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ABSTRACT

Over the past two decades, observations have revealed that the vertical density distribution of stars in galaxies near
the midplane is substantially steeper than the sech2 function that is expected from an isothermal approximation. How-
ever, the physical origin for this has not been explained so far. Here we show that such steep profiles result naturally,
even within the isothermal regime, on taking into account the gravitational force due to the gas. Because of its low
velocity dispersion, the gas is concentrated closer to the Galactic midplane than the stars, and hence it strongly affects
the vertical stellar distribution, even though its contribution to the total surface density is small. We apply a three-
component Galactic disk model consisting of gravitationally coupled stars and H i and H2 gas embedded in the dark
matter halo, and calculate the vertical density distribution of stars for the Galaxy. The resulting vertical density dis-
tribution of stars is shown to be steeper than the sech2 function, lying between the sech and an exponential function, in
good agreement with observations of galaxies.We also show that a multicomponent stellar disk consisting of coupled
dwarfs and two populations of giants does not explain the observed steep stellar profiles.

Subject headinggs: galaxies: ISM — galaxies: kinematics and dynamics — galaxies: photometry —
galaxies: structure — Galaxy: structure — hydrodynamics

1. INTRODUCTION

It is well known that a gravitating, isothermal stellar disk in a
galaxy can be represented by a self-consistent vertical distribution
that obeys a sech2 profile, as has been shown theoretically (Spitzer
1942) and confirmed by observations (van der Kruit & Searle
1981a, 1981b). However, recent studies have shown that the ob-
served vertical distribution in galaxies is steeper and iswell approx-
imated by an exponential or a sech function, especially close to the
galacticmidplane, as shown for ourGalaxy (Gilmore&Reid 1983;
Pritchet 1983; Kent et al. 1991; Gould et al. 1996) and also for
external galaxies (Wainscoat et al. 1989;Aoki et al. 1991;Barnaby
&Thronson 1992; vanDokkumet al. 1994;Rice et al. 1996). These
later, near-infrared observations, which are free from the errors due
to dust extinction, allowone to probe regions closer to themidplane.
These show an excess over the isothermal case near the midplane,
which is better fitted by an exponential or a sech profile.

The sech2 profile results under the isothermal assumption for
the equation of state, so that the pressure p can be written as den-
sity � times the square of the sound velocity or the random ve-
locity dispersion, and the additional assumption that the velocity
dispersion is independent of vertical distance (Spitzer 1942;
Bahcall 1984). An exponential distribution, as observed in some
cases, was argued to be unphysical when extended all the way to
the midplane, and a fit intermediate between an exponential and
an isothermal was suggested in terms a family of curves denoted
by a parameter n (van der Kruit 1988). Subsequent observational
papers analyze the data and give their results in terms of this pa-
rameter n (see, e.g., de Grijs & van der Kruit 1996; de Grijs et al.
1997). However, the set of models proposed by van der Kruit
(1988) is somewhat ad hoc, since it is not obtained as a solution
to the basic equations relevant in this context.

The physical origin of the steeper-than-isothermal vertical pro-
file has not been fully explained so far. An exponential profile is
shown to result if the gas settles in a protogalaxy into isothermal
equilibrium and if the star formation rate is equal to the cooling
rate of the gas (Burkert & Yoshii 1996). However, this model re-
quires a specific set of initial conditions and does not take account

of the secular heating (e.g., Binney & Tremaine 1987) that stars
undergo, and also it cannot explain the sech behavior seen inmany
galaxies.

In this paper, we show that the steep vertical profile occurs nat-
urally on taking account of the strong constraining effect of the
gravitational force due to gas. Because of its lower velocity dis-
persion, the gas forms a thin layer and thus lies closer to the ga-
lacticmidplane than the stars; hence, despite its smallmass fraction,
the inclusion of gas is shown to significantly affect the stellar
vertical distribution.We apply a three-component model of a ga-
lactic disk consisting of gravitationally coupled stars and H i and
H2 gas in the field of a dark matter halo, developed earlier by
Narayan & Jog (2002b). The resulting thickness was defined as
the HWHM of the vertical distribution for each component, and
it showed a good agreement with observations for the inner Gal-
axy (Narayan & Jog 2002b), and the moderate stellar flaring pre-
dicted also agreed well with observations of external galaxies
(Narayan & Jog 2002a). In the current paper, we concentrate on
the density distribution close to the midplane. There is no discrep-
ancy in these two approaches, since at higher vertical distances, the
various functional forms have the same (sech2) behavior. We treat
the stellar disk as a single component for simplicity; this assump-
tion is justified later.

The results obtained in this paper show that the inclusion of
gas gravity can account for the observed steepness in the stellar
profiles closer to the midplane. Also, we predict the surface-
brightness distribution in the K band at different galactocentric
radii within the Galaxy, considering it as an edge-on system as
it would appear to an external observer.

In x 2, we discuss the model used and the method for solving
the equations and give the parameters used. Section 3 contains
the results obtained, and xx 4 and 5 give the discussion and the
conclusion, respectively.

2. FORMULATION OF EQUATIONS AND SOLUTIONS

We have used the three-component galactic disk model of
Narayan& Jog (2002b) to obtain the vertical density distribution
of stars in the Galaxy, as discussed in x 1. In this model, the
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response of each component to the joint potential determines the
net vertical density distribution in a self-consistent manner. The
atomic andmolecular hydrogen gas are distributed in two thin disks,
embedded within the stellar disk, with which they are also axi-
symmetric and coplanar.We use the galactic cylindrical coordinates
(R; �; z). The equation of hydrostatic equilibrium in the vertical
direction is given by (Rohlfs 1977)

(vz)
2
i

� �
�i

d�i
dz

¼ (Kz)s þ (Kz)H i
þ (Kz)H2

þ (Kz)DM; ð1Þ

where i ¼ 1, 2, 3, and DM denote these quantities for stars, H i

and H2 gas, and the dark matter halo, respectively. Here Kz ¼
�@ /@z is the force per unit mass along z, is the corresponding
potential, and h(vz)2i i1/2 is the random velocity dispersion along
z. We have assumed the equation of state to be isothermal and the
dispersion to be constant with z.

Under the assumption of a thin disk, the joint Poisson equation
simplifies to

d 2 s

dz2
þ d 2 H i

dz2
þ d 2 H2

dz2
¼ 4�G �s þ �H i þ �H2

ð Þ: ð2Þ

On combining equations (1) and (2), the density distribution of a
component i at any radius is given by

d 2�i
dz2

¼ �i

(vz)
2
i

� � �4�G �s þ �H i þ �H2
ð Þþ d Kzð ÞDM

dz

� �

þ 1

�i

d�i
dz

� �2
: ð3Þ

From the above equation, it is evident that although there is a
common gravitational potential, the response of each component
will be different due to the difference in their random velocity
dispersions.

2.1. Solution of the Equations

The above equation represents a set of three coupled, second-
order ordinary differential equations, which is solved numerically
by the fourth-order Runge-Kutta method in an iterative fashion
(Narayan & Jog 2002b), with the following two initial conditions
at the midplane, i.e., z ¼ 0 for each component:

�i ¼ (�0)i;
d�i
dz

¼ 0: ð4Þ

However, the modified midplane density (�0)i for each compo-
nent is not known a priori. Instead, the net surface density�i (R),
given by twice the area under the curve of �i(z) versus z, is used
as the second boundary condition, since this is known observa-
tionally. Hence the required value of (�0)i can be determined by a
trial and errormethod,which eventually fixes the�i(z) distribution.

2.2. Parameters Used

We require the surface density and the velocity dispersion for
each component to solve the coupled set of equations at each
radius; these parameters have been taken as in Narayan & Jog
(2002b). The observed values were used for the gas surface den-
sities (Scoville & Sanders 1987); see Table 1. The stellar surface
density and the density profile of the dark matter halo were taken
from the standardmassmodel for the Galaxy byMera et al. (1998):
here the stellar disk has an exponential distribution with a disk
scale length of 3.2 kpc and local stellar density of 45 M� pc�2,

which gives a central stellar surface density of 641M� pc�2, and
the dark matter halo is taken as an isothermal sphere with a core
radius of 5 kpc and a rotation velocity of 220 km s�1. Table 1 also
lists the values of the ratio�H iþH2

/�s, the total gas to stellar sur-
face mass density.
The observed gas velocity dispersion values are taken, with

8 km s�1 for H i (Spitzer 1978) and 5 km s�1 for H2 gas (Stark
1984; Clemens 1985). The observed planar stellar velocity disper-
sion values fromLewis & Freeman (1989) were used to obtain the
vertical dispersion values, assuming the same ratio, namely 1/2, of
the velocity dispersions as seen in the solar neighborhood (Binney
& Merrifield 1998). This gives an exponential velocity distribu-
tion with a scale length of 8.7 kpc and local value of 18 km s�1

(Lewis & Freeman 1989; Narayan & Jog 2002b).

3. RESULTS

3.1. Effect of Gas on Stellar Vertical Distribution

We first illustrate the dynamical effect of the inclusion of the
low-dispersion component, namely the gas, on the vertical distri-
bution of stars. We first compare the gravitational force due to
stars and gas taken separately. The strength of the force per unit
mass, jKzj, for an isothermal single component is obtained by solv-
ing the force equation and the Poisson equation (eqs. [1] and [2])
together. These can be solved analytically and give (Spitzer 1942;
Rohlfs 1977)

jKzj ¼ 2
v2
� �
z0

tanh z=z0ð Þ; ð5Þ

where v2
� �

is the mean square of the velocity. The vertical den-
sity distribution is given by

�(z) ¼ �0 sech
2 (z=z0); ð6Þ

where the constant z0 is given in terms of the midplane density,
�0, as

z0 ¼
v2
� �
2�G�0

� �1=2
: ð7Þ

We treat the stars-alone case first and use the total observed stel-
lar surface density �s at a given radius as a boundary condition;
integrating equation (6),we constrain both�0 and z0 simultaneously.
The procedure is then repeated for the gas-alone H i and H2

TABLE 1

Best-Fitting 2/n Values at Different Radii

Radius

(kpc)

�H i

(M� pc�2)

�H2

(M� pc�2) �H iþH2
/�s n 2/n

2................................ 1.8 4.0 0.02 3.33 0.6

3................................ 3.8 4.9 0.04 5.4 0.37

4................................ 4.6 13.1 0.10 7.32 0.27

4.5............................. 4.6 19.7 0.16 9.12 0.22

5................................ 4.6 14.2 0.14 7.91 0.25

6................................ 4.6 10.8 0.16 6.89 0.29

7................................ 4.7 4.9 0.13 4.86 0.41

8................................ 5.3 3.6 0.17 4.5 0.44

8.5............................. 5.6 2.1 0.17 4.26 0.47

9................................ 5.6 1.4 0.18 4.22 0.47

10.............................. 5.6 0.8 0.23 2.93 0.68

11.............................. 5.6 0.6 0.30 2.88 0.69

12.............................. 5.6 0.4 0.40 2.83 0.71
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components taken separately. The resulting values for jKzj, the
strength of the force per unit mass due to stars alone, and that due
to H i and H2 alone (drawn on a log scale) versus z are shown in
Figure 1, as calculated atR ¼ 6 kpc. It is clear that up to jzj<150 pc,
the force due to gas is significant:�30% of that due to stars. This
is the spatial region over which we have fitted the n(z) profiles to
obtain the parameter n (x 3.2). Thus, we expect to see a steep-
ening of the density profile of stars on taking account of the gas
gravity.

A similar plot for the coupled case cannot be given, since the
three disk components (stars, H i, and H2) are coupled, and hence
the individual terms on the right-hand side of equation (1) are not
known. However, a gradient of Kz with z can be given in terms of
the mass density, �, for each component, using the Poisson equa-
tion. The resulting values of mass densities for the three coupled
components as obtained from our model at R ¼ 6 kpc are plotted
in Figure 2. This is another indicator of the importance of gas in
the dynamics close to the midplane. The midplane density of the
gas and the stars are comparable, hence the gas gravity affects the
stellar dynamics significantly.

The dynamical effect of gas gravity on the net vertical density
distribution of stars is clearly shown in Figure 3, where we plot
and compare the stellar density distribution versus z for the stars-
alone case and also as obtained in the coupled system. First, the
central or the midplane peak in density is increased, and the shape
of the central profile becomes sharper, which is studied quanti-
tatively in terms of the parameter ‘‘n’’ in the rest of the paper. Fur-
thermore, the scale height (HWHM) of the stellar distribution is
lower in the coupled system due to the inclusion of gas gravity—
this aspect was studied in detail in our earlier work (Narayan &
Jog 2002b). Thus the inclusion of gas affects the central peak den-
sity of the stellar distribution and the shape of the profile, and it
also decreases the stellar vertical scale height.

We have thus shown that due to its lower velocity dispersion,
the gas forms a thinner layer and is concentrated closer to the
galactic midplane than the stars. Hence, despite the fact that the
gas contains a small fraction of the total disk surface density, it
has a significant effect on the vertical density distribution of the
main mass component, namely, the stars.

A study highlighting a similar constraining effect of amolecular
cloud complex was done by Jog & Narayan (2001). The cloud
complex is massive (�107 M�) and extended (�200 pc in size),
with an average density much higher than the midplane stellar
density, and hence in that case the jKzj due to the complex domi-
nates the jKzj due to the stars-alone case (Fig. 1 in that paper), and
the resulting changes in the vertical density distribution of stars
and the HWHM (Figs. 3 and 4, respectively, in that paper) are
much stronger. Figures 1 and 3 in that paper are the analogs of
Figures 1 and 3 given above.

3.2. Model Stellar Vertical Profiles

The self-consistent vertical density distribution of stars was de-
termined for the radial range of 2–12 kpc in the Galaxy, following
themethod discussed in x 2.1. In order to compare our results with

Fig. 1.—Plot offorce per unitmass jKzj for the stars-alone case and theH2-alone
andH i-alone cases on a log scale vs. z, calculated atR ¼ 6 kpc. The force due to the
gas is a significant fraction, �30% of the stars-alone case for z-values close to the
Galactic midplane (z � 150 pc).

Fig. 2.—Density distribution vs. z for the gravitationally coupled three-
component system obtained at R ¼ 6 kpc, plotted for the stars, H2, and H i gas
components. The gas density is a significant fraction of the stellar density close to
the midplane, and hence the force due to gas has a strong effect on the stellar dis-
tribution, despite the fact that the gas surface density is a small fraction of the total
disk surface density.

Fig. 3.—Density distribution vs. z for the stars-alone case and for the stars in
a gravitationally coupled three-component system obtained at R ¼ 6 kpc. Because
of the gravitational force due to gas, the stellar distribution in the coupled case has a
higher central value, the profile is steeper, and the thickness (HWHM) is smaller.
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the observational papers in the literature which have fitted their
data to the van der Kruit (1988) curves, we also fit our numerical
solution for �(z), the stellar mass density, to the family of curves
suggested by van der Kruit (1988),

�(z)¼ 2�2=n�e sech
2=n (nz=2ze); ð8Þ

which is characterized by three parameters, �e, ze, and n. Here �e
is the extrapolated outer mass density away from the galaxy plane,
which is the same for all values of n at large z, and ze is the vertical
scale parameter. For a given �e, the effective scale heights and the
amplitudes at z ¼ 0 are obtained as a function of the parameter n.

In the limiting cases of n ¼ 1 and n ¼ 1, equation (8) reduces
to the usual isothermal (or the sech2 function) and exponential
functions, respectively, while n ¼ 2 denotes an intermediate case
of the sech profile.

In Figures 4 and 5, we compare the vertical stellar-density pro-
files for the n ¼ 1 (exp), n ¼ 2 (sech), and n ¼ 1 (sech2) cases
with our model curves obtained at R ¼ 6 kpc and 8.5 kpc, respec-
tively. The values of the parameters �e and ze in these cases are the
best-fitting values obtained from fitting our model curves to
within jzj � 150 pc of the galactic midplane. The model curve in
Figures 4 and 5 is best fitted by n ¼ 6:9 and n ¼ 4:3, respectively,
and it thus lies between the sech and an exponential profile. In the
region of the molecular ring, which includes R ¼ 6 kpc, the in-
fluence of gas is higher, and hence the resulting vertical profile is
steeper than in the solar neighborhood region of 8.5 kpc. This
underlines the crucial effect of gas in causing a steepening of the
vertical stellar density profile in the galactic disk. The best-fit val-
ues for ze are 368 pc and 362 pc. From these figures, it is clear
that the best-fitting value of n depends on the range of z used,
and at a large enough z-range, all curves go over to the usual sech2

profile.
The effect of gas gravity is further illustrated by plotting the

best-fitting 2/n values versus radius for the Galaxy, obtained from
our analysis in Figure 6. Also, Table 1 gives the best-fitting 2/n
values obtained at different radii, along with the total gas fraction

at each radius. It shows that 2/n lies between 0 and 1 in general, or
that n lies between1 and 2. Thus, our model vertical distribution
is steeper than the one-component isothermal case (n ¼ 1) at all
radii, and lies between an exponential and a sech profile. This is in
direct conformitywith the results obtained by deGrijs et al. (1997)
for a complete sample of external, edge-on galaxies.
Interestingly, the best-fitting steepness index n is more directly

dependent on the total absolute gas surface density than on the
gas fraction (see Table 1). This needs to be studied for other gal-
axy types and gas mass ranges in a future paper.

3.3. Luminosity Profile of a Multicomponent Stellar Disk

So far we have treated the stars as consisting of a single, iso-
thermal component, and our dynamical model gives the steep
vertical density profile for this single stellar component when

Fig. 4.—Plot of vertical density distribution vs. z/ze, atR ¼ 6 kpc. Themodel
profile (solid line) is best fitted by the n ¼ 6:9 case from van der Kruit (1988), is
steeper than the stars-alone isothermal or the sech2 cases (n ¼ 1), and lies be-
tween the sech z (n ¼ 2) case and an exponential (n ¼ 1) case (dotted lines).
This region lies within themolecular ring of high gas density, hence it results in a
steep vertical profile.

Fig. 5.—Plot of vertical density distribution vs. z/z0, at R ¼ 8:5 kpc. The ver-
tical model profile is best fitted by the n ¼ 4:3 case from van der Kruit (1988),
which is closer to the sech case and is less sharp than at R ¼ 6 kpc, but is still
sharper than the stars-alone, isothermal case (sech2 z).

Fig. 6.—Plot of the best-fitting 2/n values vs. the radius of 2–12 kpc for the
Galaxy, where n is the van der Kruit parameter denoting the steepness of the stel-
lar vertical profile.
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coupled with the H i and H2 gas components. We confirm the
validity of this assumption next.

Alternatively, a steepening of the stellar vertical luminosity pro-
file could also occur if a superposition of stellar components with
different velocity dispersions is considered, as has been suggested
qualitatively (de Grijs et al. 1997). We check and refute this idea
by considering a coupling of the G-K-M dwarfs which contain the
main mass fraction in the stellar disk, and giants which contain a
much smaller diskmass fraction but dominate the disk luminosity.
This latter feature is well known, namely, that the luminosity of the
disk is dominated bygiantswhichmaynot determine its dynamics,
as cautioned byMihalas & Binney (1981). The giants span a large
range of velocities, covering a factor of 2, and at first glance it
may seem as though that would result in a nonisothermal stellar
luminosity profile, or a profile steeper than sech2. However, as
we show next, the net dynamics in a disk consisting of coupled
dwarfs and giants is largely determined by the dwarfs, because
they constitute the main disk mass component and the two have
comparable dispersions.

We treat the giants as consisting of two separate components
or populations characterized by vertical dispersions of 14 km s�1

and 28 km s�1, respectively, with 23% of the mass surface den-
sity of the giants in the higher velocity component, as was shown
in a recent study byHolmberg&Flynn (2004) based onHipparcos
data. We then apply our coupled, three-component disk model to
the G-K-M dwarfs (treated as a single component) and the above
two giant components. The total surface densities of dwarfs and
giants are taken to be 13.5 and 0.19 M� pc�2, respectively, as
observed; see Table 4-16 in Mihalas & Binney (1981).

The resulting net stellar density distribution from our model is
fitted by the van der Kruit (1988) function to obtain the ‘‘n’’ pa-
rameter. Our dynamical model gives the n value for dwarfs in this
case to be 1.01, which is almost identical to a one-component
sech2 profile (which is given by n ¼ 1). For each of the two pop-
ulations of giants, the best-fit n value is also 1.01. Next, we add
the density profiles for these two giant populations, and the best-fit
value for n in this case is found to be 1.07,which is still close to the
isothermal case, although it is very slightly steeper than the profile
for the individual components. The net luminosity profile, as set
by the sum of the giant populations, will thus be nearly sech2, or
close to isothermal. This is a somewhat surprising result, and phys-
ically this can be explained by the fact that the high-velocity giant
population has a much lower surface density, hence in the coupled
three-component system treated here, its density contributionwithin
150 pc (this is the z-range over which the fitting for n is done) is
much smaller than the other giant component. This is why de-
spite the two giant populations having such different vertical ve-
locity dispersions, the net density profile of the giants is close
to that of a single isothermal profile. The n for the combined giants
is thus very similar to the n for the mainmass component, namely,
the dwarfs.

Note that the observed stellar luminosity profile ismuch steeper,
with n ¼ 2 or higher; that is, it lies between a sech and an exponen-
tial profile (x 3.2). Thus, a multicomponent stellar disk with ob-
served parameters for the dwarfs and the giants cannot explain the
steep light distribution seen in galaxies. In contrast, the inclusion
of gas in our model, despite its small mass fraction, naturally re-
sults in the steep stellar profile as observed, as shown in x 3.2.

This calculation also confirms that our assumption of a single-
component stellar disk is valid for the dynamical study, since the
giants do not affect the dynamics of dwarfs. Similarly, even in the
coupled stars-gas case treated in our paper, the luminosity profile
of the giants at low z can be taken to trace that of the main stellar-
mass component, namely, the dwarfs.

3.4. Model Surface Brightness versus Height z

The luminosity density of stars in a particular color band is the
directly observed quantity in astronomy, rather thanmass density
itself. But as the luminosity density in any color band is taken to
be a constant multiple of the stellar density function, we conclude
that the vertical luminosity distribution follows the same functional
form as the corresponding mass density distribution, and hence is
characterized by the same value of the steepness index n.

We next obtain the surface brightness distribution of a typical
edge-on galaxy like theMilkyWay, as seen by an external observer,
by integrating the luminosity density function along a line of sight.
If the luminosity density at a galactocentric radius R and vertical
distance z above the midplane is given by (see van der Kruit &
Searle 1981a)

L R; zð Þ ¼ L0 sech
2=n nz=2zeð Þexp �R=hð Þ; ð9Þ

where h is the disk scale length, then the surface brightness is
given by

I(R; z)¼ I(0; 0)(R=h)K1(R=h) sech
2=n (nz=2ze); ð10Þ

where I (0; 0) ¼ 2L0h and K1 is the modified Bessel function. If
I (R; z) is in units of L� pc�2, the surface brightness in units of
magnitude per arcsec2 is (Binney & Merrifield 1998)

� R; zð Þ ¼ �2:5 log I=L� pc�2
� �

þM� þ 21:572: ð11Þ

Here M� denotes the absolute solar magnitude in the chosen
color band. For theK band,M� ¼ 3:33 (Cox2000), and the above
formula reduces to

� R; zð Þ ¼ �2:5 log I=L� pc�2
� �

þ 24:902: ð12Þ

Our Galaxy is known to have an exponential disk (e.g.,Mera et al.
1998) with an exponential luminosity profile as given in equa-
tion (9); from this we obtain the surface-brightness profiles in the
K band at a given radius as follows. The stellar density value at each
z (in units of M� pc�3) at a given R obtained from our numerical
analysis is divided by M� /L� of 1 to obtain the corresponding

Fig. 7.—Plot showing the model surface-brightness curves in the K band vs.
the distance z from the midplane, calculated at different galactocentric radii,
treating the Galaxy as an edge-on system as seen by an external observer.
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luminosity density in the K band in units of L� pc�3. This ratio of
mass-to-luminosity is obtained using the K-band disk luminosity
fromKent et al. (1991) and the disk mass fromBinney& Tremaine
(1987), and is in agreement with a study based on a large number of
galaxies (Bell & de Jong 2001) which has shown the typical value
of this ratio to be �0.5, with a scatter of a few around it. Then,
using equations (10) and (11), we obtain the surface-brightness
distribution at a given radius. In Figure 7, we plot the model
surface-brightness distribution in the K band, calculated at dif-
ferent radii, treating theMilkyWay as an edge-on system as seen
by an external observer. These curves are strikingly similar to the
observed profiles for external edge-on galaxies (see Fig. 3 from
Barteldrees &Dettmar 1994, and Fig. 5 from deGrijs et al. 1997).

4. DISCUSSION

1. We have assumed the stellar disk to be isothermal for sim-
plicity, as is the standard practice in the study of the vertical struc-
ture of galactic disks (e.g., Spitzer 1942; Bahcall 1984). The stellar
velocity dispersion increases due to secular heating by tidal inter-
actions and molecular clouds (e.g., Binney & Tremaine 1987).
Despite this, the resulting stellar vertical velocity dispersion is
shown to be constant with height (Jenkins&Binney 1990; Jenkins
1992), hence the isothermal assumption made is robust.

2. The model developed here is general, and since the gas ve-
locity dispersion in external galaxies is universally much smaller
than the stellar dispersion (see, e.g., Lewis 1984; Wilson &
Scoville 1990), the analysis in this paper can be applied to other
galaxies as well. We predict that gas-rich late-type galaxies will

show steeper stellar profiles (higher n or lower 2/n values) than
early-type galaxies for the same radial range. This could be checked
with future observations.

5. CONCLUSION

It is well established that the vertical distribution of stars in
galactic disks is observed to be steeper than the sech2 profile ex-
pected from a one-component, isothermal case, especially closer
to the galactic midplane. In this paper, we provide a simple, phys-
ical origin for this: we show that on taking account of the gas
gravity, the resulting stellar vertical profile, even under the iso-
thermal assumption, is steeper than the sech2 function. The resulting
profile is calculated for our Galaxy using a three-component model
of a galactic disk consisting of gravitationally coupled stars and
gas, and is shown to be steeper than sech2, lying between a sech
profile and an exponential profile, in agreement with observa-
tions of galaxies. The higher the gas surface density, the steeper
the resulting stellar vertical profile, asymptotically approaching
the exponential curve. Due to the lower velocity of gas, it is con-
centrated close to the midplane, and this crucial feature results in
the steepening of the stellar profile. We also show that the ob-
served steep stellar profiles cannot be explained by a superposition
of several stellar components, as has sometimes been proposed
qualitatively in the literature.

We thank the anonymous referee for insightful commentswhich
have improved our paper.
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