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GENERAL INTRODUCTION




At the present, in trying to understand the Universe, spiral
galaxies are one of the most exciting research fields, both for
astronomers and theoretical physicists. In fact, they are the
final product of the process that from an homogeneous medium
develops +the very amall inhomogeneities present, whish in  turn
form bound systems of 10°-10"? solar masses. On the other side,
spirals are real laboratories in which unknown particles J{or
unknown objects> have been largely and unequivocably detected.
Moreover a spiral galaxy is the place where stars form and are

organized and displayed in beautiful patterns.

Even a simple inspection of - the observational scenario
undoubtedly calls for new physics and/or new astrophysics to a
large extent. It is important to realize +that this happens in
galaxies of very different integral properties U(masses range from
10° to 10'° solar masses> and optical appearances (n any Hubble
type from S0 to Sdmd> and independently of individual peculiarities

such as bars, companions, strong bulges, hydrogen content

deficiency, starbusts.

Nevertheless, despite this overwhelming evidence a
satisfactory theoretical scenaric have not been developed yet. In
particular many crucial questions, raised both by observations and
theoretical investigations, still demand a univoque and
quantitative answer:
1> I=s the dark matter, surely present in many galaxies, present
in all galaxies 7
22 Is the dark matter dynamically relevant within the optical
disk 7
3> What. is the Nature of dark matter 7
4> What. were the properties of the dark proto-halo 7
5> How is the disk formed 7

6> How hag wvigible matter acquired its angular momentum. 7

7> Why dark matter seems to. couple with visible matter in




driving integral properties of galaxies 7

8> Where does the Hubble sequence comes from 7

I want to stress that these questions basically reflect our
ignorance on what the integral and local properties of spiraﬂ

galaxies are rather than on where they come from.

In fact, if we look carefully at the present status, both
observational and theoretical of late stages of galaxy formation
and present structure, we realize that, although some physical
processes still need to be understood and more observations would
be welcomed, the more serious problems come from the fact that we
have not the model of a spiral galaxy nor those of a proto-halo on
which to study the physics of processes and by means of which

interpret observations in order to draw the underlying physics.

I would like to point out that this is not surprising: in
fact, actually in spiral galaxies we do not see what iz known and
we do know what is seen.

On the other hand we have a lot of empirical correlations
linking each other, practically any observable galaxy property,
and whose physical meaning often is not very clear. Nevertheless,
I feel that this is a very important point that is disregarded in
the literature: theories should pay more attention to the present
status of galaxies that is much more complex with respect to the
idealized one and involves a large range in their integral
properties such as some amazing regularity found in very different

galaxies.

So, the aim of this thesis is to build up a working model,
derive from the observational quantities the physically relevant

ones and understand how the new astro(physics? works in galaxies.

In order +to reach this goal it is very ocrucial to use a
suitable strategy in dealing with observations and t.heory; In
detail:
1> 1 fix on general properties and on recurring unexplained facts.

2> I work out a model-independent investigation in order to
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organize the observable properties of galaxies and build up a
phenomenclogical scenario for spirals.

3> Therefore, the physically relevant properties are obtained by
matching a minimal assumptions model with this model-independent

scenario.

So, 1 neglect any occasional peculiarity, and investigate

quantitatively individual differences of general features.

After 1 have discussed the motivations and purposes of this
Thesis, I explain how it is organized.

In the first Chapter 1 draw a phenomelogical scenaric for
spirals: much information on local and global properties is stored
in the rotation curves and can be recovered by realizing that
individual differences of total Cdark + vigible> integral

quantities are imprinted on the profiles of rotation curves.

Moreover, some recurrent feature involved with the slope of
rotation curves show phenomenologically the existence of a
connection between the dark component and the visible one. Taking
into account this 1 can give a phenomenclogical support to the
empirical relations (i.e. Tully-Fisher relations? found in

spirals.

Quite a lot of theoretical effort has been done towards
alternatives to dark matter involving modifications of Newtonian
gravity law. From the results of the previous Chapter, we find
that. these theories are easily testable by comparing their
predictions with the developed observational scenario. Therefore,
we think that it is worthwhile, before proceeding further in the
dark matter scenario, to investigate how realistic is the
possibility that such modifications of fundamental rhysical laws
originate the mass discrepancies we observe in spirals. Then, in
Chapter 2 1 show that, although we cannot exclude a priori any
alternative to dark matter, nevertheless the proposed

modifications are very far from fitting observations.
In the chapter 3 halo .and disk fundamental integral
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properties are worked out: firstwhole I follow = model-—indepéndent
approach to them able to describe phenomenologically the link
between the observable quantities with the physically relevant
ones. Then, the minimal assumptions model that I am going to use
is carefully analyzed and checked. Finally, by means of a method
that minimize the effects of our poor knowledge of local
properties of dark halos and by using the whole observational
gcenaric developed in the first Chapter ,the integral properties
for disks and halos are worked out. These are in perfect agreement
with those obtained by an empirical, but model independent.,

approach.

We want to explain how the 3 appendices are conceived in the
structure of this work: they are not the detailed proof of some
partial and auxiliary result but instead they are used to show
results whose importance even exceeds that which might be inferred
by the role that they have throughout this work. In fact, in
Appendix 1 we phenomenologically show in detail that with respect
to many aspects relevant to the axisymmetric structure so as the
non-axysimmetric one, spirals form an one-parameter sequence , in
appendix B links between axisymmetric structure and spiral
structure are found out; in Appendix € we discuss how to obtain
the circular velocity from the observational data and we give

examples of serious troubles arising from incorrect methods.




CHAPTER 1

THE INFORMATION ON LARGE-SCALE PROPERTIES OF SPIRAL GALAXIES
STORED IN THEIR KINEMATICS




INTRODUCTION

The rotation curves of spiral provide good evidence for the
presence of large amounts of unseen {darkd matter. (Faber and
Gallagher, 1979; Rubin, Ford, Thonnard 1980; 1982; 1986;
Chincarini and de Sousa, 1985 Burstein and Rubin, 19846; Carignan
and Freeman, 1986 ; van Albada and Sancisi, 1986, in the next

Chapter we address quantitatively this topic).

In agreement with the generally accepted scenario of galaxy
formation , observational data indicate that baryonic matter is
mostly situated within a thin disk which is surrounded by a dark
halo. Nevertheless, rotation curves do not show any kinematical
trace of the individual dark and vieible components. Moreover, the
transition =zone between a disk-dominated and a halo-dominated
region, which is naturally expected in this two-component model
seems to have been smoothed out. It is reasonable to believe that
in the late stages of the collapse some mass and angular momentum
redistribution occurred which destroyed the relevant features in
the rotation curvés (probably via non axi-symmetric perturbations

(Sciama, 1984> D.

It is important to realize that spiral galaxies span over two
order of magnitudes in their integral properties and greatly
differ in the development of spiral structure, but nevertheless
the individuality of each galaxy in not manifested by some gross
difference in their circular velocity fields. A question then
arises: to what extent do the observed rotation curves, which are
devoided of any striking features, carry information on the

integral properties of spiral galaxies ?

The aim of this Chapter is to show the the amount of
information which can be obtained from the kinematics can be

enlarged by a deep investigationi_cf the circular velocity fields



and their gradients. To this purpose it is useful to study the
quantity V=ow- R » where QCR) is the angular velocity and
&(R)> is the epicyclic frequency. This quantity essentially
"represents" the gradients of the circular velocity WR> = O/R and

of many local quantities (see Appendix AD.

v ‘turns out to be practically constant out to large radii
even for galaxies with steep rotation curves, being its radial
variation, typically 5-10 times smaller than those of the circular
velocity (Note that this property of spiral galaxies might remind
us of Lindblad’s old suggestion (Lindblad, 1956> that the quantity
QL = O - x/2 is constant in our Galaxy and as such it plays a
crucial role in the formation of spiral structures. In this

Chapter, however, We shall study the phenomenclogical large-scale

importance of the distance-independent quantity V = QL R 2.

In addition, V is strongly connected with the prominence of
spiral structure (see Appendix B> and with local and large =scale
properties. This arises from the fact that the range of circular
velocity among galaxy iz much smaller than the range of circular

velocity gradients.

The main sample of galaxies which we have used to investigate
this connection, hereafter sample A, comes from Rubin et. al.
1982, 1984>; moreover, the results found for sample A have bheen
checked in a bigger sample, hereafter Sample B, which contains
virtually all the extended high quality rotation curves which are

readily available in the literature.

The resulls of this Chapter suggest the the gradient of the
circular velocity dor equivalently VW is a model-independent. basic
quantity suitable for extending our knowledge of spiral galaxies.
In fact V is found to be the most relevant quantity in describing
many individual aspects of the theoretical framework pertinent. to
spiral galaxies and can be used to throw light on the
luminosity~ kinematics coupling through Tully-Fisher-like rslations
linking V to absolute magnitudes and optical sizes.



The plan of this chapter iz the following: in section I , we
demonstrate the constancy of v ; in section II , we propose V oas a
good indicator of galactic magnitudes and sizes; in section I1I R
we analyze the previous results and work out a simple regularity
shared by kinematical bisymmetric perturbations in all the spiral

galaxies in our sample.

I THE CONSTANCY OF V

Let @(R> be the axisymmetric gravitational potential in the
plane of the galaxy disk, so

V2 = R desdr CI1>

gives the circular velocity. We define

V=w- 22K L2

where 2(R> is the epicyclic frequency, given by:

#° = R™? dsdr V2R L3

To obtain the circular velocity V from the observational data
Vobs we are forced to take into account (=ee appendix C€> the
general property of spiral galaxies the the gradient. of the
circular velocity does not vary on a scale large than the interarm
spacing, ie. V(R> varies on a linear scale <(Rubin et. al. 1980,
1982, 1985> . Thus, by means of a linear least square fit we get:

VR = V. + V ((R/R_D R 2R 4>
Q i 25 B

where VO and Vi are the coefficients of the fit (Table 1D, RE iz

the smallest radius from which. 'dl;it,w‘ards the rotation curves takes



a linear behaviour and R25 iz the 25 mag arsec © contour. E_'B is
easily found in all galaxies, t.ypically R /R £ 04-0.3 . Then
from dL1.2> - d.4> we compute VR for . t.he galames of the =ample:
the radial variations I found are always very small (a few percent

at the most, see figure 1.

It. is important. make us sure that neither the constancy of v
nor its value depend upon any reasonable choice of R : the maximum
variations of the value of V with R are always small 1028 - 202>
and its constancy it is independent of RB. Nevertheless, in a few
galaxies of the sample the presence of quit. strong non-circular
motions cause some uncertainties in deriving the values of the
velocity gradient. and therefore in the value of V: an extreme case
ls NGC 1357 for which the data are unable to give the large scale
behaviour of circular velocity and therefore was left out of
sample A.

" We can easily realize that the radial variation of V¥ are
remarkably smaller than those of the circula:p velocity regardless
of the slope of this latter: in fact by setting x = Vi/v0 » S0
that ddlog V./dlog R)25=x/(1 + % (with typically 02 = x £ 1 3,

we have:

| VA | = a - v2™ A+ 0 1 - 1720 a0y 1|

€I.5>
where ] AV AV I iz the percentage variation of V aver the whole
disk. From <I.5> we have that 'Ncﬁ/\f | is very small even for
steep rotation curves: | dv AV |x_1 < 041 and | AV AV Cavovd | is

typically ~ 0.1 .

As an interesting consequence of (I5) we have Q x 1/R
This implies that the widely accepted constanacy of t.hls quantity
(see e.g. Dekker, 1977; Bertin, 1981; Fridman and Polyachencko,
- 1984; Athanassoula, 1985> is not observationally supported being
large its variation along the whole disk:

‘ C QL(RB)—QL(st) }/QL(st?m = --(RZS/RB - 12 ~ 2-5 |




To conclude this section we wish to stress that the constancy
of V <(or equivalently the constvancy of the gradient. of the
circular velocity over a large portion of the stellar disk>
reflects the fact that spiral galaxies do not show in the rotation
curves any transition between a disk-dominated and a
halo~dominated region. Thus the spherical distribution of dark
matter seems to be related to +the disk distribution of visible
matter in that both act in agreement. to make V constant over the

whole disk in galaxies of very different scale properties d{mass

and sized.

II. V AS AN INDICATOR OF LUMINOSITIES AND SIZES

The coupling between kinematics and luminosity for galaxies
has been widely expressed in terms of relations between a
reference velocity and blue dJdnfrared?> magnitude <({or isophotal
radius> (Tully and Fisher, 1977; Aaronson et. al. 1979; see also
Richter and Huchtmeier, 1984 and references therein ; the whole
sample A is widely studied in Rubin et. al, 1985: this is why we
keep 1in this sample a few galavxies whose rotation curve is not
sufficiently extended>. These empirical relations, in addition to
giving a promising method of obtaining the Hubble constant and the
shape of our supercluster , enable one to compare the distribution
of luminosities with the distribution of masses in galaxies of

very different integral properties and Hubble types.

Nevertheless , the Tully-Fisher relation hereafter TF> gives
rizse to a number of unsolved problems: 1> a fairly large
intrinsic scatter, (2> a troublesome Hubble-type dependence of the
zero-point. and above all (3> no physical explanation of their
origin beyond the very general idea that both Iluminosity and

circular velocity might be different "measures" of the same mass.

In this context we think that it is worthwhile to bring the

circular velocity gradient (or equivalently V> into the discussion
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so that we may explore the luminosity/kinematics coupling from a
different point of view. Accordingly, in this section we search
for empirical relations between V and the integral quantities such
as luminosity and isophotal radius. In doing so we are encouraged
by the three following facts:

a> v "governs" many important local quantities in particular the
effective total density (see Appendix AD>

b> V has a unique value throughout the disk, so that one avoids
the problem of choosing the best refereﬁce value.

ad V in addition to being in each galaxy sensitive to the
gradient. of the circular velocity, turns out a “measure” » in
statistical sense, of the circular velocity. In fact, we find a
strong connection between V and any reference velocity. For sample

A we have:

log V = - 2.6203> + 1.8+0.1> log VM CL.7>
42 Sb-Sc r = (.89

with VM the maximum circular velocity and r the correlation
parameter of the linear regression. Equation 7> is the
quantitative counterpart of the observational evidence that
smaller galaxies tend to have steeper rotation curves (Rubin
et.al.,, 1980>: smaller galaxies have smaller circular velocities
and then from (L.7> , lower values of the ratio §/VM which in turn
imply (see {I.2> and 1.3> > higher gradients of circular

velocity.

For sample A, we obtain (see figures 2a, ZbD:

M = (-12711.6> - (5.130.9> log V
22 Sb r = 0.77 o = 0.62 mag
. 1.8

M = (-15.041.0> - €4.240.7) log ¥
20 Sc r = (.82 o = 0.64 mag

where MB iz the absolute blue magnitude, ¢ is the scatter and V is

. -1 o
expressed in km s .
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We shall now investigate the mutual statistical dependence
among the TF , the MB/$ , and the ?/VM relations. To this end we
use the Spearman rank correlation to test the null hypothesis that
each of these relations arises entirely from the other two. The
crucial quantity that is worked out by applying this test is the
significance level D of the /v relation , obtained after

XY ,Z
considering also the existence of the %z , and y/z relations.

The results of this test (see Table 2> indicate that:

a2 V is a new luminosity indicator in spite of the existence of
a tight v/VM relation, that is the Ma/t; relation does not depend
on the existence of TF relation.

b> The relation between circular velocity and its gradient turns
out the highest (empirical) relation found in spirals so that it
seems crucial to understand it do draw a satisfactory picture of
the present. structure of spiral galaxies. Note that this prelation
iz not absolutely expected in the disk~halo scenario: its

existence involves a strong connection between the dark component

and the visible one.

Upon a comparison in the same sample of I.8> with the TF
(Rubin et. al., 1985>, we note that the former seems to be less
dependent on the morphological type (see Table 3>. This is also
reflected by the fact that grouping together all the 42 galaxies
we still get a good correlation:

Upon a caﬁparison in the same sample of (18> with the TF
(Rubin et. al.,, 19852, we note that the former seems to be less
dependent. on the morphological type (see Table 3». This is also
reflected by the fact that grouping together all the 42 galaxies

we still get a good correlation:

M_ = (-15.610.8> - (3.630.5> log V 1.9
42 Sbh+Sc 1 = 0.74 o = 070 mag

Note that for Lhe same sample:
MH = (~1.2%2.6> - {88311 log VM CEA02

12



42 Sh+Sc r» = 0.68 o = 097 mag

and performing again the Spearman test we have:

D & o= 0.2

MV LV » Py gy =383 Dy = 59
B B M

VvV ,M
M B

Thus we are led to the conclusion that, at least for a
morphologically mixed sample, the MB/VM relation is induced by the

?/VM relation from the MB/?;’ one.

Although we found again the result (Rubin et. al., 1985> that
the luminosity- kinematics relation has a =zero-point dependent on
the Hubble type, nevertheless, when the velocity gradients are
taken into account , this morphological dependence is remarkably

reduced (see Table 3.

Sample A is not free from selection effects; for instance it
has been selectionated with the intention of spanning a range as
large as possible in integral galaxy properties UQuminosities,
radii>: this procedure gives too much statistical importance to
rare individuals; moreover other selective biases can be easily
worked out. Then, in order to enlarge the sample and
investigate/eliminate possible selection effects, we shall study a
bigger sample (hereafter Sample B> including sample A , without
NGC‘ 7217 reported in RC2 as a Sa and NGC 4800 whose inclination is
quite uncertain, and all Sb-Sc galaxies found in the literature
and having:
ad an extended rotation curve: Rf/R25 = 0% , with Rf t.he»
farthest radius with measured circular velocity.
b> radial corrected heliocentric motion > 1000 km &' to prevent
large pecullar velocity from affecting the determination of
distances. Unfortunately this threshold is rather low because of
the small number of suitable galaxies found at higher redshifts
c no large non-circular motions
a> low internal scatter for the measured rotational velocity at
a given galactocentric radius:

a2 for curves obtained from radic observations st/(beam sized >

2.
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We have found the galaxies NGC 4565, NGC 5383, NOGC 7331, NGC
5033, (Bosma, 1981>; NGC 1085 (Barabanov et al. » 1981>; NGOG 5426
(Blackman, 1982>; NGC 3992 (Gott.esman, 1984>; NGC 7339 (Kyazumov,
1980>; NGC 2336, NOC 52900, NGC 5905, 165, 1 1090, (van Moorsel,
1984>; NGC 2870, NGC 3526 (Karachenchev et al. » 19843; NGC 4254,
NGC 4654, (Chincarini and de Sousa, 19853; NGC 5673 (Morris et al.

» 19855, which meet. the requirements ad> - ed.

After their magnitudes and radii have been corrected
according to Rubin et al.(1982>, this enlarged sample, «~ 40 2 more
objects, can be used to rule ocut the possibility that selection
effects strongly bias the results obtained for zample A. In fact
sample B turns out to be statistically indistinguishable from

sample A (see also figure 3>

MH = (~15.230.7> - (3.9104> log v T11>
59 Sb+Sc r = 079 o = 0.60 mag

For this sample the scatter of TF relation is 0.73 mag; this
result shows that a considerable fraction of TF arises from
gradient effects, that is from differences of dengity distribution
and/or total amount of the dark matter along the luminosity
sequence or in galaxies having the same total mass. (note that at.
this point. we cannot discriminate between these two possibilities
without a model. However, we want anticipate that in next Chapter

we shall find that. the latter iz the actual one.)

Then, we can work out the explicit relation between the

isophotal radius st and V:

log R__= (-0.2970.41> + (0.9940.24> log V

20 Sh r = 070
1.12>

log st = (-0.2230.22> + 1.00+0.15> log l\:"
22 Sc r = (.88

where st is expressed in kpe.




Grouping together all Sb and Sc galaxies, we get for sample

log R25= 01020472 + 091015 log v (1.13>
40 Sb+Sa r© = 0.77 o = 0.62 mag

and for sample B (see figure 4>

log R25= 045201472 + W.92+0.1> log v (I.14>
22 Sb r = 077 o = 0.62 mag

A useful consequence of the tightness of the RZS/Q" relation
iz that we can obtain a good estimate of the typical effective
galactic density Poe= p(st) as defined in A1, in that P varies

among galaxies mainly as function of st:

log o = (-0.4%0.4> ~ (1.4%0.2> log )\7 X145
25
59 Sb+Sc r = 0.62

Then, smaller galaxies are the denser ones. It is important
to note that a relation analogous to Q.15> involving the circular
velocity is found to show a very poor correlation; this can be
explained by realizing that P,y depends mainly on the amount of
dark matter inside and its distribution at st » wWheresas VM welghs

the total mass inside st.

A crucial issue of the TF relations is their possible
band-~dependence: it iz well known that infrared magnitudes
represent the old disk population (responsible for most. of stellar
mass> better than blue magnitudes (Aaronson et al., 1979).
Nevertheless, a detailed comparison of the results obtained in
different bands needs a large statistical sample, so that the
relation found with the presently available data Ccollected in

Whitmore, 1984> should be considered as preliminary:

MH = (14.8+2.0> - (5.4+1.2> log v XA6>
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17 Shb r = 078 o = (.60 mag

M, = (-15.041.2> - (4.9%0.8> log ¥ 17>
19 Shb r = 083 o = 0.70 mag
M, = (-16130.9> - (4.7405> log V 118>

36 Sh+Sc r = 0.83 o = 0.67 mag

These relations. when compared to their analogous (1.8> and
(I.9> in the blue band, seems to indicate a lesser dependence on
the morphological type (see Table 3), well in agreement with the
fact that a fraction of the blue luminosity arises from components

whose importance varies along the Hubble sequence.

We can summarize the results of this section by =saving that
when “gradients effects" are taken into account.,, that is to
phenomenologically include possible differences in the dark
component. among galaxies which affect directly the profile of the
rotation curve, then we can both improve the TF relations and also
to link local properties of spiral galaxies to their integral

ones.

IIT A COMMON PROPERTY OF SPIRAL GALAXIES

An important. consequence of the st/'\\i relation is that the

frequency 51) = O - :}t/.?.f)R has practically the same value in all
' 25

galaxies in spite of the fact that their scale properties wvary by

two orders of magnitudes. In fact from (112> we have:

R xV x0 R 119>
25 D 2%

In addition to this general trend we obtain for sample B:

<B >=20+07 CL.20>



in wunits of km s—ikpcni, where the reported error is the 1-¢

uncertainty.

3’213 is a remarkable regularity and could provide hints and

constraints to theories aimed to explain the formation of the disk

and its acquisition of angular momentum.

Moreover, this regularity actually extends to any radius R >
Ra within the stellar disk. In fact, from d.2> and <I19> we

have:

{ QRAR_ > - »(R/R__D/2 } ~ 2 (R/R_ D! 21>
25 25 25

¢ kpcai.

where the units are km =

’ This resultt has an impact also on spiral structure theory: in
fact, in view of the physical meaning of © - #/2, that is the
angular velocity of the slowest bisymmetric perturbance (see

Toomre, 19773, expression (1.21> implies:

a> this frequency is practically the same at any R/st in each
galaxy.
b> accordingly to QSSS theory the frequency Qp at which the

spiral pattern rotates scales among spiral galaxies as st/RL

where R,L is the Inner Linblad Resonance.

We want. to stress that a> and b> are the realization of

(I.21> in some specific spiral structure scenaria, nevertheles=s it
iz important to note that this relation is a model-independent.
prbperty of’ spirals which constrains any theory of spiral
structure.

IV SUMMARY AND CONCLUSIONS
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In this Chapter we have shown that by taking into account the

presence of a gradient of the circular velocity field we can
significantly increase the amount of information on local and
global properties of spiral galaxies available from kinematics. In
fact by means of the “"eradient.” Y We found out two
luminosity/kinematics relations analogous to the TF ones but.
carrying smaller intrinsic scatter and significantly lesser
dependence on Hubble type: LB o V e s st x V.

Furthermore, as consequence of the tightness of these
relations we can obtain from the velocity field a good estimate of
the effective density p of a spiral galaxy: p =~ 2 1072

~ 4.4 -a 25 25
Wos0>™ M _spa.

These results indicate that circular velocity gradients (or
equivalently V should be profoundly involved in the scenario
describing the latest stages of galaxy formation and in the
present structure of galaxies as well. In fact, in spite of the
fact that spirals have two distinct mass components, their
integral properties form an one-parameter sequence being the slope

of the rotation curve the relevant parameter.

Furthermore, 12> processes tending to make rotation curves
flat. such as outward transport of angular momentum via
non-axisymmetric dynamical disturbances (Sciama, 19842, have a
harder task: they must force a constant V under very different
physical conditions for densities, masses and sizes 2D It. is
present a regularity shared by all spiral galaxies: the frequency
(Q(R25> - NCRZS)/Z) shows a strikingly small scatter among
galaxies whose scale in mass and in size vary by two orders of

magnitude.
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M v = 0779 Ty Vv = (552 DM Vv = 2.6
B B ' M B M
th-M v = 0.660 'M v ,{j = (.040 UM v ,V = 0.2
B M B M
ry oy = 0.820 Ty '\\f',M = 0.669 DV ifv,M = 3.4
M M B M B
MY = 0.820 Ty i:",V = 0.413 DM Vv = 1.8
B B M B M
Sa ™y = 0.811 Py ,fl’ = (J.365 DM v ﬁ = 15
B M B M B M
Ty ¥ = 0.858 Ty V.M = (0.576 DV V.M = 2.6
M M B M B
TABLE 1
Rank correlation coefficients, rxy is the  Spearman

correlation coefficient between the variables x and Y, T . is
. v,
the partial rank correlation with respect. to variable =, and D
XY ,Z

is the significance level of this partial correlation.
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Y v A(MB—% ACTFBY A(Mﬁ-% ACTFHD

150 20.7 11 1.1 , 04 0.3

200 34.7 0.9 1.2 0.3 0.6

250 52.0 0.7 1.4 0.2 0.9
TABLE 2

Differences in magnitudes for galaxies with the same qcircular
velocity st ,and same V obtained from (1.2>, but belonging to
different morphological types, Sc¢ and Sb respectively. In columnes
3> - (6> are shown differences in magnitudes found in TF relation
and in the analogous involving v arising by considering a galaxy
as a Sc or a Sb. We considered both blue (B> and infrared
magnitudes (HD.

N 20 -




FIGURE CAPTIONS

Fig. 1 ¥V asz function of radius for typical galaxies belonging

to sample A.

Fig. 2 Correlation between the absclute blue magnitude MB and

V for the 22 Sb galaxies (top> and the 2U Sc galaxies

(botbom? of Lhe sample A

Fig. 3 Correlation between the absolute blue magnitude Ma and
¥V for sample B Ctopd.

Fig. 4 Gorrelation between the isophotal radius st and V for

sample B (bottom>
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APPENDIX A

In this appendix we show some examples of how V is naturally
and usefully involved in the theoretical background of spiral
galaxies, basically because the range of values of V along the
luminosity sequence is several times larger those of the circular
velocity. Let us recall that v iz always constant over the whole
disk outside the bulge, while the circular velocity can have

moderate but significant increase.
I AXISYMMETRIC FRAMEWORK

a2 in the external parts of the stellar disk, for which at =z
given radius R the amount of matter which resides in the disk
exterior to R is negligible with respect. to the total disk mass,
i.e. according to the exponential thin disk model for R > 273 R

» & very good approximation for the total (disk + halo) mass M(R)

interior to R is: MR> ~ 2 107° y2 R with V expressed in km = % and

R in kpe. Then, the local total density pCR> = 1./¢4nR>> dM.dR

takes the form:
PR> = 18 107" VAR® { 3 - 8y + 4 | CA1>

where p is expressed in MO pc~9 and np = Vv .
b> epicyclic frequency x(R>

=200 -9 CAZD

c> Oort parameters ACR>, B(RY

A=0d1-a-
CAZ>

B=-0cd - n
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d> logarithmic gradient of angular velacity, circular veloaity,
specific angular momentum J, kinetic energy T, and of total mass M

» See (A1)

din O 2
Hmp—— =24 "> 1
CA4)>
dan__dan__ = _dln J = dln T = dln M
dInR™ " aIn kR T ' gmr T2 gy - 1 = Zdin R~ = 372
IT NON AXISYMMETRIC FRAMEWORK
a» ellipticity £ of the ellipsoid of the stellar velocity

dispersion in the approximation of negligible tangential forces

(see e.p. Freeman, 1975>. o = ¢y - Vo2V L Vo and v are the
R & R R 8

radial and tangential components of the circular velocity

£ = 7 CABD

b> frequency of kinematical bisymmetric disturbances O - a2 H
Q + w2

0 - 22 = VR Q+ w2 =2V - Vo R CA6>

ad winding parameter w = VR/(aeR) comparing epicyclic motions

with the radial one (see e.g. Bertin, 1980>:
W= V2V - Tt CATD

d> locations of the resonances. From the definition of
corotation, inner Lindblad resonance and outer Lindblad regonance
and by using 4> and t.he constancy of v we get:

vV

R=v—5v F R~ K
O i ¢ 25

CAB>

R =@V -Wav -v Rr >R
[a] [a] i ¢ 25 <

(o]

We want to stress that in most of applications we ean
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consider v as fairly independent of radius within a good
approximation and then substitute it in  A1)-CA8) with its

radially averaged value or its mean value My = 'V”/V(<R>).

Then, for each galaxy we can obtain the individual behaviour

of density and angular momentum:

PR = p (R/Rm)“z*s CA10>
with s = 4 (4 =% - 2 and:

- 1+p
J =1, (RR CA11D

2
with J25—V25R25 and p = 1 40+ 2.

Since galaxies differ mainly in the value of V rather than in
the wvalue of circular velocity, then we realize that the mass
distribution of dark matter is linked to the stellar disk angular

momentum distribution.
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APPENDIX B

This appendix is aimed at pointing out that Ve strongly
connected with many empirical aspects relevant to apiral
structure. It is well known that, as general tendency, galaxies
with rizsing rotation curves show a messy and filamentary arm
structure, whereas galaxies with flat rotation curves show a
global pattern (Whitmore, 1984>. By means of the quantity V we are
able t.(‘) quantify further this cbservational evidence:
1> We find a correlation between V and the quantity GL
introduced by Whitmore <1984> to describe the appearance of the
spiral structureGL ranges from 10 (poor spiral structure) to 30
(prominent. spiral structured.ln fact., "the degree of globality" of
the spiral structure is found to increase accordingly to the value
of V: from table 11 we can see that well-developed patterns are
found in galaxies with high values of V cand from <1.13> large
sizes>, whereas messy spiral structures are found in galaxies with
low values of V Cand small sizes).

22 We found that none of 10 galaxies of sample A having n < 1/8
has a prominent spiral structure. Although we need a larger sample
to make a more decisive statement, this limiting value might,
indicate +Lhe inability of a spiral galaxy Lo develop a global
design if the steepness of its rotation curve exceeds a certain

dln V ;
an ' e 02
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GL V> N

10 2616 5

20 4315 18

30 604 13
TABLE 3

Averaged values of V and their 1 o scatter for the N galaxies
belonging to sample A and having the same appearence of tLheir

spiral structure (same value of the index GL>
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APPENDIX <

This Appendix is aimed to show that a linear fit to the
observed rotation curves not only is very reasonable given the
form of their profiles, but also necessary in order to prevent
that. non-circular motions strongly affect the determination of the

large scale gradient of the circular velocity.

In order to infer the circular velocity from the observed
rotational velocity, several method have been developed since the
sixties; most of them are involved with the f ollowing prejudices:
1> rotation cqurves have a Keplerian fall-off SYRD o R_i/z, at
large galactocentrinc radii. (V is the circular velocity>
2> The greater the number of of parameters of the fitting

functions, the more information we "extract” from the obhservations.

We shall show the 1> and 2> are so closely connected that. the
realization of the flatness of rotation curves puts high

pelynomial fits out.

In order to give an illustrative example we assume that. the
non-circular motions are due to the spiral gravitational potential
which superposes a sinuisoidal perturbation <+~ 10 2> on the

axisymmetric one.

Then,

th= Vo (R/Ra)f(i + 2 =in (RAAD D a1
where f describe the large scale behaviour of the circular
velocity; £ is the fractional amplitude of the spiral perturbation
and X is the radial length. A simple inspection of rotation cupves
gives:

st/}\ =n ~ 3-8, £ ~ 01 , f = 0-03 aaz2>
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Then, by means of a high polynomial fit
V. = yVR" ccad
Frr = LY
with k » 1, we recover V by fitting V  with <C3D.
rot obs
Let IAV/VI be the observational error , typically ~ 1072 and

lR/V A(dV/dR}l the propagated error in the gradient of the

rotational velocities. Then, from (23 we have:(r = R/st)

z 2
F{f-13[1+¢ sin ntl+2n7tf cos nr-n" 7v°sin nrt
|RY ACAV/dRY | ~|AV/VI ' fli+s sin nrl+tnrte cos nt

nre dos nv l 4>

- A T T
1+ =in nT

atop the maxima nr = r/2 , =o:

2 2
RV AaV/dR>| = |avov| |f(f"1;§:z;"“ T - 1| op

then, |R/V ACdV/dR)| ~ n° ' |AV¥| ~ 1 with typical

max
values for n and f.

Thus, though high polynomial fits ocan draw Vrot very well,
nevertheless they are not able to give the gradient of the
circular velocity, being det/dR strongly affected by
observational error. This is because both rotation curves are flat
and the perturbative velocity field has a short scale oscillating
behaviour. It must be said that if we assume a Keplerian fall-off

for the circular rotation curve, f ~ 05, this effect would not so

serious.

We note that. the crucial term in (3> would not be in a linear
. fit.,, being proportional to dZVFIT, which on the other hand, does

not account for the perturbative component. in the rotational

velocity.

Therefore, we use the following procedure:

1> VWe assume:
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Voba(R) = Y(R) + VP(P.) Cs>
with Vp « V and VP(R) at. least roughly periodical.
2> We linearly fit Vobs . Then, we see from 1> that perturbative
velocity does not affect the coefficients of the fits VO ,Vi.

3> The perturbative velocity can be then cobtained:
VIR =V R> -V -V R/R a7
P obs [e] i 25

In figure é, VP is plotted, we see that. our assumption is

confirmed: VP does not show any large scale feature, being usually

the imprint of a spiral gravitational perturbative potential.
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FIGURE 5

Non—-circular velocity component, for some representative
galaxies. The radial behaviour of Vp shown 1s the typical of all

galaxies belonging to any our sample.
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CHAPTER 2

GALAXY KINEMATICS AND GRAVITATION
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I INTRODUCTION

Theoretical rotation curves for spiral galaxies, obtained by
considering the luminous <(baryoniad matter distribution strongly
disagree with the observational ones which show non-decreasing,
and even increasing gradients of circular velocity in the range
10-100 kpc. Then, by comparing dynamical densities <and total
masses) with visible densities d(and disk masses), two relevant

questions immediately arise:

1> What is the "nature" of the matter detected only
gravitationally 7

2> Why are visible and dark matter so strongly coupled ? This
coupling often referred to as "fine" tuning of parameters of the
visible and dark density distributions’ can also be usefully seen
in a model-independent way: the gradient of the circular velocity
turns out to be completely dominated by the dark matter (see
figure 63, nevertheless it correlates with  disk properties
(luminosity and size) better than typical disk velocities (Chapter

1 , Persic and Salucci, 19862.

Several explanations have been proposed to account for 1> and
2> , the most popular being the presence of non-baryonic cold dark
matter (axions, photinces, gravitinces > clustering on galactic
scales and surrounding the luminous disk. In this scenario
question 2> is currently under investigation: the coupling is
understood as a feedback effect on the dark haloc by the
digssipative infall of baryonic matter in its potential well

(Blumenthal et al., 198&>.

An alternative approach to answering 1> and 2> is to
construct rotation curves using only the observed matter
distribution but modifying Newtonian gravity law on galactic
length scales in order to reproduce dynamical densities. Such a
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modification is hoped to be the phenomenclogical manifestation on
galactic sizes <(and in the non-relativistic regime? of some (newd
physical process in which gravitation is involved as partner of
elementary particles fields d.e. in strings, supergravity, and

quantum gravity theories).

Nevertheless one thing should be made clear: any modification
of gravitation law is ¢(has to bed, by far, more testable than a
modification, within the framework of Newtonian gravity, of the
theoretical scenaric. So any gravitation theory which accounts for
the rotation curve profiles with only the visible matter, must
automatically answer question 22> and "predict" the relations found

among galactic properties in the first Chapter.

The aim of this Chapter is to give a method of Lesting a
proposed explanation of the “flatness" of rotalion curves via a
modification of gravity law, in order to show the absolute need

for a deep preventive investigation of the whole observational

scenario .

IX THE FLAG MODIFICATION OF NEWTONIAN GRAVITY

One modification of the Newtonian law could arise naturally
in the context of unified field theories which include gravity.
Indeed, when attempting to include gravity in GUTS s due to the
larger wunification symmetry group, an additional massive gauge
boson can exist (Sherk, 1979>, giving rise to an extra matter
coupling with a potential of +the Yukawa form (for example in
supergravity theories where the additional gauge boson acquire its
mass via the super-Higgs mechanism, i.e. spontaneocus breaking of

supersymmetryd.

Appealing to this highly symmetric description of nature
Sanders (1984, 1986> has investigated a gravitation law containing

a repulsive Yukawa component. characterized by a coupling constant
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o and a length scale Ro. Then for a point mass M the potential is=:

G(n M —R/Ro
PR = — 1 + a e > CIL.1>
R

where Gco iz the gravitational constant measured at infinity and is
related to the local value Go by Go = Gm(i + o, Using the galany
NGC 3198 as a calibration, the parameters o , RO are fixed at o =
-0.92x0.01 , R0= 36 =+ 4)(H0/SD) kpe to give a good fit to that
rotation curve dusing only the visible matter distribution>. Then
we see that the extra component of gravity is indeed repulsive and
this modified gravity law is referred to as finite-length-scale
anti-gravity (FLAG>. Sanders then applied this FLAG potential to
five others spiral galawxies ranging in size from 5 kpe to 40 kpo
and produced flat rotation curves from a exponential thin disk

density surface with reasonable (M /7 L.)d,uillc values.

III THE OBSERVATIONAL SCENARIO

Although the flatness of +the circular velocity is a
remarkable feature of a quite large fraction of spiral galaxies on
the other hand we have that most of them show a constant positive

gradient. (Rubin et. al. 1980, 1982, 1985; table 4, figure 5D.

This observational evidence cannot be neglected, in fact a
lott of information on individual differences of large scale
properties is "stored” there: galaxies with steeper rotation
curves have lower values of the circular velocity, are smaller and
fainter too (irst Chapter >. In particular, how can be seen from
table 4, the maximum circular velocity (or equivalently V(R25> =
st' with R25 the 25 mag arsec ° contour> is found to be strongly

correlated with its gradient.

Again, an useful way to quantify this galaxy properties to
investigate it by means of the quantity V. 1t is important to

3¢




recall its model-independent. properties found in the first

chapter:
1> V is constant over the whole disk.
2> ¥ = Fev » (dV/dR 2 5> with IF7dV__« JFA/3CAVAARD .
. 25 25 z5 25
3> V is a distance-independent quantity found able to correlate
strongly with large~scale properties, such as radii and

magnitudes and with local ones such as effective densities.

Thus, for sample B dlet us recall that this sample contains
all Sb-Sc non-local galaxies found in the literature with

available rotation curve profiles) we have :

log V=-Q6 * 04> + (18 + 01> log st ar.z>

This tight relation brings forth one condition for the
effective potential @ of galaxies of very different masses and

sizes (recall that VZ = R d¢/dR > :

74 107°R,_dp/dRd> >+ 12 @ + R dprdR o dprdR>_ > = 4

C11.3>

It is important. to stress that. in the scenario involving a
stellar disk embedded in a dark halo, relation (II. 22,0
equivalently (II.3>, is an additional proof of the strong coupling
between dark and visible matter. In fact, since approximately
st(d¢~/dR)250< CMb+Mdark> and <R d2¢/dR )25 o ((pb-l- ‘Odqu) R -
BH(Mb-l-M dar 2> » baryonic and dark masses inside and densities at

k 2s
st s 'cooperate", in order to realize relation (II.3>.

On the contrary, in the FLAG scenario, due to the fact that
only the visible matter is claimed to account for the observed
kinematics ,we have that the modified @FLAG must satisfy dI1.3>
ags its intrinsic pererty. Therefore, according to Sanders we

have:

FLAQ R /R

aM. 7R [1 + o (4+R De 1
2% disk 25 25 .

<3
It
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XL.4>
] 1/2}

Then we propose to test the FLAG =scenaric by investigating if
sl

-R 7R
25 o]

FLAG 1 + ai+ R /R + (R /R >»%>e
25 [a) 25 [a]

it

=¥ {1-‘1/1’2 [1—
25

—st/no
1+ o (1+Rk /R De
25 0

S

(IL.4> agrees with the observational property V ?25 with n = 1.8
01 .

We think that, independently of any theoretical aoriticism
that can be raised against a modification of Newtonian gravity
(the FLAG has been critically reviewed from a theoretical point of

view by Sanders, 1986>, it is important to observationally test

gravity on a galactic =scale.

More specifically we ask: within the FLAG framework does a

sample of galaxies homogeneous to sample B satisfy (I1.3> 7

I¥Y THE TEST

To perform the test we randomly generated 50 Sb and 50 Sc
galaxies with the =ame absolute blue magnitude MB probability
distribution of sample B. (Table 5>

For each galaxy R25 is found from the relations ¢Rubin et

al. 1980, 1982, 1985>:

Sb log R._ = =42 - 0.26 M
25 B
(IL.5>

Sc log R = -3.6 - 023 M
25 B
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Then, from <(I1.4>, using <(JII15>, we find the slope k of the
log (V/M> /7 log V__sM> relation:

A, +
V/M cvzs/m"'?s“”'“ CIL.6>

Then n is found to be (recall that V. o M>» n = k + 2d - k>
= 1.285 +.03 . This slope turns out. t.o be statistically
inconsistent with the observed one (n = 18 + 04 > We car
qualitatively arrive at this conclusion too, gimply by noting that
according to the assumed potential, the smaller galaxies have a
smaller logarithmic gradient than the larger ones: this is the

exaally the contrary of the observations (Rubin 1980, 1982, 19846>.

Then we can state that, although the assumed potential, that
is a point mass with an additional Yukawa-like coupling is able to
reproduce some feature of rotation curves, nevertheless it is
unable to account for the more detailed properties of the +total

effective potential we observe in spirals.

¥ CONCLUSION

The <(rough?> constancy of rotation curves is only one of many
properties of the effective axi-symmetric potential we have to
deal with. In an orthodox framework such properties desaribe
phenomenoclogically the present structure of spirals and the late
stages of their formation; instead, in a non-orthodox scenario
involving modifications of Newtonian law, +this properties must

"trivially" and naturally turn out.

In particular, we applied this strategy to the Sanders
modification of Newtonian law: we find that the assumed potential
is insufficient to account f or the relevant observational evidence

that. smaller galaxies have 's{.éeper rotation curves. However, it
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important to note that the test performed here involves the
potential assumed, not the underlying scenario. More generally, We
suggest. that alternatives +to dark matter take the whole
observational scenario very seriously, We feel in fact that such a
strategy i=s able to spectacularly prove one of them or

straight.forwardly show their irrelevance.
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v

N < ¥ >25 &
100-150 iz 0.37 0.07
150-200 14 0.28 0.06
200-250 20 0.16 0.06
250~-300 13 0.14 0.05
. TABLE 3

Mean values of the logarithmic gradients at. st

for galaxies
whose maximum circular velocity is

in a range indicated in the

is the number of galavies of sample B found in
each range and ¢ is the 1~& scatter.

first ocolumn. N
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B
19~-20 0.07
20-21 0.22
21-22 0.32
22-23 0.34
4320 0.0Y

TABLE &

Probability p of detecting a galaxy of sample B in the

magnitude range indicated by the first column.
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CHAPTER 3

HALO AND DISK INTEGRAL PROPERTIES




I INTRODUCGTION

The shape of rotatlon curves la a strong Indlicator for the
presence of non-luminous matter even in the limit of optical disk.
{Faber and Gallagher, 1979; Rubin et al., 1980; 1982; 1985;
Carignan and Freeman, 1985; Chincarini and de Sousa, 1985).
Nevertheless, despite this overwhelming evidence, the visible/dark
matter decomposition in each galaxy iz still uncertain and
controversial {Burstein and Rubin, 19083; 1986; Carignan and
Freeman, 1285; Bahcall and Cas:eir-tano, 1985; Kent., 1986; van Albada
and Sancis:i, 1986>. In fact, even integral properties, as the
amount of dark matter inside the optical radius, turn out to be
very dependent on assumption made and on mass model used, so that
a =systematic study of the (derived> halo and disk properties seems

to be unreliable.

The difficulties in studying the late stages of galaxy
formation arise precisely from this lack of knowledge an
fundamental galavy properties. In fact, the formation of the
diskinvolves a dynamiczal coupling between the dissipative and the
collizionless components; this coupling leads 1o the present local
and integral properties through a process whose {mportant)
details depend both on the initial dynamical state of the
proto-haloes and on the “astrophysics” of the infall. Thus, the
spectrum of cosmological perturbations, the properties of
proto-haloes, the infall of baryonic matter and the present
structure of galaxies are so connected each other that cannot be

treated separately.

The aim of this work iz then to derive halo and disk
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properties in order to systematically study them in the light of
galaxy formation theories. Here the decisive improvement, which
enable us to obtain them, comes from the realization that many of
the individual basic properties of apirals are "imprinted"” on the
profiles of rotation curves de. on their gradients>. Thus, we
can successfully use this observational evidence in order to
overcome the difficulties present in any barvonic/dark matter
decomposition which ba=sically originate from the fact that we do
not know: a> how to ewxactly link the luminos=ity of the disk with

its mass b> how the dark matter is distributed inside the optical

radius.

The plane of this work is the following: in section 1III we
show the basic formalism developed to obtain disk/hale mass
ratios; the (simple and reasonabled assumptions made are
previously discussed and checked in section II. In section IV the
(derived2disk properties are investigated: then a theoretical
Justification for the Tully-Fisher relation i worked out;
moreover we are able to improve it by taking into account
systematic differences of the fraction of dark matter present
along the luminosity sequence. In section V¥V we discuss our resulis
in the light. of different dark visible mass decomposition
strategies. In section VI we investigate the halo properties under
the assumption M /M = 041 : the derived halo densities and

Lum tot
sizes provide us with the (autodcorrelation function £(RD.

The sample of galaxies (hereafter sample G we have used for
systematic investigation comprises all the (43> non-local Sa-Sc
galaxies for which both high-quality extended rotation curve and
good photometry are available (Data are in table 62 Local galaxies
are left‘ out. because their distances, and therefore any
distance-dependent. quantity, are quite uncertain. Of course this
problem still remains, although probably reduced, also for
galavies whose distance is derived from the redshift, nevertheless
this choice avoids the mixing of galaxies with distances obtained
from local calibrators with those with distances obtained from

redshifts.
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IT SPIRALS : FHOTOMETRY, ROTATION CURVES AND DARK MATTER

In this section we address t.he direct. observational
properties of spiral galaxies and the implications on structure
models. Since the detection of a darge> fraction of total matter
only by means of its gravitational interaction is a recurring
feature for spiral galaxies, then we fix on general properties

and neglect any cccasional or clearly unrelated characteristic.

a» The distribution of light.
Most of the galaxies are decomposed in two main luminous
componeﬁt.s (Freeman, 1970; Boroson 1981; Kent, 1984; 1986; van der
Kruit 1986; Simien and de Vaucouleurs 1988>: a very concentrated
bulge and a thin disk with exponential decrease of surface density
ICRS>:

-R/R
KR = 1 e L CIIL1>

with RD the exponential length scale. The bulge 18 usually lesz
luminous and more concentrated than the disk (Similen and de
Vaucouleurs, 128462 LB/ Ln = 7 for Sa and 1 for Sc RZS/RB =
8-16, where RB iz the effective bulge radius, and st is the 25
mag arsec ° gontour ; then bulge contribution +to equilibrium
structure is us=sually negligible for R =z 2 Rn .  This i=s
definitively proved by the fact that +the profiles of rotation
curves are found uncorrelated with the bulgerdisk ratio (Rubin et
al. 192863, Since, in agreement with a constant masss/light ratio,

disk colors do not show any substantial gradient, then we can

safely assume:

B {dgr/dR> = R (depsdRY = VZCR} CAIL.2>
Llum dis o

k

where ¢ iz the gravitational potential of all the luminous
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matter and Vi iz the circular velocity for the exponential thin

disk model.

b> Rotation curves. »
In the literature ~ 100 extended d{out +to st) optical rotation
curves are available: practically no show any large-scale

variation of its gradient (being in same case strictly zerod. Sa:

VR =V + V (RAR_D ' (I11.3>
o 1 25

for R = RB, where RB zre 04-0.2 st is the radius from which

onward V(R> takes a linear behavior.

A phenomenological model-independent. investigation of
properties of the circular velocity field along the luminosity
sequence has been carried out  in Persic and Salucaci (1986)> (see

alsc Chapter ID. The results are:

1> The total increase of the circular velocity outside the bulge
. . . . dlog V___
region iz not negligible ddn fact the obszserved ~dTos B R—Izs of
the supposed "flat" rotation curves, in average, turns out to be
dlog V
as large as the expected l“—-—m—-lzs for the falling rotation
dloz R

curves of the ewponential thin disk model>, moreover it is found
t.o be correlated to the integral properties better than a typical
reference velocity.

2> Spiral galaxies form, with respect to their integral
properties, a one-parameter sequence. A useful way to realize it

i= to introduce the quant,ity V = -»2> with #°=R d~dr (VZRZ),
2 2

then, a= shown in the previous Chapter: Mn x V , MH x V R st x

1.2 2

vV , M xV ,R_xV, where M and M_ are, respectively, the
HI 25 B H

blue and infrared magnitude and MHY iz the neutral hydrogen mass.
So, smaller galaxies (and fainter too)> have a larger gradient of

the circular velocity. It is important to stress that. these latter
relations are by far weaker if we use as a parameter any

velocity-controlled quantity.

This phenomenoclogical, but model-independent.,, investigation

strongly indicates 1> dark matter and visible matter are coupled
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- 2> dark matter has different dynamical importance along the
luminosity sequence. In fact, this is the only case in which the
luminosity/kinematics relation can become tighter by correlating

the gradient of the circular velocity instead of the mascimum

velocity.

c> Dark matter
The discrepancy between the visible matter and the total matter
inferred from the rotation curve comes out immediately from the

profiles of the rotation curves. To this purpose it is worthwhile
v —

- v = V. .
to compare the dynamical ¢ v )th = Vo T Vim/st} with the

luminous one:

I K + 1.2 R"R <1 K - 1 K >
a o D 1 O o 4

i - [ +1/2]
Lum
2 (I K-1K >
o O i 1

172

~
< !<?
v
]

(I11.4>

whers Io' Ko’ I, I{1 are the modified Bessel functions evaluated

at. (172 R/RD).

1

The clear advantage of this method, with respect to that of
comparing VZ (R> with V2 (R>, is that V2V does not depend
dyn " Lum ~ Lum

on M/L> , so both VAV and VAV are directly measured.
D Lum dyn

Then, we immediately realize that a dark component is needed along
the disk in order to keep constant dvobs/dR' .

The discrepancy between ({\:”/V')Lumand Vv dyn cannot  be

eliminated or reduced by a possible bulge or stellar halo

contribution.

In fact, since p_ r? or P, & r 7% exp ¢ r/r > (Bahcall
et al, 1983> and the bulge is a point mass for R » RB, then

Vv and VAV are even steeper than Vv so  that
halo bulge _

disk
their inclusion in (V/V)Lum increases the discrepancy. On the
contrary if we compare i\l'wm with V dyn the present discrepancy can
be reduced by adding a bulge or a stellar halo contribution with

suitable (M/L>’s.
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Figures Ba-Bg , independently of and in addition to the 21 am
rotation curves showing a constant circular velocity out to 10
disk length scales (Bosma, 1981; van Albada, 1985; van Albada and
Sanci=i, 1986>, calls for some amount of dark matter within the

optical disk.

It is very unlikely that 1t resides in the disk, let us
consider the two cases: non-baryonic and baryonic dark matter. In
the first case it is almost impossible to confine colﬁsionless
matter in a disk-like configuration, in the second case is
difficult to understand why a possible dissipative baryonic dark
matter iz distributed in the disk so differently from the visible
one; moreover, =erious problems arise when baryonic candidates
Csnowball, dust, rocks, planets, stars, dead stellar remnants) are

con=sidered (Hegyi and OGlive, 1983, 19862,

In addition, there are some observational arguments against a
disk-shaped dark matter distribution and in favor of a spherical
one: .
1Jin three polar ring S0 galaxies the comparison of velocities in
the disk with those in the ring, strongly supports a nearly
spherical distribution of dark matter (Whitmore et al, 1986;
Schweizer et al., 1983>
2)By means of the ratio between the z to the radial component of
the Galactic acceleration field we are able to discriminate the
shape of the dark matter distribution. Although this topic is
still debated (Oort missing mass) we can safely state that, at the

sun, the amount of dark matter needed to have a flat rotation

curve cannot reside in the disk (Rohifs, 1982>.

Therefore, throughoul. the paper we assume a dark matter halo

surrounding an exponential thin disk.

A good approximation of conhr-ibﬁtion of dark matter to the
circular velocity at the optical radius can be evaluated without

assuming any specific halo mass distribution: let us define y =

Vz/V:! ¢ H refers to dark halo and all quantities are evaluated at
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R 3 Then, we have:
25

@ Vv - 105 1 =@ v - D= 1Dy + o+
25 obs 25 D

2 WV - 10575 1 /U + >
2% H

CLILEGS
The condition dV/dR 2 0 requires:

(i"f/\i}u < < VY < (ﬁ/V)D CI1L.6>

Then, provided that 02 = p = 5 , we have:

1 - VoV - 1572
y o~ CIIL7Y
1 - Vovd% - @ - 'ﬁ/V)é

The valuezs for individual galaxies are reported in table 7
we want to stress that we cannot consider p even fairly constant
along the luminosity sequence of galaxies, approximately: p « L:.
A very important consequence of (dL.7> is that we can understand
the physical grounds of Tully-Fisher {19772 relations (hereatter
TF>: in fact from the condition of centrifugal equilibrium dat

R > we have:
25

M. o V2 L+ 17y> R._K(R__/R > (1ir.a>
d 25 25 25 D

with Kdx> = 1.2 xBCIOKO— Iil(i), and the modified Bessel functions
are evaluated at 12 % , note that, for » =2 3 K> =~ 134

The central surface brightness 1(0> is peaked around the
value 21.65, (Freeman, 1970; Boroson, 1981, van der Kruit, 1986;>
this implies both a small scatter in the values of st/P“n and the

relation LB x R;. So, in the case y = constant, from dII8) we
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o

recover the usual TF relation L.Bw.cx V:S. ‘Moreover from JI11.8>, we
predict. that part of the scatter is intringsic arising from the

different percentage of dark matter along the luminosity sequence.

This effect., however, can be taken into account by using
(I11.7>, therefore we caorrelate LB with Mn’ being both two

different. "measures'" of the disk luminosity. We find:

o.78%t0. 07
LB/LG = 72 (M/?*f@)

CIT1.9>
r = 085 o = 0855 mag

Then, TF relation is the p = const. limit {(same fraction of
dark matter in all galavies> of the centrifugal balance of a
rotating self-gravitating disk embedded in a spherical halo.
Nevertheless, the fraction of dark matiter is correlated with the
total 1uminosity &y « L:), this implies a reasonably small scatter
alse for the TF relation and allows us to take into account its
differences along the Iluminosity sequence. CGonsequently we are

able to reduce the scatter by ~ 0.2 mag.

Above we have investigated, in "a model-independent analysis,
global properties of the visible matter and the importance of dark
matter in the structure equilibrium. A further important point is:
how dark matter is distributed 7 To this question we can answer

directly (Fall and Efstathiou, 19803, in fact we have:

o = SR> - S (B> CTIT.10>
H D
with :
1.2 10”27
SR = —————— ((V +V R/R_D>CV +3V R/R_D
P4 [a] 4 25 Q 4 25
R
S (R = 34 10°° M/D> LR (151K - 51K -
D D [s] D o O i1 1

- BR/R (I K - 1K >
! LY 1 0

In dI1.140> we use the MAL>’s obtained from the B-V hy means of

Larson-Tingley <¢hereafter LTY evolutionary models (Tinsley, 19812
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In all galaxies, for a large range of values of (M/L)D around the
LT one, we find:

pO
o(R> =~ -, R /a

1 + (Rad® 25

%
(=9

CIIE.41>

In detail, for each galaxy we analyzed 5 different solutions
of (IIL.10> having different values of the parameater CM/L)D;
firstwhole, we compare the value derived from LT with this of the
maximum disk hypothesis (van Albada et al. 1985, Carignan and
Freeman, 1985, wvan Albada and Sancisi, 1986> (that is by
maximizing the disk contribution to the structure model in the
inner part of the galaxy: SD(R) = SR> >; if it is lesser we take:
0.78 =< (M/LB)/(M/LB)LT < 125 , othe;\wise: 08 < (M‘/LH)/(M/I..B)M

AX
< 0.9 .

We found ,practically in all cases, that <II1.11> describes
to high accuracy dlevel of wsignificativity > 6 o, in a large
cuter part of a galaxy the dark matter density distribution. Just
in a few casmes, near to the maximum disk solution, we found p(R> =~
constant. Moreover we are able to constrain the core radius, we

find R‘m/a ~ 1 + 08/

It is Important to stress that., despite its texact?’
formulation, (IIL10> cannot be considered useful as first step in
the derivation of global properties of galaxies, in that any
integral property obtained by this method is very dependent. both
on the dunknown) value of (M/L)D and on possible errors on the
determination of the distance of the galaxy.Then, let’s notice
that we used it just in order to show that, independently of any
reasonable wvalue of SD/S » at any point. within the disk, the
pseudo-isothermal density law describes satisf actory the mass

distribution of dark matter.
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ITT THE. BASIC FORMALISM AND THE DISK-/HALO MASS RATIO

In deriving halo and disk integral properties the basic idea
is to minimize the effect of a poor knowledge of: 1> local
quantities, such as the density of dark matter, 2> global
quantities, such as bulge (stellar halod mass and disk
mass-to-light ratios. Thus, instead of starting off with local
andsor wunknown properties, construct theoretical rotation curves
and therefore, by imposing that these match the observed rotation
curves, derive the relevant integral quantities, we address
directly this achievement. This is made possible after the
realization that individual differences among galaxies lie mainly
in their profiles of rotation curves rather than in their distinct

dark and visible matter distribution.

Then, with a minimum of assumptions (moreover supported by
the the results of the previous sectiond on vigible and dark
matter mass distribution we obtain disk and  halo integral
quantities directly from the rotation curves; of course local
quantities still remain poorly unknown, so as any integral one

which not significantly affects the total distribution of mass.

To this purpose, we compare dat st}, by means of Poisson
equation, the implied <d2¢/dzmmodeL with the observed d°¢/d°R.
Let. @¢(R> the total effective gravitational potential in the plane
of a galaxy:

d¢p/dR = V°/R CII142>
Then,

2
d’prd’R> =V _[4 d - ¥nA CI11.43>
obs RZ

56




Therefore, we assume a two-component mass model: 1> an
exponential thin disk with surface density proportional to surface
brightness density I.1> and 2> a spherical halo with volume

density p(R>:

P(R> = b CIIL.A4D

with a the core radius. In the previous section we have shown that
this density law is strongly suggested by a systematic comparison
of the total effective mass distribution with the visible ona;
Moreover, simulations in a flat cold dark matter Universe produce
proto-haloes structures with density law similar to IIL.14>

(Frenk et al.,, 1985; Hoffman and Shaham, 1985; Quinn et al.,

10865,

The condition of centrifugal equilibrium is:

V2R =G (M R> + KR> M. (R> D> CIIEAB>
halo disk

then:

2 2 2
= +
d ¢dR >obs G/st d/dR (MhaLo(R> 1.34 Mdv’.sk(R))zs

AI1.46>
Thus, from (IIL.1> (QI1.43> QI1.44> (JI1.16> with some
manipulations we obtain the equation:
T 2 ~ ~
089 e 3 + . Y A -3 =4 - Vv >% -
A + y >y - arctg y> 2s
CTILA?>

with x = R /R._ , y = R _/a and 3 = M /G V2 R >,
D 2% 25 D 25 25
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The disk/haloc mass ratio IE] M /M (with M = M R 2 iz
) D H H halo  H

then:

B = £ CIIL.18>
1 -1.34 p3

From ({147 I1.48>, P = B(ﬁ/‘lzs, R /R o st/eo, where
~
W/’\J’25 and R /R are observable, while R /a is not. It is
important. to st,ress that, for the range of values of R /a found
in the sample and in agreement with those from N~body
simulations, 3 depends very weakly on st/a, its .main dependence
being on the "slope" of rotation curve V/st, (see figure 7. So,
we can consider st/a fairly constant along the luminosity

sequence and to work out its average value <y> by minimizing the

scatter S of the M s Ve

s ? relation Of course for

self-consistency we require:

2Ly>»> £ TCTFD CYIL. 49>
with 3(TF> the scatter of TF relation; for sample ¢, SCTF> = 0.73

Then, we minimize ¥ under the constrain (II11.149>:

IE/3Ly>D> = 0 {JIL.200
By solving <II1.20)>, we find <y> = 075 ; moreover C(III19> iz
fulfilled ir

B 2 y> £ 1. IIL.215

So the range in {3 induced by the allowed range in R /a is
about. five times smaller than those induced by the derived range

in the velocity slope. Therefore, hereafter we assume y = (.75

Then, we work cut the values of 3 for the galaxies of sample
G (Table 9> ; we realize that ? is very sensitive +to the

distribution of total matter but it. is much less sensitive to the

~

w
o~
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structure parameters of the single components. Thus, the disk.halo
mass ratios shape the rotation curves of galaxies by determining

their slopes. Figure (7> shows that. 3 spans a wide range of

values, being smaller in faint galaxies (lower values of ?J'/st)and

larger in the luminous ones. In fact, we find:

MB = (=212 * 044> - (2.6 + 0.3> log (Md/MH>

{L.22>
r = (.68 o = 075

that. is M M o L
D H B

This is the model-dependent counterpart of relation <JI1.7>

and it explains why in spite of the presence of dark matter
different. from galaxy to galaxy), the blue magnitude correlates
with the maximum velocity (.e. with the total matter inside the
optical radius>: in fact, the amount of visible matter,
responsible for the luminosity, correlates to the amount of dark
matter present within the optical disk. This is the imprint of a

dynamical coupling between dark and baryonic matter during the
infall of thie latter in the proto-halos potential walls Ce.g. the
push in effect that the infalling baryonic matter has on the
collisionless halo (Blumenthal el al. 1986; Flores et al.,, 1986 >.
Although details of such a coupling have still to be investigated,
its result is clear: spiral galaxies form with respect to their

mass distribution a one-parameter sequence.

A further consequence of (II1.22) is that,, according to the
scenario in which MLum/Mtot = 01 on all scales and therefore the
total halc mass is 10 times the disk mass, the halo of a faint,
small disk does not extend much beyond its isophotal radius, while
in the case of a brighter and larger galaxy the halo’s size

exceeds the disk’s by a large factor
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IV. THE DISKS: LUMINOSITIES, COLORS AND KINEMATICS

It seems appropriate to couple the light with the
disk-related dynamics, so that both "measure” the same mass
component. This is not clearly the case if the luminosity is
' coupled wif:.h some total reference velocity, M'D/MH not. being a
constant quantity along the luminosity sequence. By means of
arguments similar to those of section II we expect LBoc V: with VD

= Vp3 st the disk rotation velocity at st' we find (see fig. 9>

MB = (~-908 * 11> - B4 * 053> log VD CIIE.23>
r = (.80 o = 0.61
1.4%0.4

that. implies LB x M . "With respect to TF relation II1.23>

D

has smaller scatter {(about. 0.1 mag)’ and is significantly flatter

(see figure 8>, for sample € the TF relation implies LB o
1.6%0.2 .

MD » and nearer to the theoretical proportionality between

luminosity and disk mass. Note that the correction for the

presence of dark matter is more important for low-luminosity

galaxies. Of course a constant MD/MH along the luminosity sequence

would have vielded the mame slope in TF relation and in ¢II11.235.

Moreover, we can explain, in the light of relation JI1.23),
why V is a better discriminant of Juminosity and optical size than
the maximum velocity. In fact from dIL17> and <I11.18)> we have
that the model-independent quantity V is statistically equivalent

to the (model-dependent> disk velocity (in detail: V V;'si r =
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0993, so that v 'weighs’ directly the disk mass, neglecting

automatically the dark matter dontribution in st

The disk velocity is also found to be linearly correlated

with the optical radius:

log R25 = (-0.8710.23> + 1.0X0.1> log VD (I1.24>

with r = 082 .This implies the existence of a characteristic disk
rotational frequency QD= VD/R25 common to all galasdes, rkegardless
of their very different. luminosities, sizes and morphological
types. The value Q= 74 + 11 km s ' kpc ' is then a regularity
that theories of disk formation and angular momentum acquisition

should account forp.

From ’'s it is possible to calculate the mass-to-light ratio
of the disks. Theoretical studies based on stellar population
synthesis definitely predict a correlation between colors and
MD/‘LB ratios: from Tinsley 19813 for the case of a continucus
star formation we deduce log MD/LB = ~ 0.8 - 1.85 (B-V>. For

zample € we obtaln (figure 113:

log M’D/LB = (-0.8310.15> - 1.91+x0.24> B-V
(I11.25>

with » = 0.68 .

¥ DISCUSSION

At this point it iz worthwhile discussing our results in the
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light both of other strategies of dark-visible mass decomposition

and of different "measurements" of the vizible to dark mass ratio.

Firstwhole, let us discuss the maximum disk hypothesis (MDH>,
that 1z the suggestion that in the lnner reglons of the galaxy
(zay at R = 2 RD'} dizk matter dominates the dynamics. Then, via an
assumed halo density distribution, usually a pseudo-isothermal one
with central density and core radius as free parameters, basic
haloe propertiez are worked oui, by fitting the differences between

the observed rotation curve and the exponential thin disk one.

Nevertheless, despite its promising simplicity, we have
sé’veral arguments indicating that such a hypothesis needs careful
examination case by case and should be taken as a constraint on
the maximum value allowed for the disk mass-to-light rather than a

working procedure of dark~svigible mass decomposition. In faact:

1> MDH, obviocusly, iz strongly blased against finding
remarkably large amounts of dark matter in the inner parts of
galaxies and even within the optlcal =size. Since a priori we have
not. any theoretical suggestion leading to that, this prejudice
does not =seem to be a suitable property for a dark-visible mass
decomposition strategy. Moreover, we know =some examples indicating

large amounts of dark matter even within the optical sizes.

(Whitmore et al., 1986 , Comte , 19840

2> Let suppose that the dark mass is negligible in the
innermost part of the galaxy. Unfortunately , in many cases, where
the dark halo iz negligible, there, the bulge is not. Of course,

in theory, we could account for it by means of a bulge mass model

)
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derived from the luminosity distribution (Kent, 19862,

nevertheless this seems to bring unhecessary complications which
arize only because we Inzist in comparing dynamical masses with
vigible masses in the inner regions rather than at the optical

size. In fact some difficulties come out immediately when MDH i=
applied to a large sample of galaxies (Kent, 1986 ; 37 galaxies,

sample € shares most of themd>: for 2 galaxies Kent. found
non—-physical scolutions, in ancother 12 (M/L)D exceeds (M/L.')B,
sometimes even by a factor 5. This iz in ‘st.rong contrast with the
observational evidence of the systematic color gradient (reddening
moving towards the nucleus?> found in early type spliral galaxies
(Visvanathan and Griesmith, 1977; Griesmith, 19807, that iz in
contrast with the well-known fact that bulges are ordinarily much

older than disks.

3> Let us consider bulgeless syst,ems:; about 40 2 of galaxies
in sample €; In the previouzs section we have zgeen that the
dizcrepancy between the obzerved profile of the rotation curve and
that derived by the disk distribution of mass starts even in the
very inner region of the galawy (fig. 5>.Then, for these galaxies
is‘ very hard to assume that the amount of halo matter at 2 RD is
negligible. It is important to stress that practically in every
galaxy the rotation curve profile strongly deviates from t.t;nat, of
an exponential thin disk even well before that the disk component
would have given its maximum contribution.

4> Not unexpectedly the .(M/LB)D values implied from the MDH
turn out systematically higher than the LT ones (Larson and
Tinsley, 10782, From Kent., we have < (ML > > >~ 3.4 , while

B b MDH

the corresponding average value ‘fi:.r’g)m" LT model is 1.9. This

!
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discrepancy i= also present. in the MDH derivation of basic
parameter of dark halo in four late-type spirals done by Carignan
and Freeman, {1985> , in fact for NGC 247 there is a factor 2
between the two values, and for NGC 300 and NGC 3109 the
consistency is found only accepting an enormous amount of gas
mass.

5> When MDH has been applied to very small samples of
galaxies it seemed that it vields a dark/visible mass ratio
constant among galaxies (Carignan and Freeman, 1984; Bahcall and
Casertanco, 1985; van Albada and Sancisi, 1986> nevertheless after
Kent. (1986> the situation is more complicated. In fact the MDH
solutions in his sample (37 objects?, indicate that, at the
optical radius, in ~ 14 of cases the halo mass is negligible, in
~ 1/4 of cases is predominant and half of galaxies lie between

these two extremes.

We want to stress that both our methods for deriving integral
halo and disk properties are not biased against the MDH at all
They are completely indifferent to this hypothesis so that they

eventually would be able to prove it.

Let. us remember that according to our results, MDH might be a
working hypothesis in large and luminous galaxies, being in these
galaxies the presence of an amount. of dark matter necessa;y but.
relatively small. On the contrary, ocur results st.rongly contrast
the MDH in faint galaxies found halg dominated. We think that in

these galaxies MDH set only a constraint on the maximum disk mass

that the dynamics allows.
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There are independent evidences that support our picture:

0

1> Tinsley comparing dynamical (M/L>»s with those inferred
from the LT models found that bluer galaxies have more , masgive
dark halos(Tinsley, 1981>. Then, the color-magnitude relation
(Wyse, 1982; Tully et al., 1982> implies that the contribution of
dark matter to the dynamics is larger in the more luminous
galaxies (see also Vader, 19840,

2> Whitmore et al. measured directly the flattening of
equipotential in three S0 polar ring galaxies at 0.6 st ~ 28 -
33 RD ; the main result.s they found is that in these galaxies,
éven in the relatively inner regions, a nearly spherical halo must
be the dominant massive component. Moreover, if we infer the
darksvigible mass ratio by means of the scales/free gravitational
potential of Monet, Richstone and Schecter (19813, we agree even
quantitatively with their results (Whitmore et al. , 19863 3 ~ 04
for galaxies with MB x -20.

3> There are evidences that faint galaxies are halo dominated
also for the other tail of the Hubble sequence. Compte 1986>
analyzed a sample (v 10 galaxies? of local irregular and
magellanic-like galaxies. The differences between the total
observed total gravitational potentials and those due to a flat
disk allow him to obtain the dark-/visible mass ratios: he finds
that, practically all galaxies in his sample are halo doeminated, 3
~ 0.1 (de Vaucouleurs distances scalesd

4> Az well-known the infrared version of TF relation
(Aaranson et al., 1982> shows interesting features a> the slope is
st.esper for low luminous galamies and approaches only

asymptotically the value of 10 b) faint galaxies lie
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systematically below the curve obtained for high luminosity
galawies o> this effect inc:reasés monotonically towards low
magnitudes These features fit perféctly wiAth our pictﬁre: in the
previous sections we found that only very luminous galaxies have a
quite negligible fraction of dark matter, so that the slope 10 is
reached only for the brilliant tail of the luminosity sequence;
therefore, \since fainter galaxies have a larger contribution to

the dynamical mass due to non luminous matter, then, they will
result less luminous than we expected on basis of the behaviour of
brilliant galawies. Moreover, since the disk/halo mass ratio

increases with the luminosity, this effect must increase when

lumino=sity decreases.

VI. THE HALOS: DENSITIES AND SIZES

The internal densities of the halos averaged within the
optical radii are found to be tightly coupled to t.he photometria
sizes of the disks:

log <pH>25 = (=221 * 02> - 186 * 0.200 log st
C(I11.263>

with r = 0.88 : density and sizes hereafter are measured in g cm
and kpc, respectively. Assuming the popular view that I\'tumn/t’\'lwt =
0.1 on all scales (Blumenthal et al. 19845, it is possible both to
calculate the halo radius RH and the mean halo density (pﬂ),
provided that, dark matter is still approximately distributed
according to (dI1.14> at very large distances. Again a '

densitys/radius correlation is found (figure 123:

log <pn> =(-221 + 0.2>- .77 * 015> log RH



CIIL.275

with r = 0.91.

It is very important. to realize that halos and disks sizes

are linked, in fact we find:

R /R~ R /(6 kpad C(IIL.28>
H 25 25

with » = 0.90. Then, the above halo/disk size relation suggests
that in large galaxies the dissipational matter has collapsed to a
a much larger extent than in the smaller ones. More precisely, the
distribution of luminous matter encompasses a fraction of the

—41/2

total halo mass M (R > which scales as M (R >, so that by
halo H halo H

al
means of JIL.27> and <II1.28> we can predict an upper limit to

the disk radius: st = 200 kpa. As a comparison, the largest
identified spiral galaxy (Romanshin 1983>, UGC 2885, has stz 120
kpa.

The =slope of the densityshalo correlation matches that of the
spatial covariance function ¢(R> found for field galaxies{ a
review in Fall, 1979). Then, this implies the existence of a
correlation function in density space, defined accordingly to the
spatial covariance function, of the form n(p> x o . From dI1.27>
it. follows:

PRI/p_ = ECR> = 20 R°® CII1.285

where R is in Mpc, o = 48 107%° & em® and the ratio pro  is
Ho—independent.

This result supports the hierarchical clustering scenaric: on
all scales from the individual galaxies to superclusters, £{(xr> has

the same functilonal power—-law form.

VII CONCLUSIONS.
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Using an analytical treatment in the framework of the
disk-halo model, we show that the kinematics of spiral galaxies
reveals a strong imprint of the individual integral properties of
dark and luminous mass components. we find that the shape of the
rotation curves is determined by the disk~halo mass ratlio. As
indicated by its trends with luminosity, mass, optical size there
iz not preferred value in the disk-/halo mass ratlo. It spans a
very broad range of values, being approximately proportional to

the luminosity.

Correcting the total circular velocity for the halo’s
dynamical contribution we can couple the disk-related dynamics to
the luminoszity and to the optical radius. Then, we theoretically
Justify the ‘’empirical’ Tully-Fisher relation as the realization
of the centrifugal equilibrium of a self-gravitating disk embedded
in a spherical halo. This enables us to work out, taking into
account the different contribution of dark matter to dynamics
along the luminosity sequence, a significantly better physical

relation involving the disk contribution to the total velocity.

" Furthermore, a disk velocity/(optical radius? relation shows
that the disk rotation frequency at the isophotal radius is
essentially the same for all spiral galaxies regardless their
luminosity, sizes and morphological types.

Therefore, haloc properties are worked ocut. we find that
integral halo properties correlate with the disk ones, strongly
supporting the view that a dynamical coupling between the
proto-halo and the infalling baryonic matter modelled the present

structure of galaxies.

Moreover, we are able to investigate the auto-correlation
function for dark halos. We find that it closely follows the
galaxy-galaxy correlation function so that a picture of

hierarchical clustering naturally emerges.
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Fig. B
Fig. 6
O P
Fig. 8
Fig. @
Fig. 10
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Gomparison between the dynamical Vv {decreasing

curves? and the luminous one Uncreasing curves)
along the galaxy diak. Galactocentide dizstances are
in kpa. _

Values of [ as a function of Vv for galaxies

belonging to sample .

umlnous maszes va dynamlcal disk mase for sample C.
Note the very small scatler 0.2 dex and the slope
slgnificantly near to 1 .

A as function of R, a for V/V = 203 (flat rotation
curve? and R25/RD = 3.6 Caverage value for sample €D,
Note that the 1 ¢ uncertainty is less than 0.1
while the range induced by the variations of V.V

among galaxies is about 0.8.

The luminosity-velocity correlation for sample €. The
abzolute blue magnitude i= plotted wva the disk
rotational velocltyltop panel> and the total
obéér-ved velocity CTully-Fizher relation, bottom
panel> respectively. Coupling the luminosity with the
dizk dynamics we obtaln a silzable reduction of the

scatter which affects the Tully-Fisher relalion.

Pisk-halo mass ratlos drive ULhe steepness of the

rotation curves of galaxies.

('M’/L')D va aolor for =sample €. The drawn Une 1=

the theoretical relation for the case of continuous
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Flg. 12

star formation of Larson-Tinsley evolutionary mbdels.

The density-radlus relation in halos. The density is
averaged over the halo volume encompassed by the
optical disk dtop panel?> and over the entire volume
(bottom panel> derived by imposing that at the edge
of the halo MT/MD = 10,
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In this thesls we have worked out from the ob=servable
quantities, the phy=sically relevant ones in order to obtaln the
bullding blocks for s=plral galaxy formation theory. The maln new
agpects of our atrategy are:
1> we are Interested 1In general properties of basic galactic
quantities, then we consider very sericusly persistent properties
and neglect occasional ones;
2> we do not derive them, as very often is done in the literature,
as a by-product of an analyzis aimed to work out local andor
irrelevant (to the missing mass and disk formation issues)
quantities, but we develop several methods whose target 1s really
to obtain Integral quantities with the minimum of assumptions

made.

To thi=s end, firastwhole, u=slng all  avallable data (859
galaxies with kinematics avallable and 43 also with photometry
available> we organized - the obaervational Information tboth
kinematicsal ard photometrlc) in & simple phenomencloglcal
scenario.

&> The individuality of easch galaxy in itz  integral observable
properties and in the appearance too are inprinted in the profiles
of rotation curves.

b?> More sgpecifically asmall galasxies are falnter and denser, have a
eteeper rotation curve and more angular momentum per unit of mass
and their splral pattern iz less pronounced than large galaxies.

¢> Spiral galaxies form with respect to their integral properties
a one-parameter sequence helng the slope of the rotation curve the
be=st to describe it.

This scenarioc calls for the constant presence of =ome amount

of dark matter even within the optical disk whose importance
varlies from galawy to galaxy.
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By means of a model-independent method we obtalned the part
of the clrcular veloclty due to the self-gravity of the disk
eliminating that due to the disk-haloe gravitational attraction.
S0, we found that the dark matter dynamlcal importance scales
inversely proportional to the luminosity. Moreover we are able to
theoretically explain the Tully-Fisher relation as the
manifestation of centrifugal equilibrium of a self-gravitating
disk surrounded by a dark halo and therefore to slgnificantly
Improve it by taking into account the contribution of dark matter

to the equilibrium structure.

In order to obtaln disk and halo integral properties we use,
after having carefully investigated it, a "minimum of assumptions"
model for spiral galaxies. We describe spiral galaxles as two
components systems: an exponential thin disk and a dark spherical
halo with, at leazt in a flrst approximation, a pseudo-izothermal
density law with core radius roughly as large as the galaxy s=ize.
Then, the ratio of dark matter to visible matter inside the
optical slze 1z worked out by means of a method which minimizes
the effect of possible uncertainties on  the dark matter
distribution.

We find that the luminosity sequence 1s a dark-svisible mass
ratio sequence being laint galaxies halo dominated (e, HB = -y
R H0= 50 , mass ratio =~ 72, while in luminous galaxies dd.e. Mn

=-22> the dark mass within the optical radius roughly equals the

luminous one.

Moreover, this ratic shapes the profiles of rotation curves.
This 1s a c¢rucial point that strongly demands a dynamical
explanation in some stage of the disk formation. ln fact we find
that the density distributions of visible and dark matter makes
rotation curves insensitive to their separate mass distributions
but very senszitive to dark-svisible mass ratlo: in any galaxy at
any radius inside the disk, the dark matter distribution is not
independent. of the visible matter distribution: they act in
agreement to make galaxies a one-parameter sequence with relevant

parameter the total effective mass  distribution or equivalently

o
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the dark-svisible mass ratio.

The derdved halo propertiez ' have been lnvestigated:
firstwhole, if the ratlo total to lumdnous mass: i= a
“"oosmologlcal” constant ~ 10 , then halo propertles range over
many orders of magnitudes: in a small galaxy already at the
optical radius MT/M“ ~ 10 =0 that RH ~ B kpe; in a large galaxy
instead at the optical radius M{MH'\» 15 so that RH'\- 05 Mpc. Then,
according to this picture, due to the dissipationlesz character of
halos, we reallze that proto-halos were formed with very different
mean densitles and =slzes.

!

Furthermore, the derived hale mean denzsitiezs and slzes endow
ug with thelr autocorrelation function: we find that it matches
remarkably well the galaxy-galaxy correlation function, this both
strongly supports the hlerarchical clustering ploture (> iz
found to have the s=same glope from the =ingle galaxy to
superclusters? and it iz the first direct dynamical proof that
halos are dissipationless (dis=sipational dark matter would vield

to a much steeper slope for the auto-correlation functiond.

Then, from the results of this thesls the followlng ploture
of disk formation emerges: perturbations of a wide range of length
scales formed proto-halog with very different physlcal properties.
Baryonlc matter fell In them acquiring its angular momentum and
dig=sipating. Thise process probably was a dynamical coupling
between proto-disk and the halo and the result was different
according to the properties of proto-halo. The small et very dense
halos prevented baryonic matter from filling completely 1ts
potential walls, a large and low density halo allowed baryonic
matter to largely fill its potentlal well, =so that disk slze iz
fixed by the as-troph_ysics of" the disk formation.

N-body almulations indicate that. virialized proto-halo
"rotation curves” had smooth slightly rising profile, this i=
confirmed for the region inside ﬁhe optical s=ize from the results
of this work  This Iin addittion to some halo-disk dynamical
aoupllng d.e. the push in effect that the infall of baryonda

matter causez on the dark halo- suggested by the 5. Gruz group
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andsor some Instability transferring outwards angular momentum.>

could explain the "conspiracy" of lnear rotation curves.

Of course this ploture must be quantitatively checked, but we
think that now we have the hbuilding blocks d.e. the physically
relevant. praoperties for halos and disksd> to allow theories to

account for real spiral galaxies.

Let u=s conclude indicating s=some observations that ,in our
opinlon, would be extremely useful and clarifving.
1> Small galanles =meem to be very Interesting object; they are
completely dominated by the dark halo =o that we could lnvestligate
even local propertles. Neverthelezs, there are very few non-locaal
objectz In the range -1 .. -20 blue magnitude with measured
rotation curve. Therefore we sgsuggest a systematic observatlonsl
effort towards the low luminosity normal spiral galaxles.
2> Qulte unbellevingly, more than 173 of galawles with extended
high quality rotation curves do not  have any photometric
abservations of color . In detall, the B-V and the B-I 1= known
for 2-3 of the galaxies, the U-B for 1.3 of the galaxies We think
that, a great improvement on the direct knowledge of galaxy
properties would come from multicolor obzervations (at the moment
lese than 20 2 of galaxies have U,B,V,R,] colors > when we
observe colors we are .actually (via evolutionary stellar model?
measuring disk masses. Therefore we would llke to suggest some
project ailmed at obtaining multicolor informatlon for a sample of

galaxies with known kinematlcs d.e. sample B>.
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