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6
Dark matter in early-type disk

galaxies

ABSTRACT — We present mass models for a sample of 17 early-type disk galaxies,
based on decompositions of their rotation curves into contributions from the stellar bulges
and disks, the neutral gas disks and dark matter haloes. A new method is developed to
deproject the observed intensity distribution of a flattened bulge and to calculate its con-
tribution to the gravitational field.
We study the constraints on the mass-to-light ratios of the stellar components and show
that there are strong reasons to believe that bulges are at least close to ‘maximal’ and
dominate the gravitational potential in the inner regions. The constraints on the contribu-
tions of the stellar disks are not as tight and well-fitting models can be constructed with
a range of disk M/L ratios Γd; in some cases, however, Γd = 0 is not allowed and we can
also put firm lower limits on the contribution of the disk.
We compare mass models created with isothermal haloes to similar fits with dark mat-
ter density profiles as predicted by the simulations of structure formation in a cold dark
matter dominated universe from Navarro et al. (1997, NFW). We show that, on average,
equally good fits can be made with either density profile. In particular, the rotation curves
of most galaxies in our sample are compatible with the NFW dark matter density profiles,
provided that the stellar disks have low mass-to-light ratios (∼ 1 – 3 in the R-band). Max-
imum disks, which give good fits in the models with isothermal haloes, are not allowed
in combination with NFW haloes.
We discuss several tentative correlations between the derived dark halo parameters and
optical properties of the galaxies, but show that without independent, more accurate mea-
surements of the disk mass-to-light ratios, little can be said with certainty on the detailed
relation between dark and luminous matter. In particular, we cannot exclude the possibil-
ity that galaxies with very different optical characteristics live in similar haloes.
Finally, we also discuss the possibility that dark matter does not reside in spherical haloes,
but is instead coupled to the neutral gas. We show that in many cases, good fits can be
made, but that the required H scaling factors are high (∼ 10 – 50). In a number of cases,
the H-scaled model rotation curves fail in the outer regions and keep on declining where
the observed rotation curves stay flat.
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6.1 Introduction

The shape of rotation curves of spiral galaxies provides one of the most secure pieces of
evidence for the existence of dark matter in the universe. In the 1970’s, it was found that
rotation curves derived from 21cm radio observations of neutral hydrogen remain more or
less flat till the outermost points, well outside the optical disks, demonstrating that the stars
only constitute a fraction of the total gravitating mass in disk galaxies (Rogstad & Shostak
1972; Shostak 1973; Roberts & Whitehurst 1975; Bosma 1978, 1981b).

The presence of large amounts of dark matter in galaxies is now well-established and
widely accepted. However, due to its elusive nature, much is still unknown regarding the dis-
tribution of dark matter in galaxies and its relation with the luminous components. Despite
intensive research in the past decades, fundamental questions such as “What is the spatial
distribution of dark matter?”, “How far does dark matter extend?” or “Are the dynamics in
the inner regions in galaxies dominated by the luminous material, with dark matter taking
over at larger radii, or does dark matter dominate everywhere?” still await definitive answers.
Knowledge on these issues is, however, important to understand the processes of galaxy for-
mation and evolution. Modern simulations of structure formation in a dark matter dominated
universe make detailed predictions on the shape and extent of dark matter haloes and their
density profiles (Navarro et al. 1996, 1997; Moore et al. 1998, 1999; Klypin et al. 2001;
Bullock et al. 2001; Wechsler et al. 2002). These predictions are dependent on the assumed
properties of the dark matter (cold or warm, self-interacting or not), the assumed merging
history of the galaxies and on the initial conditions in the early universe. A comparison of
observed dark matter properties in galaxies with the results from the simulations can yield
important insight in all these parameters.

In this chapter, we study the radial distribution and relative importance of dark matter in a
sample of 17 early-type disk galaxies. We decompose their rotation curves into contributions
from the stellar bulges and disks, the gaseous disks and spherical dark matter haloes. All
galaxies in our sample have a high surface brightness and most lie at the high-mass end of
the disk galaxy population; the least luminous galaxy in our sample has an R-band absolute
magnitude of -18.3, 13 members have MR < −21. Our study is the first to address the dark
matter properties in a sample of massive, early-type disk galaxies based on H rotation curves
in a systematic way. It will serve as a complement to recent studies of late-type, dwarf and
LSB galaxies, such as the ones by de Blok & McGaugh (1997), Swaters (1999) and Swaters
et al. (2000), to provide information on the relation between dark and luminous matter over
the full extent of the disk galaxy population.

A complicating factor in rotation curve decompositions is the fact that the stars in the
galaxies contribute a significant, but not precisely known, fraction to the overall gravitational
potential. Kalnajs (1983) and Kent (1986, 1988) showed that the shape of the rotation curves
in the central regions of many spiral galaxies can be explained fully by assuming appropriate,
high mass-to-light ratios for the bulges and disks. In such ‘maximum disk’ situations, the
dark matter becomes dominant only at larger radii (van Albada & Sancisi 1986). However,
fits can usually be made with lower mass-to-light ratios for the stars and a significant rôle
for dark matter in the inner regions of galaxies as well (van Albada et al. 1985; Athanas-
soula et al. 1987; Verheijen 1997; Swaters 1999). This disk-halo degeneracy complicates the
unambiguous determination of the dark matter content and distribution in galaxies.

The situation in early-type disk galaxies is particularly difficult, as the presence of the
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luminous bulges creates an additional degree of freedom in the fits. Moreover, the high
concentration of light in the central regions means that small changes in the assumed mass-to-
light ratios lead to large variations in the inferred dark matter densities. We will pay particular
attention to the constraints which can be put on the stellar M/L ratios in our galaxies and the
consequences for the derived dark matter content and distribution. In particular, we will show
that there are strong reasons to believe that the gravitational potential in the inner regions of
early-type disk galaxies is dominated by the stellar components.

The structure of this chapter is as follows. In section 6.2, we briefly describe the rotation
curve sample used for the mass models and discuss some basic properties of the galaxies. The
techniques used to decompose the observed rotation curves into contributions from stars, gas
and dark matter are described in section 6.3. In section 6.4, we discuss the constraints on the
contributions of the stellar bulges and disks to the gravitational potential in our galaxies and
compare the inferred mass-to-light ratios to the values expected for their stellar populations.
In section 6.5, we compare our observed rotation curves with the predictions of structure
formation in a cold dark matter universe. In particular, we investigate whether our rotation
curves are consistent with the dark matter density profiles proposed by Navarro et al. (1997).
In section 6.6, we study the relation between dark and luminous matter as derived from our
mass models and in section 6.7, we consider the possibility that the dark matter in our galaxies
is not distributed in spherical haloes, but is instead coupled to the extended gas disks. Finally,
in section 6.8, we briefly discuss the implications of our results and summarise the main
conclusions from the previous sections. Appendix 6-I describes the method used to deproject
the observed intensity profiles of the bulges of early-type disk galaxies and to calculate their
contribution to the rotation curves. The tables and figures describing the mass models for
individual galaxies are presented in appendix 6-II and 6-III respectively.

Throughout this study, we will assume that the Newtonian description of gravity (or,
more correctly, General Relativity) is adequate at galactic scales. This may not be the case
and several attempts have been made to explain the shape of the rotation curves in the context
of alternative theories of gravity. In particular the theory of MOND (Milgrom 1983) has
been remarkably successful in explaining the shapes of rotation curves without the need for
additional dark matter (Sanders 1996; McGaugh & de Blok 1998a; Sanders & Verheijen
1998; de Blok & McGaugh 1998; Sanders & McGaugh 2002). In the current study, we
restrict ourselves to studies involving ‘normal’ Newtonian gravity and dark matter; a study of
our rotation curves in the context of MOND will not be done here.

6.2 The sample

The sample of rotation curves studied in this chapter is almost identical to that of chapter 4
and we refer the reader to section 4.2 for a detailed description of the selection criteria. Two
galaxies were rejected from the sample of chapter 4. UGC 624 was not included because of
the poor quality of its rotation curve; UGC 4605 has a well-defined rotation curve, but due
to its edge-on orientation, we do not have accurate information on the radial distribution of
gas and stars in its disk and detailed mass decompositions are not possible. The resulting
sample studied in this chapter consists of 17 galaxies; some basic properties of the members
are given in table 6.1.

The galaxies in the present sample have morphological types ranging from S0− to Sab
and span two decades in optical luminosity (−18 > MR > −23.5). Most galaxies are highly
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Table 6.1: Sample galaxies: basic data. (1) UGC number; (2) alternative name; (3) morphological

type; (4) distance; (5) absolute R-band magnitude; (6) R-band disk scale length; (7) and (8) maxi-

mum and asymptotic rotational velocities and (9) rotation curve quality. Column (3) was taken from

NED, (4) from chapter 2, (5) and (6) from chapter 3 and (7)–(9) from chapter 4.

UGC alternative Type D MR hR Vmax Vasymp RC
name Mpc mag kpc km/s km/s quality

(1) (2) (3) (4) (5) (6) (7) (8) (9)
2487 NGC 1167 SA0− 67.4 -23.24 8.0 390 330 I
2916 – Sab 63.5 -22.01 5.0 220 180 II
2953 IC 356 SA(s)ab pec 15.1 -22.54 4.1 310 260 I
3205 – Sab 48.7 -21.88 3.5 240 210 I
3546 NGC 2273 SB(r)a 27.3 -21.35 2.8 260 190 II
3580 – SA(s)a pec: 19.2 -19.42 2.4 127 125 II
3993 – S0? 61.9 -21.35 5.5 300 250 II
4458 NGC 2599 SAa 64.2 -22.61 8.6 490 240 II
5253 NGC 2985 (R’)SA(rs)ab 21.1 -21.90 5.3 255 210 II
6786 NGC 3900 SA(r)0+ 25.9 -21.13 1.5 230 215 I
6787 NGC 3898 SA(s)ab 18.9 -21.28 3.3 270 250 I
8699 NGC 5289 (R)SABab: 36.7 -20.74 3.7 205 180 I
9133 NGC 5533 SA(rs)ab 54.3 -22.62 9.1 300 225 I

11670 NGC 7013 SA(r)0/a 12.7 -20.55 1.8 190 160 II
11852 – SBa? 80.0 -21.53 4.5 220 165 II
11914 NGC 7217 (R)SA(r)ab 14.9 -21.35 2.7 305 300 II
12043 NGC 7286 S0/a 15.4 -18.26 0.8 93 90 I

luminous; the average R-band absolute magnitude is 〈MR〉 = −21.40. In general, they are
not exceptionally large; only 3 galaxies have an R-band exponential disk scale length hR ≥
8.0 kpc, and the average value is 〈hR〉 = 4.3 kpc.

The rotation curves were derived from a combination of H synthesis observations and
long-slit optical spectroscopy (see section 4.3 for details). The use of optical data ensures
that our rotation curves are well resolved in the inner regions (typical spatial resolution 0.1 –
0.5 kpc, depending on the distance of the galaxies) and that the effects of beam smearing in
the radio observations are largely eliminated. In some cases, line-of-sight integration effects
complicated the derivation of the rotation curves in the very inner arcseconds of the optical
spectra and led to large errorbars in the inner points, but these effects seldom extend beyond
the inner 1 – 2 kpc of the rotation curve and do not hamper our study. The H data usually
extend to large radii, far outside the optical disks (up to 20 disk scale lengths in exceptional
cases), and allow us to probe the rotation velocities in regions which are fully dominated by
dark matter.

6.3 Rotation curve decomposition

Throughout this chapter, it is assumed that the gravitational field in a galaxy can be written
as the sum of the individual contributions from the stellar bulge, stellar disk, gaseous disk
and an enveloping dark matter halo. Furthermore, it is assumed that gravity alone governs
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the rotation of the gas disk; the influence of for example pressure terms and magnetic forces
are neglected (see e.g. Battaner et al. 1992, Binney 1992, Cuddeford & Binney 1993, Jokipii
et al. 1993, Vallee 1994 and Sánchez-Salcedo & Reyes-Ruiz 2004 for a discussion on the
(ir)relevance of the latter). Then, the radial component of the total gravitational force in the
symmetry plane of the galaxy, Fr, is related to the circular velocity Vcir as:

Fr(r) =
dΦtot(r)

dr
=

4
∑

i=1

dΦi(r)
dr

=
V2

cir(r)

r
, (6.1)

where Φtot(r), the total gravitational potential at radius r, is the sum of the potentials Φi of the
four separate mass components. In a few cases, a central point mass was added to the models
and the summation is over 5 components. Each of the contributions to the total force can be
written as:

Fr,i(r) =
dΦi(r)

dr
≡

V2
cir,i(r)

r
, (6.2)

where Vcir,i(r) is defined as the circular velocity at radius r in the gravitational potential of
component i, in absence of any other components.

Since we have no prior knowledge of the mass-to-light ratios of the bulges and disks in
our galaxies, an absolute determination of their contributions to the potential is not possible.
Instead, we calculate the potentials Φb(r) of the bulges and Φd(r) of the disks, and the corre-
sponding circular velocities Vb(r) and Vd(r), assuming a mass-to-light ratio of unity, and later
scale them with their respective mass-to-light ratios Γb and Γd. In the next sections, we will
discuss how Φb(r) and Φd(r) can be calculated from the observed photometric profiles from
chapter 3.

For each galaxy, the potential Φg(r) of the gaseous disk and the corresponding velocities
Vg(r) can be derived directly from the observed radial H distribution from chapter 2 (see
below). In practice, a correction has to be made to account for the presence of other elements
than hydrogen (mostly helium): Φg(r) = ηΦHI(r). For the canonical helium abundance of
10% (by number), η has a value of 1.4. The contributions ΦDM(r) and VDM(r) of the dark
matter halo to the potential and the rotation curve depend on the chosen model (see below).
The rotation curve Vpm(r) of a central point mass has a simple Keplerian

√
1/r form.

Substituting the appropriate descriptions for Vi(r) into equation 6.2, and substituting the
results into equation 6.1, we get the following description for the rotation curves:

Vcir(r) =
√

ΓbV2
b (r) + ΓdV2

d (r) + ηV2
HI(r) + V2

DM(r)
(

+V2
pm(r)

)

. (6.3)

Below, we describe in detail the derivation of the individual contributions Vi(r).

6.3.1 the contributions of the stellar bulges

As in chapter 3, the bulges are modelled as oblate axisymmetric spheroids with generalised
Sérsic luminosity profiles. They are fully characterised by four parameters: the intrinsic axis
ratio q, effective radius and intensity re and Ie and Sérsic shape parameter n. For the calcu-
lation of the contribution of the bulges to the rotation curves, we used the fitted parameters
from the R-band images (table 3.5) and assumed that the mass-to-light ratio is constant with
radius.
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The derivation of the bulge rotation curves is not straightforward, and involves a depro-
jection of the observed 2D brightness distribution I(x, y) to the 3D luminosity density distri-
bution ρ(R, z). Once the underlying density distribution is found, the rotation curve can be
directly derived using equation 2-91 from Binney & Tremaine (1987). In appendix 6-I, we
describe the relevant coordinate transformations and deprojection integrals. Here, we only
give the final resulting equation (equation 6-I.9):

V2
b (r) = C

∫
r

m=0















∫ ∞

Q=m

e−(Q/r0)1/n
(Q/r0)1/n−1

√

Q2 − m2
dQ















m2

√
r2 − m2e2

dm,

(6.4)

C =
4GqI0

r0n

√

sin2(i) + cos2(i)/q2.

r0 and I0 are the characteristic radius and central surface brightness of the bulges, related to re

and Ie as r0 = b −n
n re and I0 = ebn Ie; bn is a scaling constant that satisfies γ(bn, 2n) = 1

2Γ(2n)
(see section 3.7.1). i is the inclination angle of the galaxy and e is the intrinsic eccentricity
of the bulge: e =

√

1 − q2. Equation 6.4 cannot be solved analytically, but was, instead,
evaluated numerically, using algorithms from Press et al. (1992).

Due to the highly concentrated light distribution, the bulge rotation curves generally rise
very steeply in the center and peak at small radii. Depending on the value of n, the maximum
rotation velocity is reached between 1.5 and 0.15 times the effective radius re (for n ≈ 1.0
and n ≈ 5.0 respectively).

The effect of the flattening of the bulges is to increase the peak circular velocity; a bulge
with an intrinsic axis ratio of 0.25 will have a maximum circular velocity that is approxi-
mately 18% higher than a spherically symmetric bulge with the same intensity profile and
integrated luminosity (see appendix 6-I). This has important consequences for the derived
mass-to-light ratios. From equation 6.3, it can be seen that, for a given bulge contribution
to an observed rotation curve, the product ΓbV2

b (r) must be constant. Thus, if we determine
the bulge mass-to-light ratio Γb by scaling up the bulge contribution to the inner parts of an
observed rotation curve, the flattened bulge would lead to a mass-to-light ratio that is almost
30% lower than that inferred for a spherical one.

The flattening of the bulges also affects the radius where the rotation curve peaks, al-
though this effect is much weaker; the rotation curve of a flattened bulge will reach its maxi-
mum at slightly smaller radius than that of a spherical one.

These effects show that the shape of a bulge has important consequences for its contribu-
tion to the overall dynamics of a galaxy and that it is important to take the bulge flattening
explicitly into account (see also Merrifield 2004).

6.3.2 the contributions of the stellar disks

The contributions of the stellar disks to the rotation curves were derived from the R-band
photometric profiles of the disks directly, using the prescriptions given by Casertano (1983)
and assuming that the disks are optically thin. Note that the disk photometric profiles were
derived by subtracting the model bulge from the original image and measuring the intensities
on the residual image (see section 3.7.2). Thus, all small scale structures in the optical images,
which are not accounted for in the rotation curves for the bulges, are included here.
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We made the additional assumption that the mass-to-light ratio is constant throughout
the disks (as was also assumed for the bulges). This assumption most likely does not hold,
as many of our galaxies exhibit colour gradients and become bluer towards larger radii (see
section 3.8.3). If these colour gradients are caused by variations in age of the stellar pop-
ulations (such as the ones discussed by Bell & de Jong 2000), then the mass-to-light ratios
are expected to decrease outwards and the mass density profiles would be steeper than the
photometric profiles used here. In that case, the derived rotation curve would peak at smaller
radii and decline faster afterwards. In the recent past, several attempts have been made to
determine the correlation between colours and mass-to-light ratios of stellar populations (e.g.
Bell & de Jong 2001; Portinari et al. 2004), but it is not clear yet how reliable these models
are. In particular, the effects of metallicity gradients and the slope of the initial mass function
(IMF) at the low-mass end are difficult to constrain. Given the uncertainties in these stellar
population synthesis models, we have not attempted to correct for the mass-to-light gradi-
ents and we have decided to use the R-band luminosity profiles as the best estimate for the
underlying stellar mass density profiles.

We assumed that the luminosity density of the disks decays exponentially in the vertical
direction, as is observed in studies of nearby edge-on galaxies (Wainscoat et al. 1989; de
Grijs et al. 1997). For the flattening of the disks, we assumed that the ratio qd of vertical
scale height hz to radial scale length hr is equal to 0.2. This ratio is comparable to the results
of de Grijs (1998), but slightly larger than that observed by Kregel et al. (2002). The exact
vertical distribution of matter in the disk is, however, not important for our purposes. The
difference in rotation velocities between disks with axis ratios qd of 0.1 and 0.3 is only a few
percent. Moreover, these differences only occur in the inner regions of the disks, where the
total rotation curves are completely dominated by the bulges and the disks have only little
impact on the overall dynamics. At larger radii, the effect of the exact vertical distribution of
the stars is negligible.

6.3.3 the contributions of the gaseous disks

The contributions of the gaseous disks to the rotation curves were derived in a similar fashion
as those of the stellar disks. The gas rotation curves were calculated from the radial H
profiles derived in chapter 2, using the prescriptions of Casertano (1983). We assumed the
same vertical distribution for the gas as was assumed for the stellar disks above. For the
gas disks, the actual choice for the vertical scale height is even less important than for the
stellar disks, because the gas is generally much less centrally concentrated than the stars.
Furthermore, the contributions of the gas disks to the overall rotation curves are usually small
everywhere and the influence of their flattening on the dynamical structure of the galaxies
can be neglected.

We do not account here for the presence of other gaseous components in our galaxies,
e.g. molecular gas. Several CO-surveys have been carried out in the recent past to study the
distribution of molecular gas relative to the stars and the atomic gas (e.g. Sofue et al. 1995,
2003; Wong & Blitz 2002). All find that molecular gas is concentrated in the inner parts of the
galaxies, with exponential scale lengths comparable to those of the underlying stellar disks
(Regan et al. 2001). No substantial column densities of CO emission are generally observed
at large radii. But the dynamics in the inner parts of our galaxies are usually completely
dominated by the massive stellar bulges, and the presence of additional gas in those regions
will have negligible impact compared to the high mass densities of the bulges. Furthermore,
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if the molecular gas indeed has a radial distribution similar to that of the stellar disk, then its
presence can be implicitly incorporated in Γd, the mass-to-light ratio of the disk.

6.3.4 the contribution of the dark matter

Little is known about the radial distribution of dark matter. The fact that so many rotation
curves are (nearly) flat at large radii implies that the dark matter density at the corresponding
radii must fall off as 1/r2. At even larger radii, the density must fall off faster than this,
otherwise the total mass would be infinite. However, no clear evidence for the truncation of a
dark matter halo has so far been seen in any observed rotation curve, and it must occur (well)
outside the extended gas disks. The most promising method to probe the density distribution
of dark matter at large scales seems to be weak lensing. Indeed, using this method, Hoekstra
et al. (2004) found evidence for a steepening at large radii of the dark matter density profiles.

The shape of the dark matter density profiles in the inner parts of galaxies is still con-
troversial. N-body simulations of structure formation and galaxy evolution in a universe
dominated by cold dark matter (CDM) predict that dark matter haloes have ‘cusps’, i.e. that
the density keeps increasing as a power-law (ρ ∝ r−α) till small radii, with logarithmic slope
α between 1 and 1.5 (Navarro et al. 1996, 1997, 2004; Moore et al. 1998, 1999; Hayashi et al.
2004). Some authors claim that observed rotation curves, in particular those of low surface
brightness and dwarf galaxies, are inconsistent with these predictions and that dark matter
haloes have constant density ‘cores’ (McGaugh & de Blok 1998a; de Blok et al. 2001a,b;
Salucci 2001; Blais-Ouellette et al. 2001; Gentile et al. 2004). In contrast, others claim that
the apparent inconsistency can be largely attributed to systematic effects and that observed
rotation curves are still consistent with central density cusps (van den Bosch et al. 2000; van
den Bosch & Swaters 2001; Swaters et al. 2003; Spekkens et al. 2005).

Because of the lack of consensus about the true shapes of dark matter density profiles, we
have chosen to use two different models for the distribution here. The first is the isothermal
sphere and is chosen predominantly because it was commonly used in the past. The mass
models with the isothermal sphere will enable us to study the general dark matter properties
of the galaxies in our sample and to compare the results with other studies. For the second,
we use the dark matter density profile from the simulations of Navarro et al. (1997, NFW),
including the effects of adiabatic contraction of the halo during the collapse of the luminous
matter. This will enable us to compare our rotation curves to the predictions that follow from
simulations of structure formation in a Cold Dark Matter dominated universe.

isothermal haloes

The radial density distribution of an isothermal sphere is described by

ρDM(r) =
ρ0

1 + (r/rc)2
, (6.5)

with ρ0 the central density and rc the core radius. Thus, the density becomes constant at small
radii and declines as 1/r2 at large radii. The corresponding rotation curve is given by

V2
DM(r) = V2

∞

[

1 − rc

r
arctan

(

r
rc

)]

(6.6)
with V2

∞ = 4πGρ0r2
c .
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It rises linearly in the center and becomes asymptotically flat, at a value of V∞, when r
becomes much larger than rc. We have no prior knowledge concerning the values for ρ0 and
rc, so they are used as free parameters in the fitting procedure.

NFW haloes

The radial density distribution of dark matter haloes in numerical simulations based on CDM
is well described by the form:

ρNFW (r) =
ρc

(r/rs) (1 + r/rs)
2
, (6.7)

where rs is the characteristic radius of the halo and ρc is related to the density of the universe
at the time of collapse (Navarro et al. 1997). The parameters of this so-called NFW profile
depend on the assumed cosmology. The radius rs is usually expressed in terms of r200, the
radius inside of which the mean density is 200 times the critical density for closure and which
roughly corresponds to the virial radius, using the concentration parameter c ≡ r200/rs. For
the currently popular ΛCDM model, the concentration parameter c is expected to be of the
order of 10 for galaxy-sized haloes.

The rotation curve of an NFW halo has the following form:

V2
DM(r) = V2

200

{

ln(1 + cx) − cx/(1 + cx)
x[ln(1 + c) − c/(1 + c)]

}

, (6.8)

where x = r/r200 (Navarro et al. 1996) and the velocity V200 is defined as hr200 (Navarro et al.
1997). The halo rotation curve for an NFW halo is thus specified by two parameters, c and
V200, which determine the total mass of the halo and its degree of concentration and which
are used as free parameters in the fitting procedure.

The NFW halo profile as given above is for a situation with dark matter only; the for-
mation of the disk within such a halo leads to a contraction of the dark matter component
and thus to a change in its density profile. We have assumed that the collapse of the baryons
within the dark halo is slow and we have corrected for the adiabatic contraction of the halo
following the procedures outlined in Barnes & White (1984), Blumenthal et al. (1986) and
Flores et al. (1993). In this model, it is assumed that the mass distribution is spherically sym-
metric, that contracting shells do not cross each other, that particles are on circular orbits and
that angular momentum is conserved.

It is important to note that there are many uncertainties related to the correction for adi-
abatic contraction. For example, recent papers which have appeared after we developed our
fitting code, have shown that the standard corrections tend to overpredict the adiabatic com-
pression, especially in the inner regions (Gnedin et al. 2004; Sellwood & McGaugh 2005).
Moreover, because of the large baryonic contributions in the galaxies in our sample, the adia-
batic corrections are generally large and any uncertainties in the corrections are exacerbated.
Our treatment of the adiabatic contraction is intended to give an estimate of the dark matter
density profile after the formation of the luminous disks and is, as such, a major improvement
compared to ignoring it completely. However, the uncertainties should be taken into account
when interpreting the results from our mass models described in sections 6.4 and 6.5.
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6.3.5 fitting technique

For each galaxy in our sample, mass models were created by fitting the right hand side of
equation 6.3 to the observed rotation curve. However, as described in the introduction, de-
generacies usually exist in the models and many combinations of parameters produce accept-
able fits. In particular, it has been known for a long time that there exists a strong coupling
between the contributions of the stellar disks and the dark matter haloes, in the sense that one
can be scaled down while increasing the contribution from the other without degrading the
quality of the fit (van Albada et al. 1985).

At first sight, the situation looks even more daunting for the early-type disk galaxies in
our study, since the presence of the bulges introduces an additional degree of freedom in
the models (and in some cases, a central point mass introduces yet another free parameter).
We will show, however, in section 6.4.1, that the mass-to-light ratios of the bulges Γb can
be tightly constrained in most cases and complicate the situation less than might be feared.
The central point masses make a significant contribution to the overall gravitational potential
only in the very inner regions and their masses are therefore fully decoupled from the disk
and dark matter contributions (note that sometimes the central point mass and the bulge M/L
ratio are weakly coupled in the fits). However, our galaxies do suffer from the same disk-
halo degeneracy as later-type galaxies and the constraints on the disk M/L ratio are generally
weak.

In view of the uncertainties and degeneracies in the different parameters, we have adopted
the following strategy for the remainder of this chapter. First, we fitted equation 6.3 to the ob-
served rotation curves, leaving the bulge and disk mass-to-light ratios and the halo parameters
free. If needed, a central point mass was included as well, fitting its mass at the same time.
These fits were done by minimising the chi-squared χ2

1 between the model and the observed
rotation curves, which is defined as:

χ2
1 =

Np
∑

j=1
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, (6.9)

where the summation is over all NP points in the rotation curve and Vmod, j and Vobs, j are the
model and observed rotation velocities in point j respectively. ∆Vr, j are the individual error-
bars on the observed rotation curve points and ∆Vi, j are the errors in the rotation velocities
due to inclination uncertainties (see section 4.3.4 for details); for the fits presented in this
chapter, we simply added the two contributions to the errors quadratically. The results of
these ‘minimal χ2 fits’ are listed in tables 6.3 and 6.4 and shown in the top panels of the
figures in appendix 6-III.

Subsequently, in order to explore the effect of a different mass-to-light ratio Γd for the
disk, we interactively scale it up and down, meanwhile re-fitting the other parameters to
compensate for the changing disk contribution. We judged by eye the limiting disk M/L
ratios beyond which the fits become unacceptable; these ‘maximal and minimal allowed disk’
models are shown in the second and third rows in the figures in appendix 6-III.∗ For the

∗In the remainder of this chapter, we will make a distinction between ‘maximal/minimal allowed disk’, by which
we mean the models with the limiting values for Γd which we consider consistent with our data, and truly ‘maxi-
mal/minimal disk’, indicating the models in which the disks contribute respectively all and nothing of the observed
rotation velocities (measured at the radius where the disk rotation curve peaks).
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models with isothermal haloes, we also did fits where we forced the bulge and disk M/L
ratios to be equal, effectively assuming a constant M/L ratio for the entire stellar population
of the galaxies (fourth row in the figures on the even pages in appendix 6-III). All resulting
models are again summarised in tables 6.3 and 6.4.

For all models, we also list in the tables in appendix 6-II a chi-squared parameter χ2
2,

which was calculated by considering the individual errorbars only and neglecting the incli-
nation uncertainties (i.e. setting ∆Vi, j = 0 in equation 6.9), as well as the two corresponding
reduced chi-squared quantities χ2

i,r = χ
2
i /(Np−Ndo f ), with Ndo f the number of degrees of free-

dom in the fits. It is important to note here that the errors on our rotation curves are neither
Gaussian nor independent. The absolute values of the chi-squared quantities are therefore not
statistically meaningful; for several rotation curves in particular, the large inclination uncer-
tainties ∆Vi, j, which are not independent for individual points in the rotation curves, lead to
χ2

1 � 1.0. However, the chi-squared values are still useful to distinguish between the differ-
ent models for each galaxy and help to determine how much the quality of the fits degrades
when different values for Γd are assumed.

6.4 The dynamical influence of the stars in early-type disk galaxies

6.4.1 why the bulges of early-type disk galaxies must dominate the gravitational po-
tential in the inner regions

It was already argued in chapter 4, based on correlations between the shapes of the rotation
curves and those of the light distributions, that bulges must dominate the gravitational poten-
tial in the inner regions of early-type disk galaxies. Here, we present additional evidence that
bulges must be (close to) ‘maximal’.

It is striking that in all galaxies, except a few cases where the constraints from the central
rotation curves are weak (e.g. UGC 3205, 3580, 11914), the minimal χ2 mass models have
a maximal or near-maximal bulge. Thus, our observed rotation curves are best explained by
assuming that the bulges dominate the dynamics in the central regions.

This becomes even more convincing when we study mass models where we force the
bulges to have lower mass-to-light ratios. In figure 6.1, we show mass models for four galax-
ies with luminous bulges, where for each case, we have assumed a bulge mass-to-light ratio Γb

which is 50% lower than the M/L from the minimal χ2 model given in table 6.3. The models
were made using isothermal dark matter haloes; the fitted parameters are given in table 6.2.
It is clear that the assumption of sub-maximal bulges leads to worse fits compared to those

Table 6.2: Parameters for the mass models with isothermal haloes and sub-maximal bulges, shown in figure 6.1:

(1) UGC number; (2) bulge R-band mass-to-light ratio; (3) disk R-band mass-to-light ratio; (4) H  scaling factor;

(5) central point mass; (6) halo core radius; (7) halo central density; (8) χ2 using individual errorbars and inclination

uncertainties; (9) reduced χ2 using individual errorbars and inclination uncertainties; (10) χ2 using individual

errorbars only and (11) reduced χ2 using individual errorbars only.

UGC Γb Γd η Mpm rc ρ0 χ2
1 χ2

1,r χ2
2 χ2

2,r
M�/L� M�/L� 109 M� kpc M� pc−3

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
4458 2.3 0.0 1.4 17 0.11 91 7.09 0.24 341 11.8
5253 1.4 6.4 1.4 − 0.02 1.5 · 103 19.4 0.28 537 7.67
6786 1.3 0.85 1.4 − 0.79 1.5 68.1 1.58 90.7 2.11
9133 1.4 4.9 1.4 5.1 0.16 27 97.7 1.48 1457 22.1
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Figure 6.1: Mass models with isothermal haloes and sub-maximal bulges for UGC 4458, 5253,

6786 and 9133 (top to bottom). Right hand panels show the full rotation curves, left hand panels

show a magnification of the inner regions. Line styles are as in the figures in appendix 6-III (see

page 271). In each case, we assumed a bulge mass-to-light ratio 50% lower than the M/L of

the minimal χ2 fit given in table 6.3. The parameters for the models presented here are given in

table 6.2.



T       -   241

with a maximal bulge, either in the inner regions (UGC 6786), or at large radii (UGC 4458,
9133). More importantly, in order to compensate for the smaller contribution of the bulges
to the rotation curves, extremely concentrated dark matter haloes must be invoked. The most
extreme case is UGC 5253, which needs a dark halo with a core radius of rc = 20 pc and
a central density of 1.5 ·103 M� pc−3. Clearly, such dark matter concentrations are orders of
magnitudes higher than observed in any other situation or expected from current theories of
galaxy formation.

Note that, although the models shown in figure 6.1 were made assuming an isothermal
dark matter halo, the exact shape of the dark matter density profile is irrelevant for these
results. The main point is that the steep rises in our rotation curves imply very high central
mass densities and that if these densities are not provided by the stellar bulges, extremely
concentrated dark matter haloes are required. NFW haloes are generally somewhat more
concentrated than isothermal haloes and contribute more to the gravitational potential in the
center. However, also in this case, dominant bulges are required to explain the observed rota-
tion velocities in the central regions. In some of the other galaxies in our sample, especially
those with lower bulge-to-disk luminosity ratios, mathematically acceptable fits can be made
with low-M/L bulges, but the resulting dark haloes are invariably extremely concentrated.

Strictly speaking, we cannot rule out the possibility that dark matter does play an im-
portant rôle in the inner regions of our galaxies, given the intrinsic uncertainties in the dark
matter density profiles. However, we deem the extreme dark matter concentrations, which
are required if the bulges are significantly sub-maximal, unrealistic. We believe that the re-
sults shown in figure 6.1 and table 6.2, in combination with those discussed in chapter 4,
are sufficiently convincing to conclude that bulges in disk galaxies dominate the gravitational
potential in the central regions and are (close to) maximal. We shall therefore not consider
models with significantly sub-maximal bulges any further in the remainder of this chapter.
For the fitting of the maximal/minimal allowed disk models, we will let the bulge mass-to-
light ratios vary freely to compensate for the changing contributions from the disks or dark
matter haloes to the central rotation curves, but this normally leads to marginal variations in
Γb only and does not result in highly sub-maximal bulges; low values for Γb are only fitted in
galaxies where the central rotation curve is poorly defined (e.g. UGC 3205, 11914).

6.4.2 constraints on the disk mass-to-light ratio

The constraints on the mass-to-light ratios of the stellar disks of our galaxies are much weaker
than on those of the bulges. Our galaxies suffer from the same disk-halo degeneracy as later-
type systems and in general, we are able to fit the observed rotation curves with a wide range
of disk M/L ratios Γd. This is shown in a quantitative way in figure 6.2, where we show the
chi-squared parameter χ2

1,r as a function of disk M/L ratio.
A number of interesting results can be inferred from figure 6.2. The first is the remarkable

difference between the fits with isothermal and NFW haloes. Models with isothermal haloes
often contain one broad, shallow chi-squared minimum (e.g. UGC 2487, 2916, 3546, 5253,
6787, 12043), or two minima separated by a range in disk M/L for which no satisfactory
fits can be constructed (e.g. UGC 3205, 3580, 9133, 11670). In general, the isothermal halo
models seem to favour a massive disk (close to maximal; e.g. UGC 2953, 3993, 8699), but
there are also a number of galaxies where the best results are achieved with sub-maximal
disks (e.g. UGC 3205, 11670, 12043).

All galaxies, however, can be fitted with a combination of a (near-)maximal bulge and
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Figure 6.2: Fit quality vs. R-band disk mass-to-light ratio Γd . Each point shows the reduced chi-

squared parameter χ2
1,r for a fit with disk M/L ratio fixed at the value shown at the abscissa and

all other parameters free. The solid and dashed lines indicate the fits with isothermal and NFW

haloes respectively. The open circles indicate the corresponding minimal χ2 models; the crosses

show the models with the minimal and maximal disk M/L ratios which we deem consistent

with our data. Note that, although the bulge mass-to-light ratios vary by small amounts to

compensate for the changing contribution from the disks or dark haloes in the inner regions,

they generally stay close to the maximal-bulge values discussed in the previous section.

disk and an isothermal halo. The only exception in our sample is UGC 6786, for which
the maximum disk hypothesis appears to be inconsistent with the data. Our derived disk
rotation curve for this galaxy has a strong feature around a radius of 5 kpc. This feature is not
present in the observed rotation curve, which limits the disk M/L ratio to values below about
3.5, less than 50% of the value required for a truly maximum disk situation. UGC 6786 is,
however, an unusual galaxy, compared to the other systems in our sample. Its disk is very faint
compared to the bulge (Ld/Lb ≈ 0.25) and it has an abnormal, non-exponential light profile.
In chapter 3, we hypothesized that UGC 6786 is not a standard early-type disk galaxy, but
rather an elliptical which has acquired a disk of gas and stars. Given the low fraction of stars
contained in this disk component, it is not surprising that it contributes little to the rotation
curve and that it is not dynamically important. Note also that the strength of the feature in
the disk rotation curve depends on the details of the bulge-disk decomposition; in particular,
it may be possible to do a bulge-disk decomposition which works almost equally well for the
optical image, but which causes a weaker feature in the disk rotation curve. Finally, note that
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the rotation curve of UGC 6786 is poorly defined in the region inside a radius of 3.5 kpc,
due to a lack of gas; this causes additional problems in the comparison between the observed
rotation curve and the contribution from the disk. In view of the uncertainties associated with
this galaxy, it is well possible that higher mass-to-light ratios for the disk are also acceptable
and the maximum disk hypothesis may apply for this galaxy as well. In general therefore,
the conclusion seems justified that the maximum disk hypothesis can be applied succesfully
to early-type disk galaxies in models with isothermal dark haloes.

This is not the case in the models with NFW haloes. Not only are the minimal χ2 disk
M/L ratios generally lower in this case, figure 6.2 shows clearly that the models start degrad-
ing at much lower M/L ratios than in the isothermal halo models. In particular, the NFW
models lack the secondary chi-squared minima at high disk M/L ratios which are present in
many models with isothermal haloes. Thus, if our corrections for adiabatic contraction are
correct, the galaxies in our sample must have sub-maximal disks to be compatible with the
simulations of CDM structure formation (remember that the bulges must still dominate in the
inner regions, also in the NFW halo models; see previous section).

To understand the origin of the difference between the models with the two halo models,
we need to look in detail at the individual fits. Close inspection of the figures and parameters
presented in respectively appendix 6-III and table 6.3 shows that the maximal allowed disk
fits with isothermal haloes have diffuse dark matter distributions with very large core radii
(often comparable to or larger than the outermost radii in the rotation curve). In such cases,
the dark matter starts dominating the rotation curves only at large radii, well outside the
optical disks of the galaxies. Dark haloes with an NFW density profile are by nature more
concentrated, and the adiabatic contraction makes them even more so. The only way to create
an NFW halo with a very shallow rotation curve is by assuming a concentration parameter
c � 1 (i.e. rs � r200), but this is not physically realistic; throughout our analysis, we have
assumed c ≥ 1 for the pre-contracted NFW haloes. Table 6.4 shows that, indeed, the models
with NFW haloes and high disk M/L ratios have low concentration parameters (c ≈ 1 – 3).
But even then, the dark haloes contribute significantly to the rotation curves at intermediate
radii and do not allow truly maximal disks.

One way to break this degeneracy would be to obtain deeper H observations and measure
the rotation curves outside the outermost radii in our data. The figures in appendix 6-III
show that if our galaxies really have maximal disks and diffuse isothermal haloes, then the
rotation curves should start rising again beyond a certain critical radius (which depends on
the core radius of the halo and the exact ratio of dark and luminous matter in the galaxies).
On the other hand, if the disks are sub-maximal and the haloes have concentrated NFW
density profiles, then the rotation curves should, at some radius, start to decline again. In
chapter 4 (page 172), we noted that some galaxies show a hint that their rotation curves start
to rise again at the outer radii (e.g. UGC 2953, 3993, 11670). If this behaviour would be
confirmed by follow-up observations, it would point to extended haloes (note that the best fits
for UGC 2953 and 3993 are already achieved with maximal disks and extended isothermal
haloes). In our data, the uncertainties in the outer points of the rotation curves are generally
too large to draw definitive conclusions; in particular, it cannot be excluded that the rises in
the rotation curves of the aforementioned galaxies are caused by e.g. non-circular motions of
the outer gas. Deeper H observations are necessary to investigate this issue further.

A number of other arguments are relevant for the discussion on the mass-to-light ratios
and dynamical influence of the disks. In a few cases, the rotation curves contain features
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which can be linked to substructure in the light profiles of the stellar disks. UGC 8699 has
a prominent ‘bump’ in its rotation curve around a radius of 7 kpc (≈ 40′′), coinciding with
a ring-like structure in its stellar disk. In the case of UGC 11852, the effect is more subtle,
but the rotation curve drops quite suddenly at the same radius where the luminosity profile
steepens (r ≈ 20 kpc, ≈ 50′′). The observed features in the rotation curves of these galaxies
can be reproduced well by assuming that the disks are maximal. In mass models with a
lower contribution of the stellar disks, the influence of the smooth haloes washes out the
features in the model rotation curves and the match with the observed data degrades. Thus,
the features in the rotation curves of UGC 8699 and 11852 seem to provide evidence for the
disks being maximal (and thus against the haloes having an NFW density profile). It should,
however, be noted that many other galaxies contain ‘wiggles’ in their rotation curves which
do not correspond to features in the light distribution (e.g. UGC 2487, 6787, 9133) or vice
versa (e.g. UGC 3993, 5253, 6786). Furthermore, deviations from smooth light distributions,
such as the ring in UGC 8699, may also induce local non-circular motions which lead to
artificial features in the rotation curves. Although the match between the observed and model
rotation curves of the maximal disk fits of UGC 8699 and 11852 appears striking, it cannot
be excluded that it is a simple coincidence and it seems premature to conclude, on the basis
of these two cases, that all disks must be maximal.

Finally, in a number of cases, we can put lower limits on the disk mass-to-light ratios; in
such galaxies, models without a substantial contribution from the disk do not reproduce the
detailed shape of the decline in the rotation curves. This is in contrast with later-type galaxies,
where generally no lower limits can be derived and models without any dynamical influence
from the stars generally fit the data as well as maximal disk models (van Albada et al. 1985;
de Blok & McGaugh 1997; Swaters 1999). Again, figure 6.2 reveals a difference between
the models with isothermal and NFW haloes. In the case of isothermal haloes, significant
contributions from the disks are required in 10 galaxies (59%); only 7 galaxies can be fitted
with Γd = 0. As the NFW haloes are more concentrated and often contribute to the decline in
the rotation curve themselves, the need for significant contributions from the disks is slightly
weaker in the NFW halo models. However, even in these models, 8 galaxies (47%) need a
significant contribution of the disks. There are 6 galaxies which cannot be fitted with Γd = 0
in either halo model: UGC 2487, 2953, 3993, 5253, 8699 and 11852. In these systems, both
the bulge and the disk must be dynamically important.

Note, however, that the difference between the isothermal and NFW halo models illus-
trates an important caveat here: the lower limits on the disk M/L ratio depend on the exact
shape of the dark matter density profile at the radii where our rotation curves decline. If the
dark matter density profiles have steeper slopes, at intermediate radii, than in our NFW halo
models, the declines in the rotation curves could be explained almost entirely from the dark
matter contribution and the constraints on the disk mass-to-light ratios would be weakened
further.

From the preceding discussion, it is clear that the exact contribution of the stellar disks
to the rotation curve cannot be determined from our data alone. Although it is in some cases
possible to derive upper and lower limits on the disk mass-to-light ratio, they still leave a wide
range of M/L ratios which are consistent with our data. Without additional information, we
are not able to constrain the disk contributions further and any situation between the maximal
and minimal allowed disk models listed in tables 6.3 and 6.4 seems acceptable.
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Figure 6.3: The distribution of the

bulge R-band mass-to-light ratios for the

minimal χ2 mass models with isother-

mal (hatched histogram) and NFW dark

haloes (gray histogram).

6.4.3 the mass-to-light ratios and colours of the stellar populations

Now that we have established the range of bulge and disk mass-to-light ratios which are
consistent with our data, it is interesting to look in more detail at the fitted values and compare
them to the mass-to-light which are expected for typical stellar populations.

bulges

An inspection of the bulge mass-to-light ratios is particularly interesting because of the tight
constraints that we were able to put on them. Figure 6.3 shows the distribution of the M/L
ratios of the bulges in the minimal χ2 models with both isothermal and NFW haloes. The
values for Γb range from 0 to 8, with an average of 3.4 and 2.7 M�/L� for the models with
isothermal and NFW haloes respectively.

In figure 6.4, we show the relation between the M/L ratios and the colours of the bulges
for the various fits. In principle, old and metal-rich stellar populations are redder and have a
higher M/L ratio than young or metal poor stars, so it is expected that there is a general trend
between colour and M/L. Bell & de Jong (2001) and Portinari et al. (2004) investigated this
in detail and used the latest stellar population synthesis (SPS) models, in conjunction with
several assumptions on the initial mass function and star formation history, to quantify the
M/L-colour relation. Their predicted relations are shown with the diagonal lines in the figure.

The fitted mass-to-light ratios of the bulges in our models are in reasonable agreement
with the predicted values, although the scatter is large and there seems to be a small systematic
offset towards higher M/L ratios, compared to the majority of the SPS models. This offset is
strongest for the models with isothermal dark haloes, but is mostly caused by three galaxies,
UGC 2487, 3546 and 3993, with unusually high bulge mass-to-light ratios. In the former
two cases, this can be explained by the poor definition of the central rotation curves; good
fits can also be obtained for these galaxies with somewhat lower values for Γb. In the case
of UGC 3993, the inclination of the system is poorly constrained. If the inclination angle is
higher than the 20◦ which we assumed in chapter 4, the rotation velocities, and therefore the
mass-to-light ratio which we derived here, are lower. This would also be consistent with the
offset of this galaxy from the Tully-Fisher relation (chapter 5). Note that in all three cases,
the bulges would still dominate the central gravitational potential if they had somewhat lower
mass-to-light ratios.
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Figure 6.4: R-band bulge mass-to-light ratios vs. B-R colour for the fits with isothermal (left)

and NFW haloes (right). Filled circles, open squares and open triangles show the bulge M/L

ratios from the minimal χ2 and maximal and minimal allowed disk models respectively. Vertical

lines connect the individual points for each galaxy separately; they are not formal 1σ errorbars,

but simply show the range in M/L allowed by the data. Lines extending to the x-axes indicate

cases where no lower limits on the M/L ratio could be derived. Horizontal errorbars show the

combined photometric errors from chapter 3 (note that galaxies with observations from non-

photometric nights were excluded from this plot). The bold diagonal lines show the relation

derived by Bell & de Jong (2001); the thin lines show models with different assumptions for the

IMF from Portinari et al. (2004). The dashed regions show linear extrapolations beyond their

bluest and reddest models.

The remaining bulge M/L ratios appear consistent with the expected values, given the
uncertainties in both our models and those of Bell & de Jong (2001) and Portinari et al.
(2004); the average value of Γb for the sample without the three outliers is 2.7 and 2.2 M�/L�
for the isothermal and NFW halo models respectively. Thus, our conclusion that bulges
dominate the dynamics in the inner regions of spiral galaxies is consistent with the mass-to-
light ratios expected for typical old stellar populations.

disks

The situation is different for the disks. In figure 6.5, we show the distributions of the R-band
disk mass-to-light ratios Γd for the minimal χ2 and maximal and minimal allowed disk models
in combination with isothermal and NFW haloes. The histograms show clearly that, in order
to make the disks maximal (middle panel, hatched histogram), the mass-to-light ratios must
often be high; the average value of Γd for the maximal allowed disk models with isothermal
haloes is 8.7 M�/L�. In some galaxies, values for Γd up to 10 M�/L� and higher are required;
in the extreme case of the low surface brightness disk of UGC 3993, a maximal disk M/L ratio
of 37 is found. The maximal disk M/L ratios for UGC 8699 and 11852 (which are required
to explain the features in their rotation curves) are high as well (≈12 and 9 respectively).
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Figure 6.5: The distribution of the R-band disk mass-to-light ratios for the mass models with

isothermal (hatched histograms) and NFW dark haloes (gray histograms). The left hand panel

shows the mass-to-light ratios for the minimal χ2 mass models, whereas the middle and right

hand panels show the maximal and minimal allowed M/L ratios respectively. Note that the scale

on the abscissa of the right hand panel differs from those of the other two panels.

Furthermore, the maximal disk mass-to-light ratios are almost invariably higher than the M/L
ratios of the bulges, even though the disks are on average bluer (see section 3.8.3) and would
naı̈vely be expected to have a lower M/L ratio (Bell & de Jong 2001; Portinari et al. 2004).
This effect was already observed by Kent (1988): to explain the rotation curves in the inner
regions of early-type spiral galaxies from the luminous matter alone, the disk mass-to-light
ratios must be systematically higher than those of the bulges.

In figure 6.6, we compare our fitted mass-to-light ratios directly to the predictions from
the stellar population synthesis models from Bell & de Jong (2001) and Portinari et al. (2004).
The maximal allowed disk M/L ratios from our decompositions are clearly inconsistent with
their models. Values for Γd of order 5 – 10 would require extremely red colours which are not
observed; even higher values can only be achieved by assuming exotic initial mass functions
with a large population of low-mass stars, or by concluding that disks contain dark matter
coupled to the stellar light distribution. At first sight, such assumptions seem speculative and
implausible and figure 6.6 seems to provide strong evidence against the disks being maximal.
However, the idea that dark matter follows the distribution of the luminous material in disks
is not entirely new and particularly models with a dark component coupled to the neutral
gas have been fitted successfully to a large number of rotation curves (see section 6.7 and
references therein).

Note that even the minimal allowed disk mass-to-light ratios are sometimes higher than
the expected values (e.g. UGC 3993, 8699 or 11852; see figure 6.6). However, it should be
remembered that the ‘minimal allowed disk’ mass-to-light ratios were determined by eye,
based on a subjective judgement of the fit quality for different values of Γd. This assessment
depends partly on the weight which is given to small-scale features in the rotation curves.
The minimal disk M/L ratios for these three cases are all based on the requirement that the
‘wiggles’ in their rotation curves are at least partly reproduced in the models. However, as
was discussed before, it is unclear whether the features reflect true variations in the large-scale
gravitational potential, or whether they can be explained by small-scale non-circular motions
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Figure 6.6: R-band disk mass-to-light ratios vs. B-R colour for the fits with isothermal (left)

and NFW haloes (right). Filled circles, open squares and open triangles show the minimal

χ2 and maximal and minimal allowed disk M/L ratios respectively. Vertical lines connect the

individual points for each galaxy separately; they are not formal 1σ errorbars, but simply show

the range in M/L allowed by the data. Lines extending to the x-axes indicate cases where

no lower limits on Γd could be derived. Horizontal errorbars show the combined photometric

errors from chapter 3 (galaxies with observations from non-photometric nights were excluded

from this plot). The bold diagonal lines show the relation derived by Bell & de Jong (2001); the

thin lines show models with different assumptions for the IMF from Portinari et al. (2004). The

dashed regions show linear extrapolations beyond their bluest and reddest models.

induced by local irregularities in the light distribution. If we relax the requirement that the
‘wiggles’ are reproduced in detail, lower values for Γd are also consistent with our data in
these cases. If on the other hand, the features in the rotation curves truly reflect structure in
the global mass distribution, these galaxies provide strong indications for the presence of a
dark component coupled to the stars in their disks.

6.5 Confrontation with CDM

Apart from giving information on the disk mass-to-light ratios, as described in the previous
section, figure 6.2 also allows a direct comparison of the two dark halo models used in this
study. It shows that, although the chi-squared values for the fits with the two halo models
are generally different at a given value of Γd, the qualities of the minimal χ2 models with
either density profile for the halo are on average comparable. This is also shown in figure 6.7,
where we plot the ratio of the chi-squared parameters for the minimal χ2 fits with NFW and
isothermal haloes. The average value of the chi-squared ratio is 〈 χ2

1,NFW/χ
2
1,iso〉 = 1.09.

There are two galaxies in our sample, UGC 8699 and 12043, which show strong prefer-
ence for an isothermal halo. For the first, this is mainly caused by the feature in its rotation
curve around 7 kpc. This feature can be reproduced well by assuming a maximal disk, but
this is not possible in combination with an NFW halo (see previous section). As a result, the



C  CDM 249

Figure 6.7: The distribution of the ra-

tio of the chi-squared parameters χ2
1 for

the minimal χ2 models with NFW and

isothermal haloes. The gray shading in-

dicates UGC 8699 and 12043, for which

the models with NFW haloes are signif-

icantly worse than those with isothermal

haloes (see text).

models with an NFW halo do not fit the data for this galaxy as well as a maximal disk in
combination with an isothermal halo (χ2

1,NFW/χ
2
1,iso = 1.66). Figure 6.2 shows that, for lower

M/L ratios, the models for UGC 8699 with NFW and isothermal haloes fit comparably well.
The low-luminosity galaxy UGC 12043 is the only bulgeless system in our sample and is

therefore the only case where our models are sensitive to the slope of the dark matter density
profile in the inner regions (in all other cases, the massive bulges wash out the differences
between dark haloes with constant density cores or cuspy profiles). Inspection of the figures
in appendix 6-III shows that UGC 12043’s shallow central rotation curve is well reproduced
by the models with isothermal haloes, whereas NFW haloes cause the rotation curve to rise
more rapidly than observed. This suggests that the dark halo of this galaxy has a shallow
central density profile, comparable to the claims by e.g. de Blok et al. (2001a,b, 2003), Blais-
Ouellette et al. (2004) and Gentile et al. (2004) that central cusps are inconsistent with the
observed rotation curves of dwarf and low surface brightness galaxies. Note, however, that the
spectral resolution of our optical spectrum for UGC 12043 is rather poor and that the errorbars
on the central points in the rotation curve are correspondingly large (see also page 191);
inspection of the optical spectrum used to derive the central rotation curve (page 214) suggests
that both halo models are consistent with the original data. Observations at higher spectral
resolution are required to constrain the central slope of the rotation curve for this galaxy better
and to draw definitive conclusions on the shape of its dark matter density profile.

Inspection of figure 6.7 and the figures in appendix 6-III shows that, while some of the
remaining galaxies in our sample have a mild preference for either NFW or isothermal haloes,
on average their rotation curves can be fitted equally well with both halo models and that our
data do not exclude either case. The average ratio between the chi-squared parameters for the
minimal χ2 fits with NFW and isothermal haloes for the sample without UGC 8699 and 12043
is 〈 χ2

1,NFW/χ
2
1,iso〉 = 1.04. As was noted before, however, NFW halo models generally prefer

lower disk mass-to-light ratios, whereas high M/L ratios are only allowed in combination
with isothermal haloes; if independent measurements of the stellar mass-to-light ratios in the
disks of our galaxies could be obtained, it might be possible to break the degeneracy and
distinguish between the two different halo density profiles in other galaxies as well.

Note that so far, we have not made any prior assumptions on the values of the halo pa-
rameters and simply let the concentration parameter c and the rotational velocity at the virial
radius V200 vary freely in the fits. To determine whether our results are consistent with CDM,
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Figure 6.8: The distribution of the concentration parameter c for the mass models with NFW

dark matter haloes. The left hand panel shows the concentration parameters for the minimal

χ2 mass models, whereas the middle and right hand panels show the parameters for the models

with the maximal and minimal allowed M/L ratios respectively. The gray shading indicates

UGC 11914, whose rotation curve does not extend to large enough radii to obtain reliable

estimates on the halo parameters.

we need to also ask ourselves the question whether the fitted parameters are in the range pre-
dicted by the N-body simulations. In general, the simulations show that c is weakly dependent
on the mass of the dark halo (i.e. on V200), low-mass haloes being more concentrated than
massive ones (e.g. Navarro et al. 1997; Wechsler et al. 2002). For typical galaxy-size haloes
with masses around 1012 M�, the simulated concentration parameters lie around c = 10, with
an rms scatter of about 50% (Bullock et al. 2001).

In figure 6.8, we show the distributions of the fitted concentration parameters for our
minimal χ2 (left) and maximal (middle) and minimal allowed disk models (right). The fitted
concentration parameters in our models show a large spread and range from 1 to about 40 (we
do not consider UGC 11914 here, whose rotation curve does not extend to large enough radii
to determine the dark matter halo parameters accurately). For the minimal χ2 and minimal
disk models, the average values for log(c) (excluding UGC 11914) are 0.84 and 1.06 respec-
tively. These average values are consistent with the concentration parameters that are found
in the N-body simulations mentioned above, but with larger scatter. For models with higher
contributions from the disks (middle panel in figure 6.8), the fitted concentrations are lower
(〈log(c)〉 = 0.37) and fall outside the range observed in the simulations.

To investigate whether the large spread in the fitted concentration parameters is real, we
have also done fits with a constant value of c = 10. The resulting fits are shown in the bottom
panels on the odd-numbered pages in appendix 6-III. The effect of fixing c on the quality of
the fits is not dramatic and in almost all galaxies, good fits can be obtained with c = 10. This
can also be seen in figure 6.9, where we show the distribution of the ratio of the chi-squared
parameters of the models with c = 10 and those of the minimal χ2 models with both NFW
and isothermal haloes. The chi-squared of the models with c = 10 is generally somewhat
higher than in the models with both halo parameters free, as was to be expected since we
effectively eliminated a degree of freedom from the fits; however, the degradation of the fit
quality is in most cases only mild. In two cases, UGC 2916 and 5253, the NFW fits with
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Figure 6.9: The distribution of the ratio of the chi-squared parameters χ2
1 of the models with

c = 10 and those of the minimal χ2 models with NFW (left) and isothermal haloes (right).

Figure 6.10: The distribution of the fitted mass-to-light ratios of the bulges (left) and disks

(right) in the models with NFW haloes with c = 10.

c = 10 are still better than the minimal χ2 fits with isothermal haloes.
Finally, we show in figure 6.10 the fitted mass-to-light ratios of the bulges and the disks

for the NFW fits with c = 10. The derived mass-to-light ratios are reasonable: the average
M/L ratios for the bulges and disks in these fits are 3.2 and 2.0 M�/L� respectively. Note
that, in this case, the disk mass-to-light ratios are on average lower than those of the bulges,
as expected on the basis of their bluer colours (cf. section 6.4.2).

In conclusion, within the uncertainties associated with our corrections for adiabatic con-
traction of the haloes, the data for the majority of our galaxies are consistent with the pre-
dictions from Navarro et al. (1996, 1997) for the dark halo structure in a Cold Dark Matter
universe, provided that the disk mass-to-light ratios are low. Mass models can be made with
reasonable values for the concentration of the haloes which fit the observed rotation curves
satisfactorily well. In such models, the bulges dominate the rotation curves in the inner re-
gions, but the disks have little dynamical influence and the gravitational potential outside the
bulge region is dominated by dark matter. Maximal disk situations, where the disks dominate
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the dynamics in the regions directly outside the bulges, are ruled out in the case of NFW
haloes.

6.6 The relation between dark and luminous matter

As a result of the uncertainties in the contribution of the stellar disks to the rotation curves, no
tight constraints can generally be set on the properties of the dark matter haloes. Nevertheless,
the minimal and maximal allowed disk models do provide upper and lower limits on the dark
matter content in our galaxies and can be used to derive the range in e.g. dark halo core radii
or central densities which are compatible with our data. In this section, we will discuss the
constraints on the parameters of the isothermal dark haloes and the correlations with optical
properties of the galaxies. We do not consider the NFW haloes here, as the fitted parameters
listed in table 6.4 refer to the haloes before adiabatic contraction and often do not represent
the haloes after contraction at all. Note, however, that we are mainly interested in the global
trends of dark haloes with the optical properties of the galaxies here; given the uncertainties
caused by the disk-halo degeneracy, the exact shape of the dark halo density profile is only of
secondary importance for the qualitative discussion here.

For the remainder of this section, we have excluded UGC 11914 from the sample; because
of the limited extent of its rotation curve (3.3 R-band disk scale lengths only), no useful
constraints on the halo parameters could be obtained.

halo size

In the top panels in figure 6.11, we show the relation between the halo core radii rc of our
models and the R-band disk scale lengths and total luminosities. It is clear that the scatter
in both relations is large and that possible correlations are largely washed out by the mini-
mal/maximal disk uncertainties. Nevertheless, there appears to be a general trend of increas-
ing core radius with optical scale length. This is consistent with previous studies who also
found that larger galaxies live in more extended haloes (Broeils 1992a; Swaters 1999; Donato
et al. 2004). The correlation is particularly clear if all galaxies have either maximal or mini-
mal disks; the least-squares fits shown with the short- and long-dashed lines have correlation
coefficients R of 0.77 and 0.50 respectively. However, the correlation between rc and h would
almost entirely disappear if galaxies with small disk scale lengths have maximal disks and
large galaxies have minimal disks; without prior knowledge on the exact contribution of the
stellar disks to the mass-budget in our galaxies, our data are also consistent with all galaxies
having a halo core radius of approximately 2.5 kpc, independent of optical scale length.

If all galaxies have maximal disks, then the top right hand panel in figure 6.11 reveals a
positive correlation between halo core radius and optical luminosity (|R| = 0.61). However,
if this condition is not fulfilled, no clear correlation between halo size and optical luminosity
remains. Again, given the uncertainties caused by the disk-halo degeneracy, our data appear
also consistent with halo core radius being independent of optical luminosity.

halo density

The situation for the central densities of the dark haloes is similar to that for the core radii.
Since the contributions of the stellar disks to the rotation curves are not accurately known,
the exact values of the dark matter densities cannot be determined and trends with optical
parameters are hard to recognise. The bottom left hand panel of figure 6.11 suggests a positive
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Figure 6.11: Parameters of the isothermal dark haloes vs. optical properties. In the top panels,

the halo core radius is plotted as a function of scale length of the stellar disks (left) and total

luminosity (right). The bottom panels show the central density of the haloes vs. extrapolated

central surface brightness of the stellar disks (left) and total luminosity (right). All optical pa-

rameters are measured in the R-band. Filled circles, open squares and open triangles show the

halo parameters from the minimal χ2 and maximal and minimal allowed disk models respec-

tively. Vertical lines connect the individual points for each galaxy separately; they are not formal

1σ errorbars, but simply show the range in rc allowed by the data. Lines extending outside the

plots indicate cases where no upper limits on the core radius could be derived. Short- and long-

dashed lines show the least-square fits to the maximal and minimal disk models respectively

(only shown when a significant correlation exists).

correlation between halo density and central surface brightness of the stellar disks. However,
our data are also consistent with halo density being independent of optical surface brightness,
provided that low surface brightness disks are close to minimal and high surface brightness
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Figure 6.12: Distribution of the mass fractions of stars (left hand column), dark matter (middle

column) and gas (right hand panel) within Rc
25 for the models with isothermal haloes. The top

panels in the left and middle panels show the mass fractions for the minimal χ2 models, the

middle and bottom panels show the values for the maximal and minimal disk models. The mass

fractions of the gas are independent of the disk mass-to-light ratios. The average mass fractions

are indicated in the top right of each panel.

disks maximal (cf. Verheijen 1997; Swaters 1999).
If all disks are maximal, the bottom right hand panel of figure 6.11 shows a weak cor-

relation between halo density and optical luminosity (luminous galaxies having lower dark
matter densities). If disks are not maximal, the correlation disappears entirely and our data
are consistent with ρ0 being independent of optical luminosity.

mass fractions

In figure 6.12, we show the distributions of the mass fractions of stars, gas and dark matter
in the various models in our study. The masses of all components were calculated inside the
optical radius Rc

25 (in the R-band), taken from chapter 3, rather than inside the last measured
points of the rotation curves. This way, the mass fractions apply to the same regime in all
galaxies and we avoid systematic effects caused by the extent of our rotation curves (see
Swaters 1999).
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Figure 6.13: Mass fractions inside the optical radius Rc
25 of stars (top panels), dark matter (mid-

dle panels) and gas (bottom panels) vs. total luminosity (left) and extrapolated central surface

brightness (middle) and exponential scale length (right) of the optical disks (all measured in the

R-band). Filled circles, open squares and open triangles show the fractions from the minimal

χ2, maximal and minimal disk models respectively; dotted, short- and long-dashed lines show

the corresponding least-square fits (only when a significant correlation exists). Vertical lines

connect the individual points for each galaxy separately; they are not formal 1σ errorbars, but

simply show the range in mass fractions allowed by the data.

Gas clearly plays a marginal rôle at most in these early-type galaxies; on average, the gas
accounts for 4% of the total mass in our galaxies only. As expected, the mass fractions in stars
and dark matter are highly dependent on whether the disks are maximal or minimal. However,
since we now know that bulges must be at least nearly maximal, the stars always contribute
a significant fraction of the total mass, even if the disks are minimal. In the minimal allowed
disk situations, the dark matter contributes between 50 and 90% of the total mass inside the
optical radius of the galaxies. If, on the other hand, disks are maximal, dark matter plays a
minor rôle only and contributes on average 27% of the total mass inside the optical radius.

In figure 6.13, we plot the mass fractions of stars, gas and dark matter as a function of
total optical luminosity and central surface brightness and scale length of the stellar disks.
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Our results suggest that the trends found by Broeils (1992a) also hold for the early-type disk
galaxies in our study: low-luminosity galaxies are more dark-matter dominated inside their
optical radii than high-luminosity systems. A surprising result is the negative correlation be-
tween extrapolated central surface brightness of the stellar disks and stellar mass fraction: the
galaxies in our sample with high-surface brightness disks appear more dark matter dominated
than the LSB systems. As in the previous paragraphs, however, the slopes of both relations
depend on the question whether all galaxies have maximal or minimal disks, or whether the
contribution of the disks varies systematically from galaxy to galaxy. In particular, the stellar
and dark mass fractions may be independent of luminosity if luminous galaxies have minimal
disks and low-luminosity systems maximal disks. Conversely, if high and low surface bright-
ness disks are respectively maximal and minimal, then the mass fractions are independent of
stellar surface brightness.

The right hand panels in figure 6.13 show that there exists a significant correlation be-
tween the mass fractions of stars and dark matter and the scale lengths of the stellar disks:
galaxies with large disks contain relatively less dark matter inside the optical radius than
small galaxies.

The gas mass fraction shows a trend with total luminosity, luminous galaxies containing
less mass in gas than low-luminosity systems. However, the correlation is weak and may
well be caused by a bias in our sample selection against low-luminosity galaxies with low
gas content, as described in section 2.4.1.

6.7 H scaling

Bosma (1978, 1981b) already noted that the ratio of total mass to H-mass surface density is
roughly constant in the outer parts of spiral galaxies. Later, Carignan and collaborators ob-
served a similar behaviour in dwarf galaxies (Carignan & Beaulieu 1989; Carignan & Puche
1990; Jobin & Carignan 1990). Broeils (1992b) and Swaters (1999) showed that rotation
curves can often be fitted without need for a dark halo by scaling up the contribution of the
gas disk with a factor which is constant with radius. Hoekstra et al. (2001) addressed the issue
of H scaling in detail and showed that it works very well to explain the observed shapes of the
rotation curves of a sample of 24 spiral galaxies of various morphological types. They found
an average scaling factor of 9; correcting for the presence of helium, this implies a ratio of
dark matter to gas surface density of approximately 6.5. Furthermore, Hoekstra et al. found
a systematic trend with luminosity, low-luminosity galaxies requiring lower scaling factors
than more luminous systems. Finally, Pfenniger & Revaz (2005) showed that the concept
of the Baryonic Tully-Fisher relation of McGaugh et al. (2000, see also section 5.5) can be
optimised by assuming the presence of an additional baryonic component with a mass ap-
proximately 2 times that of the neutral gas. They interpret their result as additional evidence
for a (baryonic) dark component coupled to the gas.

To test whether H scaling also works for the massive, early-type disk galaxies in our
sample, we have performed fits to our rotation curves without spherical dark matter haloes,
but letting the H scaling parameter η from equation 6.3 vary freely. The resulting rotation
curve decompositions are shown in the bottom panels on the even-numbered pages in ap-
pendix 6-III.

In almost all galaxies in our sample, mass models with H scaling fit the observed rotation
velocities at small and intermediate radii very well. In particular, there are a number of
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Figure 6.14: The gray histograms show the distribution of the ratio of the chi-squared param-

eters χ2
1 for the H  scaling models and the minimal χ2 models with isothermal (left) and NFW

haloes (right). The hatched histogram in the right hand panel shows the chi-squared ratio for

the H  scaling models and the models with an NFW halo with c = 10.

galaxies where there is a striking match between small-scale features in the observed and
model rotation curves. In galaxies such as UGC 2487, 2916, 5253, 6787 and 11852, specific
‘bumps’ and ‘wiggles’ in the rotation curves are reproduced much better by the models with
the scaled gas disks than by the models with smooth dark haloes. In the case of UGC 2487 and
6787, the models with the scaled H disks have the lowest chi-squared values of all models
and fit the observed rotation curves better, over the full radial extent, than any model with
isothermal or NFW haloes.

However, there are, in general, also discrepancies and in most cases, the chi-squared
values of the H scaling models are significantly larger (up to a factor 3) than those of the
minimal χ2 models with smooth spherical haloes (see figure 6.14). The average ratio between
the chi-squared parameters χ2

1 of the H scaling models and those of the minimal χ2 models
with isothermal or NFW haloes is 1.74 and 1.67 respectively. In principle, it is not surprising
that the models with the smooth haloes fit the data better, since the model haloes have 2 free
parameters, as opposed to the single parameter η associated with the H scaling. As a further
illustration, the average chi-squared ratio between the H scaling models and the models with
NFW haloes with c=10 is 1.35; this indicates that H scaling is not much less successful in
fitting the observed rotation curves than a single-parameter spherical halo.

Inspection of the figures in the appendix shows that the discrepancies between the H
scaling models and the observed rotation curves generally occur in the outer regions: the
model rotation velocities often start to decrease while the observed curves stay more or less
flat till the outer points. At first sight, this finding seems to present strong evidence against a
dark component coupled to the neutral gas. However, it is possible that a significant fraction
of the gas in the outer regions becomes ionised by the intergalactic radiation field and thus
escapes detection in our H observations (Maloney 1993). Thus, the total surface density of
the gas in the outer regions of the galaxies in our sample may fall off less rapidly than the
radial profiles of H intensity presented in chapter 2 suggest. It is therefore possible that the
decline at large radii in our model rotation curves is artificial and that the ratio of total to gas
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Figure 6.15: The distribution of the factor η

for the H  scaling models. Note that a gas

disk consisting of pure hydrogen and helium

implies a value of η = 1.4.

surface density still remains constant.
It is important to note that many galaxies in our sample require high scaling factors, up

to η ≈ 50 in the cases of UGC 2487 and 6787. In figure 6.15, the distribution of η is shown
for our galaxies. The average value for η is 23; correcting for the presence of helium, this
implies a ratio of dark matter to gas surface density of 16. The scaling factors we find are
higher than those in less massive and later-type galaxies (Broeils 1992b; Hoekstra et al. 2001).
This difference is probably related to the fact that the early-type galaxies in our sample have
generally low H surface densities (see section 2.4.3). Note also that Swaters (1999), for a
sample of late-type dwarf galaxies, found lower scaling factors than Hoekstra et al. (2001).
Thus, it appears that there may be a general trend of the scaling factor increasing with optical
luminosity of a galaxy, ranging from ≈ 5 in dwarf and LSB galaxies to 20 – 50 in luminous,
high surface brightness systems. In our sample, however, the scatter of η around the mean is
too large and the range in optical luminosities too small to discern this trend.

We also confirm the findings of Hoekstra et al. (2001) that H scaling only works in
combination with a ‘maximal’ stellar contribution. In all H scaling models in our study, the
scaled gas contribution only becomes dominant outside the stellar disk, whereas the stellar
bulges and disks dominate the potential in the inner regions. We already discussed the disk
mass-to-light ratios in section 6.4.3 and concluded that the M/L ratios required to make disks
maximal are much higher than expected on the basis of modern stellar population synthesis
models. While we used this fact in section 6.4.3 as an argument against the disks being
maximal, this reasoning may not apply here. If we assume that there is dark matter coupled
to the gas in the disks of spiral galaxies, it is only a small step towards the assumption that
the same applies to their stellar disks.

The data presented in this study do not allow us to draw definitive conclusions regard-
ing the physical significance of the success of H scaling in many galaxies to explain the
shapes of observed rotation curves. The quality of the H scaling models in several galax-
ies in our sample (notably UGC 2487, 2916, 5253, 6787, 11852) is striking and strongly
suggests a coupling of the dark matter with the gas disks. However, the assumption that all
dark matter resides in a flattened disk is in strong contradiction with several studies which
suggest that dark matter in galaxies is distributed in nearly spherical haloes (e.g. Sparke &
Casertano 1988; Hofner & Sparke 1994; Olling & Merrifield 2000, 2001; Ibata et al. 2001).
These contradictory results could be reconciled by assuming that dark matter does reside in
near-spherical haloes, but that their density profiles are somehow coupled to the H density
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distribution; it is unclear, however, what mechanism could be responsible for such a coupling.
Alternatively, it is also possible that dark matter consists of two separate components, one in
the form of smooth spheroidal haloes and the other in flattened disks coupled to the neutral
gas. If the concept of H scaling has a genuine physical basis, it would have a dramatic impact
on our understanding of dark matter. More studies are, however, needed to investigate this
issue in more detail.

6.8 Discussion and conclusions

In this chapter, we have presented mass models for a sample of 17, mostly massive, early-
type disk galaxies. The mass models were created by decomposing the rotation curves into
contributions from the stellar bulges and disks, the gaseous disks and spherical dark matter
haloes. The main goal of our study was to derive limits on the dark matter content and
distribution in our galaxies.

The results presented in the previous sections have once more confirmed the need for
independent measurements of the mass-to-light ratios of the stellar populations in galaxies.
The uncertainty in the contribution of the stars to the gravitational potential is still the most
important obstacle towards an unambiguous determination of the dark matter distribution in
galaxies. Although we believe that the results presented in section 6.4.1 convincingly show
that the bulges in our galaxies must dominate the dynamics in the inner regions and must be at
least close to ‘maximal’, the contributions from the stellar disks are still poorly constrained.
In general, we can fit the observed rotation curves with a range in mass-to-light ratios for
the stars, such that the region of the parameter space describing the dark matter properties
which is compatible with the observations is large. In section 6.4.2, we have shown that in a
number of cases, disks are required to be maximal in order to explain the detailed shape of
the rotation curves. However, we have also shown that the resulting mass-to-light ratios are
higher than expected from stellar population synthesis models and that, unless exotic initial
mass functions are assumed, or the existence of a dark component coupled to the stars, disks
must be sub-maximal.

With the data available in this study, we are not able to break this degeneracy. One
promising method to derive the mass-to-light ratios independently is to measure the vertical
velocity dispersions of the stars in the disks. With this method, pioneered by Bottema (1993,
1997, 1999) and later applied by e.g. Swaters (1999), Verheijen et al. (2003, 2005) and Kregel
et al. (2005), it is possible to obtain an independent dynamical measurement of the M/L ratios.
Clearly, such observations would allow us to determine the dark matter distribution in our
galaxies with much better accuracy than is possible now.

Despite the uncertainties caused by the disk-halo degeneracy, we have been able to draw the
following conclusions:

– In order to explain the rapid rise of the rotation curves of early-type disk galaxies in
their centers, bulges must dominate the gravitational potential in the inner regions and
must be at least close to ‘maximal’. If bulges are significantly sub-maximal, extremely
concentrated dark haloes need to be invoked, which we deem implausible. The maximal
bulge mass-to-light ratios are in reasonable agreement with the expected values for old
stellar populations.

– In 6 galaxies, the stellar disks must be dynamically important as well and must have a
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substantial mass-to-light ratio to explain the shapes of the observed rotation curves. In
these cases, truly minimal disks with Γd = 0 are not allowed.

– Maximal disk fits can be made which fit the observed rotation curves well, provided the
dark haloes are diffuse and have large core radii. The corresponding disk mass-to-light
ratios are, however, much larger than expected for their stellar populations.

– In general, models with NFW haloes fit the observed rotation curves equally good as
models with isothermal haloes, provided that the disks are sub-maximal. Maximal disk
solutions are not allowed in combination with NFW haloes (bulges must, however, still
dominate in the inner regions). When left free in the fitting procedure, the concentration
parameter c shows a large spread, but good fits can also be made with c fixed at the typical
value predicted by N-body simulations (≈ 10). The mass-to-light ratios for the bulges and
disks in such models are reasonable and consistent with the values expected for old stellar
populations.

– Due to the presence of the bulges, we cannot distinguish between dark haloes with con-
stant density cores or cuspy profiles. There is one exception to this point, namely the low
luminosity, bulgeless galaxy UGC 12043. Its shallow central rotation curve is better fitted
by an isothermal halo model than by an NFW model, implying that its dark matter halo
must have a shallow density profile in the center. However, due to the large uncertain-
ties in the central rotation curve, no definite conclusions can be made regarding the exact
shape of the central dark matter density profile in this case yet.

– The core radii and central densities of the isothermal haloes in our models appear corre-
lated with several optical parameters. Galaxies with large optical scale lengths appear to
live in larger haloes and high surface brightness disks generally imply high central dark
matter densities. However, if small and high surface brightness disks are maximal and
if large and low surface brightness disks are systematically sub-maximal, the trends dis-
appear. Within the uncertainties, our data do not exclude the possibility that halo core
radii and densities are independent of optical scale lengths, surface brightnesses or total
luminosities.

– Depending on whether the stellar disks are minimal or maximal, the stars (bulges + disks)
contribute between 24 and 69% to the total mass inside the optical radii of our galaxies.
Luminous galaxies and galaxies with large disk scale lengths generally contain less dark
matter inside the optical radius. But again, if the ‘maximality’ of the disks varies sys-
tematically from galaxy to galaxy, our data are consistent with the mass fractions being
independent of optical parameters as well.

– The observed rotation curves can generally be fitted without invoking spherical haloes by
scaling up the observed neutral hydrogen disks, at least at small and intermediate radii.
The scaling factors are often large with an average of 23 and values up to 50 in extreme
cases. In many cases, the resulting models reproduce the detailed shape of the observed
rotation curves, including small scale features, very well. At large radii, the models often
fail and predict that the rotation velocities decline, whereas the observed rotation curves
remain flat.
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6-I Appendix: The derivation of the rotation curve of a spheroidal bulge
In this appendix, we show how the contribution from the bulge to a rotation curve can be
calculated given its major axis photometric profile.

We assume that the bulges in our galaxies are oblate spheroids, symmetric with respect to
the plane of the galaxy. If we define an (x, y, z)-coordinate system such that the (x, y)-plane
coincides with the plane of symmetry of the galaxy, then we can write the luminosity density
as ρ(x, y, z) = ρ(m), with m ≡

√

x2 + y2 + (z/q)2 and q the intrinsic axis ratio of the bulge
isodensity surfaces.

We define a second coordinate system, (P,Q,R), corresponding to the observational con-
figuration: P lies along the line of sight, it is inclined by an angle i with respect to the z-axis.
The Q-axis coincides with the y-axis; both are defined to lie along the line of nodes. R is the
axis that is perpendicular to Q on the plane of the sky; in practice this means that R lies along
the minor axis of the galaxy. See figure 6-I.1 for an overview of the coordinate systems. The
(x, y, z) and (P,Q,R) coordinate systems are related by the following transformation matrices:
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Figure 6-I.1: Schematic overview of the two coordinate systems. Black lines give the galactic

coordinate system, grey lines give the coordinate system of the observations (see text). The

ellipse shows an (x, z)-cut through an isodensity surface.
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With these coordinates, the projected intensity at each position on the sky can be written,
in the case of an optically thin medium, as

I(Q,R) =
∫
∞

P=−∞

ρ(P,Q,R) dP. (6-I.2)

It can be shown that the projected intensity distribution on the sky has an ellipsoidal shape,
where the ellipticity ε of the projected image is related to the intrinsic axis ratio q and the
inclination angle i as

(1 − ε)2 = q2 + (1 − q2) cos2 i (6-I.3)

(cf. equation 3.3). Thus, the problem is reduced to finding the relation between the projected
intensity at the line of nodes (R = 0) and the density ρ(m). Once the intensity at the line of
nodes is derived, the rest of the image can be reconstructed using equation 6-I.3.

Given a position Q0 at the line of nodes (R = 0), the relation between P and m is (see
equation 6-I.1):

m2(P | Q0,R = 0) = x2(P | Q0) + y2(P | Q0) +
1
q2

z2(P | Q0)

= P2 sin2 i + Q2
0 +

P2

q2
cos2 i

(6-I.4)

P2(m | Q0,R = 0) =
m2 − Q2

0

sin2 i + 1
q2 cos2 i

∂P
∂m

=

(

sin2 i +
1
q2

cos2 i

)− 1
2 (

m2 − Q2
0

)− 1
2 m.

Then, setting R = 0 in equation 6-I.2, changing the integration variable from P to m and using
the last line of equation 6-I.4, the projected intensity I(Q0) at the line of nodes becomes:

I(Q0) =

∫ ∞

−∞
ρ(P | Q0,R = 0) dP

= 2
∫ ∞

0
ρ
(

m(P | Q0,R = 0)
)

dP

(6-I.5)

= 2
∫ m(∞|Q0,R=0)

m(0|Q0,R=0)
ρ(m)

∂P
∂m

dm

=
2

√

sin2 i + 1
q2 cos2 i

∫ ∞

Q0

ρ(m)
m dm

√

m2 − Q2
0

.

This is an Abel-integral, which can be inverted (e.g. Binney & Tremaine 1987, app. 1.B4) to
obtain the following equation, which gives the 3D luminosity density distribution ρ(m) when
the observed major-axis intensity profile I(Q) is given:

ρ(m) = −1
π

√

sin2 i +
1
q2

cos2 i
∫ ∞

m

dI
dQ

dQ
√

Q2 − m2
. (6-I.6)
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Now, assuming that the observed emission traces mass and that the mass-to-light ratio
is constant throughout the bulge, equation 6-I.6 also gives the 3D mass density distribution
in the bulge (except for a constant factor for the actual value of the mass-to-light ratio, see
section 6.3). The derivation of the corresponding rotation curve is then straightforward and
is described by Binney & Tremaine (1987). Inserting equation 6-I.6 into their equation 2-91,
we get for the rotation curve:

V2(r) = −4Gq

√

sin2 i +
1
q2

cos2 i
∫

r

m=0















∫ ∞

Q=m

dI
dQ

dQ
√

Q2 − m2















m2 dm
√

r2 − m2e2
, (6-I.7)

where e is the eccentricity of the bulge: e =
√

1 − q2. Note that this equation is still valid for
any given observed intensity profile I(Q); no prior assumptions have been made regarding
the shape of the light or density profiles, except that of spheroidal symmetry. In principle,
one could directly derive the rotation curve for any given intensity profile by numerically
calculating the derivative dI/dQ and evaluating the integral.

In our case, the profiles have been fitted with a general Sérsic profile (Sérsic 1968, see
also section 3.7.1) and we can evaluate the derivative dI/dQ analytically:

Ib(Q) = I0 exp















−
(

Q
r0

)1/n












(6-I.8)
dI
dQ

= − I0

r0n
exp















−
(

Q
r0

)1/n












(

Q
r0

)1/n−1

.

Inserting this into equation 6-I.7, we get the following, final equation for the bulge rotation
curve:

V2
b (r) = C

∫
r

m=0















∫ ∞

Q=m

e−(Q/r0)1/n
(Q/r0)1/n−1

√

Q2 − m2
dQ















m2

√
r2 − m2e2

dm,

(6-I.9)

C =
4GqI0

r0n

√

sin2(i) + cos2(i)/q2.

As an illustration of the effect of the flattening of the bulge on the shape of the rotation
curve, we show in figure 6-I.2 the rotation curves of 5 bulges with equal integrated luminosity
and intensity profiles, but with different intrinsic axis ratios q. It is clear from this figure that,
within a few effective radii of the center, the rotation curves are strongly influenced by the
flattening of the bulge. Even though the enclosed mass within each radius is the same for all
bulges, the flattened bulges have a much higher peak velocity (cf. figure 2-12 of Binney
& Tremaine 1987). The radius where the rotation curve peaks is also dependent on the
flattening, although the effect is much weaker. The more flattened the bulge, the smaller
the radius where the rotation curve reaches its maximum. At larger radii, the difference
between the different rotation curves becomes progressively smaller, as all curves approach
the Keplerian fall-off.
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Figure 6-I.2: Effect of bulge flattening on the rotation curve. Each solid curve shows the rota-

tion curve for a fiducial bulge with intrinsic axis ratio q as indicated. All bulges have identical

observed intensity profiles and integrated luminosities, the assumed value for the Sérsic shape

parameter is n = 2. For comparison, the Keplerian rotation curve of a point mass with equal

mass is shown with the dashed line. All radii are in units of effective radius re, the velocities are

scaled with respect to the maximum rotation velocity of the spherical bulge. Note that the case

of q = 2 corresponds to a prolate bulge, a case that is never observed in our galaxies; it is only

shown here for comparison. The observed axis ratios of our bulges lie in the range 0.3–0.8 (see

table 3.5).
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6-II
A

ppendix:
Tables

Table 6.3: Parameters for the mass models with isothermal haloes and H  scaling: (1) UGC number; (2) model; (3) bulge R-band mass-to-light ratio; (4) disk

R-band mass-to-light ratio; (5) H  scaling factor; (6) central point mass; (7) halo core radius; (8) halo central density; (9) χ2 using individual errorbars and inclination

uncertainties; (10) reduced χ2 using individual errorbars and inclination uncertainties; (11) χ2 using individual errorbars only; (12) reduced χ2 using individual

errorbars only; (13) – (17) mass fractions within Dc
25,R of bulge, disk, gas, central point mass and dark halo respectively.

UGC model Γb Γd η Mpm rc ρ0 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

2487

minimal χ2 7.7 4.4 1.4 – 12 1.2 · 10−2 5.66 0.44 195 15.0 19 33 1 – 48
max. allowed disk 5.8 6.8 1.4 – 27 3.0 · 10−3 6.57 0.51 170 13.1 15 52 1 – 32
min. allowed disk 6.3 1.5 1.4 – 2.7 2.6 · 10−1 6.59 0.51 301 23.2 15 11 1 – 73
constant M/L 6.2 6.2 1.4 – 21 4.4 · 10−3 6.18 0.44 168 12.0 16 47 1 – 36
H scaling 7.9 6.0 48 – – – 4.68 0.33 185 13.2 20 45 36 – –

2916

minimal χ2 2.6 2.1 1.4 – 3.9 3.3 · 10−2 12.5 0.31 249 6.23 26 15 11 – 48
max. allowed disk 2.1 5.2 1.4 – 9.1 4.8 · 10−3 17.1 0.43 394 9.84 22 40 11 – 26
min. allowed disk 2.7 1.0 1.4 – 3.2 5.3 · 10−2 13.0 0.32 245 6.13 27 7 10 – 56
constant M/L 2.5 2.5 1.4 – 4.2 2.7 · 10−2 12.6 0.31 258 6.30 25 19 11 – 45
H scaling 2.3 4.9 5.2 – – – 16.6 0.40 385 9.38 24 37 40 – –

2953

minimal χ2 3.3 5.3 1.4 1.2 23 3.4 · 10−3 226 2.02 2652 23.7 9 68 1 0.3 21
max. allowed disk 3.3 5.4 1.4 1.2 23 3.3 · 10−3 226 2.02 2655 23.7 9 68 1 0.3 21
min. allowed disk 3.4 2.3 1.4 1.0 1.6 4.2 · 10−1 253 2.26 3227 28.8 9 28 1 0.3 62
constant M/L 3.4 3.4 1.4 1.1 2.4 1.7 · 10−1 236 2.08 3060 27.1 8 40 1 0.3 51
H scaling 4.0 5.0 36 0.38 – – 392 3.47 5858 51.8 11 63 26 0.1 –

3205

minimal χ2 0.0 1.8 1.4 – 0.25 9.7 120 2.66 197 4.37 0 26 4 – 70
max. allowed disk 3.1 4.5 1.4 – 41 1.8 · 10−3 181 4.03 279 6.21 3 71 4 – 21
min. allowed disk 0.0 0.85 1.4 – 0.26 11.0 162 3.61 304 6.76 0 12 4 – 85
constant M/L 1.8 1.8 1.4 – 0.55 2.1 128 2.79 205 4.46 2 25 4 – 69
H scaling 7.3 4.0 12 – – – 362 7.86 557 12.12 7 59 34 – –

3546

minimal χ2 5.9 3.6 1.4 – 8.9 9.5 · 10−3 25.5 0.98 60.0 2.31 10 45 2 – 43
max. allowed disk 5.5 4.0 1.4 – 13 5.8 · 10−3 26.2 1.01 64.1 2.46 9 52 2 – 37
min. allowed disk 3.6 0.65 1.4 – 0.26 9.3 26.5 1.02 68.7 2.64 5 8 2 – 85
constant M/L 3.8 3.8 1.4 – 7.3 1.2 · 10−2 46.6 1.73 73.2 2.71 6 49 2 – 43
H scaling 5.1 4.6 20 – – – 37.9 1.40 212.9 7.89 9 61 30 – –
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Table 6.3: Parameters for the mass models with isothermal haloes and H  scaling: continued

UGC model Γb Γd η Mpm rc ρ0 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

3580

minimal χ2 1.0 6.4 1.4 – 13 3.7 · 10−3 92.8 2.11 180 4.08 6 57 9 – 28
max. allowed disk 0.85 7.2 1.4 – 16 2.8 · 10−3 97.8 3.22 189 4.29 5 64 9 – 23
min. allowed disk 1.1 0.0 1.4 – 1.6 1.1 · 10−1 94.2 2.14 211 4.80 6 0 8 – 86
constant M/L 1.1 1.1 1.4 – 1.8 7.8 · 10−2 102.8 2.28 254 5.64 6 9 8 – 77
H scaling 1.2 5.1 11 – – – 151.8 3.37 489 10.87 6 38 56 – –

3993

minimal χ2 6.1 31 1.4 – 60 1.3 · 10−3 1.83 0.11 26.1 1.53 31 59 1 – 9
max. allowed disk 5.9 37 1.4 – >100† 1.0 · 10−3 2.15 0.13 37.2 2.19 28 64 1 – 7
min. allowed disk 6.1 10 1.4 – 3.1 9.7 · 10−2 2.35 0.14 118.1 6.95 29 18 1 – 52
constant M/L 6.1 6.1 1.4 – 2.6 1.4 · 10−1 2.54 0.14 122.8 6.82 29 11 1 – 59
H scaling 6.3 26 39 – – – 2.77 0.15 130.4 7.25 28 42 30 – –

4458

minimal χ2 4.5 4.4 1.4 11 1.6 2.3 · 10−1 3.76 0.13 140 4.99 27 26 2 2 42
max. allowed disk 4.9 9.0 1.4 9.2 >60† 4.5 · 10−4 3.76 0.13 134 4.78 31 55 2 2 9
min. allowed disk 4.4 0.0 1.4 11 1.5 4.4 · 10−1 4.32 0.15 225 8.04 26 0 2 2 69
constant M/L 4.5 4.5 1.4 11 1.5 2.5 · 10−1 3.76 0.13 139 4.80 27 26 2 2 42
H scaling 4.9 8.5 11 9.1 – – 4.52 0.16 158 5.44 30 51 17 2 –

5253

minimal χ2 2.9 3.7 1.4 – 1.8 2.1 · 10−1 18.8 0.27 448 6.40 21 14 3 – 63
max. allowed disk 3.1 9.7 1.4 – 7.4 1.1 · 10−2 22.2 0.32 708 10.11 22 38 3 – 37
min. allowed disk 2.8 1.3 1.4 – 1.6 3.3 · 10−1 20.3 0.29 557 7.96 20 5 3 – 73
constant M/L 2.9 2.9 1.4 – 1.7 2.5 · 10−1 19.0 0.27 456 6.42 20 11 3 – 66
H scaling 3.1 11 22 – – – 22.1 0.31 717 10.10 21 40 39 – –

6786

minimal χ2 2.7 1.1 1.4 – 1.5 3.9 · 10−1 54.0 1.26 74.3 1.73 20 1 2 – 78
max. allowed disk 2.9 3.6 1.4 – 2.0 2.1 · 10−1 72.1 1.68 130.6 3.04 22 4 2 – 73
min. allowed disk 2.6 0.0 1.4 – 1.4 4.8 · 10−1 57.4 1.34 81.9 1.91 19 0 2 – 79
constant M/L 2.4 2.4 1.4 – 1.5 3.7 · 10−1 60.6 1.38 97.2 2.21 19 2 2 – 77
H scaling 4.6 7.6 42 – – – 209.9 4.77 469.9 10.68 37 8 55 – –

6787

minimal χ2 3.3 8.3 1.4 – 18 7.1 · 10−3 218 3.16 1550 22.5 14 52 1 – 33
max. allowed disk 3.0 9.3 1.4 – 25 4.9 · 10−3 235 3.41 1309 19.0 13 58 1 – 27
min. allowed disk 3.5 0.0 1.4 – 1.8 3.5 · 10−1 242 3.50 2062 29.9 13 0 1 – 86
constant M/L 3.6 3.6 1.4 – 3.4 9.2 · 10−2 242 3.46 1913 27.3 14 20 1 – 65
H scaling 3.4 8.1 52 – – – 185 2.64 681 9.73 14 46 40 – –

† Halo core radius larger than outer point in rotation curve, and therefore unconstrained.
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Table 6.3: Parameters for the mass models with isothermal haloes and H  scaling: continued

UGC model Γb Γd η Mpm rc ρ0 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

8699

minimal χ2 3.9 10 1.4 – 29 2.9 · 10−3 25.2 0.66 59.0 1.55 26 55 3 – 16
max. allowed disk 3.6 12 1.4 – >30† 2.43 · 10−3 31.6 0.83 89.1 2.35 23 60 3 – 13
min. allowed disk 4.3 3.0 1.4 – 4.0 3.8 · 10−2 41.0 1.08 89.9 2.37 29 16 3 – 52
constant M/L 4.3 4.3 1.4 – 4.8 2.6 · 10−2 36.9 0.95 80.8 2.07 29 22 3 – 46
H scaling 4.1 8.2 17 – – – 41.0 1.05 107.2 2.75 24 39 36 – 0

9133

minimal χ2 2.8 5.0 1.4 2.7 1.4 3.0 · 10−1 62.4 0.96 1028 15.8 14 33 3 0.6 49
max. allowed disk 3.5 10 1.4 1.2 103 2.7 · 10−4 63.0 0.97 1024 15.8 18 71 4 0.3 8
min. allowed disk 2.9 2.4 1.4 2.2 1.4 3.9 · 10−1 82.7 1.27 1095 16.9 15 16 4 0.5 65
constant M/L 3.2 3.2 1.4 1.4 1.9 2.1 · 10−1 73.2 1.11 919 13.9 16 21 4 0.3 59
H scaling 3.7 8.1 13 0.29 – – 105.4 1.60 1837 27.8 18 52 30 0.1 –

11670

minimal χ2 2.8 0.43 1.4 – 0.32 4.2 235 3.92 390 6.49 10 5 2 – 83
max. allowed disk 3.8 3.7 1.4 – 8.5 9.2 · 10−3 336 5.59 536 8.94 15 50 2 – 33
min. allowed disk 2.3 0.0 1.4 – 0.18 14 251 4.19 418 6.96 8 0 2 – 90
constant M/L 3.7 3.7 1.4 – 8.0 9.9 · 10−3 314 5.15 524 8.60 14 50 2 – 34
H scaling 4.3 2.4 40 – – – 650 10.66 2011 32.97 15 29 55 – –

11852

minimal χ2 2.6 7.7 1.4 2.1 15 1.8 · 10−3 10.4 0.27 155 4.07 13 64 5 1.4 17
max. allowed disk 2.4 8.5 1.4 2.2 22 1.0 · 10−3 11.4 0.30 164 4.31 12 70 5 1.4 12
min. allowed disk 2.8 3.6 1.4 1.1 1.3 2.4 · 10−1 13.9 0.37 198 5.21 14 29 5 0.7 51
constant M/L 3.8 3.8 1.4 – 2.3 7.5 · 10−2 14.7 0.38 167 4.28 18 31 5 0.0 46
H scaling 2.6 8.0 7.6 2.1 – – 13.1 0.34 147 3.78 12 61 26 1.3 0

11914

minimal χ2 2.5 0.0 1.4 – 0.31 15 3.45 0.056 248 4.00
max. allowed disk 5.9 9.4 1.4 – 0.33 1.1 8.19 0.132 618 9.97 rotation curve
min. allowed disk 2.5 0.0 1.4 – 0.31 15 3.45 0.056 248 4.00 does not extend
constant M/L 4.9 4.9 1.4 – 0.50 3.0 5.67 0.090 452 7.18 till Rc

25,R
H scaling 6.4 9.5 5.4 – – – 8.64 0.137 521 8.27

12043∗

minimal χ2 – 1.1 1.4 – 0.88 2.0 · 10−1 176 5.88 279 9.30 – 16 8 – 76
max. allowed disk – 2.6 1.4 – 2.1 3.8 · 10−2 305 10.17 417 13.91 – 40 8 – 52
min. allowed disk – 0.0 1.4 – 0.54 5.6 · 10−1 214 7.14 357 11.91 – 0 8 – 92
H scaling – 1.9 14 – – – 203 6.56 318 10.26 – 27 73 – 0

† Halo core radius larger than outer point in rotation curve, and therefore unconstrained.
∗ Bulgeless galaxy (see chapter 3).
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Table 6.4: Parameters for the mass models with NFW haloes: (1) UGC number; (2) model; (3) bulge R-band mass-to-light ratio; (4) disk R-band mass-

to-light ratio; (5) H  scaling factor; (6) central point mass; (7) halo concentration parameter; (8) halo virial velocity; (9) χ2 using individual errorbars and

inclination uncertainties; (10) reduced χ2 using individual errorbars and inclination uncertainties; (11) χ2 using individual errorbars only; (12) reduced χ2

using individual errorbars only; (13) – (17) mass fractions within Dc
25,R of bulge, disk, gas, central point mass and dark halo respectively.

UGC model Γb Γd η Mpm c V200 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

2487

minimal χ2 5.2 1 1.4 – 10 247 5.8 0.42 248 17.7 12 7 1 – 80
max. allowed disk 4.1 4 1.4 – 2.1 304 6.8 0.53 142 10.9 10 29 1 – 60
min. allowed disk 5.2 1 1.4 – 10 247 5.8 0.42 248 17.7 12 7 1 – 80
c = 10 5.2 1 1.4 – 10 247 5.8 0.42 248 17.7 12 7 1 – 80

2916

minimal χ2 1.8 0 1.4 – 16 122 11.1 0.28 221 5.51 17 0 9 – 73
max. allowed disk 1.8 4 1.4 – 1.3 118 17.0 0.42 431 10.78 19 31 10 – 41
min. allowed disk 1.8 0 1.4 – 16 122 11.1 0.28 221 5.51 17 0 9 – 73
c = 10 1.9 1 1.4 – 10 123 11.6 0.28 248 6.06 18 7 10 – 65

2953

minimal χ2 3.1 3 1.4 1.0 2.0 270 240 2.1 2901 25.7 8 36 1 0.3 54
max. allowed disk 2.8 3.5 1.4 1.4 1.1 300 245 2.2 2785 24.6 7 42 1 0.4 49
min. allowed disk 3.0 2.5 1.4 1.0 5.2 205 247 2.2 3070 27.2 8 30 1 0.3 62
c = 10 2.8 2 1.4 1.1 10 178 257 2.3 3199 28.1 7 24 1 0.3 68

3205

minimal χ2 0.06 0 1.4 – 45 124 101 2.23 182 4.05 0 0 4 – 96
max. allowed disk 1.4 1.5 1.4 – 17 125 150 3.33 277 6.15 1 20 4 – 75
min. allowed disk 0.06 0 1.4 – 45 124 101 2.23 182 4.05 0 0 4 – 96
c = 10 2.8 1.5 1.4 – 10 142 181 3.92 289 6.28 3 21 4 – 73

3546

minimal χ2 5.2 1.5 1.4 – 5.6 159 26.7 1.03 65.6 2.52 8 18 2 – 72
max. allowed disk 4.7 2.5 1.4 – 1.6 227 31.7 1.22 72.4 2.78 7 31 2 – 60
min. allowed disk 4.8 0 1.4 – 23 124 27.1 1.04 72.8 2.80 7 0 2 – 91
c = 10 5.2 1 1.4 – 10 138 26.6 0.99 66.5 2.46 8 12 2 – 79
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Table 6.4: Parameters for the mass models with NFW haloes: continued

UGC model Γb Γd η Mpm c V200 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

3580

minimal χ2 0.63 2.5 1.4 – 2.0 176 91.0 2.07 177 4.02 3 21 8 – 67
max. allowed disk 0.54 3 1.4 – 1.5 193 97.8 2.23 198 4.50 3 25 8 – 65
min. allowed disk 0.72 1 1.4 – 6.6 105 98.1 2.23 211 4.79 4 8 8 – 80
c = 10 0.59 0.5 1.4 – 10 92 104 2.31 250 5.57 3 4 8 – 85

3993

minimal χ2 5.3 14 1.4 – 1.7 260 2.23 0.13 97.8 5.75 25 24 1 – 49
max. allowed disk 5.2 18 1.4 – 1.0 281 2.39 0.14 129 7.57 24 30 1 – 45
min. allowed disk 5.2 10 1.4 – 3.7 213 2.38 0.14 108 6.36 25 18 1 – 56
c = 10 4.7 6 1.4 – 10 170 2.81 0.16 147 8.17 22 10 1 – 67

4458

minimal χ2 3.7 0 1.4 11 12 157 4.01 0.14 177 6.1 22 0 2 3 73
max. allowed disk 4.4 7 1.4 10 1.1 77 4.34 0.15 142 4.9 27 42 2 2 26
min. allowed disk 3.7 0 1.4 11 12 157 4.01 0.14 177 6.1 22 0 2 3 73
c = 10 3.8 2 1.4 11 10 138 3.96 0.13 148 4.9 23 12 2 3 60

5253

minimal χ2 2.7 4 1.4 – 7.3 153 18.4 0.26 438 6.25 19 15 2 – 64
max. allowed disk 2.7 6 1.4 – 3.2 173 19.4 0.28 535 7.65 19 23 2 – 55
min. allowed disk 2.6 2 1.4 – 13 148 18.5 0.26 420 6.01 18 7 2 – 72
c = 10 2.6 3 1.4 – 10 149 18.4 0.26 421 5.93 18 11 2 – 68

6786

minimal χ2 1.9 0 1.4 – 26 138 48.1 1.12 76.5 1.78 14 0 2 – 85
max. allowed disk 1.8 3 1.4 – 14 156 64.0 1.49 97.8 2.28 14 3 2 – 82
min. allowed disk 1.9 0 1.4 – 26 138 48.1 1.12 76.5 1.78 14 0 2 – 85
c = 10 2.3 3 1.4 – 10 175 74.0 1.68 110 2.50 18 3 2 – 77

6787

minimal χ2 2.9 3 1.4 – 4.2 273 230 3.33 1715 24.9 12 17 1 – 70
max. allowed disk 2.8 4 1.4 – 1.7 455 241 3.49 1547 22.4 11 23 1 – 65
min. allowed disk 3.0 2 1.4 – 8.1 201 242 3.50 1882 27.3 12 11 1 – 76
c = 10 3.0 1.5 1.4 – 10 190 249 3.56 1985 28.4 12 8 1 – 79
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Table 6.4: Parameters for the mass models with NFW haloes: continued

UGC model Γb Γd η Mpm c V200 χ2
1 χ2

1,r χ2
2 χ2

2,r fb fd fg fpm fDM

M�/L� M�/L� 109 M� kpc M� pc−3 ————– % ————–
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17)

8699

minimal χ2 3.5 4 1.4 – 1.7 233 41.7 1.10 100 2.63 24 21 3 – 52
max. allowed disk 3.5 4 1.4 – 1.7 233 41.7 1.10 100 2.63 24 21 3 – 52
min. allowed disk 3.5 3 1.4 – 2.8 200 42.7 1.12 101 2.67 24 16 3 – 57
c = 10 3.2 1 1.4 – 10 127 53.0 1.36 126 3.23 22 5 3 – 70

9133

minimal χ2 2.0 1 1.4 3.4 18 158 65.3 0.99 1195 18.1 10 6 3 0.7 80
max. allowed disk 3.1 5 1.4 1.3 1.5 175 73.9 1.12 1230 18.6 15 32 3 0.3 49
min. allowed disk 2.0 0 1.4 3.0 19 164 68.3 1.04 970 14.7 10 0 3 0.6 87
c = 10 2.6 2 1.4 2.1 10 161 72.1 1.08 1122 16.7 12 13 3 0.4 71

11670

minimal χ2 2.9 1 1.4 – 15 102 264 4.39 564 9.40 10 12 2 – 76
max. allowed disk 3.1 2 1.4 – 3.2 173 269 4.48 553 9.22 11 25 2 – 62
min. allowed disk 2.2 0 1.4 – 42 88 245 4.08 639 10.6 7 0 2 – 91
c = 10 2.9 1.5 1.4 – 10 109 272 4.45 635 10.4 10 18 2 – 70

11852

minimal χ2 2.2 5 1.4 1.8 1.1 144 10.7 0.27 166 4.26 10 39 5 1.1 44
max. allowed disk 1.6 6 1.4 2.6 1.0 134 12.7 0.32 201 5.15 7 45 4 1.5 42
min. allowed disk 2.4 4 1.4 1.3 3.0 129 12.1 0.31 180 4.61 11 32 5 0.8 52
c = 10 1.5 3 1.4 1.9 10 118 14.1 0.35 248 6.21 7 22 4 1.1 65

11914

minimal χ2 0.61 0 1.4 – 105 117 4.51 0.073 327 5.27 rotation curve
max. allowed disk 4.7 10 1.4 – 81 35 7.99 0.129 708 11.4 does not extend
min. allowed disk 0.61 0 1.4 – 105 117 4.51 0.073 327 5.27 till Rc

25,R

c = 10 5.6 4 1.4 – 10 155 7.27 0.115 408 6.48 –

12043

minimal χ2 – 0.0 1.4 – 23 59 231 7.95 357 12.3 – 0 7 – 93
max. allowed disk – 0.8 1.4 – 9.7 72 303 10.5 444 15.3 – 12 8 – 80
min. allowed disk – 0.0 1.4 – 23 59 231 7.95 357 12.3 – 0 7 – 93
c = 10 – 0.8 1.4 – 10 71 305 10.2 442 14.7 – 12 8 – 80
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6-III Appendix: Mass decompositions
On the following pages, we show the results of the mass decompositions for all galaxies
from our sample. For all galaxies, we show on the even-numbered pages the models with
isothermal haloes: the first row shows the minimal χ2 model, the second and third rows show
the maximal and minimal allowed disk models respectively and the fourth row shows the
constant M/L model. In the bottom row on the even-numbered pages, the models with the
scaled H disks are shown. On the facing, odd-numbered pages, we show the models with the
NFW haloes (from top to bottom, the minimal χ2 model, maximal and minimal allowed disk,
and model with fixed concentration parameter c = 10).

For all models, we show two panels, one of the central regions (left) and one of the full
rotation curve (right). The observed rotation curve and errors are shown in the same way
as in chapter 4: data points show the observed rotation curve, errorbars show the errors due
to fitting errors and kinematical asymmetries; the shaded regions show the uncertainties due
to the inclination uncertainties. The fitted individual contributions to the rotation curve are
indicated using the thin lines: stellar bulge (solid), stellar disk (long dash), gas disk (dotted),
central black hole (short dash) and dark halo (dot-dash). The dot-long-dashed lines in the
panels for the NFW models show the dark halo rotation curve before the adiabatic contraction.
The rotation curves for the combined models are shown with the solid bold lines.
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UGC 2487
Isothermal halo models and H scaling



A: M  273

UGC 2487
NFW halo models
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UGC 2916
Isothermal halo models and H scaling
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UGC 2916
NFW halo models
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UGC 2953
Isothermal halo models and H scaling
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UGC 2953
NFW halo models
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UGC 3205
Isothermal halo models and H scaling
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UGC 3205
NFW halo models
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UGC 3546
Isothermal halo models and H scaling
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UGC 3546
NFW halo models
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UGC 3580
Isothermal halo models and H scaling
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UGC 3580
NFW halo models
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UGC 3993
Isothermal halo models and H scaling
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UGC 3993
NFW halo models



286  6: D   -  

UGC 4458
Isothermal halo models and H scaling
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UGC 4458
NFW halo models
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UGC 5253
Isothermal halo models and H scaling
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UGC 5253
NFW halo models
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UGC 6786
Isothermal halo models and H scaling
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UGC 6786
NFW halo models
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UGC 6787
Isothermal halo models and H scaling
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UGC 6787
NFW halo models
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UGC 8699
Isothermal halo models and H scaling



A: M  295

UGC 8699
NFW halo models
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UGC 9133
Isothermal halo models and H scaling
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UGC 9133
NFW halo models
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UGC 11670
Isothermal halo models and H scaling
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UGC 11670
NFW halo models
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UGC 11852
Isothermal halo models and H scaling
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UGC 11852
NFW halo models
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UGC 11914
Isothermal halo models and H scaling
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UGC 11914
NFW halo models
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UGC 12043
Isothermal halo models and H scaling
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UGC 12043
NFW halo models
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