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7The Stellar Velocity
Dispersion of the
Late-type Galaxy
UGC 4325

ABSTRACT

A preliminary analysis is presented of a high-dispersion long-slit absorption line spectrum of
the late-type dwarf galaxy UGC 4325. The spectrum was used to determine the vertical stellar
velocity dispersion in the central regions of the stellar disk.
The observed vertical stellar velocity dispersion is 19� 2 km s−1. From this we estimate the
mass-to-light ratio of the stellar disk to be between 0.5 and 2.0 M�=LR;�, provided the intrinsic
thickness of UGC 4325 is between 0.1 and 0.3 disk scale lengths. This low value of the stellar
mass-to-light ratio appears to be incompatible with the possibility that UGC 4325 has a maximal
disk, and it also seems to rule out the existence of large amounts of dark matter within the stellar
disk. Over the observed radial range, the dark matter has a radial distribution that is similar to
that of the light, and the vertical distribution of dark matter must be more extended than that of
the stellar disk.

1 Introduction

The discovery that the extended HI rotation curves of spi-
ral galaxies are fairly flat beyond the optical radius (Bosma
1978, 1981a,b Begeman 1987) has been one of the key
pieces of evidence for the existence of dark matter in galax-
ies. Although the need for dark matter is clear, the amount
and distribution of dark matter are unknown. Equally well
fitting mass models can be constructed for a variety of dark
matter distributions (van Albada et al 1985), showing that,
based on rotation curves alone, the dark matter properties of
these galaxies are difficult to determine.

For late-type dwarf galaxies this problem is even more
severe. The high quality rotation curves presented in Chap-
ter 4 and the mass modeling based on these presented in
Chapter 6, indicate that the contribution of the stellar mass to
the rotation curve can be scaled to explain most of the inner
parts of the observed rotation curve, the so-called maximum
disk. On the other hand, equally well fitting mass models
can also be obtained by completely ignoring the stellar mass.
Therefore, based on the rotation curves alone, it is not possi-
ble to get useful constraints on the stellar mass-to-light ratio
��, nor on the dark matter properties. This clearly demon-
strates that there is a need for an independent measurement
of ��. Without this, there is no hope to determine the dark
matter properties of late-type dwarf galaxies.

Such an independent estimate of �� can be obtained
from the stellar velocity dispersion (SVD). For a locally
isothermal disk, which has the form

�(R; z) = �(R;0) sech2
�

z
z0

�
; (1)

where � is the mass density, z the height above the plane and
z0 the vertical scale height (note that z0 is twice the exponen-
tial scale height hz), there is a relation between the vertical
SVD and the mass surface density. This relation is given by

�z(R) =
p

�Gz0�(R) =
p

�Gz0��l(R); (2)

where �z is the vertical SVD, � is the mass surface den-
sity and l the luminosity surface density. Because the ver-
tical scale height z0 appears to be independent of radius, at
least for late-type spiral and dwarf galaxies (van der Kruit
& Searle 1981a,b, 1982a, de Grijs & Peletier 1997), Eq. 2
can be used to determine the mass density as a function of
radius, and, in combination with the observed luminosity
density, �� can be determined.

Few observations with the aim of determining the SVDs,
and from these ��, have been carried out for disk galaxies.
In the early 1980s, a few such studies were done (van der
Kruit & Freeman 1984, 1986, Bahcall & Casertano 1984).
Most of the work on this subject has been done by Bottema
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164 Dark Matter in Late-type Dwarf Galaxies

Figure 1: R-band image of UGC 4325. The white line indicates
the position of the slit with respect to the galaxy. The width of
the slit has been exaggerated.

(Bottema, van der Kruit & Freeman 1987, Bottema 1988,
1989a,b, 1990, 1992 and Bottema, van der Kruit & Valentijn
1991). In the dwarf regime, measurements of SVDs are lim-
ited to nearby dwarf spheroidal systems were the velocities
of a large number of individual stars can be measured (Ma-
teo et al 1993, 1998, Armandroff, Olszewski & Pryor 1995).
For late-type dwarf galaxies measurements of the SVD are
lacking altogether. The paucity of these observations in gen-
eral and the lack of them for late-type dwarf galaxies in par-
ticular is the result of the fact that the surface brightnesses of
their disks are low. Hence, long integration times are needed
to obtain a sufficient signal-to-noise ratio. However, as we
will demonstrate in this chapter, such measurements are fea-
sible, even for late-type dwarf galaxies.

In this chapter a study is presented of the random stellar
motions in UGC 4325 (NGC 2552). UGC 4325, which is
displayed in Fig. 1, is an Sm galaxy at an adopted distance
of 10.1 Mpc. It was selected because it is on the bright end
of the late-type dwarf galaxy sample for which we have ob-
tained detailed HI rotation curves, presented in Chapter 4.
In addition, the light profile is dominated by an exponential
disk (see Chapter 2). The absence of a bulge makes the inter-
pretation of the stellar kinematics more simple. UGC 4325
has an absolute B-band magnitude of MB = −17:2 (as de-
rived in Chapter 2), almost 2 magnitudes fainter than the
faintest galaxy studied by Bottema. With an observed cen-
tral surface brightness of �B = 22:3 mag arcsec−2, it was an
ideal candidate to test the feasibility of these observations
for late-type dwarf galaxies.

The outline of this chapter is as follows. In Section 2
we describe the observations and the data reduction. In Sec-
tion 3 we describe how we derived the SVD and the estimate
of ��, and the results are compared to the results for spiral

Figure 2: Normalized cross-correlation peak at the center
(R=0), and at one and two disk scale lengths (one scale length is
3300). The surface brightness, measured dispersion, and SNR at
each position are given in each panel. The dotted line represents
the best-fitting Gaussian to the cross-correlation peak.

galaxies. In Section 4 we discuss the results. The conclu-
sions are presented in Section 5.

2 Observations and reduction

A long slit spectrum of the late-type dwarf galaxy
UGC 4325 was obtained with the double arm ISIS spec-
trograph on the 4.2 m William Herschel Telescope at La
Palma on December 13, 1998. On the blue arm a 2k�4k
EEV CCD was mounted, on the red arm a 1k square TEK
CCD. The wavelength coverage was from 5060�A to 5430�A
for the blue arm, covering Mg and Fe absorption lines, with
a FWHM spectral resolution of 0.43�A for a slit width of
1:400. For the red arm, the wavelength range was 8340�A to
8760�A, which contains Ca II absorption lines, at a FWHM
spectral resolution of 0.82�A.

Because little signal was expected for these observa-
tions, it was important to keep the readout noise to a min-
imum. To this end, the chips were binned at readout time.
The EEV chip was binned by a factor of 2 in the wavelength
range (reducing the oversampling in the wavelength range
from 4.4 to 2.2 pixels per resolution element) and in the
spatial direction the pixels were binned in groups of four,
resulting in an effective pixel size of 0:8000. The TEK CCD
was not binned in the spectral direction, and by a factor of
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Figure 3: Vertical velocity dispersion �z as a function of radius.
The dotted line represents the expected radial decline for a disk
with constant thickness and constant stellar mass-to-light ratio.

four in the spatial direction, yielding an effective pixel size
of 1:3300.

For the observations of UGC 4325 the 3:70 long slit was
oriented along the major axis of the galaxy, with the center
of the galaxy displaced from the center of the slit along the
spatial axis (as indicated in Fig. 1), in order to get a region
with only sky emission on one side of the galaxy. A total
integration was made of five and a half hours, divided into
single exposures of 30 minutes, each followed by an expo-
sure to a Cu-Ne calibration lamp. At the beginning and end
of the night, template stars of spectral types close to K0III
and G2V were observed. A dark exposure, sky flats and
tungsten flats were taken as well.

The preliminary reduction was following standard pro-
cedures in IRAF. Cosmic ray events were removed by me-
dian filtering the eleven exposures. After bias subtraction
and flat fielding, the images were wavelength calibrated,
shifted to a common wavelength center and the emission
of the night sky was subtracted. In order to increase the
signal-to-noise ratio the images obtained after correction for
the rotation of the galaxy, were averaged along the slit over
an 800 interval in the center, and over 1600 intervals at larger
radii.

A high resolution H� rotation curve has been obtained
with the 20000 Hale Telescope at the Palomar Observatory
on March 4, 1997. Details of these observations will be pre-
sented in a later paper. The HI observations have been ob-
tained with the Westerbork Synthesis Radio Telescope, and
are presented in Chapter 3. Optical B and R-band observa-
tions have been carried out at the Isaac Newton Telescope at
La Palma, and are presented in Chapter 2.

3 Results

The stellar kinematics follows from the cross-correlation of
the observed spectrum at each radius in UGC 4325 and a
template star. For the present preliminary analysis, only one
template star was used. In a forthcoming paper, the effect
of the choice of template star (of different spectral types and

metallicities) will be investigated. For the present analysis,
we have used a K0III star of near-solar metallicity.

The position and width of the cross-correlations peaks
give the mean stellar velocity and dispersion. Here only the
widths will be studied. The cross-correlation peaks, as de-
termined at the center, a radius of one scale length and a ra-
dius of two scale lengths are shown in Fig. 2. In this figure,
for each cross-correlation peak the measured dispersion and
the signal-to-noise ratio are given, together with the surface
brightness �V , which has been calculated from the observed
B-band surface brightness and using B −V = 0:4, as given in
the Third Reference Catalogue of Bright Galaxies (de Vau-
couleurs et al 1991). At two disk scale lengths, the measured
dispersion decreases towards the instrumental dispersion of
10.5 km s−1.

The SVD is calculated from the observed dispersion by
correcting for the instrumental dispersion, and next correct-
ing for the inclination. Because UGC 4325, with an inclina-
tion of 41�, is not face-on, the SVD along the major axis
is a combination of the azimuthal velocity dispersion �'
and the vertical velocity dispersion �z. Here, we assume
that �' � �z, as is observed in the solar neighbourhood,
and hence no correction for inclination was applied. The
resulting vertical SVDs are plotted in Fig. 3 as a function
of radius. Note that according to Eq. 2, if �� is constant,
the vertical SVD should decrease as

p
l(R), i.e., with a scale

lengths twice that of the light. This is in agreement with
the observed decrease of the vertical SVD, as indicated by
the dotted line in Fig. 3, although the uncertainties are large.
This indicates that the observed stellar kinematics is consis-
tent with the kinematics of an exponential disk with constant
�� and scale height.

The value of �� cannot be determined from the vertical
SVD and Eq. 2 directly, because the stellar SVD is deter-
mined by all mass components in the galaxy. Therefore, the
vertical SVD has to be corrected for these contributions to
obtain the vertical SVD of the disk only, from which�� can
be derived. In addition, there are other uncertain factors that
may influence the conversion from SVD to ��. These cor-
rections and uncertainties are discussed below.

3.1 Corrections and uncertainties

An important mass component that contributes to the ob-
served vertical SVD is the dark halo. Bahcall (1984) has
given a set of equations that describe the motions of stars in
the combined gravitational potential of the stellar disk and
the dark halo. In addition, he gives an approximate analytic
expression from which the contribution of the dark halo to
the SVD can be determined, provided the halo-to-disk den-
sity ratio is small. Bottema (1993) has derived correction
factors for a much larger range of halo-to-disk density ra-
tios.

In order to calculate the halo-to-disk density ratio for
UGC 4325, the mass-to-light ratio of the disk and the intrin-
sic thickness of the disk need to be known. Of course, the
mass-to-light ratio is the parameter we would like to deter-
mine, but if the intrinsic thickness were known, this can be
done iteratively. Unfortunately, the intrinsic thickness is not
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well known for late-type dwarf galaxies. For late-type disk
galaxies the intrinsic thickness q0 is found to be about 0.1
(Guthrie 1992, de Grijs 1997). The thinnest galaxies have
q0 = 0:05 (e.g. Karachentsev, Karachentseva & Parnovsky
1993). For late-type dwarf galaxies much higher values are
found as well, up to q0 = 0:4 (van den Bergh 1988, Binggeli
& Popescu 1995, Sung et al 1998). Because of this uncer-
tainty in the intrinsic thickness, we can only attempt to mea-
sure the product��q0, not�� itself.

In addition, as the intrinsic thickness is not known, it
is not possible to calculate the halo-to-disk density ratio,
needed to determine the contribution of the halo to the SVD.
For a light disk, the effect of the dark halo is to increase the
SVD, and then the observed vertical SVD is an upper limit to
the vertical SVD of the stellar disk only. If the contribution
of the stellar disk were close to maximal, the vertical SVD
of the stellar disk may be higher than the observed vertical
SVD, and in that case the correction to the observed vertical
SVD is probably about 10% to 20% (Bahcall 1984, Bottema
1993). By ignoring the effect of the halo on the vertical SVD
we therefore obtain an upper limit for��q0, except when the
disk is close to maximal. In that case, the real upper limit to
�� may be 20% to 40% higher.

The effect of the HI disk is to increase the observed ver-
tical SVD. Therefore, ignoring the contribution of the HI to
the vertical SVD will lead to an overestimate of the SVD of
the stellar disk and hence to an upper limit to ��q0.

An additional uncertainty is that the light distribution
may not be well described by a locally isothermal disk.
There is observational evidence that the light distribution is
close to that of an isothermal disk (van der Kruit & Searle
1981a,b 1982a,b), but more recent results based on near-
infrared photometry indicate that the vertical light distribu-
tion may be steeper, closer to sech(z) or even exponential
(de Grijs & van der Kruit 1996, de Grijs, Peletier & van der
Kruit 1997). In both these studies, it is suggested that this
deviation from an isothermal light distribution is caused by
a young, dynamically cold stellar population. Such a young
population emits large amounts of light but has an insignifi-
cant mass density. The stellar mass density may still be well
described by an isothermal disk. Furthermore, such a young
population does not contribute much to the observed absorp-
tion lines and therefore will affect the measured dispersion
only little.

There is observational evidence for the existence of a
thick stellar component in late-type dwarf galaxies (Minniti
& Zijlstra 1996, Minniti, Zijlstra & Alfonso 1997). This
thicker compenent has a low surface brightness and would
have a high SVD, and would therefore be missed in these
observations. Its effect on the vertical SVD would be similar
to that of the dark halo.

In summary, one can only estimate an upper limit to the
product��q0.

3.2 The stellar mass-to-light ratio

Using Eq. 2, an upper limit to �R
� was determined from

the observed R-band surface brightness and the upper limit
on the observed central vertical SVD, assuming a one-

Figure 4: The upper limit to the stellar mass-to-light ratio �R
� as

a function of the intrinsic thickness q0, represented by the solid
line. The curved dotted lines give the 1� errors, as determined
from the errors on the observed SVD. The dashed line for small
q0 indicates the true upper limit may be higher for high�R

� (see
text), the dashed line for high values of q0 represents a fiducial
lower limit to �R

� . The top horizontal line indicates the value
of�R

� for the maximum disk solution, the bottom line gives the
solution with the maximum velocity of the stellar disk scaled
to 63% of the flat part of the rotation curve (following Bottema
1993).

component mass distribution. In Fig. 4 the upper limit on
�

R
� is plotted as a function of the intrinsic thickness q0. This

relation is given by the full line. The dotted lines give the
1� errors, which are dominated by the errors on the observed
velocity dispersion. The dashed line for small q0 represents
the fact that for high �R

� the upper limit to �R
� may be up to

about 40% higher because of the effect of a dark halo on the
vertical SVD. The dashed line for high q0 represents a fidu-
cial lower limits on �R

� , based on the notion that for most
values of �R

� the influence of the dark halo on �R
� is less

than 50% (Bottema 1993).
The maximum disk solution, which produces a good fit

to the rotation curve, as can be seen in Chapter 6, requires
�

R
� = 9:1 M�=LR;�. As can be seen in Fig. 4, this value can

only be reached if the disk of UGC 4325 is extremely thin
with q0 � 0:02, thinner than the thinnest known galaxy. The
possibility that UGC 4325 has a maximal disk, is therefore
implausible.

Based on stellar velocity dispersion measurements of
spiral galaxies, Bottema (1993) found that the contribution
of the stellar disk to the rotation curve is on average about
63% of the flat part of the rotation curve. If we assume this
would also be the case for UGC 4325,�R

� = 3:6 M�=LR;� is
required, consistent with the upper limit to�R

� for an intrin-
sic thickness of q0 � 0:05.

For a plausible range of intrinsic thicknesses between
0.1 and 0.3, we find values of �R

� between 0.5 and 2.0
M�=LR;�. Allowing for a larger range of intrinsic thick-
ness, and taking into account the fiducial lower limit to �R

� ,
we find a range of �R

� with values between 0.2 and 3.5
M�=LR;�.
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Figure 5: Observed central vertical stellar velocity dispersion
�z versus absolute B-band magnitude MB. All galaxies brighter
than MB = −18 are from Bottema (1993), the point at MB � −17
represents UGC 4325, discussed in this chapter. Filled cir-
cles represent nearly face-on galaxies, open circles are inclined
galaxies. The dotted line represents a least squares fit to all
points, printed in the lower left corner.

3.3 Comparison with spiral galaxies

Bottema (1993) has compiled a list of all his previous SVD
measurements. He combined observations from face-on and
inclined galaxies. For the inclined galaxies he assumed that
the vertical SVD in the center is equal to the radial SVD at
one disk scale length (justified by the observations that for
an exponential disk �R=1h = 0:6�R=0, and that in the solar
neighbourhood �z = 0:6�R). His data are plotted in Fig. 5,
together with the point for UGC 4325 determined in this
chapter. Fig. 5 shows the correlation between the vertical
SVD and the absolute magnitude. From this Bottema’s data
it is clear that galaxies with lower luminosities have lower
dispersions. The point for UGC 4325 is in good agreement
with the trend outlined by spiral galaxies.

4 Discussion

In the previous section limits on the stellar mass-to-light ra-
tio �R

� have been derived from the observed vertical SVD.
With these, limits on the range of possible mass models can
be obtained. In Fig. 6 the rotation curve of UGC 4325 is
shown, together with the contribution of the HI to the ro-
tation curve. The probable range of possible contributions
of the stellar disk is indicated by the shaded area. The light
shaded area gives the extreme range in �R

� , with values be-
tween 0.2 and 3.5 M�=LR;�, the dark shaded area gives the
probable range, with �R

� between 0.5 and 2.0 M�=LR;�.
From this figure it appears that the HI and the stellar disk
together cannot explain the observed rotation curve, even
for the highest allowed value of �R

� that is consistent with
the observed vertical SVD. This indicates the presence of
a substantial amount of dark matter even within the optical
radius of UGC 4325.

It is unlikely that a significant fraction of the required
dark matter resides within the stellar disk of UGC 4325. The

Figure 6: Rotation curve for UGC 4325. The filled points give
the HI rotation velocities, the open points the H� rotation ve-
locities. The light shaded area indicates the extreme range �R

� ,
with values between 0.2 and 3.5 M�=LR;�, the dark shaded
area gives the probable range, with �R

� between 0.5 and 2.0
M�=LR;�. The dotted line represents the rotation curve of the
gas. The hatched area gives the constraints on the rotation curve
shape of the remaining mass, obtained by subtracting the contri-
butions of the HI and the stellar disk (using the probable range
in �R

� ) from the observed rotation curve.

range in �R
� derived from the observed verical SVD is con-

sistent with values found from population synthesis models
(e.g., Worthey 1994). If a substantial amount of dark mat-
ter were present in the stellar disk, the derived value of �R

�

would have to be much higher. Because it cannot reside in
the stellar disk, the dark matter has to have a vertical distri-
bution that is more extended than that of the stellar disk.

Given the observational fact that the contribution of the
stellar disk to the rotation curve can be scaled to explain
most of the observed rotation curve, it is clear that the stel-
lar disk and the dark matter must have a similar radial dis-
tribution over the observed radial range. By substracting the
contributions of the known components from the observed
rotation curve, we can obtain limits on the contribution of
dark matter to the rotation curve. Even though the value of
�

R
� is uncertain in UGC 4325, the contribution of the dark

matter to the rotation curve can be determined with reason-
able accuracy because this galaxy appears to be dominated
by dark matter. The resulting dark matter contribution is
indicated in Fig. 6 by the hatched area, where the width is
determined by the range in�R

� from 0.5 to 2.0.

It is clear that more galaxies need to be observed to place
these findings on firmer footing. To this end, a program has
been started to obtain stellar velocity dispersions for a larger
sample of galaxies, over a range of surface brightnesses and
luminosities. In principle, these observations can be used
to accurately determine ��, and ultimately, the amount and
radial distribution of dark matter.
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5 Conclusions

The observed central vertical stellar velocity dispersion in
UGC 4325 is 19� 2 km s−1. From this, we estimated the
stellar mass-to-light ratio in the R-band to be between 0.5
and 2.0 M�=LR;�, provided that the intrinsic thickness of
this galaxy is between 0.1 and 0.3 disk scale lengths. We
find that the stellar disk in UGC 4325 not maximal, even
though the contribution of the stellar disk to the rotation
curve may be scaled to explain most of the inner parts of the
rotation curve. We also find that the presence of substantial
amounts of dark matter within the stellar disk is unlikely.
UGC 4325 appears to be dominated by dark matter at all
radii. The dark matter has a radial distribution that is similar
to that of the light within the observed radial range, and the
vertical distribution of dark matter must be more extended
than that of the stellar disk.
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