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7
Summary and suggestions for future

work
ABSTRACT — In this thesis, an observational study has been presented of the relation
between gas, stars and dark matter in a sample of early-type disk galaxies. A combination
of 21 cm radio synthesis observations, optical surface photometry and long-slit optical
spectroscopy has been used to obtain a detailed overview of the distribution and kinemat-
ics of the different components in these systems. The data have specifically been used for
a systematic study of the rotation curves and dark matter properties of systems at the high
mass, high surface brightness end of the disk galaxy population. In this chapter, the main
results are summarised and some suggestions are given for follow-up studies.

7.1 Summary of the main results

The study presented in this thesis was empirical by nature and consisted of a number of
independent observational projects. The main goal was to study the systematics of rotation
curves in early-type disk galaxies and to improve our knowledge on the relation between
the different mass components (bulges, stellar and gaseous disks, dark haloes) in galaxies
at the high mass, high surface brightness end of the disk galaxy population. The various
observations have resulted in a wealth of data which enabled us to address the following
issues.

7.1.1 The H properties of early-type disk galaxies (Chapter 2)

As part of the larger Westerbork H survey of spiral and irregular galaxies (WHISP), 68 disk
galaxies with morphological type ranging from S0 to Sab and absolute B-band magnitudes
between -14 and -22 were observed at 21 cm using the Westerbork Synthesis Radio Tele-
scope. The galaxies in our sample were found to have highly diverse H properties. On
average, they are gas-poor (〈log(MHI/LB)〉 = −0.62 and -0.50 for Sa/Sab and S0/S0a galaxies
respectively), but the spread is large and there exist gas-rich early-type disks as well. The
gas-deficiency is mainly caused by the low surface density of the gas in these systems; the ef-
fective H surface brightness inside the 1 M� pc−2 isophote is on average 2.8 and 2.9 M� pc−2
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for the Sa’s and the S0’s respectively. In contrast, we found that the radial extent of the gas
disks, compared to the optical disks, is on average similar to that in later-type galaxies; the
average ratio between H and optical diameters is 〈DHI/D

B,c
25 〉 = 1.7 and 2.1 for the Sa/Sab

and the S0/S0a galaxies in our sample respectively; again, the spread is large and diameter
ratios up to 4 are found.

The diversity in H properties is also reflected in the morphological appearance of the
gas disks. Many galaxies show lopsided gas distributions and kinematical peculiarities and
there is often clear evidence for a tidal origin of the gas. It appears that interactions with
and accretion of neighbouring galaxies are a driving force in the evolution of the neutral gas
component in early-type disk galaxies.

7.1.2 The light-distribution in bulges and disks (Chapter 3)

30 galaxies from the H sample were observed in the optical B- and R-bands; 8 galaxies were
also observed in the I-band. Radial profiles of surface brightness, colour, ellipticity, position
angle and deviations from axisymmetry were derived for all galaxies, as well as isophotal
and effective radii and total magnitudes. A new, interactive, 2D method was developed to
decompose the images into contributions from a spheroidal bulge with a general Sérsic profile
and a flattened disk with an arbitrary intensity distribution. The bulge intensity profiles were
found to vary from exponential to De Vaucouleurs with the average value of the Sérsic shape
parameter n being 2.5. Luminous bulges have more centrally peaked light distributions (i.e.
higher n) than their lower luminosity counterparts.

The vertical extent of the bulges was studied by comparing the ellipticity of the isophotes
in the bulge to those in the outer, disk dominated regions. All bulges were found to be
significantly flattened, with an average intrinsic axis ratio of 0.55; more luminous bulges
appear, on average, slightly more flattened than low-luminosity bulges.

Several other tentative correlations between bulge and disk parameters were discussed.
Bulge-to-disk luminosity and size ratios span a large range, with 〈log(Lb/Ld)〉 = −0.23 ±
0.47 and 〈re/h〉 = 0.32 ± 0.15 (errors give the standard deviations of the sample). The
common belief that early-type disk galaxies have large and luminous bulges does not hold in
all cases; our sample contains several galaxies with faint and/or small bulges compared to the
surrounding disks.

Most galaxies in the sample become bluer towards larger radii. In some cases, this can
be explained by the colour difference between bulges and disks (the former being on average
redder than the latter), but in most cases, this effect is not sufficient and the disks themselves
must contain colour gradients as well.

7.1.3 Rotation curves of early-type disk galaxies (Chapter 4)

The H velocity fields were used to derive rotation curves for a subset of 19 galaxies from
the original sample. The rotation curves were found to rise very rapidly in the centers and
complementary long-slit optical spectra were used to measure the shapes of the central rota-
tion curves more accurately. The resulting data probe the gravitational potentials on scales
ranging from 100 pc to 100 kpc.

A thorough analysis of the shapes of the rotation curve has been presented and correla-
tions with optical characteristics of the galaxies were investigated. In the central regions, the
shape of the rotation curves is correlated with the concentration of the stellar mass: galaxies
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with concentrated light distributions and prominent bulges generally reach the maximum ro-
tation velocity at small radii, whereas galaxies with a more diffuse stellar component, or faint
bulges, generally have rotation curves which peak further out. We interpret this as evidence
that the dynamics in the central regions are dominated by the stars.

Our results also show that the ‘conspiracy’ between dark and luminous matter, which in
most spiral galaxies are carefully tuned to produce a flat rotation curve, breaks for massive,
early-type disk galaxies. At intermediate radii, many galaxies in our sample have declining
rotation curves. The strength of the decline is coupled to the total luminosity of the galaxies;
all galaxies in our sample with MR < −20 and Vmax > 200km/s have declining rotation
curves and the most extreme cases (25 – 50%) are found among the systems with the highest
luminosity.

In all cases, however, the rotation curves flatten out in the outer regions; no rotation curves
have been found where the decline continues in Keplerian fashion to the outermost measured
point. Thus, our data show that, despite the decline in the rotation curves, substantial amounts
of dark matter must be present in early-type disk galaxies as well.

7.1.4 The high mass end of the Tully-Fisher relation (Chapter 5)

We have also studied the location of the massive early-type disk galaxies from chapter 4 on
the Tully-Fisher relation. When the width of the global H profile or the maximum rotation
velocity is used, the luminous galaxies with declining rotation curves lie systematically on the
high-velocity side of the relation defined by less massive systems, causing a distinct ‘kink’ in
the relation. This change in slope largely disappears when, instead, the asymptotic rotation
velocity in the outer regions is used as kinematic parameter. Furthermore, the remaining
deviations from linearity can be removed when, simultaneously, the total baryonic mass (stars
+ gas) is used instead of the optical luminosity. Our results strengthen the interpretation of
the Tully-Fisher relation as a fundamental relation between the total dark and luminous mass
in galaxies.

7.1.5 Dark matter in early-type disk galaxies (Chapter 6)

In the final part of this study, the measured distributions of gas and stars were combined
with the observed rotation curves to create mass models for 17 galaxies. The rotation curves
were decomposed into contributions of the luminous components and dark matter and the
implications for the dark component and its relation with the luminous matter were studied.

Particular attention was given to the constraints on the mass-to-light ratios of the stellar
bulges and disks, because of the degeneracies they cause in the models. It was shown that the
bulges in our galaxies must be (close to) ‘maximal’ (i.e. dominate the gravitational potential
in the central regions) in order to explain the steep central rise in the rotation curves. Sig-
nificantly sub-maximal bulges would require unrealistically concentrated dark matter haloes.
The derived mass-to-light ratios for the ‘maximal bulges’ are on average consistent with the
expected values from stellar population synthesis models.

We found that the constraints on the disk mass-to-light ratios are weaker and that well-
fitting models can generally be made with a large range of disk M/L ratios. The exact limits
were found to depend on the assumed density profile for the dark halo. If the haloes have
isothermal density profiles, disks are allowed to be maximal, although the derived mass-to-
light ratios in such maximum disk models are (much) higher than expected on the basis of
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the colours of their stellar populations. If, on the other hand, the haloes have density profiles
as predicted by simulations of structure formation in a Cold Dark Matter dominated universe,
high mass-to-light ratios are not allowed and the disks must be significantly sub-maximal. In
both cases, a number of rotation curves cannot be fitted without any contribution from the
disks at all and firm lower limits can be placed on their mass-to-light ratios.

A comparison between the models with isothermal and NFW haloes shows that equally
good fits can generally be made with either profile (provided that the disks are sub-maximal
in the latter case). Without independent information on the mass-to-light ratios of the stars or
on parameters pertaining to the dark haloes, we cannot exclude either model. In particular,
our data appear consistent with the predicted dark halo properties in a CDM universe.

Several correlations between dark halo and optical parameters were studied. Galaxies
with large optical scale lengths tend to live in large haloes and high optical surface brightness
implies high central dark matter density. However, the exact slopes of the correlations are
uncertain as a result of the degeneracies between the disk and halo contributions. In particular,
our data are also consistent with a situation where galaxies with different optical properties
live in similar haloes.

7.2 Open questions and future work

As usual, this thesis has not only answered questions, it has also raised new ones. Several of
these require follow-up studies; some suggestions are given below.

7.2.1 star formation at low gas densities

In section 2.4.4, we noted that a number of galaxies in our sample exhibit wide spread star for-
mation, even though the azimuthally averaged surface densities of gas are below the threshold
for star formation from Kennicutt (1989). This finding adds weight to mounting evidence that
Kennicutt’s prescriptions are not adequate at low gas densities (e.g. van Zee et al. 1997; Fer-
guson et al. 1998; Martin & Kennicutt 2001; Cuillandre et al. 2001; de Blok & Walter 2003;
Thilker et al. 2005). This issue deserves more attention, as it may alter our understanding of
the mechanisms regulating star formation and the impact of star formation on the enrichment
of the local interstellar medium.

It should be noted that our results were obtained by comparing the azimuthally averaged
gas surface densities to the observed star formation activity. Clearly, it would be advanta-
geous to clarify the relation between gas density and star formation in a local sense, e.g. by
doing a pixel-by-pixel comparison of the H (and possibly CO) surface densities and the star
formation activity. The WHISP sample would be a good starting point for such a study, as
it contains a large number of H maps, at high spatial resolution, of nearby galaxies over a
wide range of Hubble types, luminosities, surface brightnesses etc. Additional data would
be required, however, including Hα observations and/or UV maps to study the current star
formation rate and preferably CO observations to include the molecular gas component. Such
data are already available for a subset of the WHISP galaxy sample and are relatively easy to
obtain for the remaining cases.

7.2.2 the 3-dimensional structure of galactic bulges

Relatively little is known with certainty about the 3D structure of galactic bulges. In chapter 3,
we have shown that bulges are often far from spherical and we have accounted for their
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flattening in our mass models. However, although our method is clearly an improvement over
traditional methods which assumed a spherical density distribution, it is still a simplification
of reality. Close inspection of the figures in appendix 3-II shows that the ellipticity and
position angle of the isophotes in the bulge dominated regions often vary wildly with radius,
implying that the assumption of radial homology is not valid (cf. Fathi & Peletier 2003).
It appears that the intrinsic shape of the bulges varies with radius, not only in the plane of
symmetry (e.g. nuclear bars or rings), but also vertically.

Clearly, the radial variations in the shape of the bulges must have an important impact
on the gravitational potential, which needs to be accounted for in detailed models of the
kinematics of gas and stars in the central regions of early-type disk galaxies with massive
bulges. In order to do so, the usual bulge-disk decomposition techniques should be extended
to include bulge models with radially variable intrinsic shapes. The resulting models could
then be fitted to high resolution images (e.g. from HST) to obtain a more realistic picture of
the true 3D structure of the bulges and their gravitational potentials.

7.2.3 the dynamics in the inner kiloparsec of bulge-dominated disk galaxies

Another unanswered question in this thesis concerns the nature of the broad central velocity
components in our optical spectra (section 4.7) and the central point masses included in our
mass models (chapter 6). Although we have argued that it is unlikely that the inferred masses
in the very inner regions can be accounted for by the normal stellar components, our data
lack the spatial resolution to unambiguously conclude that the galaxies contain supermassive
black holes.

To investigate the dynamics in the central kiloparsec of our galaxies in more detail, ob-
servations at higher spatial resolution are required. Observations with integral field spectro-
graphs, at optical or near-infrared wavelengths, combined with adaptive optics technology,
would give a much better understanding of the motions of stars and gas in the central regions
and would help to determine whether supermassive black holes are present in the galaxies.

7.2.4 rotation curves and dark matter

The relation between dark and luminous matter in early-type disk galaxies was one of the
main subjects of the research presented in this thesis. From the discussion presented in sec-
tions 6.4 and 6.6, it is clear that the main obstacle towards an unambiguous determination of
the dark matter properties in early-type disk galaxies is presented by the uncertainty in the
contributions from the stellar bulges and disks to the gravitational potentials. The main focus
in this field for the coming years should be to acquire independent knowledge on the stellar
mass-to-light ratios.

The most promising method for independent determination of the mass-to-light ratios of
the stellar disks (for which the uncertainties are largest) is to measure the vertical velocity
dispersion of the stars in them. With this method, pioneered by Bottema (1993, 1997, 1999)
and later used by e.g. Swaters (1999), Verheijen et al. (2003, 2005) and Kregel et al. (2005),
it is possible to directly measure the local mass surface density in the disks. It would be
interesting to apply this method to (a number of) galaxies from our sample and to determine
to what extent the disks contribute to the gravitational potential.

As in all observational studies, deeper observations would allow better constraints on the
models as well. For example, it was noted in section 6.4.2 that if our galaxies have maximal
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disks in combination with isothermal dark haloes, their rotation curves must start to rise again
outside the last measured points; if, on the other hand, the disks are sub-maximal and the
haloes have an NFW density profile, the rotation curves should continue to decrease. Thus, it
would be interesting to obtain deeper H observations for a number of our galaxies, in order
to measure the velocity fields and rotation curve shape out till larger radii than possible with
the data presented in this thesis.

7.2.5 MOND

We have not, in this thesis, applied the MOND hypothesis to our galaxies. It is, however,
important to check whether MOND works as well for the massive, bulge-dominated galaxies
presented in this thesis as it does for many later-type galaxies. In particular, the galaxies with
declining rotation curves present an interesting test case for MOND. In principle, declining
rotation curves do not necessarily pose a problem to MOND, as long as the decline occurs in
the regime where Newtonian gravity still holds. In fact, the observed flattening of our rotation
curves at large radii is qualitatively in line with the expectations from MOND. However, it
would be interesting to investigate whether MOND can also reproduce in detail the shape of
these unusual rotation curves.




