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Dark matter in spiral galaxies

By T.S.van ALsapa AND R. SaNciIst

Kapteyn Astronomical Institute, Groningen University, Postbus 800,
9700 AV Groningen, The Netherlands

A A

Mass models of spiral galaxies based on the observed light distribution, assuming
constant M/L for bulge and disc, are able to reproduce the observed rotation curves
in the inner regions, but fail to do so increasingly towards and beyond the edge of
the visible material. The discrepancy in the outer region can be accounted for by
invoking dark matter; some galaxies require at least four times as much dark matter
as luminous matter. There is no evidence for a dependence on galaxy luminosity or
morphological type. Various arguments support the idea that a distribution of visible
matter with constant M/L is responsible for the circular velocity in the inner region,
i.e. inside approximately 2.5 disc scalelengths. Luminous matter and dark matter
seem to ‘conspire’ to produce the flat observed rotation curves in the outer region.
It seems unlikely that this coupling between disc and halo results from the large-scale
gravitational interaction between the two components. Attempts to determine the
shape of dark halos have not yet produced convincing results.

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

1. INTRODUCTION

The aim of this paper is to review the observational evidence for dark matter in spiral galaxies,
and to discuss some of its consequences. That dark matter is needed can be inferred from a
comparison of the distribution of light and the rotation curve. Considerable progress has been
made in this area in recent years. The amount of dark matter detected so far in spiral galaxies
is rather modest from the cosmological point of view. Total mass:light ratios of individ-
ual galaxies in blue light may approach 20 M /Ly, (X H,/75km s™* Mpc™'1), but the
corresponding mass density is still only a few hundredths of the density needed to close the
Universe.

Since the concept of dark halos surrounding galaxies now seems to be widely accepted it may
be useful to recall that the underlying facts were still disputed only a few years ago. At the

Besancon TAU symposium, Kalnajs (1983) pointed out that the approximately flat rotation
curves (i.e. circular velocity in the disc of the galaxy as a function of radius) of four galaxies
could be reconciled with the observed radial distributions of light by adopting an appropriate
constant value for the mass:light ratio, M/L. Another case is UGC 2885, an Sc galaxy of high
luminosity. Because of its flat rotation curve extending to about 80 kpc (Rubin ef al. 1980;
Rubin et al. 1986; Roelfsema & Allen 1985; H, = 50 km s™* Mpc™!), UGC 2885 has been
regarded as a pre-eminent example of a galaxy with a dark halo, even though the light
distribution had not been measured. ccp photometry obtained recently by Kent (1985) shows,

THE ROYAL A
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however, that the light profile produces an approximately flat rotation curve out to 60 kpc;
only beyond 70 kpc is there an indication for the need of dark matter (see figure 1).

1 Distances in this paper are based on H, = 75 km s™* Mpc™ (1 pc & 30857 x 102 m), but results from cited
papers using a different Hubble constant have been left unchanged. In those cases the value of H, used is indicated.
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Froure 1. Optical rotation curve (dots) from Rubin ef al. (1986) with model fit of bulge and disc for UGC 2885
(Hy = 50 km s7* Mpc™). The contribution of the disc to the surface brightness has been computed from Kent’s
(1986) luminosity profile by subtracting an Ri law bulge (R, = 17.3", u, = 22.54 mag arcsec 2, r- band);
Lyyige/ Laise = 0.4. Bulge and disc masses are respectively 4.0 and 7.0 x 10 M ; the corresponding M/Lg
values are 3.0 and 2.0 M /Lg . Note that there is no evidence for dark matter inside 70 kpc.

From these examples it is clear that a flat rotation curve in itself does not imply the presence
of dark matter. To establish the existence of dark halos it is necessary to measure the circular
velocity well beyond the turnover radius of the disc (i.e. the radius where the predicted rotation
curve of luminous matter in the disc starts to decline; for an exponential disc this occurs around
2.2 disc scalelengths). For this purpose 21 cm radio observations of neutral hydrogen gas in
the outermost regions are indispensable. In the inner regions, optical rotation curves are often
superior because beam smearing effects or a deficiency in Hi1 can be a severe limitation to the
radio measurements.

The plan of this paper is as follows. We first discuss in §2 the evidence for dark matter, and
introduce the hypothesis that luminous matter alone is responsible for the circular velocity in
the inner region (‘maximum-disc’ hypothesis). In §3 we discuss constraints on the relative
amounts of dark and luminous matter in the inner regions from various sources, and we
conclude that there is strong support for the maximum-disc hypothesis. This conclusion implies
that the more or less constant value of the rotation velocity in the outer region is in some way
linked to the luminous matter in the inner region. Additional consequences of the maximum-disc
hypothesis are discussed in §4. In § 5 we briefly discuss self-consistent halo models to see whether
the coupling of disc and halo is related to the gravitational interaction of the two components.
Evidence on the shape of dark halos is reviewed in §6 and we summarize our main conclusions
in §7. Several of the issues considered in this paper have also been addressed by Bosma (1978,
19815), Bosma & van der Kruit (1979), Faber & Gallagher (1979), Petrou (1981), Bahcall
& Casertano (1985), Carignan & Freeman (1985), Rubin (1983, 1986), Rubin et al. (1986),
van Albada et al. (1985), Sancisi & van Albada (1985) and Burstein & Rubin (19853).

2. EVIDENCE FOR DARK MATTER
(a) Observed and predicted rotation curves

The approximately flat nature of rotation curves outside the optical radius was first
demonstrated convincingly by Bosma (1978, 19814, 4) from 21 cm line aperture-synthesis
observations. Hi rotation curves obtained recently (Begeman 1986) reach out even farther than
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DARK MATTER IN SPIRAL GALAXIES 449

those of Bosma and have higher precision. A few Hi rotation curves for galaxies of different
luminosities are shown in figure 2. After an initial rise, all curves are approximately flat out
to the last measured point at 5 or more scalelengths (%). If the gravitational field derives from the
distribution of luminous matter, with constant AM/L, the curves should begin to decline beyond
about 2.5 disc scalelengths. The discrepancy is attributed to the presence of dark matter.

500 _\‘ /\,’wa‘5h)

200

egr/ (km s7%)

100

] i 1 1 i i ]
0 20 40 60
radius/kpc

Ficure 2. Hr rotation curves for a number of spiral galaxies (Sancisi & van Albada 1986). Distances are based
on Hy = 75 km s Mpc™. The optical radius, R,;, and the number of disc scalelengths, 4, at the last measured
point are indicated. For the inner region of UGC 2885 optical velocities (Rubin ef al. 1986) have been used.
All curves remain approximately flat beyond the turnover radius of the disc (2.5 k).

The amount and distribution of dark matter can be derived by calculating rotation curves
from the distributions of light and by comparing these with the observed rotation curves. This
approach presupposes that the distribution of matter in a galaxy can be described with a
number of distinct components, e.g. a bulge, a disc and a dark halo. Bulges and discs are
assumed to have M/L values that are independent of radius. The bulge is generally represented
by an Ri law spheroid (de Vaucouleurs 1948, 195 3), for which the potential has been tabulated
by Young (1976). The rotation curve of the disc can be calculated by using Bessel functions
(Toomre 1963). The dark halo can be modelled with an isothermal sphere (Carignan &
Freeman 1985) or with a suitable family of density distributions (see, for example, van Albada
et al. 1985). (A problem is that often the separation of the light profile into a bulge and a disc
cannot be done in a unique way.) It is clear that this ‘building block’ approach is a highly
idealized one. There is no reason why the mass:light ratio of the disc could not depend on
radius. In fact, radial variations in the rate of star formation make such a dependence seem
likely. Yet, there appears to be no evidence for large radial gradients in the stellar population
characteristics (e.g. large colour gradients are rare).

[17] 37-2
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450 T.S. VAN ALBADA AND R. SANCISI

(b) The maximum-disc analysis

Because the mass:light ratios for bulge and disc are not known a prior: a first step is to
maximize the contribution of luminous matter to the observed rotation curve (‘maximum-disc’
hypothesis). This yields a lower limit for the amount of dark matter. Note that such a
maximum-disc model does not specify the nature of the material in the disc. All the
maximum-disc hypothesis purports to test is the constancy of M/L with radius and to derive
a lower limit for the amount of dark matter.

Results for two galaxies, NGC 2403 and 3198, showing that there is a discrepancy between
observed and predicted rotation curves in the outer regions, are shown in figure 3. In both
cases the light profile (upper panels) is close to a straight line, i.e. surface brightness decreases
exponentially with radius. The background level of the sky is 21.05 mag arcsec™?, F-band. Five
magnitudes below the sky level the uncertainty in the light profiles is approximately 0.2 mag
(Wevers 1984). In the lower panels observed and predicted rotation curves are compared. The
observed rotation curves extend to 9.5 and 11 disc scalelengths for NGC 2403 and 3198,
respectively. The predicted rotation curves contain an arbitrary scaling factor (the M/ L ratio),
chosen in accordance with the maximum-disc hypothesis. The discrepancy between the two
curves starts near the turnover radius of the disc. This occurs at a surface brightness level of
about 22.6, i.e. about 1.5 mag below the sky level.

A detailed disc-halo model for NGC 3198 has been published by van Albada et al. (1985).
A similar mass model for NGC 2403 is shown in figure 4. The observed rotation curve has been
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Ficure 3. Light profiles and rotation curves for two galaxies ((a) NGC 2403 and (5) NGC 3198) with extended,
symmetrical Hr discs. Upper panels: luminosity profile from Wevers (1984). Lower panels: observed rotation
curve (dots with error bars (Begeman 1986), and rotation curve calculated from the light profile and the
distribution of H1, including a correction for helium (solid lines). The contribution of the stars to the calculated

rotation curve contains the mass:light ratio as an arbitrary scale factor. Maximization of the disc mass (stars
only), while matching the observed rotation curve, gives M/Ly = 1.9 for NGC 2403 and 4.0 for NGC 3198,

[18]
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F1GURE 4. Fit of disc with maximum mass and halo to the observed rotation curve for NGC 2403 (dots with error
bars (Begeman 1986)). The contribution of the disc has been somewhat reduced with respect to that in figure 3
to allow a halo with a non-hollow core. Note that the flat part of the rotation curve results from a declining
curve for the disc and a rising one for the halo.

decomposed into a (maximum) contribution by the ‘luminous’ material, calculated from the
light profile and from the distribution of H1 gas (including a correction for helium), and a
contribution by the dark halo. For this model the ratio Mg,/ M, at 2.5 £ is 0.6, at R, it
is 1.1, and at the H1 radius 3.8. For NGC 3198 the latter two numbers are, respectively, 0.8
and 3.9. Similar values are given by Sancisi & van Albada (1986) for slightly different disc-halo
decompositions (as in figure 3). The models for NGC 3198 and 2403 show that a good fit to
the rotation curve is obtained by choosing the maximum disc and a halo. It is not possible,
however, to get a lower limit for the M/L ratio of the disc; equally good fits can be obtained
for any assumed disc mass less than the maximum value (see figure 5). This question is discussed
further in §3.

Hi rotation curves extending to at least 10 disc scalelengths have been measured for four
additional galaxies. In all cases the rotation curve is approximately flat out to the last measured
point, whereas the light profile is close to an exponential. Thus the results are very similar to
those for NGC 2403 and 3198. Parameters for these six systems are given in table 1. (Values
of mass M, are based on spherical symmetry.) The M/L values at the last measured points
are among the largest known for spiral galaxies. Note that they are still an order of magnitude
smaller than those for clusters of galaxies.

Of particular interest is the question of whether or not low-mass galaxies are also surrounded
by dark halos, and, if so, whether there is a dependence on luminosity. Mass distributions in
four late-type spirals of low luminosity have been studied by Carignan & Freeman (198s).
These systems have maximum circular velocities in the range 60-120 km s™*. For three galaxies
the rotation curves as measured from single-disc H1 observations continue to rise or remain
approximately flat beyond the turnover radius of the disc. Thus in these low luminosity galaxies

[ 19 ]
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there is a similar discrepancy as found for the more massive systems discussed above.
M gpre/ Miym values based on the maximum-disc fit do not vary much with total luminosity
(as expected from the similarity in shapes of rotation curves; see §4). Over a range of 100 in
luminosity the variation may not be more than a factor 2 or 3, with no clear systematic trend
(cf. Bahcall & Casertano 1983).

(¢) Discrepancies in the inner region

In general the discrepancy between observed and predicted curves starts at the point where
the predicted curve reaches its maximum. For a small number of galaxies, however, the
measured rotation curve differs considerably from that predicted by the light profile also in
the inner region. In these cases the discrepancy is, as far as we know, apparent only, and can
be traced to a problem with the light profile or rotation curve. These problems can be
illustrated with NGC 5907 and the Sombrero nebula.

In NGC 5907 the observed rotation curve rises fairly rapidly near the centre (in accordance
with the systematics of Rubin et al. (1986); see §3b). The rotation curve predicted from the
light profile, as measured by van der Kruit & Searle (1981, 1982), rises much less steeply (see
figure 7 in Sancisi & van Albada 1986). Thus there is a clear need for an additional component
of matter. However, in edge-on galaxies a large fraction of the light is obscured by dust. Because
of this the light profile measured in a strip at a fixed distance from the symmetry plane need
not be representative for the overall distribution of luminous matter, and we believe that the
‘missing material’ may well be luminous material obscured by the dust.

In the Sombrero nebula (NGC 4594) the measured rotation curve in the inner region
(r < 45” = 4.0 kpc) rises nearly linearly with modest slope (Schweizer 1978; Rubin et al. 1986)
and falls below that expected from the well-defined Ri law bulge (photometry by Boroson
1981). It clearly deviates from the expected behaviour for a high luminosity Sa galaxy. Here,
too, it seems likely that the problem is caused by the near edge-on orientation of the system
(i &~ 84°). Gas in Sa galaxies is not abundant and often seems to be concentrated in a central
disc with radius less than 1 kpc and a number of rings. In the Sombrero nebula the linearly
rising part of the rotation curve might be caused by such a nearly edge-on ring with radius
ca. 45”. A more general model with a slightly warped gas layer (vertical scale height 150 pc),
with a relative depletion of gas between 0.5 and 3.5 kpc, has been made (van Albada,
unpublished results). Spectral line shapes have been calculated using the rotation curve
predicted by the Ri-law bulge, scaled to the observed rotation curve at 45”, and taking finite
slit width, seeing and turbulent motions into account. With an ad hoc model of this type it is
easy to explain both the linear rise of the observed rotation curve inside 45” and the spike near
the centre (which is attributed to the central disc).

3. CONSTRAINTS ON THE RELATIVE AMOUNT OF LUMINOUS AND DARK MATTER

In the preceding section we have been concerned with a determination of the minimum
amount of dark matter associated with spiral galaxies on the assumption that M/L of luminous
matter is constant (separately for bulge and disc), and equal to the maximum value allowed
by the rotation curve. In order to test the validity of this maximum-disc hypothesis we review
below information from various sources on the M/L ratio in galaxies. We argue that the
amount of matter in the disc is likely to be close to the maximum allowed value.

[ 21 ]
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(a) Detailed shape of rotation curves

With few exceptions, the shapes of predicted and observed rotation curves are very similar
over a large fraction of the visible part of galaxies for which mass models have been made (in
total about 50 systems, including work in progress by S. M. Kent (personal communication)).
In several cases, even relatively small features in the observed rotation curves are reproduced
by the rotation curves calculated from the light profile. We regard this as strong support for
the maximum-(bulge)disc hypothesis.

(b) Systematics of rotation curve shapes

The study of rotation curves by Rubin et al. (1986 and references therein) for approximately
60 galaxies with a large range in luminosity, and with Hubble types ranging from Sa to Sc,
shows that the shapes of rotation curves depend on luminosity. Within a given Hubble type,
low-luminosity galaxies have rotation velocities that rise gradually from the nucleus and reach
a maximum at the isophotal radius, whereas high luminosity galaxies have velocities which
rise steeply from the nucleus and become approximately flat at a smaller fraction of the isophotal
radius. Velocity amplitudes increase with increasing luminosity. This pattern is observed for
Sa, Sb and Sc galaxies separately. Rubin ez al. (1986) and Rubin (1985) use this progression
of rotation curve shapes with luminosity, and the absence of a clear correlation with Hubble
type, to argue in favour of the presence of dark matter also in the inner region of galaxies.
Luminous and dark matter together, in some way coupled to each other but with different
spatial distributions, determine the circular velocity at all radii in a galaxy. However, the
aforementioned analysis by Kent for nearly all Sb and Sc galaxies of Rubin et al. shows that
there is no problem with the idea that luminous matter alone explains the rotation curve inside
2.5 h. It would seem that the pattern found by Rubin et al. implies that the character of the
mass distribution in the disc, or perhaps the bulge:disc ratio, depends on luminosity. (The
latter possibility is suggested by a comparison of the Sc galaxies NGC 3198, of intermediate
luminosity and without a bulge, and UGC 2885, of high luminosity and with a conspicuous
bulge.)

(¢) The Tully—Fisher relation

A strong correlation exists between total luminosity and amplitude of the rotation curve, this
is the Tully-Fisher relation (Tully & Fisher 1977); the higher the luminosity the higher the
maximum circular velocity. The small scatter in this relation suggests that the amount of visible
matter determines the maximum rotation velocity in galaxies (in agreement with point (a)
above). If this were not the case the amount of dark matter inside, say, 2.5 disc scalelengths
must be related in a unique way to the amount of visible matter. For a more complete discussion
see van Albada et al. (1983).

(d) Presence of two-armed spiral structure in galaxies

Although no comprehensive theory of the formation and maintenance of spiral structure in
disc galaxies is available yet, the conditions needed for the amplification of perturbations are
fairly well understood, and can be worked out analytically (Goldreich & Lynden-Bell 1965;
Toomre 1981), or can be experimentally obtained from N-body calculations (Sellwood 1985).
A detailed model for the case of NGC 3198 has recently been made by J. A. Sellwood
(personal communication). He finds that the maximum-disc case with vy, = 140 km s™!

[ 22]
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DARK MATTER IN SPIRAL GALAXIES 455

allows the formation of two-armed spiral structure, as observed. If the disc mass is lowered to
509, of the maximum disc mass (and the remaining mass is unresponsive), the growth of
two-armed spiral structure is definitely inhibited and only multiple-armed features develop.
Well-developed two-armed spiral structure appears possible only if the disc mass is at least 70 9,
of the maximum disc mass. The corresponding value of M,/ M. inside 2.5 4 is 1.0 (see,
however, the note added in proof). Arguments of this type based on Toomre’s local theory have
been used by Athanassoula e al. (1986) to constrain the M/ L ratio of luminous matter in several
galaxies.
(¢) Amplitude of streaming motions

Streaming motions in the gaseous component, associated with grand-design spiral structure,
have been observed in several galaxies, e.g. M81 (Rots & Shane 1975; Rots 1975; Visser 1980).
No quantitative models that include a dark halo contribution to the gravitational field have
been worked out, but one would expect that the velocity amplitude of streaming motions
depends not only on the amplitude of the spiral perturbation in the disc (which can in principle
be measured), but also on the relative contributions of the disc and of the (smooth) dark halo
to the total gravitational field.

(f) Truncation drop in rotation curves

If a stellar disc has a sharp boundary, as seems to be the case for some galaxies (van der
Kruit & Searle 1981, 1982), the rotation curve of the disc is expected to drop steeply beyond
the truncation radius provided that the truncation occurs inside about four scalelengths (van
der Kruit & Searle 1982; Casertano 1983; Bahcall 1983). If luminous matter dominates the
gravitational field this drop-off should be observable in the H1 rotation curve. In principle the
velocity gradient provides a direct measure for the M/ L ratio of the luminous disc. NGC 5907
has for some time been regarded as a good example. On both sides of this edge-on galaxy the
rotation curve shows a drop-off at 6" from the centre. Casertano (1983) identified this drop-off
with the truncation effect described above, basing his conclusion on a preliminary model for
the light distribution with a sharp truncation. The decline of the actual light profile (van der
Kruit & Searle 1981, 1982), is rather smooth however and the rotation curve for this light

profile, after rectification to face-on geometry, does not show a truncation feature (see
figure 7 of Sancisi & van Albada 1986).

(g) The mass:light ratio in the solar nerghbourhood

The mass:light ratio AM/L,, in the vicinity of the sun is about 3 (Bahcall 1984). This is of
the same order as the M/L value for the maximum-disc case for NGC 2403 and 3198,
indicating that the maximum-disc solution gives plausible AM/L ratios.

(k) Mass:light ratio from stellar evolution theory

Rubin et al. (1986) found mean mass:light ratio’s M/Ly within R, of 6.2, 4.5 and 2.6 for
respectively Sa, Sb and Sc galaxies (H, = 50 km s™! Mpc™!). Because there is already a
discrepancy between observed and predicted rotation curves at Ry, the above M/L values
include a contribution by the dark halo. Allowing for the minimum amount of dark matter
present (maximum disc) these M/L values should be multiplied by about 0.6 (estimated from
available mass models for a small number of galaxies), yielding M/Lg = 3.7, 2.7 and 1.6 for
Sa, Sb and Sc galaxies. Mean B-V colours for these types are 0.75, 0.64 and 0.52. Models of
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evolving discs (Larson & Tinsley 1978) also show that early type spirals, with their redder
colours, should have highest M/L ratios: M/Lgy = 3.1, 2.0 and 1.0 for the B-V values
corresponding to Sa, Sb and Sc galaxies; see Rubin ez al. (1985). Although precise normalization
is difficult because of the uncertainty in the Hubble constant and the unknown contribution
to the mass density by low luminosity stars, the agreement between observed and predicted
trends, and the fair overall agreement of the A4/ L values, provides support for the maximum-disc
hypothesis.

() Conclusions: the disc—halo conspiracy

We conclude from the above discussion that the amount of dark-halo material in the inner
region (R < 2.5 A) is small with respect to the amount of luminous matter. Unfortunately
formal limits on Mg, /My, are not very strict. The possibility to have well developed
two-armed spiral structure (see point (d) above) requires Mgy, . /M, < 1.0, but the detailed
agreement between observed and predicted shapes of rotation curves (point (a)), in combination
with the Tully-Fisher relation (point (¢)), indicates that this upper limit is too generous.

The dominance of luminous matter inside 2.5 disc scalelengths implies that luminous matter
also controls the approximately constant value of the circular velocity in the outer regions. (We
recall that the term luminous matter is used in this paper to describe matter lying in bulge
or disc and characterized by a constant M/ L value. The nature of this material is not specified.)
This coupling of disc and halo can be illustrated with different mass models for NGC 3198,
one based on the maximum disc and the others based on discs with masses which are fractions
of the maximum disc mass: 0.75, 0.50 and 0.25 respectively. These different decompositions
of the observed rotation curve are shown in figure 5. It is clear that if the disc mass exceeds
709, of the maximum disc mass the flat behaviour of the observed rotation curve between 3
and 11 disc scalelengths is due to a falling rotation curve for the disc and a rising one for the
dark halo. It seems impossible that two supposedly independent components of a galaxy, a flat
disc and a more or less spherical halo could produce such a result as a rule. In some way the
distributions of luminous and dark matter must be closely coupled through their formation (cf.
Petrou 1981 ; Bahcall & Casertano 1985). At present this coupling, which may also be called
the disc—halo conspiracy, is not understood.

This problem appears to be more general and complex than just a coupling between disc
and halo. Consider again the rotation curve of UGC 2885 (figure 1). Between 2 and 50 kpc
from the centre a flat rotation curve results from the combination of a declining curve for the
bulge and a rising one for the disc. Beyond 60 kpc dark matter is needed with a rising rotation
curve to balance the declining curve of the disc. Clearly, this rather odd situation raises the
question why seemingly independent components, bulge, disc and halo should conspire to
produce a circular velocity that is constant within about 10 %,. It would seem that some process
during galaxy formation requires v.;, to be nearly independent of radius.

A way to avoid the disc-halo conspiracy, and still keep luminous matter dominant in the
inner region, would be to release the initial assumption of constant M/ L for the disc. The M/L
ratio could be approximately constant in the inner regions and increase gradually in the outer
parts with a functional form M/L(r/k) similar for all galaxies. Probably the z-thickness of such
a disc would also have to increase with radius (see §6). In alternative, less conventional,
explanations of the flatness of rotation curves far beyond the optical image an inadequacy of
Newtonian dynamics or gravity has been invoked (Milgrom 1983; Sanders 1984).
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Ficure 5. Fits of exponential disc and halo to the observed rotation curve (dots) for NGC 3198 (see van Albada
et al. 1985). Disc models with maximum mass (upper left) and also with masses 0.75, 0.50 and 0.25 times the
maximum mass are shown. Constraints on the amount of luminous matter discussed in §3 indicate that the
halo contribution in the lower two panels is too large.
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4. SoME CONSEQUENCES OF THE MAXIMUM-DISC HYPOTHESIS

The maximum-disc hypothesis provides a convenient way to derive some simple analytical
relations illustrating the coupling between light and matter in galaxies. To do so we consider
two extreme cases: (i) dark matter, like luminous matter, resides in a disc and (ii) dark matter
forms a more or less spherical halo around the galaxy. We assume that the light profile is
exponential and that the observed rotation curve is flat beyond the turnover radius of the disc
(see also Petrou 1981).

(a) A dark disc

In a disc, the rotation velocity at radius r depends on the distribution of matter both inside

p
[\ \

—

< - and outside this radius. For a galaxy with a rotation curve that remains flat far beyond radius r
> . .

5~ the surface mass density is o

M= 0101 (7) = v*/ (R*Gr); (1)
O the total mass inside 7 follows from:

LT O ’

= w M, (r) = 2v%r/(RG). (2)

By comparison, for an exponential disc with scale length /4 (de Vaucouleurs 1959; Freeman
1970), (M/L constant):

a'lum(r) = o'lum(o) e—r/h’ (3)
with Orum(0) = My /(21h2) = v 2/(0.78 TGh). (4)
[ 25 ]

PHILOSOPHICAL
TRANSACTIONS
OF



http://rsta.royalsocietypublishing.org/

o \

p &

JA

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

o \

A \

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

458 T.S. VAN ALBADA AND R. SANCISI

M, is the total mass of the disc and v,,,, its maximum circular velocity, reached at 2.2 4.
Equating the two velocity scales is equivalent to adopting the maximum possible mass for the
luminous material. This gives:

Tiot 1)/ Oram (1) = 0.25 (h/7) /™. (5)

Equation (5) indicates that the local mass:light ratio in a galaxy with an exponential light
profile must rise steeply with radius to keep the rotation curve flat; the same conclusion was
reached by Bosma & van der Kruit (1979) and Petrou (1981). Application to NGC 3198,
which has a flat rotation curve out to at least 11 %, shows that the local M/L value at the
boundary would have to be about 1400 times larger than the M/L ratio in the inner region,
or M/Lg (11 k) = 6000 M /Ly . This result would exclude the possibility that the material
far out in the disc consists of low mass hydrogen-burning stars.

(b) A dark halo

For a spherical halo the amount of dark matter inside a given radius, needed to keep the
rotation curve flat, is given by:

Mo (1) /My = 0.39 1/h—1  (r> 3 h). (6)

Here we have used the point-mass approximation to calculate the circular velocity of the
exponential disc at large radii (maximum error ca. 8%, beyond 3 4). Thus, for galaxies like
NGC 2403 and 3198 there is at least three times as much dark matter as luminous matter inside
the Hi1 radius. Note that this result is independent of the amplitude of the rotation curve. All
that one is doing is comparing observed and expected shapes of rotation curves. For flat rotation
curves the maximum-disc hypothesis will therefore, in first approximation, produce a ratio
M o1/ Myum (at fixed 7/h) that is independent of galaxy luminosity (cf. Bahcall & Casertano
1983).

It is also easy to relate halo and disc densities. If, for convenience, we model the halo with
an isothermal sphere with velocity dispersion o, and core radius r, we have:

and T, =4.Th; (8)

7. is the radius at which the density of the halo is 27 times its central density. The constant
4.7 in (8) has been determined from the fit for NGC 3198. For the central density of the halo
we then find:

Praio(0) = 8.73 02/ (4rGr2) = 0.0061 M./ 9)

For a family of discs with constant central mass density My;.. oc #%, thus, the central density
of the halo is expected to be inversely proportional to the scalelength of the disc. Values of
Prnalo(0) calculated with (9) agree to within 10-20 9, with those given by Carignan & Freeman
(1985) for their low luminosity galaxies.

Bahcall & Casertano (1985), hereafter B.C., determine disc and halo densities at the optical
radius R (i.e. the isophotal radius corresponding to 26.6 mag arcsec™2, B-band). This radius
corresponds typically to 4.6 £ (mean central surface brightness 21.5 mag arcsec™2, B-band),
which 1is just the core radius of the isothermal halo. Thus one expects:

phalo(Rout) ~ 0.0022 Mdisc/ha' (10)
[ 26 ]
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In the mean we find for the 8 galaxies in the B.C. sample: 0.0017+0.0009 (1 o) M /pc?, in
good agreement with their value of 0.0015 M /pc®. (Individual values differ typically by a
factor of two.) Evaluating the disc density (in the plane z = 0) at R, in the same way as B.C.

grves: pdisc (Rout) = 0.0040 ‘}Mdisc/}23 (1 1)
Thus, Paise/ Prato = 0.5,

also in rather good agreement with B.C.’s value of 0.3. Bahcall & Casertano note that
somewhat different assumptions have been made in the mass modelling procedures for the
galaxies in their paper. It seems safe to conclude however that the regularities found by them
are essentially equivalent to the use of the maximum-disc hypothesis.

5. DISC—HALO COUPLING IN SELF-CONSISTENT HALO MODELS

The mass models discussed in §2 give static decompositions of the rotation curve into the
contributions by luminous and dark matter. They do not provide information on questions like:
what would the halo look like without a disc; is the halo substantially flattened by the disc
and is there a coupling between disc and halo due to the gravitational interaction of the two
systems? The latter question in particular is important because a self-consistent treatment of
the interaction between disc and halo might shed some light on the disc-halo conspiracy.

To study these questions, one of us (T.v.A.) has performed N-body simulations in which
the halo is modelled by a collection (5000) of interacting particles which are exposed to the
gravitational field of an embedded disc (for details on method see van Albada 1982). A
truncated isothermal sphere, with a fixed boundary at 200 kpc, is used to represent the dark
halo. The boundary of the sphere acts like a reflecting surface, i.e. a particle leaving the system
through the boundary surface is replaced by another particle entering the system. Such a
configuration is in dynamical equilibrium. In this halo we place a rigid exponential disc with
fixed scalelength £ and an exponential density distribution in z, with scalelength z, = 0.2 .
Initially the mass of the disc is zero, then the disc mass is allowed to grow on a time scale of
10° a to a maximum value; thereafter the evolution of the system is followed until it again
reaches an equilibrium.

First the case of NGC 3198 has been modelled. The two parameters characterizing the halo,
initial core radius and velocity dispersion (or mass inside the boundary), have been varied until
a good fit to the observed rotation curve is obtained. Results are shown in figure 6. The best
fit is obtained for 7, = 27 kpc (dimensionless truncation radius &, = 22; for notation see
Chandrasekhar (1939)) and o, = 85 km s7* (figure 6a). The density distribution in the inner
part of the halo is altered substantially due to the presence of the disc; the final core radius
(ro & 12 kpc) is about 409, of the initial core radius. The halo is not perceptibly flattened by
the disc. If the initial core radius is chosen 109, smaller (&, = 24) a smaller value of o, is needed
to fit the observed amplitude of the rotation curve at 8 kpc (figure 64). The halo mass inside
200 kpc is also smaller and the halo is more responsive to the disc. Note that the rotation curve
in this case is clearly declining. A rotation curve with a depression at 15 kpc is found for a larger
halo core radius (figure 6¢, § = 20, o, = 100 km s™'). These results show that the halo
parameters are fixed to within narrow limits, 7, = 27+ 2 kpc and ¢, = 85+ 5 km s™* (1 o), to
get a good fit to the observed rotation curve. In other words, for the disc of NGC 3198 there
is a uniquely defined unperturbed halo.

[ 27 ]
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Ficure 6 (left). Mass models for NGC 3198 with self-consistent halo. Dots with error bars give the observed rotation
curve and diamonds (&) the rotation curve for the unperturbed halo. Solid lines give the rotation curves for
disc, perturbed halo and for these two combined. The three panels show the same disc model with a best fitting
halo with core radius 7, = 27 kpc and o, = 85 km s™* (a), and with halos with 109, smaller (5) and larger
(¢) core radius. Masses are expressed in 10 M .

Ficure 7 (right). Mass models for a family of discs embedded in the best fitting halo for NGC 3198 (see figure 64).
Diamonds (<) indicate the rotation curve for the unperturbed halo and solid lines the rotation curves for the
disc, the perturbed halo and these two combined. Panel (@) gives the best fit for NGC 3198, as in figure 6a.
In (4) the disc is 20 %, more massive and in (¢) a factor four less massive than in (a). Disc scalelength, 4, is
expressed in units of 10 kpc, and mass in 10'* M.
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Next we have chosen the best fitting halo for NGC 3198 in figure 6a as a standard halo,
and discs with different masses and scalelengths have been embedded in this halo. All discs
belong to a family with constant central surface density, i.e. My;../A? is constant. Results are
shown in figure 7. The best fit for NGC 3198 is repeated in figure 74. Already for a 20 9, more
massive disc (figure 75), the final rotation curve of the combined system is clearly declining
and inconsistent with the shape of observed rotation curves. A decrease in disc mass is somewhat
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more promising. For the case shown in figure 7¢, the disc mass has been reduced by a factor
of four. In first approximation the combined rotation curve is rather flat out to 12 disc
scalelengths, suggesting that an observed flat rotation curve could be a shoulder on a rising
curve for the halo. However, the dip at 10 kpc in figure 7¢ is a clear signature of the presence
of two separate components, and such a feature is not present in observed rotation curves (see
also figure 6¢).

We conclude from these experiments that the gravitational interaction of disc and halo
provides hardly any relief for the problem that disc and halo seem to conspire to produce an
approximately flat rotation curve.

6. SHAPE OF DARK HALOS

Measurement of the shape of dark halos is important because it may tell us about their origin.
Several methods have been proposed but results are rather inconclusive.

The strongest constraint, at present, on the z-distribution of dark matter is provided by a
measurement of the half-thickness of the H1 layer in edge-on galaxies as a function of radius.
Observations show a strong increase of z; with radius. Information on the vertical velocity
dispersion of H1 is needed to derive the character of the force field perpendicular to the plane
from the run of z;; this quantity must be taken from observations of nearly face-on galaxies.
Fortunately the variation of {v2)} within a galaxy, and between galaxies, is small (van der
Kruit & Shostak 1984). For his analysis of NGC 891, van der Kruit (1981) uses a value of
10 km s7%, and finds that a model with all matter in the disc with vertical scaleheight 1.0 kpc
is not consistent with the data (predicted flaring too small), whereas a model with the luminous
matter in a disc and the dark matter in a spherical halo agrees well with the observations. It
is not clear whether a flaring disc containing both luminous and dark matter is also at variance
with the data, or, to what extent one can constrain the axial ratio ¢/a of a spheroidal dark
halo.

Monet et al. (1981) have proposed to use the flattening of bulges in external galaxies and
the population IT component in our galaxy as a constraint on the flattening of the dark halo.
If the velocity distribution of population II stars depends on energy alone (a rather implausible
assumption, but the anisotropy can in principle be measured in our galaxy), they will fill
equipotential surfaces. Thus, the flattening of the population I component may give an
indication of the axial ratio of the equipotentials of the total gravitational field. Equipotentials
are quite round however, even for flat discs, and the flattening of the stellar distribution must
be measured with high precision to provide interesting limits. For our galaxy Monet ef al. find
that no more than half the mass within the solar circle lies in a disc. Separation of bulge and
disc components is necessary to translate this into a result on the distribution of dark matter.

An interesting method proposed by Schweizer et al. (1983) is the comparison of the velocities
in the disc and polar ring of spindle galaxies. Good data are available for A0136-0801. This
method yields in essence also a measurement of the flattening of the equipotential surface of
the gravitational field. Schweizer et al. conclude that the dark halo is ‘more nearly spherical
than flat’.

The main weakness of these methods is that assumptions must be made that are hard to
verify. Moreover, highly accurate data are needed before one can discriminate between
different possibilities. Detailed models for many disc-halo combinations, exploring also a range
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of assumptions, are needed before quantitative statements on the flattening of the halo can be
made.

Attempts to find information on the shape of dark halos have also been made by using
theoretical arguments on the persistence of warped H1 discs. Warps will slowly dissolve through
differential precession of the orbits of the gas clouds. From a test particle calculation for
NGC 5907, Tubbs & Sanders (1979) find that the persistence of the warp for 5 x 10° years
requires a massive spheroidal halo with an axial ratio not exceeding 1.5. On the other hand,
Petrou (1980) finds that a spheroidal halo for which the flattening lies beyond the region of the
warp helps to reduce differential precession; see also Sparke (1984).

7. SUMMARY

We have studied the discrepancy between dynamical and luminous mass in spiral galaxies
(in the context of Newtonian gravity). The amount and distribution of dark matter are derived
on the assumption that the mass:light ratio of luminous matter is constant (separately for bulge
and disc) and equal to the maximum value allowed by the rotation curve. This ‘maximum-disc’
hypothesis is supported by several observational and theoretical arguments. The main
conclusions are:

(1) There is clear evidence for dark matter in the outer regions of galaxies. The most
convincing cases are those of six spiral galaxies with exponential light profiles and flat rotation
curves measured out to about 10 disc scalelengths (ca. three times the optical radius R,;).

(2) The amount of dark matter inside 10 disc scalelengths (20-40 kpc) is three to five times
the amount of luminous matter.

(3) In the inner region, i.e. inside ca. 2.5 disc scalelengths, luminous matter dominates.

(4) The distributions of luminous and dark matter are closely coupled: bulge, disc and halo
‘conspire’ to produce flat rotation curves.

(5) The ratio My, /My, inside the optical radius, derived with the maximum-disc
hypothesis, appears to be independent of galaxy luminosity.

(6) Self-consistent halo models show that the large-scale gravitational interaction of disc and
dark halo does not alleviate the problem of disc-halo coupling: for a given (maximum) disc
there is a unique halo.

(7) No convincing information is available yet on the shape of the distribution of dark
matter. It is not possible to discriminate between a spherical or flattened halo, or a flaring disc,
but a flat disc seems unlikely.

Many colleagues contributed to this paper through fruitful discussions and comments, in
particular: J. N. Bahcall, S. Casertano, S. M. Kent, R. H. Sanders and J. A. Sellwood. We are
grateful to S. M. Kent for letting us use his photometry of UGC 2885, and for sending us
inspiring information on his work on dark matter in spiral galaxies. We also thank K. Begeman
for the use of his rotation curve data before publication and assistance with the preparation
of figures, S. Casertano for the use of his software, and J. Sellwood for providing us with the
results of the stability analysis for disc-halo models for NGC 3198.

Note added in proof (1 September 1986). In Sellwood’s calculations described in §34 it has been
assumed that the @-value for the disc is equal to 1.5. Different @-values of this order do not
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affect the result. In galactic discs with an effective @-value close to one, two-armed spiral
structure could be present for much lower disc densities, and the conclusion reached would
not be valid. The possible existence of such cold discs is a matter of dispute however. We thank
G. Bertin, C. C. Lin and A. Toomre for correspondence and discussions on this point.

REFERENCES

van Albada, T.S. 1982 Mon. Not. R. astr. Soc. 201, 939-955.

van Albada, T. S., Bahcall, J. N., Begeman, K. & Sancisi, R. 1985 Astrophys. J. 295, 305-313.

Athanassoula, E., Bosma, A. & Papaioannou, S. 1986 In Dark matter in the Universe (IAU symposium no. 117) (ed.
G. Knapp & J. Kormendy), p. 33. Dordrecht: Reidel.

Bahcall, J. N. 1983 Astrophys. J. 267, 52-61.

Bahcall, J. N. 1984 Astrophys. J. 287, 926-944.

Bahcall, J. N. & Casertano, S. 1985 Astrophys. J. 293, L7-10.

Begeman, K. 1986 (In preparation.)

Boroson, T. 1981 Astrophys. J. Suppl. 46, 177-209.

Bosma, A. 1978 The distribution and kinematics of neutral hydrogen in spiral galaxies of various morphological
types. Ph.D. thesis, University of Groningen.

Bosma, A. 1981a Astr. J. 86, 1791-1846.

Bosma, A. 19816 Astr. J. 86, 1825-1846.

Bosma, A. & van der Kruit, P. C. 1979 Astron. Astrophys. 79, 281-286.

Burstein, D. & Rubin, V. C. 1985 Astrophys. J. 297, 423-435.

Carignan, C. & Freeman, K. C. 1985 Astrophys. J. 294, 494-501.

Casertano, S. 1983 Mon. Not. R. astr. Soc. 203, 735-747.

Chandrasekhar, S. 1939 Introduction to the study of stellar structure, p. 155. University of Chicago Press. (Reprinted
by Dover Publications, 1957).

Faber, S. M. & Gallagher, J. S. 1979 A. Rev. Astr. Astrophys. 17, 135-187.

Freeman, K. C. 1970 Astrophys. J. 160, 811-830.

Goldreich, P. & Lynden-Bell, D. 1965 Mon. Not. R. astr. Soc. 130, 125-158.

Kalnajs, A. J. 1986 In Internal kinematics of galaxies (IAU symposium no. 100) (ed. E. Athanassoula), pp. 87-88.
Dordrecht: Reidel.

Kent, S. M. 1986 In Dark matter in the Universe (IAU symposium no. 117) (ed. G. Knapp & J. Kormendy), p. 137.
Dordrecht: Reidel.

van der Kruit, P. C. 1981 Astron. Astrophys. 99, 298-304.

van der Kruit, P. C. & Searle, L. 1981 Asiron. Astrophys. 95, 105-115, 116-126.

van der Kruit, P. C. & Searle, L. 1982 Astron. Astrophys. 110, 61-78.

van der Kruit, P. C. & Shostak, G. S. 1984 Astron. Astrophys. 134, 258-267.

Larson, R. B. & Tinsley, B. M. 1978 Astrophys. J. 219, 46-59.

Milgrom, M. 1983 Astrophys. J. 270, 365-370.

Monet, D. G., Richstone, D. O. & Schechter, P. L. 1981 Astrophys. J. 245, 454—458.

Petrou, M. 1980 Mon. Not. R. astr. Soc. 191, 767-776.

Petrou, M. 1981 Mon. Not. R. astr. Soc. 196, 933-942.

Roelfsema, P. R. & Allen, R. J. 1985 Astron. Astrophys. 146, 213-222.

Rots, A. H. 1975 Astron. Astrophys. 45, 43-55.

Rots, A. H. & Shane, W. W. 1975 Astron. Astrophys. 45, 25-42.

Rubin, V. C. 1983 In Internal kinematics and dynamics of galaxies (IAU symposium no. 100) (ed. E. Athanassoula),
pp- 3-10. Dordrecht: Reidel.

Rubin, V. C. 1986 In Dark matter in the Universe (IAU symposium no. 117) (ed. G. Knapp & J. Kormendy), pp.
51-65. Dordrecht: Reidel.

Rubin, V. C., Burstein, D., Ford, W. K. Jr & Thonnard, N. 1985 Astrophys. J. 289, 81-104.

Rubin, V. C., Ford, W. K. Jr & Thonnard, N. 1980 Astrophys. J. 238, 471-487.

Sancisi, R. & van Albada, T.S. 1986 In Dark matter in the Universe (IAU symposium no. 117) (ed. G. Knapp &
J. Kormendy), pp. 67-81. Dordrecht: Reidel.

Sanders, R. H. 1984 Astron. Astrophys. 136, 1.21-23.

Schweizer, F. 1978 Astrophys. J. 220, 98-106.

Schweizer, F., Whitmore, B. C. & Rubin, V. C. 1983 Astron. J. 88, 909-925.

Sellwood, J. A. 1985 Mon. Not. R. astr. Soc. 217, 127-148.

Sparke, L. S. 1984 Astrophys. J. 280, 117-125.

Toomre, A. 1963 Astrophys. J. 138, 385-392.

38 [ 31 ] Vol. 320. A


http://rsta.royalsocietypublishing.org/

A A

THE ROYAL A
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

<

THE ROYAL
SOCIETY L

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rsta.royalsocietypublishing.org

464 T.S. VAN ALBADA AND R. SANCISI

Toomre, A. 1981 In The structure and evolution of galaxies (ed. S. M. Fall & D. Lynden-Bell), pp. 111-136.
Cambridge University Press.

Tubbs, A. D. & Sanders, R. H. 1979 Astrophys. J. 230, 736-741.

Tully, R. B. & Fisher, J. R. 1977 Astron. Astrophys. 54, 661-673.

de Vaucouleurs, G. 1948 Ann. Astrophys. 11, 247.

* de Vaucouleurs, G. 1953 Mon. Not. R. astr. Soc. 113, 134-161.

de Vaucouleurs, G. 1959 In Handbuch der physik (ed. S. Flugge), vol. 53, pp. 311-372. Berlin: Springer Verlag.

Visser, H. C. D. 1980 Astron. Astrophys. 88, 159-174.

Wevers, B. M. H. R. 1984 A study of spiral galaxies using H1 synthesis observations and photographic sutface
photometry. Ph.D. thesis, University of Groningen.

Young, P. J. 1976 Astron. J. 81, 807-816.

Discussion

Maria Petrou (Department of Theoretical Physics, 1 Keble Road, Oxford, 0X1 3NP). I have two
comments to make. (1) If one plots the local mass:light ratio against the local light, one will
find that all spiral galaxies follow the same curve, irrespective of their type. This is an indication
that there is a strong correlation between dark and luminous matter (Petrou 1981). (2)
Professor van Albada’s last point was that one can stabilize warped discs by spherical halos.
Actually, one can stabilize the warps much better with oblate spheroidal halos, provided that
the flattening of the halo is outside the disc (Petrou 1980).

T.S. van ArLBapa. I thank Maria Petrou for pointing out the omission with regard to the
stabilization of warps. It has been remedied in the published paper. As regards the first point,
we are in agreement there (cf. §44).

R.J. TaYyLER (Astronomy Centre, University of Sussex). Can I just raise a small point of
clarification? Professor van Albada referred to the inner part of the rotation curve being
determined by the luminous matter and to the outer part being flat because of the hidden
matter. Of course the mass in the inner regions includes the Oort limit hidden mass.

T. S. van ALBADA. That is correct. The analysis presented here only tests the constancy of M/L
with radius; it does not specify the nature of the objects in the disc.
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