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Preface

This thesis reports the results of my Ph.D. research, under Prof. Paolo Salucci’s
supervision, at the International School of Advanced Studies, in Trieste, during the
years 1998 — 2002. It addresses to the issue of Dark Matter distribution in galaxies, by
devising different strategies, according to their properties, even to test the Dark Matter
gravitational effects, on galaxies scales, against the Cold Dark Matter predictions.

The plan of the thesis is the following. In Part I (§1) we introduce the DM issue
and briefly outline the observational and theoretical framework. We report our work
on disk galaxies in Part II: low—luminosity spirals (§2), the individual remarkable case
of a dwarf galaxy (§3) and mass modeling of the spirals Universal Rotation Curve (§4).
Part IIT deals with elliptical galaxies and our analysis of their Fundamental Plane, as
a tool to derive DM properties in spheroids (§5). Finally, in Part IV (§6) we report
our conclusions and perspectives for future work.

Chapters from 2 to 5 correspond, with slight modifications, to published or sub-
mitted papers (see List of Publications for references) and each of them can be read as

a separate entity.
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Part 1

INTRODUCTION






Chapter 1

Dark Matter in the Universe:
What, Where, How Much?






1.1 The Concept of Dark Matter

Dynamical modeling of gravitationally bound systems in the Universe, at all scales
from galaxies upwards, has led to the conclusion that most of the mass they are com-
posed of (up to 90%) does not emit or reflect electromagnetic radiation, but reveals
itself only through its gravitational effect on other, luminous, matter. Yet, formation,
evolution and dynamics of astrophysical systems like galaxies and clusters are driven
and dominated by this “dark” matter (DM), whose nature and distribution are only
surmised, by now. Moreover, modern cosmology shows that DM nature and total
amount have fundamental implications for the evolution of the Universe.

Since pioneering studies in early 70’s, the discrepancy, observed in virialized sys-
tems, between the dynamically inferred mass and the visible (in the whole electromag-
netic spectrum) baryonic content has been ascribed to the existence of some form of
dark matter. However, it was only in late 70’s, with new kinematic measures in spirals
(Bosma, 1979; Rubin et al., 1980), that the overall presence of DM around galaxies was
finally accepted. Since then, many different objects have been used in literature as test
particles, to derive the gravitational potential exceeding that of the visible mass: stars,
gas, globular clusters and galaxies themselves (in case of clusters potential). This kind
of analysis has been, for a long time, the only tool to infer, by subtraction, the DM
presence.

Moreover, a crucial mass discrepancy occurs on cosmological scale: the total mass
density in the Universe (p. - €, with p. the critical density for closure) is much
greater than the maximum value allowed for baryonic matter by standard Big Bang
Nucleosynthesis (BBN). Indeed, a number of independent methods have been used to
derive the mean matter density €2, in the Universe (Fig.1.1): hot gas in clusters of
galaxies, X—Rays emitting, whose temperature and luminosity are linked to the overall
density (e.g. White et al., 1993; Evrard, 1997; Krauss, 1998; Krauss, 2001), dynamical
mass—to-luminosity ratios of groups and clusters (e.g. Bahcall, 1997; Einasto et al.,

1999), gravitational lensing (e.g. Schindler et al., 1995) and, most recently, studies of
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Figure 1.1: Approximate best—fit coincidence regions in the Q,, — Qs plane, from the joint analysis
of different investigation methods. A region at very small €2, is also shown, which bounds the

baryons—only contribution according to BBN (from Bergstrém, 2000).

Cosmic Microwave Background (CMB) anisotropies (de Bernardis et al., 2000; Hanany
et al., 2000) and distant supernovae (Perlmutter et al., 1998, 1999; Riess et al., 1998).
The weighed mean of all these independent measurements is about €2, >~ 0.30 with a
20% uncertainty (Einasto & Einasto, 2000).

On the other hand, BBN predictions of the aboundances of the light elements
produced during the first three minutes after the Big Bang strongly constraint the
total baryonic mass fraction to a much lower value: 0.008h2 < €, < 0.024h2 (Burles
et al., 2001; Pryke et al., 2002). Therefore, cosmological and astrophysical arguments
leave no doubt that baryonic matter only accounts for between 5 and 20 percent of the

total matter. Furthermore, luminous matter is known to provide just a small fraction



of all the baryons: Q;, < 0.004 (Persic & Salucci, 1992; Salucci & Persic, 1999a). It
is plausible that some baryons, though not strictly dark, are enclosed in the galaxies
and not detectable at large distances (e.g. planets, brown dwarfs, cold white dwarfs);
yet, it is generally believed that ~ 75% of baryons has somehow avoided the process
of (luminous) galaxy formation and may be survived as cold/warm intergalactic gas,
associated with the Lyman—a absorbing clouds detected at low redshift.

Last, but not least, the idea of Dark Matter probably would not have gained
its importance, had it not assumed a primary role in the context of the structures
formation and evolution. This was realized in the 80’s, when large scale (~ 100 Mpc)
observations (e.g. Huchra et al., 1988) and theories of structures formation (e.g. Davies
et al., 1989) triggered each other. Indeed, we can follow the cosmic evolution rather well
at the redshifts 10! < z < 10, i.e. from temperature about 7" ~ 1 MeV until cosmic
structures become non-linear, and, thus, to integrate the equations of linear density
perturbations in the early Universe, responsible for the CMB anisotropies and for large
scale structure. These density fluctuations must have an amplitude of ~ 1072 at the
time of recombination, in order to originate the large scale structures we observe today
(e.g. de Lapparent, 1986; Efstathiou, 1991; Efstathiou et al., 1992). This is possible
only if density perturbations start growing already during the radiation-dominated
era, which is impossible for baryons, whose clumping is damped by radiation. Baryons
just flow, after recombination, into non-baryonic DM gravitational wells. Therefore,
the whole Universe as we observe it, with its highly organized mass hierarchy and very
large scale (~ 100 Mpc) structures, would have not even formed in the absence of
non—baryonic DM.

Almost 30 years of investigations allowed us to gain a knowledge about DM in
galaxies. Pioneering studies in late 70’s—early 80’s (Bosma, 1979; Rubin et al., 1980;
Bosma, 1981; Faber & Lin, 1983) were especially concentrated to unveil the presence
of DM in galaxies, through the evidence that Mg,,, > My, i.e. that the luminous
mass could not account for the whole gravitational potential. In the last ~ 15 years,

however, studies have concentrated on the idea that DM is revealed when dM,,,, /dr >



dMym/dr (e.g. Persic & Salucci, 1990b). Summarizing, we know the answers to the
“first order” questions: does DM exist in galaxies? How much DM lies therein? In this
introduction, as a first step, we will briefly review what we know about DM in galaxies,
spanning their morphology and luminosity ranges, and presenting evidence that all of
them bear the kinematical signature of a mass component distributed differently from

the luminous one.

1.2 What We Know: DM Ubiquitous Presence

It is remarkable that the ~ 10! galaxies we observe within the Hubble radius can
be classified in a small number of basic types: spiral, elliptical and dwarf (spheroidal
and irregular) galaxies, with the add of the class of low-surface-brightness (LSB) galax-
ies (e.g. Davies et al., 1989; Impey et al., 1993; Mc Gaugh et al., 1995). These families
are clearly characterized by their position in the plane ( ug, M), i.e. central surface
brightness and magnitude, both in B-band (Fig.1.2). In this plane, spiral galaxies
lie at the center and show a very small range (~ 0.5 mag) in py; ellipticals are very
bright systems and span only a factor 10 in luminosity, that however well correlates
with central brightness; dwarfs are very low-luminosity (spheroidal, disk or irregular)
systems, which barely join the faintest normal systems and span the largest interval
in po. Finally, LSB galaxies are the counterpart of spirals at low surface brightness.
These different observational properties correspond to different physical configurations,
essentially driven by the angular momentum content and the stellar populations, which
are intimately related to the process of galaxy formation. Finally, there is a general
trend for lower luminosity systems to be much more numerous, thus storing, altogether,
a significant amount of baryons.

Observational evidence of the ubiquitous presence of DM in galaxies have come
from a variety of inquiry strategies; indeed, according to the galaxies geometrical struc-
ture, dynamics, light distribution and stellar populations, different methods of inves-

tigations have been employed, with different reliability degrees in deriving galaxies
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Figure 1.2: The loci populated by the various families of galaxies in the central brightness wvs.
luminosity plane (from Salucci & Persic, 1997).

mass—to—light ratios and mass decomposition. From a theoretical point of view, this
evidence is natural within the hierarchical (bottom-up) cosmological scenario (White
& Rees, 1978; Davis et al., 1985; Frenk et al., 1988), according to which DM halos have
driven the dissipative infall of baryons and, modulo a variety of initial conditions, have
built the bulge/disk/spheroid galaxies we observe today. Within this framework, we
expect to detect DM within and surrounding any galaxy, regardless of its luminosity

and morphological type.

1.2.1 DM in spiral galaxies

The first and most convincing evidence for DM in galaxies was found in spiral
galaxies, due to their intrinsic simple geometry and to the existence of good kine-
matical tracers of the gravitational potential. The luminous matter in spiral galaxies
is distributed in two components: a concentrated, spheroidal bulge, with projected

density distribution approximately described by the de Vaucouleurs law:

I(R) = I =757 (R/ro) (1.1)



where R is the projected radius and 7, the half-light radius, and a thin disk with

surface luminosity distribution described by:

I(R) =1, e B/mp (1.2)

with rp being the exponential disk length scale (Freeman, 1970). Let the optical
radius R,, be the radius encircling 83% of the integrated light, which corresponds
to Ropr ~ 3.2 rp for a Freeman disk. The relative importance of the two luminous
components defines the Hubble sequence of spirals, going from the bulge-dominated
Sa galaxies to the progressively more disk—dominated Sb/Sc/Sd galaxies. We recall that
the spiral arms are non—axisymmetric density perturbations, traced by newly—formed
bright stars or HII regions, which are conspicuous in the light distribution and perturb
the circular velocity field through small-amplitude sinusoidal disturbances (i.e. wiggles
in the rotation curves), but they are immaterial to the axisymmetric gravitational
potential and must not be fitted by the overall mass model.

The circular velocity as a function of galactic radius is known as the rotation curve
(RC), which, along with the virial theorem, provides a measure of the total gravitating
mass within the last measured point. Let V' be the circular rotation velocity at radius
R and M the enclosed mass, rotation curves V(R) have been measured, since early
80’s, by using the Doppler shift of the optical Ha line (e.g. Rubin et al. 1980; Faber
& Lin, 1983) or the radio 21—cm line of hydrogen (e.g. Bosma, 1979).

It was soon recognized that RC’s of spirals did not show any keplerian fall-off
at outer radii (Rubin et al. 1980; Bosma, 1981), as would be expected if the visible
stars provided all the mass. In fact, their shapes at R 2 1 — 2 rp are inconsistent
with the light distribution, for which L(R) o« [1 — (1 + R/rp)exp(—R/rp)], so that
the “local” dynamical mass-to-light ratio strongly increases outwards, unveiling the

presence of a dark mass component. Moreover, HI rotation curves can extensively
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Figure 1.3: Coadded spirals rotation curves per luminosity bin (left) and velocity bin (right) (from
Persic, Salucci & Stel, 1996).

probe the gravitational potential, much further than the optical disk (e.g. Broeils,
1992), thus making more difficult to contrive ways to make DM unnecessary.

It was long believed that spiral galaxies RC’s were all flat almost at any radius
and this had led to the concept of a disk/halo conspiracy, which maintains the total
circular velocity featureless, irrespective of the relative strength of the disk and halo
contributions (van Albada et al., 1985; Bahcall & Casertano, 1985). Later investiga-
tions, anyway, superseded the paradigms of “flat rotation curves” and “conspiracy”,
showing that the existence of significant features in the outer RC and the analysis
of the velocity derivative dV (r)/dr could solve the mass structure and separate the
disk /halo gravitational contributions (Salucci & Frenk, 1989; Persic & Salucci, 1990b,
1992).

Rotation curves features and properties were fully characterized by Persic, Salucci
& Stel (1996, hereafter PSS96), through the analysis of ~ 1100 RC’s, extracted from a
large survey of Ha velocities in southern spirals (Mathewson et al., 1992), about 100 of
which extended out to < 2 R,,. They found that the entire range of RC’s properties

(both coadded and individual ones) can be very well reproduced by mass modeling
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spirals with a standard exponential thin disk plus a spherical halo, characterized by
two free parameters: (3, the visible mass fraction at R,y (also inclusive of the gas
content), and a, the radius (in units of R,,) of the halo central region (core), where
dark matter density roughly stays constant. The circular velocity for such a mass

model writes:

1.97 122 22 1/2

1-8) (1+a
@rogegys T 1) 5o

V(z) =V(Rop) |5 km s ! (1.3)

where the two terms of the sum are, respectively, the disk and the halo contribution to
the total circular velocity profile. The disk+halo fits to the coadded RC’s (in luminosity
bins) yield (with fitting errors within 1% on average):

B =0.72+0.44 log (L£> (1.4)
a=1.5 <L£*>0.2 (1.5)

where log(L./Ls) = 10.4 in the I-band. As a result, the RC shape and amplitude of
spiral galaxies and, therefore, their axisymmetric gravitational potential, are fully spec-
ified by just one parameter: the luminosity (or, equivalently, the disk mass). Coadded
RC’s per luminosity bin (Fig.1.3) show a continuity of properties with increasing galaxy
luminosity: at any chosen normalized radius © = R/ R, both the RC amplitude and
the local slope strongly correlate with the luminosity, with a rms scatter much smaller
than the variations among galaxies. In Fig.1.4 we show these correlations at Rp;.
Eq.(1.4) reveals a correlation between the disk mass fraction within the optical
radius and the galaxy luminosity, which has also been confirmed by direct mass mod-
eling (e.g.: Broeils, 1992; Broeils & Courteau, 1997). This luminosity dependence can

be interpreted in terms of a mass—dependent efficiency in transforming the primordial

12
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Figure 1.4: The spirals RC’s slope at Rop vs. luminosity (left) and Vo (right); from Persic &
Salucci (1995) and PSS96.

gas fraction into stars. In fact, from eq.(1.3), the dark-to-luminous mass fraction of
a galaxy, computed at the border of the halo virialized region (the “total” M/M,) is
estimated to be (PSS96):

M LN\ 78
=1 () (1.6)
* *

This suggests that only the brightest objects reach a value comparable with the BBN
value ~ 10, while in low—L galaxies only a small fraction of their original baryon content
has been turned into stars.

On the other hand, eq.(1.5) shows that the DM component has a central constant—
density region of size comparable to R, slightly increasing with luminosity. In Fig.1.3
we can also see that the transition between the inner, disk-dominated regime, and the
outer, DM-dominated one, occurs well inside the optical radius (typically at R < R,p)
in low-luminosity galaxies, and farther out, closer to ~ R, at high luminosities.

All these results led to the definition of an Universal Rotation Curve (URC) for

13
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spiral galaxies (Persic & Salucci 1991, PSS96), which is given by the combination of
eq.(1.3), (1.4) and (1.5) and is shown in Fig.1.5. Remarkably, spirals show a very
small cosmic variance around the URC. In 80% of the cases the difference between the
individual RC’s and the URC is smaller than the observational errors. This result has
been confirmed by a Principal Component Analysis study of URC (Rhee, 1996; Rhee &
van Albada, 1996): they found that the two first components alone account for ~ 90%
of the total variance of the RC shapes.

The luminosity dependence of the URC strongly contrasts with the self-similarity
of the luminous distribution of stellar disks. This reflects the discrepancy between the
distribution of light and that of the gravitating mass, a discrepancy which increases
with radius and with decreasing galaxy luminosity, pointing to a dark mass component
with specific characteristics.

Concluding, the main dark matter features in spiral galaxies can be summarized

as follows:

e DM has been detected within the luminous regions of all spirals, where dark and

luminous matter are already well mixed;

e the transition between the inner, star—-dominated region of spirals and the outer,

halo-dominated one, moves progressively inwards with decreasing luminosity. As

14



a consequence, the dark-to-luminous mass ratio at any (normalized) radius incre-
ses with decreasing luminosity and DM starts dominating the spirals dynamics at
smaller normalized radii for lower luminosities. Moreover, the total M /M, spans
the range between the BBN predition ~ 10 at very high luminosities and ~ 10*
at L < Ly;

e the DM halo structure seems to involve a core radius comparable in size with the

optical one, slightly increasing with the galaxy luminosity.

DM in LSB galaxies

The central surface luminosity of normal spirals is about constant: py = 21.65 +
0.30 in B-band. In the early 90’s, however, a large population of disk systems, with
a significantly lower surface brigthness (uo.p ~ 24 — 25), was detected (Schombert
et al., 1992; Driver et al., 1994; Morshidi et al., 1997). In these systems the light
distribution follows that of an exponential thin disk (McGaugh & Bothun, 1994), with
total magnitude ~ 1.5 mag fainter than that of normal (HSB) spirals. They show
maximum circular velocities similar to HSB’s ones, but their optical sizes are ~ 3
times larger (de Blok et al., 1996). Moreover, faint LSB galaxies (Mp ~ —16), have
very extended HI disks, whose kinematics allows a good estimate of their mass structure
(de Blok et al., 1996).

Neverthless, no difference can be detected between the LSB and HSB rotation
curves (PSS96; Swaters et al., 2000), which coincide within the observational uncer-
tainties, when the radial coordinate is normalized to the disk length scale (Fig.1.6).
By adopting, for LSB galaxies, a similar mass model as for spirals, PSS96 found that
they stay on the “spiral” f—L and a—L relationships, which describe the dark—luminous
matter coupling: HSB’s and LSB’s are indistinguishable in the (S, a) space. In other
words, LSB’s strongly deviate with respect to the spirals’ luminosity-disk lengthscale
relation, but follow the same Universal Rotation Curve.

Anyway, LSB’s are significantly less dense than normal spirals, for both the dark

15
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Figure 1.6: Coadded rotation curves of LSB galaxies with V,,; ~ (70 & 30) km s~'. The solid line

represents the Viyre of spirals of similar V,p;.

and luminous components, and have lower stellar mass—to—light ratios. This suggests
that the differentiation between HSB and LSB galaxies is due to different initial con-
ditions (e.g., content of angular momentum, epoch of formation) rather than to later
stages of formation.

Let us stress that, to mass modeling this type of galaxies, HI data are always
needed, due to the overwhelming gravitational contribution of gas with respect to the
stellar one. Early results from the analysis of HI rotation curves (e.g. van der Hulst
et al., 1993; de Blok et al., 1996), claiming cores in dark halos of LSB’s, have been
questioned because of the modest angular resolution of the observations (e.g. Swaters
et al., 2000) . Anyway, later works, using both supplementary data in the optical
emission lines (e.g. de Blok et al., 2001a) and high-resolution RC’s (de Blok & Bosma,
2002) strongly confirm that the halos density profiles are characterized by an almost

flat inner region, with core radii of a few kpc.
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1.2.2 DM in dwarf galaxies

Dwarf irregulars

The stellar component in dwarf irregular systems (dIrr’s) is distributed according to an
exponential thin disk as in spirals (Carignan & Freeman, 1988). At high luminosities,
dIrr’s barely join the low—L tail of spirals; at low luminosities, they reach down to
~ 1073L, in B-band. They have very extended HI disks, so that high—quality RC’s
can be measured out to 2 R,y (e.g. Coté et al., 1997; Swaters, 1997), which allow
reliable determinations of the DM properties.

By working out the mass model that best reproduces the RC’s shapes of a dIrr’s
sample, Salucci & Persic (1997, hereafter SP97) found the following main results: 1)
the contribution of the baryonic disk (stars + gas) to the circular velocity is roughly
constant with radius (e.g., Carignan & Freeman, 1988), as the decrease of the stellar
contribution outwards is counterbalanced by the increase of the gas contribution (see
also Corbelli & Salucci, 2000); 2) These objects are the darkest in the Universe:  con-
tinues to decrease at lower luminosities down to ~ 1072, Therefore, the DM fraction in
these systems is overwhelming, continuing, at smaller V,,;, the trend of low-luminosity
spirals. 3) dwarf galaxies have the densest halos, with high values of the central DM
density, continuing the same inverse trend with luminosity as spirals. However, dIrr’s
halos may have “larger” core radii, in units of R, inverting the trend with luminosity
detected in spirals.

Similar results are found through best—fit mass models of individual RC’s (Puche
& Carignan, 1991; Broeils, 1992; Coté et al., 1997; Swaters, 1997). They, in fact,
show that DM halos, with large core radii ( 2 rp), completely dominate the mass
distribution of dIrr’s. In greater detail, Coté (1995) and Coté et al. (1997), compiling
previous work, find that, at r ~ 2 Ryp, Maark/Mparyons = 1 — (Mp + 20) and that

central densities increase by a factor ~ 10 from Mg = —20 to Mg = —14.
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A direct and important consequence of these results is that dwarf irregulars,
although having a negligible amount of light, do have a non—negligible total mass:
~ 8 x 10'(L/Lypas)'® My, with L., = 0.04 L, being the maximum luminosity ob-

served in this family.

Dwarf spheroidals

Dwarf ellipticals/spheroidals (dSph’s) are the faintest galaxies we observe; yet, they
represent the most common morphological type in the nearby universe (e.g., Ferguson
& Binggeli, 1994). In their case, the main kinematical quantity tracing the gravitational
potential is the velocity dispersion, which can be determined by measuring redshifts of
individual stars.

Ever since early measurements of dSph’s velocity dispersions, very high tidal M/L
ratios were derived, implying large amounts of DM (Faber & Lin, 1983). Kormendy
(1988) and Pryor (1992) showed that dSph’s are DM dominated at all radii; core fitting
methods (Richstone & Tremaine, 1986) yielded central DM densities of 0.1 M, pc™2 (i.e.,
overdensities of 107), a factor 10-100 larger than the stellar ones. Later kinematical
studies (e.g. Mateo, 1994; Armandroff et al., 1995; Ibata et al., 1997) have gathered a
suitable number of galaxies with central velocity dispersions derived by measurements
of stellar motions. Mateo (1997) showed that the central M /L increases with decreasing
galaxy luminosity, implying, even in the innermost regions, the presence of a dark
component whose importance is greater at low luminosity.

Fitting their M/L-L relationship through a mass model composed of a lumi-
nous spheroid with M, = 5 Ly (as in Mateo, 1997) plus a cored dark halo, SP97
obtain a striking agreement between observed and predicted central mass—to—light
ratios (Fig.1.7). They find My, o L%//Zl, indistinguishable from Mateo’s best fit,
Mg ~ 2 x 10" My, independent of luminosity, and in qualitative agreement with
pioneering studies of the dSph’s Fundamental Plane (Ferguson & Binggeli, 1994).

Summarizing, dwarf galaxies are the densest galaxies in the Universe and are
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also completely DM—dominated. Their low baryon content just smoothly continues
downwards the dependence with galaxy mass followed by larger galaxies, and this

continuity seems to extends even to all other structural properties.

1.2.3 DM in elliptical galaxies

Compared to spirals, whose geometry and kinematics are well known, elliptical
galaxies (E’s) are much more complicated systems, as, for many reasons, we do not
even know the distribution and the properties of the luminous matter itself. The story
of modern studies about E’s began when Binney (1978) and Davies et al. (1983)
demonstrated that luminous ellipticals are not flattened by rotation. Their correlation
between the ratio of the maximum rotation velocity to the central dispersion velocity
and the ellipticity clearly reveals that luminous ellipticals are not totally rotationally

supported; however, stability with respect to gravitational collapse is ensured by the
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anisotropy of their velocity dispersion, rather than by global rotation. Therefore, the
intrinsic 3—dimensional shape of ellipticals is, generally, triaxial (indeed, isophote twists
and minor-axis rotation have been observed, interpreted as evidence for triaxiality),
even though their mean triaxiality is supposed not to be very great. Moreover, their
stellar orbital structure is not univocal, in that it depends on the angular momentum
content, on the degree of triaxiality and on velocity dispersion anisotropy (radial and/or
tangential). As a consequence, inferring their mass distribution from observations is
not straigthforward, due to the lack of an ideal, dynamically cold, tracer (like RC’s
in spirals) and the interpretation of observational data has often been ambiguous (e.g.
the issue of the mass—anisotropy degeneracy).

Much of our knowledge has been derived from the analysis of the stellar absorption
spectra, integrated along the line of sight: the classical quantitiE’s so derived are the
stellar luminosity density distribution, the mean velocity profile and the mean velocity
dispersion profile, along the line of sight. In principle, these should allow the stellar
dynamical modeling by means of the Jeans equations and provide the Distribution
Function (DF) of the integrals of the motions and the gravitational potential of the
system. In practice, due to degeneracy problems, good results only came with the
analysis of the line of sight velocity distributions (LOSVD’s), measuring the deviations
of line profiles from Gaussian functions in terms of Az and h4, the third and fourth
order Hermite polynomial terms (Gerhard, 1993; Merritt, 1993). Absorption lines
profiles data make now possible (even though quite hard) to determine both the mass
distribution and anisotropy out to 2 — 3r, (Kronawitter et al., 2000; Gerhard et al.,
2001). Unfortunately, this method involves quite a complicated analysis and can not
be applied to a great number of galaxies. Furthermore, observations can not extend
further than to ~ 3 r., because of the rapid decreasing of surface brightness with
radius.

Other mass tracers have been used to probe the gravitational potential out to
external radii, involving different observational techniques: a) X-Ray emission from

hot gas (107 K), which gives constraints on M/L at large radii, provided the gas
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temperature profile is known; b) warm gas (10* K) in gaseous disks and HIT regions,
often confined inside ~ 2 r.; ¢) 21-cm emission of cold (10 K) neutral hydrogen,
from HI rings (unfortunately, they are rather rare); d) “test particles” of the galaxy
gravitational potential, such as Globular Clusters and individual stars in dwarf E’s of
the Local Group; e) gravitational lensing, a successful technique in last years, due to
the improvement of observations quality.

All these methods have complemented each other in revealing the presence of DM
even in in early—type galaxies, with large value of the total M /L ~ 80 — 100 (Saglia et
al., 1993; Bertola et al., 1991, 1993). Notice that extended velocity dispersion profiles
up to 1 — 2 r, indicate no evidence of large amounts of DM in the internal regions:
M/ L is found to be constant inside 0.5 — 1 r,, which is the typical extent of the ionized
gas emission, with a mean value of 3—4 M/Lpq (e.g. van der Marel, 1991; Bertola et
al., 1991, 1993). In particular, DM density profile in the inner region of the galaxies
is found to be much flatter than the baryons profile, the two profiles intersecting at
about the effective radius.

It is worth recalling that much work has also been done, from a theorical point of
view, to construct two—components models for ellipticals and to study the correspond-
ing phase-space properties. Large survey of two-components, spherically symmetric,
collisionless and self—consistent models have been employed to study ellipticals embed-
ded in massive dark halos (e.g. Bertin et al., 1991, 1993; Ciotti et al., 1996; Ciotti
1999). One important result is that numerical investigations (Ciotti & Pellegrini, 1992;
Ciotti, 2000) reveal the difficulty of superimposing, in a consistent way, a centrally
peaked profile to a centrally flat one. For instance, a de Vaucouleurs model (peaked
in the center) cannot be coupled to a King (quasi-isothermal) density profiles (flat in
the center), because their DF’s run into negative values near the model center (Ciotti

& Pellegrini, 1992).
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1.2.4 Summary

Summarizing, the claim for the ubiquitous presence of dark halos around galaxies
is observationally supported. From the kinematics of a very large number of systems,
there unquestionably emerges a one—to—one relation between a luminous galaxy and a
massive dark halo; a hypothetical galaxy found with no dark halo should be considered
as a peculiar exception. More specifically, SP97 claim that a stellar system of size R,
and mass M,, should be actually seen as embedded in a dark halo of radius ~ 15 R,
and mass M ~ 3 x 1012(2><1€)+1\/1®)0'4M®'

Thus, all galaxies lie within large self-gravitating dark halos; the luminous mat-
ter, not surprisingly considering the dissipational collapse it has experienced, is more
concentrated than the dark one, by a factor ~ 10 — 15. This explains why the former
nearly always dominates the inner regions of galaxies. From the galaxy center out to
R,pt, the DM fraction goes from 0% up to 30% —70%. Thus, all across the region where
the baryonic matter resides, the dark and luminous components are well mixed, except
in very-low—luminosity galaxies, which are DM-dominated at all radii. An important
consequence is that the two common (and competing) ideas, according to which either
i) DM is the main component inside R, or i7) DM is important only where the stellar
distribution ends, are both ruled out by observational evidence.

As regards halos properties, results from spirals and dwarfs suggest that the DM
density should remains approximately constant in the galaxies inner region. This “core”
seems to be slightly larger in more luminous galaxies, both in physical and in normalized
units. To investigate the existence of halo cores, that would imply that DM halos,
arising from scale—free perturbations, have developed a scale related to the luminous

matter scale, is a main aim of this thesis.
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1.3 What We Do Not Know: Open Problems

1.3.1 Collisionless CDM crisis on galactic scale

According to the collisionless Cold Dark Matter (CDM) scenario (Blumenthal
et al., 1982; Peebles, 1982), darm matter halos formed out of small, Gaussian and
adiabatic density fluctuations, via dissipationless hierarchical merging. They are the
main virialised systems within which the primordial gas cools and subsequent star
formation occurs, leading, after some possible merging episodes, to the present—day
galaxies (White & Rees, 1978; Frenk et al., 1988; Davies et al., 1989; Cole & Lacey,
1996). Collisionless CDM theories with a cosmological constant (or quintessence) give
a fine description of large-scale structure in the Universe and have been confirmed
by a number of crucial observations, from the abundances of clusters nearby and at
2z <1 to CMB anisotropies (see Bahcall et al., 1999; Primack, 2002). However, this
success does not extend down to galactic and subgalactic scales: a worrying discrepancy
exists between observations and theoretical predictions of CDM models concerning:
a) the central mass distribution in galaxies, b) the shapes of the dark halos, ¢) the
halos substructure and d) the angular momentum of galaxies disks (for a review, see
Tasitsiomi, 2002). Here, we focus on the issue of the DM distribution within and
surrounding galaxies, which is the guideline of our work.

In the following, it will be useful, in order to represent generic dark halos, to refer

to the following broad family of density profiles (Zhao, 1996):

_ Ps
plr) = [k + (r/r)7] [L+ (r/rs)a]@ /e (1.7)

where v and ¢ are, respectively, the inner and the outer slope and o marks the turnover
point between the two regimes. The parameter £ is related to the presence of a central
core: if k # 0, there exists an inner region where the density roughly stays constant
and r; is connected to its extent; otherwise, i.e. for £k = 0, DM density diverges for

r — 0.
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Since early 80’s, several studies have investigated the detailed structure of colli-
sionless CDM halos, mainly by means of N-body simulations at a progressively higher
resolution. Neverthless, it was only in the second half of 90’s that spatial/mass res-
olution of simulations became high enough (~ 10% 7,;) to yield predictions of dark
halos properties on galactic scale ~ 10 kpc (Navarro, Frenk & White, 1995, 1996,
1997, hereafter NFW:; Cole & Lacey, 1996; Fukushige & Makino, 1997; Klypin et al.,
1999; Bullock et al., 2001). On the other hand, observational data (especially RC’s of
DM-dominated galaxies) have increased, in the meantime, in quantity and quality, and
substantial improvement occurred in mass modeling tecniques (e.g. PSS96); therefore,
it is now possible to test, with high reliability, the above theorical predictions.

The univocal outcome of recent N-body simulations, across a wide range of cos-
mologies, is well known: CDM halos, with masses in the range 10! M, — 10" M, have
an “universal” density profile whose properties are: a) a divergent behaviour for r — 0
(k=0,~v R 1); b) an outer slope § = 3 and ¢) a characteristic lenght scale, ry, marking
the separation between inner and outer regime and weakly depending on the halo mass
and cosmological parameters. For example, the NFW density profile corresponds to
(k, @, 0, v)= (0, 1, 3, 1) in eq.(1.7). However, a number of simulations with higher
mass/spatial resolution (Moore et al., 1998-1999; Ghigna et al., 2000; Jing & Suto,
2000; Fukushige & Makino, 2001) found profiles somewhat steeper in the inner region:
for example, Moore and collaborators (1998, 1999) resolved the density profiles down
to ~ 1% of the virial radius, with 10° particles and force softening ~ 0.2% 7, finding
(k, a, 8, v)= (0, 1.5, 3, 1.5), thus a density profile steeper, in the center, than the
classical NF'W.

As a matter of fact, it is well established that the central cusp in halos density
profile is not an artifact due to poor numerical resolution, but a specific feature of
collisionless CDM halos. Indeed, as cold particles are by definition moving slowly,
there are no primordial phase space constraints that could impose a scale (Tremain &
Gunn, 1979; Moore, 1994), so that the resulting core radius is negligible. Dynamically,

since in the context of hierarchical merging lower-mass halos have higher densities,

24



DM falls into the center of the more diffuse merger remnant, generating high—density
cusps (Syer & White, 1998).

On the observational point of view, since the dark component in galaxies can be
better traced when the stellar contribution to the dynamics is negligible, it has been
customary to investigate DM-dominated objects, such as dwarfs and LSB galaxies,
neglecting their stellar and gaseous components and approximating them as spheres of
dark matter. A number of studies claimed that, in these objects, the rotation curves
rise more slowly and mass is much less concentrated than predicted by CDM (Moore,
1994; Flores & Primack, 1994; Burkert, 1995; de Blok & McGaugh, 1997; Klypin et
al., 1998; Firmani et al., 2000; de Blok et al., 2001a; Moore, 2001; de Blok & Bosma,
2002). The behaviour of the observed RC’s requires a constant DM density in the
central regions, implying core—-dominated halos.

The origin of these flat density cores is quite difficult to understand in the frame-
work of CDM theory. Recent N-body simulations have enough resolution to determine
the DM density distribution within 0.5 r, (e.g. Moore et al., 1998); therefore, any flat-
tening should have emerged. This serious discrepancy led to questioning about the
reality of flat cores in DM halos. Indeed, it has been argued that: a) the crucial HI
rotation curves are of insufficient spatial resolution and beam smearing effects are likely
to alter the intrinsic density profile (van den Bosch et al., 2000); b) there are several
degeneracy problems (van den Bosch & Swaters, 2001) in decomposing the circular
velocity in its separate dark and visible components and, therefore, in inferring the
dark halo density.

By this point, it is clear that we have a lack of knowledge of halos features in the
region where DM and baryons cohabit. This ignorance makes much difficult to give
a detailed picture of the process of galaxies formation and, since we do not know the
final configuration, this prevents us also by answering another question, perhaps the
basic one: which particles non-baryonic DM is composed of? how they interact (if

interact) with baryons?
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1.3.2 Dark matter nature

Non-baryonic particles candidates to make up the dark matter are usually classi-
fied as either “hot” or “cold” (Bond and Szalay, 1983), according to their energy. In
the early Universe, when structure starts to form, hot particles, which are very light
and relativistics, can free-stream out of galaxy-sized overdense regions, so that only
very large structures form. However, cold DM particles, massive (GeV or heavier) and
non-relativistic, can clump on smaller scales. This leads to the two main scenarios
for structure formation: in the hot DM model, very large structures form first; then,
the fragmentation of cluster— or supercluster-sized sheets of collapsed matter (“pan-
cakes”) lead to galaxies. In the CDM model, however, galaxy formation and clustering
proceeds hierarchically, with small objects merging to form larger ones.

It is well known that pure hot DM models are strongly disfavoured, in view of
observations of the distribution of galaxies at very high redshift. There is general
consensus on the idea that non—baryonic dark matter consists of cold collisionless el-
ementary particles, without electromagnetic and, obviously, strong interactions (for
otherwise they should have been detected). Particle physics offers several candidates
with suitable properties. As a matter of fact, this is an exciting research field, in which
cosmology and particle physics can strongly interact and contribution each other. We
will come back on this important issue in Chapter 6, where we will also discuss the

contraints from recent astrophysical findings to the DM particle nature.

1.4 Scope of the Thesis

Within this framework, our research addresses to the issue of DM distribution
in galaxies, by devising an adequate strategy to test the DM gravitational effects in
galaxies against the CDM predictions. Much work has been done about the “first
order” properties of DM in galaxies, its amount and variations with galaxies types

and luminosities. Here, we want to investigate the “second order” properties, such as
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the DM distribution, which, neverthless, are linked to “zero order” physical properties:
the nature and the interaction mechanisms of DM particles. To our aim, high quality
kinematical data are essential, with high spatial resolution, small observational errors
and extending to large radii. Thus, our inquiry strategy focuses on two classes of

suitable galaxies:

e low—luminosity spiral and dwarf galaxies, with high quality RC’s. They
have a large DM amount, even in the internal regions and recent findings on the
gas distribution in these systems (Corbelli & Salucci, 2000), so as on the amount
of stellar matter inside the innermost kiloparsec (Ratnam & Salucci, 2000), will

help solving the main problems related to their mass structure.

e luminous elliptical galaxies: they are galactic systems showing a variety of
scaling laws and correlations between observables, well studied in literature. The
most known of these is the Fundamental Plane, an empirical correlation between
dynamical and photometrical quantities, with small scatter. There exists a con-
siderable amount of data from large surveys of E’s and, remarkably, very high

quality observations are available for a number of individual galaxies.

Besides, other recent achievements favour us in our research: for example, we are
able now to give better constraints, by means of synthetic spectral energy distribu-
tion (SED’s), to the mass—to-light ratios of the baryonic component (e.g.. Silva et
al., 2001). Moreover, weak (galaxy—galaxy) gravitational lensing is now mapping the
distribution of DM in halos over large scales with unprecedented precision, giving very
good constraints on the total dark—to-luminous mass ratio (e.g. McKay et al., 2002).

Furthermore, the actual formulation of CDM halos collapse, in the framework of
a flat A—dominated Universe, turns to have no free parameter in the halos predicted
structure but the total mass, which is sufficient to determine (even though with rather
a great scatter) the remaining properties: the formation epoch, the concentration and

the scale radius. This, of course, strongly limits the possibility of CDM halos to suitably
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fit the observations. It is clear, however, that without a clear picture of DM /baryons
physics and their present configuration, it is quite impossible (and makes little sense)
to develop new theoretical scenarios.

The outline of this thesis is the following. In Part 1 we report our work on disk
galaxies: low-luminosity spirals (§2), the case for a single dwarf galaxy (§3) and re-
sults from mass modeling the spirals Universal Rotation Curve (§4). Part 2 deals with
ellipticals and reports our analysis of the Fundamental Plane as a tool to derive DM
properties in spheroids (§5). Finally, in §6 we report our conclusions and perspectives
for future work. Chapters from 2 to 5 correspond, with slight modifications, to pub-
lished or submitted papers (see List of Publications for references) and each of them

can be read as a separate entity.
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Part 11

DISK GALAXIES
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Chapter 2

The Dark Matter Distribution

in Spiral Galaxies
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2.1 Introduction

Rotation curves of disk galaxies are the best probe for dark matter on galactic
scale. Notwithstanding the impressive amount of knowledge gathered in the past 20
years, some crucial aspects of the mass distribution remain unclear. In fact, the actual
density profile of dark halos is still matter of debate; we do not even know whether it
is universal or related to some galaxy property, such as the total mass. This is partly
because such issues are intrinsically crucial and partly because it is often believed that
a RC leads to a quite ambiguous information on the dark halo density distribution
(e.g. van Albada et al., 1985). Although deriving halo densities from individual RC’s
is certainly complicated, this belief is incorrect. In fact, the above argument is true
only for rotation curves of low spatial resolution, i.e. with less than ~ 3 measures
per exponential disk length scale rp, as is the case of the great majority of HI RC’s.
Indeed, since the galaxy structure parameters are very sensitive to both the amplitude
and the shape of the RC in the region 0 < r < rp (the region of the RC steepest rise),
HI RC’s generally do not have sufficient data to constrain models. No reliable mass
model can be derived if such a region is poorly sampled and/or radio beam—biased.
However, in case of high—quality optical RC’s with tens of independent measurements
in the critical region, the kinematics can probe the halo mass distribution and resolve
their structure.

Since the dark component can be better traced when the disk contributions to the
dynamics in a modest way, a convenient strategy leads to investigate DM—dominated
objects, like dwarf and low surface brightness (LSB) galaxies. It is well known that, for
the latter, there are claims of dark matter distributions with cores of constant density,
in disagreement with the steeply cusped density distributions of the Cold Dark Matter
Scenario (Flores & Primack, 1994; Moore, 1994; Burkert, 1995; Burkert & Silk, 1997;
Kravtsov et al., 1998; McGaugh & de Blok, 1998; Stil, 1999). However, these findings
are far from being definitive in that they are: 1) under the caveat that the low spatial

resolution of the analysed RC’s does not affect the mass modeling and 2) uncertain,
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due to the limited amount of available kinematical data (see van den Bosch et al.,
2000).

In this framework, we will investigate the above-discussed issue by analysing a
number of high—quality optical rotation curves of low luminosity late—type spirals, taken
from Persic & Salucci (1995, hereafter PS95). They have I-band absolute magnitudes
—21.4 < M; < —20.0, that, in terms of rotational velocities, translate into 100 <
Vopt < 170 km s™'. Objects in this luminosity/velocity range are DM dominated (e.g.
Persic, Salucci & Stel, 1996; hereafter PSS96), but their RC’s, measured at the PS95
angular resolution of 2", still have a spatial resolution of w ~ 100(D/10 Mpc) pc and
Ndata ~ Ropt/w independent measurements. For nearby galaxies, this means: w << rp
and Ngqe > 25. Moreover, we select rotation curves of bulge-less systems, so that the
stellar disk is the only baryonic component for r < rp.

Since most of the properties of cosmological halos are claimed universal, it is worth
to concentrate on a small and particular sample of RC’s, that, anyway, can provide
crucial information on the dark halo density distribution. The systematics and the
cosmic variance of the DM halos are investigated elsewhere (Salucci & Burkert, 2000;
Salucei, 2001). We describe the RC’s sample in §2.2 and present our mass modeling
technique in §2.3. The results of the RC’s fitting and the inferred halo profiles and
properties are shown in §2.4. A disk—halo model assuming a CDM density profile for

the dark halo is discussed in §2.5. We summarize our results in §2.6.

2.2 The Sample of Rotation Curves

The rotation curves of the PS95 ‘excellent’ subsample of 80 galaxies are all suitable
for an accurate mass modeling. In fact, these RC’s properly trace the gravitational
potential, in that: 1) data extend at least to the optical radius, 2) they are smooth
and symmetric, 3) they have small rms (a few percent), 4) they have high spatial
resolution and a homogeneous radial data coverage, i.e. about 30 — 100 data points

homogeneously distributed with radius and between the two spiral arms.
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Figure 2.1: Rotation curves of the sample galaxies.
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From this subsample, we extract 9 rotation curves (see Tab.2.1, at the end of this
chapter) of low—luminosity galaxies (5 x 10°Le, < Ly < 2 x 10'%Lg; 100 < Vo < 170
km s7!), with their I-band surface luminosity being an (almost) perfect radial expo-
nential. These two last criteria, not indispensable to perform the mass decomposition,
are however required to minimize the uncertainties of the resulting dark halo density
distribution. The selected RC’s are shown in Fig.2.1 (for all details we refer to PS95).
They are still growing at Ry, in that mostly tracing the dark halo component. Each
RC has 7 — 15 velocity points inside R,y;, each one being the average of 2 — 6 inde-
pendent data. The RC spatial resolution is better than 1/20 R,,;, the velocity rms is
about 3% and the RC’s logarithmic derivative is generally known within about 0.05.

2.3 Mass Models

We model the mass distribution as the sum of two components: a stellar disk
and a spherical dark halo. By assuming centrifugal equilibrium under the action of
the gravitational potential, the observed circular velocity can be split into these two

components:

VA(r) = Vi(r) + Vi (r) (2.1)

By selection, the objects are bulge—less and the stellar component is distributed like
an exponential thin disk. Light traces the mass, via an assumed radially constant
mass—to—light ratio.

In the r.h.s of eq.(2.1) we neglect the gas contribution Vj,s(r), since in normal
spirals, it is usually modest within the optical region (e.g. Rhee, 1996): [gqs =
(VZs/V?) Rope ~ 0.1. Furthermore, high resolution HI observations show that in galax-
ies with RC’s similar to those of the present sample (M33: Corbelli & Salucci, 2000;
NGC300: Puche, Carignan & Bosma, 1990; N5585: Coté & Carignan, 1991; N3949
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and N3917: Verheijen, 1997) V,,4(r) is well represented by V,4s(r) =~ 0 for r < rp and:

Vgas(r) = (20 £ 5)(r — rp)/2rp rp <7 <3rp (2.2)

Thus, in the optical region: i) V22 (r) << V*(r) and i) d(V?(r) — V7 .(r))/dr 2 0.
This last condition implies that, by including Vi, in the r.h.s. of eq.(2.1), the halo
velocity profiles would result steeper than we already find, and, then, the halo density
core radius larger, thus strengthening our findings. Incidentally, this is not the case
for dwarfs and LSBs: most of their kinematics is affected by the HI disk gravitational
pull, in such a way that neglecting it could bias the determination of the DM density.

The circular velocity profile of the exponential thin disk writes (Freeman, 1970):
7 (IoKo - IlKl)l.ﬁr/Ropt

Vi) =V,
p(r) opt B R%,  (IoKoy— K1)

(2.3)

where I, an K, are the modified Bessel functions, V,, is the measured circular velocity
at Rop and 3 = <“i—é> . The parameter 3 quantifies the disk contribution to the
total circular velocity at oﬁopt and ranges 0 to 1. On grounds of simplicity, we assumed
[, rather than the disk mass—to-light ratio, as the disk free parameter.

For the DM halo we assume a spherical distribution, with an inner constant density
region (CDR). Its contribution to the circular velocity Vepr(r) is given by (PSS96;
Salucci & Persic, 1997):

2

Vépr(r) = Vo v (1+a?) (2.4)

(22 + a?)
where © = /R,y and a is the halo core radius measured in units of R,y. From
eq.(2.1): v = (1 — ). Since we normalize (at R,,;) the velocity model (V2 +V2)'/2 to
the observed rotation velocity V;,;, 5 explicitly enters the halo velocity model and this

reduces the free parameters of the mass model to two.
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It is important to remark that, out to Ry, the model proposed in eq.(2.4) is
neutral with respect to the competing mass models. Indeed, by varying 5 and a, it ap-
proximately reproduces the maximum-disk, the solid-body, the no-halo, the all-halo,
the CDM and the coreless—halo models. For instance, CDM halos with concentration

parameter ¢ =5 and ry = R, are well fit by eq.(2.4) with a ~ 0.33.

2.4 Fitting Rotation Curves

For each galaxy, we determine the values of the parameters $ and a by means of

a x?-minimization fit to the observed rotation curves of the model circular velocity:
V'n%odel(r;ﬁaa) = V[%(Taﬁ) + VC%DR(T;ﬁaa) (25)

A central role in discriminating among the different mass decompositions is played by
the derivative of the velocity field dV/dr. It has been shown (e.g. Persic & Salucci,
1990c¢; Persic & Salucci, 1992) that, by taking into account the logarithmic gradient of

the circular velocity field, defined as:

dlogV(r)

vir) = dlogr

(2.6)

one can significantly increase the amount of information available from kinematics and
stored in the shape of the rotation curve. Then, we consider x2-s calculated on both

velocities and logarithmic gradients:

< V; - Vmodel(ri; ﬁa a)
2
Xy = (2.7)
P R
< \Y ri) — vmo el \T's; Baa
g = 3o V) = Va1 f.0) 0.9
i=1 ?
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where Vo4ei (735 0, a) is computed from eq.(2.3), (2.4) and (2.6). As the linear combi-
nation of x%-s still follows the x> statistics (Bevington & Robinson, 1992), we derived

the mass models parameters by minimizing a total x?%,,, defined as:

Xiot = Xv + X% (2.9)

The above is the a = 1 case of the general relation x%, = x3 + a - x% we adopt
in that the circular velocity at radius r; and the corresponding log—gradient V(r;) are
statistically independent. Notice that the x%, best-fit solutions are not statistically
different from those obtained with the usual x? procedure; however, the ellipse uncer-

tainty is now remarkably reduced.

2.4.1 Results

The parameters of the best—fit models are listed in Tab.2.2, at the end of this
chapter, along with their 1o uncertainties. The derived mass models are shown in
Fig.2.2, alongside with the separate disk and halo contributions. The parameter [
spans a range from about 0.1 to 0.5: within R, the disk mass is just 10% to 40% of
the gravitating mass. The halo core radius a ranges from ~ 0.8 to ~ 2.5; thus, the
halos have an inner region of approximately constant density, whose size is, remarkably,
greater than the disk characteristic length scale rp and it is comparable to (or greater
than) the galaxy optical extension (i.e. the region investigated).

The mass models are well specified for each object: the allowed values for S and
a span a small and continuous region of the (a, ) space. We get a “lowest” and a
“highest” halo velocity curve by subtracting from V() the maximum and the minimum
disk contributions Vp(r) obtained by substituting in eq.(2.3) the parameter S with
Brest + 0 and Byess — 65, respectively. In each object, the uniqueness of the resulting
halo velocity model can be realized by the fact that the lowest and the highest models

mostly coincide. In Fiig.2.3 we show the correlation between the halo parameters: halos
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Figure 2.2: Fits (thick solid line) to the sample RC’s (points with errorbars), obtained by assuming

the mass model: disk + Constant Density Region (CDR) halo. Thin solid lines represent the separate

disk and halo contributions. The maximum disk and the minimum disk solutions are also plotted

(dashed lines).
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Figure 2.3: Relation between the halo parameters provided by the Constant Density Region (CDR)

model fit to the RC’s. The halo core radius a is in units of R,p;.

which are more dynamically important at R, (i.e. with higher (1 — /3)) tend to have
smaller core radii. Part of the scatter of the relation may arise because the sample is
limited in statistics and in luminosity range (see Salucci & Burkert, 2000).

As regards to the HI disk contribution, we also tested the reliability of our low—
influence hypothesis. Its contribution to the circular velocity (see Corbelli & Salucci,
2000) has been computed and, then, actually subtracted from V(r). As result of the
RC’s fitting, the values of the parameter S do not change, whereas we obtain slightly
larger values of the core radius a, thus strengthening the above findings. We take the
galaxy N755 as a typical example. By considering also the gas contribution to its RC,
we get: = 0.05709f and a = 1.17)3, to be compared with the values in Tab.2.2.

Although the present sample is small for a thorough investigation of the stellar
mass—to-light ratios, it is worth noticing that the disk mass—to-light ratios, we infer
from the best—fit mass models, (< Mp/L; >~ 0.8M/L;¢, see Tab.2.2) are typical of

late—type spirals with young dominant stellar populations and ongoing star formation
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Figure 2.4: N755 rotation curve compared with over-maximum-disk models. Solid line repre-
sents the total circular velocity, short— and long-dashed lines represent the disk and halo contri-
butions. The best-fit model for this galaxy is # = 0.097592 and a = 1.07J3, corresponding to
Mp/L; = 0.2 Mg/L; o. We realize that models with significantly higher disk mass—to-light ratios

are inconsistent with the inner rotation curve, regardless of the halo profile.

(e.g. de Jong, 1996), which adds to variations in stellar populations due to differences in
age, metallicity, star formation history and to uncertainties in the estimate of distances
and/or internal extinctions. In detail, we checked that, for the three galaxies with the
lowest disk mass—to—light ratios, a significantly larger value of 3 is inconsistent with
the (inner) rotation curve (see Fig.2.4). Finally, it is worth stressing that the present
analysis computes the mass-to-light ratios from the model parameters as a secondary
quantity; the uncertainties in Col.(4) of Tab.2.2 do not indicate the goodness of the

halo mass models, but only specify how well we know this quantity.
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Figure 2.5: The halo velocity profiles of the sample galaxies, derived from the disk+CDR halo fit
to the RC’s. Vopr(r) rises almost linearly with radius: the DM halo density remains approximately

constant.

2.4.2 Dark halos properties

In Fig.2.5 we show the halo velocity profiles for the nine galaxies, obtained from
the disk + CDR halo model. The halo circular velocities are normalized to their
values at R,, and expressed as a function of the normalized radius r/R,,. These
normalizations allow a meaningful comparison between halos of different masses: the
radius scaling removes the intrinsic dependence of size on mass (more massive halos are
bigger), whereas the velocity scaling takes into account that more luminous galaxies
have higher circular velocities.

It is evident that the halo circular velocity, in every galaxy, rises almost linearly

with radius, at least out to the disk edge:

VCDR(T) xXr 0-05Ropt fs r ff, Ropt (210)
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The halo density profile has a well defined core radius within which the density is
approximately constant (pg ~ 1 — 4 x 1072* g/cm?). This is inconsistent with the
singular halo density distribution emerging in the Cold Dark Matter (CDM) scenario
of halo formation: pcpy o< r=' (Navarro, Frenk & White (NFW) 1995, 1996, 1997;
Cole & Lacey, 1996; Tormen et al., 1997; Tissera & Dominguez—Tenreiro, 1998; Nusser
& Sheth, 1999). More precisely, since the CDM halos are, at small radii, likely more
cuspy than the NFW profile: pcpyr oc 75 (Fukushige & Makino, 1997; Moore et
al., 1998; Jing, 1999; Jing & Suto, 2000; Ghigna et al., 2000) the steepest CDM halo
velocity profile o< 7'/4 results too shallow with respect to observations and, therefore,

inconsistent with eq.(2.10).

2.4.3 The Burkert density profile

From the study of the density distribution of dark halos around dwarf galaxies,

Burkert (1995) proposed the following phenomenological profile:

,007"3
r+710)(r2 +rd)

pp(r) = ( (2.11)

where py (the central density) and 7 (the scale radius) are free parameters. This
density law has a core radius of size ry, and, at large radii, converges to the NFW
profile; of course, for rq < rp, we recover a cuspy profile. Within spherical symmetry,

the mass distribution is given by:

Mp(r) =4 My {In(1 + 7 /rg) — arctan(r/rg) + 0.5In[1 + (r/70)?]} (2.12)

with M, the dark mass within the core:

My~ 1.6 po 78 (2.13)

44



V (km s-1t)

V (km s-1t)

V (km s-1t)

116-G12 531-G22 533-G4

T T T T T 200 R B B B e
[ ] 150 |~ =
150 |- B [ ]
- [ ] - H 1
s 3 , “ 100 - —
g 100 - ] 5 ]
= r ] = r 1
> [ ] > [ ]
50 - = 50 — B
/ 1 ’ 1 £ 1
e R o R AR I A A S AN AN B e S TSN N R RN A
0 02 04 06 08 1 12 0 02 04 06 08 1 0 02 04 06 08 1
/R /R r/R
545-G5 563-G14 79-G14
NN e s [T T T T 200 T
150 = [ gl
r 1 150 |- .
w 100 - B [ r ]
g [ ] g 100 - b
< L J < [ ]
= . 4 = L
50 - B r ]
L ] 50 [~ B
L 4 (e ]
o J) T A I AP P A I A W e Y N B N SIS B
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
r/Ropt r/cht r/Ropt
M-3-1042 N7339 N755
L R B A N N A e s T T
150 |- - r E [ i
L ] 150 [ ]
100 |~ — W L ] T
[ i g o0 ] £
L 1 = F 1 =
E B = r b =
50 - N 50 - ]
-/ - B ]
I 1 7 1
ol b e o R T T R R A
0 02 04 06 08 1 0 02 04 06 08 1
r/RUpt r/Rupl

Figure 2.6: Fits (thick solid line) to the sample RC’s (points with errorbars), obtained by assuming

a mass model: disk + Burkert halo. Thin lines represent the separate disk and halo contributions.
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Figure 2.7: Halo central density po vs. core radius ro. The dashed line is the Burkert relationship

for dwarf galaxies.

The halo contribution to the circular velocity is then: VZ(r) = G Mp(r)/r. Although
the dark matter “core” parameters py and ry are, in principle, independent, the obser-
vations reveal a strong correlation among them: py ~ r52/3 (Burkert, 1995; Salucci &
Burkert, 2000). Then, the halo profiles reduce to an 1-parameter family of curves.
For completeness, we also performed the fit to the RC’s, by using a mass model
composed by an exponential thin disk plus a Burkert halo profile, leaving as free pa-
rameters, besides 3, both the halo core radius rq and the halo central density py. The
results are shown in Tab.2.2 and Fig.2.6: we find that the disk+Burkert halo model
can reproduce quite well the observed RC’s, over the available radial range. Each of
9 halos has a central density py of about 1 — 4 x 1072* g/cm3, that keeps constant
out the edge of the stellar distribution. Let us notice that the core radii are pretty
large (19 & Ropt); indeed, for three galaxies (545-Gb5, M-3-1042, N7339), the available
spatial extent of the RC’s is not sufficient to upper—limit their extension. Moreover,
the best—fit values of rq and pg, derived by this way, agree with the extrapolation at

/3

high masses of the scaling law p 7"0_2 , established for objects with much smaller
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Figure 2.8: Comparison of the CDR and Burkert halo parameters, best—fitting the RC’s: left) 3, the
disk contribution to the RC at the optical radius; right) the halo core radius of the two halo models;

notice that a is in units of R,,:. Dashed line is the linear fit to the points.

core radii and stellar masses (Fig.2.7).

By comparing the best—fit models parameters provided from both the two mass
models (disk+CDR halo and disk+Burkert halo), we find the following results: i) the
two models provide consistent estimates of the disk contribution to the RC’s at the
optical radius (Fig.2.8, left). This ensures the reliability of our estimate of disk mass—
to—light ratios; ii) as regards the halo core radii (Fig.2.8, right), however, we show the,
remarkably linear, correlation between the two parameters connected to the central
core: a (CDR profile) and ry (Burkert profile). Anyway, in most cases, the radial
extension of our RC’s is not sufficient to give reliable upper limits to the halo core size.

Finally, let us stress that the halo properties we find raise important issues by
themselves and make quite irrelevant, in comparing theory and observations, arguments
per se important, such as the CDM halos cosmic variance, the actual value of the
concentration parameter or the effects of baryonic infalls or outflows (e.g. Martin,

1999; Gelato & Sommer-Larsen, 1999). We also want to remark that the above findings
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imply that spiral galaxies are embedded (inside R,,;) in a single dark halo. Indeed, if
more dark halos were relevantly present, then, in order to not violate the constraint

given by eq.(2.10), all of them should have the same solid-body velocity profile.

2.5 The Inadequacy of CDM Mass Models

Although the mass model of eq.(2.4) converges to a distribution with an inner core,
rather than with a central spike, i.e. to a & 1 rather than to a ~ 1/3, it is also worth,
given the importance of such result, to check, in a direct way, the (in)compatibility
of the CDM models with the observed kinematics. We assume the two—parameters
density profile by Navarro, Frenk & White (NFW, 1995, 1996, 1997), resulting from
N-body simulations of CDM halos :

_ Ps
pNFW(r) - (7“/7“3)(1 + T/TS)Q

(2.14)

where 7, is the inner characteristic length scale, corresponding to the radius where
the effective logarithmic slope of the profile is —2, and ps = 4 pypw(rs). In order to
translate the density profile into a circular velocity curve for the halo, we make use of
the virial parameters: the halo virial radius r,;., defined as the radius within which
the mean density is A,;, times the background universal density py, at that redshift,
and the corresponding virial mass My, and velocity Vi;, = G My /7Tvir- By defining
the concentration parameter as ¢,; = T4 /Ts, the halo circular velocity Vypw (r) takes

the form (Bullock et al., 2001):

Cuir A
Virw(r) = Vi ()

2.1
Uer(CUZ'T) T ( 5)

where x = r/r; and A(z) = In(142)— T As the relation between V,;, and r,;, is fully

specified by the background cosmology: we assume the standard ACDM cosmological
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model, with €2, = 0.3, Q4 = 0.7 and h = 0.75, and reduce from three to two (c,; and
rs) the independent parameters characterizing the model. The choice is conservative:
a high density €2, = 1 model, with a concentration parameter c¢,; > 12, is definitely
unable to account for the observed galaxy kinematics (Moore, 1994). According to the
assumed cosmological model, A,;,. ~ 340 at z ~ 0.

Though N-body simulations and semi—analytic investigations indicate that the
two parameters c,;, and r, correlate, we leave them independent to increase the chance
of a good fit. Since the objects in our sample are of low luminosity, i.e. L,/12 < L; < L./3,
we conservatively set for the halo mass M,; an upper limit of M,, = 2 x 102M,
comparable to the total mass of the Milky Way (Wilkinson & Evans, 1999) and to
the mass of bright spirals in pairs (e.g. Chengalur, Salpeter & Terzian, 1993). This
value is further justified by considering that, if A,; > M,, in the above-specified
luminosity range, then, the amount of dark matter locked in the only spiral galax-
ies Qg = fLL:/f’Q M, ¢(L) dL, with ¢(L) the galaxy luminosity function, would much
exceed 0.1, and would be unacceptable for the assumed €2, = 0.3 cosmological model.

We performed the fit to the RC’s by means of the x?, minimization technique
described in §2.4; the results are reported in Tab.2.3. In Fig.2.9, we compare the NF'W
fits to the previous CDR ones: for 7 galaxies the NFW curve model is unacceptably
worse than the CDR solution, whereas for 2 objects (M—-3-1042 and N7339) the good-
ness level of the two fits is comparable, but let us recall that the associated virial mass
is quite high: M,; ~ 2 x 102M. Taking at their face values, the residuals of the
CDM model fits have a characteristic “S” shape, clearly indicating that this density
profile is definitely too steep in the innermost region and too flat in the external part.
Moreover, the NFW mass models have extremely low value of the disk mass—to-light
ratios (see Tab.2.3): most of the objects have Mp/L; < 0.05, in obvious disagreement
with the spectro—photometric properties of spirals, that indicate mass—to—light ratios
at least 10 times higher.

The inadequacy of the NFW model for our sample galaxies is even more evident

if one performs the fit after removing any constraint on virial mass. Indeed, (see
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Figure 2.9: NFW best-fits (solid lines) to the rotation curves (points with errorbars), compared to
the CDR fits (dashed lines). The x* values are also indicated.
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Tab.2.3), good fits are obtained only for uncomfortably large virial velocities and masses
(Viir =~ 600 — 800 km s %; M,;, ~ 103 — 10 M). These results can be explained as
the attempt of the minimization routine to fit the V(r) oc 7% NFW velocity profile to

data intrinsically linear in r.

2.6 Conclusions

Crucial insight has come from disk-halo mass decomposition of a well suited sam-
ple of 9 bulge-less disk galaxies, with 100 < V,,; < 170 km s!. These galaxies have
a relevant amount of dark matter: the contribution of the luminous matter to the
dynamics is small and can be properly taken into account. Moreover, the high spatial
resolution of the available rotation curves allows us to reliably obtain the separate dark
and luminous density profiles. In fact, it is worth to notice that the claim of a so—called
cosmic conspiracy (e.g. van den Bosch et al., 2000), i.e. the lack of a marker in the RC’s
of the transition from the inner (disk—-dominated) region to the outer (halo-dominated)
one, preventing an unique determination for (1 — ) and rq, does not hold, in that: i)
the steepness of the 9 RC’s makes sure that 3 is small and then well determined and
ii) the transition, being at small radii, leaves the characteristic mark of a linear RC
(see Persic & Salucci, 1992).

We find that dark matter halos have a central constant density region (py ~ 1—4 X
107 g/cm?), whose size exceeds the stellar disk length scale 7p. These halo profiles
disagree with the cuspy density distributions typical of CDM halos (e.g. Navarro,
Frenk & White, 1997; Kravtsov et al., 1998), which, therefore, fail to account for the
actual DM velocity data. On the other hand, these halo velocities are well described in
terms of the Burkert density profile, an empirical functional form whose two structure
parameters (central density and core radius) are related through: pg ~ ry 23,

To better stress our findings, we show in Fig.2.10 the actual dark halo profile
around 116-G12 compared to the CDM prediction for the density profile of a dark

halo of the same mass inside R,,;: the overall disagreement between the two profiles is
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Figure 2.10: Left) actual dark halo profile around 116-G12; right) CDM prediction for the density

profile of a dark halo of the same mass inside Rop:.

evident and excludes that this inconsistency could be a local feature.

The dark halo velocity linear rise, from 0.25 rp to ~ 3 rp, sets a serious upper
limit to the dynamical relevance of CDM-like dark halos in spirals. Indeed, once we
rule out a CDM halo, also the claim by Burkert & Silk (1997) of two dark halos, a
MACHO dark halo with a CDR profile and a standard CDM halo, meets a difficulty.
Indeed, in this case, in order to satisfy eq.(2.10), the MACHO halo should account for
> 95% of the dark mass inside R,,;. Then, it would dominate the dynamics out to well
beyond 25 rp. The CDM halo would, then, have dynamical importance in regions so

external that its cosmological role itself would be in question.
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Galaxy o Vopt My

116-G12 1.7 1335 —20.0
531-G22 3.3 1711 -214
533-G4 2.7 151.1 —=20.7
545-GH 24 1244 -204
563-G14 2.0 148.9 —20.5
79-G14 3.9 1671 -214
M-3-1042 1.5 148.0 —-20.1
N7339 1.5 17277 —-20.6
N755 1.5 1024 —-20.1

Table 2.1: Observational properties of the sample galaxies — Col.(1): galaxy name; Col.(2):
length scale of the exponential thin disk, in kpc (from Persic & Salucci, 1995). The optical radius
R,pt is the radius encompassing 83% of the light: R, = 3.2 rp; Col.(3): circular velocity at R,p, in
km/s; Col.(4): total I-band absolute magnitude (Mathewson, Ford & Buchhorn, 1992).

disk+CDR disk + Burkert
Galaxy Bepr a Mp/L; BB ro/Ropt  po- 1072
116-G12  0.28709%  1.4703  1.0%93 0.29%9% 1.8%5  2.7%3.
531-G22  0.107397 0. 8+°8 0.3702  0.115995: 1. 1+°4 2. 1+° :
533-G4  0.117952  0.879% 0. 4+3§ 0.0710% 0.710%  4.373

545-G5  0.227093 2.5t8;§ 07701 0.211393 2.9t§?5 1.0t8;§
563-G14  0.2070% 0.8702 0.77532 0257002 0.970% 4.3,
79-G14  0.2110% 1.0t8;} 0. 7+3§ 0.1979:03  1.1+03 1 3+03
M-3-1042 0.447092 1.9%%1 16401 3 0.4570:06  3.9%60 9943
N7339 0.491002 9, 4+0 7 1.6491 : 0.53700%  4.5%% 21753
N755 0.09%3:9  1.0751  0.2531  0.057%92  1.0705 41t

Table 2.2: Results of the RC’s fits with “cored” halos — Col.(1): galaxy name; Col. (2)-
(3)-(4): parameters of the best—fit disk+CDR halo models with their 1o uncertainties. Mass—to-light
ratios in col.(4) are in Mg /Lig). Col. (5)-(6)-(7): parameters of the best—fit disk+Burkert halo

models with their 1o uncertainties. Densities in col.(7) are in g cm™3.
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M, < 2 % 1012M,
Galaxy I5; Cuir Ts Mp /L
(kpc) (M(D/LI@)
116-G12  0.01%00%  7.9%06  ogtt g +0.14
531-G22  0.011003 75405 gg+l () (3+0.10

533-G4  0.011003 70705 3043 4001
545-G5  0.01799% 47703 44+5 0.03102
563-G14  0.0173% 87793 24t 0.0313%9
79-G14  0.0173%1  6.5T03 3273 0.037003
M-3-1042 0.20709  8.1*tle 2672 0.724018
N7339 0.18t§;§§ 11.1+03;22 19% 0.58f§;§§
N755 0.0373%2 4.8M02 43%3  0.05700:

No limit on M,;,

Galaxy ﬁ Cuir T Mm‘r
(kpc)  (-10%Mg)

116-G12  0.0159:91 2.0555 456139, 20.0
531-G22  0.01199; 1.8%0% 472130 10.0
533-G4  0.017907 17135 50073 7.9
545-G5  0.0170907  1.4707 479730 2.5
563-G14  0.057002 2.075 472730 20.0
79-G14  0.017097 1.6705 49017, 6.3
M-3-1042 0.3179902 1.7453 49313, 10.0
N7339 0.387004  1.9755 497720 15.8
N755 0.01%002 1.5705 46739 4.0

Table 2.3: Results of the RC’s fit with a disk+NFW halo mass model — Col.(1):
galaxy name; Col.(2)-(3)-(4): parameters of the best—fit models with their 1o uncertainties.
Top: an upper limit of 2 x 10'2M, is imposed on M,;,; in Col. (5) we show the corre-
sponding disk mass—to-light ratio in the /-band. Bottom: best—fit models, obtained with

no constraint on the virial mass; in Col. (5) we show the corresponding virial mass.
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Chapter 3

Dark Matter in Dwarf Spiral DD0O47
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3.1 Introduction

Rotation curves (RC’s) of disk galaxies have always been the best probes for dark
matter (DM) on galactic scale. Although much progress has been made over the past
20 years, it is only very recently that we start to shed light on crucial aspects of the DM
distribution. Indeed, the main focus was initially on the presence of a dark component;
this later shifted to investigating the ratio of dark to visible matter (Salucci & Persic,
1997). Today, the focus is mainly on the actual density profile of dark halos.

Since Carignan & Freeman (1985), a “pseudo-isotermal” distribution for the dark
matter halo has often been adopted, although the crucial implications of a cored DM
distribution appeared only after cosmological N-body simulations found that the halos
in Cold Dark Matter (CDM) simulations achieve a cuspy density profile (Navarro, Frenk
& White, 1995, 1996, 1997; hereafter NFW):

_ Ps
onew (1) = A+ )

(3.1)

where 73 and pg are the characteristic inner radius and density. The halo virial radius
Tyir 18 the radius within which the mean halo density is A,;, ~ 200 times the mean
universal density at that redshift (see Bullock et al., 2001). The virial mass M,; and
the corresponding virial velocity are related by: V,;, = GM,;, /4. The concentration
parameter is defined by ¢y = 744 /1s. With the above definitions, the halo circular

velocity Vopar can be written as:

Cuir Az
Varw(r) = V2 @

vIr A(Cm’r) T (32)

where z = r/r; and A(z) = In(1 + 2) — 2/(1 + ). Numerical simulations give c,;. as
a function of M, for a population of halos observed at any redshift, and particularly

at z = 0 (see Wechsler et al., 2002: their Fig. 13) that, inserted in eq.(3.2), yields the
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circular velocity as a function of radius for a halo of mass M,;,.. Recent high-resolution
CDM simulations have claimed central density cusps steeper than in eq.(3.1) (Moore
et al., 1999; Ghigna et al., 2000), we conservatively will not consider here.

The discrepancy between the halos universal profile predicted by CDM theory
and the halos mass distribution as inferred from the galaxies RC’s emerged a few
years ago, though the first claims were questioned in view of observational /modeling
uncertainties. At the present, the phenomenon is widely accepted, but, with data of
low spatial/velocity resolution, there are claims that some (but not all) RC’s of DM-
dominated galaxy can be equally well fitted by a NFW halo plus a stellar disk (e.g.
van den Bosch et al., 2000).

In our work we approach the querelle “CDM halos vs. observed halos” in two
different and complementary ways: i) to derive the detailed mass structure of halos
around galaxies comparing the emerging picture to the CDM one (see §2) and i) to
test one or more specific CDM predictions by means of proper kinematical data. In
the light of the latter approach, the dwarf galaxy DDO47 opens an unprecedented
opportunity.

3.1.1 Data

Recent HI data (Walter & Brinks, 2001), in connection with /-band surface bright-
ness photometry (Makarova et al., 2002), allow for the dwarf spiral galaxy DDO47 a
very favourable scenario: a) its RC extends out to ~ 9 disk length scales, at a spatial
resolution of ~ 1/4 rp, b) the HI disk has a surface density that strongly decreases
for r > 5 rp; therefore, its contribution to the circular velocity cannot mimic that of
a constant density halo, ¢) the galaxy is of very low luminosity; then, the luminous
matter content is small with respect to the DM one (e.g. Persic & Salucci, 1988)
and, following the ACDM scenario, its halo should be very concentrated (ry < 9 rp).
Therefore, we expect (see Salucci & Burkert, 2000) that a severe discrepancy between

the CDM prediction and the actual DM distribution will emerge in this galaxy.
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Figure 3.1: The HI surface density in DDO47

The high resolution VLA HI observations we use here are discussed in detail in
Walter & Brinks (2001). In summary, VLA observations of DDOA47 in the B, C, DnC,
and D array yielded a resolution of 7.8"” x 7.2" (velocity resolution: 2.6 km/s). The
rotation curve presented here is based on a moment 1 map of HI data, which have been
convoluted to 30" resolution; the rotation curve itself has been derived with the task
ROTCUR in the GIPSY package. For our new analysis, we have checked the previously
derived curve by also subjecting the data to the task INSPECTOR in GIPSY, which
provides the same results. The best-fit results are summarized by: vg,s = 272 km/s;
inclination i=35°; position angle PA=310°. The data points presented in Fig.3.1 are
all independent measurements. DDO47 is assumed at a distance of 4 Mpc; anyway,

our following results do not depend on this assumption.

3.2 Mass Modeling and Results

The DDOA47 baryonic components are: 1) an exponential stellar thin disk of length

scale rp = 28”7 £ 2", whose contribution to the circular velocity V' (r) is:
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VB(ZE) =1.28 /B Vvo?nt LEQ (I(]K(] — IlK1)|1.6x (33)

where x = r/rp and 3 is the disk mass fraction at R, = 3.2 rp, being ~ 0 (see
Persic, Salucci & Stel, 1996); 2) a HI disk (whose surface density is given in Fig.3.1) of
mass 2 x 107 My, negligible with respect to the dynamical mass. In detail, under the
assumption of spherical symmetry, the HI contribution to the circular velocity can be
written as: Viy(z) ~ G My(r)/r ~ 107*V?(r) (the exact computation for a thin disk
differs much lesser than a factor 2).

We plot in Fig.3.1 the HI surface density (data are in Walter & Brinks, 2001) and
its fit. We realize that, for > 207, it decreases faster than r—!, implying that Vi (r)
significantly decreases in the region where the RC is steeply and steadily increasing.
This is a further case (see Corbelli & Salucci, 2000) in which the HI disk, and any
other component likewise distributed, cannot account for the gravitating matter, inde-
pendently of the total mass. Notice that since the quantity V3 (z) + Vi (z) decreases
with radius at » > 2 rp, if we assume it equal to zero we favor the CDM scenario.
Indeed, given that the gravitating matter is steeply increasing with radius, the more
the baryonic contribution (which increases with r» much more slowly) is different from
zero, the steeper the halo mass profile is.

DDOA4T’s rotation curve (see Fig.3.2) increases with radius almost linearly. It is
straightforward to infer that it is dominated by a dark halo almost everywhere (e.g.
Persic & Salucci, 1988), from the absence of the disk—halo transition point, which
is clearly identifiable when the stellar gravitational potential is important (Salucci &
Frenk, 1989). Velocity data are available out to 9.1 rp and, being basically free from
baryonic contributions, they directly measure the gravitational potential of the dark
halo, at least for » > 2 rp, along 6 disk length scales.

The increase of the circular velocity is remarkable: from 27 km/s at 2.7 rp, it

reaches a value of 68 km/s at 9.1 rp, the farthest radius with data. The circular
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velocity local slope dlogV/dlogr is always > 0.75. Since V(r) ~ V,(r), i.e. the
baryonic contribution is small, we can obtain a rough estimate of the “core” halo

density:

1 d(V?r
ph(<1kpc):47TGT2 (dr ) ~ <1—|—2

~2x107* g/em®  (3.4)
1kpc

dlogV
dlogr

This pair density—radius is well off those of the ACDM Universal Profile that, at the
kpc scale, has much higher halo densities (e.g. Bullock et al., 2001). Considering
dlog pn/dlogr as the slope of the dark matter halo density, we estimate:

dl
080 2 05 27 1p <1 <9.17p (3.5)
dlogr

at variance with CDM, which predicts in the same region (Moore et al., 1999, Bullock
et al., 2001): dlog py/dlogr < —1 and, more likely, ~ —2. Over the above radial range,
there is an increase in V? of 600%, confronting a decrease of ~ 20% % 20% associated
with ACDM (Bullock et al., 2001).

We model the mass distribution by three mass components (stellar disk + HI disk
+ dark halo); the baryonic components are taken as shown above, whereas the dark

matter density is described by a Burkert profile:

Po 7“3
(r+ro)(r? + 1)

pB(r) = (3.6)

where pg and r¢ are, respectively, the central density and the size of the region of

(almost) constant density. Then, the dark mass distribution is given by:

Mp(r) =4 My {In(1 +1r/r¢) — arctan(r/ro) + 0.51In[1 + (r/79)?]} (3.7)
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Figure 3.2: DDOA47 rotation curve fitted by NFW and CDR models
where My = 1.6 porg is the halo mass within 7y and the halo contribution to the

circular velocity is: V2A(r) = G Mg(r)/r. We obtain the dark matter parameters:
po = 1.1 x 1072 g/cm?, 1y = 7.1 kpc and the disk mass Mp ~ 5.3 x 107M, by the
X% minimization procedure of the quantity V?(r) — V3(r) — VA(r). The resulting mass
model is shown in Fig.3.2: it fits the data in excellent way. Moreover, the values of
ro and py agree with the scaling law p o 7"0_2/3, found both for dwarfs (Burkert, 1995)
and for normal spirals (§2; Salucci & Burkert, 2000).

As a comparison, we show the ACDM case, once Vypry has been normalized to
data at 9.1 rp and the baryonic contribution set to zero. These are of advantage to
CDM: we use p, as a free parameter, independent of r; and tunable to improve the fit.
Furthermore we neglect the “baryonic” steepening of V(r). As a result, in the region
under study, the halo circular velocity would be decreasing with radius, leading to a
discrepancy with the ever—rising velocity data (see Fig.3.2) that needs not commenting.
Instead, it is instructive to show in which way CDM goes wrong. Let us plot, for cored
and CDM models, the DM density at a radius r, measured in critical density units, vs.
the mass enclosed in r (Fig.3.3). The two mass—density distributions are globally in

radical and definitive disagreement, well beyond a local inconsistency.
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Figure 3.3: DM density at a radius 7, measured in critical density units, vs. the mass enclosed in 7,
for cored and CDM models.

3.3 Conclusions

The DM halo density of DDO47, out to 9 rp, is fully and uniquely determined
by two parameters: its central density and core radius. These are quantities that
are missing in the gravitational instability /hierarchical clustering Cold Dark Matter
scenario.

Then, in order to reconcile this theory with observations one should conclude
that current CDM simulations are not applicable for the innermost 10% of the halo
mass distribution, in that the physics of the collapse is too complex for them. Or,
alternatively, one may postulate that a yet unknown physical process, occurring in the
innermost 1073% of the dark halo volume, cuts down the post—collapse DM density by
1 — 2 orders of magnitudes, and, moreover, it is fine—tuned with its original local value

(Salucci & Burkert, 2000).
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Chapter 4

Properties of Dark Halos from

Large Samples of Spirals
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4.1 Introduction

Until mid 90’s, it has been difficult to investigate the internal structure of dark
matter (DM) halos, due to both a poor knowledge of the exact amount of luminous
matter present in the innermost regions of spirals and the limited number of suitable
rotation curves (RC’s). The situation is more favorable for low surface brightness (LSB)
and dwarf galaxies, which are strongly dark matter dominated even at small radii. The
kinematics of these systems shows an universality of the dark halo density profiles, but
it results in disagreement with that predicted by Cold Dark Matter (CDM) theories,
in particular because of the existence of dark halo density cores (e.g. Moore 1994;
Burkert 1995). The origin of these features is not yet understood; likely, it involves
more physics than a simple hierarchical assembly of cold structures.

To cope with this observational evidence, Burkert (1995) proposed an empirical
profile that successfully fitted the halo rotation curves of four DM—-dominated dwarf

galaxies:

_ por
Pe(r) = T ) (41)

where py and ry are free parameters, representing the central dark matter density and
the scale radius. This sample has been later extended to 17 dwarf irregular and LSB
galaxies (Kravtsov et al., 1998) which all are found to confirm eq.(4.1). Adopting

spherical symmetry, the mass distribution of the Burkert halos is given by:

Mp(r) = 4 M, {m (1 + 1) — arctan (i) 405 In [1 + <1>2] } (4.2)

To To To
with My, the dark mass within the core, given by:

Mg ~ 1.6 po 73 (4.3)
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The halo contribution to the circular velocity is then: V3(r) = GMg(r)/r. Although
the dark matter core parameters rq, po and M, are in principle independent, the ob-
servations reveal a clear correlation (Burkert, 1995):

To

7/3
My = 4.3 x 107 <%> M, (4.4)

which indicates that dark halos represent a 1-parameter family, completely specified,
e.g. by the core mass.

The analysis of a large sample of ~ 1000 RC’s (Persic, Salucci & Stel, 1996;
hereafter PSS96) has provided a suitable framework to investigate the dark halo density
distribution in spirals. In Fig.4.1 we plot the synthetic, coadded rotation curves of
spirals, sorted per luminosity bins: Vi, (r/Ropi; L1/Ls), with Ly the I-band luminosity
and L;/L, = 10-Mi+21.9/5) " Remarkably, individual RC’s have a very small variance
with respect to the corresponding synthetic curves (PSS96; Rhee, 1996; Rhee & van
Albada, 1996; Roscoe, 1999; Swaters, 1999): spirals sweep a very narrow locus in the
RC-profile/amplitude/luminosity space.

The whole set of synthetic RC’s can be quite well reproduced by the Universal
Rotation Curve (URC): Vyre(x)? = Vp(x)? + Vi(z)?, where £ = /Ry,

VI{Z)(.ZE) =1.28 B‘/Oiﬁt .ZEQ (I()KU - IIK1)|1.6 T (45)

is the contribution to the circular velocity of the luminous exponential thin disk and

LE2

Vi(z)=Vz2, (1-8) (1+ f)m

(4.6)

is the circular velocity term of the spherical DM halo. The free parameters in the

mass model are: 8 = (Vp(Ropt)/Vopt)? and a, the halo core radius in units of R,y. At
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Figure 4.1: Synthetic rotation curves (points with errorbars) sorted per luminosity bin. The solid

line are the URC fits; also shown the separate dark/luminous contributes (dotted line: disk; dashed

line: halo).
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high luminosities the contribution from a bulge component has been also considered
(Salucci & Persic, 1999b). The procedure of fitting the URC to the synthetic curves
yields (PSS96):

f~0.72+ 0.441og(L;/L.) (4.7)
a~15(L;/L,)"° (4.8)

More in detail, at any luminosity and radius, |Vygre — Viyn| < 2% and the 1o fitting
uncertainties on a and [ are about 20% (Fig.4.1). These results unveil that crucial
structural properties of spirals, like the disk contribution to the RC at the optical edge
and the DM halo core radius, do significantly depend on the sole galaxy luminosity.
Within this scenario, the main aim of our work is to expand the above findings
on spirals and to relate them to the Burkert profile. We take Hy = 75 km/s/Mpc and

Q,, = 0.3; anyway, no result depends on these choices.

4.2 Halo Density Profiles and Scaling Laws

We compare the dark halo velocities, obtained from eq.(4.6), (4.7) and (4.8), to the
Burkert velocities Vp(r) derived from eq.(4.2). We leave py and r( as free parameters,
i.e. we do not impose the relationship of eq.(4.4). The results are shown in Fig.4.2: the
Burkert density profile reproduces, for the whole spiral luminosity sequence, the DM
halos mass distribution, out to the outermost radii (~ 6 rp), where Vg(r) and Vj(r)
are indistinguishable. However, for r > 6 rp, i.e. beyond the region described by the
URC, the two velocity profiles progressively differ.

The values obtained for rq and py from the synthetic RC’s fit agree with the
extrapolation at high masses of the scaling law p o r52/3 (Burkert, 1995) established

for objects with core radii ten times smaller (see Fig.4.3). Let us notice that the core
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Figure 4.2: Comparison of the halo velocity profiles obtained, respectively, from the URC fit to the
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radii are very large: ro > rp so that an ever-rising halo RC cannot be excluded by
the data. Moreover, the central halo density vs. disk mass relationship, py oc M, 1/ 3,
found for dwarf galaxies (Burkert, 1995), holds also for disk systems of stellar mass up
to 10 M, (see Fig.4.3): the densest halos harbor the least massive disks.

The above relationship shows a curvature at the highest masses/lowest densities.
It can be related to the existence of an upper limit in the dark halo virial mass Mg
(defined as Magg = 200 - 4/37 g B3y ), which is evident by the sudden decline of the

baryonic mass function of disk galaxies at M%** = 2 x 10" M, (Salucci and Persic,

1999a) and implying a maximum halo mass of:

max Qm max max

where Q,, = 0.3 and €, ~ 0.03 (e.g. Burles and Tytler, 1998) are the matter and
baryonic densities of the Universe in units of critical density. From the definition
of Myy, by means of eq.(4.2), (4.3) and (4.4), we can write My in terms of the
“observable” quantity My: Mogy =~ 49 MJ-9. Thus, from eq.(4.9), we obtain an upper
limit to the core mass My, which implies a lack of objects with py < 1.2 x 107?° g/cm?
and 79 & 32 kpc, as is evident in Fig.4.3. Turning the argument around, the deficit of
such objects suggests that, at the mass scale Mp ~ M7, the total-to—baryonic mass
fraction may approach the cosmological value Q,, /€2, ~ 10.

The Burkert density profile coincides, at very large radii, with the profile predicted
by CDM theory (p o< r—3; e.g. Navarro, Frenk & White, 1997); however, it approaches
a constant, finite density value at the center, in a way consistent with an isothermal
distribution. This is in contradiction to cosmological models which predict that the
velocity dispersion o of the dark matter particles decreases towards the center to reach
o — 0 for r — 0. This work unequivocally shows that the dark halo inner regions
cannot be considered as kinematically cold structures, but rather as “warm” regions of

large size rq ~ 4 — 7 rp, increasing with central density decreasing: rq oc p53/2. Then,
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Figure 4.3: Top: Central halo density po (in g/cm?) vs. disk mass (in solar units), for normal spirals
(filled circles). Bottom: central density vs. core radius (in kpc) for normal spirals (filled circles). The
point with errorbar represents a typical dwarf galaxy from Burkert (1995) and the straight line (in
both the plots) is the extrapolation to high luminosities of the dwarfs relation (Burkert, 1995). The
curved line is the eye-ball fit: pg = 5 x 10_24r(;2/3 exp —(ro/27)? g/cm?.
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the boundary of the core region is well beyond the region where the stars are located
and, as in Corbelli & Salucci (2000), even at the outermost observed radius, there is

not the slightest evidence that dark halos converge to a p ~ r~! (or steeper) regime.

4.3 Features of DM Halos at the Optical Edge

Our work, based on the mass modeling of DM-dominated rotation curves, is com-
plementary to that of Salucci (2001), whose results are worth mentioning, as they
completely support, by means of a different approach at the optical edge, the results of
our previous works on i) a small sample of very high—quality spirals RC’s (§2), ii) the
remarkable case of a dwarf galaxy (§3) and i) the spirals URC (this chapter, above
sections), all of them obtained, however, over the entire stellar disk.

By means of a large sample of 140 RC’s of different luminosity (131 spirals and
6 dwarfs) with a reliable profile out to Ry, a crucial structural property of the cor-
responding dark halos has been derived: namely, the logarithmic gradient of the dark

halo velocity at the disk edge:

dlog Vi, (r)

Vi(Vopr) = dlogR |r

(4.10)

where Vj,(r) is the contribution to the RC of the non-baryonic dark component. The
V:'s have been obtained by means of a robust and straightforward procedure (Persic
& Salucci, 1990b; Salucci, 2001), which ultimately exploits the fact that, at R,,, the
dark halo is always the main density component, even when it is a negligible mass
component at about rp. Moreover, even the bulge and gas contributions to the RC’s
have been taken into account. This method has been applied, with remarkably small
errors, to RC’s of galaxies of all luminosities, including the most luminous ones, for
which the standard mass modeling is quite uncertain.

The most impressive result is shown in Fig.4.4, where the values of V}, are plotted
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Figure 4.4: The dark halo slopes V), at the optical radius as a function of V, ¢, the measured circular
velocity at Ropt. As a comparison, in CDM —0.1 < Vj, < 0.5.

as a function of log V,,;: we immediately realize that V,, is roughly constant over the
whole sample and it shows no systematic variations along the luminosity sequence.
Such variations, if present, should have clearly appeared given the high-precision mea-
surement of Vj,: 0V, ~ 0.1 (for details, see Salucci, 2001)

Reminding that V, = 0 and V;, = 1 mean, respectively, an isothermal and a
solid-body regime, the average value for spirals, < V;, >= 0.8 + 0.06, indicates that,
at R,pt, the halo RC is steeply increasing, marginally compatible with a solid body law:
V,, o< 7. By assuming a pseudo-isothermal density distribution: py(r) o< (72 +a?)7', it
follows that a > 1.3 Ry, i.e. the core radius is significantly larger than rp, the size of
region where the bulk of the stellar component is located.

These clear and reliable findings on dark matter distribution, though relevant on
their own, are also important as they are, once again, at strong variance with the
structural properties of standard CDM halos. Indeed, the highest possible value for

VEPM is ~ 0.5, that, besides, is achieved on the ~ 10 kpc scale very rarely (see Bullock
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et al., 2001). The average value found for dark halos from high-resolution N-body
simulations converges to V{PM < 1/4 (e.g. Moore et al., 1998).

Of crucial importance is also the absence of a significant scatter in the V, wvs.
log V,p; relationship. In fact, the CDM theory predicts that, in a very wide region
centered at ~ 10 kpc and certainly including R,,:, galactic halos with the same mass
do not follow a unique velocity curve but a family of them (according to different
formation redshifts and merging histories). These can be described by a set of straight
lines with slopes varying between —0.1 and +0.5 (e.g. Fig.6 in Bullock et al., 2001).
According to CDM the V;, —log V,,: plane should be filled below and well beyond the
tiny strip of Fig.4.4. A possibility for this may be that the disk size R,p;, in units
of virial radius, is strongly coupled with the structure of the dark matter halo (e.g.
Dalcanton et al., 1997; Mo et al., 1998; van den Bosch et al., 2000; but see also Bullock
et al., 2001).

Let us notice that CDM halos are tested, by this way, at R,,;, where the baryon
infall has not significantly altered the original DM halo velocity profile: R,y is external
to the region into which most of the baryons have collapsed (Blumenthal et al., 1986).
Violent dark halos—baryonic matter couplings, such as those proposed by Navarro et al.
(1997) and Gelato and Sommer-Larsen (1999) might be able to modify the original halo
distribution everywhere; however, given the very heuristic nature of these processes, it
is best to first compare the standard-infall CDM halos to the galactic halo and, then,

to consider the possibly emerging discrepancies in terms of new theoretical scenarios.

4.4 Conclusions

Two conclusive statements can be drawn: a) dark matter halos have an inner
constant—density region, whose size exceeds the stellar disk length scale; b) there is no
evidence that dark halos converge, at large radii, to a p ~ r=2 (or steeper) profile. The
existence of such density cores in DM halos is hardly explained within current theories

of galaxy formation. Moreover, the evidence of a smooth halo profile is growing more
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Figure 4.5: The dark—to-luminous mass ratio for spirals, as function of the normalized radius and

the total disk mass.

an more in recent literature (e.g. de Blok et al., 2001; Trott & Webster, 2002; Matthews
& Gallagher, 2002; Marchesini et al., 2002; Blais-Ouellette et al., 2002) and a number
of different solutions have been proposed to solve this problem (e.g. White & Croft,
2000; Peebles, 2000; Firmani et al., 2000; El-Zant et al., 2001). Let us stress, however,
that they should incorporate all the intriguing halo properties described above.

The dark halos around spirals emerge as an one—parameter family; it is relevant
that the order parameter (either the central density or the core radius) correlates
with the luminous mass. However, we do not know how it is related to the global
structural properties of the dark halo, like the virial radius or the virial mass, unless
we extrapolate out over the disk+Burkert halo profile. That is because the halo RC,

out to the outermost data (6rp), is completely determined by physical parameters,
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the core density and radius, which are not defined in present gravitational instability/
hierarchical clustering scenario.

Caveat the above extrapolation, the location of spiral galaxies in the parame-
ter space of virial mass/halo central density/stellar mass, that, on theorethical basis,
should be roughly 3-D random determined by several different and non-linear physical
processes, is remarkably found to degenerate and to lie on a curve. Indeed, in Fig.4.5
we show the dark—to-luminous mass ratio as function of the normalized radius and the
total disk mass. The surface has been obtained by adopting the correlations between

the halo and the disk parameters of Fig.4.3:

log 7o = 9.10 + 0.28 log pg — 3.49 x 10" pg-*? (4.11)
log po = —23.0 — 0.077 log Mp — 9.98 x 107¢ M%* (4.12)

and:
logrp = 4.96 — 1.17 log Mp + 0.070 (log Mp)? (4.13)

from data in PSS96. The dark-to-luminous mass ratio at fixed ratio increases as the
total disk mass decreases; for example at r = 10 rp it raises from 20% for massive
disks (Mp = 10'2M) to 220% for smaller disks (Mp = 10°M,).

We conclude by stressing that the above analysis is based on statistical methods;
these have the drawback that, although revealing the discrepancy of DM observed
properties with CDM predictions, cannot give a quantitative measure of the discrepancy

itself.
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ELLIPTICAL GALAXIES
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Chapter 5

The Fundamental Plane of Ellipticals:
the DM Connection
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5.1 Introduction

From the hierarchical scenario of galaxies formation (White & Rees, 1978; Davis
et al., 1985; Frenk et al., 1988), we expect that DM halos exist within and surrounding
any galaxy, regardless of its luminosity and morphological type. This prediction had
overwhelming confirms in disk galaxies, due to the existence of good dynamical tracers
and their intrinsic simple geometry (see Salucci & Persic, 1997). Elliptical galaxies
(E’s), however, are much more complicated objects, due to their 3-dimensional shape,
stellar orbital structure and velocity dispersion anisotropy. These factors have made
ambiguous the interpretation of observational data.

A number of different mass tracers have been used to probe the gravitational
potential in tenth of E’s and derive their mass distribution: integrated stellar absorption
spectra, X-ray emission from hot gas, rotating gas disks, motions of globular clusters
or satellite galaxies and, in last years, weak gravitational lensing (see Danziger, 1997).
As result, the presence of dark matter in E’s, especially in the external regions ( 2 10
kpc), is proven. On the other hand, modeling of the inner regions (i.e. within the
half-luminosity “effective” radius r.), based on E’s kinematics, has been performed for
a small number of galaxies (van der Marel, 1991; Saglia et al., 1992-1993; Bertin et
al., 1994; Kronawitter et al., 2000; Gerhard et al., 2001, among the others); the results
point to a small to moderate dark matter fraction inside the effective radius.

Since its discovery, the “Fundamental Plane” (Djorgovski & Davis, 1987; Dressler
et al., 1987) has been one of the main tools to investigate E’s properties: effective radius
e, central velocity dispersion oy and mean effective surface brightness I, of spheroidal
galaxies are linearly related in the logarithmic space, so that galaxies closely cluster on
a plane, with a surprisingly low orthogonal scatter (~ 15%).

To explain this series of linear relations between photometric and dynamical quan-
tities in log—space, most studies on the Fundamental Plane (FP) have considered models
in which the mass is distributed parallel to light. However, in presence of non—baryonic

dark matter, this hypothesis is an obvious oversimplification and, at least, unjustified.
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Indeed, this would a priori require either: i) dark and luminous component are dis-
tributed according the same profile, thus revealing a similarity of properties and be-
havior which seems very unlikely or i) the dark matter component is always negligible
with respect to the luminous matter, even inside r,.

Within the above framework, we will address the following issues:

e to derive the relation between the central velocity dispersion oy, and the mass
distribution parameters, including the effect of a dark matter halo. In particular,
we assume a spherical model, with a luminous component almost isotropic in the

central region and a dark halo, more diffuse than the spheroid

e to reproduce the observed Fundamental Plane with a reliable mass model and
therefore to constraint the mass distribution in E’s, in the light of the very exis-

tence of the FP

e to put the results in the frame of theoretical mass—to-light ratios and in that of

A Cold Dark Matter (CDM) predictions.

Considering elliptical galaxies as two—components systems, two complementary
strategies are possible. The first chooses a distribution function (DF) for both the
components and, then, imposes specific constraints from the observations. The second
embeds the ordinary baryonic component, traced by light, in a frozen spherical halo.
The former approach is helpful in exploring the self—consistency of the dynamical con-
figuration (e.g. Ciotti, 1999). The latter, we will adopt in our work, has instead the
advantage of better specify the connection between observational quantities and the
mass model parameters.

In §5.2 we describe two—components models, whose mass distributions are pre-
sented in §5.3. In §5.4 we derive and discuss the velocity dispersion (line-of-sight
profile and central value), predicted by the models. In §5.5, we introduce the data and

fit the models to the Fundamental Plane. Finally, conclusions are presented in §5.6.
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Throughout the following work, we assume, where needed, a flat ACDM Universe, with

Qm = 0.3, Qy = 0.7, h = 0.7 and o5 = 1.0.

5.2 A General Two—Components Model

The calculus of the observed velocity dispersion and, in particular, of the central
velocity dispersion oy must take into account the gravitational potential of both the
dark halo and the luminous component. Assuming a spherical and non-rotating stel-
lar system, the strongest assumption which can be made is that the stellar velocity
dispersion is the same in all directions perpendicular to a given radial vector. If o2(r)
denotes the stellar velocity dispersion along the radial vector and o (r) the dispersion
in the perpendicular directions, the Jeans hydrodynamic equation for the luminous
mass density pspn(r) in the radial direction writes (Binney & Tremaine, 1987):

2 B(r)pspn(r)op(r) _ GM(r)

dpsph(;;?ag(r) + . — —Tpsph(T) (51)

with the boundary condition pgpp(r)o2(r) — 0 for r — oo. In eq.(5.1), the parame-
ter B(r) = 1 — 03(r)/o?(r) describes the anisotropy degree of the velocity dispersion
at each point, with § = 1,0, —oc for completely radial, isotropic and circular orbit
distributions, respectively.

Results from dynamical analysis of ellipticals exclude substantial amount of tan-
gential anisotropy and find (< r.) ~ 0.1 — 0.2 (e.g. Matthias & Gerhard, 1999;
Gerhard et al., 2001; Koopmans & Treu, 2002), with no dependence on circular ve-
locity (or luminosity). Therefore, in calculating the central velocity dispersion for
statistical studies over a large sample of galaxies, we can safely assume an isotropic
velocity dispersion tensor: 3 = 0.

Eq.(5.1) connects the spatial velocity dispersion of the luminous component to its

density profile and to the total matter distribution M (r) = My, (r) + My (r). Under
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the hypothesis of isotropy, the above equation assumes the integral form:

a,(r)

G [ pepn(r)M()
Psph(T) /7" a

74/2

G /Oopsph(r')Msph(T') 0+ G /Oopsph(r')Mh(T') 0
IOSPh(T) T pszlh(r) T

7,./2 7./2
Jz;sph(r) + O'E;h(T) (52)

As external observers of galaxies we measure only projected quantities. Let R be

the projected radius and X(R) the surface stellar mass density. Simple geometry shows

that the mass density and the spatial velocity dispersion are related to the surface mass

density Y(R) and to the projected velocity dispersion op(R) by the two Abel integral

equations for the quantity ps,, and pg,n0?; thus, the second step consists in performing

a further integration along the line of sight to obtain the observed velocity dispersion

profile op(r):

op(R)

2 /OO pSph(T) 03(7") r dr
R

2(R) Vit — R?

2 . Pspn(T) Uf;sph(r) r 2 e Psph(T) Uz;h(r) r
5@ v s e
Tpspn(R) + 0y (R) (5.3)

where Y(R) = [3° [2 7 pspn(r)/(r? — R2)Y?] dr.

As spectro—photometric observations are performed through an aperture, let us

define o4(R4) as the luminosity—weighted average of op within a circular aperture of

radius R4:

04(Ry)

[N

™

/0 ™ G2(R) I(R) R dR

L(QJ;TA) (/ORA Thagn(R) T(R) R R+ [ 03, (R) I(R) R dR)
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= 0l (BRa) + 0% () (5.4)

where I(R) is the surface brightness profile I(R) = X(R)/Y (assuming the stellar
mass-to-light ratio T constant with radius) and L(R,) = 2 © [ I(R) R dR is the
aperture luminosity.

The dynamical quantity in the Fundamental Plane is the “central” velocity dis-
persion oy, not corresponding to the central value of the projected profile op(0). It is,
in fact, the projected velocity dispersion, luminosity—weighted within the aperture of the
observations. Since it depends on the aperture size of the observations, on the galaxy
distance and on the dark and stellar density distributions, it is required that the ve-
locity dispersion data are brought to a common system, independent of the telescope
and galaxy distance: this is done by correcting them to the same aperture of r./8
(Jorgensen et al., 1996), which is typical of measurements on nearby galaxies. There-
fore, we compare model and observations by calculating oy as the luminosity—weighted
op(R) within Ry = 1/8 7.

Eventually, the resulting velocity dispersion profiles, o,(r), op(R) and 0 4(R4), can
be all expressed as the sum of two terms (eq.5.2, 5.3 and 5.4): the former is due to the
self-potential of the stellar spheroid (labelled by sph), the later (labelled by h) is the
effect of the luminous—dark matter gravitational interaction and, therefore, it charges
relevance according the characteristics of the DM distribution. As a consequence, we
stress that: i) a priori, o3 is not a measure of G Mg, /7. and i) to automatically link

o to GMy, /1. is unjustified.
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Table 5.1: Summary of the used symbols

Symbol Definition

Te Half-luminosity (“effective”) radius of the stellar spheroid
To DM halo density core radius (Burkert profile)
Ts DM halo density scale radius (NFW profile)

Tvir DM halo virial radius

oy Spatial velocity dispersion in the radial direction

op Line—of-sight velocity dispersion

oA L.o.s. velocity dispersion, luminosity weighted within an aperture
o “Central” velocity dispersion: o4(r./8)

Tyir Dark—to—luminous mass ratio at virial radius

I, Dark—to-luminous mass ratio at r,

5.3 The Mass Distribution

5.3.1 The stellar distribution

We describe the stellar component by means of the Hernquist (1990) spherical
density distribution, which is a good approximation to the de Vaucouleur R'/* law (de
Vaucouleur, 1948) when projected and, at the same time, allows analytical calculations:

Msph k Te

pspn(r) = = = TENTAE (5.5)

where M;,, is the total stellar mass and k£ =~ 0.55. The mass profile derived from

eq.(5.5) is:

Mpp(r) = Msph% (5.6)
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The Hernquist functional form, of course, cannot reproduce the fine features of the
surface brightness profile (e.g. boxy isophotes, small variations in slope), but it is
good enough for our aims, since we will just consider large scale properties in the mass

distribution of objects belonging to a large E’s sample.

5.3.2 The DM distribution: ACDM halos

N-body simulations of hierarchical collapse and merging of CDM halos have shown
that gravity, starting from scale—free initial conditions, produces an universal density
profile that, for » — 0, varies with radius as r~%, with a ~ 1 —2 (e.g. Navarro, Frenk
& White, 1997, hereafter NF'W; Fukushige & Makino, 1997; Moore et al., 1998; Ghigna
et al., 2000), weakly dependent on the cosmological model.

We adopt the well-known NFW halo density profile:

_ Ps
pnEw (1) = A ETIAE (5.7)

where 7, is the inner characteristic length scale, corresponding to the radius where
the effective logarithmic slope of the profile is —2, and p; = 4 pypw(rs). It results

convenient to write the NFW mass profile as:

A(r,ry)

M =My ———F—
NFW(T) A(Cm'ra Ts/re)

(5.8)

where A(xy,15) = In(1+x1/79) — (1 4+ x9/21) ", for any pair of variables (z1, z5). The
concentration parameter is defined as ¢y = Ty /7s; Tvir and My, are, respectively, the
halo virial radius and mass. The definition of the virial radius is strictly within the
framework of the standard dissipationless spherical collapse model (SCM); however,
also in more realistic hierarchical models, it provides a measure of the boundary of

virialized region of halos (Cole & Lacey, 1996).
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Considering a dark halo at redshift z, the virialized region is the sphere within
which the mean density is A,;(z) times the background universal density at that
redshift (ppr, = pe (1 + 2)?, with p. the critical density for closure at z = 0). The
virial mass is defined as: M,;, = % T Dyir(2) pokg Toip, With the virial overdensity A,
being a function both of the cosmological model and the redshift. For the family of
flat cosmologies (2, + Q24 = 1), it can be approximated by (Bryan & Norman, 1998):
Ayir(2) = 1872 +82(Q(2) — 1) — 39(2(z) — 1)?/2(z). From the above equations, we

derive:

YRR
roir = 0.142 Ay (2) 73 (1 + 2) 7 (ﬁ) h=2/ kpe (5.9)
®

A fundamental result of CDM theory is that the halo concentration c¢,; well cor-
relates with the virial mass M,;,: low—mass halos are denser and more concentrated
than high-mass halos (Bullock et al., 2001; Cheng & Wu, 2001; Wechsler et al., 2002),
in that, in average, they collapsed when the Universe was denser. In detail, we follow
Wechsler et al. (2002) for a population of halos identified at z = 0, extrapolating their
Cyir — M, correlation to low mass halos M,;, < 101120 :

Myir

—0.13
vir Mvir ~ 20.8 — 5.10
cor (M) =208 () (5.10

Summarizing, our first mass model is composed by a stellar bulge with a Hernquist
profile embedded in a spherical dark NFW halo (hereafter H+NFW model). It is worth
noticing that we neglect the effects of a possible adiabatic coupling between baryons and
dark matter. However, this coupling would have the effect (if any) of slightly increasing
the DM density inside 7, and to strengthen the results we find for the H+NFW model
(see §5.5.3).

The “total” dark-to-luminous mass ratio, defined as I'y;, = My, /My is a crucial

parameter of this mass model. Of course, the value of T',;, is different from the BBN
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DM-to—baryons ratio ~ 10. Indeed, due to stellar feedback, central QSO activity and
long cooling times for the outer gas (e.g. Granato et al., 2001), only a fraction of
baryons can cool and collapse into stars. It has been computed that I',; can reach

values as high as ~ 70, especially in small objects (e.g. Romano et al., 2002).

5.3.3 The DM distribution: cored halos

In last years, studies of high resolution rotation curves of spiral galaxies have
shown that the dark halos around them are not centrally cuspy and that very different
density shapes characterize their luminous and dark components. The dark halo is more
diffuse than the luminous component and its density flattens at small radii, whereas
the stellar distribution peaks towards the centre (e.g. Moore, 1994; Flores & Primack,
1994; Burkert, 1995; de Battista & Sellwood, 1998; Salucci & Burkert, 2000; Borriello
& Salucci, 2001; de Block et al., 2001a).

An useful analytic form for halos with soft cores has been proposed by Burkert
(1995) for dwarf galaxies and then extended to the whole family of spirals (Salucci &
Burkert, 2000; Borriello & Salucci, 2001):

_ Po
P = G )+ (rfro)] (5.11)

The profile is characterized by a density—core of extension ry and value py, while it

resembles the NF'W profile at large radii. From eq.(5.11) the mass profile writes:

My(r) = M, 270

B, ro/re) (5.12)

where B(xy,19) = —2arctan(zy/xo) + 2In(1 + z1/29) + In[1 + (21 /29)?], for any pair
of variables (x1, z3), and M, is the dark mass within r..
In analogy of spiral galaxies, we propose a different mass model consisting of a

Hernquist bulge plus a Burkert dark halo (hereafter H4+B model). We characterize the
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halo mass distribution by two free parameters: the dark—to—luminous mass ratio within
the effective radius I'c = Mp /My, |, and the halo core radius in units of the effective
radius 79/r.. It is obvious that 79 & 7., to ensure a constant DM density where the
stars reside; as a matter of fact, models with ry < r., would essentially coincide with
the NFW ones. It is worth noticing that the Burkert profile is purely empirical and
featureless in the optical regions of galaxies; as a consequence, unless data at large radii
are available, we can not determine the halo virial radius and mass, neither predict

links between the local and the global properties of the dark halos.

5.4 Models Velocity Dispersions

The existence of a DM halo, of course, alters the shape of the predicted velocity
dispersion profile, making it flatter, or in some case increasing, and making higher the
absolute value of the velocity dispersion. We compute the models velocity dispersion
profiles, including the effect of a spherical dark halo, for both H+NFW and H+B cases.
We resolve the Jeans eq.(5.2), eq.(5.3) and eq.(5.4) by assuming the density/mass
profiles of eq.(5.5), eq.(5.6) and eq.(5.8) in H+NFW case, and of eq.(5.5), eq.(5.6) and
eq.(5.12) in the H+B case. In the following section we give an overview of the detailed

calculus.

5.4.1 Velocity dispersion in detail

We will detail the procedure to compute velocity dispersions by means of Jeans
hydrodynamic equations. Let us set all radii in units of the effective radius: 7 = r/r,,
R= R/re, To = 10/Tey Ts = T5/Te and Foip = Ty [Te-

Mass distributions

a) Stellar component — the radial profiles of mass density, mass and surface mass

density write (Hernquist, 1990):
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psph(T) = 5 3 Fiy(r) (5.13)
M (7) = My, Fo(7) (5.14)
S(R) = %1]62 ]\fjgph F3(R) (5.15)
where k ~ 0.55 and:
h) =3 (Fik)3 (5.16)
B = j o (5.17)
Fy(R) = & +(sz)§§—(§) ~3 (5.18)

with X(R) = [1 — (R/k)?]"/?Sech ' (R/k) for 0 < R < k and X (R) = [(R/k)? +
—1]7Y2 Sec Y(R/k) for R > k.

b) Dark matter halo — the NFW mass profile writes:

N A(F, T)
M == MS F'uir A~ ~\ 5.19
new (r) ph A(T'uz'ra Ts) ( )

where, for any pair of variables (x1, z2), A(z1,29) = In(14+21/22) —x+1/(21 +22). In
particular, recalling that c,;, = i /75, we have A(Tyip, T5) = In(14 Cyir) — Coir /(14 Cpir ).

The Burkert halo mass profile writes:

B(7, 7o)
B(1,7)

Mpg(7) = 0.416 M, T, (5.20)
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where B(z,y) = —arctan(z/y) + 21n(1 + 2 /y) + In[1 + (z/y)?].
By inserting eq.(5.13), (5.14), (5.15), (5.19) and (5.20) in eq.(5.2), (5.3) and (5.4) (after

variables substitutions), we will obtain the velocity dispersions profiles:

Spheroid self-interaction terms

Out of the stellar spheroid self-interaction terms, o7.,,,, 0.y, and o7.,,,, the first two

can be analitically obtained (Hernquist, 1990):

12k k4 T T+ k
52 . 42 , 12
(g )] (521)
1 GM,,, Fy(R)
2. — L . 22
where:
| B2\ R? . RS R! R?
Fi(R) = 3 (1—ﬁ> l—:aﬁ (R) <8F—28F+35ﬁ—20>+
RS R! R? R

We obtain the luminosity weighted velocity dispersion in the aperture R4 = Ra/re, by
integrating eq.(5.22):
~ 1 GMgy [ Fu(R) RdR

d
2 (Ra) = _ 5.24
O zspn () 6k 1 T Py ()R di (5.24)

where integrals must be numerically performed.
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Spheroid—halo interaction terms

We apply the same procedure for calculating the luminous—dark matter interaction

terms: 02, 0%, and 0%.,. In this case, however, the integrations are always numerical.

a) H+NFW model

. GMy, Ty 7 W di'

2 _ r 2.25
O—r,NFW(T) T A(fvira 7;3) Fl (7;) ( )
o~ - fioo Fl(":/);é(F’fs) dF
~ GM F ; fR " \/~2_ 22 T
2 3 sph vir 72—R
. R)y=2k = 5.26
UP,NFW( ) Te A(flvir, /F,g) F3(R) ( )

oo By () AG,7s)
. f~ =12 df

o[z de L G
R R V72 _R?2
2 > - 3 GMsph Lyir fo ‘R Fg(f{)R dR
anrw(la) =2k —— = —— (5.27)
' Te A(Tvira 7"3) URA Fg(R) dR

where we can reduce the free parameters to the only virial mass i) by using eq.(5.9)

for the virial radius, with A, (z = 0) ~ 337:

Mvir 1/3
Fyir =~ 2.59 x 1072 (M—> kpc (5.28)
®©

and 7i) by assuming the ACDM correlation between ¢,;, and M, of eq.(5.10) (from
Wechsler et al., 2002), which, together with eq.(5.28), gives:

_ Tvir (Mvir) Mvir 0-48

95



b) H+B model

GMS])’L Fe f:)o W d/]:I

T

2 ~
(F) = 0.416
7r;5(7) r.  B(1,7) P (7)

T3

(5.30)

R ffx’ 1““1(77')~ d ~
GMy T T
Te B(l, 7:0) F3(R) '

B(i',70) e
72 dr

o, 5(1) = 0.831 k*

o Fy(#) B(# ,79) .
1 5 !
0o f; 712 d

N 77
R 2 _R2
GMy, T. SR> et dR

re  B(1,70) JEFy(R) R dR

o4.p(Ra) = 0.831 &

5.4.2 Velocity dispersion profiles

In Fig.5.1 (top) we show, for H+NFW models, the radial profile of the fraction
0%.opn/ 7P, the line-of-sight velocity dispersion due to the only stellar component, in
units of the total lo.s. velocity dispersion. We take M,,, = 2 x 10! M; anyway,
the mass dependence is very weak and the curves in Fig.5.1 are well representative of
those with stellar masses in the range ~ 5 x 10° — 5 x 10'' M. We consider different
plausible values for the total dark—to—luminous mass ratio I',;, and r.. Let us notice
that, once fixed the total halo mass M,;, = Iy, - My, the halo characteristic radius 7,
is completely determined via the ¢,;, — M,;, correlation; therefore, different curves in
Fig.5.1 (top) correspond to 2 < rs/r. & 30. We can see that the contribution of a CDM
halo to the velocity dispersion can be strong (~ 50%) even at small radii R < r/2, in
galaxies with large effective radii and/or small values of r4/r., regardless of T'y;,.

In Fig.5.1 (bottom) we plot the stellar-to-total l.o.s. velocity dispersion ratio for
H+B models, for different values of the parameters rq/r. and T'.. As the profiles just

depend on these parameters, it is not necessary to assume specific values both for M,,,
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Figure 5.1: Ratio of line-of-sight velocity dispersion due to the spheroid (op.spn) to the total one
(op) as function of radius: top) H+NFW case, for different values of r. and T'y;,; bottom) H+B case,

for different values of 7o /7. and T,.
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and r.. The main consequence of the smooth halo profile in the H4B model is that
the halo contribution to op(R) is still low at small R, even for models with a relevant
amount of DM in the central region (e.g. 03.,,,/0p ~ 80% at r./3 when I'. = 1). The
velocity dispersion in the central regions is more directly connected to the properties

of the stellar distribution.

5.4.3 Central velocity dispersion

The “central velocity” dispersion oy is considered a good indicator of the total
bulge mass when we neglect the dark halo contribution. Anyway, a linear correlation
of of with the quantity G My, /7. is in principle altered by the existence of a dark halo.
From eq.(5.24), by setting the aperture R4 = 1/8, we obtain the stellar self-interaction

contribution to the “central” velocity dispersion:

o _ 1 GMy, Ji® Fy(R) R dR
0;sph 6 k 7“2 01/8 Fg(f?) R dR
G My,

Te

2

~ 0.174 (5.33)

Likewise, from eq.(5.27) and (5.32), for R4 = 1/8, we obtain the halo contribution
to the central velocity dispersion. Finally, the “total” central velocity dispersion, pre-

dicted by both the mass models, writes:

G M

og = (0.174 + Lyir Fxrw) H + NFW (5.34)
G M,
02 =(0.174+ T, Fp) Ph H+B (5.35)
Te
where Fyrpw and Fp are defined as:
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Figure 5.2: The functions Fypw and Fp, entering the expression of the central velocity dispersion
09, for HFNFW (left) and H+B (right) models.

~ f"oo Fl(;,) A(;;;s;S(Mvir) i

1/8 . fI%OT ’ ~2_~2 r ~
: / R ];/ZR)R dR (5.36)
0 3
o - [ B B@ie) g
ot T 7 d,r
k3 1 1/8 . Ir 7 ey N
Fp~ 083 —g— = _ / R Vi AR (5.37)
1/ F3(R) R dR B(1,7) Jo F3(R)

with the constant of proportionality: k3/ [1/® F3(R) R dR ~ 8.31.

We show the functions Fiypy and Fpg in Fig.5.2. The former depends on r5(M,;,) /7.
and, very weakly, on M,;, = I'yi, - Mspp. As a consequence, a linear correlation between
08 and G Mgy, /7. is lost and, according to the values of the model parameters, oy can
be strongly affected by the DM gravitational potential, then it is a poor indicator of
the bulge mass. This is shown in (Fig.5.3, top), where we plot the stellar-to-total o2,
assuming M, = 2 x 10" M, and different model parameters: the stellar contribution
to o2 is under dominant also at small 7, /7, and becomes almost negligible for r,/r, < 1
and I',;, 2 30.

On the other hand, F just weakly depends on rq /7., so that we can safely assume

Fp ~ 3.6 x 1072, Therefore, the stellar contribution to o7 (Fig.5.3, bottom) stays
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Figure 5.3: The stellar contribution to oq for different models parameters: top) H+NFW predictions
for Mspp = 2 % 10" Mg, as function of T'y;,. and for different ry/r..; bottom) H+B predictions, as

function of the parameters I, and ro /7.
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dominant, even for an amount of DM within r, comparable to the luminous one.
Finally, for cored configurations (rq > r.) o is weakly dependent on the DM internal
amount: it just increases of ~ 30% when I', varies of a factor 3. This is a natural
consequence of the smoothness of the dark matter distribution with respect to the

more concentrated distribution of the luminous spheroid.

5.5 Fitting models to the Fundamental Plane

5.5.1 The sample

We build the data sample from several works by Jgrgensen, Franx & Kjaergaard
(hereafter JFK). They provide spectroscopy and multicolour CCD surface photome-
try of E/SO galaxies in nearby clusters. The photometric data are from JFK (1992)
and (1995a) in Gunn—r, the passband with the largest quantity of data. The spec-
troscopic measurements are taken from JFK (1995b) and references therein. Typical
measurement errors are: Alogr, = £0.045, Alog I, = +0.064, Alog L, = +0.036 and
Alogog = £0.036 Out of the whole JFK sample, we selected a homogeneous subsam-
ple of 221 E/SO galaxies in 9 clusters, including Coma, whose properties are shown in
Tab.5.2, at the end of this chapter. In particular, we rejected spiral, interacting, pecu-
liar and field galaxies (the last ones, due to the greater uncertainty of their distance).
For each cluster, we adopt the distance derived in JFK (1996), through an analysis of
the different clusters FP’s. The FP scatter of 0.084 in logr, is equivalent to a ~ 17%
uncertainty in distances to single galaxies.

To better characterize the selected galaxies, we show in Fig.5.4 their statistical
distributions: effective radius, ellipticity at r., observed central velocity dispersion
and Gunn-r luminosity. Notice that sample galaxies are distributed around L, =
2.7 x 10" L., the characteristic luminosity of the ellipticals luminosity function in r—
band (Blanton et al., 2001) and that most of the objects have little/moderate ellipticity
(< e >=0.29+0.17) and then, a reasonably spherical stellar distribution (see §5.5.3).
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Figure 5.4: Histograms of some remarkable properties of the sample galaxies: (a) effective radius

e, (b) ellipticity € at r, (c) central velocity dispersion o and (d) luminosity L, in r-Gunn band .
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5.5.2 Forcing models to the FP

The physical interpretation of the Fundamental Plane assumes the virial theorem
to be the main constraint to the structure of ellipticals. If the luminosity profiles, as
well as the dynamical structure of the ellipticals, are similar (i.e. if elliptical galaxies
are 1-component and homologous systems), the virial theorem and the existence of
the FP imply a slow but systematic variation of the mass—to-light ratio M /L with the
luminosity, whose physical origin is debated. This homology also determines a quasi—
linearity of the relations connecting the gravitational and kinetic energies of the galaxies
to the observables oy and r.. However, by adding a second dark mass component, this
property will be lost, in such a way that the gravitational and photometric scales are
not anymore connected in a simple, log—linear way.

We adjust the mass models parameters to fit the observations in the coordinates
space: effective radius ., central velocity dispersion o9 = 04(r./8) and total luminosity
in Gunn-r band, defined as L = 27 r2 I,. The effective surface brightness I, in L /pc?
is calculated from y, in mag arsec ?: log I, = —0.4j, — 26.4, for Gunn—r band (JFK,
1995a). In fitting the surface o¢(re, L) to the observations, we leave free the stellar
mass-to-light ratio M,,/L, and, respectively, I'y; in the H+NFW case and I, in
the H4+B case. In the latter, we assign a constant value to the parameter rq/r. = 2,
suggested by our results for spirals (see Part 1), as the fit depends quite weakly on it.

We characterize the stellar mass-to-light ratio as Y, = M,,/L, = Y, (L,/L.)?,
with T,, and « free parameters. Here, we neglect a possible weak dependence of T,

on r.; anyway, we will discuss this point later.

5.5.3 Results and discussion

H4+NFW mass model

This model is unable to provide a plane surface in the log—space (o, r., L), for

plausible values of the free parameters. For example, in Fig.5.5 we show the effect
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Figure 5.5: The surface 0g = go(re, L,) where we expect objects according to the H+NFW model,
with I'y; = 30, compared with the position of observational data. The units are: r. in kpc, L, in

L,s and o¢ in km/s.
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Figure 5.6: The best-parameters from fitting to the FP the surface oo(re, L), predicted in the
H+NFW case (68%, 95% and 99% CL). The value found T';. ~ 2.5 is obviously senseless.

on the surface by adding to the stellar spheroid a dark NFW component with the
reasonable dark—to—luminous mass ratio of I',;, = 30. The surface curvature prevents
us from properly fitting the data, especially in the region occupied by galaxies with large
effective radius and low luminosity, for which the DM contribution to oy is unacceptably
high.

The results of the fitting procedure is shown in Fig.5.6, with contours representing
68%, 95% and 99% CL. The best—fit model is consistent even with the no-DM model
(Tyir = 2+ 4 at 1o) and values of T'y; 2 10 are excluded at > 95% CL. Solutions
marginally excluded (T',; ~ 10 — 15) will still require very high efficiency of collapse
of baryons in stars (~ 90%).

This would be at strong variance with our ideas about the galaxy formation:
indeed, feedback mechanisms, such as SN explosions and central QSO activity, transfers
thermal energy into the ISM, thus inhibiting a very efficient star formation (e.g. Dekel
& Silk, 1986; Granato et al., 2001; Romano et al., 2002) transferring the whole initial
baryonic content into stars. This is also confirmed by the chemical properties of giant

E’s stellar populations (e.g. Bower et al., 1992; Bernardi et al., 1998; Thomas &
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Kauffmann, 1999), which reveal a sole and short initial star formation phase. As

result, we expect a value of I'y;,, much higher than the original value of ~ 10.

H-+B mass model

In this case, the presence of dark matter, distributed in a way independent of the
stellar profile, does not alter the FP surface shape, which still remains a plane. Of
course, the greater DM amount in the bulge region, the lower the stellar mass—to—light

ratio derived from the fit. The best—fit mass model is obtained for (see Fig.5.7):

L 0.2140.03
T, = (53+0.1) (L—> (5.38)
T, = 0.29 £ 0.06 (5.39)

(at 68% CL). In Fig.5.8 (left) we show the 68%, 95% and 99% confidence contours
for the parameters T,, and «. In the fit, the parameter I', results strongly correlated
to Y. In Fig.5.8 (right) we show this correlation with indicated the range of T,
corresponding to 99% CL in T,.,.

Finally, to check the reliability of the fit against our assumption of spherical stellar
distribution, we perform the model fit to galaxies with small ellipticity ¢ < 0.4; the
resulting best—fit parameters are consistent with the previous ones, with a difference
in the mean values of ~ 5%.

Although the data do not allow for a deeper investigation, we point out that
keeping I'. constant in the fit is not the most general possibility and, in principle,
the DM contribution within 7, could vary with luminosity. However, our choice is in
agreement with results from the most recent dynamical and photometric studies of
mass distribution in ellipticals (Kronawitter et al., 2000; Gerhard et al., 2001), which

show that the luminosity dependence in the FP (i.e. its “tilt”) is a stellar population
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Figure 5.7: The H+B plane (edge—on), best fitting the observational data.
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Figure 5.8: Best—fit H+B mass model: left) 68%, 95% and 99% CL for the stellar mass—to-light
parameters; right) the correlation between Y., and T, the dark—to-stellar mass ratio within 7.
Dashed lines mark the 99% C.L. in Y, and T..

effect. Notice that they find Mpys/ Mo
we find MDM/Mtot|'re ~ 20%

r. ~ 10 —40%; in comparison, from eq.(5.39)

From eq.(5.35), we derive the relation between the “virial quantity” oar./G and

the spheroid mass:

2
Og Te

G

Mgy, ~ (0.17+3.6 x 1072 T,)" " - (5.40)

Assuming the best—fit value I', = 0.3, eq.(5.40) is in good agreement with results by
Ciotti et al. (1996); indeed, they find for their HP model (a mass configuration similar

2
to our H+B model) M,, = cy UOG” with ¢;; ~ 3 — 6, according to the value of
the total dark—to—luminous mass ratio (in the range 10 — 70). Moreover, for dark—
to—luminous mass ratio within r, of ~ 0.3, the total mass within the effective radius,

M, ~ (1+7T,) 0.42 Mgy, writes:
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Figure 5.9: The distribution of the stellar mass—to-light ratio in Gunn-r band. Continous line is

the mean correlation of the FP. The typical data error at 1 o is also shown.

(5.41)

which is to be compared with the “gravitational” mass at r.: 2 o7 r./G, introduced
by Burstein et al. (1997), taking the standard Keplerian formula M, = r.V;2,/G and
assuming V2, = 307,

In Fig.5.9 we show the distribution of the stellar mass—to-light ratio in Gunn-r
band for single objects, obtained by inserting in eq.(5.40) the observed oy, r. and L,.
Continous line is the “mean” correlation provided by the FP fit : T, = 5.3 (L,/L.)%*'.
By testing the residuals of the stellar mass—to-light ratio in Gunn-r band as function
of the effective radius r,, we find, within the statistical errors, no correlation: T, o
(R/1r.)000£005 A possible weak dependence on the effective radius, therefore, seems
not sufficient to justify the scatter observed in the luminosity dependence of My, /L.

Since part of the galaxy sample has also been observed in different photometric

bands (JFK, 1992; JFK, 1995a; see Tab.5.2), we investigated the Mgy, /L variations
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Figure 5.10: Properties of H+B mass model for a L, galaxy (Y, = 5.3, T. = 0.3): left) total
(dark+luminous) mass—-to-light ratio in r—band wvs. radius, for different values of halo core radius;

right) dark—to-luminous mass ratio as function of the radius for different values of rq /7.

with luminosity (for a smaller number of galaxies) in Johnson U and B and Gunn—
v band, obtaining, respectively, the slopes 0.25 4+ 0.06, 0.27 + 0.03 and 0.34 £ 0.05,
with similar large scatter, thus independent of the photometric band. The slope of the

relation Msph/LB x L%25i0-04

seems to be not consistent with the value of ~ 0.6 0.1,
obtained from velocity dispersion profiles analysis (Gerhard et al., 2001). Moreover,
assuming the dark—to—luminous mass ratio I', weakly decreasing with luminosity (as
we would expect), this slope tends to decrease further on.

Recent improvements in the observations has made galaxy—galaxy (weak) lensing
a powerful tool to probe the DM halo around galaxies at large radii, where kinematic
tracers are useless. Studies of weak lensing by SDSS collaborations (McKay et al.,
2002; Guzik & Seljak, 2002) find Mygo/L, ~ 110 for a L,, elliptical galaxy, where Mogq

is the mass projected within an aperture of radius 260 h=! kpc. Albeit their results

are obtained by assuming a NF'W halo, rather than a cored profile, SDSS g—g lensing
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is not sensitive to small scales (where NFW and Burkert profiles actually differ), since
the first data bin is at R = 75 h~! kpc: therefore, comparisons to our findings, when
extrapolated to large radii, are still useful.

We estimate at large radii the dark-to-luminous mass ratios and the total mass—
to-light ratio of the H+B mass model, testing the consistency with SDSS results. In
Fig.5.10 (left) we show the (dark+luminous) cumulative mass—to-light ratio for a L,
elliptical galaxy. Assuming r, ~ 5 — 10 kpc for L = L,, the 260 h~! kpc aperture
corresponds to ~ (35 — 70)r,, for h = 0.7. We obtain the value M/L, ~ 110 at this
aperture for halo core radii in the range ~ (2.4 — 2.8) r.. This result for the halo
core extension is in agreement with the results of studies in spirals (see Part IT), which
indicate a constant halo—to—stellar length scales ratio X 1.5 — 2. Both suggest a form
of DM—-baryons interplay as the origin of the soft density cores in halos.

In Fig.5.10 (right) we show the cumulative dark—to-luminous mass ratio M}, /Mgy,
The above range of values for the halo core radius rq ~ (2.4 — 2.8) r, corresponds to
a mass ratio at very large radius of M; /My, ~ 15 — 30. Remarkably, this is in very
good agreement with estimates of M}, /M, from spectro-photometric models of E’s
formation, which include both chimical evolution and feedback (Romano et al., 2002;

their Fig.10), in the spheroid mass range 3 x 10° < Mgn &2 % 10,

5.6 Conclusions

With the help of a large sample of elliptical galaxies with suitable data, we used
the empirical relation known as the Fundamental Plane as a tool to investigate the DM
properties within these objects. We have found a number of results that re-vitalize the
field of dark and luminous matter in spheroids:

e the observed “central velocity dispersion” oy, as defined in the Fundamental
Plane and in others relations, is a hybrid quantity which is not a prior:i related to
a single quantity of a single mass component. In fact, oy is linked in a complex

way to photometric, dynamical and geometrical quantities of both luminous and dark
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matter. In this paper, we present the relations found for an isotropic and spherical
two—components mass model, where DM density profile is, alternatively, the NFW
profile, predicted by ACDM theory, and a cored density profile, suggested by spiral
galaxies observations

e the very existence of the Fundamental Plane constraints the acceptable mass
model for elliptical galaxies: in particular, it severely challenges the ACDM theory
predictions. In such a theory the structural properties of dark and luminous matter
are so interwoven that in the space (0g, r. , L) they produce a curved surface, rather
than a plane, for plausible values of the total dark—to-luminous mass ratio

e considering a cored DM density distribution, we find a dark—to—luminous mass
fraction within the effective radius of ~ 30% and a luminosity dependence of the
stellar mass—to-light ratio in Gunn—r band: Mjy,/L, oc L2?'£003_ The inferred stellar
mass—to—light ratios for the single galaxies, obtained with a good accuracy by properly
correcting for the small effect of the dark matter, will become, in a future work, a
benchmark for following the cosmological evolution of spheroids, once we correlate
them to galaxy color and metallicity and we compare them with predictions of stellar
population models

e to overlap the luminous component of galaxies with a DM halo of low mass
density, roughly constant within 2—3r, and increasing as 7~ at larger radii, is successful
to explain the structure of dwarf, spiral and elliptical galaxies, pointing to an intriguing
homogeneous scenario.

Within this framework, we argue that constraints on dark matter in Ellipticals
can be significatively improved by increasing the number of galaxies with measures
of l.o.s. velocity dispersion at larger radii, greater than ~ 1 — 2r.. Although, so far,
such observations have been severely hampered by the steep decreasing of the surface
brigthness with radius, higher and higher sensitivity reached by recent surveys offers
a good view to obtain a better resolution of the two mass components in the whole

region where baryons reside.
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Table 5.2: Elliptical galaxies selected for the Fundamental Plane fit

Galaxy logr. <p>. logoys Type U—-r B—1r v—1r g-—r
(kpc) (Gunn-r)  (km/s)

COMA:

D24 0.28 19.06 2366 E

D27 0.31 20.17 2015 E

D31 1.12 21.18 2416  ESO 1.22 1.40
D46 0.46 19.35 2.383 ESO

D49 0.69 19.79 2418 E 1.22 1.28
D57 0.59 20.05 2232 SOa

D58 0.8 21.13 2.263 SO

D65 0.47 20.55 2.091 SO

D67 0.03 18.81 2.215 SO

D68 0.54 20.58 2.138 SO

D69 0.38 19.42 2299 E 1.17

D70 0.28 19.51 2199 E 1.21

D72 0.17 19. 2165 E

D78 0.58 19.88 2293 E

D81 0.47 20.7 2183 E

D87 0.13 19.79 1.925 E

D88 0.12 18.58 2443 S0

D98 0.37 19.78 2.2 S0a

D101 0.21 19.42 2.14 S0

D103 0.29 19.06 2.356  SOa

D104 0.17 18.96 2301 SO

D105 0.53 19.74 2323 E 1.21  1.24
D106 0.04 18.99 2.247 S0 0.88 1.14
D107 0.4 20.55 1.852 E 1.05  0.98

D108 0.16 19.61 2.105 SO

D109 0.38 19.77 2276 SO

D116 0.5 20.62 2.143  SBO

D118 0.52 20.09 2237 E 1.15  1.17
D119 0.27 19.87 2223 SO

D122 0.33 19.93 1.992 S0
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Table 5.2: continued

Galaxy log 7, <p>, logo, ;s Type U—-r B—-r v—1r g-—r
(kpc) (Gunn-r)  (km/s)

COMA: (continued)

D124 0.36 19.47 2277 E 1.12

D125 -0.17 18.06 2267 E 1.04

D128 0.05 19.3 2.065 SO 1.11

D129 1.5 22.13 2376 D 1.20  1.42
D130 0.13 18.53 2.352  ESO 1.28  1.22
D131 0.57 20.24 2.251 SO 1.10  1.18
D132 0.26 20.24 2.142 SO

D133 0.14 18.53 237 E 1.20  1.13
D135 0.28 20.5 1.92 E 096 1.19
D136 -0.18 17.99 2221 E 1.06 1.31
D137 0.32 19.07 2.245  ESO

D143 0.91 21.02 2344 E 1.25 1.24
D144 0.51 19.96 2.238  S0Oa

D145 0.52 20.52 2.152 S0

D146 0.7 21.31 2.042  SBO

D148 1.18 20.64 2572 D 1.22

D150 0.34 19.98 2.044 E 1.02

D151 0.62 20.38 2184 E 1.16

D152 0.6 20.73 2217  SBO 1.35

D153 0.22 19.58 2153 E 1.06

D155 0.52 20.09 2.203 SO

D156 0.16 19.96 2.025 ESO

D157 0.14 19.48 2.142 S0

D159 0.54 19.78 2306 E 1.16  1.24
D160 0.56 20.36 2.284  SBO

D161 0.56 20.07 2251 E

D167 0.5 19.6 2336  SOE

D168 0.29 18.79 2347 E 1.12

D170 0.51 20.38 2.174  SBO

D172 0.16 19.02 2227 E
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Table 5.2: continued

Galaxy log 7, <p>, logo, s Type U—-r B—-r v—1r g-—r
(kpc) (Gunn-r)  (km/s)

COMA: (continued)

D173 0.18 19.52 2.179 SO

D174 -0.02 18.23 2287 E

D175 0.49 19.91 2.263 SO

D176 0.14 18.98 2.249 S0

D177 0.21 19.98 2.038 SO

D179 0.36 18.77 2.404 SO

D181 0.16 19.45 2.194 SO

D191 0.01 18.95 1.994 SO

D192 0.42 20.15 1.989 S0

D193 0.27 20.04 2101 E

D194 0.58 19.64 2398 E

D204 0.43 20.42 2116 E

D206 0.65 19.86 2.351 SO

D207 0.25 19.66 2192 E

D210 0.24 19.26 2246 Ep

D217 0.69 20.24 2317 E 1.15

D238 0.05 18.94 2.041 E

D239 0.58 19.88 2359 E 1.08

D240 0.9 20.39 2415 E 1.13

A194:

N0538 0.618 20.47 2.31 Sa

ZH05 0.268 19.88 2.179  SOa 1.63 1.13

ZHO08 0.338 19.79 2.09 S0a 1.52 1.07

ZHA48 0.348 20.97 1.889 SO 1.51 1.07 098 0.39
D52 0.098 19.86 1.901 E 1.51 1.07  1.00 0.40
10120 0.368 20.21 2.064 SO 1.65 1.17  1.14 045
11696 0.308 19.53 2203 E 1.67 1.15  1.14 045
N0533 1.078 21.14 2.4 E 1.28 0.46
N0535 0.558 20.47 2.118 Sa 1.60 1.15  1.06 048
N0541 0.798 20.61 2281 D 1.65 1.14 1.23 045
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Table 5.2: continued

Galaxy log r, <p>, logo, ;s Type U—-r B—-r v—r g-—r
(kpc)  (Gunn-r)  (km/s)

A194: continued

N0545 0.888 20.63 2359 D 1.68 1.13  1.21 047
N0547 0.568 19.69 2401 E 1.76 1.21 1.19 047
N0548 0.568 20.91 2.1 ESO 1.46 1.06  0.72  0.39
N0560 0.478 19.53 2.265  SOp 1.61 1.11 1.11 043
N0564 0.598 19.93 2361 E 1.64 1.14 119 0.44

ZHO7 0.168 18.98 2.203 SO 1.61 1.10 1.08 0.43
ZH09 0.218 19.69 2.106 SO 1.59 .11 1.16  0.43

ZH10 0.118 18.8 2.345 S0 1.75 1.18 1.21 047
ZH12 0.228 19.28 2231 SO 1.69 1.14 1.15 043
ZH19 0.388 19.81 2.066 SO 0.99 041
ZH31 0.198 19.97 1.854  SOa 1.00 0.41
ZH39 0.268 19.5 2.298 SO 1.06  0.46
ZH52 0.098 19.41 2.036 SO 1.15  0.45
ZH53 0.418 20.65 1.947 SO 0.92 0.38
ZH56 0.228 19.41 2.348 S0 1.22  0.47
A539:
D16 0.627 19.65 2.301 SO 0.46
D31 0.817 20.81 2199 SO 0.37
D38 0.797 20.69 2.238  Sab 0.49
D39 0.667 20.35 2231 SO 0.43
D41 0.267 19.31 2.223 SO 0.47
D42 0.627 20.51 2.182 SO 0.45
D43 0.647 21.03 2.096  SBO 0.39
D44 0.437 19.3 2311 SO 0.44
D45 0.517 19.71 2364 E 0.46
D48 -0.103 17.99 2303 E 0.56
D50 0.357 19.12 2372 E 0.50
D51 0.437 19.67 2234 S0 0.43
D52 0.187 19.38 2.168 S0 0.51
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Table 5.2: continued

Galaxy log r, <p>, logo, ;s Type U-—-r B—r wv—r g-—r
(kpc)  (Gunn-r) (km/s)

A539: continued

D53 0.457 19.19 2.397 SO 0.47
D54 0.527 20.62 2.148 SO 0.42
D57 0.527 20.43 2.257 SO 0.51
D59 0.767 20.75 2.233 SO 0.45
D60 0.697 20.24 2.411 S0a 0.52
D61 0.007 18.6 2.186 SO 0.51
D62 0.597 20.05 2.283 SO 0.44
D63 0.477 19.38 2.272 E 0.40
D64 0.717 20.97 2.173 SO 0.39
D68 0.867 20.25 2.51 E 0.44
D69 -0.113 17.75 2.413 SO 0.49
D75 0.097 19.16 2.143 E
A3381:

D21 0.55 20.34 2.302 SO 0.52
D25 0.94 20.69 2.3 ESO 0.48
D33 0.33 18.59 2.308 SO 0.48
D34 0.66 20.36 2.38 SO 0.44
D37 0.41 20.61 1.995 SO 0.55
D55 1.04 21.37 2.326 DSO 0.51
D56 0.59 20.18 2.349 SO 0.51
D64 0.34 19.8 2.154 SO 0.46
D67 0.07 18.86 2.089 ESO 0.56
D68 0.52 20.17 2.203 E 0.49
D73 0.51 20.33 2.135 SO 0.48
D75 0.61 20.07 2.346 E 0.51
D100 0.64 19.97 2.315 SO 0.55
D112 0.91 20.73 2.342 ESOp 0.65
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Table 5.2: continued

Galaxy logre <p>. logoys Type U—r B-—1r v—1 g-—r
(kpc) (Gunn-r) (km/s)

A3574:
W22 0.34 19.09 2.346 E 1.24 1.27
W39 1.01 21.75 2.156 SO 1.16 1.46
W47 1.04 20.88 2.38 SO 1.20 1.40
W60 0.72 20.39 2.35 SO 1.20  1.07
W69 0.4 20.12 1.949 SO 1.02
W74 0.17 18.94 2.342 SO 1.17
W81 0.54 19.97 2.279 SO 1.22 1.05
S639:
E264G23 0.79 20.62 2.339 SO 0.47
E264G24 0.52 18.92 2.357 ESO 0.38
E264G300 0.67 19.78 2.451 D 0.46
E264G301  0.23 18.92 2.284 SO 0.41
E264G302 0.15 18.75 2.298 SO 0.49
E264G31 0.82 20.28 2.388 ESO 0.42
J13 0.38 18.98 2311 E 0.44
J14 0.51 19.97 2.143 SO 0.40
J15 0.02 18.63 2.132 E 0.40
J16 0.18 19.65 2.115 E 0.42
S753:
W10 0.053 18.74 2.127 SO 1.09
W12 0.233 19.29 2.222 SO 1.18 1.23
W17 0.173 19.53 2.016 E 1.04
W26 0.543 20.13 2.163 SO 1.12 1.23
W29 0.503 19.6 2.431 E 1.27  1.34
W37 0.123 18.85 2.247 SO 1.19  1.24
W39 0.173 19.36 2.354 SO 1.35
W47 0.203 19.31 2.089 SO 1.15
W51 0.343 19.95 2.188 E 1.13
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Table 5.2: continued

Galaxy log 7 <p>, logo, ;s Type U—-r B—r wv—r g-—r
(kpc)  (Gunn-r)  (km/s)

S753: continued

W54 0.493 19.9 2259 E 1.14  1.18

W64 1.043 20.36 2512 SO 1.19

W73 0.483 19.79 2271 SO 1.20

W84 0.293 19.05 2.337 SO 1.18

W95 0.343 19.9 2125 E 1.13

DC2345-28:

D32 0.579 19.64 2473 E 1.72 1.20  1.21  0.50

D33 0.399 20.83 1.927 SO 1.50  1.09

D37 0.419 20.67 1.963 SO 1.35 098 090 0.37

D38 0.239 19.13 2.086 SO 1.61 .12 1.15 0.44

D39 0.459 20.43 2.134 SO 1.46  1.06

D40 0.429 20.98 1.927 SO 1.45 1.07

D42 1.049 21.25 2327 D 1.62 1.14 1.28 0.44

D43 0.689 20.46 2273 S0 1.55 1.10  1.07 0.42

D44 -0.311 17.37 2243 E 1.81 1.22  1.34  0.55

D45 0.399 20.2 2109 E 1.45 1.08 0.87 0.35

D49 0.169 19.62 2.121 SO 1.47  1.01

D50 0.679 20.43 2.31 SBOa 1.60 1.15

D51 -0.011 18.92 2.21 S0 1.64 114 121 047

D52 0.379 20.92 1.822 E 0.97 0.40

D53 -0.001 19.68 1.872 SO 1.03 0.48

D55 0.249 19.05 2239 E 1.68 1.14  1.26 0.49

D56 0.929 20.54 2415 D 1.65 1.14 1.14 046

D58 0.559 19.52 2419 E 1.68 1.16 1.15 048

D59 0.459 20.21 2.237 SO 1.57  1.11

D60 0.329 19.64 2107 E 1.52 1.08 1.18 0.37

D65 0.759 20.48 2.33 SO 1.64 1.13

D66 0.239 20.11 2.061 SO 1.50 1.06

D67 0.529 21.3 2.018 SO 1.41 1.04

D68 -0.041 19.25 2123 E 1.56 1.10
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Table 5.2: continued

Galaxy log 7, <p>, logo, ;s Type U—-r B-—r v—1r g-—r
(kpc) (Gunn-r)  (km/s)

DC2345-28: continued

D69 0.919 22.44 1.908  SOa 1.26  0.97

D70 -0.181 18.47 2168 E 1.27  0.51
D76 0.349 20.01 2.155 S0 1.53 1.08

D77 0.609 19.7 2.316 SO 1.65 1.14

D83 0.559 20.51 2.113 S0 1.57  1.10

HYDRA:

E436G44 0.383 19.37 2.229 S0 0.48
E437G11 0.323 19.33 2.292 S0 0.56
E437G13 0.203 19. 2.246 SO 0.52
E437G21 0.463 19.84 2.261  SBO 0.53
E437G45 0.493 20.18 2.114 S0 0.48
E501G03 0.543 20.08 2.332 E3S0 0.49
E501G13 0.353 19.23 2369 SO 0.50
12597 0.763 20.07 2.389  E3S0 0.50
N3305 0.373 19.18 2407 E1 0.52
N3308 0.913 20.94 2.284  SBO 0.51
N3309 0.743 20. 2.42 E1 0.51
N3311 1.463 22.53 2.265 S0 0.31
RMH26 0.293 20.27 2.043 E2 0.48
RMH28 0.193 19.75 2.17 S0 0.52
RMH29 0.013 18.43 2.213 S0 0.52
RMH30 0.563 20.99 2294  E6 0.48
RMH35 0.203 19.62 2.112  E7S0 0.51
RMH50 0.223 20.62 1.984 SO 0.43

Table 5.2: Observational properties of the sample galaxies: (1) galaxy name; (2) effective
radius in kpc; (3) mean surface brightness within the effective radius in Gunn—r band; (4)
central velocity dispersion corrected to an aperture of radius r./8; (5) morphological type;
(6) U —r color; (7) B—r; (8) v—r; (9) g —r. Data are from Jorgensen, Franx & Kjaergaard
(1992, 1995a, 1995b) and referencies therein.

120



Part IV

CONCLUSIONS

121



122



Chapter 6

Conclusions and Perspectives

123



124



6.1 The Core Radius Phenomenon:

Summary of Results

Much work has been done in 80’s and 90’s about the “first order” properties
of dark matter (DM) in galaxies: its very presence, its amount and variations with
galaxies type and luminosity. Our work addressed to DM “second order ” properties,
namely the features of its distribution within and around galaxies, an issue strictly
connected to cosmological arguments (e.g. galaxies formation, DM nature), that has
turned crucial also for Fundamental Physics. This has been the guideline of present
research on DM; we approached this issue, both in case of disk and spheroidal galaxies,
by means of different strategies, according to the galaxies characteristics, in order to
test the DM gravitational effects in galaxies against the Cold Dark Matter (CDM)
theories predictions. To our aims, high quality kinematical data have been essential.
Let us summarize our results.

As regards disk galaxies:

e we derived the fine structure of dark matter halos from the kinematics of a number
of suitably selected individual RC’s of low-luminosity galaxies. Indeed, in case of high—
quality RC’s, it is possible to decompose the galaxy mass structure into its dark and
luminous component and to obtain, with good reliability, the DM halo distribution.
The analysis unveils that the halo component of the observed circular velocity increases
linearly with radius out to the edge of the stellar disk, implying a constant dark halo
density over the entire disk region. A good description of DM density distribution
around galaxies is provided by the Burkert (1995) functional form (see also Salucci &
Burkert, 2000): pp(r) o< (r +19) "' (r~2 4+ 752), proposed in the analysis of individual
dwarfs RC’s (Burkert, 1995) and tested by means of the Universal Rotation Curve
(Salucci & Burkert, 2000).

We found that typical DM halo central densities are in the range of py ~ 1 —4 x 107

2/

_ . . —2/3 . .
g cm 3, and scale with the core radius as pg o< 7, /. DM cores extension, with respect
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to the disk length scale, turns out to be remarkably large, at least 3—4 rp, and roughly
independent of galaxy luminosity and dark mass fraction.

e we study the remarkable test—case of a dwarf DM-dominated galaxy, DDO47, whose
HI RC is known up to large radius (~ 9 rp), with very high precision (velocity res-
olution: 2.6 km/s). We present most convincing evidence for a core in the density
distribution of the dark halo around this dwarf galaxy. DDOA47 has a rotation curve
that increases linearly from 700 pc out to 6 kpc, which cannot be reproduced unless
we consider a dark halo with a flat density core. The core region has a size X 3 kpc,
about twice the stellar disk size (~ 6 rp).

e we performed a specific investigation of the Universal Rotation Curve, derived by
analyzing a large and complete sample of 1000 spirals RC’s. This statistical sample
allowed us 1) to verify the robustness of our results on individual galaxies and 2) to
derive the variations of DM halos properties, along the spirals luminosity sequence. In

detail, a correlation holds between the halo central density and core extension:

logro = 9.1+ 0.28 log pg — 3.5 x 10*° pi-# (6.1)

and between the DM core density and the disk mass:

log po = —23.0 — 0.077 log Mp — 107> MY* (6.2)

pointing to a physical connection between halo and disk structures.

As regards DM in spheroidal galaxies, as a first step in our analysis, we con-
sidered a large sample of luminous (nearly spherical) elliptical galaxies, to derive the
implications of the Fundamental Plane to the DM content and properties in these
objects. We find that the “central velocity dispersion” g, appearing in (e.g.) the
Fundamental Plane, is linked, in a complex, but predictable way, to photometric, dy-

namical and geometrical quantities of both luminous and dark matter. Then, we find
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that the very existence of the Fundamental Plane strongly constraints the mass mod-
els. In particular, it implies i) an average value for the dark—to—luminous mass ratio
(inside the galaxy effective radius) of about 0.3 ii) a stellar mass—to-light increasing
with spheroid luminosity: Mg,n/L, oc LY? in Gunn-r band, with a value of ~ 5.3 at
L., and i) the presence of cored dark matter halos around ellipticals, as found for
both dwarf and spiral galaxies.

The properties of the halo mass structure we find in our study are on the line of
claims for a small number of dwarf and low surface brightness (LSB) galaxies in mid
90’s, providing, however, for more substantial evidence of a discrepancy between the
halo mass distribution predicted in the Cold Dark Matter scenario and that actually
detected around galaxies. In fact, our results definitely confirm this discrepancy and
point toward an intriguing halo length scale, emerging out of the scale—free process of its
formation. Moreover, in case of E’s, we find that the very existence of the Fundamental
Plane contradicts ACDM predictions: this theory, indeed, has structural properties of
dark and luminous matter so interwoven that, in the space (og, 7., L) it predicts a
curved surface, rather than a plane.

Crucially, the robust results we find in this thesis (due to the methods employed)
level off to zero the criticisms (e.g. van den Bosch et al., 2000; van den Bosch &
Swaters, 2001) raised to previous claims for DM cores in galaxies. We conclude by
stressing that, for any theory of galaxy formation, time is come to seriously consider
that the luminous component of galaxies lays down in dark halos whose density stays

constant (and low) at least up to the optical radius, and, probably, farther.
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6.2 Abandoning Collisionless Cold Dark Matter

After this work, the “core” problem affecting CDM theories is dramatically con-
firmed. Moreover, it also emerges the evidence that the DM distribution in the optical
regions of galaxies is featureless and unrelated to global properties (e.g. virial mass
and radius) of the dark halo, differently from what is naturally expected in a pure hier-
archical clustering scenario. We are forced to consider the possibility that cosmological
and /or astrophysical processes have cut the link between the initial conditions and the
present—day galaxies properties: this connection, indeed, appears to be just missing in
Nature.

The failure of collisionless CDM theories on galaxies scale has motivated, in last
years, the raise of many hypotheses, which modify the DM properties on small scales,
while preserving the success of CDM on large scales. These new scenarios are required
to originate dark density cores in halo central regions and, even, to face a number
of other observed discrepancies with theory, such as the excess of the observed disk
angular momentum with respect to predictions and the lack of the predicted amount
of halo substructure (the so—called “satellite question”, i.e. the predicted number of
subhalos on scales of the Local Group is at least a factor of ten higher than the observed
number of dwarf galaxies (Klypin et al., 1999; Moore et al., 1999a) ). It is quite difficult,
anyway, to conceive new scenarios, without claiming “ad hoc” DM requisites.

Collisionless CDM has the non—negligible advantage of allowing to neglect dark—
baryonic matter interactions, during the galaxy collapse and evolution; indeed, dissi-
pationless simulations do not take into account the effect of baryonic infall and disk
formation on the final halo density distribution. This led to the claim of an universal
halo profile which is, however, at variance with actual halos.

A possible solution consists in coupling the luminous and dark components in
galaxies, mostly by means of energetic mechanisms, such as feedback from evolving
stars and heating by ionizing UV background, which are more efficient in low mass

systems, due to the less deep potential well (e.g. Gelato & Sommer—Larsen, 1999;
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Bullock et al., 2000); let us recall that since redshift z < 10, radiation processes
and chemical evolution take place together with gravitational clustering, making the
involved physics much complex. Although it cannot be excluded that this scenario,
given its complexity, needs much more refined numerical simulations, combining gravity
and hydrodynamics, it is worth stressing that these mechanisms seems unlikely to be
able to solve the collisionless CDM crisis even for high mass galaxies.

An alternative solution regards the nature of DM, considering some form of inter-
acting particles. For instance, Spergel & Steinhardt (2000) proposed self-interacting
DM (SIDM) particles, with a finite cross—section for non-dissipative collision, such
that their mean free path is on scales of kpc to Mpc for typical galactic densities.
These collision thermalize the inner regions of the dark halos: indeed, the heat flux
to the core smooth out the density cusp and reduces the amount of substructure by
evaporating orbiting subhalos. Several works have explored this model numerically
and analytically (e.g. Yoshida et al., 2000a; Firmani et al., 2001a; Colin et al., 2002),
finding that SIDM halos present shallow cores, with constant cross section per unit
mass opy being ~ 5 cm? g=! (Davé et al., 2001), in order to be in agreement with
observations of galaxies, and even smaller, to account for clusters data (Yoshida et al.,
2000b). On the other hand, when op), is inversely proportional to the relative velocity
of colliding particles, all halos will have central density approximately constant with
mass, p. ~ 0.02 My pc™® (Firmani et al., 2001b). Such a result is strongly different
from CDM predictions. Anyway, important problems still affect SIDM; for example,
the prediction of a fast core collapse in time scales of the order of the halo dynamical
time (e.g. Burkert, 2000). Moreover, SI cross—sections large enough to modify the
halo central profiles, would make the center of clusters more spherical (Yoshida et al.,
2000b) and less dense (Meneghetti et al., 2001), at variance with gravitational lensing
observations (e.g. Arabadjis et al., 2002). Finally, recent quantitative semi-analytical
arguments proved that SIDM is unable to solve both the soft core and the satellite
problems, simultaneously (D’Onghia & Burkert, 2002).

Other explored hypotheses, regarding, for example, warm dark matter (WDM) or
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a finite annihilation cross section for DM particles, do not solve all the problems they

are invoked to solve and create sometimes new problems (see Primack, 2002).

6.3 New Search for DM Particles

Particle physics have provided a number of possible candidates to cold DM; many
of them fall under the general category of weakly interacting massive particles (WIMPs),
out of which, the most discussed are axions and neutralinos. The idea of detecting
galactic DM particles directly, by observing their elastic scattering on target nuclei
through nuclear recoils in underground laboratory, has motivated a number of exper-
iments, which have been carried out with controversial results (e.g. Bernabei et al.,
2000; Abusaidi et al., 2000). Others are underway and/or planned in next future (e.g.
Klapdor-Kleingrothaus et al., 2001).

Brand new DM candidates, with completely different properties, are probably
needed to account for ever increasing observational data favouring collisional DM. A
still unknown dark/baryons interaction mechanism may be operating, whose relic parti-
cles could be even undetectable, today. Future work will have to face the big challenge
of describing, with enough detail, the dark mass distribution and characteristics on
both galaxy and cluster scales. Indeed, the process of galaxies formation at z < 10 is
strongly tighted to the issue of DM particles properties. Only then, it will be possible
to progress in cosmological theories and to increase the chance of a direct DM particles

detection in laboratory.
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