App. 7D for details). The effect of the neglect of the halo gravity is similar
(Sect. 7.4.4) but cannot be estimated reliably for individual cases. It should be kept in mind
that on average the disk masses are probably overestimated by about 10%.

Another effect which may be present is a decline of the stellar M/L with galactocentric
radius, as suggested by the bluer broadband colors at larger radii (de Jong 1996b; Bell &
de Jong 2000). The M/L obtained by fitting the constant M/L model is then essentially
the average M/L in the inner, fitted region (Sect. 7.4.4). However, when this M/L is ex-
trapolated to apply for the entire disk the actual stellar disk mass will be overestimated. An
estimate of this possible effect was obtained assuming that the M/L ratio declines exponen-
tially (Eqn. 7.9), and using the median I-band to K-band scalelength ratio hI

R/hK
R = 1.12

(de Grijs 1998) for the ratio of the luminosity and mass scalelengths hR,L/hR,M . Such a
declining M/L has a large scalelength ∼ 8 hI

R causing the total stellar mass to be about 10%
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Figure 7.14: (a) – The stellar disk mass TF relation, assuming σz/σR = 0.6. The solid line indicates
the least-squares bisector fit. The dashed line represents the bisector fit to the maximum-disk scaled
stellar mass TF relation of the Ursa Major cluster (BJ01). Triangles indicate the outliers in Fig. 7.9,
ESO 487-G02 and ESO 564-G27. (b) – The baryonic mass TF relation after adding the observed
H I mass. Triangles are as in (a). The solid line indicates a least-squares bisector fit, the dashed line
represents the bisector fit to baryonic mass TF relation of the Ursa Major cluster (BJ01).

smaller than in the constant M/L case. It was chosen not to include this correction because
it cannot be estimated reliably for an individual galaxy.

Figure 7.14a shows the resulting stellar disk mass–rotational velocity relation, assuming a
velocity anisotropy σz/σR = 0.6. The solid line shows an unweighted least-squares bisector
fit to the data (excluding ESO 487-G02 and ESO 564-G27). It has a slope α = 3.75±0.40†

and an intercept log10(M100/M�) = 9.36±0.08. The observed scatter around this relation
is 0.22 dex in mass. An interesting comparison can be performed with the stellar mass TF
of the Ursa Major cluster (BJ01). BJ01 pointed out that stellar population synthesis models
show a tight correlation between stellar M/L and color provided that the spiral galaxy IMF is
universal. They calibrated the predicted stellar M/L using the observed K-band maximum-
disk stellar M/L versus B − R color relation of the Ursa Major Cluster sample of Verheijen
(1997), and used it to convert the observed luminosities to stellar masses. They used the
Tully et al. (1998) scheme to correct for extinction, and adopted the HST Key Project value
of 20.7 Mpc for the distance to Ursa Major. The least-squares bisector fit to their maximum-
disk scaled stellar mass TF relation is reproduced in Fig. 7.14a (dashed line). Since the Ursa
Major cluster consists mainly of late-type galaxies having insignificant bulges this stellar
mass TF is essentially a stellar disk mass TF and may be compared to the present results.

The slope of the dynamical disk mass TF for the present sample is marginally consis-
tent with that of the maximum-disk scaled stellar mass TF of BJ01 for which α = 4.4±0.2
(random) ± 0.2 (systematic). An exact match of the slopes is however not expected con-
sidering the small sample sizes. For example, the slope of the dynamical mass TF depends

†M/M� = M100/M� [vmax/(100 km s−1)]α
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rather sensitively on the inclusion of the dwarf galaxy ESO 157-G18 (log10 vmax = 1.944).
More intriguing is the difference in intercept; the dynamically determined disk masses of the
present sample are on average about 0.32 dex smaller than the maximum-disk scaled disk
masses of the Ursa Major spirals (a disagreement of 2σ). The only spiral which lies above
the maximum-disk scaled stellar mass TF is ESO 564-G27. Again, for ESO 564-G27 the
√

M/L (σz/σR)−1 value is high and it was therefore excluded from the fit. Note that if the
corrections for a declining M/L and the dark halo gravity discussed above were applied this
offset would grow to −0.40 dex.

What could explain the observed offset between the dynamical disk mass TF and the
maximum-disk scaled stellar mass TF? BJ01 quote a distance uncertainty of 15% corre-
sponding to an uncertainty of 0.06 dex in the TF intercept. Allowing for a similar uncertainty
in the present sample makes it clear that the offset between the two relations cannot be entirely
ascribed to distance errors. BJ01 use the rotational velocities on the flat part of the rotation
curve (vflat) whereas for the dynamical mass TF the vmax are used. In the present sample
only ESO 240-G11, ESO 435-G14 and ESO 564-G27 have vmax > vflat (Ch. 6). Using the
vflat for these galaxies still gives an offset in Fig. 7.14a of 0.24 dex. There is an uncertainty
in the extinction correction; BJ01 demonstrate that using the (Tully & Fouque 1985) scheme
instead of the Tully et al. (1998) corrections reduces the zeropoint of the maximum-disk
scaled stellar mass TF by −0.13 dex. This is also too small to explain the observed offset.
How much of an offset would be expected if the Ursa Major spirals instead have submaximal
disks? Using the average observed disk contribution in the present sample vdisk/vmax = 0.53
(Sect. 7.5.2) and taking vdisk/vmax = 0.85 for a maximal disk (Sackett 1997), the ratio of the
submaximal stellar disk mass to the maximal stellar disk mass is 0.39, corresponding to 0.41
dex. This is able to explain the observed offset; the two relations practically coincide when
the Ursa Major spirals, like most of the spirals in the present sample, have submaximal disks.

This has two important implications. First, submaximal disks require that the true stellar
disk M/L ratios are a factor of two lower than the maximum-disk scaled M/L. This can be
achieved by lowering the fraction of stars at the low mass end of the IMF (M < 0.5 M�).
Such a ‘bottom-light’ IMF is supported by recent independent determinations in the solar
neighborhood (Kroupa 2002) and implies stellar M/L ratios for late-type spirals of M/LI '
0.8 (Portinari et al. 2003). In turn, there is little room in the disk for forms of matter other
than stars and H I gas, such as dark matter or cold molecular gas. Any significant additional
component would require an even lower stellar M/L.

The baryonic mass TF relation

The H I masses of all of the spirals except ESO 288-G25 are known (Ch. 5). Hence, the
baryonic mass TF relation can also be investigated, modulo the uncertain molecular gas mass
and the bulge contribution. To be consistent with BJ01 the H I masses were not corrected
for helium and metals. The baryonic TF relation obtained after adding the H I mass to the
dynamical stellar disk masses is shown in Fig. 7.14b (again using H0 = 71 km s−1 Mpc−1).
An unweighted least-squares bisector fit to the data yields a slope α = 3.33±0.37 and an
intercept log10(M100/M�) = 9.59±0.07. The observed scatter is 0.21 dex in mass. The
shallower slope of the baryonic mass TF compared to the stellar mass TF is a result of the
larger gas fraction in less massive galaxies. If the H I masses are corrected for helium and met-
als using Mgas = 1.4 MH I then a fit yields α = 3.23±0.36, log10(M100/M�) = 9.66±0.07
(not shown). Again, the maximum-disk scaled baryonic TF of BJ01 is shown for comparison
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(dashed line, slope α = 3.5±0.2 (random) ± 0.2 (systematic)). The dynamically determined
baryonic TF is offset from the maximum-disk scaled stellar mass TF by about −0.24 dex,
a similar offset as seen for the stellar mass TF. Note that the observed baryonic TF slope
is consistent with crude estimates from cold dark matter (CDM) simulations (Bullock et al.
2001b). However, inclusion of the bulge masses is expected to significantly steepen the ob-
served slope. For example, including the bulge luminosities using a bulge M/LI = 5.5
(Bottema 1999) yields a slope 4.2±0.3.

7.6 Summary

The stellar kinematics of fifteen intermediate- to late-type edge-on spiral galaxies were mod-
eled to study the dynamical properties of their stellar disks. Most of these spirals are regular
in the optical and the H I, have high recessional velocities, and are located either in the field
or in small loose groups. The sample covers a substantial range in both galaxy maximum
rotational and deprojected face-on disk surface brightness. Seven spirals show either a boxy-
or peanut-shaped bulge which probably indicates that these are barred.

Realistic stellar disk models show that the effects of projection and extinction on the
stellar kinematics depend sensitively on the optical depth, inclination, and the position with
respect to the major axis. However, a large face-on optical depth (τ0 ∼ 10) and an inclination
within a few degrees of edge-on are needed to produce an apparent solid-body velocity curve
and a significant decrease in the observable stellar dispersion. For realistic face-on optical
depths around unity the projected kinematics are practically dust free at a projected distance
of one scaleheight from the major axis, even at an inclination of 90 degrees.

In most cases the dynamical model provides a good match to the observed stellar disk
kinematics, without the need for dust extinction. In fact, by including a smooth dust dis-
tribution for three massive spirals the results are unchanged. Several additional arguments
show that the effect of extinction is similarly small in the remaining galaxies. For a constant
Q parameter the data imply that the velocity anisotropy (σz/σR) decreases with an increasing
disk contribution to the rotation curve (vdisk/vmax). If on the other hand σz/σR is constant
among spirals, the data require a Q parameter that decreases with increasing vdisk/vmax.
Several arguments suggest that σz/σR = 0.6±0.1 in intermediate- to late-type spirals.

At least twelve of the spirals in the present sample have submaximal disks. The average
disk contribution for thirteen spirals is vdisk/vmax = 0.53±0.04; only about forty percent
of the mass within 2.2 disk scalelengths resides in the disk. Hence, the disks of intermedi-
ate to late-type spirals galaxies probably inhabit dark matter halos that dominate the mass
fraction down to small galactocentric radii. This result is in good agreement with earlier de-
terminations based on stellar kinematics (Bottema 1993), the absence of correlated scatter
in the Tully-Fisher relation (Courteau & Rix 1999), spiral galaxy lensing (Trott & Webster
2002), and fluid dynamical modeling of normal spirals (Kranz et al. 2003). In addition, the
average contribution for the six spirals with a boxy- or peanut-shaped bulge is vdisk/vmax =
0.56±0.09, indistinguishable from the normal spirals. Since boxy- and peanut-shaped bulges
are probably associated with bars (Kuijken & Merrifield 1995; Bureau & Freeman 1999),
this strongly suggests that the contribution of the disk to the rotation curve is independent of
barredness. This is in good agreement with the recent high resolution N-body simulations by
Valenzuela & Klypin (2003). These point out that galaxies form bars even in the presence of
strong halos, and that the disks are submaximal at 2.2 hR.
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There is a relation between the stellar disk velocity dispersion and the galaxy maximum
rotational velocity, confirming the work of Bottema (1993). The deviations from the average
σ − vmax relation appear to correlate with disk flattening, face-on central surface brightness
and dynamical mass-to-light ratio. Disks with a smaller radial stellar velocity dispersion tend
to be more flattened, have a lower surface brightness and a higher dynamical mass-to-light
ratio. This is in agreement with the relation between disk flattening and dynamical mass-
to-light ratio found in Ch. 2. The submaximal nature of galaxy disks and the scatter in the
σ − vmax relation are in good agreement with the simple collapse theory of disk galaxy
formation (Dalcanton et al. 1997). The theory suggests that the σ−vmax relation is the result
of local stability: disks scatter about a linear σ−vmax relation, with a slope corresponding to
the average spin parameter of dark matter halos and a scatter related to the spread in the spin
parameter.

The Tully-Fisher (TF) relation is compared to the HST Key Project TF relation (Sakai
et al. 2000). The luminosities of the edge-on spirals are based on an exponential vertical
luminosity distribution and strictly apply to the old stellar population. The TF comparison
shows that these luminosities are lower than the integrated luminosities by about 0.7 mag.
Likely explanations are the missing luminosity from young stellar populations and residual
dust extinction at large distances from the plane. The dynamical stellar disk mass TF relation
is compared to the maximum-disk scaled stellar mass TF relation of the Ursa Major cluster
(Bell & de Jong 2001). The dynamical disk mass TF is offset from the maximum-disk scaled
stellar mass TF relation by −0.3 dex in mass. The offset is mirrored in the baryonic TF rela-
tions and is naturally explained if the disks of the Ursa Major cluster spirals are submaximal.
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7A Fitting the stellar kinematics

Here detailed plots and descriptions of the least-squares fits are presented. The corresponding
best-fitting parameters can be found in Table 7.3.

Figure 7A.1 shows the observed stellar kinematics and the best-fitting disk models. The
top panels display the l.o.s. mean stellar velocity curve, folded across the dynamical center.
Dots denote the receding side, circles the approaching side. The best-fitting model is shown
by the solid line, the dotted lines bracket the 1σ error. The vertical gray line marks the
adopted inner fitting boundary (goodness of fit should be judged from the region beyond
this boundary). For slit positions parallel to the minor axis the spatial axis is as in Fig. 4.5.
The middle panel shows the l.o.s. stellar velocity dispersion. Symbols and lines are as in
the top panel. For slit positions parallel to major axis the bottom panel shows the intrinsic
stellar kinematics of the best-fitting model. The solid and dotted lines indicate the rotation
curve and the mean stellar rotation curve, respectively. The dashed line denotes the radial
stellar velocity dispersion at z = 0. The gray line (dot-dash) shows the product C M/L
(Sect. 7.4.1), its scale is added to the right. The hatched area indicates the range of probable
disk contributions to the rotation curve assuming σz/σR = 0.6. In cases where the Gauss-
Hermite parametrization was used the h3 and h4 curves are also shown. In the following the
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Figure 7A.1: Fits to the line-of-sight stellar kinematics, and the intrinsic kinematics of the best-fitting
disk model (see text for a description).

fits are described for each galaxy.
ESO 142-G24 – The model provides a rather good fit, even at radii smaller than the inner
fitting boundary. The low inclination (Table 7.1) suggests that the scaleheight may have been
overestimated, causing a product

√

M/L (σz/σR)−1 which is perhaps somewhat too low
(Sect. 7.4.4). The C M/L parameter is rather large in fitted radial range, indicating that the
plane parallel approximation is rather poor.
ESO 157-G18 – The approaching side of this dwarf system shows anomalous kinematics,
both for the stars and the gas (Sect. 6.4). This side was therefore not included in the fit. As in
ESO 142-G24, the rotation curve rises slowly such that C M/L parameter is rather large in
fitted range. The inferred intrinsic velocity dispersion is the lowest in the sample.
ESO 201-G22 – The approaching side, for which the ionized gas velocities lie far below the
H I envelope (Sect. 6.4), was not included in the fits. The stellar kinematics, both observed
and intrinsic, are similar to those of ESO 269-G15 and ESO 288-G25.
ESO 240-G11 – To obtain a reasonable fit to the DBS data, the circular velocity in the in-
ner 20′′ needs to be higher than at larger radii. A lower circular speed curve in the inner
parts leads to a severe underprediction of the observed stellar velocities. The adopted rota-
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Figure 7A.1: (continued)

tion curve has a maximum at R ∼ 7′′, consistent with the bulge luminosity profile (Ch. 2)
and the H I and [NII] XV diagrams (App. 6A). The amplitude of the maximum was chosen
to yield the best fit to the observed stellar kinematics, but the results do not depend sensi-
tively on this choice. The solution corresponds to the ‘coldest’ disk in the sample in terms of
σR(hR)/vmax. The asymmetric kinematics observed in the FORS2 data taken at 2′′ from the
major axis (Fig. 4.5) cannot be reproduced by this solution. Perhaps this is caused by its low
inclination in conjunction with a strong non-axisymmetric disk (Sect. 4.4.2).
ESO 269-G15 – The observed stellar velocity is slightly asymmetric. Simultaneously fitting
both the observed velocity and dispersion provides a rather poor match to the data. A larger
amplitude rotation curve (by about 10 km s−1) would improve the fit but is inconsistent with
the the H I and H II data. A slightly less steeply rising rotation curve is allowed by the data
(Fig. 6.5). However, that would yield a very poor fit.
ESO 288-G25 – In the outermost bin the observed stellar velocity and dispersion exceed
those implied by the model. The model can be made consistent with the outermost data points
if the rotation curve is allowed to be higher. However, such a rotation curve would undo the
match obtained at smaller radii. The uncertainty in the inner rotation curve (Fig. 6.5) is in-
cluded in the errors quoted in Table 7.3.
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Figure 7A.1: (continued)

ESO 435-G14 – The best-fitting model is well determined because the l.o.s. projection effect
is small due to the low inclination. The model cannot reproduce the outermost data points;
the observed velocities and velocity dispersions are larger by up to 10 km s−1 than those pre-
dicted by the model. These discrepancies may be due to the pronounced spiral arms which
cross the slit at these positions.
ESO 435-G25 – Due to a deficiency of gas in the inner parts the circular velocities are un-
known at R . 50′′. Therefore models were constructed for two extreme cases, taking a
solid-body and a flat rotation curve in this region (down to R = 0). The best-fitting model
parameters found for the two cases are consistent to within the errors (the inner parts are
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Figure 7A.1: (continued)

largely excluded from the fits). The solid-body rotation is adopted here because it better
matches the stellar rotation at radii smaller than the inner fitting boundary. The h3 and h4

parameters are also reproduced rather well. These results, obtained using the luminosity
distribution according to Xilouris et al. (1999), are consistent with those obtained using the
distribution derived in Ch. 2 (not shown).
ESO 437-G62 – This lenticular remained undetected in the H I (Ch. 5) and in the Hβ and OIII
emission lines (Ch. 6). Instead, the systemic velocity was estimated by symmetrizing the stel-
lar velocity curve (Ch. 4). For the rotation curve, the function vc(R) = vmax R/

√
R2 + d2

was adopted, adjusting the parameters such that the best fit of the stellar kinematics is ob-
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Figure 7A.1: (continued).

tained. This yielded vmax = 277±10 km s−1, d < 1′′, essentially a flat rotation curve.
Overall, the model yields a good fit. It fails, however, to closely match the projected stellar
velocity in the outermost bins and to reproduce the h4 parameter.
ESO 446-G18 – In the inner parts the rotation curve is poorly constrained by the H I and
H II observations (Ch. 6). It may well rise more steeply than the adopted curve. The effect
of a steeper rotation curve is small, however, and well within the errors. Since the adopted



SCATTERING FORMALISM 181

rotation curve rises slowly, the CM/L parameter is rather large in the fitted range.
ESO 487-G02 – For the rotation a flat curve at a level of 167±10 km s−1 was used, based on
the H I linewidth (Theureau et al. 1998, corrected for instrumental broadening and random
motions according to Verheijen & Sancisi 2001). Models were also calculated for τ0 = 1.0,
using the prescription of Sect. 7.3.3. The quoted errors take this possibility into account.
ESO 564-G27 – The fit is of poor quality, with the model overpredicting the observed ve-
locity and dispersion. None of the other galaxies show this feature. Fitting the dispersion
only would yield a substantially lower product

√

M/L (σz/σR)−1 ' 3.6 but a projected
rotation much larger than observed. This behavior is expected when dust extinction plays a
role (Sect. 7.4.3), but may also be due to strong non-axisymmetry.
NGC 891 – Parallel to the major axis – The transparent model provides a good match, except
for the outermost bins. Taking a rotation curve which does not have the inner maximum but
instead is ‘solid body’ up to 60′′ does not significantly affect the results. Perpendicular to
the major axis – Fig. 7A.1 shows the best-fitting dusty model, obtained using only the data
at z ≥ hz. This model is consistent with that determined from the parallel slit position. At
and above z = hz dust extinction is clearly unimportant. Remarkably, the model also pro-
vides a good match to the velocity dispersions below hz. This shows that the drop in the
observed stellar velocity and dispersion below one stellar scaleheight is very likely due to
dust extinction. At low z the predicted stellar velocities of the dusty model are too low. This
may indicate that a smooth dust model overestimates the effect of extinction on the veloc-
ity. Interestingly, the position of the minimum in the projected velocity and dispersion is very
sensitive to the inclination. The adopted inclination, i = 89.8±0.5 degrees, is based on model
comparisons at various inclinations (dotted lines, for i < 90 the far side is to the northwest).
NGC 5170 – The bulge surface brightness is negligible compared to that of the disk at both
slit positions, but at the inner position (position A) the I-band image shows signs of extinction
(Ch .4). Therefore position B was modeled. It is reassuring that the model which best fits the
data at B roughly agrees with the amplitudes of the projected velocities and dispersions at A
(solid lines in Fig. 7A.1). The gray lines in the plot for position A indicate the behavior when
a dust distribution is included with τ0 = 0.6, hR,d = hR and hz,d = 0.5 hz. This simple
model roughly reproduces the observed velocity, but fails for the dispersion at positive z.
NGC 5529 – The inner fitting boundary was positioned beyond the region that shows strong
non-circular motions in Hα (Fig. 6A.1). The circular speed curve is unknown in this region.
Therefore, models were constructed for two extreme cases, taking a solid-body and a flat
rotation curve (down to R = 0). The solid-body rotation is adopted here because it better
matches the stellar rotation at radii smaller than the inner fitting boundary. The results for the
flat curve yield a product

√

M/L (σz/σR)−1 = 3.6 and σR(hR) = 98 km s−1, consistent
with the values for the solid-body curve (Table 7.3). The models overpredict the velocity
dispersions measured in the outermost bins and can not reproduce the strong asymmetries
(h3 and h4). These features in conjunction with the high disk ‘temperature’ σR(hR)/vmax '
0.4 constitute further evidence that the disk is strongly perturbed.

7B Scattering formalism

When spirals are viewed at high inclination the effect of scattering on the brightness distribu-
tion is similar to that of absorption. Most scattered photons are sent out of the plane because
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of the relatively large optical depth in directions within the plane (van Houten 1961; Baes &
Dejonghe 2001). Studies of the optical emission line kinematics that include realistic dust
distributions show that scattering has a negligible effect on the derived Hα rotation curves
(Bosma et al. 1992; Matthews & Wood 2001). In Sect. 7.3.4 it was shown that scattering has
a similarly small effect on the stellar kinematics. There, scattering was treated as follows.

The total intensity is written as a summation of partial intensities (Henyey 1937; Ky-
lafis & Bahcall 1987). The zeroth partial intensity I0 corresponds to the fraction of the
light which has not been scattered, the first partial intensity I1 corresponds to the fraction
of the light which has been scattered once, etc. The angular re-distribution of photons due to
scattering is approximated by the Henyey–Greenstein phase function (Henyey & Greenstein
1941). The asymmetry parameter and the scattering albedo are assumed constant over the
wavelength range 4800–5700 Å used to derive the stellar kinematics. The V-band values of
Di Bartolomeo et al. (1995) were adopted for these parameters.

The LOSVD of the unscattered disk light is an integral sum of the local velocity distribu-
tions along the l.o.s., weighted according to the local emissivity and optical depth (Eqn. 7.8).
Similarly, the LOSVD of the light which has been scattered n times before reaching the
observer is (cf. Kylafis & Bahcall 1987, eqn. 10):

fn(v) = ω

∫ s0

0

ds exp

[

−
∫ s0

s′

ds′ κ(R, z)

]

κ(R, z)

∫

Ω

fn−1(v,R, ϕ, z, n̂) p(n̂)
dΩ

4π
(7B.1)

where ω is the dust albedo, fn−1(v,R, ϕ, z, n̂) denotes the LOSVD of the fraction of the
light received at position (R,ϕ, z) along the l.o.s. from direction n̂ that has been scattered
n − 1 times, and p(n̂) is the Henyey–Greenstein phase function. Note that during scattering
the velocity information received from direction n̂ is Doppler shifted according to the bulk
motion of the dust grains (Auer & van Blerkom 1972). This velocity shift is estimated by
assuming that the dust is in pure circular rotation. Finally, in analogy with Kylafis & Bahcall
(1987), the total LOSVD f(v) =

∑∞
n=0 fn(v) is approximated as:

f(v) ≈ f0(v) + f1(v) + f0(v)
(I1/I0)

2

1 − I1/I0
(7B.2)

where I0 =
∫

dvf0(v) and I1 =
∫

dvf1(v) are the zeroth and first partial intensities.

7C Embedding a stellar disk in a dark halo
The model used (Sect. 7.3) strictly applies to a self-gravitating stellar disk. Here, the accuracy
of this assumption is investigated by comparing the stellar velocity dispersion in an isolated
stellar disk to that of the same disk in a dark halo. The treatment follows similar steps as
in B93, which was not entirely complete. The gas gravity is treated separately in App. 7D.
The complexity of the problem is much reduced by considering the vertical distribution and
kinematics of a single isothermal population of stars (Bahcall 1984a). For clarity a summary
of the relevant equations is given.

The vertical stellar mass distribution ρd is related to the gravitational potential Φ accord-
ing to Poisson’s equation. In cylindrical coordinates:

∂2Φ

∂z2
= 4πG(ρd + ρeff

h ), (7C.3)
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Figure 7C.2: Vertical density profiles of an isothermal disk embedded in a static halo (dimensionless
units). (a) – Density profiles for different central halo-to-disk density values ε0 = 0 (dashed line) to 1
in steps of 0.2 (the arrow points to increasing ε0). Solutions are for a constant disk central density and
scale parameter and hence do not conserve mass. (b) – Density profiles after scaling according to mass
and energy conservation. A larger halo contribution leads to a narrower stellar disk density profile with
a higher central density. (c) – The ratio of the actual velocity dispersion to the dispersion inferred from
the self-gravitating disk model as a function of ε′.

where ρeff
h is the so-called effective halo density (Bahcall 1984a):

ρeff
h = ρh − 1

4πGR

∂

∂R
v2
c , (7C.4)

with ρh the halo density and vc the circular speed curve. The stellar disk further obeys the
vertical Jeans equation. For an isothermal population in a plane parallel geometry:

σ2
z

∂ρd

∂z
= −∂Φ

∂z
ρd. (7C.5)

By eliminating Φ between Eqns. 7C.3 and 7C.5 a second order differential equation is ob-
tained for the density:

dy2

dx2
=

1

y

(

dy

dx

)2

− 2y2 − 2εy, y(0) = 1,
dy

dx

∣

∣

∣

∣

0

= 0, (7C.6)

where the following definitions were used: the disk scale parameter z0 = σz/
√

2πGρd(0),
x = z/z0, the normalized density y(x) = ρd(z)/ρd(0) and the ratio of the effective halo
density to the central disk density ε(x) = ρeff

h (z)/ρd(0). For an isolated disk, i.e. ε = 0
everywhere, the solution for the dimensionless disk density is yε=0(x) = sech2(x) (Spitzer
1942). For ε 6= 0, solutions can be found numerically by rewriting Eqn. 7C.6 as two first
order differential equations and using e.g. the Runge-Kutta method (Press et al. 1992). These
solutions are shown in Fig. 7C.2a for a range of halo densities. The halo densities were taken
to be constant with z, i.e. ε(x) = ε, which is a good approximation except in the very central
regions of a galaxy disk. If ρ0 and z0 are constant the vertical stellar density distribution
becomes narrower and the disk contains less matter with increasing ε.

To compare an isolated disk with the same disk within a dark halo, one needs to consider
the solutions with the same disk surface density and energy. In B93 the energy conservation
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was not included. Conservation of mass and energy together yield a scaling relation for the
solutions of Fig. 7C.2a as follows. Suppose an isolated disk is placed, by some divine act, in
a dark halo. Initially, the disk is out of equilibrium with parameters σz, ρd(0)(= ρ0), z0 and
ε0. Gradually, the disk settles to a new equilibrium with parameters σ′

z, ρ′d(0)(= ρ′0), z′0 and
ε′. Assuming that the halo is a static background potential, the halo drops out of the equations
of mass and energy conservation. Then for the disk surface density:

Σ0 =

∫ ∞

−∞
ρ0 yε=0(z/z0) dz = 2ρ0z0,

Σ′ =

∫ ∞

−∞
ρ′0 yε′(z/z′0) dz = 2ρ′0z

′
0Iε′ , Iε′ =

∫ ∞

0

yε′(x)dx, (7C.7)

such that mass conservation, Σ0 = Σ′, requires:

ρ0z0 = ρ′0z
′
0Iε′ . (7C.8)

The kinetic energy of the disk is simply Ekin = 1
2Σ0 σ2

z before settling and E′
kin = 1

2Σ′ σ′
z
2

after settling. The disk potential energy is given by (e.g. Binney & Tremaine 1987, p.34):

Epot =
1

2

∫ ∞

∞
ρ(z)Φ(z) dz. (7C.9)

The disk potential follows from Eqn. 7C.5:

Φ(z) = −σ2
z ln(ρd(z)/ρ0), (7C.10)

in which the integration constant was fixed by requiring Φ(0) = 0. Substituting Eqn. 7C.10
in Eqn. 7C.9 and integrating yields the potential energy of the unsettled disk:

Epot = (2 − ln 4) ρ0z0 σ2
z . (7C.11)

Similarly for the potential energy of the settled disk:

E′
pot = −Kε′ ρ′0z

′
0 σ′

z
2, Kε′ =

∫ ∞

0

yε′(x) ln yε′(x)dx. (7C.12)

Finally, the conservation of disk energy Ekin + Epot = E′
kin + E′

pot and mass (Eqn. 7C.8)
together yield the following condition:

ε′

ε0
= (3 − ln 4)

I3
ε′

Iε′ − Kε′

, (7C.13)

which can be solved to give ε′ and hence the settled disk parameters; ρ′/ρ0 = ε0/ε
′, z′/z0 =

I−1
ε′ ε′/ε0 and σ′

z/σz = I−1
ε′

√

ε′/ε0. The density distributions of the settled disk are com-
pared to those of the unsettled disk in Figure 7C.2b. While the velocity dispersion of an
embedded disk is only slightly larger, the presence of the halo causes the disk to have a
higher central density and to be significantly thinner.

Now consider an observer’s strategy, who, magically, knows the disk surface density.
The disk thickness is obtained from a fit of a sech2(z) function to the vertical density profile,
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Figure 7C.3: The stellar surface density correction for the presence of a halo, according to mass
modeling of the Ursa Major cluster spirals (Verheijen 1997). (a) – ε at two disk scalelengths versus
disk central surface brightness for a constant disk flattening (circles) and a flattening increasing with
decreasing surface brightness (dots). (b) – The corresponding surface density correction versus disk
central surface brightness. Symbols are as in (a).

yielding an observed scale parameter zobs
0 . If the disk were isolated this parameter would

equal the true value, zobs
0 = z0. The velocity dispersion obtained from modeling the galaxy

as a self-gravitating disk is then σ2
z = πGΣzobs

0 . For a disk which is embedded in a dark
halo, the observed scale parameter does not equal the true parameter. To relate the observed
scale parameter to the physical parameter z0 in this case, a least-squares fit was made of a
sech2(z/zobs

0 ) to the curves in Figure 7C.2b yielding the ratio h(ε′) = z0/z
obs
0 . Thus, armed

with the above theory an observer determines the scale parameter to be z0 = zobs
0 h(ε′). The

velocity dispersion of an embedded disk is finally σ′
z
2 = σ2

zI
−2
ε′ ε′/ε0 = πGΣz0I

−2
ε′ ε′/ε0.

Hence, the stellar disk velocity dispersion in a disk plus halo system can be obtained by
multiplying the velocity dispersion of the best-fitting self-gravitating model by:

σz

σno halo
z

=

√

ε′ h(ε′)

ε0 I2
ε′

. (7C.14)

This relation in shown in Fig. 7C.2c; for a constant disk surface density the velocity dispersion
of a stellar disk embedded in a halo is larger.

Now consider the reverse situation where Σ is unknown. If a halo is present a lower disk
surface density is needed to produce the same σz as in the isolated disk case. For a given
σz, the ratio of the actual disk surface density in the presence of a halo to the surface density
inferred using a self-gravitating disk model is:

Σ

Σno halo
=

(

σz

σno halo
z

)−2

=
ε0 I2

ε′

ε′ h(ε′)
. (7C.15)

To estimate these correction factors, the theory was applied to the Ursa Major cluster
sample of Verheijen (1997) for which halo and disk density estimates are available from
mass modeling. The ε and correction factors (Eqn. 7C.15) are shown in Fig. 7C.3, adopting



186 CHAPTER 7: STELLAR DYNAMICS OF EDGE-ON GALAXY DISKS

his ‘Bottema disk’ decompositions. The correction factors refer to a radius of two disk scale-
lengths. At this radius rotation curves are roughly flat and the second term in Eqn. 7C.4 can be
safely ignored. The factors were calculated both for a constant disk flattening hR/hz = 8 (cir-
cles) and an observationally motivated flattening increasing with decreasing surface bright-
ness (Eqn. 2.13), fixing the relation by assuming hR/hz = 8 at µ0,K = 17 mag arcsec−2.
This suggests that the self-gravitating disk model overestimates the disk surface density, by
∼ 5% for high surface brightness disks up to ∼ 20% at µ0,K & 19 mag arcsec−2.

7D The effect of the gas layer

Galaxy disks are multi-component systems for which the stellar disk density distribution is
influenced by the gas layer through the combined potential and vice versa. Adding an amount
of gas to a pure stellar disk acts to reduce the stellar scaleheight. Hence, when the observed
stellar kinematics of a galaxy disk are modeled using a single stellar component (Sect. 7.3),
the reduced stellar scaleheight will be attributed entirely to the stellar disk. This leads to an
overestimate of the stellar surface density. In the following the importance of this effect is
quantified.

Multiple-component disks that are in steady state are governed by the combined Pois-
son equation and the equations of vertical hydrostatic equilibrium, one for each component.
Narayan & Jog (2002) use an iterative scheme to simultaneously solve these equations for a
plane-parallel disk consisting of isothermal components. Their scheme was adopted to calcu-
late the vertical stellar density distribution in a two component system consisting of stars and
H I gas. Stellar density distributions were calculated as a function of the H I mass fraction

Table 7D.1: The stellar surface density correction for the presence of gas
σz = 10 km s−1 σz = 20 km s−1 σz = 30 km s−1 σz = 50 km s−1

ΣH I/Σ∗ Σ∗/Σno gas
∗ ΣH I/Σ∗ Σ∗/Σno gas

∗ ΣH I/Σ∗ Σ∗/Σno gas
∗ ΣH I/Σ∗ Σ∗/Σno gas

∗

0.050 0.98 0.010 1.00 0.005 1.00 0.002 1.00
0.100 0.92 0.020 0.99 0.010 1.00 0.004 1.00
0.150 0.88 0.030 0.97 0.015 0.99 0.006 1.00
0.200 0.84 0.040 0.95 0.020 0.98 0.008 0.99
0.250 0.81 0.050 0.94 0.025 0.97 0.010 0.99
0.300 0.77 0.060 0.93 0.030 0.96 0.012 0.99
0.350 0.74 0.070 0.91 0.035 0.95 0.014 0.98
0.400 0.72 0.080 0.90 0.040 0.95 0.016 0.98
0.450 0.69 0.090 0.89 0.045 0.94 0.018 0.97
0.500 0.67 0.100 0.88 0.050 0.93 0.020 0.97
0.550 0.65 0.110 0.87 0.055 0.92 0.022 0.97
0.600 0.63 0.120 0.86 0.060 0.92 0.024 0.96
0.650 0.61 0.130 0.85 0.065 0.91 0.026 0.96
0.700 0.59 0.140 0.84 0.070 0.90 0.028 0.96
0.750 0.57 0.150 0.83 0.075 0.90 0.030 0.96
0.800 0.56 0.160 0.82 0.080 0.89 0.032 0.95
0.850 0.54 0.170 0.81 0.085 0.88 0.034 0.95
0.900 0.53 0.180 0.80 0.090 0.88 0.036 0.95
0.950 0.51 0.190 0.79 0.095 0.87 0.038 0.94
1.000 0.51 0.200 0.78 0.100 0.87 0.040 0.94
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Table 7D.2: The adopted correction factors

Galaxy Σ∗/Σno gas
∗ Galaxy Σ∗/Σno gas

∗

ESO 142-G24 0.84 ESO 437-G62 1.00
ESO 157-G18 0.63 ESO 446-G18 0.93
ESO 201-G22 0.84 ESO 487-G02 1.00
ESO 240-G11 0.90 ESO 564-G27 0.93
ESO 269-G15 0.91 NGC 891 0.98
ESO 288-G25 0.95 NGC 5170 0.97
ESO 435-G14 0.87 NGC 5529 1.00
ESO 435-G25 0.92

(ΣH I/Σ∗) and the stellar velocity dispersion (σz). For the H I a velocity dispersion σH I = 10
km s−1 and a surface density ΣH I = 4 M� pc−2 was used. A sech2(z) function was fitted to
these density distributions, yielding the ‘observed’ scaleheight, hz. This observed scaleheight
was used to calculate the surface density which would be inferred using a single component
stellar disk model, i.e. Σno gas

∗ = σ2
z/(2πGhz). The ratio of the true stellar surface density

to the stellar surface density inferred using a single component (Σ∗/Σ
no gas
∗ ) is listed in Ta-

ble 7D.1 for a range of stellar velocity dispersions. The ratios are rather insensitive to the
adopted values of σH I and ΣH I: similar calculations for σH I = 6–14 km s−1 and ΣH I = 1–10
M� pc−2 give ratios within a few percent of these reference values.

When the H I mass fraction ΣH I/Σ∗ and the vertical stellar dispersion are known, the cor-
responding ratio Σ∗/Σ

no gas
∗ in Table 7D.1 can be used to correct the stellar surface density.

Of course ΣH I/Σ∗, like Σ∗, is not known in the first place, but in practice one can use the
uncorrected disk surface density Σno gas

∗ to estimate this ratio. In this way correction fac-
tors were determined for each galaxy studied, at a radius of one disk scalelength. For this
the observed H I surface densities (Ch. 5), stellar velocity dispersions and the uncorrected
disk surface densities were used, assuming σz/σR = 0.6. The correction factors are listed in
Table 7D.2.
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8
Summary and Outlook

THESIS ABSTRACT — The structure and kinematics of spiral galaxy disks are
addressed from the edge-on perspective. An I-band analysis of the thin disk structure of
34 edge-on spirals confirms that the disks of spirals with a larger maximum rotational
velocity are generally thicker. The data reveal a remarkable relation between the disk flat-
tening, its face-on central surface brightness and the galaxy dynamical mass-to-light ratio.
Apparently, the three dimensional disk shape is intimately tied to the prominence of the
dark matter halo. Many stellar disks are radially truncated, with the disk edge occurring
at a shorter number of scalelengths in disks with a lower face-on central surface bright-
ness. This observation suggests that the truncation is caused by a star formation threshold.
New optical spectra and H I synthesis observations are used to determine the line-of-sight
stellar kinematics and the gaseous rotation curves for half of the spirals in the sample. A
detailed comparison of the H I and H II kinematics shows that dust extinction does not
affect the optical kinematics at galactocentric radii beyond about one disk scalelength.
Dynamical modeling of the combined data is used to determine the intrinsic stellar disk
kinematics and estimate the disk masses. At least twelve out of thirteen disks are sub-
maximal, with an average disk contribution to the galaxy rotation curve of 53±4 percent.
Seven of these spirals have either a boxy- or peanut-shaped bulge, strongly suggesting
that the submaximal nature of disks is independent of barredness. It is confirmed that the
stellar disk velocity dispersion tends to increase with the galaxy maximum rotational ve-
locity. Moreover, the scatter in this relation correlates with disk flattening, central surface
brightness and the dynamical mass-to-light ratio. The findings are in general accordance
with the collapse theory of disk galaxy formation. Future research should target the link
between disk flattening, surface brightness and dynamical mass-to-light ratio and strive
to make stellar kinematical observations and modeling a routine.

8.1 Inventory

The main goal of this thesis was to provide new observational constraints on the dynamics and
masses of galaxy disks. To this end edge-on galaxy disks were targeted, providing the unique
opportunity to take into account the three-dimensional disk shapes. The existing photometry
of the edge-on galaxy sample of de Grijs (1998) served as a starting point.
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8.1.1 Disk structure

Lenticulars and spirals with clearly warped or lopsided stellar disks were excluded from the
de Grijs (1998) sample, yielding a sample of 34 regular edge-on spiral galaxies. This sample
is dominated by intermediate- to late-type spirals and covers a large range in maximum rota-
tional velocity. The global structure of the old thin disks of these spirals was analyzed in the
I-band using a two-dimensional decomposition technique (Chapter 2).

The average volume-corrected flattening of the disk light is 〈hR/hz〉 = 7.3±2.2 (1σ).
This result was used to re-estimate the disk contribution to the rotation curve implied by
the stellar kinematics of 12 high surface brightness (HSB) disks (Bottema 1993). If the old
disk light is as flattened as the disk mass then the disk contribution is only 57±22 percent,
confirming Bottema’s (1993) conclusion.

The scaleheight of a stellar disk is found to increase as a function of maximum rotational
velocity and total dynamical mass. This is in qualitative agreement with the correlation be-
tween the stellar disk velocity dispersion and galaxy maximum rotational velocity reported
by Bottema (1993). To first order, spirals with a larger rotational velocity harbor disks that
are more dynamically evolved and thicker.

The deprojected face-on central surface brightnesses of the disks cover a range of three
magnitudes, well into the low surface brightness (LSB) regime. Lower surface brightness
disks have a progressively larger dynamical mass-to-light ratio, as in face-on spirals (de Blok,
McGaugh, & van der Hulst 1996). This is in accordance with the observation that the Tully-
Fisher relation is independent of disk surface brightness (Zwaan et al. 1995; Verheijen 2001).
Remarkably, disks with a lower surface brightness and a larger dynamical mass-to-light ratio
are also more flattened. This observation presents a new link between the three-dimensional
shape of the disk and the prominence of the dark halo: flatter disks appear to be embed-
ded within more massive dark halos. These results predict that the vertical stellar velocity
dispersions of lower surface brightness disks are smaller.

The I-band photometry was investigated for the presence of radial stellar disk truncations
(Chapter 3). In most spiral disks a radial truncation is detected. The ratio of truncation radius
to disk scalelength is on average Rmax/hR = 3.6 with a scatter of 0.6 (1σ). Smaller spirals
appear to truncate at relatively large radii (in terms of scalelengths), which may partly explain
why radial truncations are not easily observed in face-on spirals. In addition, lower surface
brightness disks tend to truncate at a smaller number of disk scalelengths. These observations
are best reproduced by a gas density threshold on star formation (Schaye 2002).

8.1.2 Disk kinematics

For half of the galaxies in the sample deep optical spectra were gathered with the SSO 2.3m,
the WHT and the VLT (Chapter 4). The line-of-sight stellar kinematics were extracted from
the stellar absorption lines using the cross-correlation technique. In general, the stellar kine-
matics are regular and can be traced well into the disk-dominated region. In four spirals, with
a peanut- or boxy-shaped bulge, asymmetric velocity distributions are detected. In two cases,
ESO 240-G11 and NGC 5529, these asymmetries probably represent the ‘figure-of-eight’
pattern synonymous of a barred potential (Kuijken & Merrifield 1995; Bureau & Athanas-
soula 1999). In general, however, the asymmetries may also be due to the projected disk.

For the same spirals, radio synthesis observations were performed with the ATCA and
the WSRT to study the H I distribution and kinematics (Chapter 5). The H I is distributed
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regularly, showing no strong warping or massive companions. The exception is the barred
spiral NGC 5529, which is perturbed in both the optical and the H I and has two companions
connected to the main galaxy via H I bridges.

A new technique is introduced for extracting the rotation curves from the entire major
axis position-velocity diagram (Chapter 6). The technique was successfully applied to the
H I observations of eight spirals with sufficient signal-to-noise ratio, and revealed the rising
part of the rotation curve for two spirals. The H I rotation curves for the full sample were
augmented with the optical emission line (H II) kinematics in order to arrive at the full rotation
curves. A detailed comparison of the H I and H II kinematics confirms that intermediate to
late-type edge-on spirals are transparent in the outer parts (Bosma et al. 1992). The H II is
often mainly confined to spiral arms and does not extend out to the edge of the H I layer,
causing the H II velocity profiles to be significantly narrower than those of the H I.

8.1.3 Disk dynamics

The stellar kinematics, the three-dimensional stellar disk structure, and the gaseous rotation
curves of fifteen edge-on spiral galaxies were modeled to study the dynamical properties
of their stellar disks (Chapter 7). Simulated disks that include a realistic radiative transfer
prescription were first investigated. This confirmed that for face-on optical depths around
unity (Xilouris et al. 1999) the projected kinematics are practically dust free at the studied
slit positions.

In thirteen cases the dynamical model provides a good match to the observed stellar disk
kinematics. Nearly all of these spirals have submaximal disks: maximum disks would re-
quire σz/σR ' 1 and imply Q values below unity, which is unphysical (Toomre 1964). For
σz/σR = 0.6 the average disk contribution at 2.2 disk scalelengths is 53±4 percent with a 1σ
scatter of 15 percent, confirming the work of Bottema (1993). Hence, only about forty percent
of the total mass within 2.2 disk scalelengths resides in the disk. The average contribution
for the six spirals with a boxy- or peanut-shaped bulge is 56±9 percent, indistinguishable
from the normal spirals. Since boxy- and peanut-shaped bulges are probably associated with
bars (Kuijken & Merrifield 1995; Bureau & Freeman 1999), this strongly suggests that the
contribution of the disk to the rotation curve is independent of barredness.

A reference value for the stellar disk velocity dispersion tends to be larger in spirals with a
higher maximum rotational velocity, as in the sample of Bottema (1993). This is probably the
result of local dynamical stability: more massive spirals harbor more massive disks, which
in order to remain stable have developed higher stellar disk velocity dispersions. The scatter
in this σ − vmax relation is found to correlate with disk flattening, face-on central surface
brightness and total dynamical mass-to-light ratio. Disks with a smaller radial stellar velocity
dispersion tend to be more flattened, have a lower surface brightness and a higher dynamical
mass-to-light ratio. This is in good agreement with the relation between disk flattening and
dynamical mass-to-light ratio (Chapter 2).

Finally, the disk mass Tully-Fisher (TF) relation is compared to the maximum-disk scaled
stellar mass TF relation of the Ursa Major cluster (Bell & de Jong 2001). The dynamical disk
mass TF is offset from the maximum-disk scaled stellar mass TF relation by −0.3 dex in
mass. The offset is mirrored in the baryonic TF relations and is naturally explained when the
disks of the Ursa Major cluster spirals are submaximal.

The submaximal nature of galaxy disks, the σ − vmax relation and the three-parameter
relation between central surface brightness, dynamical mass-to-light ratio and disk flattening
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are in good agreement with the theory of the formation of disk galaxies in virialized dark mat-
ter halos (Dalcanton, Spergel, & Summers 1997; Mo, Mao, & White 1998). In this picture,
disks make a range of contributions to the maximum rotation, from strongly submaximal in
halos of higher than average spin angular momentum toward less submaximal in halos of
low spin angular momentum. The scatter in the σ − vmax relation results from the spread
in halo spin parameters and the stability parameter Q . According to the collapse model the
observed trend that disks with a lower stellar velocity dispersion disks tend to be flatter, of
lower central surface brightness and of higher dynamical mass-to-light ratio represents the
increasingly extended disks that arise from higher spin angular momentum dark halos.

8.2 Questions and suggestions

A scientific inquiry raises more questions than it answers. These questions are one of the most
exciting facets of doing science, and inspire new paths of research, which in turn are bound
to raise more questions and sometimes even yield a breakthrough or discovery. This section
summarizes the important questions which arose during this research and offers suggestions
for obtaining answers.

The remarkable correlation found between disk flattening and dynamical mass-to-light
ratio carries potential for estimating the disk flattening in face-on spirals, which is needed
to obtain accurate dynamical estimates of their disk surface densities. It also constitutes a
new constraint for theoretical models of disk galaxy formation and numerical simulations of
isolated spirals. Therefore, the zero point, slope and intrinsic scatter of the relation between
flattening and dynamical mass-to-light ratio need to be firmly established. This calls for high
resolution near-infrared photometry of almost exactly edge-on disks (with inclinations higher
than 88 degrees) with accurate distances and rotation curves. Note that the inclination will be
difficult to determine for small and low surface brightness spirals because they often do not
show an optical dust lane. Perhaps ultraviolet imaging or high resolution velocity fields of
the gas can be used to reliably determine their inclination.

By constraining the contribution and vertical distribution of young red supergiants in
the near-infrared, using e.g. the 2.3 µm CO index (Rhoads 1998), one can also use the near-
infrared photometry to study the exact shape of the vertical density distribution of the old disk
close to the plane. When extended to the optical it becomes possible to constrain the detailed
shape of the vertical disk light, dust and disk mass profiles. This will also further elucidate the
offset between the classic luminosity Tully-Fisher relations of edge-on and face-on spirals.

The existence of radial disk truncations is now well established. The most likely physical
origin is a star formation threshold (Schaye 2002). Future work should therefore focus on the
relation between disk surface brightness and truncation radius in less-inclined spirals, and
on a more local scale. Very deep imaging, both broadband and Hα, for a small dedicated
nearby sample of regular field spirals covering a wide range in disk central surface bright-
ness is needed. These spirals can be selected based on existing high resolution H I synthesis
observations.

A Hubble tuning fork for edge-on spirals is largely missing. Currently, morphological
classification of edge-on spirals is solely based on visual bulge-to-disk ratios. The bulge to
disk ratios should be quantified in the near-infrared and then compared to those of face-ons.
The signatures of bars in the major axis position-velocity diagrams will probably improve the
classification of bars in edge-on spirals in the near future. A similar approach can perhaps also
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constrain the prominence and shapes of spiral structure. The non-axisymmetric structures in
the position-velocity diagrams of edge-on spirals can be classified empirically by integrating
existing Hα and/or H I data cubes of intermediately inclined galaxies perpendicular to the
major axis and comparing the resulting position-velocity diagrams.

An obvious subject of future study is the extension of the σ − vmax relation to a larger
range in surface brightness, maximum rotational velocity and morphological type. For HSB
disks and edge-on LSB disks the required observations can now be routinely obtained using
10 meter class telescopes, taking typically only one hour of observations per galaxy. Deter-
mining the stellar disk kinematics of face-on LSB systems is more demanding. It will require
deeper observations at higher spectral resolution as well as a more sophisticated dynamical
model that includes (self-consistently) the gas layer and the dark halo. Similar challenges
await the study of the stellar dynamics in the outer parts of HSB spirals.

Measurements of the stellar kinematics can be further combined with an estimate of the
disk flattening from edge-on spirals to pin down the disk mass distribution. By studying
galaxies with accurate distances and excellent rotation curves, such a study will significantly
improve our knowledge of the stellar disk mass and baryonic mass Tully-Fisher relations,
and finally allow a confident investigation of the radial distribution of the dark matter. It will
also yield estimates of the stellar velocity anisotropy (σz/σR), which can be used to further
address disk heating as well as the disk masses of edge-on spirals.

Five years ago, edge-on spiral galaxies were being widely dismissed as merely obscured
and complicated. Steadily though, the edge-on view is filling up a large gap in our un-
derstanding of spiral galaxies: the vertical dimension. Most importantly, it is revealing the
three-dimensional shapes of the dust and gas layers, disks, bulges, bars and dark matter halos.
These shapes are becoming increasingly important for a better understanding of the dynamics
of, and the interplay between, these components, and ultimately the origin and future of the
spiral galaxies.



194



Nederlandse Samenvatting

TIJDENS het aanschouwen van de pracht van de sterrenhemel bekruipt menigeen een ge-
voel van verwondering en nietigheid, waarna al gauw vragen rijzen omtrent haar oor-

sprong, samenstelling en toekomst. In de voorgaande eeuw zijn, dankzij de versnelde samen-
loop van wetenschappelijke ontdekkingen en technologische ontwikkelingen, veel van deze
vragen beantwoord. Zo is een enorme vooruitgang geboekt naar een alomvattend beeld van
ons universum. De talloze sterren die ’s nachts met het blote oog zichtbaar zijn blijken slechts
tot de meest nabije omgeving van onze zon te horen. Met haar omringende planeten en haar
leeftijd van vier en een half miljard jaar is onze zon een gemiddelde ster, één van de ruwweg
100 miljard sterren die onze Melkweg rijk is.

De Melkweg zelf is zo’n tien miljard jaar oud en is een enorm uitgestrekte verzameling
van sterren, waarvan het gros een afgeplatte schijf vormt. Afgezien van sterren bevat de
Melkweg nog drie hoofd-ingrediënten. Tussen de sterren huizen namelijk vele duizenden
wolken van gas en stof die als kraamkamers van sterren fungeren. Het gas bestaat voorna-
melijk uit waterstof en bevat verder een dosis helium en sporen van de zwaardere chemische
elementen zoals ijzer. Het stof bestaat uit silicaten (‘zand’) en koolstof (‘roet’) en fungeert
als een katalysator om vanuit de gaswolken sterren te vormen. Daarnaast bevindt er zich rond
de Melkweg mysterieuze ’donkere materie’, waarvan op dit moment niet veel meer bekend
is dan dat het qua hoeveelheid de zichtbare materie vele malen overschrijdt. De afstanden
binnen de Melkweg zijn gigantisch. Zelfs met de snelheid van het licht zijn er vijftigdui-
zend jaren nodig om de gehele Melkweg te doorkruizen. We zeggen dan dat de Melkweg
een omvang heeft van 80.000 lichtjaren – ter vergelijking: de afstand aarde-zon, 150 miljoen
kilometer, komt overeen met slechts 8 lichtminuten.

Op zijn beurt staat de Melkweg niet op zichzelf. Stelsels zoals de Melkweg vormen de
bouwstenen van het universum. Al met een kleine telescoop zijn er honderden van deze
‘melkwegstelsels’ aan de hemel te ontdekken. Het meest nabije grote melkwegstelsel is An-
dromeda. Dit stelsel bevindt zich op een afstand van zo’n 2000 miljoen lichtjaar en is zelfs
met het blote oog te zien. Melkwegstelsels zijn gegroepeerd, van kleine groepen van enkele
stelsels tot reusachtige clusters van duizenden stelsels en zelfs grotere structuren die samen
een kosmisch web vormen. Melkwegstelsels hebben diverse vormen en maten. De categorie
waarop dit proefschrift zich richt, en waar ook onze Melkweg en Andromeda toe behoren,
is die van de spiraal stelsels (Figuur 1). Deze stelsels danken hun naam aan een afgeplatte
schijf van sterren, gas en stof die uitblinkt in voortdurende stervorming en daarbij vaak een
spiraal (draaikolk) structuur vertoont.
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Figuur 1: Spiraal stelsels. (a) – Een Hubble Space Telescope opname van NGC 4414, een stelsel
waar we vanuit onze Melkweg schuin op kijken. De spiraalvormige (draaikolk) structuur in de schijf
wordt vorm gegeven door stof en jonge sterren (bron: W. Freedman, L. Frattare & the Hubble Heritage
Team, AURA/STScI/NASA). (b) – Een digitale foto van NGC 891, een spiraal stelsel waarvan we de
schijf precies of zijn kant (‘edge-on’) zien. De donkere band wordt veroorzaakt door stof dat het licht
van achterliggende sterren absorbeert. Dit spiraal stelsel wordt ook in dit proefschrift onderzocht (bron:
J.-C. Cuillandre, CFHT).

Astronomie draait om energie

Astronomen gebruiken telescopen om de energie die ons vanuit de ruimte bereikt op te van-
gen en met behulp van camera’s vast te leggen. Des te groter de telescoop des te meer energie
opgevangen kan worden en des te duidelijker de foto’s van een bepaald object zijn. De toe-
nemende omvang en efficiëntie van deze energie collectoren betekent dat astronomen steeds
dieper in het universum kunnen kijken.

Traditioneel werken telescopen met zichtbaar licht omdat onze ogen juist daar gevoelig
voor zijn. Zichtbaar licht is echter slechts één van de vele vormen van elektro-magnetische
straling. Elektro-magnetische straling is niets meer dan het transport van energie via golf-
bewegingen. Dit begrip is vrij ontastbaar, maar door deze golven schijnen je autolampen,
verwarmt je magnetron en ontvangt je radio. De energie die in een golf is opgeslagen varieert
met de afstand tussen de toppen van twee opeenvolgende golven. Straling met een lange golf-
lengte zoals radio-straling bevat minder energie dan straling met een korte golflengte zoals
röntgen-straling (Figuur 2, links). Elke bron van straling produceert een unieke combinatie
van golven, een elektro-magnetisch spectrum. Het spectrum is een soort vingerafdruk van de
bron die de hoeveelheid straling op iedere golflengte weergeeft.

Een ster zendt straling uit op golflengten van het ultraviolet naar het infrarood. Een
spectrum kan worden verkregen door het licht te ‘ontleden’ met een prisma alvorens het te
fotograferen (Figuur 3). Als straling namelijk van de ene naar de andere substantie beweegt,
zoals van lucht naar water of van lucht naar glas (in het geval van een prisma), dan buigt het
af. Straling met een kortere golflengte (‘blauw’) wordt meer afgebogen dan straling met een
langere golflengte (‘rood’). De straling van een bron, zoals een ster, wordt zo uitgesmeerd in
zijn spectrum; van korte naar lange golflengten, van violet, blauw, groen, geel, oranje naar
rood.

Door de spectra van astronomische objecten te bestuderen is veel meer over de objecten
te achterhalen dan van foto’s. Als we een ster spectrum in detail bekijken dan zien we dat
het een verscheidenheid aan scherpe dalen bevat, op bepaalde golflengten ontbreekt er licht.
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Figuur 2: Links – Het elektro-magnetische spectrum, van straling met lange golflengten en lage ener-
gie (beneden) naar straling met korte golflengten en hoge energie (boven). Rechtsboven – Eén van de
vier optische telescopen die samen de Very Large Telescope (VLT) vormen (bron: ESO). Rechtsonder
– De ATCA radio telescoop in Narrabri, Australië.

Elk van deze lijnen ontstaat wanneer tussenliggende materie de straling op die golflengte
tegenhoudt ofwel absorbeert (Figuur 3, rechtsboven). Dit kunnen elementen zijn in de ster, in
een gas wolk tussen de ster en de aarde, of stoffen in de aardse dampkring. Aan de golflengte
van een lijn kan exact worden bepaald welk chemische element verantwoordelijk is voor de
absorptie. Door de diepte en de golflengten van alle ‘absorptie lijnen’ te meten is dus de
samenstelling van de ster of gaswolk te achterhalen.

Soms bevat een spectrum ook scherpe pieken. Deze ontstaan wanneer een bron een grote
hoeveelheid energie uitzendt door middel van straling van slechts enkele golflengten (Fi-
guur 3, rechtsonder). Alledaagse voorbeelden zijn straatlantaarns, neon lampen en laserguns.
De gaswolken tussen de sterren tonen ook van deze ‘emissie lijnen’. Door de golflengte en
de hoogte van deze lijnen te meten is te achterhalen uit welke stoffen deze wolken zijn opge-
bouwd en hoeveel ze van elk van deze stoffen ze bevatten. Voorbeelden van emissie lijnen in
het visuele gedeelte van het spectrum zijn die van de zogenaamde gassen zoals waterstof en
zuurstof. Een ander voorbeeld is de emissie lijn van waterstofgas op een golflengte van 21
centimeter. Deze emissielijn bevindt zich in het radio gedeelte van het spectrum. Door radio
telescopen zoals de ATCA (Figuur 2, rechtsonder) op deze golflengte af te stemmen kunnen
de gaswolken in melkwegstelsels worden bestudeerd.

De absorptie en emissie lijnen in een spectrum kunnen ook gebruikt worden om de snel-
heid van het object te meten. Hierbij wordt gebruik gemaakt van het zogenaamde Doppler
effect, dat ook wordt toegepast in de radar apparatuur bij snelheidscontroles (Figuur 4, links).
Wanneer een lichtbron van een waarnemer af beweegt dan schuift het licht en dus ook de
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Figuur 3: Optische spectra. Een lichtbron heeft een continu spectrum (linksonder). Wanneer een
spectrum wordt genomen nadat het licht een gaswolk is gepasseerd (rechtsboven), dan blijkt er op ver-
schillende golflengten licht geabsorbeerd te zijn. Het gas zelf zendt alleen licht uit op deze golflengten,
het heeft een emissie lijn spectrum (rechtsonder).

lijnen naar langere golflengtes (= roodverschuiving). Wanneer een object naar de waarnemer
toe beweegt dan verschuift de straling naar kortere golflentes. Door de verschuiving van de
lijnen in een spectrum van een ster of melkwegstelsel te meten is nauwkeurig hun snelheid te
bepalen (Figuur 4, rechts).

Pure dynamiek

Melkwegstelsels zijn ontzettend dynamisch. Sterren en gaswolken cirkelen rond het gemeen-
schappelijk centrum met een snelheden van rond de 200 kilometer per seconde. Al deze
bewegingen zijn het gevolg van de zwaartekracht.

De gaswolken volgen veelal perfecte cirkelbanen. Een meting van de rotatie snelheden
van de gaswolken op verschillende afstanden van het centrum komt volgens de wet van de
zwaartekracht overeen met een meting van de verdeling van de massa (het gewicht). In de
buitengebieden van spiraal stelsels zijn de waargenomen rotatie snelheden veel hoger dan
mogelijk is op grond van de aanwezige sterren en gaswolken (Figuur 5). De vergelijking van
de waargenomen rotatie snelheden (= waargenomen massa) met de verwachte rotatie aan de
hand van de sterren en het gas heeft geleid tot de ontdekking van de donkere (onzichtbare)
materie in spiraal stelsels. Er bevindt zich dus een grote hoeveelheid onzichtbare materie die
er voor zorgt dat de gaswolken sneller bewegen. De totale hoeveelheid donkere materie in
een spiraal stelsel wordt geschat op tenminste tien maal de zichtbare materie (sterren en gas).
De donkere materie bevindt zich waarschijnlijk in een bolvormige configuratie in en rond de
schijf, een zogenaamde donkere halo.
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Figuur 4: Het Doppler effect. Links – Een lichtbron beweegt van 1 naar 4. De bron beweegt van
persoon A af, en naar persoon B toe. Persoon A ziet licht op langere, en persoon B op kortere golflengte.
Rechts – Een deel van het spectrum van de lichtbron met een aantal absorptie lijnen (boven). Daaronder
de spectra gemeten door persoon A en B. Persoon A ziet de lijnen op langere golflengten, en B op
kortere golflengten. Door de verschuiving te meten is de snelheid van de bron te achterhalen.

Er is nog weinig bekend van donkere halo’s. Astronomen worstelen met voor de hand
liggende vragen als ‘Wat is het?’, ‘Hoeveel is er?’ en ‘Waar is het?’. De beantwoording van
de laatste twee vragen wordt belemmerd doordat de massa van de zichtbare materie in de
schijf nog niet goed bekend is. Is de schijf voldoende zwaar, dan zijn de snelheden in het
binnengebied verwacht op basis van de massa in sterren en gas (gestreepte lijn in Figuur 5)
bijna gelijk aan de gemeten rotatie snelheid (doorgetrokken lijn). In dat geval is er weinig
ruimte voor donkere materie in het binnengebied. Een dergelijke schijf wordt maximaal ge-
noemd; de massa van de schijf wordt de hoogst mogelijke waarde gegeven zonder dat de
verwachte rotatie snelheid de waargenomen snelheid overschrijdt. Maar is de massa van de
sterren beduidend lager (gestippelde lijn), dan moet er zelfs in het binnengebied van melk-
wegstelsels donkere materie zijn om de waargenomen snelheden te verklaren. Zo’n schijf
wordt submaximaal genoemd. Kennis van de schijf massa zal uiteindelijk de locatie en de
hoeveelheid van de donkere materie blootleggen. Op zijn beurt de donkere halo belangrijk
om het vormingsproces van spiraal stelsels te begrijpen.

De bewegingen van de sterren bieden een oplossing. Sterren volgen namelijk geen per-
fecte cirkelbanen, maar meer elliptische (eivormige) banen. Ook maken de sterren periodieke
op en neer bewegingen in de richting loodrecht op het vlak van de schijf. Door deze afwij-
kingen van perfecte cirkelbanen bewegen de sterren niet alleen rond het centrum van een
spiraal stelsel maar ook kriskras door elkaar heen. De mate van willekeurige bewegingen
hangt nauw samen met de massa van de schijf (Figuur 6). Voor een gegeven dikte van de
schijf is de zwaartekracht in een massievere schijf sterker. Om de schijf in evenwicht te hou-
den zijn de willekeurige bewegingen groot. Voor een minder zware schijf daarentegen is de
zwaartekracht zwakker, en zijn de willekeurige bewegingen klein. Dit dynamische principe
biedt de mogelijkheid om de massa van de schijf te bepalen als de bewegingen van de sterren
en de dikte van de schijf bekend zijn.

Voor spiraal stelsels in zijaanzicht kan de dikte van de schijf worden bepaald aan de hand
van een digitale foto. Een veelbelovende manier om de ster bewegingen te bepalen is door
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Figuur 5: Spiraal stelsels roteren. De gemeten rotatie snelheden van spiraal stelsels blijven constant
in het buitengebied (rechts, ononderbroken lijn). De verwachte snelheid aan de hand van de materie in
de schijf neemt af in het buitengebied: er bevindt zich onzichtbare materie rondom de schijf (links). De
massa van de schijf is echter niet goed bekend.

de snelheden van veel sterren tegelijkertijd te meten. De verdeling van ster snelheden in een
bepaald deel van een melkwegstelsel kan gemeten worden door de straling te ontleden in een
spectrum. Dit spectrum is in feite een optelsom van de spectra van de individuele sterren
in dat gebied. Doordat geen van de sterren dezelfde snelheid en bewegingsrichting bewegen
sommige sterren naar ons toe, zodat hun spectrum verschuift naar het blauw, en anderen
van ons af, waardoor hun spectrum verschuift naar het rood. Als gevolg van het Doppler
effect worden de absorptie lijnen in het spectrum van het melkwegstelsel breder dan die in
het spectrum van een enkele ster. De verdeling van ster snelheden kan bepaald worden door
de absorptie lijnen nauwkeurig te meten.

Figuur 6: Schets van twee ster schijven van de zijkant gezien (zoals NGC 891 in Figuur 1b): een
maximale schijf heeft veel sterren (links) en een submaximale schijf heeft weinig sterren (rechts). Alle
sterren bewegen ruwweg in de zelfde richting (= rotatie), maar de willekeurige bewegingen in de maxi-
male schijf zijn veel groter.
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Dit Proefschrift

Dit onderzoek is erop gericht om de ster schijven van spiraal stelsels beter te begrijpen. Het
hoofddoel is een bepaling hun massa, om zo een tipje van de sluier van de donkere materie op
te lichten. Hiervoor is de dikte van de schijf van belang. Er is daarom nadrukkelijk gekozen
om spiraal stelsels van de zijkant te bestuderen. Tijdens een eerder onderzoek zijn er van
dertig van zulke ‘edge-on’ spiraal stelsels met optische telescopen digitale foto’s gemaakt.
Voor vijftien van deze stelsels zijn nu waarnemingen verricht van de spectra in het optische
en het radio gebied. Optische spectra van de ster schijven zijn vastgelegd met onder andere
de VLT. Radio spectra van het waterstofgas zijn geregistreerd met ATCA en de Westerbork
radio telescoop. Deze gegevens zijn op de volgende drie punten onderzocht.

Ten eerste de driedimensionale structuur en vooral de dikte van de ster schijven in ver-
schillende spiraal stelsels. De foto’s werden daarom bestudeerd om de vorm van de ster
schijven te bepalen. Ten tweede zijn de radio spectra van de waterstof wolken onder de loep
genomen. Mede met behulp van een nieuw ontwikkelde methode zijn de rotatie snelheden
van het waterstof gas (radio) bepaald. Een vergelijkbare analyse is verricht voor de emissie
lijnen in de optische spectra. Ten derde, zijn verschuiving en de verbreding van de absorptie
lijnen in de optische spectra gemeten. Zo zijn de snelheidsverdelingen van de sterren bepaald.

Alle verzamelde gegevens zijn vervolgens gecombineerd, onderzocht, en vergeleken met
een natuurkundig model van de ster schijf. Over het algemeen komt dit model goed overeen
met de waarnemingen. De meest belangrijke resultaten zijn:

? In spiraal stelsels met een hogere rotatie snelheid is de schijf dikker: massievere stelsels
zijn niet alleen groter maar ook dikker.

? Plattere schijven bevinden zich in relatief zwaardere donkere halo’s. Deze schijven
hebben vaak een lagere helderheid.

? Veel van de ster schijven hebben een vrij abrupte rand. De rand bevindt zich vaak
op een kortere afstand van het centrum in schijven met een lagere helderheid. Dit kan
verklaard worden door een drempel waarde van de gas dichtheid nodig voor de vorming
van sterren.

Figuur 7: Links – De grafiek toont de gemeten bijdrage van de schijf voor 13 spiraal stelsels (cirkels).
Bijna alle stelsels hebben een submaximale schijf, onafhankelijk van hun rotatie snelheid. Rechts – De
massa’s van de schijven versus de rotatie snelheid. De gestreepte lijn is een voorspelling voor maximale
schijven: de gemeten massa’s zijn lager dan maximaal.
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Figuur 8: Dit proefschrift geeft het volgende beeld van schijven met verschillende helderheden. Links
– Een heldere schijf heeft grote willekeurige sterbewegingen, is weinig afgeplat en ‘leeft’ in een weinig
massieve donkere halo. Rechts – Een zwakke schijf heeft kleinere willekeurige sterbewegingen, is sterk
afgeplat en leeft in een massieve donkere halo.

? Voor de meeste schijven heeft stof vrijwel geen invloed op de vorm van de lijnen
in de optische spectra. De snelheden van het waterstof gas in het optisch (door stof
beı̈nvloed) en het radio spectrum (niet door stof beı̈nvloed) zijn namelijk vrijwel gelijk
aan elkaar.

? Bijna alle spiraal stelsels hebben een submaximale schijf (Figuur 7, links). De gemid-
delde bijdrage van de schijf aan de gemeten rotatie is slechts ongeveer 55 procent. Dit
betekent tegelijkertijd dat de donkere materie zich tot ver in de binnendelen van spi-
raal stelsels bevindt. Dit is in overeenstemming met kosmologische simulaties van de
vormingsprocessen van spiraal stelsels.

? De gegevens bevestigen dat de sterren in stelsels met een hogere rotatiesnelheid grotere
willekeurige bewegingen hebben. Dit is het gevolg van de stabiliteit van ster schijven.
De grotere willekeurige bewegingen van de sterren betekenen dat massievere spiraal
stelsels massievere schijven kunnen herbergen zonder dat deze schijven door de grotere
zwaartekracht ineenstorten.

? De gegevens wijzen erop dat de sterren in de schijven met lagere helderheid een min-
dere mate van willekeurige bewegingen hebben. Deze schijven zijn gemiddeld ook
platter en huizen zeer waarschijnlijk in zwaardere donkere halo’s (Figuur 8). Deze vin-
ding is ook in vrij goede overeenstemming met de theoriën van de vorming van spiraal
stelsels.

In de toekomst zullen de waarnemingen uitgebreid worden naar spiraal stelsels met een
grote verscheidenheid aan oriëntaties, helderheden, afplatting en rotatiesnelheden. Het nieuwe
beeld van schijven en donkere halo’s waar dit proefschrift naar wijst zal zo verder verscherpt
worden. Net als dit onderzoek zal het toekomstige onderzoek nieuwe inzichten opleveren, en
ons versteld doen staan van de diversiteit van spiraal stelsels zoals het onze.
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