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ABSTRACT 
It has recently been realized that some, and possibly very many, galaxies classified as 
elliptical might contain an embedded stellar disc. Here we present a case study: 
NGC 2974, classified as E4. Discs of dust, neutral gas (H i) and ionized gas (Ha) have 
all been detected in this galaxy. The observed stellar rotation is much higher than in 
typical elliptical galaxies, ( F/a)* « 1.5, and the isophotes are slightly pointed. 

We present new long-slit spectroscopic data along the major, the minor and an 
intermediate axis of NGC 2974. From these data, we determine rotation velocities, 
velocity dispersions and deviations of the velocity profiles from a Gaussian, as 
quantified by the Gauss-Hermite moments h3 and h4. On the major axis, the velocity 
profiles are asymmetric, with the asymmetry changing sign upon going from one side 
of the nucleus to the other. 

We construct detailed dynamical models consisting of an axisymmetric bulge and a 
thin exponential disc. We study disc-bulge combinations that fit the observed surface 
brightness, ellipticity and a4 profiles, and solve the equations of hydrostatic equilib- 
rium for the disc and the bulge in the total potential of the system. The predicted 
kinematics and velocity profile shapes are compared with the data. To fit the observed 
ratio of major to minor axis rms motion without invoking the presence of a stellar disc 
requires the galaxy to have an intrinsic axial ratio qt ^ 0.25. This is unrealistically flat: 
elliptical galaxies with apparent flattening q.d^0.3 are never observed. An acceptable 
fit to all the available photometrical and kinematical data is obtained with a model 
inclined at - 57°.5 that has an embedded stellar disc that contains ~ 7 per cent of the 
total light of the galaxy. The disc has V/0^3 and is thus rotationally supported. At a 
larger inclination angle, NGC 2974 would presumably have been classified as an SO. 

We model the ionized gas kinematics of NGC 2974 presented by Amico et al. and 
Zeilinger et al. by assuming the gas to consist of individual clumps that orbit as test 
particles in the potential defined by the bulge and the embedded stellar disc. The 
model provides an excellent fit to the observed streaming velocities of the ionized gas, 
indicating that these are consistent with the potential derived from the stellar 
kinematics, and the asymmetric drift implied by the observed non-zero velocity 
dispersion of the gas. The kinematics of the stellar disc and the ionized gas disc are 
very similar, suggestive of a common evolutionary history. 

The total luminous mass of NGC 2974 is Mlum = 2.4 x 1011 h^1 M0. The Hi data 
presented by Kim et al. indicate that NGC 2974 has a dark halo with 
Mhaio( <3.6i?e) = 3.6 x 1011 h30

l M0. In the region of our spectroscopic data 
( ^ 0.5Æe) the dynamical influence of the dark halo is negligible. 

Key words: line: profiles - galaxies: elliptical and lenticular, cD - galaxies: individual: 
NGC 2974 - galaxies: kinematics and dynamics - galaxies: photometry - galaxies: 
structure. 
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1 INTRODUCTION 

The morphological class of elliptical galaxies contains 
objects with different physical properties. A useful observa- 
tional subdivision is made according to isophote shape: some 
elliptical galaxies have ‘pointed’ or ‘discy’ isophotes, others 
have ‘boxy’ isophotes. Striking relations exist between 
isophote shapes and the dynamical, radio and X-ray charac- 
teristics of elliptical galaxies (e.g. Bender 1990a). The poin- 
tedness of the isophotes could be the result of the presence 
of an embedded stellar disc (e.g. Carter 1987; Capaccioli 
1987) . This would naturally explain the fact that discy galax- 
ies tend to rotate more rapidly than boxy galaxies (Bender 
1988) . Rix & White (1990) demonstrate that the presently 
available data even allow the possibility that all non-boxy 
elliptical galaxies have embedded stellar discs, because in 
galaxies that are not close to edge-on such discs are very 
hard to detect. On the other hand, discy isophotes do not 
necessarily imply the presence of a stellar disc. One-compo- 
nent mass models in axisymmetric or triaxial potentials can 
also produce shapes with pointed isophotes (e.g. Miyamoto 
& Nagai 1975; de Zeeuw, Franx & Peletier 1986). Some 
simulations of dissipationless collapse result in structures 
that appear discy if seen from one orientation and boxy if 
seen from another (Stiavelli, Londrillo & Messina 1991). 
Remnants of galaxy mergers can also have discy isophotes 
(e.g Governato, Reduzzi & Rampazzo 1993). It is clearly 
important to improve our understanding of elliptical galaxies 
with embedded discs. To date, we do not know how common 
these galaxies are, nor do we know whether they form a 
physically distinct class from either normal ellipticals, normal 
SOs, or both. Also, the presence of embedded discs may be a 
significant source of scatter in the fundamental plane relation 
for elliptical galaxies. 

Searching for elliptical galaxies with embedded discs is 
difficult by definition, given that all ellipticals with obvious 
discs have been classified as SOs. One way to detect a weak 
disc in an elliptical galaxy is to do a disc-bulge decomposi- 
tion of the observed photometry. This decomposition is 
generally non-unique, and additional assumptions must be 
made. It is often assumed either that the isophotes of the 
bulge are perfectly elliptical (e.g. Scorza & Bender 1990) or 
that the disc has an exponential surface-brightness profile. 
Neither of these assumptions necessarily has to be true. For a 
review of existing methods, see Capaccioli & Caon (1992). 
The arguments for an embedded stellar disc can be streng- 
thened considerably by modelling also the observed kine- 
matics. An embedded stellar disc will enhance the observed 
rotation velocities. In addition, the stellar line-of-sight 
velocity profiles (VPs, hereafter) will deviate from a Gaussian. 
On the major axis the VPs will be asymmetric, with the 
asymmetry changing upon going from one side of the nucleus 
to the other (Franx & Illingworth 1988; Bender 1990b; Rix 
& White 1992). 

Two elliptical galaxies for which the presence of an 
embedded stellar disc has been established from photo- 
metric and kinematic data are NGC 3610 (Scorza & Bender 
1990; Rix & White 1992) and NGC 5322 (Bender, Döber- 
einer & Möllenhoff 1988; Bender 1990a; Rix & White 
1992). NGC 3610 has very pointed isophotes, aA msûi * 0.03, 
and rotates faster than an oblate isotropic rotator, ( F/cr)* ~ 
1.1. Modelling of the data indicates that NGC 3610 is close 

to edge-on, i = 80°, and contains an embedded stellar disc 
that contributes ~ 7 per cent of the total luminosity. The disc 
has F/a-4.5, and is supported by rotation. NGC 5322 has 
discy isophotes in the inner 7 arcsec, fl4,max but is 
boxy in the outer parts. It has a counter-rotating core. 
Modelling of the data yields an inclination i = 68° and an 
embedded stellar disc that contains ~13 per cent of the light 
in the inner 12 arcsec. The disc has F/cj= 1.3 and is thus 
largely pressure-supported. 

Here we present a detailed study of the galaxy NGC 2974. 
Preliminary results from this project were discussed in 
Cinzano & van der Marel (1993). A related discussion of the 
same galaxy was given by Scorza (1993b). NGC 2974 is 
classified E4 in both the RSA (Sandage & Tammann 1981) 
and the RC3 (de Vaucouleurs et al. 1991). It has slightly 
pointed isophotes (Bender et al. 1988; Nieto et al. 1991), and 
rotâtes rapidly. Its (F/a)*»1.5 (Bender 1988) sets it well 
above the curve for rotationally flattened objects in the V/o 
versus f diagram. This suggests that NGC 2974 might have 
an embedded stellar disc. Hi 21-cm observations have 
detected neutral gas in a flat structure well aligned with the 
optical isophotes (Kim et al. 1988). The zero-velocity curve 
of the H i velocity field is well aligned with the optical minor 
axis. This is consistent with a rotating H i disc with inclina- 
tion / « 55°. Ionized gas has also been detected. Ha images 
(Buson et al. 1993) show that it is distributed in a flat struc- 
ture along the major axis. If distributed in a disc, the ellip- 
ticity implies that i ~ 59°. Modelling of the kinematics of the 
ionized gas yields ¿«55° (Amico et al. 1993). Outside ~5 
arcsec, the distribution of the ionized gas becomes fila- 
mentary, reminiscent of the appearance of an Sa galaxy. In 
fact, similar filamentary and ‘arm-like’ structures can be seen 
on deep optical images (Schweizer, private communication; 
Buson et al. 1993). A B —R image (Kim 1989) shows a flat 
structure aligned with the major axis, presumably caused by 
reddening due to dust. The flattening of the B -R contours 
suggests that i « 60°. Molecular gas has been searched for in 
the CO (1-0) transition, but was not detected (Bregman, 
Hogg & Roberts 1992). 

We present new spectroscopic data for NGC 2974 and 
derive the kinematics and VP shapes. We construct detailed 
dynamical models to interpret the results. We solve the Jeans 
equations for both the disc and the bulge in the total poten- 
tial of the system. By enforcing hydrostatic equilibrium, the 
freedom in the interpretation of the data is substantially 
reduced. To date, only for NGC 5322 have simple arguments 
been presented that the detected disc is actually in hydro- 
static equilibrium in the potential of the system (Rix & White 
1992). 

In Section 2, we present the spectroscopic data and the 
kinematic and VP analysis. In Section 3, we discuss photo- 
metry of NGC 2974. The dynamical modelling technique is 
discussed in Section 4, and is used to interpret the data in 
Section 5. Conclusions are presented in Section 6. 

2 SPECTROSCOPIC DATA AND VELOCITY 
PROFILE ANALYSIS 

2.1 Observations and data reduction 

Long-sht spectra of NGC 2974 were obtained with the 
Boiler and Chivens spectrograph equipped with the CCD 
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number 8, mounted at the Cassegrain focus of the ESO 
3.6-m telescope at La Silla, Chile. These spectra were taken 
as part of a larger project in collaboration with F. Bertola, 1. J. 
Danziger, P. T. de Zeeuw and W. W. Zeilinger. Slits were 
aligned along the major axis (PA=225°), the minor axis 
(PA= 315°) and an intermediate axis (PA= 270°). The 
exposure times were 90, 90 and 45 min, respectively. The 
major and minor axis data consist of two separate 45-min 
exposures that were reduced separately, and added later. 
The spectra were rebinned at the telescope over 3 pixels in 
the spatial direction, giving a scale of 1.65 arcsec pixel-1. 
The seeing during the observations, determined as described 
in Section 4.3, was ~ 1.9 arcsec FWHM. The 1200 line 
mm -1 ESO number 26 grating was used, giving a dispersion 
of 0.89 Á pixel - ^ The spectra covered the range from 4750 
to 5600 Â, centred on the Mg b triplet ( ~ 5175 À). A slit 
width of 1.51 arcsec was used, resulting in an instrumental 
velocity resolution of 45 km s-1 (Gaussian dispersion of the 
lines in arc lamp spectra). Spectra of G and K giants were 
taken for use as templates. Stellar spectra were reduced 
similarly to the galaxy spectra, and averaged along columns 
to yield one spectrum of high signal-to-noise ratio (S/N) for 
each star. The reduction of the frames was standard and was 
done with the ESO midas package. After bias and dark 
current subtraction, frames were flat-fielded and cleaned 
from cosmic rays and CCD defects. Wavelength calibration 
was done using He-Ar arc lamp spectra. Sky subtraction was 
done using the available data at the ends of the slit. Where 
necessary, galaxy spectra were rebinned in the spatial direc- 
tion to increase the S/N. Emission lines of [Om]4959 Ä, 
[O m] 5007 Â and [N i] 5200 À were interpolated over. 

2.2 Velocity profile analysis 

The spectra were analysed with the Fourier Fitting Method, 
as described by Franx, Illingworth & Heckman (1989), and 
later modified by van der Marel & Franx (1993, hereafter 
vdMF ) to allow determination of deviations of the VP from a 
Gaussian. The galaxy spectrum is assumed to be the con- 
volution of a template spectrum and the VP. The VP is 
expanded about a Gaussian in a sum of orthogonal functions: 
the Gauss-Hermite series. This approach was proposed 
independently by vdMF and Gerhard (1993). Following 
vdMF, we write the VP as 

Jf(v) = [ya(w)/o] 1 + E hjHj{w) 
y-3 

w = (v-V)/o, a(tv)=-i=e 
w2ß, (1) 

V2jt 

where v is the line-of-sight velocity. The functions H^y) are 
the Hermite polynomials given in Appendix A of vdMF. The 
first term of the series represents a Gaussian VP with line 
strength y, mean radial velocity V and velocity dispersion o. 
The coefficient h3 measures the lowest order antisymmetric 
deviation from a Gaussian. If h3 has the opposite sign to F, 
there is a tail of stars away from the direction of rotation. The 
coefficient hA measures the lowest order symmetric devia- 
tion. A positive value of hA usually indicates that the VP is 
more centrally peaked than a Gaussian, a negative value that 
it is more flat-topped. 
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If y0 is the true difference in line strength between the 
galaxy and template spectra and if0(f ) is the true normalized 
VP, then, for ‘ideal data’ (no noise, continuum subtraction 
and template mismatching, etc.) and given (y, F, cr), the best- 
fitting hi are the Gauss-Hermite moments, 

àv. (2) 

In practice, the parameters of the VP are determined by 
X2 fitting in Fourier space of the broadened template 
spectrum to the galaxy spectrum. Both a high- and a low- 
wavenumber cut-off are used, the former motivated by the 
finite spectral resolution of the instrument, the latter to 
discard the low-frequency information that remains after 
continuum subtraction. To obtain parameters ( y, F, o) from 
the data, one can (a) fit a Gaussian VP to the data; or (b) fit 
the parametrization (1) to the data. The results of these two 
methods are (virtually) identical, due to the orthogonality of 
the Gauss-Hermite series (as described in vdMF ). We have 
used method (a), because this requires less rebinning of the 
data in the spatial direction. The parameters (h3, h4) were 
obtained with method (b). In principle, it does not matter 
how one determines the parameters of the VP, as long as one 
treats the model VPs and the observed VPs similarly. This is 
indeed what we do in Sections 4 and 5 . 

The K0III star HD 2035 was used as a template. No 
attempt was made to construct an optimal template by com- 
bining the spectra of stars of different stellar types, as was 
done by Rix & White (1992) and van der Marel et al (1994a). 
As a result, we cannot exclude the possibility of systematic 
errors in our Gauss-Hermite moments, but these errors are 
expected to be small, ¡Ah^ ^ 0.03 (vdMF ). 

2.3 Results 

The (V, o, h3, h4) obtained from the VP analysis are plotted 
in Fig. 1. For the intermediate axis data, h3 and h4 could not 
be determined because of low S/N. Before plotting, results at 
negative radii were folded to positive radii (results for F and 
h3 at negative radii were multiplied by -1 because these 
quantities should be odd functions of radius along the slit). 
Results from positive and negative radii generally agree well. 

The amplitude of the major axis rotation curve is ~ 215 
km s-1, unusually high for an elliptical galaxy. No minor axis 
rotation is detected. The velocity dispersion has a maximum 
of - 225 km s -1 in the centre. The major axis o profile has a 
minimum of ~ 110 km s-1 at ~ 11 arcsec. At ~ 13 arcsec, 
the ratio v of the projected rms velocity V F2 + a2 on the 
major and minor axes is as large as ~ 1.85. This indicates 
that the amount of rms motion on the major axis of 
NGC 2974 is truly unusual. For a sample of 37 elliptical 
galaxies studied by van der Marel (1991), v was always 
£1.4. 

The VPs on the major axis are asymmetric, as measured 
by the non-zero value of h3. The sign of the asymmetry 
changes upon going from one side of the nucleus to the other. 
This is what would be expected if an embedded stellar disc 
were present. The quantity h4 tends to increase with increas- 
ing galactocentric distance, on both the major and the minor 
axes. The solid curves in Fig. 2 show the major axis VPs of 
NGC 2974 at different radii along the slit. For this plot, data 
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major intermediate minor 

0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 

r(arcsec) 

Figure 1. Shown for the major, intermediate and minor axes of NGC 2974 are, from top to bottom, rotational velocities, velocity dispersions, 
and the VP shape coefficients h3 and h4, determined as described in the text. The coefficient h3 measures antisymmetric deviations of the VP 
from a Gaussian, while h4 measures symmetric deviations. Solid symbols denote results from positive radii, open symbols denote folded results 
from negative radii. Positive radii lie towards the east. Velocities are in km s'1. The quantities h3 and h4 could not be determined for the 
intermediate axis, due to the low signal-to-noise ratio of these data. 

at positive and negative radii were averaged, assuming the 
VPs to be reflection symmetric at diametrically opposed 
points in the galaxy. The asymmetry of the VPs is clearly 
visible. 

2.4 Double Gaussian decomposition 

The advantage of using h3 and h4 to describe deviations of 
the VP from a Gaussian is that the errors in these parameters 
are uncorrelated, and that the parameters themselves are 
always well defined. This is not true for a double Gaussian 

decomposition of the VP (a fit of the sum of two Gaussians 
to the data), which has been used in studies of other galaxies 
(e.g. Franx & Illingworth 1988; Bender 1990a; Rix & White 
1992). Such a decomposition is ill-defined if, for example, 
the second component contributes only little light, or if both 
components have comparable rotational velocities. This 
complicates the VP analysis close to the centre and on the 
minor axis. 

On the other hand, we do have reason to suspect that 
there might be two kinematically distinct components 
present in NGC 2974. Double Gaussian decompositions of 
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-500 0 500 
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Figure 2. VPs for the major axis of NGC 2974 at different radii 
along the slit (as listed in the left margin of the plot). Solid curves are 
the Gauss-Hermite series fits to the data (set to zero in the wings 
when the parametrization implies a negative value). The dashed 
curves are the best double Gaussian fits to the solid curves. The 
normalization is arbitrary. 

the VPs thus do seem useful, as they yield rough estimates of 
the characteristics of the different components. We therefore 
fitted double Gaussians (dashed curves in Fig. 2) to the major 
axis VPs obtained with the Fourier Fitting Method (solid 
curves in Fig. 2). In the wings there are some systematic 
differences between the solid and dashed curves, but the 
wings are not particularly well determined by the data any- 
way (because of inaccuracies in the continuum subtraction 
stage). A direct fit of double Gaussians to the data, kindly 
provided by Hans-Walter Rix, and obtained with the method 
described in Rix & White (1992), yielded similar results to 
those from our approach. 

Fig. 3 displays the parameters of the double Gaussian fits 
displayed in Fig. 2. The systematic errors in these parameters 
can be large (easily 20 per cent), given that the parameters of 
a double Gaussian fit are highly correlated (different combin- 
ations of parameters can give very similar VPs). The results 
for the innermost VP (r= 0.83 arcsec) are omitted from Fig. 
3. This VP is close to Gaussian, and the parameters of the 
double Gaussian fit to this VP are thus particularly ill- 
determined. 

We refer to the most rapidly rotating component in the 
double Gaussian decomposition as the ‘disc’, and to the other 
component as the ‘bulge’ (even though it is not a priori clear 
whether the two components are indeed a disc and a bulge). 
The disc rotates with an amplitude of ~280 km s-1, the 
bulge with an amplitude of ~ 120 km s_1. In the inner 15 
arcsec, the dispersion of the bulge falls from ~ 180 km s_ 1 to 
~110 km s-1, and that of the disc from -140 km s-1 to 
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~ 80 km s"1. The disc has F/a^ 3. The fraction of the light 
contributed by the disc component, /disc, is between 30 and 
60 per cent. The bottom right panel in Fig. 3 displays the 
natural logarithm of the intensity of the disc component 
along the slit (as obtained by multiplying the observed total 
intensity with /disc). The dashed line in this panel is the best 
linear least-squares fit, and corresponds to an exponential 
surface-brightness profile with scalelength Rd = 6.0 arcsec. 

The results of single Gaussian and double Gaussian VP 
fits to the data should both be interpreted with care. Con- 
tinuum subtraction and Fourier filtering remove low-wave- 
number information from the galaxy spectrum. If two 
kinematically distinct components are present in the galaxy, 
the high-dispersion component is more influenced by this 
than the low-dispersion component. As a result, the disper- 
sion of the best-fitting Gaussian VP to the data is an under- 
estimate of the true line-of-sight velocity dispersion 
(McElroy 1983). Similarly, a double Gaussian VP fit is likely 
to overestimate the fraction of the light contributed by the 
low-dispersion component. It is therefore best to regard the 
parameters derived here as fitting parameters, rather than as 
determinations of physical quantities. When modelling the 
data in Sections 4 and 5, we take the effects of low Fourier 
wavenumber filtering into account. 

3 PHOTOMETRIC DATA 

3.1 Surface brightness and isophote fitting 

In order to model NGC 2974 we also need photometry, in 
addition to spectroscopy. We analysed an image kindly 
placed at our disposal by Lucio Buson, which has been 
previously discussed by Buson et al. (1993). The image was 
obtained by John Danziger, with the ESO 2.2-m telescope 
with the ESO number 390 filter, in the continuum near Ha. 
It is an average of two 1080-s exposures, taken with seeing of 
-1.1 arcsec FWHM and binned 2x2 to give a scale of 
0.352 arcsec pixel-1. We analysed the image using the 
Astronomical Images Analysis Package’ running on the 
VAX 4000/500 at the Dipartimento di Astronomia in 
Padova (Fasano 1990). Intensities on our image were 
converted to Johnson’s R band by scaling the image to a 
900-s Æ-band image obtained at the Asiago-Ekar 1.82-m 
telescope with the Tektronics TK512M CCD and calibrated 
with Landolt (1983) photometric standard stars. (If required, 
these intensities, and also the mass-to-light ratios to be 
derived below, can be transformed to Cousins’ R band by 
using the relations given by Peletier et al. 1990.) The surface 
brightness, ellipticity and a4 profiles thus obtained are 
displayed in Fig. 4. 

Our major axis surface-brightness profile agrees well with 
those of Djorgovski (1985) and Buson et al. (1993). Between 
5 and 64 arcsec, it is well fitted by an Rl/4 law with effective 
radius Re = 33.7 arcsec and effective R-band surface bright- 
ness me = 20.5 mag arcsec-2. Assuming a mean axial ratio 
of 0.64, this implies a total apparent R-band magnitude 
of RT = 9.96. The total apparent 5-band magnitude is 
Bt = 11.87 (RC3). This implies that 5—5 = 1.91, a typical 
value for elliptical galaxies (Peletier et al. 1990). Henceforth 
we assume that H0 = 50 km s-1 Mpc-1. The distance to 
NGC 2974 is then 38.5 Mpc, based on the observed helio- 
centric velocity of 1924 km s-1 (Davies et al. 1987). At this 
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Figure 3. Parameters of the double Gaussian fits plotted in Fig. 2. The top panels show the rotation and dispersion of the disc (open symbols) 
and bulge (solid symbols) components. The bottom left panel shows the fraction of the light contributed by the disc component. The bottom 
right panel shows the natural logarithm of the intensity of the disc component along the slit. The dashed line is the best-fitting exponential 
surface-brightness profile. It has scalelength Rd = 6.0 arcsec. 

distance, 1 arcsec corresponds to 0.187 h^0
l kpc. The total 

Æ-band luminosity of the galaxy is 8.1 x 1010 h^2 L0 and the 
total Æ-band luminosity is 4.1 x 1010 /z5~()

2 L0. 
The a4 coefficient measures the Fourier component 

ôl= a4 cos 0 of the intensity variations along the best-fitting 
ellipse to an isophote. The a4 coefficient is positive, as 
already demonstrated by Bender et al. (1988), Nieto et al. 
(1991) and Buson et al. (1993). This implies that the iso- 
photes are discy. The maximum in a4 occurs at » 12 
arcsec. Taking into account differences in the definitions of 
a4, our results agree well with those of previous authors. 
There are some differences with the /-band results presented 
by Bender et al., but this is presumably due to the presence of 
dust. 

3.2 Photometric disc-bulge decomposition 

Even though the positive value of the a4 coefficient hints at 
the presence of a disc, a photometric disc-bulge decomposi- 
tion is not straightforward. The a4 coefficient is not large and 
the observations of neutral and ionized gas in NGC2974 
suggest that the disc is not close to edge-on. The presence of 
dust makes the interpretation of higher order Fourier coeffi- 
cients, such as fl6, difficult. The surface-brightness profile of 
the bulge component is not known a priori, and an /?1/4 law is 
not necessarily a good representation (Burstein 1979; Simien 
& Michard 1984; Capaccioli 1987, 1990). Also, the disc 
surface-brightness profile is not necessarily well described by 
an exponential (Scorza 1993a). One could assume that the 

bulge has perfectly elliptical isophotes (Scorza & Bender 
1990) or constant ellipticity, but there is no physical reason 
why this should always be so. 

None the less, we tried a number of different approaches 
of obtaining a photometric disc-bulge decomposition for 
NGC 2974, but only with the aim of obtaining rough bounds 
on the parameters of the disc. We do not attempt to model 
the influence of dust on the measured isophote shapes, even 
though this does deserve further study. 

First, we masked part of the galaxy image with a ‘butterfly’ 
mask and analysed the remaining part of the isphotes. (In 
doing so, we used the same ellipse-fitting software as before, 
but excluded masked pixels from the definition of the x2 

quantity being minimized.) This procedure is expected to 
diminish the influence of the disc on the fitted parameters. 
Masks of different opening angles were attempted: 30°, 60° 
and 100°. With increasing opening angle, the peak in the 
coefficient a4 at R~ 12 arcsec and the peak in the ellipticity 
curve at about the same radius diminished, as expected. Even 
for the largest mask, however, they had still not quite 
disappeared. This suggests that the disc also contributes 
significantly to the appearance of the isophotes near the 
minor axis, which in turn implies that the disc cannot be close 
to edge-on. 

Alternatively, we tried to mask the whole galaxy except for 
a butterfly-shaped region centred on the major axis. We 
considered an opening angle of 30°. The best-fitting ellipses 
had constant ellipticity e ~ 0.4. Since, for any given inclina- 
tion, any contribution from the bulge will make the apparent 
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Figure 4. Shown are the observed /?-band surface brightness, fl4 
coefficient and ellipticity of NGC 2974, as a function of distance 
along the major axis. The dashed curve in the top panel is the 
exponential surface-brightness profile of the disc component of 
our standard model (which has / = 57?5, Rd = 6 arcsec and 
md= 18.1 mag arcsec-2, cf. Section 5.1.2). 

shape rounder, a lower limit to the inclination may be set by 
assuming that all the light in this region comes from the disc. 
We find in this way that /^53°. This is somewhat more 
stringent than the lower limit directly implied by the 
observed axial ratio of the isophotes, qa: i ^ arccos qa ^ 47°. 

To make progress, additional assumptions must be made 
about the structure of the system. We assume the galaxy to 
consist of a bulge and a disc that is exponential in projection, 
motivated by the results in Fig. 3. As a first approach, we 
subtracted from the observed photometry exponential discs 
with different inclination angle /, central observed surface 
brightness md, and scalelength Rd. The resulting images were 
analysed, and it was determined which combinations of disc 
parameters led to ‘reasonable’ bulges (i.e., with smooth bulge 
surface-brightness profiles, and small a4 at R~ 12 arcsec). 
The best results were obtained for 55°^ ¿^65°, 
17 19 mag arcsec-2 and 4^Æd^10 arcsec. Faint 
discs (large values of md) only lead to reasonable bulges if 
combined with large values of Rd, and vice versa. 

Both the maximum of a4 (Fig. 4) and the minimum of the 
observed major axis dispersion (Fig. 1) occur at R~12 
arcsec. This radius thus very likely marks the position where 
the contribution of the disc light is largest. The values for/disc 

in Fig. 3 suggest a smaller radius for this position, but this 
could be due to systematic errors in the double Gaussian 
decomposition, as discussed at the end of Section 2.4. 

A stellar disc in the E4 galaxy NGC2974 331 

Assuming that the maximum disc contribution is indeed at 
12 arcsec, a rough estimate for the scalelength Rd of the disc 
can be obtained from arguments presented by Rix & White 
(1990). This yields Rd~& arcsec, somewhat larger than, but 
not inconsistent with, the results of Fig. 3. Comparing the 
amplitude of the a4 coefficient with the deviations of the 
surface-brightness profile from an Æ1/4 law with the results of 
the photometric models of Rix & White, we find i * 59°. This 
is consistent with estimates of the inclination as obtained 
from the analysis of neutral gas, ionized gas and dust in 
NGC 2974, as summarized in Section 1. 

3.3 Seeing deconvolution 

Seeing strongly influences the photometric quantities near 
the centre of a galaxy (e.g. Peletier et al. 1990). The light 
contribution of the disc in NGC 2974 is largest at 
R « 12 arcsec, however, far outside the region influenced by 
seeing. Consequently, the disc-bulge decompositions 
discussed in the previous section are not significantly 
influenced by seeing. 

When calculating the predicted kinematics of NGC 2974 
from the observed surface photometry, as will be done in 
Section 4, we will take the effects of seeing into account. 
However, we are not concerned with the question whether 
NGC 2974 has a central surface-brightness cusp and/or a 
central black hole, so a sophisticated image reconstruction 
scheme is not required for our purposes. We used a seeing- 
deconvolution scheme based on Lucy iteration. This yields, 
after only a few iterations, a deconvolved surface-brightness 
distribution that fits the observations within 0.05 mag after 
convolution with the point spread function (PSF). The 
deconvolved surface brightness is more centrally concen- 
trated than the observed one, as would be expected. 

The PSF was assumed to be a circular double Gaussian 
with the (observed) FWHM of 1.1 arcsec. In the absence of 
independent data to accurately determine the PSF shape for 
our observations, we chose the parameters of the double 
Gaussian as in van der Marel et al. (1994a). With these 
parameters, the PSF has broader wings than a single Gaus- 
sian. Its shape resembles that of one of Moffat’s (1969) PSFs. 

4 THE MODEL 

4.1 Dynamical predictions 

To model the observed kinematics of NGC 2974, we have 
extended the modelling technique pioneered by Binney, 
Davies & Illingworth (1990), and used later by van der 
Marel, Binney & Davies (1990) and van der Marel (1991). 
We first describe the dynamical model, and then discuss the 
underlying assumptions in Section 4.2. 

We assume the galaxy to consist of a bulge and a disc. The 
disc surface brightness is assumed to be exponential with 
parameters Rd and md. The inclination i determines the axial 
ratio of the disc isophotes on the sky. For any fixed Rd, 
md and /, the surface brightness of the bulge is obtained 
by subtracting the disc surface brightness from the (seeing- 
deconvolved) observed surface brightness. One-component 
models can be constructed by choosing the disc to be 
infinitely faint. 
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4. LI The dynamical model for the bulge 

The bulge surface brightness is deprojected under the 
assumption of axisymmetry using Lucy’s algorithm to yield 
the three-dimensional luminosity density. The mass density p 
is then obtained upon assuming a constant mass-to-light ratio 
(«^/L )b for the bulge. Poisson’s equation is solved using a 
multipole expansion to yield the potential of the bulge. Upon 
addition of the potential of the disc (Section 4.1.2), this yields 
the total potential <ï> of the system. It is assumed that the 
distribution function of the bulge is of the form/(£, Lfj. The 
second radial velocity moment of the bulge stars, v\ = o\, 
and the second vertical velocity moment, v\ = o\, are then 
everywhere equal, while vRvz = 0. The Jeans equations 

<$pv ' d<D „ 
■+p07=0’ (3a) 

radius. Equation (5) yields, for the azimuthal velocity disper- 
sion in the disc, 

ÎU-tÂ)2 + 
Vc dR 

(6) 

The streaming velocity in the disc ( Vc minus the asym- 
metric drift) is now determined by the Jeans equation for 
radial equilibrium, which reduces to 

£¡,1_e-«,«.K)[A+A+i«íü-í). (7) 
Vc \2V2

cj [R, Ra 2 Vc dR 2/ 

Taking into account the assumed inclination angle, one 
obtains predictions for the observed line-of-sight streaming 
and dispersion of the disc. No integration along the line of 
sight is required, since the disc is infinitesimally thin. 

dpvl 
dR 

d<P 
'dR R P '7T [vr — = °> (3b) 

are solved for the unknowns v\ and_a^ = a2. Part of the 
second azimuthal velocity moment v2^ is then assigned to 
streaming, according to the prescription 
v<l> ~aR • (4) 

This introduces a free parameter, k, which is the ‘local 
equivalent’ of the global rotational anisotropy parameter 
( T/a)* of the bulge. The dynamical quantities are projected 
on to the sky (weighted with the mass density) to obtain 
predictions for the projected streaming and velocity disper- 
sion of the bulge. 

4.1.2 The dynamical model for the disc 

The exponential disc is assumed to be infinitesimally thin, 
and to reside in the equatorial plane of the bulge. The surface 
mass density of the disc follows from its surface brightness 
upon assuming a constant mass-to-light ratio («^f/L )d for the 
disc. The disc potential is calculated from the surface mass 
density, as in Binney et al. (1990). Upon addition of the 
potential of the bulge (Section 4.1.1) this yields the total 
potential of the system. The Jeans equation for radial hydro- 
static equilibrium is solved to predict the dynamics of the 
disc (given its mass density) in the total potential of the 
system. 

The assumptions we make to solve the radial Jeans 
equation for the disc are similar to those used by Rix & 
White (1992) in their analysis of NGC5322. The second 
radial velocity moment o2

R in the disc is assumed to fall off as 
an exponential with a certain central value ad0 and exponen- 
tial scalelength Ra. The disc is also assumed to have/=/(£, 
Lz). The vertical velocity dispersion o2

z is thus equal to 
and vRvz = 0. The azimuthal velocity dispersion o2^ in the 
disc is assumed to be related to o2

R according to the relation 
from epicyclic theory [equation (3-76) of Binney & Tremaine 
1987], 

(vrVc)
2lo2

R=-Bl{A-B\ (5) 

where Vc is the circular velocity, and A and B are Oort’s 
constants. The quantities Fc, A and B are all functions of 

4.1.3 The predicted velocity profiles 

Once the individual kinematics of the bulge and the disc have 
been calculated, it is assumed that both components have a 
Gaussian VP. The total VP predicted by the model is then a 
sum of two Gaussians, the normalizations of which are deter- 
mined by the relative surface brightnesses of the two 
components. 

4.2 Discussion of model assumptions 

4.2.1 Model assumptions for the bulge 

Our model assumes that the bulge: (i) is axisymmetric; (ii) has 
a constant mass-to-light ratio; and (iii) has/=/(£, Lz). 

Our assumption of axisymmetry implies that we discard 
the weak spiral structure seen on deep optical images (Buson 
et al. 1993). In addition, we discard any triaxiality of the 
bulge and non-circularity of the disc. In reality, the bulge of 
NGC 2974 is likely to be slightly triaxial. It has an observed 
isophote twist of ~5° and small sin 40 deviations of the 
isophotes from ellipses (Buson et al. 1993). Amico et al. 
(1993) demonstrate that the velocity field of the ionized gas 
in NGC 2974 is best understood by assuming the gas to be 
on elliptic, rather than circular, orbits. Models indicate an 
axial ratio for the mass distribution in the equa- 
torial plane. The corresponding axial ratio of the potential in 
the equatorial plane is £/tf^0.9, so our assumption of 
axisymmetry (0/ö = 1) is not expected to introduce large 
errors, also since no minor axis rotation is observed. 

In a study of 37 galaxies, van der Marel (1991) found 
some evidence for a general increase of with radius in 
elliptical galaxies. However, evidence for this came primarily 
from the data-points at large radii; a constant JH'jL model 
generally provides an adequate fit to the data inside ~ 1 
effective radius. Our kinematic data for NGC 2974 do not 
extend beyond 15 arcsec, and our assumption of constant 

/L thus seems justified. On the other hand, the best-fitting 
model of Amico et al. (1993) for the observed ionized gas 
kinematics in NGC 2974 does have a mild increase in J?/L 
in the inner 15 arcsec. 

Models with a distribution function of the form f{E, Lz) 
have the advantage that the Jeans equations form a closed set 
(other assumptions to close the Jeans equations are also 
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possible: see, for example, Bacon 1985; van der Marel & 
Cinzano 1992). Binney et al. (1990) and van der Marel 
(1991) found that f(E, Lz) models generally predict too much 
motion on the major axis, indicating that real galaxies have 
more radial motion than do models with/(£, Lz). The differ- 
ences between the model predictions and the data, however, 
are generally small. For NGC2974, a galaxy observed to 
have an unusually large amount of motion on the major axis, 
the assumption of /(£, Lz) might well be close to the truth. 
The use of equation (4) to calculate the streaming of the 
bulge is somewhat arbitrary, but none of our results depends 
heavily on this. 

4.2.2 Model assumptions for the disc 

Our model for the disc is much less realistic than that for the 
bulge. Our simplifying assumptions for the disc dynamics are 
motivated by the fact that the shape of the velocity dispersion 
ellipsoid is only extremely poorly constrained by the data 
anyway. Hence there is little justification in making a very 
detailed model. Our main aim was to capture the essential 
physics of the disc, in order to obtain a realistic estimate of 
the asymmetric drift without invoking too many free parame- 
ters and functions that could not plausibly be determined 
from the data anyway. The shape of the velocity dispersion 
ellipsoid is unknown, even for isolated disc galaxies, so we 
have no hope of being able to determine it for NGC 2974, 
where even the presence of the disc is not obvious. 

Our model assumes that the exponential disc: (i) is 
infinitesimally thin; (ii) has a constant mass-to-light ratio; (iii) 
has an exponentially falling o2

R profile; (iv) has o2
z = o2

R\ and 
(v) has o2^ satisfying the epicyclic theory relation. We neglect 
the vertical structure of the disc, because it is not well con- 
strained by the data. The assumption of constant mass-to- 
light ratio was discussed in Section 4.2.1. Assumptions (iii) 
and (iv) receive some justification from the fact that o2

R in our 
own Galaxy and o2

z in face-on spirals are observed to fall 
exponentially with galactocentric distance (Lewis & Freeman 
1989; van der Kruit & Freeman 1986). In our own Galaxy 

0.5. The choice o2
z!o

2
R = 1 for NGC 2974 is one of 

convenience. It is not consistent with the assumed vertical 
extent of the disc. On the other hand, the choice o2

z = 0 that is 
consistent with the assumed vertical extent of the disc does 
not seem very realistic either. In fact, we constructed both 
models with o2Jo2

R = \ and models with o\ = 0, but found the 
results to be very similar (apart, obviously, from the normal- 
ization of o2

r in the disc). None of our main conclusions 
depends sensitively on the assumed ratio oJoR. Assumption 
(v) is not expected to be very realistic either, but at least it 
provides a well defined relation between and oR. The 
relation dictated by epicyclic theory only strictly holds for 
discs that are much colder than the one in NGC 2974 (which 
has F/cr^ 3, cf. Fig. 3). In fact, the epicyclic theory relation 
can introduce severe systematic errors even for the disc of 
our own Galaxy (Kuijken & Tremaine 1992; Evans & Collett 
1993; Cuddeford & Binney 1994). 

4.2.3 Model assumptions for the velocity profile 

It is assumed that both the bulge and the disc have a Gaus- 
sian VP. This assumption is motivated by the belief that the 
overall shape of the observed VP will be determined mainly 

A stellar disc in the E4 galaxy NGC 2974 333 

by differences in the kinematic properties of the two com- 
ponents, rather than by the shape of their individual VPs. 

None the less, let us stress that there is no reason why the 
VPs of the individual components should indeed be Gaus- 
sian. In fact, observations seem to indicate that observed VPs 
are significantly asymmetric whenever there is rotation 
(vdMF; van der Marel et al. 1994a). This is not always 
necessarily the result of the presence of a kinematically 
distinct subcomponent, because asymmetric VPs also arise 
naturally in one-component models of galaxies (Dehnen & 
Gerhard 1993; vdMF; Evans 1993, 1994; van der Marel et 
al. 1994b). As will be demonstrated in Section 5, however, 
the argument for claiming the presence of an embedded 
stellar disc in NGC 2974 is not based primarily on the 
observed asymmetry of the VPs, but rather on the large 
amount of rms motion on the major axis. 

4.3 The comparison of model predictions with data 

Once the predicted VPs on the sky are calculated for a given 
set of model parameters, they are convolved with the seeing 
PSF and sampled over the pixel size and the width of the slit, 
so as to mimic the observational set-up of our spectroscopic 
observations. This yields one predicted VP for each galaxy 
spectrum that was analysed. The shape of the PSF for the 
spectroscopic observations was assumed to be a circular 
double Gaussian, as in Section 3.3. No independent deter- 
mination of the seeing FWHM for the spectroscopic data 
was available. It was therefore estimated by convolving the 
seeing-deconvolved surface photometry (described in 
Section 3.3) with PSFs of different FWHM. The PSF that 
resulted in the best fit to the observed intensity profile along 
the slit, as observed spectroscopically, had FWHM 
~1.9arcsec. Even though the procedures we adopt for 
seeing-deconvolving our photometry and seeing-convolving 
our dynamical predictions are not perfect, they do capture 
the essence of the spatial smearing of the data. This is 
especially important for the modelling of the observed 
kinematics close to the centre. 

In comparing the model predictions with the data it is 
necessary to mimic as closely as possible the observational 
situation. For example, it is better not to compare the true 
mean and dispersion of the model VP with the parameters V 
and o obtained by fitting a Gaussian VP to the data. This can 
easily introduce systematic errors of order 20 per cent 
(vdMF ). In practice, we therefore first calculate the Fourier 
transform of a predicted VP, and then do a fit over a 
restricted range of wavenumbers in Fourier space to deter- 
mine the predicted VP parameters {V, o, h3, h4), defined as 
in Section 2.2. These can then be compared with the 
observed values. The same lower and upper wavenumber 
cut-offs are used as in analysing the data. We have not 
attempted to model the fact that the Fourier Fitting Method 
gives unequal weight to different frequency components, due 
to the fact that not all frequency components are present in 
the template spectrum in equal amounts (which is in part due 
to the instrumental resolution). The correct modelling of the 
low wavenumber cut-off was found to be important. The 
higher the low wavenumber cut-off, the more biased the 
Fourier Fitting Method becomes to the low-dispersion 
kinematic component. The modelling of the upper wave- 
number cut-off was generally found to be unimportant. 
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5 RESULTS AND DISCUSSION 

5.1 Stellar kinematics and velocity profiles 

5.1.1 One-component models 

First we tried to fit the observed stellar kinematics without 
invoking the presence of an embedded stellar disc. The main 
difficulty in such a model is to fit the ratio v of the projected 
rms velocity Jv2 + o2 on the major and the minor axes. The 
value of v predicted by a one-component f(E, Lz) model 
increases with decreasing inclination (for example, van der 
Marel 1991). To fit the observed profile of v as a function of 
projected galactocentric distance on the sky we had to 
choose the inclination as small as i ~ 48°. By setting the 
parameter k (equation 4) equal to 1.06 and («/#/L )R = 3.3 h50 

(in solar units), we in fact obtained an excellent fit to the 
observed V and o along all three available slit positions. 
However, the assumed inchnation implies that the intrinsic 
axial ratio of the model is gt^0.25 throughout. This is 
unrealistically flat. Elliptical galaxies with apparent flattening 
^0.3 are never observed (Binney & de Vaucouleurs 1981). 
We thus conclude that NGC2974 most likely has a stellar 
disc. Without such a disc it is not possible to fit the large 
amount of rms motion on the major axis, whilst also main- 
taining a reahstic flattening for the galaxy. In addition, it 
remains to be seen whether a model without a stellar disc 
would be able to explain satisfactorily the pointedness of the 
isophotes and the asymmetry of the major axis VPs. 

5.1.2 Disc-bulge models 

By introducing a disc in the model, the number of free 
parameters increases to such an extent that a full exploration 
of the parameter space becomes unfeasible. To reduce the 
number of free parameters, we therefore only considered 
models in which the bulge is an oblate isotropic rotator 
( /c — 1 ) and in which the bulge and the disc have the same 
(^/L ). The ) determines the velocity normalization, 
and was, for each combination of disc parameters, chosen 
so as to optimize the fit to the minor axis dispersion 
measurements. 

We started by considering models for the disc with Rá = 6 
arcsec, as indicated by Fig. 3, and i = 57?5, which is a typical 
value obtained from observations and models of neutral and 
ionized gas in NGC 2974 (cf. Section 1). This leaves as free 
parameters the central (Æ-band) disc surface brightness rad 

and the parameters ad0 and R0 that determine the radial 
velocity dispersion in the disc. The best fit (as judged by eye) 
to the observed (V, o, h3, h4) for the three available slit 
position angles was obtained for md=18.1 mag arcsec-2, 
Ra = 4.3 arcsec and ado = 205 km s-1. We will refer to the 
model with these parameters as the ‘standard model’. Figs 
5(a)-(c) show the data-points and the predictions of the 
model with these parameters (solid curves). Nearly all 
features seen in the data are adequately fitted. The mass-to- 
light ratio of the model is ( J?/L )R = (2.9 ± 0.3) h50, somewhat 
higher than what should be expected for a galaxy of this 
luminosity (van der Marel 1991). The error bar is the formal 
error of the fit to the minor axis a-measurements, and does 
not take any of the uncertainties in the model into account. 
The total (Æ-band) magnitude of the disc is /?Td= 12.89, 

implying a ratio of total disc luminosity to total bulge lumino- 
sity of 0.07. Fig. 6 shows, as a function of galactocentric 
distance, the fraction of the light observed on the major axis 
that is due to the disc. The maximum contribution of the disc 
is - 25 per cent, at R~ 9 arcsec. Also shown are the (pro- 
jected) mean velocity V and velocity dispersion o of the 
bulge and the disc. 

The observations of neutral gas, ionized gas and dust 
(Section 1), the double Gaussian decomposition of the 
observed VPs (Section 2.4), and the disc-bulge decomposi- 
tion of the photometry (Section 3) all indicate that the 
inclination angle /, the central i?-band disc surface brightness 
rad and the disc scalelength Rd must be sought in the range 
550^/^65°, 17^md^19mag arcsec-2 and 4^JRd^10 
arcsec. Any other combination of disc parameters would 
violate at least one of the observations discussed before. We 
therefore sought other acceptable models with parameters in 
these ranges. We found that the fit of the model to the 
kinematics and the VPs remained acceptable only if the 
inclination of the disc, its scale radius and its central 
observed magnitude were all simultaneously decreased or 
simultaneously increased with respect to the standard model. 
Apparently, both small, bright discs and large, faint, more 
highly inclined discs can fit the data. The total luminosity of 
the disc is therefore better constrained than either md, Rd or 
i. As an example, the dashed curves in Fig. 5 show the 
predictions of a model with i = 62?5, md = 18.5 mag arcsec-2 

and Rd = 8 arcsec. The fit of this model to the data is also 
acceptable. The total (Æ-band) magnitude of the disc in this 
model is RJd = 12.83, and the ratio of total disc luminosity to 
total bulge luminosity is 0.0 8. 

By considering models with k=l and {^r/L)d = { Jt\L)b, 
we obtain good fits to the observed kinematics and VPs. 
There is thus no compelling evidence to cause us to assume 
that either 1, or (^/L)d^(^/L)b. On the other hand, 
we did not make a detailed study of models with k^l or 
with (^/L^^i'Æ/L )b, so cannot exclude them either. If the 
disc consists of young massive stars, it might have a smaller 
(JÍÍ/L) than the bulge. In principle, one could hope to 
constrain the ratio between (JiilL)d and (^/L )b from a 
comparison of photometry in different bands, but this is 
complicated by the presence of dust in NGC 2974. 

We intentionally did not plot in Fig. 6 the results of the 
double Gaussian decomposition of the major axis VPs shown 
previously in Fig. 3. The latter quantities were obtained from 
data that had been low-wavenumber filtered, and should thus 
not be compared directly with true physical characteristics 
of the model. To illustrate this, note that our models take 
the low-frequency filtering of the data into account and 
adequately fit the observed h3 and hA. None the less, the 
fraction of the light contributed by the disc in our models is 
only half of that indicated by Fig. 3. This demonstrates that, 
by filtering low Fourier wavenumbers, one tends to over- 
estimate the importance of the disc component. Fig. 7 
illustrates this in a different way. Plotted are the predicted 
major axis quantities V and o for the standard model (solid 
curves; the same as in Fig. 5), as well as the true mean 
streaming and dispersion of the model (dashed curves), not 
taking the seeing and low-wavenumber Fourier filtering into 
account. With the proper modelling of the observational set- 
up (solid curves), the amplitude of the predicted rotation 
curve is significantly higher, mainly due to the fact that the 
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(a) major 

(b) intermediate 

(c) minor 

Figure 5. (a) Comparison of models with an embedded stellar disc 
to the major axis kinematic and VP data for NGC 2974. Data-points 
are as in Fig. 1. Solid curves are the predictions of our standard 
model, which has / = 57?5, Rd = 6 arcsec and md= 18.1 mag 
arcsec-2. The dashed curves correspond to a model with i = 62°5, 
Rd = 8 arcsec and rad = 18.5 mag arcsec-2. Both models provide an 
acceptable fit to the data, (b) As (a), but for the intermediate axis, (c) 
As (a), but for the minor axis. 
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major 

Figure 6. The top panel shows, for our standard model, the frac- 
tion of the light contributed by the disc component along the major 
axis, after seeing convolution. The middle panel shows the major 
axis mean velocities of the bulge (solid curve) and disc (dashed 
curve). The bottom panel shows the respective velocity dispersions. 

low-wavenumber Fourier filtering increases the relative 
importance of the disc. 

Our model parameters agree well with the preliminary 
results discussed by Cinzano & van der Marel (1993). There 
are some differences in the details though, because in our 
previous work we neglected the effects of seeing and low- 
wavenumber Fourier filtering. However, the disc-to-bulge 
ratio reported here is very much the same as the one we 
reported previously. Our results are also, on the whole, 
consistent with those of Scorza (1993b), who did photo- 
metric and kinematic disc-bulge compositions for a sample 
of elliptical galaxies, including NGC 2974. She finds 
/«58°5, and a ratio of total disc luminosity to total bulge 
luminosity of 0.10 ± 0.05. The main difference in our results 
is in the rotation of the bulge component. She finds 
~ 180 km s_1 for the maximum rotation of the bulge, 
whereas we find ~ 140 km s"1 (cf. Fig. 6). Scorza reports 
( F/a)*= 1.6 for the bulge component, whereas our standard 
model has k, and thus ( F/a)*, equal to 1. For her sample of 
elliptical galaxies with discs, Scorza finds a correlation 
between the surface brightnesses of the bulge components 
and their ( F/cr)*. NGC 2974 was found not to fit the correla- 

major 

Figure 7. Major axis V and o for NGC 2974. The solid curves are 
the predictions of our standard model as in Fig. 5. The dashed 
curves show for comparison the predictions for the true rotation 
and dispersion of the model, when the modelling of the low- 
wavenumber filtering and the seeing convolution of the kinematics 
are omitted. The differences between the curves illustrate the 
importance of paying attention to details in the dynamical model- 
ling. 

tion because of the remarkably high ( F/a)*. However, when 
( F/a)* = 1 is used, as found here, it fits the correlation well. 

5.1.3 Stability and substructure of the stellar disc 

Buson et al. (1993) photometrically studied the presence of 
substructure in NGC 2974, essentially by subtracting a 
smooth galaxy model from the observed image. They report 
the presence of a weak two-armed spiral structure, extending 
out to 7? « 16 arcsec. We calculated the dynamical ‘tempera- 
ture’ of the stellar disc in our models, as quantified by the 
Toomre Q parameter (Toomre 1964), 

Q = 
QrK 

3.36 G2 ’ 
(8) 

where 2 is the surface mass density of the disc and k is the 
epicycle frequency, 

3 34> 024> 
K = — 1 ö . 

RdR dR2 (9) 

Fig. 8 shows the results for our standard model (solid curve) 
and for the alternative model in Fig. 5 (dashed curve). 

Our dynamical model for the disc in NGC 2974 involves 
many assumptions. The dispersion oR, and hence Q, is there- 
fore not very well determined. First, the line-of-sight velocity 
dispersion we derive for the disc might be in error if the true 
VP of either the disc or the bulge were to be significantly 
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Figure 8. Toomre’s Q parameter of the stellar disc, for our 
standard model (solid curve) and for the alternative model of Fig. 5 
(dashed curve). We do not plot Q for the outer parts of the disc, 
because the parameters of the disc were determined from kinematic 
data with R<\6 arcsec. 

non-Gaussian (see Section 4.2.3). Secondly, the line-of-sight 
dispersion of the disc is a weighted mixture of the principal 
velocity dispersion components. The inferred value of oR 

thus depends on the assumed ratio oJoR. This ratio is poorly 
constrained by the data and we rather arbitrarily choose it to 
be unity in the model (see Section 4.2.2). Thirdly, at ~ 10 
arcsec, oR becomes comparable to the instrumental resolu- 
tion of our data. So for 10 arcsec, we cannot exclude the 
possibility that the oR of our models is an overestimate. The 
results in Fig. 8 should thus be taken as a very rough estimate 
only. 

The shape of the Q(R) profiles in Fig. 8 is similar to that 
of the disc of our own Galaxy, which also has a sharp increase 
at small radii (Lewis & Freeman 1989). The Q values for 
NGC2974 are much larger though. The fact that Q>1 
implies that the disc is locally stable to axisymmetric pertur- 
bations (Binney & Tremaine 1987). The fact that Q appears 
to be much larger than 1 makes the presence of a two-armed 
spiral structure somewhat puzzling. The mechanism of swing 
amplification is inefficient for Q^3, and, in addition, the 
stability of the disc in NGC 2974 is increased by the fact that 
it is embedded in the potential of a prominent bulge compon- 
ent (which does not respond to perturbations in the disc). On 
the other hand, the amplitude of the observed spiral struc- 
ture in NGC 2974 is not strong, so swing amplification might 
still have played a role. An alternative explanation for the 
observed spiral structure would be that at some distant time 
gas collapsed locally, formed stars and sheared out. This 
would be expected to lead to many little spiral arms, how- 
ever, rather than to the observed two-armed feature. 

5.2 Ionized gas kinematics 

Fig. 9 displays the observed V and o for the ionized gas in 
NGC 2974, along a slit that makes an angle of 20° with the 
major axis. These data were obtained in the context of the 
ESO Key Project A search for dark matter in elliptical 
galaxies’, and were presented by Amico et al. (1993). The 
observational set-up and data analysis will be described in 
detail by Zeilinger et al. (in preparation). The kinematic 
quantities were derived by fitting a Gaussian to the 
[Nn]6583-À emission line at each radius. The slit width of 
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Figure 9. The data-points are the mean velocity (top panel) and 
velocity dispersion (bottom panel) of the ionized gas in NGC 2974, 
along an axis with position angle 20° from the major axis (from 
Amico et al. 1993 and Zeilinger et al, in preparation). Formal error 
bars on the data-points are not available, but can be estimated from 
the scatter between neighbouring points. The curves are the predic- 
tions of our model for the gas disc, as described in the text. 

the observations was 1.5 arcsec and the pixel size along the 
slit was 0.55 arcsec. We determined the effective seeing of 
the observations (i.e., the spatial smearing due to the com- 
bined effects of seeing and guiding errors) from the observed 
continuum intensity profile along the slit (as for our spectro- 
scopic observations of the stellar kinematics, cf. Section 4.3), 
yielding a FWHM of 2.8 arcsec. 

We model the ionized gas kinematics of NGC 2974 by 
assuming the gas to be in individual clumps that orbit as test 
particles in the potential defined by the bulge and the 
embedded stellar disc. The total mass of the ionized gas itself 
is small, so it does not contribute significantly to the total 
potential of the system. We assume the gas disc to be in- 
finitesimally thin and exponential. Our model for the kine- 
matics of the gas disc is similar to that of the stellar disc: we 
assume the radial velocity dispersion of the gas disc to fall off 
exponentially as a function of radius with central value od0 gas 

and radial scalelength Ra ^s. The kinematics of the gas are 
then determined by the Jeans equation for radial hydrostatic 
equilibrium, as for the case of the stellar disc discussed in 
Section 4.1.2. We take the seeing and observational set-up 
into account as described above. 

The curves in Fig. 9 show the predictions of our model, 
taking ado gas = 170 km s_ l, Ra>gas = 4.3 arcsec, and taking the 
parameters of the bulge and the stellar disc as in our stand- 
ard model of Section 5.1. The scale radius of oR in the gas 
disc is the same as in the stellar disc, but the central value of 
oR is somewhat smaller than in the stellar disc. The mass 
density of the gas disc cannot easily be determined from 
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observations. The Ha surface brightness (Buson et al. 1993) 
is critically sensitive to the unknown ionization fraction of 
the gas. In the absence of other constraints, we therefore 
assumed the exponential scale radius of the gas disc to be the 
same as for the stellar disc (6 arcsec). The model in Fig. 9 
provides an excellent fit to both the observed streaming 
velocities and the observed velocity dispersions. This indi- 
cates that the observed streaming velocities of the ionized gas 
are consistent with the potential and circular velocity derived 
from the stellar kinematics, and the asymmetric drift implied 
by the observed non-zero velocity dispersion of the gas. 

We also constructed an alternative model for the ionized 
gas disc in which the velocity dispersion oR of the gas is 75 
km s-1 throughout. In this model, the predicted velocity 
dispersion has a central peak due solely to the seeing con- 
volution of the rotation curve near the centre. The central 
velocity dispersion of the gas predicted by this model is ~ 30 
km s"1 smaller than the observed value. On the other hand, 
the velocity dispersions estimated from the data might 
contain significant systematic errors. They were obtained by 
fitting Gaussians to the [N n] emission lines, which might have 
been significantly non-Gaussian as a result of the seeing 
convolution. So even though our model in Fig. 9 has an 
increasing velocity dispersion towards the centre, we cannot 
rule out models in which the velocity dispersion in the gas 
disc is constant. A detailed study of the observed emission- 
line profiles, or data of higher spatial resolution are required 
to settle this issue. 

In Fig. 10, we show the mean velocities and velocity 
dispersions of the stellar disc in our standard model for 
NGC 2974, similar to Fig. 6, but convolved with the seeing 

major + 20 

r (arcsec) 

Figure 10. The data-points are the mean velocity and velocity 
dispersion of the ionized gas, as in Fig. 9. The curves are the mean 
velocity and velocity dispersion of the stellar disc in our standard 
model, convolved with the seeing and observational set-up of the 
ionized gas observations. Note the similarity between the kinematics 
of the stellar disc and the ionized gas disc in NGC 2974. 

and observational set-up of the ionized gas observations. The 
data-points show the observed ionized gas kinematics, as in 
Fig. 9. Clearly, the kinematics of the ionized gas disc are 
strikingly similar to the kinematics of the stellar disc. This 
suggests a common evolutionary history for these com- 
ponents. One possibility could be that the ionized gas was 
in fact produced by stars in the stellar disc, in particular 
by planetary nebulae, a scenario discussed by Fillmore, 
Boroson & Dressier (1986). 

Amico et al. (1993) modelled the observed ionized gas 
kinematics in NGC 2974 using a triaxial model with varying 
mass-to-light ratio and gas moving on elliptic closed orbits in 
the equatorial plane. By fitting to the observed streaming 
velocities along four different position angles, the triaxial 
shape of the galaxy and the run of the mass-to-light ratio as a 
function of radius could be determined. The mass-to-light 
ratio in the best-fitting model increases slowly with radius. At 
15 arcsec the value is 3.5 h50, corresponding to 
(JT /L)R~ 1.9 h50. This is significantly smaller than the value 
we deduce from the stellar kinematics, (^/L )R « (2.9 ± 0.3) 
h50. The discrepancy might be the result of a number of 
differences between our modelling approach and that of 
Amico et al. Most likely, it is due to their use of simple closed 
orbits. This neglects the asymmetric drift implied by the bulk 
(non-thermal) velocity dispersion of the ionized gas. As a 
result, the mass-to-light ratio of the gravitating matter will 
tend to be underestimated. It has been reported before, by 
Caldwell (1984) and Caldwell, Kirshner & Richstone (1986) 
for elliptical galaxies, and by Fillmore et al. (1986) and Kent 
(1988) for spiral bulges, that the streaming velocity of the 
ionized gas in galaxies is often smaller than the circular 
velocity as determined from the stellar kinematics. Some- 
times this can be explained by constructing triaxial models 
(Bertola et al. 1991). However, for NGC 2974, the ^/L 
derived from the ionized gas kinematics (under the assump- 
tion of closed orbits) is smaller than that derived from the 
stellar kinematics, even when a triaxial model is used (Amico 
et al. 1993). 

5.3 Hi kinematics - the dark halo 

Kim et al. (1988) studied the Hi disc in NGC2974, which 
extends out to 120 arcsec from the centre {~3.6Re). The 
observed rotational velocity at the edge of the disc is ~ 291 
km s_1. This velocity can be compared to the circular velo- 
city of our (constant ^/L) models. The total mass implied 
by the observed luminosity of NGC 2974 and the mass-to- 
light ratio of our standard model is Mlum = 2.4x 1011 h^1 

M0. As a result, the circular velocity of our model falls off 
in the outer parts as Fc = (410 km s“1) {R/Re)~

l/2. For an 
assumed inclination of i = 57?5 the observed streaming 
velocity for a disc of test particles on circular orbits in the 
equatorial plane is thus expected to fall off as Vc = (346 km 
s~l){R/Re)~1f2. At 120 arcsec, the predicted velocity is 183 
km s_1, much smaller than the observed Hi velocity. This 
implies that NGC 2974 must have a dark halo with 
Mhalo(<3.6^e) = 3.6xl011/z5-0

1 M0. 
Bertola et al. (1993) recently studied the properties of the 

dark haloes of a small sample of elliptical galaxies, including 
NGC 2974. In analogy with the case for spiral galaxies, they 
suggest that the mass density of the dark haloes is well fitted 
with a formula of the form p(r) oc (fl

2 + r
2)~l, with ö « 1.2 Re. 
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The derived value for Mhal0( <3.6Re) then implies that 
Mhaio( < 0.5i?e) = 5 x 109 h^Q M0. The corresponding 
circular velocity is T^haioiO-S ^e) = 79 km s_1. This is much 
smaller than the circular velocity of the luminous matter at 
this radius, which is the radius of our last kinematic data- 
point (cf. Section 2). Since = Vllum + halo, the presence 
of a dark halo does not alter any of the conclusions that we 
have drawn by applying our constant ^#/L models to 
kinematic data inside 0.5 Re. 

6 CONCLUSIONS 

We present new spectroscopic data for the E4 galaxy 
NGC 2974, along the major, the minor and an intermediate 
axis. From the data we determine rotational velocities, 
velocity dispersions and deviations of the VPs from a Gaus- 
sian. On the major axis, NGC 2974 rotates rapidly 
The VPs are asymmetric, with the asymmetry changing sign 
upon going from one side of the nucleus to the other. The 
asymmetry is such that there is an excess of stars at low 
velocities. The kinematic and VP data, the observed pointed- 
ness of the isophotes, and previous detections of discs of 
neutral gas, ionized gas and dust in NGC 2974, strongly 
suggest the presence of an embedded stellar disc. 

We make detailed dynamical models for NGC 2974, with 
an infinitesimally thin exponential stellar disc embedded in 
the equatorial plane of an axisymmetric bulge component. 
The Jeans equations are solved to predict the dynamics of 
the two components. The results are projected on to the sky, 
integrated along the line of sight, and compared with the 
observed kinematics and VPs. The main advantage of our 
technique is that only disc-bulge combinations that are in 
hydrostatic equilibrium in the total potential of the system 
are considered. This significantly reduces the freedom in the 
interpretation of the data. We explicitly model the filtering of 
low Fourier frequencies applied to the data, and show that 
this is important. 

To fit the observed ratio of major to minor axis rms 
motion without invoking the presence of a stellar disc 
requires the galaxy to have an intrinsic axial ratio qt ^0.25. 
This is unrealistically flat: elliptical galaxies with apparent 
flattening qa ^ 0.3 are never observed. In addition, it remains 
to be seen whether a model without a stellar disc would be 
able to explain satisfactorily the pointedness of the isophotes 
and the asymmetry of the major axis VPs. 

When an embedded stellar disc is included in the model, 
an acceptable fit can be obtained to all the available photo- 
metric and kinematic data, including the observed deviations 
of the VPs from a Gaussian. Our ‘standard’ model has 
inclination i = 57°5 consistent with estimates obtained from 
the observations of neutral and ionized gas in NGC 2974, 
exponential disc scalelength Rd = 6 arcsec (i.e., 1.12 
kpc) and central face-on Æ-band surface brightness 
md,9o = 18.8 mag arcsec-2. This corresponds to md 9Q = 20.6 
in Z?, within the observed range for spirals (Freeman 1970; 
Boroson 1981; Disney & Phillips 1985). The disc contri- 
butes ~ 7 per cent of the total light. The maximum contribu- 
tion of the disc is ~ 25 per cent, at Æ » 9 arcsec. The disc has 
(V/o)^3, indicating that the disc is primarily rotationally 
supported. The fit to the kinematics and the VPs remains 
acceptable if the inclination of the disc, its scale radius and its 
central observed magnitude are all simultaneously decreased 
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or increased with respect to the standard model. Apparently, 
both small, bright discs and large, faint, more highly inclined 
discs can fit the data. The total luminosity of the disc is better 
constrained than any one of rad, Rd or i. 

Ionized gas kinematics for NGG 2974 were presented by 
Amico et al. (1993) and Zeilinger et al. (in preparation). We 
modelled these data by assuming the gas to consist of indi- 
vidual clumps that orbit as test particles in the potential 
defined by the bulge and the embedded stellar disc. The run 
of the velocity dispersion in the gas disc is chosen to fit the 
observed velocity dispersions. The streaming velocities of 
the ionized gas are then predicted using the equation of 
radial hydrostatic equilibrium. The model provides an excel- 
lent fit to the observed streaming velocities, indicating that 
these are consistent with the potential derived from the 
stellar kinematics, and the asymmetric drift implied by the 
observed non-zero velocity dispersion of the gas. The 
kinematics of the ionized gas disc in NGC 2974 are strikingly 
similar to the kinematics of the stellar disc, suggesting a 
common evolutionary history for these components. 

The total luminous mass of NGC 2974 is Mlum = 2.4 x 1011 

/z5"0
1 M0. The H i data presented by Kim et al. (1988) indicate 

that NGC 2974 has a dark halo with Mhalo( < 3.6Rf) = 3.6 x 
1011 M0. In the region of our spectroscopic data 
(^0.5Æe), the dynamical influence of the dark halo is 
negligible. 

Our study of NGC 2974 demonstrates that it most likely 
has an embedded stellar disc. At a higher inclination angle, 
NGC 2974 would presumably have been classified as an SO, 
rather than as an elliptical galaxy. Given the observational 
evidence for weak spiral structure, it is not even excluded 
that NGC 2974 is in fact an Sa galaxy with an unusually low 
disc-to-bulge ratio. Many more galaxies like NGC 2974 
might exist. If the discs in these galaxies are either less 
luminous or less inclined than in NGC 2974, they will be 
very hard to detect. 
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