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Abstract

For the past twenty years, it has been accepted that the vertical scaleheight of the
stellar disk in spiral galaxies is constant with radius. However, there is no clear
physical explanation for this in the literature. Here we calculate the vertical stellar
scaleheight for a self-gravitating stellar disk including the additional gravitational
force of the HI and H2 gas and the dark matter halo. We apply our model to two
edge-on galaxies, NGC 891 and NGC 4565, and find that the resulting scaleheight
shows a linear increase of nearly a factor of two within the optical disk for both
these galaxies. Interestingly, we show that the observed data when looked at closely,
do not imply a constant scaleheight but actually support this moderate flaring in
scaleheight.
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1. Introdution

In the pioneering studies on vertical luminosity distribution of edge-on stellar disks,
van der Kruit and Searle (1981a,b) found that the vertical scaleheight of stars is
independent of radius in NGC 4244, NGC 5907, NGC 4565 and NGC 891. This
was later confirmed for NGC 4244 by Fry et.al. (1999) and for NGC 891 by Ky-
lafis & Bahcall (1987) and also for other galaxies. In fact, the constant stellar
scaleheight has become a well-established paradigm. Recent studies, however, have
shown (Kent, Dame & Fazio 1991 and de Grijs & Peletier 1997) a moderate increase
with radius in stellar scaleheight.

The constancy of scaleheight comes about when the scalelength with which the
vertical velocity dispersion falls off exponentially along the radius, hvel, is twice
the radial density scalelength, hR, in a galactic disk (van der Kruit and Searle
1981a). However, this relation has no theoretical basis and is used only to obtain
the flat scaleheight. We note that if the velocity falls off slower than the above rate
(hvel > 2hR), then it results in a flaring disk whereas the converse (hvel < 2hR) gives
rise to a disk which tapers down in thickness. These results are valid when the
density distribution is defined only by the gravitational force of the stellar disk.

In reality, the molecular and atomic hydrogen gas and the dark matter halo exert
a considerable gravitational force on the stellar disk and hence should be included
in defining the stellar scaleheight. The effect of these components gains importance
at large galactocentric radii, where the surface densities of all the components are
comparable to each other, whereas in the inner galactic disk the stellar component
dominates over the others. We show that it is because of this additional gravita-
tional force, that the stellar scaleheight is not exponentially flaring at large radii but
instead it shows a controlled linear variation. Earlier we have proposed (Narayan
& Jog 2002) a gravitationally coupled, three-component disk plus halo model which
predicts the scaleheight curves of HI, H2 and the stellar disk of our Galaxy, which
are shown to be in good agreement with observations.

In this Letter, we apply the same model for two external galaxies, NGC 891
and NGC 4565, and compare the stellar scaleheights obtained with observations
available in the literature. These galaxies are chosen because these are two of the
prototypical edge-on galaxies from the sample of van der Kruit & Searle (1981a,b)
which also have detailed HI and H2 surface density values from observations.

In Sect. 2, we discuss the details of the model used. The resulting scaleheights
for NGC 891 and NGC 4565 are compared with observations in Sect. 3. Section 4
contains discussion and Sect. 5 gives a summary of the conclusions.

2. Calculation for vertical stellar scaleheight

The treatment for obtaining the vertical stellar scaleheight is based on a three-
component disk plus halo model, as described by Narayan & Jog (2002), which is
briefly summarized below.

The force equation along the z-axis or the equation of hydrostatic equilibrium is
given by (e.g., Rolhfs 1977):
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〈(vz )
2

i
〉

ρi

dρi

dz
= (Kz )s + (Kz )HI + (Kz )H2

+ (Kz )DM (1)

where ρ is the mass density, (Kz) = −∂ψ/∂z is the force per unit mass along the
z-axis, ψ is the corresponding potential, and the subscript i = s, HI, H2 and DM
denotes these quantities for stars, HI, H2 and the dark matter halo respectively.
We take the root mean square of the vertical velocities of a component 〈(vz)

2

i
〉

1

2

or the random velocity dispersion at a radius R and treat the component as being
isothermal along z. The right hand side of equation (1) gives the total vertical force
due to all the components.

For a thin disk, the joint Poisson equation reduces to :

d2ψs

dz 2
+

d2ψHI

dz 2
+

d2ψH2

dz 2
= 4πG (ρs + ρHI + ρH2

) (2)

The coupled equations (1) and (2) are solved for the density ρ versus z, as a
boundary value problem using standard numerical techniques (Press et.al. 1986).
To obtain the vertical density distribution of a component, we need to know the
surface density of the component which is used as a boundary condition, and its
vertical velocity dispersion. This results in a sech2-like density profile, and we use
its HWHM to define the scaleheight. We have used a single stellar component for
simplicity, though recent observations show (de Grijs, Peletier & van der Kruit 1997)
a more sharply peaked luminosity profile which may be explained as a sum of several
disk components.

3. Results

3.1. NGC 891

3.1.1. Scaleheights from our model

NGC 891 is an edge-on spiral (i = 89o) of Hubble type Sb. It has a very large stellar
disk with hR = 4.9 kpc (van der Kruit & Searle 1981b). We use a central surface
density of 700 M⊙ pc−2 which is the value given for our Galaxy (Binney & Tremaine
1987), for the sake of simplicity and also because the results from this section do
not depend sensitively on the actual choice of the value used.

Bottema (1993) has measured the vertical velocity dispersions for a set of 12
spirals and finds that the central velocity dispersion is about 60 kms−1 for an Sb
type galaxy, which is what we use for NGC 891 and NGC 4565. The dispersion
falls off exponentially and is generally modeled (Lewis & Freeman 1989, Bottema
1993) with a scalelength, hvel = 2hR in accordance with the van der Kruit & Searle
(1981a) model - see Sect. 1. A unique value of hvel cannot be derived since there
are only three data points for NGC 891. Instead, in our work the ratio hvel/hR is
allowed to take a range of values between 1-4.

The observed surface densities of HI and H2 are taken from Rupen (1991) and
Sofue & Nakai (1993) respectively. The gas velocity dispersions in the Galaxy are 8

4



kms−1 (Spitzer 1978) and 5 kms−1 (Stark 1984 and Clemens 1985), for HI and H2

respectively. These are taken to be the same for all the spiral galaxies, as observed
for HI (Lewis 1984) and H2 (Wilson & Scoville 1990) and as argued theoretically for
H2 (Jog & Ostriker 1988). Finally, we calculate the gravitational force of the dark
matter halo from a standard model of Mera, Chabrier & Schaeffer (1998) with a
total halo mass of ∼ 1012 M⊙. These input parameters are used to solve the coupled
equations (1) and (2).

Figure 1 shows the scaleheights obtained by the method discussed in Sect. 2
for the ratio hvel/hR = 1, 2, 2.5, 3 and 4. This figure shows that in general, the
scaleheight is not flat as deduced by van der Kruit & Searle (1981b). The ratio of
less than 2 can be ruled out since it gives unphysically tapering scaleheight.

3.1.2. Scaleheights deduced from observed data

Van der Kruit and Searle (1981b) fit their data using an isothermal stellar disk
model with the following space-luminosity density profile as applicable for an edge-
on system:

µ(R, z) = µ(0, 0)
(

R

hR

)

K1

(

R

hR

)

sech2

(

z

zo

)

(3)

where µ(0, 0) is the space-luminosity density at the centre of the galaxy, zo represents
the scaleheight and K1 is the modified Bessel function of the second kind. We note
that, by definition, the scaleheight we obtain (see Sect. 2) is not the same as zo but
the two are equivalent. This model gives a single and well-defined sech2 curve on
a composite z-profile, when the zo is kept constant. Figure 2 shows the composite
z-profile for NGC 891. The solid line results when zo = 1 kpc is kept constant with
radius. However, we note that the observed data are spread over an interval about
this single curve. We show that a similar spread in the calculated values of surface
brightness is obtained when zo is allowed to increase linearly from 0.75 kpc to 1.25
kpc over 4 disk scalelengths or the entire optical disk. This range of zo is found
by trial and error such that the model values match well with observations. This

shows that the spread in the observed data allows for a linear increase of

a factor of 1.7 in zo. This increase allows us to constrain the value of hvel/hR to
be between 2-2.5 (see Fig. 1).

3.2. NGC 4565

NGC 4565 is an Sb type spiral galaxy with an inclination of 86o. Figure 3 shows
the stellar scaleheight obtained for NGC 4565 using the method described in Sect.
2. The input parameters used here are as follows. The radial scalelength, hR is 5.5
kpc (van der Kruit & Searle 1981a). The central surface density of stars is taken
to be 700 M⊙ pc−2 and the central vertical velocity dispersion = 60 kms−1. The
choice of above two numbers is justified in Sect. 3.1.1. Surface densities of HI and
H2 are taken from Rupen (1991) and Sofue & Nakai (1994) respectively. Since the
observations for the stellar velocity dispersion are not available for NGC 4565, we
vary the ratio hvel/hR within the range of 1-4.

Using the composite z-profiles (see Sect. 3.1.2), the stellar scaleheight for NGC
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4565 was shown to be constant at zo = 0.79 kpc (van der Kruit & Searle 1981a).
This was later confirmed by Naslund & Jorsater (1997). As in the case of NGC 891,
the observed surface brightness values do not give rise to a sharp and single sech2

curve. Figure 4 shows the numerically obtained composite z-profile, and also the
observed data. The noted spread in observed data can be reproduced by increasing
the zo linearly from 0.4 kpc to 1.0 kpc within the optical disk (≤ 22 kpc). This shows
that the observed data of NGC 4565 can hide as much as a factor of 2.5 variation
in scaleheight. This allows us to constrain hvel/hR to be between 2.5-3 (see Fig. 3).

4. Discussion

1. The results in Sect. 3 show that the observational data can accommodate a sub-
stantial radial variation in scaleheight. However, we would like to caution that the
observed spread in data need not be entirely due to variation in scaleheight because,
observational uncertainties such as the inclination, dust extinction and large mea-
surement errors in photographic plates could also contribute to it. Morrison et al.
(1997) conclude from a more complete analysis of the 2-D data that the scaleheight
cannot be assigned a unique value, instead it lies within a range. This supports our
model.

2. From a recent study of 48 edge-on spirals, de Grijs & Peletier (1997) find that the
galaxies show a small radial increase in scaleheight in agreement with our model.
They also find that the increase in scaleheight is smaller for later-type galaxies, and
have explained this by using the presence of a thick disk. We note that, alternatively,
this trend can be explained by our model. This is because there is an increase in
the gas mass fraction (Binney & Merrifield 1998) and the dark matter halo fraction
(Broeils 1992) for later Hubble types. Therefore, their confining effect would be
higher and hence the scaleheight increase would be smaller.

5. Conclusions

We examine the well-established constancy of vertical stellar scaleheight in spiral
galaxies, and show that this result is not justified physically nor is it supported
by observations. We show for NGC 891 and NGC 4565 that the observational
uncertainties can hide as much as a factor of 2 increase in the scaleheight within
the optical disk. We show that this variation can be explained theoretically by our
model which takes account of the gravitational coupling between stars, gas, and the
dark matter halo. Such moderate increase in scaleheight is likely to be common in
other spiral galaxies as well.
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Figure Legends

Figure 1. Variation in resulting stellar vertical scaleheight with galactocentric
radius for NGC 891. The variation is found to crucially depend on the ratio hvel/hR.
While the scaleheight is found to decrease by a factor of 50 and 1.1 for a ratio of 1
and 2 respectively, and increase by a factor of 1.8, 2.8 and 4.5 for the ratio of 2.5,
3 and 4 respectively, within the optical disk (≤ 20 kpc). Thus the scaleheight need
not be constant with radius for the galaxy.

Figure 2. The plot of surface brightness, µ, versus the distance from the midplane,
z, for NGC 891. This composite z-profile is obtained by vertically shifting the
individual z-profiles into coincidence at z = 1.5 kpc. The solid line results when
zo = 1 kpc and is independent of radius. When zo is linearly increased from 0.75-
1.25 kpc within 20 kpc, surface brightness values (points) disperse over an interval
of 1 mag/arcsec2 at z = 0, as is exactly seen in the original data (van der Kruit &
Searle 1981b). The vertical bars indicate the range of the data. This shows that the
data can allow for as much as a factor of 1.7 increase in scaleheight. The deviation
of the observed data at high z is due to the thick disk which is not included in the
model.

Figure 3. Variation in resulting stellar vertical scaleheight with radius for NGC
4565. The scaleheight is found to decrease by a factor of 50 and 1.1 for a ratio of 1
and 2 respectively, and increase by a factor of 1.8, 2.7 and 4.4 for the ratio of 2.5,
3 and 4 respectively, within the optical disk (≤ 22 kpc). Thus the scaleheight need
not be constant with radius for this galaxy too.

Figure 4. The plot of surface brightness, µ, versus the distance from the midplane,
z, for NGC 4565, with details similar to Figure 2. The linear increase in zo from
0.4-1.0 kpc or an increase of a factor of 2.5 in the scaleheight can be easily hidden
by the spread in the observed data.
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