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Summary. Exploiting relevant information from the profiles of rotation curves,
we calculate the dark-to-luminous mass ratio within the disc size for a sample of 43
spiral galaxies. The values we find, while proving the ubiquitous presence of dark
matter, vary with luminosity. Faint and bright galaxies are found to be respec-
tively halo- and disc-dominated in the disc regions. The luminosity sequence turns
out to be a dark-to-luminous sequence.

The Tully-Fisher correlation is justified as connected with the equilibrium
condition of a thin disc embedded in a spherical halo. The dynamical effect of
dark matter does not disrupt such a centrifugal equilibrium, because the dark-
matter mass fraction is a smooth function of luminosity. By removing the dark-
matter contribution from the velocity at the disc edge, the dispersion affecting the
luminosity—kinematics relation is dramatically decreased as compared with the
conventional Tully-Fisher correlation (Ao=0.3 mag).

Comparison with stellar evolution models shows that the dynamically com-
puted (.7 /Lg)q. ratios are able to explain the colours of spiral galaxies in a
scenario involving a 10-Gyr star-formation phase with Hy=75 km s~! Mpc~1.

1 Introduction

The fairly flat shapes of the rotation curves of spiral galaxies provide strong evidence for the
presence of (possibly large) amounts of dark matter even within the limits of the optical disc
(Rubin et al. 1980, 1982, 1985; Carignan & Freeman 1985). However, the decomposition of
matter distribution into a visible and a dark component based on dynamical considerations is
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highly uncertain and controversial (Burstein & Rubin 1985; Carignan & Freeman 1985; Bahcall
& Casertano 1985; van Albada et al. 1985; Kent 1986; van Albada & Sancisi 1986). In fact, the
evaluation of integral properties (such as the amount of dark matter within the optical size)
depends quite sensitively on the assumptions on mass distribution, so that a systematic, self-
consistent study of the halo and disc properties has not been proposed so far.

In addition, difficulties in studying the present properties of galaxies arise from the lack of
theoretical knowledge of the late stages of galaxy formation. The assumed cosmological scenario,
the physics of disc formation and the present structure of spirals are so tightly interwoven that
they seem to elude separate investigations.

One more puzzle is the featureless appearance of rotation curves. These look rather similar to
each other. Their shapes, in fact, do not appear to show any evidence for either different mass
components within each galaxy or for the galaxies’ individual integral characteristics. This lack of
information occurs in spite of the large ranges spanned by the galaxies’ scale properties. More-
over, since within the optical disc luminous matter contributes sensitively to the dynamics
({Ab \um)~1/2({ At 4y,), Rubin et al. 1985), we require that the dark and the luminous mass
distributions finely combine in order to produce a smooth rotation curve. Such a smoothness is
likely to be the output of some dynamical processes which caused a fine tuning in the disc-halo
structure parameters, washing away any feature which possibly marked the boundary between
disc-dominated and halo-dominated regions (e.g. Blumenthal ez al. 1986). In view of these issues
it becomes then a question of whether we can actually obtain some fundamental galaxy proper-
ties, such as the luminous-to-dark mass ratio and the halo mass, from others which are directly
observable.

The aim of this paper is to derive such fundamental galaxy properties by using a method which
almost exclusively relies on the observed properties of luminous (i.e. photometry) and total (i.e.
rotation curves) matter and minimizes the importance of the assumptions we shall make on dark
matter.

A decisive step in this direction is the straight exploitation of the whole information stored in
the axisymmetric circular velocity fields of spirals. This strategy is suggested by the results of our
previous paper (Persic & Salucci 1986, henceforth Paper I), where it is shown that by using both
the maximum velocity and its mean gradient (i.e. the amount of the total matter and its radial
distribution), one can build up an excellent indicator of galactic luminosities and sizes which
proves to be a more reliable one than the mere maximum velocity.

The plan of this paper is as follows. After discussing the photometric properties and rotation
curves of galaxies (Section 2) and arguing for the existence of dark matter in virtually spherical
haloes from the profiles of the central-velocity fields (Section 3), we investigate the systematics of
dark matter (i.e. the dark-to-luminous mass ratios within the optical sizes) from the systematics of

Table 1. Observational properties of galaxies (see text for their definitions) and references for kinematics and
photometry. Lengths are in kpc, velocities in km s-1. Colours are taken from RC2 or from Whitmore (1984). Due to
lack of published data, a few galaxies have been assigned colours typical for their respective Hubble types, following
de Vaucouleurs and de Vaucouleurs (1972).

Galaxy MB RI R2 s Vz 5 v RD (B-V) ° Type P K

N 2998 -22.79 7.0.40.0 228.6 52.4 8.3 0.54 Sc
N 4605 v-18.59 1.5 4.4 118.8 8.3 1.0 .... Sc
N 801 -23.31 9.0 53.8 202.8 67.9 13.0 0.54 Sc
N 3495 -21.31 4.0 15.5 197.2 22.3 4.9 0.54 Sc
N 1421 -22.15 7.0 19.6 205.3 28.3 8.3 0.25 Sc
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Table 1 - continued

Galaxy MB RI st st v Rn (B-V)o Type P K

N 2608 -20.74 4.0 15.2 148.9 19.0 3.0 0.40 S¢ 9 1

N 2742 -20.54 3.0 12.6 192.1 31.5 3.8 0.46 Sc¢ 9 1

N 4062 -19.50 0.5 9.0 167.3 26.0 4.1 0.62 S¢ 9 1

N 1035 -19.69 2.0 7.6 139.6 21.9 2.3 0.64 S¢ 9 1

IC 467 -21.35 6.0 21.5 154.9 31.8 4.7 0.54 Sc¢ 9 1
N 1087 -21.30 4.0 15.6 157.0 25.3 4.6 0.46 Sc¢ 9 1

N 3054 -21.63 5.0 25.7 264.2 51.8 5.4 0.42 sb 9 2

N 7537 -21.23 4.0 18.3 137.3 40.4 3.7 0.42 sb 9 2
N 2815 -22.00 6.0 26.5 283.5 74.6 9.2 0.74 sb 9 2

N 7606 -22.54 10.0 39.8 242.0 87.7 8.3 0.59 Sb 9 2

N 3200 -22.87 10.0 46.0 287.7 71.8 14.8 0.60 sb 9 2

U12810 -23.06 16.0 51.8 234.0 58.1 11.2 0.74 sb 9 2
N 1620 -22.06 4.0 29.8 279.6 43.9 8.9 0.60 sb 9 2
N 1085 -22.88 8.0 34.8 310.0 89.3 10.0 0.74 sb 9 2
N 1325 -20.87 4.0 18.8 211.7 30.4 5.7 0.59 sb 9 2
N 2708 -20.60 4.0 14.7 293.3 36.2 4.3 0.74 sb 9 2
N 1417 -22.28 1.5 33.7 328.6 67.4 8.0 0.74 sb 9 2
N 3067 -20.33 3.0 9.6 162.2 30.0 3.3 0.54 sb 9 2
N 5290 -21.61 10.2 26.4 230.0 57.1 5.5 0.54 sb 2 6
N 4682 -20.85 5.0 17.5 183.9 38.9 4.8 0.54 Se 9 1

N 7541 -22.30 6.0 28.5 278.0 39.8 9.7 0.60 Sbe 9 1
N 4321 -21.53 5.0 20.1 222.4 50.1 6.9 0.69 S¢ S5 1

N 2715 -21.21 3.0 20.4 158.2 30.3 8.9 0.49 S¢ 5 1
N 7171 -21.25 5.0 23.9 226.8 56.3 7.4 0.66 sb 9 2

N 5383 -22.50 8.0 22.0 207.0 65.7 6.0 0.64 sb 4 8

N 7331 -22.40 12.0 34.1 226.0 57.7 10.6 0.68 Sbe 3 12

N 5033 -21.30 10.0 28.0 211.5 54.3 12.0 0.71 S¢ 5 12

N 2336 -22.50 13.3 46.2 251.0 71.4 15.8 0.58 Sbe 3 5

N 5905 -22.32 16.2 41.3 242.0 61.6 16.4 0.54 sb 2 4

N 4254 -21.51 1.9 15.6 210.0 41.6 4.4 0.55 Sc¢ 5 13

N 3963 -22.37 9.9 27.8 177.5 50.2 7.4 0.62 Sbe 6 14
N 4565 -23.00 7.0 46.6 254.0 74.4 13.2 "0.68 sb 7 12

N 3992 -21.70. 9.7 24.6 273.0 60.0 .8 0.77 Sbe 4 11

N 5426 -21.24 5.0 20.3 157.0 46.1 6.3 0.52 Se 1

N 3898 -20.50 1.0 14.7 252.0 50.0 .0 0.83 Sab 3

N 488 -22,52 2.0 36.0 385.0 91.0 10.4 0.83 sb 3

N 2639 -21.90 5.0 19.2 350.0 85.4 3.2 0.84 Sa 8

N 3504 -20.75 3.0 11.5 187.0 31.7 4.8 0.63 Sab 2 10

References:

Photometry (P): (1) Blackman 1982; (2) Blackman & van Moorsel 1984; (3) Boroson 1981; (4) Elmegreen &
Elmegreen 1984; (5) Elmegreen & Elmegreen 1985; (6) Grosbol 1985; (7) Hamabe 1982; (8) Kent 1984; (9) Kent
1986.

Kinematics (K): (1) Rubin et al. 1980; (2) Rubin et al. 1982; (3) Rubin et al. 1985; (4) van Moorsel 1982; (5) van
Moorsel 1983b; (6) van Moorsel 1983c; (7) Blackman 1982; (8) Sancisi et al. 1979; (9) Peterson 1980; (10) Peterson
1982; (11) Gottesman et al. 1984; (12) Bosma 1981; (13) Chincarini & de Souza 1985; (14) van Moorsel 1983a.

© Royal Astronomical Society ¢ Provided by the NASA Astrophysics Data System

220z ¥snBny 0z uo 1sonb AQ Z9ZEEO0L/LE L/L/PEZ/RI0IE/SEIUW/ WO dNO DIWSpPEoE//:SARY WO} POPEOjUMOQ


http://adsabs.harvard.edu/abs/1988MNRAS.234..131P

FT9BBVNRAS, 7327 “131P!

134 M. Persic and P. Salucci

rotation curves (i.e. their mean gradients) in Section 4. We then discuss the derived disc
properties and provide a theoretical justification for the Tully—Fisher correlation. In particular,
we consider how systematic variations of the dark-mass fraction along the luminosity sequence
affect the Tully—Fisher correlation. We also compare the derived disc mass-to-light ratios with
those predicted by stellar-evolution models (Section 5). The results are discussed in the context of
different dark versus visible mass decomposition methods in Section 6 and summarized in
Section 7.

The sample of galaxies (henceforth sample C, samples A and B are studied in Paper I) to which
we apply our structure-solving method comprises all (43) non-local Sa—Sc galaxies for which both
photometry and high-quality extended rotation curves are available in the literature. The obser-
vational data for these galaxies are listed in Table 1. Local galaxies are left out in order to avoid
the admixture of galaxies whose distances are obtained from local calibrators with galaxies whose
distances are determined from redshifts. Throughout the paper we use Hy=50km s~'Mpc™.

2 Spiral galaxies: photometry, rotation curves and dark matter

In this section we address the spirals’ observed properties which are the starting point to any
structure model. Since a discrepancy between the luminous mass and the dynamically inferred
mass is a piece of evidence common to virtually all spiral galaxies, we shall ignore occasional and
peculiar features (e.g. strong bars, warps, non-exponential discs, bulge-dominated systems),
which in any case affect a very small fraction, if any, of our sample galaxies.

2.1 DISTRIBUTION OF LIGHT

The luminosity profiles of most galaxies are decomposed into two main components (Freeman
1970; Boroson 1981; Simien & de Vaucouleurs 1986; van der Kruit 1987). These are, respectively,
a very concentrated bulge and a thin disc, whose surface luminosity density decreases with radius
as

I(R)=I, exp (—R/Rp), (1)

I, being the central surface luminosity density and Ry, the exponential disc length-scale.

The bulge is usually less luminous and smaller than the disc. Typically, their relative
luminosities and sizes are: Lg/Lp=0.7-0.1 and R,s/Rg=8-16 for Sa—Sc galaxies (Simien & de
Vaucouleurs 1986) (Rg is the effective bulge radius). Thus, for a typical value of (.Z / L)pyee~7
(as for ellipticals), the bulge contribution to the equilibrium structure is usually negligible at radii
R=2 Rg. This turns out to be actually the case, as the outer profiles of rotation curves are not
correlated with the bulge-to-disc light ratio (Rubin et al. 1985). From equation (1) the surface
brightness at radius R is

#(R)=po+1.1R/Rp, @)
with u, having a small scatter among spirals (Freeman 1970; van der Kruit 1987):
1o=21.7£0.4 mag arcsec?, 3)
which implies

R,s/Rp=3.0£0.4 4

where Rs is the 25 B-mag arcsec™2 contour. The values of the disc length-scales Ry, for sample C
were obtained from available photometry and are shown in Table 1. r photometry has been
transformed into B photometry by means of the transformation: B—r=1. The luminosity profiles
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of galaxies not found already decomposed into bulge and disc components have been successfully
fitted in their outer parts (R>0.5 R,s) with the exponential thin-disc model (2) in order to obtain
their disc length-scales.

As a general property, colours show no substantial gradient across discs (Griersmith 1980).
This strongly suggests a constant stellar mass-to-light ratio in each galaxy. Then we can write

W@\ _r(%) -2
K <dR>lum =R (dR>disc —V%ISC(R) (5)

where ¢, is the gravitational potential due to all luminous matter and Vy(R) is the circular
velocity of the exponential thin-disc model (Freeman 1970),

Vis(R)=G.4pn/RoF(x) (6)

where .#, is the disc mass, x=R/Rp, and F(x)=1/2x*(I,K,—1,K,) with I, and K, the modified
Bessel functions of order n evaluated at x/2.

2.2 ROTATION CURVES

As a very general property, virtually all extended optical rotation curves show a constant gradient
in the region R;=(0.1-0.2) R,s<R<R,;. By fitting the observed rotation velocity V,,(R) in this
region with the simple linear function

V(R)=V,+ViR/Rys, (7

we found that for all galaxies of sample C, equation (7) fits the observed circular velocity to a high
level of confidence (see also Persic & Salucci 1985, Salucci 1986; Paper I). Moreover, the
residuals AV(R)=V,,(R)—V(R) show no large-scale features, proving their non-axisymmetric
local origin (mainly due to the spiral gravitational potential) (Salucci 1986). Therefore, in the
range Ri<R<R,s we can assume a simple straight line to represent the circular velocity, in implicit
agreement with similar resuits in the literature (e.g. Rubin et al. 1980). Thus, we obtain the
maximum of the circular velocity Vy=Max {V;+V,, Vo+V,R|/Rys} and its gradient V,/R,s by
using the overall shape of the rotation curve. The internal fractional errors are 5 per cent in Vs
and 5~20 per cent in V; (Paper I). The coefficients of the fits, V and V, for the galaxies of sample
C are reported in Salucci (1986) and in Table 1 by means of the combinations V,s=V,+V; and
V=V[1-1/20+V/Vs)]'2.

We note that in a few cases an extrapolation of the circular velocity from the last measured
point to R,s was required in order to study the properties of some faint galaxies at the same
isophotal radius as the other galaxies of the sample.

2.3 DARK MATTER: THE MASS-TO-LIGHT RATIO

The (dynamical mass)-to-light ratio is a distance-dependent quantity. In addition, the amount of
luminous mass cannot be inferred straightforwardly from the observed luminosity. In spite of
these concerns, however, when a large sample of galaxies is examined and different samples are
compared, an important though qualitative picture emerges. Let us define the light-to-mass ratio
as

L/.2¢ dyn= GL/(V%SRZS) (8)
where L is the luminosity in a given waveband, and the luminous-to-total mass ratio as
*%lum/'/% dynEL/% dyn(t/% /L)* (9)

where (.7 /L), is the stellar mass-to-light ratio in the same band.
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Figure 1. (a) Luminous-to-dynamical mass ratios for sample C. The Larson-Tinsley stellar-evolution model has been
used to obtain stellar mass-to-light ratios from galaxy colours (ratios and luminosities are in decimal logarithm). (b)
Light-to-mass ratios in the blue band for sample C. (c) Light-to-mass ratios in the infrared band for sample C. d)
Light-to-mass ratios in the infrared band for a sample in the Ursa Major cluster. '

In Fig. 1(a)-(d) we plot these visible-to-total mass indicators versus galaxy luminosities for
sample C in both the blue and infrared wavebands and for a sample containing galaxies in the
Ursa Major cluster with available IR magnitudes and 21-cm linewidths (Aaronson et al. 1982).

We have considered the IR band because it is likely to better reflect the underlying disc
population. Moreover, we investigated an additional sample within a cluster in order to check the
obtained results in a sample free from problems connected with the determination of galactic
distances.

We find the following results (see Fig. 1):

(i) Visible matter gives an important contribution to the galaxies’ structures in the regions
within the optical discs. We can therefore rule out degenerate solutions where virtually all the
mass resides in the dark component, and set up the (averaged) limits

(A gorx| Ab is)<5 (Ho/SO)(46 | L)L1)/{(AE /L),), Mg~-19

(Al ] 83)<0.5 (Ho/ SOt /LYY {(AEIL)),  My~—22 (10)

where (.#6/L),z is the stellar mass-to-light ratio following the Larson-Tinsley evolutionary
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model (Tinsley 1981, henceforth LT). It is important to realize that for each galaxy there is a
minimum disc mass ~1/2 Lg(.# /L)1 which is compatible with the LT model and with the
maximum realistic error which may possibly affect the determination of distances.

(ii) There is a markedly positive trend between luminosity and dynamical importance of dark
matter. Faint galaxies tend to be dark-matter dominated, and the brighter is the galaxy the lesser
is the relative dark-matter contribution to the structure. Looking at integral mass indicators, very
bright galaxies do not definitely show the presence of dark matter within the optical size.

Such results on the dark-to-visible mass coupling disagree with the view of van Albada et al.
(1985), where it is claimed that galactic structures are largely undetermined due to poor
knowledge of the dark-matter dynamical properties. As a matter of fact, if we assume an
equilibrium solution with given values . #y; and .4 1, for the dark-halo and disc masses inside Rys
(e.g. the solution corresponding to the maximum-disc hypothesis) respectively, we cannot
indefinitely build up new solutions with progressively less matter in the disc and more mass in the
halo unless we violate the constraint imposed by equation (10). In other words, observed colours
and stellar-evolution models rule out the case of a negligibly small disc mass.

In the following section we shall therefore investigate how narrow are the ranges spanned by
the galaxies’ basic properties and structure models allowed by the constraints discussed above.

3 Where is dark matter?

In order to understand at what radius in each galaxy the discrepancy between visible and
dynamical mass begins, we need a local mass indicator which avoids the problem of translating
disc luminosity into disc mass. To this purpose let us define the quantities ap(R) and a(R)
respectively as

ap(R)= g:—% ~1- [o.5+ M";&Z&;ﬁ;; OKI)] ” (11a)
and

a(R)=V(R)/V(R), (11b)
where

Vise(R)=V4ie(R) {1-1/2[1+d log V4. (R)/d log R]"?} (12a)
and

V(R)=V(R){1-1/J2[1+d log V(R)/d log R]"?}. (12b)

Our aim is then to compare the logarithmic gradients of the circular velocities predicted by the
exponential thin-disc model with the observed ones. While many functions of the logarithmic
gradient would be suitable to this purpose, we have chosen equation (11) in order to more easily
link the results on galaxy structure obtained in this paper with the phenomenological ones found
in Paper 1.

In Fig. 2 we plot the quantities ap, and a versus radius for each galaxy of the sample. Obviously,
if the disc matter were the only component contributing to the dynamics, we would find ap=a
over the whole disc. In each and every galaxy we find, on the contrary, a dramatic discrepancy
between these two quantities. In regions where ap>a this discrepancy cannot be eliminated nor
even reduced by introducing possible contributions from a bulge and/or a stellar halo. In fact, the
stellar halo has a very steep radial density profile (Bahcall et al. 1983) and the bulge is seen as a
point-mass from the outermost  disc regions. Then, it is easy to realize that
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Figure 2. a(R)=V/(R)/V(R) (dashed lines) and ap(R)=V 4,.(R)/V.(R) (solid lines) plotted as functions of galacto-
centric radii (in kpc).
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Figure 2-continued

Viim= Vit Viuge + Vinao has a steeper-decreasing profile than V3., implying that a,,, increases
even steeper than ap. In these regions the only way to solve the discrepancy between luminous
and dynamical velocity profiles then is by allowing the presence of a dark-matter component
having dV%,,/dR>0. In regions where ap<a the situation is more open, and a bulge and/or a
stellar halo could be invoked to eliminate it.

InFig. 3 we plot the critical radius R, marking the boundary of the ‘twilight zone’ in which dark
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Figure 3. Critical radius R; such that for R>R_ a dark component is required. Notice that for Ry=4kpc it is
R/Rys=0.4, while for R,s=60kpc it is R¢/Rys=0.6.

matter is dynamically required [i.e. a(Rc)=ap(Rc)], as a function of the galaxy isophotal radius
Rys.

What is the configuration of dark matter? It is very unlikely that dark matter may reside in the
discitself. In fact, if dark matter is constituted by dissipationless particles, it is virtually impossible
to confine it in a thin disc-shaped configuration. If, on the contrary, dark matter is baryonic and
does reside in the disc, there is no obvious a priori reason why it should be distributed so
differently from luminous matter in order to generate the observed circular velocity profiles
(additional problems arise from careful examination of individual baryonic candidates — Heygi &
Olive 1986). There are further observational arguments against the hypothesis of dark matter
being arranged in a disc, which positively favour a spherical distribution of the unseen compon-
ent: (i) in polar-ring SO galaxies the comparison between disc and polar-ring velocities is consis-
tent with a nearly-spherical dark-matter distribution (Whitmore et al. 1987); (ii) in the Galaxy,
the value of the ratio between the radial and the z-component of the acceleration in the solar
neighbourhood implies that the amount of dark matter needed to justify a flat rotation curve
cannot all reside in the disc (Rohlfs 1982); (iii) the spherical distribution of globular clusters
around the Galaxy underlies a spherical potential (Frenk & White 1980).

In view of all these arguments we shall henceforth assume that dark matter resides in a spherical
halo embedding a thin exponential disc.

4 How much dark matter is there inside the optical size?

The condition for centrifugal equilibrium at R, reads:

V5= Viisc(Ras) + Viaio(Ros). (13)
By derivation of equation (13) we have

VasV1/Rys=Vise(Ras) AViisc(Ras)/ AR+ Viato AViaio(R2s)/dR. (14)
Let us define

ay=1-1/J2(1+d log Vy,./d log R)\? (15)
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and
0=V%isc(R25)/V%|alo(R25)' (16)
Then from equations (11)-(16) we get
_ [1-an(Ros)P—[1—a(Ry)]* (17)

T [1=a(Ros) P~ [1—ap(Rys) P
Let

Ab gis(Rys)
oAb 1o Ros) + A6 giso(Rys)

B

be the ratio between the disc mass and the total mass inside the optical size. Then:

0
B=

" Ros/RoF(Rys/Rp)+6’ (18)

where for simplicity we have assumed .2 4. .(Rys5)=46 . Were this not the case, we should
substitute 6— 0[1—(1+R,s/Rp) exp (—R,s/Rp)]. Thus f=p[a(R,s), R.s/Rp, an(Rys)], being
a(Rys) and R,s/Rp observed while ay(R,s) is a priori unknown unless a dark-matter density
distribution is assumed.

The crucial points are: (i) § has a much weaker dependence on a,(Rs) than on a(Rs), and (ii)
we can successfully exploit this piece of evidence in solving the galaxy structure.

In order to prove the first statement we start out by realizing that, since for the great majority of
galaxies 0.2<6<2 as indicated by the dynamical-to-visible mass ratios (Fig. 1 and equation 10),
equations (18) and (17) imply that, typically,

3B/dan/dB/0a<0.3 (19)

where all quantities are evaluated at R,s. Furthermore, we can estimate the maximum and
minimum values of a,(R,s) which are allowed in each galaxy from the observed density distribu-
tions of total and visible matter. Such values refer, respectively, to the cases where the disc has the
minimum and the maximum allowed masses. We define the maximum disc mass as the largest disc
mass meeting the following conditions:

(i) kinetic energy must be non-negative: V,,(R)=0, then

A 4 i<V R)Rp/[GF(x)] (20)
(ii) halo density must be non-negative: gn.,(R)=0, then

A 4 0ax<(Vo+V1R/Ry5)(Vo+3ViR/Rys)Rp/[gH(x)] (21)

where H(x)=x*[1.5I,K,—0.51,K,+0.5x(I,K;—1,K,)] and the Bessel functions are evaluated at
x/2.

Before proceeding further, it is important to comment on the second constraint. In disequality
(21) the values of local properties in the innermost regions, i.e. for R~R;, strongly constrain the
maximum allowed mass. However, both model (7) of the circular velocity and the surface
luminosity density (1) might be, to this purpose, a poor approximation to the actual galactic
properties in the neighbourhood of R;. In particular:

(i) In our model of the circular velocity field we have neglected details of how the circular
velocity settles into a straight line starting from R=R;. These details, although irrelevant to the
determination of the mean gradient, are of crucial importance to the above constraint.
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(ii) Insuchinnermost regions the exponential thin-disc model might inadequately describe the
disc-matter distribution, so that disequality (21) could no longer be valid unless the actual disc
density distribution were substituted.

With these caveats we get for each sample galaxy an estimate of .# J* from equations (18) and
(20) and of .# '™ from equation (10). These two mass estimates constrain the distribution of dark
matter. In fact, by means of equation (17) we obtain for each galaxy the corresponding
a™n (Rys) and apex(Rys) (see Table 2),

a}?aill:)= 1—[Omax{[1 —a(Rys)*—[1—ap(Rys) P} +[1 —a(Rys) ',
e =1=[Bmin{[1—a(Rys) P~ [1—ap(Rys)]} +[1—a(Ros) . (22)

Thus, we estimate Aay~1/2 Aa, where Aa, is the uncertainty on a(R,s), while Aa is the observed
range in a (Aa~0.20). Finally, we obtain the result anticipated above:

andp/day, Aay/ay<adf/da Aa/a. (23)

This result allows us to assume, for the purpose of working out disc and halo integral
properties, ay(R;s5) to be constant along the luminosity sequence of galaxies. Also, it provides a
tool to estimate the maximum error involved with such an assumption.

The next step is to use the simple idea that galaxy luminosities must correlate with disc
dynamical masses, in that both are a measure of the same mass. Then, we find out the ‘typical’
value a}(Rys) by forcing the Lp— 4 4 relation to minimum scatter. We find (see Fig. 4):

ah(Ry5)=0.05+0.03. (24)

Table 2. Maximum and minimum values for a,(R,s). In cases where the value of afi"(R,s) is reported as 0.000, our
method could not formally give a lower constraint to a,(R;s).

MAX MIN

Object ::fo( zs) :::Q(RZS) Object h-lo(st) h-Lo(RZS)
N 2998 0.160 0.097 N 3067 0.088 0.000
N 4605 0.034 0.000 N 5290 0.117 0.041
N 801 0.249 0.172 N 4682 0.122 0.040
N 3495 0.055 0.000 N 7541 0.069 0.000
N 1421 0.086 0.000 N 4321 0.119 0.023
N 2608 0.076 0.028 N 2715 0.107 0.000
N 2742 0.079 0.000 N 7171 0.124 0.056
N 4062 0.098 0.000 N 5383 0.229 0.150
N 1035 0.075 0.000 N 7331 0.148 0.052
IC 467 0.134 0.068 N 5033 0.204 0.120
N 1087 0.078 0.001 N 2336 0.220 0.123
N 3054 0.138 0.073 N 5905 0.216 0.090
N 7537 0.218 0.148 N 4254 0.108 0.025
N 2815 0.166 0.079 N 3963 0.187 0.101
N 7606 0.286 0.218 N 4565 0.199 0.114
N 3200 0.110 0.059 N 3992 0.103 0.000
U12810 0.165 0.090 N 5426 0.205 0.125
N 1620 0.075 0.000 N 3898 0.124 0.000
N 1085 0.195 0.111 N 488 0.145 0.062
N 1325 0.069 0.000 N 2639 0.185 0.130
N 2708 0.060 0.000 N 3504 0.081 0.000
N 1417 0.130 0.060
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Figure 4. The amount of dark matter (circles, solid line) and disc matter (squares, dashed line) within the optical
radius as a function of luminosity.

It is now worth while to discuss our method in terms of the balance between equations and
unknowns. For a sample of N objects the problems of mass decomposition has 3N unknowns [e.g.
My, Mby and (d46,/dR)g,, for each galaxy]. Relations (13) and (14) provide us with 2N
equations. Inequality (23) drops N—1 unknowns and (24) provides the last needed equation.
Our method, unlike those involving quadratures, has the same number of (approximated)

Table 3. Disc-to-total mass ratios with their uncertainties and disc masses (in solar-mass units).

Object B F A8 MD Object B F 4B Hn

N 2998 0.41 ¥ 0.06 0.18E+12 N 3067 0.40 ¥ 0.08 0.25E+11
N 4605 0.04 ¥ 0.03 0.62E+09 N 5290 0.45 ¥ 0.06 0.13E+12
N 801 0.68 ¥ 0.04 0.30E+12 N 4682 0.41 ¥ 0.07 0.53E+11
N 3495 0.17 ¥ 0.09 0.25E+11 N 7541 0.27 ¥ 0.09 0.15E+12
N 1421 0.30 ¥ 0.11 0.73E+11 N 4321 0.52 ¥ 0.06 0.12E+12
N 2608 0.17 # 0.07 0.13E+11 N 2715 0.52 ¥ 0.09 0.74E+11
N 2742 0.30 ¥ 0.09 0.33E+11 N 7171 0.55 ¥ 0.05 0.15E+12
N 4062 0.39 ¥ 0.10 0.30E+11 N 5383 0.69 ¥ 0.04 0.13E+12
N 1035 0.28 ¥ 0.08 0.10E+11 N 7331 0.57 ¥ 0.06 0.22E+12
IC 467 0.36 ¥ 0.06 0.39E+11 N 5033 0.77 ¥ 0.05 0.25E+12
N 1087 0.29 ¥ 0.09 0.26E+11 N 2336 0.71 ¥ 0.05 0.46E+12
N 3054 0.33 ¥ 0.07 0.13E+12 N 5905 0.70 ¥ 0.06 0.42E+12
N 7537 0.55 ¥ 0.05 0.38E+11 N 4254 0.38 ¥ 0.07 0.59E+11
N 2815 0.65 ¥ 0.05 0.32E+12 N 3963 0.59 ¥ 0.05 0.11E+12
N 7606 0.70 ¥ 0.03 0.32E+12 N 4565 0.64 F 0.05 0.40E+12
N 3200 0.57 ¥ 0.05 0.49E+12 N 3992 0.52 ¥ 0.07 0.23E+12
U12810 0.45 ¥ 0.06 0.27E+12 N 5426 0.68 ¥ 0.03 0.73E+11
N 1620 0.28 ¥ 0.08 0.15E+12 N 3898 0.59 ¥ 0.09 0.17E+12
N 1085 0.63 ¥ 0.05 0.44E+12 N 488 0.49 ¥ 0.06 0.57E+12
N 1325 0.25 ¥ 0.09 0.50E+11 N 2639 0.43 ¥ 0.06 0.21E+12
N 2708 0.19 ¥ 0.08 0.57E+11 N 3504 0.41 ¥ 0.10 0.46E+11
N 1417 0.37 ¥ 0.06 0.29E+12
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equations as unknowns. In Table 3 we show the obtained values of § and their uncertainties
computed for each galaxy by means of equations (18) and (22), and the respective disc masses.
The reported uncertainties do not take into account any errors propagated from observable
quantities but only refer to the maximum theoretical error inherent in our method (the observa-
tional errors are generally very small for sample C. We recall that our strategy is concerned with
the theoretical uncertainties attached to dark matter rather than with observational errors, which
in principle can be reduced).

5 Galactic discs: masses, luminosities, sizes and colours

In Fig. 5(a) we plot B as function of luminosity. It is readily realized that the dynamical
importance of dark matter within the disc regions is differential with luminosity, i.e. it depends on
the amount of visible matter. In excellent agreement with the trend shown by the (dynamical
mass)-to-light ratios (Fig. 1), within their respective optical sizes fainter (Mp=—19) galaxies have
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Figure 5. (a) Computed disc-to-total mass ratios § as a function of luminosity. (b) 8 as a function of the mean-velocity-
gradient indicator a. (c) Disc-to-halo mass ratio as a function of the logarithmic gradient of velocity fields.
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alarger dark-mass fraction, f=0.2, while brighter (Mp=-23) galaxies show a smaller dark-mass
fraction, 8=0.8. Quantitatively, we find

B=0.5(Lg/10" L)0
r=0.60, N=43. (25)

Moreover, the visible-to-total mass ratio is imprinted on the (axisymmetric) profile of the
rotation curve through the velocity-gradient indicator a (Fig. 5b):

B=0.72 (a/0.29)"6
r=0.93, N=43. (26)

Hence, galaxies with flat rotation curves (¢=0.29) have most mass in the visible component
(8=0.70), while galaxies with steep rotation curves (a=0.15) have a large fractional amount of
dark matter even within the optical disc (8=0.25) [see also Fig. 5(c)].

An important consequence of equation (25) is that we can understand the physical basis of the
empirical Tully-Fisher correlation (hereafter TF) (Tully & Fisher 1977). Using definition (16),
the condition (13) for centrifugal equilibrium at R,s reads:

0
%DzG—1[R25/RDF(R25/RD)]—1V%5 (m) Rs (27)
where ., is the disc mass. As discussed in Section 2, in each galaxy the stellar mass-to-light ratio
is found to be constant along the disc and independent of luminosity. Then, from equations (1)
and (4) we have

Mb 4 L. (29)

The quantity R,s/RpF(Rys/Rp) has a small scatter among galaxies, so that it can be considered
constant [in our sample R,s/RpF(R)s/Rp)=1.1%0.05]. Then, combining equations (27)—(29) we
get

Lo Visa (30)

with A=02/(1+6)? [by comparison with equation (27), notice that A={?]. The case A=1 (no dark
matter) yields the L o< V*result first obtained (by a similar argument) by Aaronson et al. (1979).
(A power-law relation between luminosity and velocity can also be obtained by a general
hypothesis on the structure of protogalaxies and by assuming a constant total .# /L ratio,
Burstein & Sarazin 1983.) The important point, however, is that, due to the differential presence
of dark matter along the luminosity sequence, 4 itself is a function of luminosity (or, alternatively,
of the axisymmetric velocity slope):

log A=—(7.38%0.86)—(0.32+0.04) M},
r=0.59, N=43. (31)

It is thus realized from equations (30) and (31) that there exists a theoretical relationship
between the luminosity of a galaxy and its maximum circular velocity Vs as a physical conse-
quence of the condition for centrifugal equilibrium of a thin stellar disc embedded in a dark
spherical halo. Therefore, the log Lz—log Vs correlation (or log Lg—log Vi, since most galaxies’
rotation curves are either rising or flat) is predicted with a slope not too much different from 4,
especially if most galaxies are very bright, hence their 8s (and As) tend to saturate at 1 [cf. Fig.

5(a)].

© Royal Astronomical Society ¢ Provided by the NASA Astrophysics Data System

220z ¥snBny 0z uo 1sonb AQ Z9ZEEO0L/LE L/L/PEZ/RI0IE/SEIUW/ WO dNO DIWSpPEoE//:SARY WO} POPEOjUMOQ


http://adsabs.harvard.edu/abs/1988MNRAS.234..131P

FT9BBVNRAS. 734 "131P!

146 M. Persic and P. Salucci

We remark that the presence of dark matter in galaxies ranges between 20 and 80 per cent of the
total mass encompassed by the optical disc. If random, such a dramatically different presence (see
Table 3), would eventually destroy any luminosity—kinematics relation possibly holding for the
visible component. This, however, is not the case because the amount of dark matter inside the
optical disc is finely modulated with the amount of visible matter, so that a correlation between
kinematics (total matter) and luminosity is still possible with a relatively small intrinsic scatter in
spite of the strong differential presence of dark matter. Then, as a consequence of this effect,
galaxies with magnitude M>—23 will be fainter by AM=0.8 (M;+23) mag with respect to the
value obtained by extrapolating to lower magnitudes the luminosity—kinematics relation asit is in
the neighbourhood of Mz=—-23.

We can get rid of the presence of dark matter in the luminosity—kinematics relation by
correlating luminosity with the visible-matter contribution to Vs, V,, after turning off the
(differential) dark-matter contribution to V5. Actually, from equations (30) and (31) we obtain

log V,.=log V5—7.9x1072 (Mp+23). (32)
We find:

Mg=—(8.9+1.0)—(5.80.5) log V,,

N=43, r=0.86, 0=0.53 mag. (33)

—-24

-22

Ms

-20

-18

lllll]lll[lll]

lIllllIllIllIl

—

~24

-22

Mg

-20

lllll[lll'llll

I'Ill[lll'lll,

—

1.8 2 2.2 2.4
log Vg4

Figure 6. The luminosity-kinematics relation for sample C, before (bottom) and after (top) removing the dark-
matter contribution from the maximum velocity.

N
o

© Royal Astronomical Society ¢ Provided by the NASA Astrophysics Data System

220z ¥snBny 0z uo jsenb Aq Z9ZEE0L/LEL/L/PEZ/RI0IE/SEIUW/ WO dNO DlWSpEoE//:SARY WOl POPEOjUMOQ


http://adsabs.harvard.edu/abs/1988MNRAS.234..131P

FT9BBVNRAS, 7327 “131P!

Matter in spiral galaxies 147

It is interesting to compare relation (33) with the TF correlation for the sample C,
N=43, r=0.61, 0=0.80 mag. (34)

From relations (33) and (34) and Fig. 6 one can appreciate the effectiveness of this correction to
the TF relation. This can be understood by realizing that in each galaxy the dark-matter
contribution to the maximum circular velocity =V,s depends on the mean rotation-curve slope (or
alternatively on luminosity), so that it can be easily taken care of by means of equation (32). Thus,
the kinematics—luminosity relation is left with remarkably less scatter, Ao~0.25mag, and a
unique (flatter) slope over the whole luminosity range.

We wish to stress that, in order to more clearly discuss the physical basis of the TF correlation,
in equation (32) we have hidden the explicit dependence of V, on a(R,s). Moreover, if we want to
work out a new kinematics—luminosity relation as a consequence of basic dynamics, we must also
work out the relations A=A[a(R,s)] and V,=V [V, a(R,5)]. We find

log V,=log Vys+1.64a(R,5)—0.52, 35)

which gives (for sample C) exactly the same luminosity—kinematics relation (33) and similar
scatter.

It is of crucial importance to test relation (32) in an independent sample of galaxies. To this
purpose we study the Aaronson ez al. sample of galaxies (Aaronson et al. 1982), where H-mag and
corrected 21-cm linewidths are given for 300 Sa—~Im galaxies. This sample is particularly useful
because it spans a large range in IR magnitudes (~7 mag) and still has ~40 object mag™!.
Moreover the IR band is more likely to be dominated by the old disc population (which
contributes to virtually the whole disc mass) than the B-band where star-formation bursts of even
modest strength might dominate the light (Aaronson et al. 1979).

By means of relation (32) we extract the contribution V', due to visible matter from the 21-cm
linewidths. In the correcting term we assume (B-H)=2.3 (see Rubin et al. 1985) in order to
transform IR magnitudes into B magnitudes. After the dark-matter contribution has been
removed all galaxies pile up on a unique straight line with a slope similar to that of (33), and the
scatter is dramatically decreased from 0.70 to 0.36 mag (Fig. 7). This result strongly supports the
universal effectiveness of relation (32) in dealing with the presence of dark matter and shows that
in samples ranging through 6—7 mag the scatter is dominated by the differential amount of dark
matter within the optical disc.

Due to lack of knowledge of the velocity fields of most galaxies in the Aaronson et al. sample,
we had to use the distance-dependent (through M3) correction (32) to Vs as a hidden parameter.
Therefore, we caution that the spectacular decrease of scatter we have obtained by removing the
dark-matter contribution might not actually imply such a remarkable improvement in the deter-
mination of distances. However, since relation (33) extends to the very faint end of the luminosity
function, it makes it possible to use dwarf spirals in the Local Group and beyond as local
calibrators.

As aresult of the mass decompositions worked out in the previous section, we can compute the
stellar mass-to-light ratios for each galaxy of our sample. When compared and plotted versus
galaxy colours, they provide information on the age of galaxies, luminosity evolution, star-
formation rate and present mass function. We recall that in the previous section we have used
stellar-evolution models only in order to estimate the maximum error involved with our mass-
decomposition method and to rule out the possibility that flat-rotation-curve galaxies are halo-
dominated. Computed disc masses have no bias towards any particular stellar-evolution model
and have been obtained without using galaxy colours. Therefore it is worth while to compare the
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Figure 7. The luminosity-kinematics relation for the Aaronson et al. sample, before (bottom) and after (top) the
dark-matter contribution has been removed from the maximum velocity. Since for most galaxies in the sample the
circular velocity field is not available we estimate the contribution of dark matter by means of relation (32) (see text).
In deriving galactic distances we assumed a homogeneous Hubble-flow model. However, the galaxies belonging to a
large group in the Geller-Huchra catalogue (1982) have been placed at the group’s mean redshift. We dropped a few
galaxies belonging to the Local, Sculptor, CVn and M 101 groups for which the homogeneous-flow model is not
applicable. Eventually 290 objects are left.

observed mass-to-light versus colour relation with the analogous relation predicted by the
models.

Tinsley (1981), by comparing (dynamical mass)-to-light ratios with the ones predicted for the
observed colours, found that bluer galaxies have comparatively more dark matter than redder
galaxies. We can now.address this topic, having an effective way to decompose the dynamical
mass into a visible and a dark component, so that we can actually compare the disc mass-to-light
ratios with galaxy colours. We find

log (46 n/Lg)=—(1.1£0.2)+(2.3+0.3)(B-V)+log (H,/50). (36)

First, we understand the dark-matter contamination on the (% 4,/ Lg)—(B—V) relation as the
effect of a differential presence of dark matter along the luminosity sequence. Fainter (and bluer
in the Tinsley sample) galaxies have relatively more dark matter than brighter (and redder) ones.
(Note that the colour—magnitude relation present in the Tinsley sample might be partially due to
a mix of local faint irregular galaxies with bright spirals whose distances are obtained from
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Figure 8. Disc mass-to-light ratios versus colours for sample C, computed assuming H,=75 (top) and 50 (bottom)
km s~! Mpc-1. Theoretical predictions of LT evolutionary models are also plotted: a solid line refers to the 10-Gyr
continuous-SFR model, a dash-dotted line to the 10-Gyr exponentially-decreasing-SFR model, a dotted line to the
5-Gyr continuous-SFR model, and a dashed line to the 1-Gyr-burst red-disc model. (Mass-to-light ratios are in
decimal logarithm).

redshifts.) When this contamination is bypassed by directly relating disc mass-to-light ratios to
colours we conclude (see Fig. 8) that:

(i) Stellar-evolution models are able, at least as a first approximation, to describe 10 Gyr of
disc evolution and explain the observed colours of galactic discs.

(ii) The best agreement on the zero-point value between theoretical models and observations
is for Hy~75km s~! Mpc~!. However, at this stage, higher and lower values for H, cannot be ruled
out.

(iii) A number of galaxies seem to undergo a burst phase. The strengths of such bursts indicate
a correlation with colours suggestive of a LT 1-Gyr-burst red-disc model.

All these results, although requiring a much larger sample for confirmation, are of crucial
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importance to investigating the problems of galaxy luminosity evolution, number counts and
searches for primeval galaxies.

The above conclusions are concerned with the qualitative comparison between theory and
observation. However, we think that, once any halo contribution is eliminated, it is also possible
to undertake a quantitative study of the luminosity evolution of galaxies, in terms of their stellar
content. Obviously this project would require more objects in different bands and flexible
evolutionary models in order to be able to obtain quantitatively useful results.

6 Discussion

At this point it seems appropriate to discuss the results so far obtained and the merits of the
method used.

First, we discuss the maximum-disc hypothesis (MDH). Such a hypothesis assumes that in the
inner regions of a galaxy dynamics are dominated by disc matter (Carignan & Freeman 1985; van
Albada & Sancisi 1986; Kent 1986). Then, via an assumed halo-density distribution (usually a
pseudo-isothermal distribution with central density and core radius as free parameters), the basic
halo properties and the disc .# /L ratio are worked out by fitting the difference between the
observed rotation curve and the curve generated by the visible matter (usually an exponential thin
disc).

In spite of its promising simplicity, however, several arguments indicate that the application of
MDH requires caution, and that its results should be considered as a constraint to the maximum
allowed value for the disc mass-to-light ratio rather than a working procedure for dark versus
visible mass decomposition. In fact:

(i) Even if we assume that the dark mass is negligible in the innermost regions of galaxies, in
many cases the bulge mass is not negligible there. In principle it is possible to account for the bulge
mass by means of a bulge-mass model derived from the luminosity distribution with the value of
(A [ L)y as a free parameter. Nevertheless this approach seems to bring unnecessary com-
plications, which arise from the inappropriate comparison of dynamical versus visible masses in
the inner regions of galaxies rather than at the limit of the optical disc. In fact, some difficulties are
immediately apparent when MDH is applied to a large sample of galaxies (Kent 1986; most of the
37 galaxies studied in that paper also belong to the sample used in the present work): in a few cases
non-physical solutions are found, in several (12) other cases the disc mass-to-light ratios exceed
(even by a factor of 5) the respective bulge mass-to-light ratios, implying a large amount of disc
dark (unseen) matter.

(i) Let us now consider faint spirals (approximately 40 per cent of the galaxies in Table 1).
Since a dramatic discrepancy between the respective typical profiles of observed and disc-
generated rotation curves is already apparent in the galaxies’ innermost regions (see Section 2),
the hypothesis that the amount of dark matter is negligible there can hardly be maintained for
those systems. ‘

Moreover, we emphasize that our method for deriving halo and disc properties is not biased
against MDH at all. Our method is completely transparent to MDH so that MDH can be
effectively tested by our procedure.

According to our results, MDH might be considered as a working hypothesis for luminous,
large galaxies, because the fractional amount of dark matter within the optical size is relatively
small in those systems. On the contrary, our results are strongly opposed to MDH in the case of
faint, small galaxies, whose dynamics are actually found to be halo-dominated. We think that in
the case of faint galaxies (Mp>—20) MDH sets only a limit to the maximum disc mass which is
dynamically allowed.
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There are several independent arguments that support our picture:

(i) Direct measurements of the flattening of the equipotential surfaces in three polar-ring SO
galaxies at R~0.6 R,s (i.e. ~2 length scales) show that even in the inner regions a dark spherical
halo is found to be the dominant mass component (Whitmore et al. 1987). Moreover, if the
visible-to-dark mass ratio is inferred by means of the scale-free gravitational potential of Monet et
al. (1981), we also quantitatively agree with their results, f=0.1 for galaxies of luminosity
Mp=-20.

(ii) Evidence that faint galaxies are dynamically dominated by haloes comes also from the
other branch of the Hubble sequence. Compte (1984), analysing a sample of irregular and
Magellanic-like galaxies, finds that most of them are halo-dominated (8=0.1).

(iii) Here we discuss again the results of our analysis of the infrared version of the TF
correlation. This luminosity versus maximum circular velocity relation shows the interesting
feature that its slope is steeper for low-luminosity galaxies. Such a steepening systematically
decreases towards higher luminosities and only asymptotically approaches the value 10 for high-
luminosity objects. This feature fits perfectly into our picture. According to the results of our
method, only very luminous galaxies contain an actually negligible fraction of dark matter inside
their optical size, so that the TF slope of 10 is reached only at the very bright end of the luminosity
sequence. On the contrary, in fainter galaxies a larger fraction of the dynamical mass inside the
disc size is due to non-luminous matter, so that dimmer galaxies will actually be less luminous than
one might expect by extrapolating from the behaviour of brighter galaxies. Thus a steepening will
result in the TF relation at lower luminosities. The differential presence of dark matter,
therefore, will produce the actually observed curvature of the TF correlation. When the dark-
matter contribution is taken away from the maximum velocity, the effect disappears and conse-
quently the scatter drops by a factor of 2.

We conclude this section by discussing the possibility of a constant value of the visible-to-dark
mass ratio in all galaxies independently of their properties. This possibility has been explicitly
claimed or has been often used as a working hypothesis (for example in theories of galaxy
formation which assume that the formation of spirals can be understood by studying the forma-
tion of a ‘typical’ spiral), so that a careful discussion of this point is appropriate.

We have found (see Section 5) a large systematic change of the dynamical importance of dark
matter along the luminosity sequence, which rules out the case that spiral galaxies may have the
same dark-mass fraction within the optical disc. Two further immediate objects stand against such
a case:

(i) Let us consider galaxies of the same Hubble type (for example Sc galaxies in order to also
avoid problems connected with the bulge component). All galaxies have the same disc mass
distribution . 4.(R/Rp)~[1—(1+R/Rp) exp (—R/Rp)] (in radial units of Rp). However, the
profiles of rotation curves show that the total mass distribution ~V?R changes dramatically from
galaxy to galaxy. For example, in NGC 801 it is .# 4,n(R/Rp)~R/Rp, while in NGC 4605 it is
A 4yo(R/Rp)~(1+R/Rp)*R/Rp). Such a discrepancy could be explained only in terms of sub-
stantial differences in the dark-matter mass distribution. Moreover, since we can exclude that
large galaxies like NGC 801 are halo-dominated (see Fig. 1), we are forced to the conclusion that
such differences in the density distribution of total matter imply substantial differences in the
fractional amount of dark matter.

(ii) If the dark-mass fraction inside R,s were approximately constant among galaxies, the
knowledge of the whole velocity fields would not improve the luminosity—kinematics relation but
would simply shift its zero-point. Therefore, the case that we have been able to build up, on a
totally empirical and model-independent basis, a substantially improved luminosity—kinematics
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relation by using the whole information of the circular velocity fields (Paper I), strongly indicates
a systematic, differential importance of the presence of the dark component.

The above arguments, therefore, call for disc-formation theories in which the present frac-
tional amount of dark matter, frozen in the shape of rotation curves, is a quantity crucial to
describing both the present structure and the past dynamical evolution of spiral galaxies (e.g. see
Davis et al. 1985).

7 Conclusions

In this paper we have worked out some physically relevant properties of spiral galaxies in order to
obtain a more detailed knowledge of their structural properties. We tackled this fundamental
problem by using the following strategy:

(i) We are interested in very general, basic, recurring properties of spirals, hence we neglected
any occasional, peculiar feature.

(i) We do not work out integral properties as a by-product of an analysis which strongly relies
on unknown properties of dark matter or on quantities which are supposedly little connected with
the mass-discrepancy problem. Rather, we develop a method whose aim is precisely to obtain the
integral properties of galaxies from the directly observed ones. Our method provides no informa-
tion on local properties of dark matter.

To this purpose, we used all suitable published data (43 galaxies with both good photometry
and rotation curves) to build up a sample which encompasses galaxies ranging through 4-5 mag in
blue luminosity with available velocity fields and exponential-disc length-scales. Then we worked
out the respective halo-to-disc mass ratios inside the optical discs as a function of the logarithmic
gradients of visible, total and dark matter. The latter dependence proved weak, so that, within a
reasonably small uncertainty, we have been able to decompose the disc and halo masses from the
dynamical mass G™'V}R,s in each galaxy of the sample.

The values we find show the ubiquitous presence of dark matter in each galaxy. In fact, there is
a critical radius R¢ such that for R>R_ the observed mass distributions of total and visible matter
strongly imply the presence of dark matter (i.e. of an unseen component with a density distribu-
tion decreasing less than R~2).

The ratio between visible and dark masses at the optical edge R,s varies according to the
galaxy’s luminosity. The luminosity sequence actually turns out to be a dark-to-visible mass-ratio
sequence. Faint galaxies are halo-dominated even in the disc regions (A s/ A 1210~0.2), while
the disc dominates the optical dynamics of bright galaxies (A g/ A q0~4).

This result leads us to explain the Tully-Fisher correlation as connected with the condition for
centrifugal equilibrium of a self-gravitating exponential thin disc embedded in a spherical halo.
The presence of dark matter does not destroy the kinematics—luminosity relation which holds for
visible matter, because its fractional amount is modulated by luminosity. Then, the Tully~Fisher
correlation is theoretically justified, provided that an additional parameter is introduced, i.e. the
mean slope of the rotation curve or a predicted function of luminosity. Such an additional
parameter physically acts as a tool to remove the dark-matter contribution from the maximum
circular velocity.

By analysing our sample and the IR sample of galaxies by Aaronson et al. (1982), we have
shown that the theoretically suggested luminosity-kinematics relation is a significant improve-
ment over the conventional Tully-Fisher correlation. Such a relation, unlike the TF, spans
through 7 mag with no change of slope. Moreover its scatter is remarkably small (6=0.53 mag for
our sample and 0.36 mag for the Aaronson ef al. sample) and considerably reduced compared
with the TF (by Ao=0.27 and 0.34 mag respectively).
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By the knowledge of disc masses (decomposed from dynamical masses) and of colours we are
able to compare the ‘observed’ (.#4 /Lp)q,.—(B—-V) relation with the stellar-evolution models’
predictions. We find that the ‘observed’ (.4 /Lj)q;. ratios are able to explain the observed
colours of spiral galaxies in a scenario involving continuous star formation for ~10 Gyr and
Hy~75kms ! Mpc~L.

We would like to conclude this paper by outlining an observational program which in our
opinion would be extremely useful and clarifying.

(i) Faint galaxies seems to be very interesting objects. Their dynamics is completely dominated
by their dark haloes, so that it may be possible to investigate also some local properties of halo
matter. Unfortunately, there are very few non-local objects in the magnitude range —17=M =20
with measured rotation curves. Therefore, we suggest that it would be of considerable interest to
focus observations on low-luminosity normal spiral galaxies.

(if) Quite surprisingly, for a sizeable fraction of galaxies with high-quality extended rotation
curves there is no colour-fledged photometry. In particular, the (B-V), (B~I) and (U-B) colours
are available for about 65, 30 and 30 per cent of the galaxies of our sample respectively.
Multicolour information is even scarcer (<20 per cent of galaxies with observed kinematics have
UBVRI colours) and consequently even more badly needed, in that it can provide a potentially
crucial help to understand the dynamical and stellar-population evolution of spiral galaxies.
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