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Chapter 1
The three-dimensional light distribution in disk galaxies

Abstract. This introductory chapter contains an overview of the current status of research in

the �eld of galaxy formation and evolution, in which detailed statistical observations of edge-on

galaxies can provide better insights. First, the main observational and theoretical questions are

summarized. Then follows a discussion on the use of vertical luminosity distributions, vertical and

radial colour gradients, and stellar warps as a function of wavelength as diagnostic tools to study

the ongoing evolution of galaxy disks. At the end of this chapter an outline of the current thesis

work is given.

1 Introduction

A statistical study of the properties of highly-inclined, or
`edge-on' galaxies bene�ts greatly from the special orientation
with respect to the line of sight of such galaxies. Observations
of edge-on galaxies provide us with direct measurements of the
luminosity distribution both perpendicular to the galaxy plane
and along the galaxy's major axis at various heights above the
plane. Indirectly, this luminosity distribution can be related
to the galaxy's density distribution. Detailed observations of
a statistically complete sample of edge-on disk galaxies can
provide better insights in several aspects of galaxy formation
theory.

In particular, observations of edge-on galaxies in near-
infrared passbands enable us to study the galaxy properties,
e.g., the vertical luminosity and mass pro�les, radial and ver-
tical colour gradients, and the absolute magnitude { colour
relation, without being hampered by a contaminating dust
inuence or any unknown radial dependences.

Moreover, because of the line-of-sight integration through
the galaxy disks, in edge-on galaxies one can follow the light
distributions further out than for less highly-inclined galaxies
and thus one can more easily study the occurrence of stellar
warps, as well as their colour dependence.

In this Thesis I will analyse observations of a statistically
complete sample of edge-on disk galaxies, obtained in the op-
tical and near-infrared. The conclusions of this Thesis, and
those presented in the individual Chapters, are therefore based
on statistical considerations rather than on individual cases.

This introductory chapter is meant to give an overview
of the status quo of the study of edge-on galaxies in optical
and near-infrared passbands. Other than a few large edge-on
disk galaxies that have been studied individually, they have
not attracted much attention until recently. In the following
sections, I will discuss the diagnostics that can be used when
dealing with edge-on galaxies, as well as the main observa-
tional and theoretical questions that yet have to be solved.

In Sect. 2 I start to discuss the information that can be
obtained from studying vertical luminosity pro�les in various
passbands, and compare the observational status with ad hoc
and physically more realistic models. In principle, vertical lu-
minosity pro�les contain a large amount of information about
the disk evolution and the recent star formation history.

Although it seems that warping Hi gas layers are extremely
common in disk galaxies, the detection of warps in the stellar
disks of galaxies has proven to be more di�cult. In Sect. 3 I
discuss the available evidence for warps in stellar disks, and

compare these to the gaseous warps in the context of warp
formation theories.

The origins of colours and colour gradients in galaxy disks
are discussed in Sect. 4, both along and perpendicular to the
galaxies' major axes. The dominant e�ects that produce colour
gradients in highly-inclined or edge-on disk galaxies are caused
by dust, however (see, e.g., Chapter 5).

Finally, in Sect. 5 an outline of the current thesis work is
given.

2 Vertical disk components

2.1 The thin disk

A relatively small number of studies has been devoted to the
detailed description of the vertical surface brightness distri-
butions in edge-on disk galaxies. Several models have been
proposed and tested to account for the vertical light distribu-
tions observed.

2.1.1 The isothermal sheet

Van der Kruit & Searle (1981a,b, 1982a,b; hereafter KS1{4)
studied the surface brightness distributions of edge-on disk
galaxies in optical passbands. From these studies, they pro-
posed the self-gravitating isothermal sheet (Spitzer, 1942) as
a model for the description of the vertical light distribution:

L(z) = L0 sech
2(z=z0) (1)

where L0 is the surface luminosity in the plane of the galaxy,
z0 is the vertical scale parameter and z is the distance from the
galaxy plane, respectively. At large z heights, the vertical scale
heights are equal for both the isothermal model and the expo-
nential approximation, where z0 equals twice the exponential
scale height.

Additional arguments in favour of the isothermal sheet
model were provided by Wielen's (1977) analysis of observa-
tions of the age-velocity dispersion relation (AVR) of nearby
stars. Stars that are older than a few Gyr all have approxi-
mately the same velocity dispersion. Thus, as van der Kruit
(1988) argued, at least at intermediate z-distances from the
Galactic plane, the dominant stellar population has essen-
tially a single velocity dispersion. From numerical calculations
of the stellar mix in the solar neighbourhood, van der Kruit
(1983) argued that if this component were self-gravitating, the
isothermal sheet approximation would be an obvious model.

We can ask whether it is justi�ed to assume self-
gravitating processes in disk galaxies to determine the ver-
tical luminosity or density distributions. KS1 argued that the
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goodness of the �ts to the z pro�les with the predictions of
the locally isothermal sheet suggests that the vertical velocity
dispersion of the stars, hv2zi

1=2, is independent of z at a partic-
ular radius R. The relations among the values for the central
mass density �(0); z0, and hv

2

zi
1=2 for the solar neighbourhood

show that the disk of our Galaxy is self-gravitating. The quite
similar values for z0 found by KS1{4 indicate then that it is
reasonable to assume that the disks of other galaxies are also
self-gravitating.

However, at very low z the thin disk may be not isother-
mal, due to a mix of the old(er) thin disk stars with younger
populations, exhibiting a strong dependence of velocity dis-
persion on age.

2.1.2 The exponential model

Near-infrared observations of edge-on disk galaxies have
shown an excess of light over the isothermal model at small
distances from the galaxy planes, where the optical photome-
try is strongly a�ected by dust absorption (e.g. Wainscoat et
al., 1989; Aoki et al., 1991; van Dokkum et al., 1994, Chap-
ter 3). By supplementing their near-infrared observations with
the (partially dust-obscured) optical light distribution, Wain-
scoat et al. (1989) show that the z-dependence of the light
in the large southern edge-on galaxy IC 2531 demonstrates a
more strongly peaked pro�le than expected from the isother-
mal sheet model, which appears to be better �tted by an ex-
ponential law:

L(z) = L0 exp(�z=hz); (2)

(where hz is the exponential vertical scale height), although
their limited resolution does not unambiguously di�erentiate
between the models. For the vertical K-band light distribution
in NGC 891, Aoki et al. (1991) �nd that the exponential model
�ts the data remarkably well up to those z-distances where the
seeing convolution becomes signi�cant.

Although the exponential model is mathematically attrac-
tive because of its simplicity, there is no �rm physical basis
for such a model. As Burkert & Yoshii (1996) state, an expo-
nential vertical mass density distribution can be constructed
by adding up multiple stellar disk components. However, this
can only be done if the contributions from stars with larger
velocity dispersions are increasingly dominating with increas-
ing distance from the galaxy plane. A mechanism to account
for such a process is as yet unknown.

Fuchs & Wielen (1987) tried to �t the results of dynamical
evolution models of the Galactic disk to the observed local
AVR, in order to calculate both the kinematics and the vertical
stellar distribution. They concluded that the resulting vertical
stellar distribution was better approximated by an exponential
function, whereas the velocity dispersion showed a moderate,
but signi�cant gradient with distance from the Galactic plane.

2.1.3 Intermediate solution

However, as van der Kruit (1988) argued, a pure exponential
distribution requires a sharp minimum of the velocity disper-
sion in the plane. Fuchs &Wielen's (1987) results show moder-
ate gradients, much smaller than required for the exponential
distribution (Bahcall, 1984a,b). Even when they include all
metal abundances in their calculations, the expected gradient
is still small close to the plane. Moreover, van der Kruit (1988)
also showed that close the galaxy planes the stars are dynami-
cally cooler than expected theoretically from the sech2(z) law.

Therefore, van der Kruit (1988) proposed that an intermedi-
ate distribution, such as the \sech(z)" distribution, could a be
more appropriate one to use:

L(z) = L0 sech(z=hz); (3)

to account for the deviations from an isothermal sheet in the
galaxy planes. Wainscoat et al.'s (1989) near-infrared photom-
etry of IC 2531 would agree with this model, as would star
counts for our Galaxy (e.g., Gilmore & Reid, 1983; see also
Sect. 2.2).

2.1.4 Isothermal versus exponential distributions

Burkert & Yoshii (1996) �nd, from realistic hydrodynamical
calculations of disk evolution processes, that { if one starts
from a non-equilibrium gaseous state { the �nal vertical stellar
density pro�le depends strongly on the initial distribution of
the protodisk gas.

On the other hand, if they assume that the gas settles into
isothermal equilibrium prior to star formation and gas cooling,
then always an exponential density pro�le is formed, although
the vertical scale height increases as a function of decreasing
surface brightness. In fact, de Grijs & Peletier (1997, Chap-
ter 7) present the results of a detailed study of the vertical
scale height distributions in a statistically complete sample,
for which we found an increasing scale height with galacto-
centric distance, in particular for the earlier-type galaxies.

An interesting result from the numerical modeling of Burk-
ert & Yoshii (1996) is that when the ratio of the star-formation
time scale to the cooling time scale lies in the range between
� 0.3 and 3, the vertical stellar density distribution becomes
exponential, independent of the free parameters in their mod-
eling and also independent of the initial (isothermal) disk tem-
perature and the initial surface density. Therefore, the process
of crucial importance is that the SFR is adjusted sooner or
later to balance with the local cooling rate (Burkert & Yoshii,
1996).

2.1.5 A multi-component model

However, as Dove & Thronson (1993) warn, if the vertical
distribution of stars cannot be �t well by the isothermal sheet
approximation, which model is based on physical principles,
then rather than invoking an arbitrary alternative function,
a more physical function should be that of a nonisothermal
stellar distribution, which can be either a distribution of stars
that have been formed as a function of time and have not yet
settled to an equilibrium state, or a stellar distribution that
has undergone dynamical heating during its life time. Oort
(1932) already realized that a nonisothermal distribution of
stars can be represented by a linear combination of isothermal
components. Dove & Thronson (1993) argue that it is possible
that once a coeval population of stars has been formed, they
do not (or only over a long period of time) interact with other
components and are therefore quasi-independent isothermal
components. Such a model would be physically realistic, since
if stars have formed at di�erent times with di�erent velocity
dispersions and have not yet reached an equilibrium state, or
if the stars are dynamically heated during their evolution, the
resulting distribution of stars would not be well approximated
by a single isothermal model.

In fact, the additional velocity components are thought
to contain much information about the evolutionary history
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and physical conditions of the stellar disk. Star formation is
generally believed to be a continuous process. Therefore, a
more accurate model for a galaxy disk is a superposition of
a very large number of components, or, as Kuijken (1991)
proposed, an integral representation.

Historically, it has been attempted to classify stellar pop-
ulations by their position in the colour-magnitude diagram,
their di�erences being mainly due to age and metallicity ef-
fects. However, although the terms \Population I" and \Pop-
ulation II" have been in use ever since Baade (1944a,b) origi-
nally used them, they are outdated nowadays (see, e.g., King,
1995). Therefore, in this Thesis I will not use them, but in-
stead refer to \old" and \young" disk populations (as opposed
to the halo population).

2.2 The Galaxy

Studies of the Galaxy provide valuable information on the ver-
tical structure of galaxy disks. These studies, based on star
counts, have the advantage over the studies of external galax-
ies that they are less a�ected by dust absorption and e�ects
caused by the presence of a young stellar population. Gilmore
& Reid (1983) and Pritchet (1983) conclude that the stellar
z-distribution in our Galaxy is better approximated by an ex-
ponential than an isothermal pro�le.

Gilmore & Reid (1983), in deriving the vertical stellar den-
sity distribution towards the South Galactic Pole, exclude all
stars with V � 18:5 mag, all K stars with V � 14 mag and all
distances smaller than 100 pc or larger than 1000 pc from the
Galactic plane. The 100 pc lower distance limit arises both
because they have very few stars nearer than this and because
of possible contamination by young disk stars. The 1 kpc up-
per limit is the distance beyond which the single exponential
�t is no longer valid. Their �nal result is that for z � 1:0 kpc
the data are very well �t by a single exponential with a scale
height � 100 pc for stars with absolute V-band magnitude
MV � +4 and � 300 pc for fainter stars.

On the other hand, Hill et al. (1979) derived density laws
for A and F dwarfs towards the North Galactic Pole, which
cannot be �t well by an exponential distribution, although
they may be approximated as such in short distance bins.
They �nd that the F stars are roughly consistent with a single
exponential; the A stars, however, can only be approximated
by a single exponential closer to the Galactic Plane and with
a signi�cantly smaller scale height than the F dwarfs.

Based on observations in the near-infrared, Kent et al.
(1991) concluded that the vertical light distribution (and
hence probably also the mass distribution) in the Galaxy fol-
lows an exponential law more closely than an isothermal sheet
model. However, they did not compare the observed light pro-
�les to other model distributions.

From recent work (e.g., Haywood et al., 1997a,b) it ap-
pears that the single exponential vertical density distribution
does not well explain the multi-wavelength observations and
star counts of the Galaxy's large-scale structure. Haywood et
al. (1997b) conclude that the vertical density distribution of
disk stars towards the North Galactic Pole decreases much
faster than the conventional single exponential distribution,
and that single-valued exponentials do not describe the star-
count data accurately. These results are, in fact, consistent
with those published previously.

2.3 The vertical scale height

KS1{4 found, at least for their sample of edge-on spirals, that
the vertical scale height is in good approximation indepen-
dent of position along the major axis. Later studies of NGC
891 (Kyla�s & Bahcall, 1987), NGC 4565 (Jensen & Thuan,
1982), and NGC 5907 (Barnaby & Thronson Jr., 1992) have
con�rmed this result. Shaw & Gilmore (1990) studied a sam-
ple of 10 spiral and lenticular edge-on galaxies for which they
found, from two-dimensional modeling, that the variation of
disk scale heights as a function of radius is typically within
� 3% of the derived mean value, with no evidence of a de-
pendence on colour or model type adopted. In some of their
sample galaxies they concluded that the best-�tting model is a
combination of two disk components, a thin and a thick disk.
The scale height was found to be constant at the same 3%
level in both disk components.

A possible explanation (KS4; Barnaby & Thronson Jr.,
1992) for the constancy of the scale height is that it is the
result of secular evolution of a galaxy if:

{ The disk is continuously heated by a mechanism such
as that originally proposed by Spitzer & Schwarzschild
(1951), namely the random acceleration of the disk stars
by giant molecular clouds or spiral structure (see also
Lacey, 1984; Carlberg & Sellwood, 1985). This mechanism
increases the speed of the stars and leads to the distribu-
tion of vertical velocity dispersion observed in disk stars
in the Galaxy and external galaxies.

{ At all times the star formation rate (SFR) is propor-
tional to the surface number density of the giant molecular
clouds, so that roughly the same proportion of stars will
form per unit mass of molecular clouds at all radii.

The result of these constraints is that the radial distribu-
tion of both the vertical velocity dispersion and the surface
mass density of the luminous matter is determined by the ra-
dial distribution of the giant molecular clouds. Since the ver-
tical velocity dispersion and surface mass density possess sim-
ilar radial distributions, their ratio has no radial dependence.
KS1 and van der Kruit (1988) showed for the isothermal disk
case that the scale height is proportional to this ratio. Thus,
the scale height will also not exhibit a dependence on radial
distance.

However, to date there is no satisfactory explanation as
to how disk heating, the rate of which must vary greatly with
radius from the observed distribution of molecular clouds in
our own and other galaxies, can naturally lead to this result
(see also de Grijs et al., 1997 [Chapter 8]).

An alternative explanation for the constancy of the scale
height was proposed by Bertin & Lin (1987), who invoked the
so-called \self regulation" mechanism for galaxy disks, which
presumably causes the spiral structures observed in external
galaxies. They assume that young \cold" stars are born in a
dynamically cold gas layer in the disk of a galaxy. These young
stars will cool the stellar disk, which causes a spiral instabil-
ity to arise. This, in turn, causes the heating up of the disk.
The spiral arms will then form new stars, which will cool the
disk again, in this way establishing a stable situation in the
disk. This leads to a more or less constant value for Toomre's
(1964) Q parameter as a function of radius. Combined with
an exponentially decreasing velocity dispersion as found in ex-
ponential disks this leads to a constant scale height (Bottema,
1993).
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However, on closer inspection the constancy of the scale
height seems to lose strength in the (radially) outer parts in a
number of galaxies (see, e.g., de Grijs & Peletier, 1997 [Chap-
ter 7]). For our Galaxy, Kent et al. (1991) �nd indications that
the scale height increases linearly with radius from a minimum
radius outwards. The outermost pro�les of NGC 4244, NGC
5907 (KS1), and NGC 891 (KS2) do seem to indicate smaller
slopes. Quinn et al. (1993) �nd, from numerical simulations,
that disks following accretions are noticeably ared. The pro-
jected and deprojected scale heights of both the original disk
and of the �nal system increase with radius. The improvement
over models with a �xed scale height is signi�cant, although
not dramatic. It is therefore possible that the disk thickens
just before the (radial) cuto� (KS1). Another possibility is
that optical warps are present, like in the Hi, causing the
shallower outer pro�les. However, even if the shallowing at
the outermost vertical luminosity pro�les were entirely due to
a thickening of the disk, the implied change in z0 would be
relatively small and restricted to no more than 10% of the
observable extent of the galaxies (KS1).

2.4 The thick disk

Another vertical luminosity component in disk galaxies was
�rst detected by Burstein (1979) in a small sample of edge-on
S0 galaxies. This component is referred to as the \thick disk",
because it has a larger scale height than that of the domi-
nant disk component. To be clearly distinguishable from the
main disk component, thick disks are characterized as follows
(Burstein, 1979):

{ The thick disk has an intrinsic ratio of total z-thickness
to diameter, z=a, of between 1/4 to 1/5 at �B � 25 mag
arcsec�2, whereas an E4 elliptical has z=a = 0:6 and a
thin disk z=a � 0:1;

{ The surface brightness of the thick disk parallel to the
major axis decreases very slowly with increasing galacto-
centric radius, in marked contrast to the radial luminosity
gradients of bulges and thin disks;

{ The thick disk also does not appear to be as sharply
peaked as a bulge or a thin disk perpendicular to the ma-
jor axes. In this sense it may be characterized as being the
most \di�use-appearing" of the three luminosity compo-
nents (including the bulge, the thin and the thick disks).

Although the presence of a thick disk component in our
Galaxy is generally accepted (having a scale height of � 1
kpc), in external galaxies, the existence of thick disks has not
been proven unambiguously. Probably one of the most con-
vincing examples of the existence of a thick disk component
was found by van Dokkum et al. (1994, Chapter 3) in the
case of the edge-on spiral NGC 6504, with a scale height of
approximately 4 times the thin-disk scale height.

A number of possible origins for these thick disks can be
thought of. They could be truly separate dynamical compo-
nents of the galaxies, or due to the bulge light contribution
(Freeman, 1985). The thick disk, according to KS2, Freeman
(1985) and Bahcall & Kyla�s (1985), could be the spheroidal
component itself, responding to the at potential of the disk
(Jarvis & Freeman, 1985) or it could be an intermediate pop-
ulation that formed as the spheroid formed (e.g., Gilmore,
1984).

However, de Grijs & Peletier (1997, Chapter 7) argue that
it is likely that the formation mechanism for the thick disk

and the origin of the increasing scale height as a function of
projected galactocentric distance are similar. It seems there-
fore natural to link this increase of scale height with radius
to the presence of a thick disk. The possibility that the thick
disk is the intermediate component in the hierarchical forma-
tion scenario between the bulge and the thin disk seems to be
ruled out by the large scale length of the thick disk. Therefore,
more likely formation mechanisms for the thick disk invoke the
accretion of material by the early thin disk, causing violent
dynamical heating processes to take place, thereby pu�ng up
the thin disk (e.g., Norris, 1987; Statler, 1989; Quinn et al.,
1993).

3 Stellar warps in galaxy disks

3.1 Introduction

Many galaxies, including our own, show large-amplitude warps
in the outer parts of their disks, although the degree and
large-scale symmetry of the warping vary substantially among
galaxies. Usually, warps are much more pronounced in Hi

observations than in the optical (e.g., Briggs, 1990; Binney,
1992), because they often begin at those galactocentric dis-
tances where the optical disks are faint.

Warps are most clearly visible in external galaxies that
are seen edge-on, although from galaxies that are seen more
face-on, the existence of warps can be inferred from abnor-
malities in the velocity �eld over the disk, as { for instance {
in the cases of M31 (e.g., Innanen et al., 1982, and references
therein), M33 (Rogstad et al., 1976) and M83 (Rogstad et al.,
1974).

Although warps seem to be a gaseous feature of disk galax-
ies, stellar disks tend to follow the Hi warps at their outer
edges. S�anchez-Saavedra et al. (1990) claim that in almost half
of the edge-on galaxies on northern sky survey plates some sort
of warping feature is observed. Battaner (1995) argues that ex-
isting observations of southern edge-on galaxies support this
claim. Both Sasaki (1987) and Morrison et al. (1994) argue
that the observation of a warping feature in NGC 5907 in a
number of optical and near-infrared passbands implies that
these warps are not merely gaseous, but also intrinsic to the
stellar disks themselves.

Since optical warps can only be detected if the line of
nodes (i.e., the intersection points with the galaxy plane of
concentric rings in a tilted-ring model) of the stellar warp lies
relatively close to the direction perpendicular to line of sight,
this implies that virtually all disk galaxies must be warped
(e.g., Briggs, 1990). However, Bottema (1996) cautions that
a corrugated dust lane can mimic the presence of an optical
warp. Nevertheless, in many edge-on galaxies warps are de-
tected unambiguously in optical passbands.

Based on Hi observations of a small sample of warping
galaxies, Briggs (1990) concluded that the warp proper devel-
ops between the radius at which the B-band surface brightness
equals �B = 25 mag arcsec�2, and the Holmberg radius, RHo,
at which �B = 26:5 mag arcsec�2. In general, within RHo the
line of nodes is straight, whereas it tends to form a loosely
wound spiral at larger radii.

Since warps are so common, it has been suggested that,
once present, they persist for a long time (e.g., Hunter &
Toomre, 1969, hereafter HT69; Sparke & Casertano, 1988,
hereafter SC88). However, the bending of the galaxy disks is



Chapter 1 { The three-dimensional light distribution in disk galaxies : : : : : : : : : : : : : : : : : : : : : : : : : : : : 25

observed at radii where a free particle precesses quite rapidly
in the gravitational �eld of the disk. Therefore, solutions have
been proposed to sustain the warping structures observed, like
the continuous renewal of the warp, a considerably delayed de-
struction mechanism, or a stabilisation mechanism, see Sect.
3.3.

3.2 The Galactic warp

Many studies have been devoted to the warp in our own
Galaxy. For instance, the most distant Hi does not conform to
the Galactic plane at all longitudes. Around ` = 90� the dis-
tant gas is located north of the plane, whereas near ` = 270�

it is below the plane (Burton, 1988; Gilmore et al., 1989).

The Galactic Hi warp starts at about 12 kpc from the
Galactic centre and seems to grow linearly and approximately
equally in both the northern and the southern Galactic hemi-
spheres, until about R = 16 kpc. At larger radii, the warp
amplitude in the northern hemisphere continues to increase,
whereas the southern-hemisphere gas layer returns towards
the Galactic plane after having reached a maximum ampli-
tude of �1 kpc below the plane at R � 18 kpc (e.g., Burton,
1988).

Although the Galactic warp starts at R � 12 kpc, at which
radius freely rotating particles would rotate twice as rapidly
around the Galactic centre as test particles near the outer
edge, the line of nodes of the Galactic warp is approximately
constant (Burton, 1988). It thus seems that precession due to
di�erential Galactic rotation is somehow counteracted by an
as yet unknown physical mechanism.

It is also unknown whether the Galactic stellar disk follows
the Hi warp. Optical studies of the young disk tracers are
often severely hampered by the interstellar extinction and by
incompleteness e�ects.

A number of studies have dealt with the optical counter-
part of the Hi warp in the Galaxy (e.g., Djorgovski & Sosin,
1989, and references therein; Porcel & Battaner, 1995). The
optical tracers used in most of these studies are young, with
ages generally smaller than a Galactic rotation period, and
could therefore have formed in the warp itself, near their
present locations. For that reason one cannot draw �rm con-
clusions on the warp's longevity and persistence from the dis-
tribution of its young optical tracers.

Djorgovski & Sosin (1989) concluded, based on the IRAS
observations, that the old stellar population, represented by
AGB or post-AGB stars with dust shells, follows the Hi warp,
although not exactly. The amplitude of the IRAS warp is sev-
eral times smaller than that of the Hi warp. This means that
the Galactic warp is a feature of the Galaxy as a whole and
not just of the gaseous component (Djorgovski & Sosin, 1989).

The observation that the Galactic warp is traced by a
relatively old, evolved stellar population implies that it is a
long-lived phenomenon, since the life times of AGB stars in
the range of IRAS luminosities observed are on the order of a
few times 109 years (Aaronson & Mould, 1985).

Although the warp traced by the evolved stellar popula-
tion does not trace the Hi warp exactly, it seems that the
optical warp de�ned by the (young) OB associations is equal
or even stronger than the gaseous warp. Porcel & Battaner
(1995) interpret this observation as a result of Galactic ex-
tinction, since low-Galactic latitude stars are discriminated
against in the selection of distant young tracers.

We will discuss the wavelength dependence of the observed
warp curves in more detail in Sect. 3.3.1.

Ever since the detection of the Galactic warp in Hi, it has
been suggested that the Magellanic Clouds have caused the
gaseous distortion by their gravitational pull, although it was
doubted that the Clouds could be su�ciently massive to ac-
count for the observed warping (e.g., Burke, 1957; Kerr, 1957).
HT69 considered the possibility that the warped Galactic gas
layer was pulled out of its plane by a single close passage of the
Large Magellanic Cloud. Their conclusion was, however, that
a warp amplitude caused by such an encounter falls short by
a factor of about 3 compared to the observed warp amplitude.

In the next section, we will consider various formation
mechanisms for galaxy warps and their ability to sustain a
warping feature for up to a Hubble time.

3.3 The formation and persistence of gaseous and
stellar warps

Various formation mechanisms have been proposed to account
for the warps seen in the majority of disk galaxies. A warp
could be excited by

{ an external force, like the tidal interaction with nearby
galaxies (e.g., HT69), the pressure of the intergalactic gas
(Kahn & Woltjer, 1959), or the inuence of extragalactic
magnetic �elds (Battaner et al., 1990);

{ an internal force due to instability in a stellar and/or
gaseous disk (e.g., Binney, 1978; 1981) or due to a (dis-
crete) bending mode in the disk (e.g., HT69; SC88);

{ a primeval origin such as free precession of the disk
(Lynden-Bell, 1965), the formation of an inclined disk or
halo (e.g., Dekel & Shlosman, 1983; Tubbs & Sanders,
1979), or the infall of extragalactic material, like Hi clouds
(e.g., Saar, 1979; Gunn, 1982) or gas-rich dwarf galaxies
(Bottema, 1995).

3.3.1 Comparison between stellar and gaseous warps

If warps are gravity-induced, the stellar and gaseous warps
should behave similarly, because gravity a�ects stars and gas
in the same way. However, if warps are caused by magnetic
�elds or intergalactic gas pressure, the gas layer should re-
spond more strongly to the forces exerted upon the disk than
the stellar component. Therefore, ideally one would compare
observations done in di�erent optical passbands, representa-
tive of various stellar populations, as well as Hi observations,
which trace the gas component. Such a comparison can help
distinguish between the possible formation mechanisms.

In a number of warping edge-on galaxies, for which ob-
servations with high spatial resolution of the outer parts are
available, it is found that, although the stellar warps generally
follow the Hi warps in the same direction, the spatial di�er-
ences are appreciable (e.g., Jensen & Thuan, 1982; Sasaki,
1987; Florido et al., 1991).

Although the Hi layer exhibits a larger warp, Sasaki (1987)
observed in NGC 5907 a spatial coincidence of the warp in the
optical F and J passbands. On the other hand, Florido et al.
(1991) found, in a number of highly-inclined disk galaxies, a
clear wavelength dependence also between optical passbands,
in the sense that the bluest colours (representing the youngest
stellar populations) showed the largest deviations from the
galaxy planes, similar to the observations of the Galactic warp
(see Sect. 3.2).
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Florido et al. (1991) argue that these di�erences cannot be
caused by extinction, as was suggested by Sasaki (1987), since
extinction will reduce the actual separation between warps
observed in the gaseous component, the young and the old
stellar populations. Therefore, intrinsic colour gradients will
be reduced rather than emphasized by extinction e�ects.

Alternatively, if warps are excited by a discrete bending
mode in a sharply truncated galaxy disk (e.g., HT69; SC88) it
can be expected that the warp curves determined from the gas
layer and younger stars (that will have formed recently from
the interstellar gas), will be slightly o�set from warp curves
based on emission from the older stellar populations, due to
the greater gaseous viscosity.

The discrepancy between the observed spatial positions of
the stellar and gaseous warps can be explained by invoking
projection e�ects rather than a physical separation between
the stars and the gas layer. Because of the sharp truncation of
the stellar disk observed in a number of edge-on galaxies (e.g.,
KS1{4), the stellar warp appears weaker than the Hi warp
(e.g., Sasaki, 1987, based on a tilted-ring model with a sharp
truncation for NGC 5907). Freudenreich et al. (1994) also ad-
vocated projection e�ects to explain the di�erences between
the Galactic warp observed in the near-infrared and that in
Hi gas.

Porcel et al. (1997) support this hypothesis by pointing
out that the observed warp curve, based on the DIRBE ex-
periment own on board COBE, argues in favour of a cut-o�
of the Galactic stellar disk at about R = 15 kpc. This trun-
cation radius is in agreement with that found by Ruphy et al.
(1996), based on DENIS observations. However, Porcel (1997)
reaches the opposite conclusion in his Ph.D. Thesis, based on
the same observations.

Such a projection e�ect can occur if the direction of the
maximum vertical displacement of the stellar disk di�ers from
the line of nodes and if the stellar disk is much smaller than
the gaseous one. Cox et al. (1996) reported that for NGC
7170 they did not �nd any evidence for a spatial separation
between the optical and Hi warps. In view of the absence of
a sharp truncation of the stellar disk and because the Hi gas
extends only slightly further out than the stellar disk, it is
indeed expected that these projection e�ects do not occur.

The stellar and gaseous warps thus seem to be very similar.

3.3.2 Gravitational interaction

To explain the origin of the Galactic warp, HT69 and oth-
ers investigated the possibility of a recent tidal interaction or
close-by encounter with the Magellanic Clouds (see also Sect.
3.2). However, although the tidal interaction theory may be
attractive to explain the warps in individual cases (e.g., Jensen
& Thuan, 1982 [NGC 4565]; Bottema et al., 1987 [NGC 4013];
Sasaki, 1987 [NGC 5907]) strong warps have also been ob-
served in many isolated �eld galaxies (e.g., Sancisi, 1976; Cox
et al., 1996).

Bottema (1995) argues that the fact that the Hi warp in
NGC 4013 abruptly starts at the edge of the stellar disk is
in agreement with the gravitational interaction hypothesis: if
the matter density is also truncated at the edge of the stellar
disk, a gravitational disturbance can easily cause the warp-
ing feature beyond the truncation radius, whereas self-gravity
counteracts the e�ects of an external disturbance in the stel-
lar disk. It is { in this context { also possible that an external
disturbance has pulled the gas out of the disk everywhere, but

if so, it is likely that the gas that was torn out of the stellar
disk will have settled back in the galaxy plane quickly again
by dissipational and dynamical friction inside the truncation
radius (Bottema, 1995). Other galaxies, like NGC 4565 and
NGC 5907, also show a sudden strong Hi warp that starts at
the edge of the stellar disk (Sancisi, 1983).

However, HT69 have shown that for any reasonable at-
tened galaxy, di�erential precession will cause both a stellar
and a gaseous warp to damp out within a few galactic rota-
tion periods. However, to obtain the high degree of symmetry
observed in many warping galaxies, several rotation periods
are needed. Tubbs & Sanders (1979) showed that warps can
be sustained considerably longer, up to 1010 yr, in the pres-
ence of a spherically symmetric gravitational �eld, which can
be provided by, for instance, a spheroidal halo, which is at
least three times more massive than the disk. The disk it-
self should be �nite, so that it will not destroy the spheroidal
gravitational �eld at the warp's position. Clearly, the sharply
truncated stellar disks ful�ll these requirements.

Moreover, Burton (1988) remarks that the symmetry and
regularity of warped galaxies, and of our own Galaxy in par-
ticular, seem to argue against the tidal interaction hypothesis.
As Byrd (1978) showed, tidal interactions of M32 with M31
would only disturb a small portion of either galaxy rather than
produce a global distortion.

3.3.3 Infall of extragalactic material

Kahn & Woltjer (1959) �rst suggested that the gaseous disk
component in the Galaxy is pulled out of its plane by external
forces exerted upon it by a ow of intergalactic gas around the
halo and the resulting redistribution of angular momentum in
the halo. Bottema (1995) revisited this idea and proposed that
a continuous infall of gas-rich dwarf galaxies in the halo can
periodically renew the outer warp.

In the context of the Cold Dark Matter cosmogony galax-
ies formed by accretion and mergers of smaller lumps of matter
(e.g., Ostriker & Binney, 1989). It is therefore expected that
this process of \secondary infall" in the outer galactic haloes is
still ongoing. Although T�oth & Ostriker (1992) have put strict
upper limits to the number of accreted big lumps per Hubble
time, an unlimited number of sizeable lumps can have own by
the galaxy without having been subjected to su�cient grav-
itational pull to spiral in. Binney (1992) suggested that thin
disks may exhibit their observed sharp truncations precisely
because at larger galactocentric distances a stellar disk cannot
be maintained due to the large number of extragalactic lumps
that tend to distort the disk at those radii.

However, as Bottema (1996) pointed out, this process can
only explain one-sided warps (like in NGC 4565) or otherwise
irregular warps. It takes a few galactic rotation periods for a
gas cloud that has been accreted to regularize into a symmetric
structure. On the other hand, di�erential precession tends to
wind up the warp on a similar time scale, so some kind of
stabilising mechanism is needed to explain the persistence of
the observed warps.

3.3.4 Intergalactic magnetic �elds

As in our Galaxy, the warp curves in a few external edge-on
galaxies also show a wavelength dependence, in the sense that
at shorter wavelengths the separation between the Hi warp
and the stellar warp is smaller than at longer wavelengths
(e.g., Florido et al., 1991).
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If gravity were the prime cause for the warping structures,
the distortion of stars and gas would be expected to be iden-
tical. Although gas and stars do not necessarily respond to
gravity in the same way, under the inuence of external gravi-
tational forces no di�erence in the warps de�ned by the young
and old stellar populations would be expected.

However, if the warp is induced by an external force to
which the stars respond di�erently than the gas, a deviation
between the stellar and gaseous warps is foreseen. Intergalac-
tic magnetic �elds, for instance, would primarily act on the
gaseous galaxy components, so that any warp resulting from
external magnetic forces will be at �rst a gaseous distortion.
A stellar warp would follow due to subsequent star forma-
tion in the gaseous warp. However, although the young stars
will trace the gaseous warp closely, the older stars would have
had time to return to the original galaxy plane, or to disperse
their warped distribution (Florido et al., 1991). Therefore, the
analysis of colour gradients in the warp may lead to a better
understanding of its origin (see also Chapter 9).

Battaner et al. (1990, 1991) argued that intergalactic mag-
netic �elds of order 10�6 to 10�8 G can produce warps in
the gaseous disks of galaxies and that a uniform intergalac-
tic magnetic �eld can actually explain the observed warps
within about 20 Mpc of the Galaxy, including the warps of
the Galaxy, M31 and M33. Although Binney (1991) rejects
this mechanism, arguing that implausibly high �eld strengths
are required to account for the observed warps, Battaner (1995
and priv. comm.) points out that very large intergalactic mag-
netic �elds on the order of the required 1{3 �G seem to be
ubiquitous (e.g., Kronberg, 1994).

However, as was discussed in Sect. 3.3.1, the apparent sep-
aration between the stellar and the gaseous warp curves does
not need to be real, but can be caused by the relatively abrupt
truncation of the stellar disk embedded in a more extended Hi

gas disk.

3.3.5 Disk bending modes

Originally, Lynden-Bell (1965) proposed that warped galactic
disks might represent discrete bending modes under the in-
uence of their own gravity. This idea was elaborated upon
by, e.g., HT69, who concluded that only in disks with sharp
outer edges normal modes occur at discrete frequences, imply-
ing that warps might be sustained for a Hubble time without
being distorted by di�erential precession. A disk that is sub-
jected to a discrete warping mode will settle from the inside
out, giving rise to a straight line of nodes (HT69; SC88). Cox
et al. (1996) have shown that the settling time is of order a
Gyr.

However, as HT69 already remarked, if the disk mass is not
sharply truncated, the warp will exhibit a continuum of bend-
ing modes and cannot be maintained su�ciently long because
of di�erential precession. If a disk which shows a continuum of
bending modes is somehow forced to warp, the outer regions
will warp strongly, because the only way to dissipate the en-
ergy carried outwards by the bending waves is by the vertical
heating of the disk. Then, this outer strongly warped region
will rapidly dissipate its energy and hence the warp will be dis-
solved quickly (SC88). If the outer edge is su�ciently sharp,
however, the bending wave can be reected and a stable warp
may form.

If the disk is embedded in a dark halo, however, the warp
may be sustained longer, since discrete bending modes will

arise, in particular if the halo is somewhat attened (e.g.,
SC88). This behaviour does not depend on exactly how the
disk is truncated, provided that the truncation region is not
too extended.

Hofner & Sparke (1994) have shown that a warp charac-
terized by a discrete bending mode in a self-gravitating disk
subject to a �xed potential of a attened dark halo will settle
to this mode, with a straight line of nodes in the inner, settled
disk, and will eventually develop a leading spiral form in the
outer parts. They argue that this is in agreement with the re-
sults of Briggs (1990), which imply that in the outer regions
of the galaxy the disk has not yet completely settled in the
potential of the dark halo.

3.3.6 The e�ects of a dark halo and self-gravity

E�ects due to the gravitational potential of the dark halo can
be invoked to both give rise to and maintain the observed
warps. Djorgovski & Sosin (1989) argued that a triaxial or
oblate dark halo, misaligned with a galaxy disk, could cause
the warping (e.g., Dekel & Schlosman, 1983; SC88). It has
been shown that haloes need not be triaxial, but oblate haloes
are su�cient or even preferable (SC88).

Binney (1992) argued that the central mass density of
the combined disk-halo system will be strongly inuenced by
the disk, so that an inclined (rigid) halo potential cannot be
maintained. From numerical calculations Dubinski & Kuijken
(1994) and Nelson & Tremaine (1995) concluded that the halo
becomes rapidly aligned with the disk and, as a consequence,
the warp is dissolved.

As Bottema et al. (1987) argued, a large warp cannot be
sustained in a disk-like gravitational potential alone for more
than a few galactic rotation periods; if a spherical or halo
potential is added, it will persist substantially longer. They
supported this argument by pointing out that at the trunca-
tion radius of the stellar disk of NGC 4013 both the Hi warp
rises abruptly and the rotational velocity suddenly drops, so
at this radius a change from a disk-like to a more spherical
potential is likely. In the halo dynamical friction is important,
which thus delays the settling of the warped gas layer in the
galaxy plane (e.g., Dubinski & Kuijken, 1995).

In this context, it was argued that haloes with large core
radii or high densities are needed to be su�ciently e�ective in
sustaining a warped galaxy disk (e.g., SC88; Hofner & Sparke,
1994; Dubinski & Kuijken, 1995). The observation that Hi

warps appear more often in galaxies with large (halo) core
radii (Bosma, 1990, 1991) argues in favour of this hypothesis.

Finally, although the presence of a dark halo may slow
down the precession of free particles at di�erent galactocen-
tric distances in the warp region, this delayed winding up with
time will be much more e�ective if we assume the galaxy disks
to be self-gravitating (e.g., May & James, 1984; Hofner &
Sparke, 1994). If a warp exists only in low-density Hi gas out-
side the stellar disk, its self-gravity can probably be neglected.
On the other hand, if the stellar disk, or a relatively dense
Hi disk exhibits warping, its self-gravity cannot be neglected
anymore. Torques due to self-gravity tend to modify the pre-
cession rate until the warped disk has settled to the bending
mode shape; from that moment it will precess rigidly (Hofner
& Sparke, 1994).
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3.3.7 Concluding remarks

To date, a physically realistic mechanism to account for both
the formation and the persistence of warps in disk galaxies,
either stellar or gaseous, has not yet been found. All of the
mechanisms postulated su�er from incompleteness or the in-
ability to explain the warping stellar and gaseous features in
detail. However, due to the large number of unknown vari-
ables, the solution of this problem is not straightforward. Bin-
ney (1992) pointed out that, due to the complexity of the
physical processes involved, in calculations one often simpli-
�es reality and thus one introduces large uncertainties. The
following simplifying assumption are often made:

{ The neglect of non-gravitational forces. Warps may re-
spond di�erently to pressures exerted by the intergalactic
matter (e.g., hydrodynamical (gas) pressure or pressure
due to magnetic �elds) than to gravitational forces. More-
over, the response of the stellar and gaseous components
to these kinds of pressure will be di�erent.

{ The shape of the dark matter halo: is it spherical or oblate;
axisymmetric or triaxial? Is the line of nodes somehow
aligned with one of the halo's principal axes?

{ The gravitational potential of the galaxy disk. Generally,
it is assumed that the disk potential is �xed. However,
a distortion of the disk into a warped con�guration will
modify the disk potential, and therefore self-gravity has
to be taken into account.

{ The halo's gravitational potential. Although one often as-
sumes that the halo potential is unresponsive, it must
somehow respond to changes in the disk potential if a warp
is formed. It appears that the outer haloes of many galax-
ies must be torquing the inner galaxy-halo combination
(e.g., Quinn & Zurek, 1988).

{ Galaxies are usually modeled as isolated entities; in reality,
however, it is likely that they accrete extragalactic mate-
rial or are subjected to gravitational forces arising from
close encounters with other galaxies.

4 Disk colours and colour gradients in edge-
on galaxies

4.1 Galaxy structure inferred from colour pro�les

In contrast to the large number of studies of radial colour gra-
dients in moderately inclined and face-on spiral galaxies (e.g.,
de Jong, 1996b, and references therein), the colour behaviour
of highly inclined and edge-on galaxies has not received much
attention. In highly inclined galaxies, the interpretation of in-
trinsic colours and colour gradients is severely hampered by
the presence of dust in the galaxy planes, which causes the
dust lane to appear as a red feature in vertical colour pro�les
(e.g., Hamabe et al., 1979, 1980; KS3,4; Sasaki, 1987; Wain-
scoat et al., 1989; Aoki et al., 1991; Jansen et al., 1994).

If the dust lane is resolved, the presence of Hii regions
and a young, blue population of O and B stars very close to
the galaxy plane can be inferred from the vertical colour pro-
�les. As was noted by, e.g., KS3 for NGC 5907 and Wainscoat
et al. (1989) for the southern edge-on IC 2531, the relative
prominence of the young disk in the bluer passbands, where
reddening plays an increasingly important role, means that
the young disk is very blue compared to the dominant disk
component. The blue stars of which the light is observed must

be located at su�ciently large radii, in order to compensate
for dust absorption.

In our Galaxy the young stellar population also resides
in a thin disk with a much smaller scale height than that of
the old-disk stars (e.g., Bahcall & Soneira, 1980). The major
contribution to the luminosity of this population comes from
the young, massive stars, which results in a blue appearance.

4.2 Observational evidence

It is well-known that the colour gradients seen in moderately
inclined and face-on galaxies indicate bluer colours with in-
creasing galactocentric distance (e.g., de Jong, 1996b, and
references therein). However, only for a few (relatively large)
edge-on galaxies colour data are available and colour gradients
have been measured.

4.2.1 Major axis colours

In edge-on disk galaxies it is generally found that the colours
along the galaxies' major axes, i.e., the locations of the dust
lanes, remain nearly constant (e.g., Sasaki, 1987; Wainscoat
et al., 1990; Aoki et al., 1991), although in most cases the
outermost disk regions tend to be slightly bluer on the major
axis (e.g., Sasaki, 1987). This increasingly blue light could be
explained in terms of an increasingly metal-poor population or
a decreased amount of dust at larger galactocentric distances.
The near constancy of the dust lane colour with position along
the major axis in NGC 4594 and NGC 7814 led Wainscoat et
al. (1990) to the conclusion that this is more consistent with
a ring rather than with an exponential disk of dust, which
would produce a gradually redder colour towards the nucleus.

4.2.2 Colour pro�les parallel to the major axis

Jensen & Thuan (1982) found a colour gradient along the ma-
jor axis of NGC 4565, which becomes statistically insigni�cant
as the height above the dust lane and its embedded young disk
increases. They argue that this is consistent with Schweizer's
(1976) conclusion, that the old-disk populations of Sb and Sc
galaxies are very uniform in colour. These results have been
con�rmed for a number of edge-on galaxies by Hamabe et al.
(1979, 1980) and KS3,4, although a slightly decreasing colour
index may also be possible, in particular for NGC 891.

KS3 showed that the disk colours in NGC 5907 are nearly
constant over the entire disk at a z height where the inuence
of the dust lane can be assumed to be negligible. Sasaki (1987)
studied NGC 5907 in more detail and found that, at di�erent
heights above the galaxy plane, there are trends of an increas-
ingly dominant blue component in the (radially) outermost
disk parts. The colour gradient therefore seems to be intrinsic
to the disk. Di�erences between colour pro�les extracted par-
allel to the major axis can be explained by a vertical colour
gradient.

4.2.3 Vertical colour pro�les

Detailed studies of the colour behaviour of galaxy disks per-
pendicular to their planes (e.g., Hamabe et al., 1979; Hegyi
& Gerber, 1979; KS2; Jensen & Thuan, 1982) are consistent
with a small gradient or no colour gradient at all outside the
dust lane region (see also de Grijs et al., 1997 [Chapter 8]).

Although colour gradients found along the minor axis may
be due to some intrinsic bulge property, KS2 observed that, at
various galactocentric distances, the vertical colours of NGC
891 are getting systematically bluer with larger height above
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the plane. On the other hand, Jensen & Thuan (1982) did not
�nd any evidence for a vertical colour gradient in NGC 4565
in the region where the old disk dominates. However, as soon
as the light of the thick disk starts to dominate they notice a
small perpendicular colour gradient towards the red.

4.3 Colours and colour gradients as diagnostics

Broad-band colours are relatively easy to obtain and are there-
fore the most widely used colour diagnostics to date. Moreover,
they immediately reveal the approximate nature of a galaxy,
which is to �rst order determined by the dominant stellar pop-
ulation and dust content. However, for the detailed analysis
of the luminosity and colour pro�les of edge-on galaxies one
needs to adopt a priori assumptions concerning the evolution-
ary stellar population synthesis, the initial mass function, the
metallicity and the star formation history, as well as about
the dust geometry and its characteristics. Due to the rela-
tive insensitivity of broad-band colours to these characteris-
tics, spectral line studies seem to be a more e�ective tool to
disentangle metallicity and age e�ects, as well as population
gradients.

However, de Jong (1996b) pointed out that the colours
formed from di�erent broad-band combinations correlate
strongly for his sample of face-on spiral galaxies. Therefore,
broad-band colours can be used as indicators of changes in
the gross properties of galaxies, in the absence of dust. Di�er-
ent wavelength ranges can be used as diagnostics for di�erent
overall galaxy properties.

4.3.1 Ultraviolet{optical colour indices

Strom et al. (1976, 1977, 1978) suggested that the ultraviolet{
optical colour index is an e�cient tool to investigate the metal-
licity changes within and among galaxies (e.g., Faber, 1973;
Frogel et al., 1978).

The ultraviolet{optical colour index in the old stellar pop-
ulation is expected to be a good measure of the chemical com-
position within a given galaxy, because (1) it is sensitive to
variations of the e�ective temperature along the giant branch;
(2) it gives an indication of the number of blue horizontal
branch stars relative to giant branch stars, which is supposed
to be a sensitive metallicity indicator (Strom et al., 1977); and
(3) it is sensitive to the e�ects of the metallicity on \blanket-
ing" in U and V, i.e., the fact that stars of a given e�ective
temperature and lower metal abundance contribute mainly in
the blue wavelength range.

It is important to note that these colours can trace
the chemical composition, assuming that star formation has
ceased long ago or only plays a minor role. If the e�ects of
star formation are not negligible, the colour-index change will
closely match the metallicity changes induced by the recent
star formation history (Strom et al., 1978). However, espe-
cially when dealing with (edge-on) disk galaxies, one has to
be cautious, as the e�ects of dust cannot be disentangled easily
from population changes (see, e.g., Balcells & Peletier, 1994;
Peletier & Balcells, 1997; and others).

4.3.2 Optical{near-infrared colour indices

In a very instructive study of the inner region of M100,
Knapen et al. (1995) showed that the I{K colour index is
a good tracer of localized dust extinction (whereas the popu-
lation component is minimized); the U{V index is so for the
presence of young stars (Knapen et al., 1995).

In dust-free elliptical and lenticular galaxies, the optical{
near-infrared colour index gradually decreases with galacto-
centric distance (e.g., Strom et al., 1976), implying decreasing
metallicity. Unfortunately, in the dustier spiral galaxies, the
interpretation of such a colour gradient (or its absence) is less
straightforward.

The intrinsic B{K and V{K vertical colour gradients in
an edge-on disk galaxy should be positive with increasing dis-
tance from the galaxy plane, due to the smaller scale height of
the youngest (bluest) population compared to the older popu-
lations. However, as Skrutskie et al. (1985) pointed out, based
on observations of three large edge-on disk galaxies, vertical
colour pro�les taken at and parallel to the galaxies' minor axes
show the opposite trend. They interpret this as due to extinc-
tion e�ects. However, it may also be due to the presence of a
thick disk in their sample galaxies.

In general, broad-band colours can be used to study the
dust content of galaxies statistically, because the wavelength
dependence of dust extinction generates reddening (see, e.g.,
Chapter 5). Peletier & Balcells (1997) present a detailed colour
analysis of a sample of 30 nearby S0 to Sbc galaxies with
inclinations larger than 50 degrees. In particular, they present
minor axis colour pro�les, which allow for the study of bulge
and disk colours una�ected by extinction.

4.3.3 Colour gradients from scale length ratios

Since the dust inuence varies as a function of passband, scale
length ratios could be used as a diagnostic to estimate colour
gradients and the dust content of a given galaxy.

Evans (1994) studied the e�ects of dust on the stellar scale
length as a function of wavelength, under the assumption that
the resulting scale length di�erences are solely due to dust
absorption. His models predict that these di�erences are small,
at least for face-on galaxies, in the order of the observational
uncertainties, and even smaller for galaxies with a prominent
bulge component. According to his models, if the scale height
ratio between dust and stars is � 0:5 (Peletier &Willner, 1992;
Evans, 1994), Evans' (1994) models exclude face-on galaxies
with hB=hH � 2. On the other hand, larger ratios can be
obtained if a galaxy is inclined with respect to the line of
sight.

The measurement of blue to red scale length ratios alone
will not unambiguously reveal the dust content of a given
galaxy, because any deviation from unity can equally well be
explained by an intrinsic colour gradient, especially for face-on
galaxies (Byun et al., 1994).

In Chapter 5 we show that the mean scale length ratios
for the later-type (T > 2) galaxies in our sample of edge-on
disk galaxies range from hI=hK = 1:15 � 0:19 to hB=hK =
1:65� 0:41, indicating large colour gradients in the disks.

Most previously published scale length ratios favour large
colour gradients in galaxy disks:

{ For a large sample of face-on galaxies Elmegreen &
Elmegreen (1984) found a mean ratio of hB=hI = 1:16�
0:47. Using Evans' (1994) models this corresponds to an
average ratio of B to K-band scale length of about 1.32.

{ Peletier et al. (1994, 1995a) present the results of a study
of 37 Sb and Sc galaxies (uniform in orientation on the
sky), for which they show that the B to K-band scale
length ratio varies between 1.2 and 2, with a mean ratio
of hB=hK = 1:49 � 0:29, comparable to our results.
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{ From de Jong's (1996a) scale length determinations of 86
face-on spiral galaxies, we �nd an average B to K-band
scale length ratio hB=hK = 1:22� 0:23

Large colour gradients in galaxy disks between B and I band
have also been reported by Kent (1986). However, from a sam-
ple of 33 disk galaxies, van der Kruit (1991) reported a small
scale length ratio between the photographic J and F bands,
hJ=hF = 1:07 � 0:13.

The main problem when comparing scale lengths and scale
lengths ratios determined by di�erent authors is the radial �t-
ting range used to derive the scale lengths. However, if scale
length ratios are calculated from scale lengths determined over
the same range in each passband, the di�erences between dif-
ferent determinations should be � 10% at maximum (Peletier
et al., 1994).

Peletier et al. (1994, 1995a,b) argue that scale length
ratios due to stellar population changes are of order 1.1{
1.2 in the blue { near-infrared range. Two lines of evidence
were used to arrive at this result: �rst, from observations of
T < 1 type galaxies without much visible dust by Balcells
& Peletier (1994), it was found that hB=hI = 1:04 � 0:05,
corresponding to B to K-band scale length ratios of at most
hB=hK = 1:08� 0:10, using stellar population models of, e.g.,
Arimoto & Yoshii (1986). From metallicity gradients from Hii

regions in galaxy disks, Peletier et al. (1994, 1995a) argue that
hB=hK is likely of order 1.17, using a simple single-age stel-
lar population model. In the I vs. K range this contribution
is likely to be less. Our observations of the scale length ra-
tios in our earliest-type sample galaxies (T < 1) support this
evidence (Chapter 5)

Therefore, the observed scale length ratios in edge-on or
highly-inclined disk galaxies largely represent the galaxies'
dust content.

4.4 The inuence of extinction

The e�ect of dust contamination on galaxy colours is that it
causes reddening. The simplest way to predict the reddening
of a given galaxy in a speci�c passband is to apply directly
the Galactic extinction law (Rieke & Lebofsky, 1985). Phys-
ically, this corresponds to the situation in which we observe
the galaxy through a foreground screen. However, by applying
this foreground screen model to external galaxies, for a given
reddening one underestimates the amount of dust present in
these galaxies: a physically more realistic dust geometry for a
galaxy is that it is mixed with the stars, so that on the near
side of the galaxy a considerable fraction of stars will not or
only slightly be a�ected by dust contamination. The most de-
tailed of such dust models are the so-called \triplex" models
proposed by Disney et al. (1989), in which a uniform mixture
of dust and stars is embedded in a thicker and less dusty disk.
If the dust resides in a disklike con�guration, which could be
approximated by an exponential dust distribution in both the
vertical and the radial directions, the dust will redden the
central parts of a galaxy more e�ciently than the outer parts
(e.g., Byun et al., 1994).

Disney et al. (1989) show that if the triplex model is valid,
then galaxies will always behave as if optically thin, although
the dust layer itself may be optically thick. On the other hand,
Valentijn (1990) concludes, from extinction studies of a large
sample of Sb-Sc galaxies, that galaxies not only are optically
thick, but also behave optically thick over the entire disks. His

methods were challenged by, among others, Huizinga & van
Albada (1992), who argued that in his study Valentijn (1990)
neglected the dependence of the e�ective light radius, re, and
the D25 diameter on inclination.

The models that were discussed above treat the dust as a
smoothly distributed, di�use component. Huizinga (1994) and
de Jong (1996b) considered the e�ects of non-homogeneous,
clumpy dust distributions. From these studies they concluded
that non-smoothly distributed, optically thick clouds will only
be important if their �lling factor is large. De Jong (1996b)
remarks that in that case the models become comparable to
his high optical depth models, which cause a reddening and
a colour gradient, unless the clouds are optically thick at all
wavelengths (\grey" dust).

If one assumes that the inuence of dust contamination on
colours can be approximated by the foreground screen model,
the e�ect can easily be visualised in colour-colour diagrams by
a \reddening vector". However, if more complex dust geome-
tries are considered, or when scattering is included, the ratio
between two colour excesses is not constant and the behaviour
of the two colours follows a curved colour \trajectory" with
increasing optical depth (Kuchinski & Terndrup, 1996). These
trajectories lie roughly parallel to the classical reddening vec-
tor.

In general, one assumes that the dust properties of extra-
galactic dust are comparable to those of Galactic dust. Only
a few studies of extragalactic extinction laws have been pub-
lished (e.g., Knapen et al., 1991; Jansen et al., 1994), but they
all seem to be consistent with the Galactic extinction law, ex-
cept for a few measurements in the Small Magellanic Cloud.
Although our knowledge of extragalactic dust properties is
limited, Bruzual et al. (1988) argued that no large variations
are expected, unless the extragalactic dust is of a completely
di�erent nature than that in our own Galaxy.

4.4.1 The e�ects of scattering on galaxy colours

If the dust is mixed with the stars, both absorption and scat-
tering e�ects have to be taken into account. For simplicity,
scattering e�ects are often neglected in studies of extinction
in other galaxies.

Byun et al. (1994), using the method developed by Ky-
la�s & Bahcall (1987), show that the error made by ignoring
scattering e�ects decreases with inclination; at edge-on orien-
tation scattering e�ects, at least the higher-order e�ects, can
be ignored, because more light is scattered out of the plane
of a galaxy disk than into the plane. Furthermore, the scat-
tering e�ects are expected to be more important at shorter
wavelengths, whereas they are probably not important in the
near-infrared for highly-inclined galaxies (Kuchinski & Tern-
drup, 1996).

4.4.2 Near-infrared observations

Although there is still a signi�cant amount of absorption in
the near-infrared, even at K (Wainscoat et al. [1989] �nd that
the K-band extinction in IC 2531 is AK � 0:3 mag, whereas
Rieke & Lebofsky [1985] �nd for the Galactic centre AK � 3
mag), near-infrared photometry has some advantages com-
pared to optical photometry. First, the near-infrared light is
dominated by a population of old stars, presumably cool gi-
ants and dwarfs (e.g., Terndrup et al., 1994), which are much
better tracers of a galaxy's mass distribution than the bluer,
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hotter stars in the spiral arms which dominate the optical lu-
minosity (Aaronson, 1977; Frogel, 1988). However, it is prob-
able that the K-band absorption is partially counteracted by
emission from the young, newly formed stars in the galaxy
plane. Secondly, in K the dust extinction is enormously re-
duced compared to that in the B band, which contributes to
a better understanding of the true luminous (and mass) dis-
tribution in a given galaxy.

Finally, although one can expect the dust to induce red-
dening of a galaxy's colours, de Jong (1996b) cautions that
the general direction in the colour-colour diagrams that is in-
dicated by the dust models for face-on galaxies, is di�erent
from the overall trend seen in his sample of face-on disk galax-
ies. Therefore, the whole gradient cannot be caused by dust
extinction, but an additional component is needed to explain
the full gradient (for face-on galaxies).

4.5 Dust versus stellar population gradients

It is di�cult to determine the physical process that causes the
observed colour gradients unambiguously, since colour gradi-
ents produced by a change in metallicity (or stellar popula-
tion) are parallel to those caused by reddening due to inter-
nal dust in a galaxy. Kuchinski & Terndrup (1996) therefore
recommend the use of spectral line observations rather than
broad-band colours to study these e�ects, because to date the
exact behaviour of the dust component has not yet been es-
tablished.

However, based on detailed modeling of broad-band obser-
vations of a large sample of face-on disk-dominated galaxies,
de Jong (1996b), allowing for a range of dust properties, con-
cludes that the observed colour gradients cannot be caused
by reddening alone. His population models can predict both
the right colours and also match the observed colour gradients
closely, whereas the dust models can at best explain only the
colour gradients.

All systematic colour di�erences induced by stellar popu-
lation changes and metallicity gradients are generally consid-
erably smaller than the reddening due to dust, however.

Finally, with the increasing availability of high-resolution
observations, e.g., those done with the Hubble Space Telescope
(HST), we will be able to study the evolution of colour gradi-
ents by comparing the HST observations with observations of
local galaxy samples.

5 Thesis Outline

At the time I started the project that has resulted in this
Thesis, important problems that should be addressed were
the e�ects of dust extinction in galaxy disks, and the vertical
distribution of stars in the disks.

In order to study the e�ects of dust absorption observa-
tionally, we decided to observe a large, statistically complete
sample of edge-on disk galaxies both in optical passbands and
in the near-infrared, so that we could compare the surface
brightness properties. This could reveal the vertical extent of
the dust in galaxy disks. The only published near-infrared ob-
servations of an edge-on galaxy were those by Wainscoat et
al. (1989), who studied the southern edge-on IC 2531. They
found little evidence for dust at large distances from the galaxy
plane, but in order to draw �rm conclusions on the three-

dimensional dust distribution, this should be investigated in
a statistical way rather than based on individual cases.

In Chapter 2 I describe the selection criteria applied to
select a statistically complete sample from the Surface Pho-
tometry Catalogue of the ESO-Uppsala Galaxies (ESO-LV;
Lauberts & Valentijn 1989). Our �nal sample consists of 93
galaxies that are at least 87� inclined, have clear, undis-
turbed disks, and have a minimum blue major axis diameter
of DB

25 = 2:02. From this sample, we observed a subsample
of 47 galaxies in B, V, and I, of which 24 were also observed
in the near-infrared J and K 0 passbands, using the telescopes
of the European Southern Observatory at La Silla in Chile.
Finally, the data reduction techniques are discussed in detail
and a comparison is made with published observations.

The second item of interest was the vertical distribution
of stars in galaxy disks. Although the isothermal sheet ap-
proximation seemed to do well away from the galaxy planes,
where optical observations are signi�cantly inuenced by dust
contamination, some early results obtained from observations
with near-infrared arrays indicated that at small distances
from the galaxy planes an excess of light over the isothermal
sheet model would be expected.

In Chapter 3 we test our reduction and analysis method
by applying it to NGC 6504, for which we report both a radial
dependence of the best-�tting vertical luminosity distribution
and the detection of a clear thick disk with a scale height � 4
times the scale height of the dominant disk component.

Chapter 4 is an analysis of the structure parameters of a
small pilot sample of northern-hemisphere edge-on galaxies.
We introduce a global goodness-of-�t parameter which can
be used to determine the best-�tting vertical luminosity and
density distribution. Although we con�rm that the vertical
scale height seems to be relatively constant, in some cases it
also seems to increase towards larger radii.

The fundamental galaxy parameters of our main sample
are studied statistically in Chapter 5. As a side step, we have
extended the absolute magnitude { colour relationship for
lenticular and spiral galaxies towards the near-infrared, based
on dust-free colours. The results of this study are presented
in Chapter 6.

One of the most striking results from the global analysis
in Chapter 5 is emphasized in Chapter 7, in which we report
that, although the exponential disk scale height is constant
to �rst order, for the large majority of our sample galaxies it
increases with galactocentric distance. The e�ect is strongest
for the earliest-type galaxies. We explain this increasing scale
height by assuming that early-type galaxies have thick disks
with both scale heights and scale lengths larger than those of
the dominant disk component.

Chapter 8 describes our e�orts to determine the z-
structure of galaxies towards the galaxy plane unambiguously,
in the K 0 band. We �nd that the mean levels of the sharpness
of the vertical luminosity pro�les lie in between the exponen-
tial and the intermediate sech(z) model (and may even be
consistent with purely exponential vertical surface brightness
pro�les), with little variation along the galaxies' major axes
or among galaxies of di�erent types. We therefore argue that
this implies that the process at work here is both global and
universal.

In Chapter 9, we study the optical warp curves of our sam-
ple galaxies and compare the warp parameters as a function
of wavelength.



32 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : Edge-on disk galaxies in the optical and near-infrared

Finally, in Chapter 10 I summarize our main results and
look forward to future work in this �eld.
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