
Scuola Internazionale Superiore di Studi Avanzati - Trieste

SISSA - Via Bonomea 265 - 34136 TRIESTE - ITALY

Scuola Internazionale Superiore di Studi Avanzati
Area of Physics

Ph.D. in Astrophysics

The nature of Dark Matter from properties of
galaxies

Advisor:

Prof. P. Salucci

Candidate:

E. V. Karukes

Thesis submitted in partial fulfillment of the requirements
for the degree of Doctor Philosophiae

Academic Year 2015/2016





Acknowledgements

I would like to express my special appreciation and thanks to my advisor Paolo
Salucci. I appreciate all his contributions of time, ideas and discussions during
these 3 years of my PhD. His advices on both research as well as on my career
have been invaluable. I am thankful also to SISSA for useful lectures and to
all professors of the Astrophysical sector, in particular to Alessandro Bressan,
Luigi Danese and Andrea Lapi for fruitful discussions.

I also thank all my friends and colleagues at SISSA Alessio, Mauro, Elena,
Guillaume, Bruno, Xiao, Federico, Marco, Andrei and Lasma, who made more
enjoyable the long working days and the short weekends. Then, I would like
to thank Gor, Elias and Francesca for their strong and tasty coffee, that many
times helped me to be productive until late. A special thank goes to my two
supportive officemates Claudia and Serena for the infinite discussions about
everything. I cannot forget about my friends from Rostov Polina, Roma,
Vanya, Ilya and many others for all the enjoyable time we had spend together
and I hope we will spend in the future. A special acknowledgement goes to
my best mate of many years Nastya with whom we should write a book about
all our adventures together.

Finally, I would express my gratitude to my big family and to D�ovanni who
has already become a part of my family in these years. In particular I would
like to thank my mother and my father for their love, support and sacrifices.
This thesis is dedicated to them.

i



Published papers

Citations to Published and Submitted Works

The work presented in this thesis has been partially published in scientific papers.

• Modeling the Mass Distribution in the Spiral Galaxy NGC 3198, E. V. Karukes
& P. Salucci, proceedings of Young Researcher Meeting, 2014, Journal of Physics
Conference Series, 566, 012008

• Rn gravity is kicking and alive: The cases of Orion and NGC 3198, P. Salucci, C.
Frigerio Martins & E. Karukes, 2014, International Journal of Modern Physics D,
23, 1442005

This essay received an Honorable Mention in the 2014 Essay Competition of the Gravity Research

Foundation.

• The dark matter distribution in the spiral NGC 3198 out to 0.22 Rvir, E.V. Karukes,
P. Salucci & G. Gentile, 2015, A&A, 578, A13

• The universal rotation curve of dwarf disk galaxies, E.V. Karukes & P. Salucci.,
submitted to MNRAS, arXiv:1609.06903

ii



Abstract

(Λ) cold dark matter (CDM) has become the standard theory of cosmological structure
formation, within which cosmological measurements are confronted and interpreted. Al-
though its predictions appear to be in good agreement with data on large scale structure,
a number of discrepancies with data emerges on the galactic and sub-galactic scales.

In this Thesis we investigate the distribution of dark matter in late Hubble type
galaxies and we address the key challenges of galaxy formation and evolution in the
(Λ)CDM scenario by means of the kinematics of a sample of dwarf disk galaxies.

We develop tests based on the mass modelling of rotation curves for the validation
of dark matter halo models on galactic scales. These tests have been applied in order
to investigate the core-cusp controversy, and to analyze galactic rotation curves in the
framework of modified Newtonian dynamics. We also derived the universal rotation curve
of dwarf disk galaxies, the latter are crucial objects in testing the (Λ)CDM scenario.
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Preface

During the last few decades, it has been discovered that only 15.5 % of the total
matter in the Universe is in form of ordinary baryonic matter. While, the other 84.5 % is
provided by dark matter (DM), which is detectable only through its gravitational influence
on luminous matter. The widely accepted hypothesis on the form of DM is that it is
composed of cold, neutral, weakly interacting particles, which are not present in the
Standard Model of particle physics and not yet observed at any existing experiments.
This standard cold dark matter (CDM) scenario has been very successful in reproducing
most properties of the local and high-redshift Universe.

However, despite these great achievements, at the galactic and sub-galactic scales
the predictions made by the (Λ)CDM model diverge from observational data that probe
the innermost regions of DM halos and the properties of the Milky Way’s dwarf galaxy
satellites.

Essentially, these small-scale controversies of the standard collisionless particle paradigm
can be solved by evolving the baryonic physics effects (see, e.g., Binney et al., 2001; Gov-
ernato et al., 2010; Pontzen and Governato, 2012). However, in the lowest mass galaxies
this solution seems very unappealing, because it is difficult to explain how baryons in a
galaxy with stellar mass similar to that of globular clusters can change the inner struc-
ture of a dark halo. Alternatively, the small-scale conflicts could be the evidence of more
complex physics in the dark sector itself, such as self-interacting dark matter (SIDM) and
warm dark matter (WDM) (see, e.g. Lovell et al., 2014; de Vega et al., 2014a; Spergel and
Steinhardt, 2000). Otherwise, modified gravity theories, like MOND (Milgrom, 1983),
f(R) (Capozziello et al., 2007) and many other similar theories may help in solving these
issues.

The goals of my research are to try to understand the nature of the previously described
small-scale problems and to address some of the key challenges of galaxy formation in low-
mass local dwarf disk galaxies.

In this Thesis a study of the RCs and the inferred DM properties of late Hubble type
galaxies is presented. The outline of this Thesis is then as follows. In the introduction
Chapter we give a brief overview of the history of DM discovery, then we summarize the
basis of the possible nature of DM along with popular alternatives to DM.

In Chapter 2 we develop a test for analyzing galactic RCs in the framework of f(R)
theories of gravity. This work shows that in some cases the modified gravity theories can
fit the available kinematical data much better than (Λ)CDM halo models.

In Chapter 3 we use high-quality very extended kinematics of the spiral galaxy NGC
3198 in order to derive its distribution of DM out to ∼0.22 Rvir and test it against
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three different DM density profiles. First, we use a typical mass-modelling technique to
show that "flat" RCs can be well fitted by either a cored DM or a cuspy DM halo, just
by adjusting the amount of the stellar matter content. Second, we use the new model-
independent local density method proposed by Salucci et al. (2010) and we find that the
derived density profile strongly supports a cored distribution of DM, adding independent
evidence to the idea of cored DM distribution in this galaxy.

Chapter 4 is devoted to the kinematical investigation of the sample of 36 dwarf disk
dominated galaxies, which are members of the Local Volume (∼ 11 Mpc, see for details
Karachentsev et al., 2013), in the framework of the Universal Rotation Curve (Persic
et al., 1996). We find that in these low-mass galaxies the structural properties of the
luminous and dark components emerge very well correlated. We also find no evidence
for the sharp decline in the baryonic to halo mass relation. This can be considered as a
key challenge for the (Λ)CDM model of galaxy formation and specially to the abundance
matching techniques.

Finally, the conclusions and future perspectives of this thesis are presented in Chap-
ter 5.
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Chapter 1

Introduction

1.1 History of DM discovery

The first indication for the possible existence of dark matter (DM) came from the dynam-
ical study of the Milky Way. It started with Öpik (1915) who was probably the first one
to estimate the dynamical density of matter near the Sun by analysing vertical motions
of stars near the plane of the Galaxy. A similar analysis was done later by the Dutch
astronomer Jacobus Kapteyn. In his work Kapteyn (1922) established the relation be-
tween the motion of stars and their velocity dispersion. Both astronomers found that the
summed contribution of all known stellar populations (and interstellar gas) is sufficient
to explain the vertical oscillations of stars - in other words, there was no evidence for
hypothetical matter. Then the British astronomer Jeans (1922) reanalysed the vertical
motions of stars near the plane of the Galaxy, and found that some dark matter probably
existed near the Sun.

Ten years after, in 1932 a student of Jacobus Kapteyn, Jan Hendric Oort, improved
Kapteyn’s analysis and determined quantitatively the difference between the dynamical
density of matter and the density due to the visible stars in the Solar vicinity (Oort, 1932).
Although this difference was often considered as an indication for the presence of dark
matter, later this measurement was determined to be incorrect (Kuijken and Gilmore,
1989).

The second indication of the possible DM existence came from the measurements of
radial velocities of galaxies in the Coma cluster, carried out by Zwicky (1933). He found
that the velocities of the individual galaxies with respect to the cluster mean velocity are
much larger than those expected from the estimated total mass of the cluster, calculated
from masses of individual galaxies. This means that the cluster should contain a huge
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1. Introduction

amount of some invisible matter in order to hold all the galaxies together. According to his
estimate the amount of dark matter in this cluster should be about 160 times greater than
expected from their luminosity (a value revised today). A similar conclusion was made
by Smith (1936) for galaxies in the Virgo cluster. Furthermore, a certain discrepancy
was detected also between masses of individual galaxies and masses of pairs and groups
of galaxies (Holmberg, 1937; Page, 1952, 1959, 1960). The method used for the mass
determination of pairs and groups of galaxies is based on the virial theorem and is almost
identical to the procedure used to calculate masses of clusters of galaxies.

The third, "classical" indication of the DM existence comes from the rotation curves
(RC) of galaxies. In 1939 Babcock obtained long-slit spectra of the Andromeda galaxy
M31, which showed no evidence for the Kaplerian decline, i.e. the outer regions of M31
were rotating with higher velocities than expected from the stellar mass. He interpreted
this result either as a high mass-to-light ratio in the periphery or as a strong dust absorp-
tion. Later on, after the second world war, the technological advances allowed astronomers
to routinely detect the RCs of tens of galaxies. In particular, in 1951 the 21 cm line, pre-
dicted by van de Hulst in 1944, was detected for the first time. Then, six years later, in
1957, van de Hulst, Jean Jacques Raimond, and Hugo van Woerden published the first
radio rotation curve of M31, where they found that the neutral hydrogen emitting the
21-cm line extends much farther than the optical image. They were able to measure the
rotation curve of M31 up to about 30 kpc from the center. About ten years later Roberts
(1966) performed similar observations for the atomic hydrogen clouds of M31, but with
much higher resolution. His flat radio M31 RC was later confirmed by optical data pre-
sented by Rubin and Ford (1970). In Fig.1.1 we compare the measurements by Roberts
(1966) (yellow and red curves) and Rubin and Ford (1970) (blue curve), showing their
fair agreement.

Although Roberts was among the first to recognize the implications of the observed
flatness of galactic RCs (Roberts and Rots, 1973), only with the work of Rubin et al.
(1980) it was clear that "the conclusion is inescapable that non-luminous matter exists
beyond the optical galaxy". This work opened the so called "dark matter problem" in
galaxies. At the same time, Bosma (1978, 1981a,b) carried out the HI measurements of
25 spiral galaxies, which confirmed and extended the work by Rubin.

Furthermore, the conclusion that a significant amount of non-luminous matter must
exist beyond the optical galaxy was also consistent with the theoretical idea of the ex-
istence of a massive and more or less spherical component that surrounds the visible
part of a spiral galaxy (i.e. the DM halo), proposed by Ostriker and Peebles (1973).
A parametrization, from the simulations outcome, of the dark halo mass distribution
was proposed, almost twenty years after, by Navarro et al. (1996a). It is based on the
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1.2 New matter or modified gravity?
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Figure 1.1: Comparison of RCs of M31. Yellow and red lines are RCs derived from each side
(approaching and receding) by Roberts (1966). Blue line reproduces one of the fit models of
M31 RC as described in Rubin and Ford (1970). The dashed vertical line shows the value
of the optical radius.

paradigm that DM is made by massive gravitationally interacting elementary particles
with extremely weak, if not null, interaction via other forces (e.g. White and Negroponte,
1982; Jungman et al., 1996). At the same time, the study of more than a thousand of
normal spiral RCs showed that the best way to represent and model their RCs comes
from the concept of a universal rotation curve (URC), i.e. a single function of the total
galaxy luminosity and of a characteristic radius of the luminous matter distribution which
represents the RCs of all spirals1.

This concept, implicit in Rubin et al. (1985), pioneered in Persic and Salucci (1991),
set by Persic et al. (1996) (PSS, Paper I) and extended to large galactocentric radii by
Salucci et al. (2007) has provided us with the mass distribution of (normal) disk galaxies
in the magnitude range −23.5 .MI . −17.2

1.2 New matter or modified gravity?

The systematic progress in studying the data from weak (Refregier, 2003) and strong
(Tyson et al., 1998) lensing, studies of the large scale structure (Allen et al., 2003), Big
Bang nucleosynthesis (Fields and Sarkar, 2006), distant supernovae (Riess et al., 1998;

1i.e. Ropt defined as the radius encompassing 83 % of the total luminosity.
2Extensions of the URC to other Hubble types are investigated in Salucci and Persic (1997); Noor-

dermeer et al. (2007).
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1. Introduction

Perlmutter et al., 1999) and the Cosmic Microwave Background (Komatsu et al., 2011)
showed us that the Universe contains much more DM than baryonic matter. In addition
to DM, recent observations report that in order to fill the matter/energy between unity
and observed matter density gap we should assume that some sort of vacuum energy
exists. All in all, we have that the Universe consists of 4 % baryons, 22 % DM which is
detectable, up to now, only through its gravitational influence on luminous matter and
74 % of dark energy.

There are many different theories about the nature of dark matter. These theories can
actually be slotted into three general groups: Hot DM, Cold DM and Warm DM.

An alternative to DM (as well as to dark energy) is to consider that the evidences
observed by astronomers are not due to an unseen mass component, but it is instead
the signature of the failure of Newtonian gravity. This idea was proposed by Milgrom in
1983 (Milgrom, 1983) and was called the modified Newtonian dynamics (MOND). An-
other recently suggested class of theories, that modify the usual Newtonian gravitational
potential are the f(R) theories (see Capozziello et al., 2007).

We are going to discuss in more details the above mentioned and some other theories
below.

1.2.1 Modified gravity

MOND

MOND is an empirically motivated modification of Newtonian gravity or inertia proposed
by Milgrom as an alternative to DM and it is certainly the most studied model (see for a
review Sanders and McGaugh, 2002). According to MOND, below a certain acceleration
threshold a0 the Newtonian gravity is no longer valid and the effective gravitational accel-
eration approaches√a0gn where gn is the usual Newtonian acceleration. This modification
consists of two observational systematics of galaxies:

• the observed galactic RCs of different Hubble type (e.g. Gentile et al., 2007a,b;
Sanders and Noordermeer, 2007; Milgrom and Sanders, 2003)

• the tight scaling relation of a luminosity-rotation velocity (the Tully-Fisher relation):
M ∝ V α, with α ∼ 4 (McGaugh, 2004, 2005).

If one wants to explain the observed asymptotically flat galactic RCs by means of
MOND, a natural first choice is to propose that gravitational attraction becomes more

4



1.2 New matter or modified gravity?

like 1/r beyond some length scale which is comparable to the scale of galaxies. Then the
modified law of attraction about a point mass M is:

F =
GM

r2
f(r/r0), (1.1)

where r0 is a new constant of length of the order of a few kpc, and f(x) is a function with
the asymptotic behaviour: f(x) = 1, where x� 1 and f(x) = x, where x� 1.

Instead of Newton’s second law as F = am, Milgrom (1983) modified F with the
function µ(a), where a is the acceleration. Then Newton’s second law in MOND reads:

F = maµ

(
a

a0

)
, (1.2)

where a0 ' 10−8cm/s2 is a new physical parameter with units of acceleration and µ(x) is
an interpolation function whose asymptotic values are µ(x) = x for x � 1 (smal values
of the acceleration, called Mondian regime) and µ(x) = 1 for x � 1 (high values of the
acceleration, called Newtonian regime).

The analytical form of µ(a/a0) in MOND remains free to be determined from observa-
tions. RCs fitting lead to µ(x) = x/

√
(1 + x2), while the so called interpolation function

reads µ(x) = x/(1 + x).
In both forms, a � a0 recovers Newton’s second law, while the case a � a0 yields a

force F proportional to the velocity squared:

F = ma

(
a

a0

)
= m

a2

a0

=
GmM

r2
, (1.3)

such that

a =

√
GMa0

r
. (1.4)

For a point mass M , setting a to the centripetal acceleration around the galactic
centre, leads to

a =
V 2

r
=

√
GMa0

r
. (1.5)

Therefore, the circular velocity reaches a plateau Vflat = 4
√
GMa0 that allows to

successfully fit flat rotation curves.
Although at the galactic scales MOND is successful in reproducing many galactic phe-

nomena, at cluster scales, nonetheless, MOND proves much less successful. In particular,
the observations of a pair of merging clusters known as the "bullet cluster", clearly show
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1. Introduction

that the gravitational potential does not trace the distribution of baryons (Clowe et al.,

2006). In Fig. 1.2 the combination of the weak lensing and X-ray maps of the Bullet

cluster shows that the dominant population of baryonic mass, detected by the X-ray im-

age, is well separated from the distribution of mass. Therefore, when the two clusters are

colliding, the regular matter interact, while the DM interact weakly. The largest part of

the mass of the two galaxies remain in the centre of the source galaxies. Such a sepa-

ration is possible only if there is a large amount of matter weakly interacting, such as a

non-baryonic DM halo. Therefore, the spatial offset of the centre of the total mass from

the centre of the baryonic mass peak cannot be explained with an alteration of the grav-

itational force law. However, MOND has received a renewed interest after the proposal

of a possible fully covariant relativistic formulation referred to as Tensor-Vector-Scalar

gravity (TeVeS) (Skordis, 2008).

Figure 1.2: Convergence map of the bullet cluster. The coloured map represents the X-ray
image of this system of merging clusters, obtained in a 500 second exposure with Chandra.
The white bar is shown for scale, and represents a distance of 200 kpc at the location of
the cluster. The green contours denote the reconstructed lensing signal, proportional to the
projected mass in the system. From Clowe et al. (2006).
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1.2 New matter or modified gravity?

f(R) theories

Another theory of gravity modification, which plays a major role at astrophysical scales
is f(R) theory. This theory, recently proposed by Capozziello et al. (2007), modifies the
usual Newtonian gravitational potential generated by (baryonic) matter as an effect of
power-law fourth order theories of gravity that replace in the gravity action the Ricci
scalar R with a function f(R) ∝ Rn, where n is a slope parameter.

In f(R) theories of gravity the gravitational action is defined to be:

S =

∫
d4x
√
−g [f(R) + Lm], (1.6)

where g is the metric determinant, R is the Ricci scalar and Lm is the matter Lagrangian.
Nojiri and Oodintsiv (2007); Capozziello and de Laurentis (2011) consider f(R) = f0R

n,
where f0 is a constant to give correct dimensions to the action and n is the slope parameter.
The modified Einstein equation is obtained by varying the action with respect to the
metric components.

Solving the vacuum field equations for a Schwarzschild-like metric in the Newtonian
limit of weak gravitational fields and low velocities, the modified gravitational potential
for the case of a point-like source of mass m, is given by

φ(r) = −Gm
r

{
1 +

1

2
[(r/rc)

β − 1]

}
, (1.7)

where the relation between the slope parameter n and β is given by:

β =
12n2 − 7n− 1−

√
36n4 + 12n3 − 83n2 + 50n+ 1

6n2 − 4n+ 2
. (1.8)

Note that for n = 1 the usual Newtonian potential is recovered. The large and small scale
behaviour of the total potential constrain the parameter β to be 0 < β < 1.

The solution Eq. (1.7) can be generalized to extended systems with a given density
distribution ρ(r) by simply writing:

φ(r) = −G
∫
d3r′

ρ(r’)
|r− r’|

{1 +
1

2
[
|r− r’|β

rβc
− 1]}

= φN(r) + φC(r), (1.9)

where φN(r) represents the usual Newtonian potential and φC(r) the additional correc-
tion. In this way, the Newtonian potential can be re-obtained when β = 0. Once the
gravitational potential has been computed, one may evaluate the rotation curve V 2

c (r)

and compare it with the data.
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1. Introduction

In Chapter 2 we will show that f(R) = f0R
n is able to recover the observed kine-

matics of galaxies (see also Frigerio Martins and Salucci, 2007; Capozziello et al., 2006).
Nevertheless, similarly to MOND, on bigger scales, for example from the point of view of
gravitational lensing, f(R)-gravity still needs a non negligible amount of DM in order to
reproduce the observations (note that the role of DM, in this case, might play the missing
baryons) (see Lubini et al., 2011).

1.2.2 If particle: Hot, Cold, Warm or Self-interacting?

Already in 80’s particle physicists started to propose that some sort of non-baryonic
hypothetical elementary particles, such as axions, neutrinos, photinos, etc., may serve as
candidates for DM particles. There were several reasons to search for this kind of particles.
First of all, no baryonic candidate did fit the observational data. Second, the Big Bang
nucleosynthesis implies baryon density to be a few percent (∼ 0.04) of the critical density,
while the total budget of DM is of the order ∼ 0.3 of the critical density. Therefore, we
are forced to consider that not all of the DM is baryonic.

At the beginning of 80’s the favoured particle candidates were neutrinos, later this
model was called Hot DM (Doroshkevich et al., 1980; Zeldovich et al., 1980). Thanks to
numerical simulations, we know today that neutrinos in their standard form move with
too high velocities (very close to speed of light and with masses 10s of few eV) such
that they can escape from small density fluctuations and not being able to form small
structures as galaxies. However, these particles provided an important template for the
class of hypothetical species that would later be known as weakly interacting massive
particles (WIMPs).

WIMPs are the most famous class of the DM candidates (in particular the most
promising in supersymmetric theories are neutralinos) and along with non thermally pro-
duced axions, they represent the most studied candidates for the Cold DM model. The
mass of neutralinos usually vary from ∼100 GeV to few TeV and they couple to other
particles with strengths characteristic of the weak interactions. Axions are much lighter
than neutralinos (often . 0.01 eV ) and furthermore, they are expected to be extremely
weakly interacting with ordinary matter (weaker than neutralinos). Contrary to Hot DM,
in the Cold DM scenario the structure formation in the Universe starts at an early epoch,
and superclusters consist of a network of small galaxy filaments, similar to the observed
distribution of galaxies. Thus, Cold DM simulations reproduce quite well the large scale
structure of the Universe (Blumenthal et al., 1984). Nonetheless, there are significant
problems at galactic scales (discussed extensively later in this Thesis).
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1.2 New matter or modified gravity?

Warm DM consists in DM species with velocities intermediate between those of Hot
DM and Cold DM (see e.g. Bode et al., 2001). Warm DM candidates have a mass around
∼ 1 keV . The most common Warm DM candidates are sterile neutrinos and gravitinos.
Although the suppression of the growth of structures on small scales is the main feature
of Warm DM, which can help to solve many small scale problems arising in Cold DM
scenario (see e.g Lovell et al., 2014; de Vega et al., 2014a), the "classic" N-body Warm
DM simulations show that Warm DM models exhibit cusps or small cores with sizes
smaller than the observed cores (see e.g. Colín et al., 2008; Kuzio de Naray et al., 2010;
Viñas et al., 2012; Macciò et al., 2012). However, other simulations show that once
the quantum nature of Warm DM is taken into account, it is possible to reconstruct
the correct structure for small scales (below kpc) (see e.g Destri et al., 2013; de Vega
et al., 2014a). Furthermore, the current Lyman α forest measurements on the DM power
spectrum provides tight constrains on the mass of Warm DM particles. The suggested
mass is too large to maintain solutions to the small-scale problems of CDM. However,
the recent analysis of these observed bounds, done by Garzilli et al. (2015), relaxes the
constraints significantly (see for more discussion Bringmann et al., 2016). This upgraded
the interest to Warm DM models.

The last, but not least, relatively new DM model, which we are going to discuss is
Self-interacting DM, proposed by Spergel and Steinhardt (2000) in order to solve the small
scale problems of Cold DM without discarding the latter. In this picture, the microscopic
interaction between DM particles is non-negligible and can affect the dynamics of halo for-
mation by suppressing small-scale density fluctuations (Bœhm et al., 2001, 2002; Boehm
et al., 2005; van den Aarssen et al., 2012; Dvorkin et al., 2014). Furthermore, Bœhm
et al. (2014); Schewtschenko et al. (2016) showed that in the framework of interacting
DM it is also possible to solve other small-scale problems and even to put constrains on
the simplest models for DM self-interaction such that they may no longer be sufficient to
reduce the tension at small scales (see e.g. Rocha et al., 2013; Peter et al., 2013; Vogels-
berger et al., 2012; Zavala et al., 2013). Interestingly, systems of particular importance
for self-interacting DM are colliding galaxy clusters (see for more details e.g. Kahlhoefer
et al., 2014), such as the Bullet Cluster (see Fig. 1.2 and previous Section for details),
Abel 520 (Mahdavi et al., 2007; Jee et al., 2012) or the recently discovered Musket Ball
Cluster (Dawson et al., 2012), as it can put robust constrains on DM candidates (or it
can even rule out candidates such as supersymmetric neutralinos and axions) (Robertson
et al., 2016).

We would like to stress that all these different alternatives to the Cold DM paradigm
are not only motivated by the arising small scale problems, but also by the fact that the
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1. Introduction

most simple Cold DM candidates (WIMPs) have not been detected so far, despite the
large number of experiments to detect it.

There are three different kinds of DM searches, that use different assumptions and
approaches to detect DM. They can be shortly summarised in Fig. 1.3.

SM

DM DM

SMIn
di

rec
t d

ete
cti

on

Direct detection

Collider searches

Figure 1.3: Cartoon resembling a Feynman diagram which illustrates different ideas for DM
particle detection. Depending on the direction of the time axis, different types of searches
can be recognised. SM stands for the Standard Model particle, DM for the dark matter
particle.

Direct detection experiments are designed to observe interactions of DM particles
which are expected to scatter off nuclei in underground detectors (Goodman and Witten,
1985). The established kinetic energy of a recoiling nucleus due to a WIMP interaction
is expected to be in a range from several keV to several hundreds of keV depending on
the mass of the DM particle and the type of target nuclei. So far only hints from two
DM experiments DAMA (DArk MAtter) (Bernabei et al., 2013) and the Si detectors in
CDMS-II (Agnese et al., 2013) are reporting DM detection. These hints, however, are
in tension with null results of many other experiments, e.g. LUX (Large Underground
Xenon) (Akerib et al., 2014) and SuperCDMS (Agnese et al., 2014). Nonetheless, one
should not exclude the possibility that these discrepancies are due to the case that differ-
ent experiments are sensitive to different physics of WIMP interactions which is poorly
predicted by theoretical models and some effects regarding their interactions are not taken
into account while comparing different results.
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1.3 Discussion on Standard Cold DM

Indirect DM experiments are based on searching for the annihilation products of the
DM particles. Promising sources for the indirect DM searches are usually considered to
be either the most dense regions of the Milky Way, such as the galactic center (see e.g
Daylan et al., 2016), the inner halo of our galaxy (see e.g. Ackermann et al., 2012), the
center of the Sun or extragalactic sources, such as satellite dwarf spheroidal galaxies of the
Milky Way (see e.g. Drlica-Wagner et al., 2015). Furthermore, recently, dwarf spiral Milky
Way satellite galaxies became, as well, potential candidates for the indirect DM searches
(see e.g. Buckley et al., 2015; Caputo et al., 2016). However, in some of these regions it
is usually very complicated to understand the underlying astrophysics, i.e. to correctly
estimate the astrophysical background. Therefore, one should look for the regions with
the best signal to background ratio.

Additionally, in both direct and indirect searches there are large systematics in the
interpretation of the data from experiments due to the uncertainties in the DM density
distribution in the Milky Way. There are several works based on the investigation of the
influence of such systematics on the interpretation of data (see e.g. Calore et al., 2015;
Bozorgnia et al., 2016).

Finally, searches for DM particles are also performed at accelerators, in particular at
the Large Hadron Collider (LHC). The main advantage of collider searches is that they
do not suffer from astrophysical uncertainties and that there is no lower limit to their
sensitivity on DM masses. However, collider searches can detect DM only "indirectly"
through the measurement of missing energy, being the DM particle electrically and colour
neutral. Colliders are superior to direct searches if DM is very light (< 10GeV) or if
interactions are spin dependent. So far no LHC run showed any evidence of DM particles.

In conclusion to this paragraph we would like to say that the null detection of a DM
particle with current experiments indicates the following:

• DM is most likely not fully made of the WIMP candidates;

• and it is likely that DM lies outside of the standard mass range.

1.3 Discussion on Standard Cold DM

Despite its uncertain nature, DM is the key driver of structure formation in the Universe.
In previous paragraphs our discussion was concentrated on the potential alternatives
to the standard DM model along with the discussion about various candidates for a
DM particle and its possible detections. On the other hand, in this paragraph we are
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1. Introduction

going to concentrate on the standard Cold DM (CDM) model and its possible baryonic
modifications.

Let us recall, that the current paradigm of CDM assumes that DM is cold and col-
lisionless. This model is extremely successful in describing the Universe at large scales.
However, at the galactic and sub-galactic scales this scenario has significant challenges,
which we are going to introduce below (e.g. Salucci, 2001; de Blok and Bosma, 2002a;
Gentile et al., 2005; Weinberg et al., 2013).

The core-cusp problem

High-resolution cosmological N-body simulations have shown that CDM halos always
exhibit steep power-law mass density distribution at their centres (Dubinski and Carlberg,
1991; Navarro et al., 1996b, 1997). The latter can be fairly well described according to the
well known Navarro-Frenk-White (NFW) fitting formula, which predicts an asymptotic
behaviour of ρ ∼ rα, where the inner density power index is α = −1. However, the
kinematical observations of galactic RCs prefer shallower central regions or "cores" (α =

0).
The core-cusp problem is best documented in low-mass rotationally supported dwarf

galaxies which are strongly DM dominated even at small radii and which therefore are
ideal tracers of the inner DM density distribution. In 2001 de Blok et al. (2001) analysed a
sample of high-resolution optical and 21 cm RCs of low surface brightness galaxies (LSB).
The authors showed that halos of LSB galaxies are dominated by cores (see left panel of
Fig. 1.4).

Furthermore, in the paper by McGaugh et al. (2001) was demonstrated that beam-
smearing is not responsible for cores in LSB, as was suggested by others (see e.g van den
Bosch et al., 2000; van den Bosch and Swaters, 2001). On the right panel of Fig. 1.4 we
show the similar result for a larger sample (including galaxies from de Blok et al., 2001)
of dwarf disk galaxies presented in Oh et al. (2015). Once more we can see that most
of the galaxies tend to have cores and not cusps. As for dwarf spheroidal galaxies our
current lack of knowledge about the anisotropy of stellar disk velocity makes their density
profiles not uniquely constrained by the data (see e.g. Koch et al., 2007; Gilmore et al.,
2007; Battaglia et al., 2008).

In contrast to dwarfs, in normal spiral galaxies the observed RCs are strongly degen-
erate due to uncertainties in the stellar mass-to-light ratio. Several ideas were proposed
in order to solve this degeneracy. One of them is to use near-infrared surface photometry
(K-band or 3.6 µm), which provides the closest proxy to the stellar mass (Verheijen, 2001,
see e.g.). Another way is to investigate the contribution of the stellar disk to the observed
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IC 2574
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Figure 1.4: Inner slope of the DM density profile α vs the radius Rin of the innermost
point within which α is measured as described in the small figure (de Blok et al., 2001).
The solid and dashed lines represents the theoretical prediction of NFW and ISO halos,
respectively. Left panel: sample of LSB from de Blok et al. (2001). Right panel: sample of
galaxies presented in this plot is described in Oh et al. (2015).

RCs in spirals systematically. For example, in Persic et al. (1996) the authors presented
the concept of a universal rotation curve (URC), i.e. a single function of the total galaxy
luminosity and of a characteristic radius of the luminous matter1 which represents the
RCs of all spirals (see Fig. 1.5) and can be very well fitted by empirically motivated
(cored) DM density profile (Burkert profile, Burkert, 1995a). In Chapter 4 we will extend
this concept down to dwarf disk galaxies.

In conclusion, in spirals it is not easy to derive the inner DM density slopes since in
this region they are dominated by the stellar content. Therefore, usually, the velocity
profiles of spiral galaxies are well fitted by either a cored or a cuspy DM halo, just by
adjusting the amount of the stellar matter content. However, for the cuspy profiles the
emerging fit parameters are not always physical. In more details, the derived mass-to-
light ratio is unrealistically low and/or the derived concentration parameter tends to be
lower than that predicted in numerical simulations performed in (Λ)CDM scenario (for
more details see, e.g., Gentile et al., 2004). The latter will be also shown in Section 3 by

1i.e. Ropt defined as the radius compressing 83 % of the total luminosity.
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Figure 1.5: The universal rotation curve of spiral galaxies at different luminosities and ve-
locities (panels (a) and (b),respectively). Radii are in units of R200, the radius encompassing
a mean halo overdensity of 200, which represents the characteristic scalelength of the DM
distribution.

means of high-resolution optical and 21 cm observations of the spiral galaxy NGC 3198.
Furthermore, in Section 3 we will also show that in addition to the core-cusp problem in
the inner part of NGC 3198 (R < 2RD), at the outer radii (R > 4RD) the measured DM
halo density is found to be higher than the corresponding (Λ)CDM once.

In addition the core-cusp problem has been also noticed at galaxy clusters scales.
Kinematics and lensing constraints in cD galaxies (giant elliptical galaxy), which are
located in the centre of relaxed clusters, showed that the clusters DM profiles is flatter
than a NFW profile, but the total mass profile is in agreement with the NFW predictions
(Sand et al., 2002, 2004; Newman et al., 2013b,a).

Missing satellites + field galaxies

DM-only cosmological simulations of structure formation predict thousands of low-mass-
halos which should orbit within a Milky Way-sized halos. However, only a few tens of such
satellites have been observed to date (Klypin et al., 1999; Moore et al., 1999). Similar
discrepancy also occurs in the field (isolated) galaxies (Zavala et al., 2009; Papastergis
et al., 2011; Ferrero et al., 2012; Klypin et al., 2015). This discrepancy can be illustrated
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1.3 Discussion on Standard Cold DM

by comparison of the observed and theoretical estimates of the circular velocity function1

of galaxies. For example, in Fig. 1.6 2 is shown the comparison of the observed velocity
function of the Local Volume galaxies (inside the 10 Mpc sphere) (purple shaded area)
with the theoretical prediction of the circular velocity function for halos in the (Λ)CDM
model. In this plot is clearly evident that CDM over-predicts the number of galaxies with
the circular velocities below ∼ 80 km/s.
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Figure 1.6: Comparison of the observed and theoretical estimates of the circular velocity
function. The purple shaded area shows the regions of the observed velocity function (with
15 % of uncertantes) in the Local Volume (see eq. 12 of Klypin et al., 2015). The black
solid curve shows the (Λ)CDM predictions corrected for the effect of baryons (see eq. 9,10
of Klypin et al., 2015).

Too big to fail

Too big to fail (TBTF) was first identified by Boylan-Kolchin et al. (2011): DM-only
(Aquarius simulation) simulations predict subhalos too massive and dense, by a factor
' 5, to host even the brightest satellites of the Milky Way (Springel et al., 2008). In Fig.
1.7 is shown the maximum rotation velocity Vmax as function of the visual magnitude
in V-band MV (Boylan-Kolchin et al., 2012). This plot confirms that the simulations
produce much more massive subhalos (magenta dots) than the observed dwarf spheroidal
galaxies (square symbols with errors). Similar results were reported by Ferrero et al.
(2012) in analysing the DM of faint dwarf irregular galaxies in the field. They argued

1The velocity function is defined as the abundance of galaxies with a given circular velocity. It is
used as a substitution to the luminosity function due to the fact that the latter is much more difficult to
predict theoretically.

2Reproduction of Fig. 11 in Klypin et al. (2015).
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Figure 1.7: Values of Vmax (Vcirc(rmax) = Vmax) are computed in Section 4.1 of Boylan-
Kolchin et al. (2012) for the nine luminous Milky Way dwarf spheroidals (square symbols with
errors), along with Vmax values of the most massive subhalos with MV < −8 (magnitudes
are assigned by abundance matching) of the Aquarius simulations (magenta dots).

that many of these dwarfs have the total masses well beyond those predicted by different
abundance matching models (Guo et al., 2010; Moster et al., 2013). The result of Ferrero
et al. (2012) is also supported by recent works based on the analysis of the M31 satellites
(Tollerud et al., 2014; Collins et al., 2014) and of the other sample of field galaxies (Kirby
et al., 2014; Garrison-Kimmel et al., 2014b; Papastergis et al., 2015). Additionally, in
our Chapter 4 we show analogous results for a sample of dwarf disk galaxies in the Local
Volume (∼ 11 Mpc).

1.4 Standard CDM with baryons

The above discrepancies, in principle, can be considered as a hint to physics beyond the
(Λ)CDM, for example, modification of gravity, which we introduced in subsection 1.2.1,
or exotic DM models, see the discussion in subsection 1.2.2. However, it is important
to stress that all of these discrepancies arise from a comparison between the observed
universe and the collisionless cosmological N-body simulations, that are needed to be
modified taking into account baryonic processes.
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1.4 Standard CDM with baryons

In fact, DM cores can form due to the energetic feedback from supernovae by driving
stellar winds (Navarro et al., 1996a; Gnedin and Zhao, 2002; Mo and Mao, 2004; Governato
et al., 2010), driving the random bulk motion of the gas (Mashchenko et al., 2006), or by
creating fast oscillations in the inner galaxy potential (Read and Gilmore, 2005; Pontzen
and Governato, 2012). The central DM density can also be lowered by tidal stripping.
However, the latter would not help to solve the issue raised by field dwarf irregular galaxies
(Ferrero et al., 2012; Papastergis et al., 2015, see also our result in Chapter 4). In order
to illustrate how baryonic outflows can affect the initial cuspy profile see Fig. 1.8 taken
from Governato et al. (2012). In this paper the authors used cosmological hydrodynamical
simulations in order to show that once baryonic processes are correctly taken into account,
flat inner DM profiles (e.g. the solid black line of Fig. 1.8 for z=0) are a common property
of field galaxies formed within (Λ)CDMmodel. Di Cintio et al. (2014b) in their simulations
also obtained similar results. In their study they analysed the response of DM distribution
to different feedback schemes within the set of simulated galaxies. Some of their resulting
density profiles are shown on Fig. 1.9. This figure represents how the dark matter density
profiles of the hydrodynamic simulations can vary depending on physics (MUGS in black
compared to MaGICC fiducial simulations, that use early stellar feedback, in red), galaxy
mass (solid line at high mass and dashed line at medium mass), and how the hydrodynamic
simulations compare with the dark matter only run (solid grey line).

Additionally, several authors have noted that if DM halos are cored rather than cusped,
this can naturally alleviate both the TBTF and the missing satellites problems (see e.g.
Read et al., 2006; Madau et al., 2014; Di Cintio et al., 2014b; Ogiya and Burkert, 2015;
Zolotov et al., 2012; Arraki et al., 2014).

In conclusion it is useful to note, that the precise scales and effects of these solutions
are still under debate. Although many groups have used hydrodynamical simulations
to study core-cusp transformation, there is still no a common agreement on where, if
anywhere, the core-cusp transformation really occurs.

17
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Figure 1.8: The DM density profile of a simulated dwarf galaxy in Governato et al. (2012),
at z=0,1,2,3. The resulting shallow inner profile at z=0 is shown by the solid black line. For
comparison, the density profile of the same galaxy, but simulated with DM only, is shown in
the black dot-dashed line. In the DM only simulation, the DM maintains its cuspy density
profile at all redshifts.
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1.4 Standard CDM with baryons

Figure 1.9: Density profiles of contracted (solid red and dashed black lines) and expanded
(dashed red line) dark matter haloes, together with the corresponding DM only prediction
(solid grey). The vertical dashed lines indicate 0.01 and 0.02 of the virial radius, our fiducial
range to measure α. From Di Cintio et al. (2014b).
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Chapter 2

Rn gravity is kicking and alive: The
cases of Orion and NGC 3198

In this Chapter we analyzed the Rotation Curves of two crucial objects, the Dwarf galaxy
Orion and the low luminosity Spiral NGC 3198, in the framework of Rn gravity. We
surprisingly found that the no DM power-law f(R) case fits them well, performing much
better than (Λ)CDM Dark Matter halo models. The level of this unexpected success can
be a boost for Rn gravity.

2.1 Introduction to the problem

It was already introduced in Chapter 1 that the Rotation Curves (RCs) of spiral galaxies
show a non-Keplerian circular velocity profile which cannot be explained by considering
a Newtonian gravitational potential generated by the baryonic matter (Rubin, 1983).
Current possible explanations include the postulate of a new yet not detected state of
matter, the dark matter, e.g. (Rubin, 1983), a phenomenological modification of the
Newtonian dynamics (Milgrom, 1983), and higher order Gravitational Theories, see e.g
(Carroll et al., 2004; Capozziello and de Laurentis, 2011; Capozziello et al., 2004, 2006;
Sotiriou and Faraoni, 2010; Nojiri and Odintsov, 2011).

In this Chapter we would like to test whether the recently proposed f(R)-gravity (see
for more details on the f(R) theory in the Introduction) is able to reproduce the dynamical
observations in galaxies. Previously, Frigerio Martins and Salucci (Frigerio Martins and
Salucci, 2007) investigated the consistency and the universality of this theory by means
of a sample of spirals, obtaining a quite good success that was encouraging for further
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investigations. Recently, crucial information for two special objects has been available
and we are now able to test the theory in unprecedented accurate way.

Orion is a dwarf galaxy of luminous mass < 1
100

the Milky Way stellar disk mass
with a baryonic distribution dominated by a HI disk, whose surface density is accurately
measured and, noticeably, found to have some distinct feature. The stellar disk, on the
other side, is a pure exponential disk. The available rotation curve (Frusciante et al.,
2012) is extended and it is of very high resolution. Noticeably, this is one of the smallest
galaxies for which we have a very accurate profile of the gravitating mass.

NGC3198 is a normal spiral about 2 times less luminous than the Milky Way. For a
decade it held the record of the galaxy with the (HI) rotation curve showing the clearest
evidence for Dark Matter (van Albada et al., 1985). Then, the record went to other
galaxies with optical RCs, but recent radio measurements of a high-resolution (Gentile
et al., 2013) has likely brought it back to this galaxy. Furthermore, in the next Chapter
we are going to present the mass modelling of the same very extended HI RC of NGC3198
in order to investigate the DM distribution in this spiral galaxy.

The heart of this Chapter is that these two galaxies show without doubt a “Dark Matter
Phenomenon” but, when we analyse the issue in detail, we realise that well physically
motivated halos of dark particles fail to account for their Rotation Curves. Our idea is
to use these them to constrain proposed modifications of gravity: in the framework of
those, can the baryonic matter alone account for the observed RCs when, in Standard
Newtonian Gravity, the baryonic + dark matter together badly fail?

2.2 Data and methodology of the test

Let us remind following that for these galaxies we have high quality RC and a very good
knowledge of the distribution of the luminous matter (Gentile et al., 2013; Frusciante
et al., 2012; Opik et al., 2015). Any result of the mass modelling could not be questioned
on base of putative observational errors or biases. It is matter of fact that NFW halos
+ luminous matter model badly fits these very RCs (Frusciante et al., 2012; Opik et al.,
2015) and many others (Donato et al., 2009a; Persic et al., 1996; Salucci and Persic, 1999).

We decompose the total circular velocity into stellar and gaseous contributions. Avail-
able photometry and radio observations show that the stars and gas in these spirals are
distributed in an infinitesimal thin and circular symmetric disk; from the HI flux we di-
rectly measure Σgas(r) its surface density distribution (multiplied by 1.33 to take into
account also the He contribution). In these galaxies, the stars follow the usual Freeman
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2.2 Data and methodology of the test

exponential thin disk:
ΣD(r) = (MD/2πR

2
D) e−r/RD . (2.1)

MD is the disk mass and it is kept as a free parameter, RD is the scale length, measured
directly from optical observations.

The distribution of the luminous matter has, to a good extent, a cylindrical symmetry
and hence potential then Eq. (1.9), which was presented in the Introduction part, reads

φ(r) = −G
∫ ∞

0

dr′ r′Σ(r′)

∫ 2π

0

dθ

|r− r’|
{1 +

1

2
[
|r− r’|β

rβc︸ ︷︷ ︸−1]}. (2.2)

Σ(r′) is the surface density of the stars, given by Eq. (2.1), or of the gas, given by an
interpolation of the HI mesurements. β and rc are, in principle, free parameters of the
theory, with the latter perhaps galaxy dependent. We fix β = 0.7 to have agreement with
previous results (see also Frigerio Martins and Salucci, 2007).

Defining k2 ≡ 4r r
′

(r+r′ )2 , we can express the distance between two points in cylindrical
coordinates as |r− r’| = (r+ r)2(1− k2cos2(θ/2)). The derivation of the circular velocity
due to the marked term of Eq. (2.2), that we call φβ(r), is now direct:

r
d

dr
φβ(r) = −2β−3r−βc π α (β − 1)G I(r), (2.3)

where the integral is defined as

I(r) ≡
∫ ∞

0

dr′r′
β − 1

2
k3−β Σ(r′) F(r), (2.4)

with F(r) written in terms of confluent hyper-geometric function: F(r) ≡ 2(r + r′) 2

F1[1
2
, 1−β

2
, 1, k2] + [(k2 − 2)r′ + k2r] 2F1[3

2
, 3−β

2
, 2, k2].

The total circular velocity is the sum of each squared contribution:

V 2
CCT (r) = V 2

N,stars + V 2
N,gas + V 2

C,stars + V 2
C,gas, (2.5)

where the N and C subscripts refer to the Newtonian and the additional modified poten-
tials of the two different contributions (gas and stars) to the total potential Eq. (1.9).

In Fig. 2.1 the velocities are shown only in the ranges of r where their square are
positive.

The RCs are χ2 best-fitted with the free parameters: the scale length (rc) of the theory
and the gas mass fraction (fgas) related to the disk mass simply by MD = Mgas(1 −
fgas)/fgas with the gas mass measured . The errors for the best fit values of the free
parameters are calculated at one standard deviation.
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Figure 2.1: Black: best-fit total circular velocity VCCT . Blue: Newtonian gaseous contri-
bution. Magenta: Newtonian stars contribution. Green: non-Newtonian gaseous and stars
contributions to the model.
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2.3 Results

Let us recall that we can write

V 2
stars(r) = (GMD/2RD) x2B(x/2), (2.6)

where x ≡ r/RD, G is the gravitational constant and the quantity B = I0K0 − I1K1 is a
combination of Bessel functions (Freeman, 1970).

2.3 Results

We summarize the results of our analysis in Fig. 2.1. We find that the velocity model
VCCT is well fitting the RCs for very reasonable values of the stellar mass-to-light ratio.
The resulting disk masses are (3.7± 0.8)× 108M� and (3.4± 0.8)× 1010M� respectively
for Orion and NGC3198. The other parameters are: Orion rc = (0.013± 0.002) kpc and
gas fraction=(55 ± 20)%, NGC3198 rc = (0.4 ± 0.05) kpc and gas fraction=(29 ± 10)%.
The values of χ2 are ' 1 confirming the success of the fit.

The value for the scale-length parameter rc is found smaller for the less massive galaxy
and larger for the more massive one, in line with previous results and with the idea of a
scale dependent modification of gravity (Capozziello and De Laurentis, 2012).

2.4 Conclusions

Extended theories of gravity, created to tackle theoretical cosmological problems have
something to say on another issue of Gravity, the Phenomenon of Dark Matter in galaxies.
We have tested two objects with state of the art kinematical data that, in addition, are
not accounted by the dark matter halo paradigm and we found that a scale dependent
Rn Gravity is instead able to account for them. Extended theories of Gravity candidate
themselves to explain the phenomenon of dark matter with only the luminous matter
present in galaxies.
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Chapter 3

The Dark Matter Distribution in the
Spiral NGC 3198 out to 0.22 Rvir

In the previous Chapter we used the kinematical data of two galaxies in order to test the
alternative theories of gravity, in particular f(R) theories. We now turn the discussion to
a more in depth analysis of DM halos in galaxies.

In this Chapter we use recent very extended (out to 48 kpc) HI kinematics along-
side with previous Hα kinematics of the spiral galaxy NGC 3198 in order to derive its
distribution of dark matter (DM).

First, we used a chi-square method to model the Rotation Curve of this galaxy in
terms of different profiles of its DM distribution: the universal rotation curve (URC)
mass model (stellar disk + Burkert halo + gaseous disk), the NFW mass model (stellar
disk + NFW halo + gaseous disk) and the BaryonΛCDM mass model (stellar disk +

NFW halo modified by baryonic physics + gaseous disk). Secondly, in order to derive the
DM halo density distribution we apply a new method which does not require a global and
often uncertain mass modelling.

We find that, while, according to the standard method, both URC and NFW mass
models can account for the RC, the new method instead leads to a density profile which is
sharp disagrees with the dark halo density distribution predicted within the Lambda cold
dark matter (ΛCDM) scenario. We find that the effects of baryonic physics proposed by
Di Cintio et al. (2014b) modify the original ΛCDM halo densities in such a way that the
resulting profile is more compatible with the DM density of NGC 3198 derived using our
new method. However, at large distances, r ∼ 25 kpc, also this modified BaryonΛCDM
halo profile appears to create a tension with the derived DM halo density.
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3. The Dark Matter Distribution in the Spiral NGC 3198 out to 0.22 Rvir

3.1 Introduction

It has been known for several decades that the kinematics of disk galaxies leads to a mass
discrepancy (e.g. Bosma, 1978; Bosma and van der Kruit, 1979; Rubin et al., 1980). While
in their inner regions that range between one and three disk exponential scale lengths
according to the galaxy luminosity (Salucci and Persic, 1999), the observed baryonic
matter accounts for the rotation curves (RCs) (e.g. Athanassoula et al., 1987; Persic and
Salucci, 1988; Palunas and Williams, 2000), we must add an extra mass component in
the outer regions, namely a dark matter (DM) halo to account for that component. The
kinematics of spirals is now routinely interpreted in the framework of a DM component. In
the widely accepted Lambda cold dark matter (ΛCDM) scenario, the virialized structures
are distributed according the well known NFW profile proposed by Navarro, Frenk, and
White (Navarro et al., 1996b). Although, the ΛCDM scenario describes the large-scale
structure of the Universe well (e.g. Springel, 2005), it seems to fail on the scales of galaxies
(de Blok and Bosma, 2002b; Gentile et al., 2004, 2005). One of such failure that has
already been presented in the introduction part of this Thesis, the “core-cusp problem”:
empirical profiles with a central core of constant density, such as the pseudo-isothermal
(Begeman et al., 1991; Kent, 1986) and the Burkert (Salucci and Burkert, 2000a), fit the
available RCs much better than the mass models based on NFW haloes.

In the present work, we derive the DM content and distribution in the spiral galaxy
NGC 3198. This galaxy has been the subject of several investigations. It was studied by
means of optical (Cheriguène, 1975; Hunter et al., 1986; Bottema, 1988; Wevers et al.,
1986; Kent, 1987; Corradi et al., 1991; Daigle et al., 2006) and HI-21 cm radio observations
(Bosma, 1981a; van Albada et al., 1985; Begeman, 1987, the latter established it as the
object with the clearest evidence for DM), see also (de Blok et al., 2008; Gentile, 2008).

Our present analysis is mainly based on the HI observations by Gentile et al. (2013),
part of the HALOGAS (Westerbork Hydrogen Accretion in LOcal GAlaxieS) survey. The
main goal of HALOGAS is to investigate the amount and properties of extra-planar gas
by using very deep HI observations. In fact, for this galaxy, they present a very extended
RC out to 720 arcsec, corresponding to ∼ 48 kpc for a galaxy distance at 13.8 Mpc
(Freedman et al., 2001). The previous HI observations by de Blok et al. (2008) were only
extended out to ∼ 38 kpc, for the same galaxy distance. In Gentile et al. (2013) this
extended RC was modelled in the framework of modified Newtonian dynamics (MOND)
and in our previous Chapter this RC was tested in the framework of f(R) gravity. Here,
we want to use such a uniquely extended kinematics to help resolving the DM core-cusp
issue. To the very reliable kinematics available from 2 to 48 kpc we apply two different
mass decomposition methods that will derive the DM halo structure. This is compared
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3.2 Kinematics data

with a) the empirically based halo profiles coming from the URC, b) the NFW haloes
and c) the baryon ΛCDM haloes, the outcome of scenarios in which baryonic physics has
shaped the DM halo density.

This Chapter is organized as follows. In Sect. 3.2 we present the HI and Hα kinematics
used in this study. In Sect. 3.3 we model the RC by using the quadrature sum of the
contributions of the individual mass components (stellar disk + dark halo + gas disk)
where the dark halo has a NFW or a Burkert density profile, respectively. In Sect. 3.4
we obtain the results of standard mass modelling of the NGC 3198 RC. In Sect. 3.5 we
use a recent mass modelling technique to obtain a very robust and careful determination
of the DM halo density of NGC 3198 and to show that it is at variance with the NFW
density profile in an unprecedented way. We consider the mass dependent density profiles
obtained by hydro-dynamical simulations of ΛCDM haloes in Sect. 3.6. Our conclusions
are drawn in Sect. 3.7.

3.2 Kinematics data

3.2.1 HI data

The HI data of NGC 3198 were taken in the framework of the HALOGAS survey (Heald
et al., 2011) and they were presented in Gentile et al. (2013). The data were obtained
with the WSRT (Westerbork Synthesis Radio Telescope) for 10 × 12 hours, with a total
bandwidth of 10 MHz subdivided into 1024 channels. The data cube used to derive the
rotation curve has a beam size of 35.2 × 33.5 arcsec, and we were able to detect emission
down to ∼ 1019 atoms cm−2.

To construct the gas distribution and the rotation curve of this galaxy in a reliable
way, we modelled the whole data cube by means of the TiRiFiC software (Józsa et al.
2007). We successfully modelled the HI observations of NGC 3198 with a thin and a thick
neutral hydrogen disk, and, thanks to an increased sensitivity, we were able to trace the
rotation curve out to a distance of ∼ 48 kpc (for the galaxy distance of 13.8 Mpc), i.e.
to a larger radius than those reached in previous studies. More details about the data
reduction analysis and modelling can be found in Gentile et al. (2013).

3.2.2 Hα data

The Hα rotation curves of NGC 3198 have been published by many authors (Cheriguène,
1975; Hunter et al., 1986; Bottema, 1988; Wevers et al., 1986; Kent, 1987; Corradi et al.,
1991; Daigle et al., 2006). We notice that Corradi et al. (1991) and Daigle et al. (2006)
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3. The Dark Matter Distribution in the Spiral NGC 3198 out to 0.22 Rvir

measurements are a good representation of these data. In Fig. 3.1, these RCs are plotted
along with the HI RC used in this work. Hα data provide us measurements of the circular
velocity at five different new (inner) radii not mapped by the present HI RC and four
more measurements at radii at which we can combine them with our HI data. The hybrid
RC (HI+Hα data) is listed in Table 3.1. All together, HI and Hα RCs agree very well
within the observational errors where they coexist. With respect to the HI RC of Gentile
(2008), the present hybrid RC covers the innermost and the outermost regions significantly
better; however, Hα RCs give us no new useful information for r < 2 kpc, owing to its
large observational uncertainties and because in this very inner region the kinematics is
strongly influenced by non-axisymmetric motions (see Corradi et al., 1991).
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Figure 3.1: Comparison between Hα and HI RCs black open triangles with error bars from
Corradi et al. (1991), blue circles with error bars are from Daigle et al. (2006), and red circles
with error bars are from Gentile et al. (2013).
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Table 3.1: Stellar disk contribution Vd (km s−1) (de Blok et al., 2008) and the circular
velocity V (km s−1) mainly from Gentile et al. (2013), but also from Corradi et al. (1991)
and Daigle et al. (2006), of the NGC 3198 with errors dV (km s−1). The DM density profile
ρ× 10−25 (g cm−3) (see Sect. 5 for details).

R Vd V dV ρ× 10−25

(kpc) (km s−1) (km s−1) (km s−1) (g cm−3)

2.0 86.2 79.0 7.0 —
3.0 85.4 97.8 5.0 —
4.0 93.6 118.0 5.6 —
5.5 115.7 139.4 4.3 2.34
6.0 120.8 144.2 4.3 2.33
7.0 125.4 143.3 4.5 2.20
8.0 125.5 150.3 4.3 2.01
9.0 123.5 149.9 4.3 1.83
10.1 120.1 152.1 4.3 1.64
11.0 116.6 151.1 4.5 1.48
12.1 112.6 156.2 4.3 1.32
14.1 105.2 161.0 4.3 1.06
16.1 98.6 155.3 4.3 0.86
18.1 92.7 148.7 4.3 0.70
20.1 87.5 149.1 4.3 0.58
22.1 82.8 148.4 4.3 0.48
24.1 78.7 146.2 4.3 0.42
26.1 75.1 145.5 4.3 0.36
28.1 71.9 147.3 4.3 0.33
30.2 68.9 146.5 4.3 0.30
32.2 66.3 148.4 4.3 0.27
34.2 63.9 149.3 5.0 0.25
36.2 61.8 149.9 4.3 0.23
38.2 59.8 149.3 4.3 0.21
40.2 58.0 150.0 4.6 0.20
42.1 56.4 147.6 7.0 0.18
44.2 54.9 149.8 4.3 0.16
46.2 53.5 151.5 4.3 0.13
48.2 52.2 151.9 7.7 0.11
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3. The Dark Matter Distribution in the Spiral NGC 3198 out to 0.22 Rvir

3.3 Mass models

We model the spiral galaxy NGC 3198 as consisting of three “luminous” components,
namely the bulge and the stellar and the gaseous disks, which are embedded in a dark
halo. To study the properties of luminous and dark matter in this galaxy, we model the
RC in terms of the contributions from the stellar disk, the bulge, the gaseous disk, and
the dark matter halo:

V 2(r) = V 2
d (r) + V 2

b (r) + V 2
g (r) + V 2

DM(r). (3.1)

3.3.1 Luminous matter

We define Vd(r) as the contribution of the stellar disk to the circular velocity V (r). The
surface brightness profile of NGC 3198 has been analysed very well by de Blok et al. (2008).
We assume their one-component surface brightness profile to derive Vd(r). As a reference
value we take the stellar mass-to-light ratio from de Blok et al. (2008): Υ3.6

∗,deBlok = 0.8

(referred to the Spitzer IRAC 3.6 µm band, which is a good proxy for the emission of the
stellar disc). We thus set V 2

d (r) = (V deBlok
d (r))2 Υ3.6

∗,fit

0.8
. Then, we leave the amplitude of the

disk contribution to the circular velocity (i.e. the disk mass) as a free parameter to be
derived by fitting the RC. No results of the present paper will change by assuming any
other models of the dIstribution of the stellar disk of NGC 3198 in de Blok et al. (2008)
or in previous works.

The contribution from the bulge component is Vb(r). We follow de Blok et al. (2008)
and we consider their 1-component model which accounts for this inner stellar component.
Hence, Vb(r) = 0 since the bulge is included in V deBlok

d (r).

The helium corrected contribution of the gaseous disk derived from the HI surface
density distribution Vg(r) taken from Gentile et al. (2013). We notice that, thanks to the
accuracy of the HI measurements and to the excellent knowledge of the distance of this
galaxy, this component is derived here much better than in the majority of the spirals
studied to resolve the core-cusp controversy.

The "luminous" component of the circular velocity of this galaxy is then well known,
except for the value of the disk mass which contributes to putting NGC 3198 at the front
line of DM research.
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3.3 Mass models

3.3.2 Dark matter

We define VDM(r) =
r∫

0

4πρDMR2dR as the contribution to V (r) from the dark matter halo

of the virial massMvir = 4
3
π100ρcritR

3
vir that could have a variety of density profiles. Here

ρDM represents a DM halo density profile.

Burkert halo

The URC of galaxies and the kinematics of individual spirals (Salucci et al., 2007) points
to dark haloes with a central constant-density core, in particular, to the Burkert halo
profile (Burkert, 1995b; Salucci and Burkert, 2000a). The relative density distribution is
given by

ρURC(r) =
ρ0r

3
c

(r + rc)(r2 + r2
c)

(3.2)

where ρ0 (the central density) and rc (the core radius) are the two free parameters. The
present data cannot distinguish these URC haloes from other cored profiles, for which
limr→0 ρ(r) = const.

Navarro, Frenk and White (NFW) halo

In numerical simulations performed in the (Λ) CDM scenario of structure formation,
Navarro et al. (1996b) found that virialized systems follow a universal DM halo profile.
This is written as

ρNFW(r) =
ρs

( r
rs

)(1 + r
rs

)2
(3.3)

where ρs and rs are the characteristic density and the scale radius of the distribution,
respectively. These two parameters can be expressed in terms of the virial mass Mvir,
the concentration parameter c = Rvir

rs
, and the critical density of the Universe ρcrit =

9.3× 10−30g cm−3. By using Eq. (3.3), we can write

ρs =
100

3

c3

log (1 + c)− c
1+c

ρcrit g cm−3,

rs =
1

c

(
3×Mvir

4π100ρcrit

)1/3

kpc, (3.4)
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3. The Dark Matter Distribution in the Spiral NGC 3198 out to 0.22 Rvir

where c andMvir are not independent. It is well known from simulations that a c−Mvir

relationship emerges (Klypin et al., 2011; Bullock et al., 2001; Wechsler et al., 2002):

c ' 11.7

(
Mvir

1011M�

)−0.075

. (3.5)

We are testing the density profile of haloes made by collision-less cold dark matter
particles. Variations in this scenario are not considered in this work, except one in Sect.
6.

3.4 Results from the χ2 fitting method

The mass modelling results for the Burkert and NFW profiles are shown in Figs (3.2)
and (3.3), respectively. The URC Burkert halo gives an excellent fit (see Fig. 3.2) with a
reduced chi-square value of χ2 = 0.9. The best-fit parameters are

ρ0 = (3.19± 0.62)× 10−25 g cm−3;

rc = (17.7± 2.0) kpc;

Υ3.6
∗ = (0.98± 0.04).

Then, we compute the mass of the stellar disk as

MD ' 1.1Υ3.6
∗ (Vd)(Rl)

2Rl

G
(3.6)

where Vd(Rl) is the disk contribution to the circular velocity at the outermost radius
Rl ≈ 48 kpc. This estimate is very solid and independent of the actual light profile in the
inner part of the galaxy. We find MD ' 4.4× 1010M� (≈ 2 times bigger than the values
found by de Blok et al., 2008) with a propagated uncertainty of about ten percent. The
corresponding virial mass and virial radius areMvir = 5.8+0.4

−0.8×1011M� and Rvir = 214+4
−11

kpc.The 1,2,3-σ confidence regions for the best-fit parameters are shown in Fig. 3.4. The
central points correspond to the best-fit values.

In the framework of the NFW mass models, we fitted data in terms of the free param-
eters: the virial mass, the concentration parameter and above defined the mass-to-light
ratio (Mvir, c,Υ

3.6
∗ ). The results of the best-fit are
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Figure 3.2: URC mass modelling of NGC 3198. Circular velocity data (filled circles with
error bars) are modelled (thick red line) by the halo cored component (thick green line), the
stellar disk (magenta line) and the HI disk (azure line).
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Figure 3.3: NFW mass modelling of NGC 3198. Circular velocity data (filled circles with
error bars) are modelled (thick red line) by the stellar disk (magenta line), the NFW halo
profile (green line) and the HI contribution (azure line).
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3. The Dark Matter Distribution in the Spiral NGC 3198 out to 0.22 Rvir

Mvir = (8.9± 2.1)× 1011 M�;

c = (6.69± 1.46);

Υ3.6
∗ = (0.79± 0.07).

In this case the reduced chi-square is χ2 = 0.8, even slightly better value than found for
the URC-halo model. The best-fit value of the concentration parameter c = 6.69 ± 1.46

is found to be somewhat lower than what is expected from Eq. (3.5): cNFW ≈ 10± 1. It
is worth recalling that in other galaxies, this discrepancy in the concentration parameter
is much larger (see McGaugh et al., 2003; Salucci et al., 2010; Memola et al., 2011).

From Eq. (3.6) the disk mass, within a ten percent uncertainty, isMD = 3.5×1010M�,
a somewhat smaller value than found for the URC-halo model. The best-fit values of the
scale radius and the characteristic density are rs = (37.2 ± 11.0) kpc and ρs = (8.0 ±
4.1)× 10−26 g cm−3.

The 1,2,3-σ best-fit parameters confidence regions are shown in Fig. 3.5. The central
points correspond to the best-fit values that result somewhat higher or lower than the
N-Body simulation outcome relative to a galaxy with Vmax ' 150 km/s as NGC 3198.
The discrepancy, however, is within 1.5 σ.

The standard mass modelling of the kinematical data of NGC 3198 is then not able
to clearly select between a cored and a cuspy halo profile. In fact, in the case where
a galaxy like NGC 3198 showing a flattish rotation curve over a wide range of radii, we
have a modelling degeneracy: the same best-fit solution corresponds to very different mass
models (see Appendix of Gentile et al., 2004).

Figure 3.4: 1, 2, 3 σ confidence ellipses (purple, red, orange, respectively) of the best-fit
parameters in the Burkert halo case. The central points indicate the best-fitting values. M

L

is in the IRAC 3.6 µm band units.
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3.5 A new method of estimating the halo DM density and its results

Figure 3.5: 1, 2, 3σ confidence ellipses (purple, red, orange, respectively) of the best-fit
parameters in the NFW halo case. The central points indicate the best-fitting values. M

L is
in the IRAC 3.6 µm band units.

3.5 A new method of estimating the halo DM density
and its results

A step forward in mass modelling spirals has come from the method of Salucci et al.
(2010). This method was applied first to the Milky Way to derive the value of the DM
density at the Sun’s location. In this paper we are applying it, for the first time, to the
outermost parts of an external galaxy. Our aim is to derive, for the spiral galaxy with
the most extended kinematics, the DM density at large radii, where the influence of the
stellar and HI disks is respectively negligible and known.

The idea underlying the Salucci et al. (2010) method is to resort to the equation of
centrifugal equilibrium holding in spiral galaxies:

V 2

r
= aH + aD + aHI (3.7)

where aH, aD and aHI are the radial accelerations, generated, respectively, by the halo,
stellar disk, and HI disk mass distributions. Within the approximation of spherical DM
halo, we have

aH = 4πGr−2

r∫
0

ρH(r)r2 dr. (3.8)

Therefore, we compute the derivative of Eq. (3.7) by manipulating previous equations to
get the DM density at any radius. We have

ρH(r) =
Xq

4πGr2

d

dr

[
r2
(V 2(r)

r
− aD(r)− V 2

HI

r

)]
(3.9)

37



3. The Dark Matter Distribution in the Spiral NGC 3198 out to 0.22 Rvir

whereXq is a factor correcting the spherical Gauss law used above in case of any oblateness
of the DM halo. Since this value is very near to one, we assume Xq = 1 (see details in
Salucci et al., 2010).

Equation(3.9) gives a very good estimation of the density when the contribution from
the luminous components is small. In short, to work well the new method requires a high-
resolution, high-quality, and very extended kinematics for a spiral of known distance. Of
course, we are interested in the region well outside 3RD.

For simplicity, we model the disk component as a Freeman stellar exponential, in-
finitesimally thin disk (Freeman, 1970) with the disk scale length RD = 3.7 kpc. No
result in this paper will change by instead assuming the de Blok et al. (2008) disk mass
profile, whose contribution to the circular velocity VD is given in Table 3.1. ForMD we use
the URC mass modelling value: MD ' 4.4 × 1010M�, and no result changes if assuming
any other reasonable value for this quantity (see below).

The surface stellar density profile is given by

Σ(r) =

(
MD

2πR2
D

)
e
− r
RD . (3.10)

We can write

aD(r) =
GMDr

R3
D

(I0K0 − I1K1) (3.11)

where In and Kn are the modified Bessel functions computed at r/(2RD).
The HI disk component Vg(r) and its derivative are easily obtained from observations

(Gentile et al., 2013). Finally, Eq. (3.9) becomes

ρH(r) =
1

4πG

[V 2(r)

r2
(1 + 2α(r))− GMD

R3
D

H

(
r

RD

)
− V 2

HI(r)

r2
(1 + 2γ(r))

]
(3.12)

where 2H
(

r
RD

)
= (3I0K0−I1K1)+ r

RD
(I1K0−I0K1) and α(r) and γ(r) are the logarithmic

slopes of the circular velocity and of the HI+He disk contribution to the latter, both of
which known.
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3.5 A new method of estimating the halo DM density and its results

We stress that in galaxies with Vd(3RD) ' V (3RD), it is very difficult to use the
standard mass modelling method to disentangle the circular velocity into its dark and
luminous components and to obtain the DM density distribution out to r ' 6RD. Instead,
the fundamental point of the present new method is that, for radii r & 3RD the second
term of RHS of Eq. (3.12) always goes rapidly to zero becoming much smaller than the
first and the third terms, both known. Then, by means of Eq. (3.12), we can immediately
derive ρ(r): the unknown term, proportional to the stellar disk mass becomes irrelevant
as r & 3RD. In Eq. (3.12), all terms have the dimensions of a density; specifically, the
three terms of RHS can be considered as the effective density of the whole gravitating
matter and the (sphericized) densities of the stellar and gaseous disks.

Thus, by means of Eq. (3.12) for r & 3RD, we obtain a reliable dark matter density
profile, the farther we get, the more precise the estimate becomes. In the range : r . 3RD,
Eq. (3.12) still holds, but it cannot give information about the DM halo since this is very
sub-dominant there. In this region, however, we can use the latter equation to derive
the stellar disk mass. This estimate, however, may turn out to be somewhat uncertain
because, in this inner region, the first term of the RHS of Eq. (3.12) has some observational
errors; moreover, moderate errors in the measured value of the disk scale length can affect
the third term. Incidentally, we notice that the distance of the galaxy must be known
with good precision (as it is in NGC3198), because its uncertainty affects all three terms
of the RHS in different ways.
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Figure 3.6: Logarithmic slope of the RC of NGC 3198.

In the case of NGC 3198 we take γ(r) = 0 for r & 3RD, in order to simplify our
calculations, since the gas contribution to the circular velocity, from ∼ 12 kpc, is nearly
constant (see Fig. 3.2). The logarithmic slope of the RC instead varies with radius (see
Table 3.1), even at r ∼ 17 kpc: we take d log V(r)/d log r as in Fig. 3.6. In Fig. 3.7 we
obtain the density profile of the dark halo. We list the values of the obtained DM profile
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Figure 3.7: Density profile of the DM halo of NGC 3198 and the effective density of the
other components. We assumeMD = 4.4×1010M�. The stellar disk (Blue line), the HI disk
(magenta line), the dark halo (red line) and the sum of all components (green line). The
different colour regions correspond to the regions a) where we do not have any kinematical
information due to the lack of data (dark purple), b) where the stellar disk dominates the
DM density profile (light purple) and c) where DM dominates (white).

starting from 5.5 kpc in Table 3.1. We see that the DM component starts to dominate
the luminous components from r ∼ 10 kpc; moreover, the stellar disk’s contribution in
the RHS of Eq. (3.12) goes further below the gravitating matter for r & 10 kpc and to
zero for r & 17 kpc, independently of its mass. This means that, starting from ∼ 17 kpc,
the halo density profile, which obtained by means of Eq. (3.12), is virtually free from
the uncertainty on the actual value of the disk mass, which usually plagues the standard
mass modelling of RCs.

Next we discuss in detail the distribution of matter in the various regions of NGC
3198. In the innermost one, r . 2 kpc we do not have any kinematical information due to
the lack of data. In the region extended from ∼ 2 kpc to ∼ 10 kpc, the stellar component
dominates over the DM component. No direct information on the latter can be extracted
here. In this region, however, we can use the fair agreement between the stellar and the
dynamical density (as defined in Eq. (3.12)) to derive the value of MD.

For r & 17 kpc, the DM density is directly obtained by means of Eq. (3.12) see Fig.
3.7. Here, all quantities entering in Eq. (3.12) are known within a small uncertainty, and

40



3.5 A new method of estimating the halo DM density and its results

this leads to a robust determination of ρ(r).
The effect of the uncertainty in the value of the disk mass in the determination of ρ(r)

is shown well in Fig. 3.8. We now do not take a specific value for MD, and we derive the
DM density profiles through Eq. (3.12) by assuming different values for the disk mass.
We see that the Salucci et al. (2010) method leads to a family of density profiles that all
agree outside the stellar disk (i.e. for r & 3RD), independently of the corresponding value
of the disk mass (see the zoomed area in Fig. 3.9) .
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Figure 3.8: DM density profiles for different disk mass values MD = n × 1010M� and
n=2,3,4.4,5 from the highest to the lowest curve (green, blue, azure and magenta triangles).
The black solid line shows the NFW density profile withMvir = 8.9×1011M� corresponding
to the best fit values found in the previous section. Two black dashed lines show the NFW
density profiles taking 1σ uncertainties in Mvir and 10 percent of uncertainties in c into
account. The URC halo is shown as Red solid line. Two Red dashed lines show the URC
density profiles obtained by taking 1σ uncertainties in ρ0, rc into account.

We compare the derived DM density with the URC and the NFW profiles, see Fig. 3.8.
In the first case, the derived density bears no difference with that obtained by means of the
first method, i.e. with Eqs.(3.1) and (3.2). We therefore foundMD = (4.4±1.0)×1011M�.
This is also evident in the zoomed area of Fig. 3.8 (see Fig. 3.9). In external regions of
the NGC 3198, the Salucci et al. (2010) method yields a halo that is compatible with the
URC halo, as derived by chi-square fitting of the RC of NGC 3198.
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Figure 3.9: Zoom of Fig. 3.8 on linear scales.

For NFW haloes the situation is very different. First, in Fig. 3.9 we realize that,
independently of the disk mass we assume, the best-fit NFW halo profile is in poor
agreement with the derived density. We consider this fault only as a hint and not as a
definitive evidence against a NFW halo. Within the new modelling method, we derive the
value of c andMvir and their uncertainties by evaluating, from Eqs.(3.3), (3.4), and (3.12),
the DM density (and its uncertainties) at the radius r = 45 kpc (where the stellar disk
certainly does not contribute to the gravitating matter density profile). A more serious
problem appears when we realize that the resulting values of the halo parameters Mvir

and c are very different from the ones derived by means of the standard method applied
in the previous section. In fact, for the virial mass and the concentration parameters we
get Mvir = (8.9± 2.1)× 1011M�, c = 6.69± 1.46.

In Fig. 3.10 we plot the two solutions for (c − Mvir) with their uncertainties. We
now compare these values of the concentration parameter and the virial mass (c−Mvir)

obtained by each of the mass modelling techniques also in light of the (c−Mvir) relationship
that emerged from numerical simulation (see Eq. (3.5)). They agree only for values of
c that are much lower than those emerging in numerical simulations and for values of
Mvir > 9× 1011M� far too high for this spiral galaxy which has Vmax . 150 km/s.

In short, by assuming a NFW halo in NGC 3198, we have two completely different
solutions for its structure parameters, according to whether one adopts the local or the
global method of mass modelling. The best intersection of these sets of results is in total
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3.5 A new method of estimating the halo DM density and its results

Figure 3.10: NFW case: the 1,2,3 - σ (purple region, red region and orange region, re-
spectively) confidence ellipses for the global best-fit parameters. The blue solid line shows
the c−Mvir relation from numerical simulations, the dashed blue lines show its 10 percent
uncertainty. The Green region shows the c − Mvir relation from the local density values
obtained by the Salucci et al. (2010) method taking the 10 percent uncertainty into account.

disagreement with the properties of the simulated haloes in the N-body ΛCDM scenario.
Noticeably, the problem for NFW haloes is different here and, if possible, more serious
than that of the core-cusp discrepancy, usually occurring at ∼ 0.05Rvir (Donato et al.,
2009b). We found, in fact, that the density of the DM halo around NGC 3198 is not very
consistent with the NFW profiles well out to 0.22Rvir.

Of course, NFW haloes emerge out of DM only simulations in the leading ΛCDM
scenario. However, this scenario actual haloes around galaxies may have undergone a
compression by the stellar disk during the formation of the latter (e.g. Gnedin et al., 2004;
Katz et al., 2014) and/or suffered a baryonic feedback during the subsequent history of
the galaxy (Di Cintio et al., 2014a). These processes could have modified the DM haloes
original distribution. Furthermore, haloes today around galaxies, can be born within a
different cosmological scenario like Warm or Self-Interacting DM, in which a NFW profile
is not established (e.g. de Vega et al., 2014a).

In spite of that, in this section we focused on the failure of the NFW halo profile
because: a) it is important to fully expose the discrepancy between the density distribu-
tion of the dark haloes around galaxies and the predictions of the simplest dark particle
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3. The Dark Matter Distribution in the Spiral NGC 3198 out to 0.22 Rvir

scenario; b) NFW haloes are still used often to investigate important Cosmological issues
in the belief that the discrepancy with actual galaxy haloes, though present, does not
have much physical relevance; c) de facto, several cosmological investigations have been
carried out considering that there is no discrepancy at all.

It goes without saying that the failure of NFW profiles is not the demise of the ΛCDM
scenario (see next section).

3.6 Testing (Λ)CDM halo profiles modified by the physics
of stellar disk formation

A line of thought holds that the cosmological core-cusp problem (CCCP) can be addressed
by considering the present DM haloes around galaxies like NGC 3198 as very different
with respect to those emerging out of N-body simulations. In fact, the formation and
the growth in them of stellar disks and the related numerous and powerful supernova
explosions could have modified the original N-body profile, by making it shallower and
more in agreement with observations. We stress that such a dissolution of the CCCP is
rarely studied.

One exception is the work by Di Cintio et al. (2014a) based on the analysis of hydro-
dynamically simulated galaxies drawn from the MaGICC project (Brook et al., 2012a;
Stinson et al., 2013a). They did find, at the end of these simulations, that DM haloes had
a completely new family of profiles, a generic double power-law density profile (Di Cintio
et al., 2014a). This was found to vary in a systematic manner in the stellar-to-halo mass
ratio of each galaxy.

The mass-dependent density profile was derived by analysing hydrodynamical cosmo-
logical simulations. This profile (hereinafter referred to as DC14) accounts for the effects
of feedback on the DM haloes due to gas outflows generated in high density star-forming
regions during the history of the stellar disk. The resulting radial profile is far from simple,
since it starts from an (α, β, γ) double power-law model (see Di Cintio et al., 2014a)

ρDC14(r) =
ρs

( r
rs

)γ
(

1 + ( r
rs

)α
) (β−γ)

α

(3.13)

where ρs is the scale density and rs the scale radius. The inner and the outer regions
have logarithmic slopes −γ and −β, respectively, and α indicates the sharpness of the
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formation

transition. These three parameters are fully constrained in terms of the stellar-to-halo
mass ratio as shown in Di Cintio et al. (2014a):

α = 2.94− log10[(10X+2.33)−1.08 + (10X+2.33)2.29]

β = 4.23 + 1.34X + 0.26X2 (3.14)

γ = −0.06 + log10[(10X+2.56)−0.68 + (10X+2.56)]

where X = log10

(
Mstar

Mhalo

)
.

The concentration parameter of the halo is c = Rvir

rs
. An alternative definition, adopting

the radius r−2, is cDC14 = Rvir

r−2
, where r−2 is the radius at which the logarithmic density

slope of the profile is -2. This definition allows defining the same physical rs for different
values of (α, β, γ)

r−2 =

(
2− γ
β − 2

) 1
α

rs. (3.15)

Following Di Cintio et al. (2014a), we reach the relation between the concentration
parameter in the hydrodynamical simulations and the N-body haloes as a function of the
stellar-to-halo mass ratio:

cDC14 = (1.0 + 0.00003e3.4(X+4.5))× cNFW. (3.16)

Using the definition of the enclosed mass, we can write down the expression for the
scale density of the DC14 profile:

ρs =
Mvir

4π
Rvir∫
0

r2

( r
rs

)γ [1+( r
rs

)α]
β−γ
α

dr

. (3.17)

To reduce the number of free parameters of the DC14 profile, it is necessary to adopt a
value for the concentration parameter of the original NFW halo. For our purpose and since
this quantity depends extremely weakly on the virial mass, we can adopt: cNFW = 10. By
bringing together all the above equations of this section and noticing that Rvir = cDC14r−2,
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Figure 3.11: Observed DM halo density profile (black points) of NGC 3198 and the ob-
tained errors by the error propagation analysis (purple area). Di Cintio et al. (2014a) mass-
dependent model predictions (red line).

we can rewrite Eq. (4.12) just as a function of the scale radius and the stellar-to-halo
mass ratio.

With this density profile, we can attempt a two-free parameter (X, rs) fit of the derived
halo density profile of the NGC 3198 (Fig. 3.7). The result is in Fig. 3.11, the best-fit
parameters are:

X = −2.6;

rs = 12.2kpc.

The inferred virial radius is Rvir ' 235kpc and virial mass is Mvir ' 7.7 × 1011M�.
As result, the CCCP is only partially resolved, and the DM core we detect in NGC 3198
can be explained as an effect of the energy that, in different ways, stars have injected
in the galactic ambient. However, in the outer densities of the dark halo derived for the
first time in this study, there are features that may conflict with the N-body simulation
predictions that should be recovered at R > 25 kpc from the centre of NGC 3198.
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3.7 Conclusions

3.7 Conclusions

Galaxies with a flattish rotation curve between 5 kpc to 50 kpc (e.g. the spiral NGC
3198, for many years the flagship of the evidence of the DM in galaxies) amount to only a
few percent of the total number of disk systems. However, they play a crucial role in the
core-cusp issue of the DM density. In fact, these "flat" RCs can be well fitted by either
a cored DM halo or a cuspy DM halo, just by adjusting the amount of the stellar matter
content. In contrast, in spirals in which |d log V(r)/d log r| is significantly far from zero,
this quantity constraints the distribution of DM, usually towards a cored one (Gentile
et al., 2005).

NGC 3198 is a special galaxy. The HI disk of this galaxy is very extended out to ∼
13 disk scale lengths or out to ∼ 0.22 Rvir. Furthermore, for the innermost region, many
complementary optical kinematical measurements are available. This object (of known
distance of 13.8 Mpc) shows a spectacular evidence of a dark force in action: baryons of
this galaxy are clearly unable to account for its (very extended) kinematics. We must
assume that a large part of the circular velocity of NGC 3198 is due to a DM halo. In
addition, the circular velocity of this galaxy is at variance with the MOND paradigm
Gentile et al. (2013), while it seems plausible within the f(R) scenario (see Salucci et al.,
2014). It is then obvious that to resolve the core-cusp issue in NGC 3198 is of particular
importance.

To do so, we used the old optical and new HI kinematics performed in the HALOGAS
survey in combination with a new method of mass modelling a rotation curve. First, we
verified that with the standard χ2 mass modelling of the RC, both URC Burkert and the
NFW dark halo models fit the available data well. Then, once assured of the conditions
of its applicability, we used the new refined method developed by Salucci et al. (2010) to
determine the DM halo density of NGC 3198. This result is inconsistent with the NFW
haloes predictions, independently of any assumption about the luminous component we
can take. Moreover, the derived density profile strongly supports a cored distribution of
DM, adding independent evidence to the idea of cored DM distribution in galaxies.

Today, within the ΛCDM scenario, NFW haloes are often still assumed, although
it has been recognized that in this scenario the actual DM halo density is not the one
emerging from cosmological N-body simulations. In fact, it has been agreed that they
have been modified by the subsequent baryonic physics, leading to stellar disk formation
and evolution. Di Cintio et al. (2014a) have simulated this important phase of the history
of spirals and found the emerging profiles of dark matter haloes. This baryonic ΛCDM
halo profile prediction fits the detected halo of NGC 3198 very well, especially in its cored
region. At very large distances, 25 kpc, however, the DM halo density derived here results
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3. The Dark Matter Distribution in the Spiral NGC 3198 out to 0.22 Rvir

in a clash; i.e., it is significantly higher than the outcome of the hydrodynamic N-body
ΛCDM simulations. This disagreement is not an isolated one (see Gentile et al., 2007c).
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Chapter 4

The universal rotation curve of dwarf
disk galaxies

As it was introduced in our Chapter 1 the dwarf galaxies are the key objects to study

the dark matter distribution. In this Chapter we use the concept of the spiral rotation

curves universality (see Persic et al., 1996) to investigate the luminous and dark matter

properties of the dwarf disk galaxies in the Local Volume (size ∼ 11 Mpc). Our sample

includes 36 objects with rotation curves carefully selected from the literature. We find

that, despite the large variations of our sample in luminosities (∼ 2 of dex), the rotation

curves in specifically normalized units, look all alike and lead to the lower-mass version

of the universal rotation curve of spiral galaxies found in Persic et al. (1996).

We mass model V (R/Ropt)/Vopt, the double normalized universal rotation curve of

dwarf disk galaxies: the results show that these systems are totally dominated by dark

matter whose density shows a core size between 2 and 3 stellar disk scale lengths. Similar

to galaxies of different Hubble Types and luminosities, the core radius r0 and the central

density ρ0 of the dark matter halo of these objects are related by ρ0r0 ∼ 100M�pc
−2.

The structural properties of the dark and luminous matter emerge very well correlated.

In addition, to describe these relations, we need to introduce a new parameter, measuring

the compactness of light distribution of a (dwarf) disk galaxy. These structural properties

also indicate that there is no evidence of abrupt decline in the baryonic to halo mass

relation at the faint end of spiral disks.
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4. The universal rotation curve of dwarf disk galaxies

4.1 Introduction to the problem

Let us recall that although the well known (Λ)CDM scenario is successful in describing
the large structure of the Universe, at the galactic scales, this scenario has significant
challenges. We will shortly describe these challenges below (for more details see Chap-
ter 1).

Firstly, the apparent mismatch between the number of the detected satellites around
the Milky Way and the predictions of the corresponding simulations, known as the "miss-
ing satellite problem" (Klypin et al., 1999; Moore et al., 1999), which also occurs in the
field galaxies (Zavala et al., 2009; Papastergis et al., 2011; Klypin et al., 2015). This
discrepancy widens up when the masses of the detected satellites are compared to those
of the predicted subhalos (i.e. "too big to fail problem") (see Boylan-Kolchin et al., 2012;
Ferrero et al., 2012; Garrison-Kimmel et al., 2014a; Papastergis et al., 2015).

Furthermore, there is the "core-cusp" controversy: the inner DM density profiles of
galaxies generally appear to be cored, and not cuspy as predicted in the simplest (Λ)CDM
scenario (e.g., Salucci, 2001; de Blok and Bosma, 2002a; Gentile et al., 2005; Weinberg
et al., 2013; Bosma, 2004; Simon et al., 2005; Gentile et al., 2004, 2007c; Donato et al.,
2009a; Oh et al., 2011, to name few).

These apparent discrepancies between the observations and the predictions of the DM-
only simulations suggest to either abandon the (Λ)CDM scenario in favour of the others:
(e.g., selfinteracting DM Vogelsberger et al., 2014; Elbert et al., 2015 or warm DM de
Vega and Sanchez, 2013; de Vega et al., 2013; Lovell et al., 2014; de Vega et al., 2014b) or
upgrade the role of baryonic physics in the galaxy formation process by including strong
gas outflows, triggered by stellar and/or AGN feedback that are thought to strongly
modify the original (Λ)CDM halo profiles out to a distance as large as the size of the
stellar disk (e.g., Navarro et al., 1996a; Read and Gilmore, 2005; Mashchenko et al., 2006;
Pontzen and Governato, 2012, 2014; Di Cintio et al., 2014b).

Although these issues are present in galaxies of any luminosity, however in low lumi-
nosity systems they emerge more clearly and appear much more difficult to be resolved
within the ΛCDM scenario. Galaxies with I-band absolute magnitude MI & −17 play
a pivotal role since observationally, these objects are dark matter dominated at all radii
while, theoretically, they may be related to the building blocks of more massive galaxies.
It is well known the importance of dwarf spheroids in various DM issues (see, e.g., Gilmore
et al., 2007). However, down to MI ∼ −11 there is no shortage of disk systems, although
a systematic investigation is lacking. These rotationally supported systems have a rather
simple kinematics suitable for investigating the properties their dark matter content.
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4.1 Introduction to the problem

In normal spirals, one efficient way to represent and model their rotation curves (RCs)
comes from the concept of a universal rotation curve (URC), i.e. a single function of the
total galaxy luminosity and of a characteristic radius of the luminous matter1 distribution
which represents the RCs of all spirals.

This concept, implicit in Rubin et al. (1985), pioneered by Persic and Salucci (1991),
set by Persic et al. (1996) (PSS, Paper I) and extended to large galactocentric radii by
Salucci et al. (2007) has provided us the mass distribution of (normal) disk galaxies in
the magnitude range −23.5 . MI . −172. This curve, therefore, encodes all the main
structural properties of the dark and luminous matter of every spiral (PSS, Yegorova and
Salucci, 2007). In this Chapter, we work out to extend RCs universality to any disk
systems and then, to use it to investigate the DM distribution in dwarf disk galaxies.

Noticeably, for this population of galaxies the approach of stacking the available
kinematics is very useful. In fact, presently, for disk systems with the optical velocity
Vopt . 61km/s, some kinematical data have become available. However, still there are
not enough individual high quality high resolution extended RCs to provide us with a solid
knowledge of their internal distribution of mass. Instead, we will prove that the 36 se-
lected in literature good quality good resolution reasonably extended RCs (see below for
these definitions), once coadded, provide us with a reliable kinematics yielding to their
mass distribution.

In this work, we construct a sample of dwarf disks from the Local Volume catalog
(LVC) (Karachentsev et al., 2013, hearafter K13), which is ∼ 70% complete down to
MB ≈ −14 and out to 11 Mpc, with the distances of galaxies obtained by means of
primary distance indicators.

Using LVC, we go more than 3 magnitudes fainter with respect to the sample of spirals
of PSS. Moreover the characteristics of the LVC guarantee us against several luminosity
biases that may affect such faint objects. The total number of objects in this catalog is
∼900 of which ∼ 180 are dwarf spheroidal galaxies, ∼ 500 are dwarf disk galaxies and
the rest are ellipticals and spirals. We stress that, according to the current cosmological
paradigm, studying the nearest galaxies provides an observational window on high redshift
galaxy evolution that even the next generation of high redshift galaxy surveys will not be
able to provide. For example, Boylan-Kolchin et al. (2016) explored how the Local Group
(∼ 2 Mpc diameter) might be representative of its ancestors in the proto-Local-Group at
high redshift (z ∼ 7). The authors concluded that the Local Group dwarfs are expected
to provide a direct window to low-mass systems in the high-redshift University.

1i.e. optical radius Ropt defined as the radius encompassing 83 % of the total luminosity.
2Extensions of the URC to other Hubble types are investigated in Salucci and Persic (1997); Noor-

dermeer et al. (2007).
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All our galaxies are low mass bulgeless disk systems in which the rotation corrected for
the pressure support totally balances the gravitational force. Morphologically, they can be
divided into two main types: gas-rich dwarfs that are forming stars at a relatively-low rate,
named irregulars (Irrs) and starbursting dwarfs that are forming stars at an unusually high
rate, named blue compact dwarfs (BCD). The dwarf Irr galaxies are named "irregulars"
due to the fact that they usually do not have a defined shape and the star formation
is not organized in spiral arms. However, some gas-rich dwarfs can have diffuse, broken
spiral arms and be classified as late-type spirals (Sd) or as a Magellanic spiral (Sm). The
starbursting dwarfs are classified as BCD due to their blue colours, high surface brightness
and low luminosities. Notice that it is not always easy to distinguish among these types
since the galaxies we are considering often share the same parameters space for many
structural properties (e.g., Kormendy, 1985; Binggeli, 1994; Tolstoy et al., 2009).

In this work, we neglect the morphology of the baryonic components as far they are in
rotating disks; the identifiers of a galaxy are Vopt, its disk length scale RD and its K-band
magnitude MK that can be substituted by its disk mass. We refer to disk systems of any
morphologies and MK & −18 as dwarf disks (DD).

In order to compare galaxy luminosities in different bands, we write down the DD
relation between the magnitudes in different bands < B − K >' 2.35 (Jarrett et al.,
2003) and < B − I >' 1.35 (Fukugita et al., 1995).

The plan of this Chapter is in following: in Section 4.2 we describe the sample that
we are going to use; in Section 4.3 we introduce the analysis used to build the synthetic
RC; in Section 4.4 we do the mass modelling of the synthetic RC; in Section 4.5 we
introduce the results of the mass modelling and we denormalize it in order to describe
individually our sample of galaxies; in Section 4.6 we introduce a new quantity, which we
call "compactness"; in Section 4.7 we discuss our main results.

4.2 The sample

We construct our (DD) sample out of the LVC (Karachentsev et al., 2013) by adopting
the following 4 selection criteria:

1. We include disk galaxies with the optical velocity less than ∼ 61 km/s (disk systems
with larger velocity amplitude are studied in PSS);

2. The rotation curves extend to at least 3.2 disk scale lengths 1. However, we allowed
ourselves to extrapolate modestly the RCs of UGC1501, UGC8837, UGC5272 and IC10
due to their smoothness;

1Ropt ' 3.2RD

52



4.2 The sample

3. The RCs are symmetric, smooth and with an average internal uncertainty lesser
than 20 %;

4. The galaxy disk length scale RD and the inclination function 1/sin i are known
within 20 % uncertainty.

It is worth noticing that for a RC to fulfil criteria (2), (3) and (4) it is sufficient
to qualify it for the coaddition procedure but not necessarily it is so for the individual
modelling.

The kinematical data used in our analysis are HI and Hα rotation curves available in
the literature (see Table 4.1), which are corrected for inclination and instrumental effects.
Furthermore, circular velocities of low mass galaxies, with Vmax . 50 km/s, require to
be checked for the pressure support correction, the latter can be done using the so-called
"asymmetric drift correction" (Dalcanton and Stilp, 2010). Therefore, most of the RCs
in our sample either have the asymmetric drift correction applied (the ones chosen Oh
et al., 2011, 2015; Lelli et al., 2014; Gentile et al., 2010, 2012) or pressure support has
been determined and is too small to affect the RC (those coming from Swaters et al.,
2009; Weldrake et al., 2003; Karachentsev et al., 2016). Although, we leave three galaxies
(UGC1501, UGC5427 and UGC7861) for which circular velocities were not corrected.
However, their Vmax are larger than 50 km/s, therefore the effect should be minor. In the
innermost regions of galaxies, when available, we use also Hα data not corrected for the
asymmetric drift since such term is negligible as it was pointed out by e.g. Swaters et al.
(2009); Lelli et al. (2012).

Table 4.1: sample of dwarf disk galaxies. Columns: (1) galaxy name; (2) galaxy distance;
(3) rotation curve source; (4) exponential scalelength of a galaxy stellar disk; (5) disk
scalelenght source; (6) rotation velocity at the optical radius; (7) absolute magnitude in
K-band.

Name D RCs refs RD RD refs Vopt MK

— Mpc — kpc — km/s mag
(1) (2) (3) (4) (5) (6) (7)

Hα; HI
UGC1281 4.94 1; 2 0.99 a 53.8 -17.97
UGC1501 4.97 1; - 1.32 a 50.2 -18.19
UGC5427 7.11 1; - 0.38 e 54.0 -17.06
UGC7559 4.88 -;2, 3 0.88 b 37.4 -16.91
UGC8837 7.21 -; 2 1.55 b 47.6 -18.25
UGC7047 4.31 -; 2,4 0.57 c 37.0 -17.41
UGC5272 7.11 -; 2 1.28 b 55.0 -16.81
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DDO52 10.28 -; 3 1.30 b 60.0 -17.69
DDO101 16.1 -; 3 0.94 b 58.8 -19.01
DDO154 4.04 -; 3 0.75 b 38.0 -15.70
DDO168 4.33 -; 3 0.83 b 60.0 -17.07
Haro29 5.68 -; 3,4 0.28 b 32.6 -16.26
Haro36 8.9 -; 3 0.97 h 56.5 -17.63
IC10 0.66 -; 3 0.38 b 41.0 -17.59
NGC2366 3.19 -; 3,4 1.28 b 55.0 -18.38
WLM 0.97 -; 3 0.55 b 33.0 -15.93
UGC7603 8.4 -; 2 1.11 2 60.3 -19.07
UGC7861 7.9 -; 5 0.62 i 61.0 -19.74
NGC1560 3.45 -; 6 1.10 6 56.1 -18.43
DDO125 2.74 1; 2 0.49 c 17.0 -16.96
UGC5423 8.71 1; 3 0.52 d 27.5 -17.71
UGC7866 4.57 -; 2 0.54 2 28.7 -17.18
DDO43 5.73 -; 2 0.57 b 35.3 -15.72
IC1613 0.73 -; 3 0.60 b 19.0 -16.89
UGC4483 3.21 -; 4 0.16 f 20.8 -14.20
KK246 7.83 -; 9 0.58 9 34.6 -16.17
NGC6822 0.5 -; 10 0.56 b 35.0 -17.50
UGC7916 9.1 -; 2 1.63 h 37.0 -16.22
UGC5918 7.45 -; 2 1.23 2 45.0 -17.50
AndIV 7.17 -;11 0.48 11 32.2 -14.78
UGC7232 2.82 -; 2 0.21 f 37.0 -16.46
DDO133 4.85 -; 3 0.9 g 42.4 -17.31
UGC8508 2.69 1; 3 0.28 j 25.5 -15.58
UGC2455 7.8 -; 2 1.06 h 47.0 -19.91
NGC3741 3.03 -; 7 0.18 c 22.0 -15.15
UGC11583 5.89 -; 8 0.17 8 52.2 -16.55

Notes. RC & RD references: Moiseev (2014)-1, Swaters et al. (2009)-2, Oh et al.
(2015)-3, Lelli et al. (2014)-4, Epinat et al. (2008)-5, Gentile et al. (2010)-6, Gentile et al.
(2007c)-7, Begum and Chengalur (2004)-8; Gentile et al. (2012)-9, Weldrake et al. (2003)-
10, Karachentsev et al. (2016)-11, van Zee (2001)-a, Hunter and Elmegreen (2004)-b,
Sharina et al. (2008)-c, Parodi et al. (2002)-d, Simard et al. (2011)-e, Martin (1998)-f,
Hunter et al. (2011)-g, Herrmann et al. (2013)-h, Yoshino and Yamauchi (2015)-i, Hunter
et al. (2012)-j. Distance D and absolute magnitude in K-bandMK are from Karachentsev
et al. (2013).
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4.3 The URC of Dwarf Disks

We stress that the above selection process has left out few objects whose RCs are
sometimes considered in literature, e.g. the RC of DDO 70 described by Oh et al. (2015)
has failed our criteria (3) because of its abnormal shape. Our approach stands firmly
that, in order to provide us with proper and correct information about a galaxy dark and
luminous mass distribution, the relative kinematical and the photometric data must reach
a well defined level of quality, otherwise they will be confusing rather that enlightening
the issue.

Therefore, we ended with the final sample of 36 galaxies spaning the magnitude and
disk radii intervals, −19 .MI . −13, 0.18 kpc . RD . 1.63 kpc and the optical velocities
17 km/s . Vopt . 61 km/s (see Table 3.1, the references for HI and Hα RCs of our sample
are also given in the table and the individual RCs are plotted in Fig.4.A.1 of Appendix
A ).

The log average optical radius 〈Ropt〉 and the log average optical velocity 〈Vopt〉 are
2.5 kpc, 39.6 km/s, respectively, (these values will be specifically needed in Section 5). For
a comparison, the galaxy sample of PSS spans the magnitude interval −23.5 .MI . −17,
the disk scale radii 2 kpc . RD . 30 kpc, and the optical velocities between 70 km/s and
300 km/s. Therefore, our sample will extend the URC of PSS by more than 2 orders of
magnitudes down in galaxy luminosity.

4.3 The URC of Dwarf Disks

First, we plot the RCs of galaxies in our sample expressed in physical units in log-log
scales (see the left panel of Fig. 4.1). We realize, even at a first glance, that, contrary to
the RCs of normal spirals (e.g., Yegorova and Salucci, 2007, PSS), each DD galaxy has a
RC with a very different profile, as it has also been noticed by Oman et al. (2015). All
curves are rising with radius but at a very different place.

Surprisingly, the origin of such diversity is closely linked with the very large scatter
that the DDs show in the relationship between the optical radius Ropt and the luminosity
LK shown in Fig. 4.2. In our sample the relation still holds but the scatter remarkably
increased, while in normal Spirals luminosities and disk sizes are very well correlated.

Thus, also in DD galaxies, by following the analogous PSS procedure, we derive a
universal profile of their RCs. As an initial step of the co-addition procedure (see PSS for
details) each of the 36 V (R) has been normalized to its own optical radius Ropt and to
its optical velocity Vopt obtained by RC data interpolation. We then derive the quantity
V (R/Ropt)/V (Ropt). This double normalization (DN) eliminates most of the individuali-
ties of the RCs. It can be seen in the right panel of Fig. 4.1 that as a consequence of the
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Figure 4.1: Individual RCs. Left panel: in physical units. Right panel: after double
normalization on Ropt and Vopt.
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Figure 4.2: The optical radius versus the total luminosity. Red circles indicate the normal
spiral galaxies from the sample of PSS and blue squares are the dwarf galaxies of the present
work.

DN, all RCs have become similar to each other, leading to a profile very similar to that
coadded of the least luminous normal spirals (green diamonds of Fig. 4.B.1).

This effect is not new: in Verheijen and de Blok (1999); Salucci and Persic (1997) (see
also McGaugh, 2014) the variety of RCs shapes in physical units between high surface
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Figure 4.3: Individual RCs normalized to Ropt, Vopt. Black stars indicate the synthetic RC.
Bins are shown as vertical dashed grey lines.

brightness galaxies and LSB objects of similar maximum velocities was eliminated by
normalizing V (R) on the corresponding disk scale lengths.

In investigating our sample of RC profiles we will construct just one luminosity bin,
because of the data limitation. At its support, lets us note that the URC at low luminosi-
ties converges to a profile independently of luminosity. The DN velocity data are co-added
as it follows: we set 14 radial bins in the position ri1 given by the vertical dashed grey
lines in Fig. 4.3 and reported in Table 4.2. Each bin is equally divided in two, we adopt
that every RC can contribute to each of the 28 semi bins at most with one data point.
When, for a RC more data points concurring to the same semi bin, these are averaged
accordingly. The last bin is set at ri = 1.9 due to the lack of outer data.

1Calculated as a mean value in a bin.
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4. The universal rotation curve of dwarf disk galaxies

Table 4.2: Data in the radial bins. Columns: (1) bin number; (2) number of data points;
(3) the central value of a bin; (4) the average coadded weighted normalized rotation ve-
locity; (5) r.m.s. on the average coadded rotation velocity (6) denormalized on 〈Ropt〉
values of radii, kpc (7) denormalized on 〈Vopt〉 values of velocities, km/s (8) r.m.s. on the
denormalized rotation velocity

i N ri vi dvi Ri Vi dVi

(1) (2) (3) (4) (5) (6) (7) (8)

1 31 0.11 0.21 0.015 0.27 8.28 0.59
2 30 0.22 0.37 0.021 0.54 14.57 0.82
3 21 0.32 0.49 0.019 0.81 19.37 074
4 26 0.41 0.60 0.019 1.03 23. 68 0.78
5 25 0.52 0.68 0.018 1.30 27.03 0.72
6 33 0.63 0.78 0.014 1.58 31.04 0.56
7 34 0.77 0.86 0.016 1.94 34.0 0.63
8 28 0.91 0.95 0.009 2.29 37.42 0.35
9 25 1.03 0.99 0.009 2.60 39.21 0.37
10 28 1.18 1.05 0.010 2.97 41.43 0.38
11 18 1.32 1.07 0.018 3.31 42.50 0.71
12 17 1.45 1.07 0.020 3.65 42.22 0.78
13 20 1.65 1.12 0.020 4.13 44.37 0.80
14 14 1.88 1.20 0.030 4.73 47.53 1.17
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4.3 The URC of Dwarf Disks

Since a galaxy cannot contribute more than twice to every bin i, each of them, centred
at ri (see Table 4.2) and with boundaries shown in Fig. 4.3, has a number Ni data (see
Table 4.2) which runs from a maximum of 68 and a minimum that we have set to be
14. Then, from Ni data in each radial bin i we compute the average weighted rotation
velocity, where the weights are taken from the uncertainties in the rotation velocities
(given online).

In Table 4.2 we report, the 14 ri positions, the values of the coadded DN curve v =

V (R/Ropt)/V (Ropt) and of their uncertainties dv, calculated as the standard deviation
with respect to the mean 1. The universality of this curve can be infered from its very
small r.m.s. values (see Fig. 4.3). Further, we investigate the universality in deep by
calculating the residuals of each individual RC with respect to the emerging coadded
curve (Table 4.2 column 5):

χ2 =

∑
ij

(vij−vi)2

δ2
ij

N
, (4.1)

where vij are the individual RC data referring to the bin i of the DN RC of the j dwarf
disk (j from 1 to 36), vi is the double normalized coadded i value (i from 1 to 14) (see
Fig. 4.3), δij are the observational errors of the normalized circular velocities and N is
the total number of the data points (N = 350) 2.

We consider the 14 vi as an exact numerical function which we attempt to fit with
DN velocity data vij: we found that the fit is excellent, the reduced chi-square is ∼ 1.0

and the reduced residuals dvij = vij − vi are very small, see Fig. 4.4. In fact ∼ 72% of
the residuals is smaller than 1δij, ∼ 26% falls inside 3 δij and only the remaining ∼ 2% is
anomalously large.

Finally, in order to check the existence of biases, we investigate, in all 14 bins, whether
the dvij residuals have any correlation with the optical velocity logV ij

opt of the corresponding
galaxy (see Fig. 4.5). However, we did not find any correlation see Fig. 4.5; DD galaxies
of any luminosity (and Vopt) show the same DN RC profile. In fact, our accurate analysis
shows no evidence of DD with a DN rotation curve relevantly different from the coadded
vi(ri) derived in this section and given in Table 4.2.

It is worth to compare the present results with those of PSS, in Fig 4.B.1 our coadded
RC is plotted alongside with the similar curve of the PSS’s first luminosity bin containing
30 normal spirals with the average I-band magnitude of 〈MI〉 = −18.29. Noticeably,
both coadded DN RCs are in a very good agreement, which indicates that, starting

1Lowercase letters refer to normalized values, while capital letters to the values in physical units.
2i is the index number of a radial bin and ij are the index numbers of a data j in a bin i.
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Figure 4.4: The distribution of residuals in terms of rms, which are listed in column 5 of
Table 4.2.
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Figure 4.5: The vij residuals in the 14 bins versus the optical velocity logVopt. Coefficient
of correlation R2 is ∼ 0.06.
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4.4 Modelling the DN Coadded RC of DD galaxies

from MI ∼ −18 and down to the smallest disk systems, the mass structure of disk
galaxies is simply a dominated dark halo with a density core radius as big as the stellar
disk. Additionally, in the same plot we show 5 galaxies used in PSS sample (the data
are published in Persic and Salucci, 1995), which have Vopt . 61 km/s, for details see
Appendix B.

Therefore, we conclude the existence of the coadded RC for the DD population. This
is the first step to obtain that the kinematics of DD galaxies can be described by a smooth
universal function, exactly as it happens in normal spirals (PSS, Salucci et al., 2007).

4.4 Modelling the DN Coadded RC of DD galaxies

As in normal spirals (see PSS) we mass model the coadded RC data that represent the
whole kinematics of DDs. More precisely,

1. the coadded (double normalized) RC (see Table 4.2), once proven to be universal,
is the basic data with which we build the mass model of DD galaxies;

2. for simplicity, we rescale the 14 normalized velocities vi to the log average values of
the sample 〈Vopt〉 and 〈Ropt〉, 39.6 km/s and 2.1 kpc, respectively. In details, we write:

〈Vi〉 = vi〈Vopt〉;
〈Ri〉 = ri〈Ropt〉, (4.2)

the 14 values of 〈Vi〉 and 〈Ri〉 are also reported in Table 4.2 (columns 6-7), where angle
brackets indicate normalization to the log average values of optical radius and optical
velocity. This RC is the fiducial curve for DD systems. In fact, we take the coadded
DN curve Table 4.2 (columns 3-5) and we apply it to a galaxy with the values of Ropt

and Vopt equal to the average values in our sample. Since all DD RCs have the same DN
profile, the parameters of the resulting mass model can be easily rescaled back to cope
with galaxies of different Vopt and Ropt.

The fiducial rotation curve (Table 4.2 columns 6-8) of DD consists of 14 velocity data
points extended out to 1.9 〈Ropt〉. The uncertainties on the velocities are at the level of
∼ 3% (see Fig 4.3).

The circular velocity model Vtot(R) consists into the sum, in quadrature, of three terms
VD, VHI , VDM that describe the contribution from the stellar disk ,the HI disk and dark
halo and that must equate to the observed circular velocity:

V 2
tot(R) = Vm(R) ≡ V 2

D(R) + V 2
HI(R) + V 2

DM(R). (4.3)

61



4. The universal rotation curve of dwarf disk galaxies

Notice in the RHS of eq. 4.3, we have neglected the stellar bulge contribution that is,
in fact, absent in DDs.

4.4.1 Stellar component

With a constant stellar mass to light ratio as function of radius (see e.g Bell and de Jong,
2001) all 36 DDs have the same surface density stellar profile ΣD well represented by the
Freeman disk (Freeman, 1970):

ΣD(R) =
MD

2πR2
D

e
− R
RD (4.4)

then, the contribution of the stellar disk VD(R) is

V 2
D(R) =

1

2

GMD

RD

(3.2x)2(I0K0 − I1K1), (4.5)

where x = R/Ropt and In and Kn are the modified Bessel functions computed at 1.6 x.
Noticeably, the absence of a significant bulge in these objects simplifies the study.

4.4.2 Gas disk

For each galaxy the gaseous mass MHI was taken from K13, log averaged and then
multiplied by a factor 1.33 to account for the He abundance, then we obtain 〈MHI〉 =

1.7 × 108M�. The HI surface density profile is not available for all DD galaxies of our
sample, therefore we model it, by following Tonini et al. (2006), as a Freeman distribution
with a scale length three times larger that of the stellar disk ΣHI(R) = MHI

2π(3RD)2 e
− R

3RD ,
then, the contribution of the gaseous disk VHI(R) is

V 2
HI(R) =

1

2

GMHI

3RD

(1.1x)2(I0K0 − I1K1), (4.6)

where x = R/Ropt and In and Kn are the modified Bessel functions computed at 0.53 x.
This scheme is fairly well supported in DDs for which the HI surface density data

are available (e.g., data from Oh et al., 2015; Gentile et al., 2010, 2012). In order to
clarify the latter, we plot in Fig. 4.6, alongside the observed RC of HI component and
our approximation of the HI distribution for 5 galaxies of our sample.

In addition, let us stress that the gas contribution is always a minor component to
the DD circular velocities, so that, possible errors in its estimate do not alter the mass
modelling neither affect any result of this paper.
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Figure 4.6: The observed circular velocities of HI taking from Gentile et al. (2010, 2012);
Oh et al. (2015) (points) and the approximation for the distribution of HI component as
described in Tonini et al. (2006) (dashed lines).

4.4.3 Dark halo

Many different halo radial mass profiles have been proposed over the years, in this work
we are going to test the following profiles.

Burkert profile

The URC of normal spirals and the kinematics of individual objects (Salucci and Burkert,
2000b) point to dark halos density profiles with a constant core, and, in particular, to the
Burkert halo profile (Burkert, 1995a), for which:

ρB,URC(r) =
ρ0r

3
c

(r + rc)(r2 + r2
c )
, (4.7)

where ρ0 (the central density) and rc (the core radius) are the two free parameters and
ρB,URC means that we have adopted the Burkert profile for the URC DM halo component.
Hereafter, we will freely exchange the two denominations according to the issue considered.

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

MURC(r) = 2πρ0r
3
c

[
ln
(
1 +

r

rc

)
− tg−1

( r
rc

)
+ 0.5ln

(
1 +

( r
rc

)2)] (4.8)

NFW profile

We will investigate also NFW profile. Navarro et al. (1996b) found, in numerical simula-
tions performed in the (Λ) CDM scenario of structure formation, that virialized systems
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4. The universal rotation curve of dwarf disk galaxies

follow a universal dark matter halo profile. This is written as:

ρNFW (r) =
ρ0

( r
rs

)(1 + r
rs

)2
, (4.9)

where ρ0 and rs are, respectively, the characteristic density and the scale radius of the
distribution. These two parameters can be expressed in terms of the virial mass Mvir =

4/3π100ρcritR
3
vir, the concentration parameter c = Rvir

rs
and the critical density of the

Universe ρcrit = 9.3× 10−30g cm−3. By using eq.(4.9), we can write:

ρ0 =
100

3

c3

log (1 + c)− c
1+c

ρcrit g cm−3;

rs =
1

c

(
3×Mvir

4π100ρcrit

)1/3

kpc. (4.10)

Then, the RC curve for the NFW DM profile is

V 2
NFW (r) = V 2

vir

log(1 + cx)− cx/(1 + cx)

x[log(1 + c)− c/(1 + c)]
, (4.11)

where x = r/Rvir and Vvir represents the circular velocity ar Rvir.
Let us point out that, within the (Λ)CDM scenario, this profile maybe not the one the

present day dark halos around spirals. Baryons, during the formation of the stellar disks,
may have been able to modified the original DM density distributions (see, e.g., Pontzen
and Governato, 2012, 2014; Di Cintio et al., 2014b). We then consider eq. (4.11) as the
fiducial profile of (Λ)CDM scenario, a working assumption useful to frame changes of the
latter.

DC14 profile

A solution for the existence of cored profiles in (Λ)CDM scenario may have emerged by
considering the recently developed DM density profile (see Di Cintio et al., 2014b). This
profile (hereinafter referred to as DC14) accounts for the effects of feedback on the DM
halos due to gas outflows generated in high density starforming regions during the history
of the stellar disk. The resulting radial profile is far from simple, since it starts from an
(α, β, γ) double power-law model (see Di Cintio et al., 2014b)

ρDC14(r) =
ρs

( r
rs

)γ
(

1 + ( r
rs

)α
) (β−γ)

α

(4.12)
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4.4 Modelling the DN Coadded RC of DD galaxies

where ρs is the scale density and rs is the scale radius. The inner and the outer regions
have logarithmic slopes −γ and −β, respectively, and α indicates the sharpness of the
transition. These three parameters are fully constrained in terms of the stellar-to-halo
mass ratio as shown in Di Cintio et al. (2014b):

α = 2.94− log10[(10X+2.33)−1.08 + (10X+2.33)2.29]

β = 4.23 + 1.34X + 0.26X2

γ = −0.06 + log10[(10X+2.56)−0.68 + (10X+2.56)] (4.13)

where X = log10

(
MD

Mhalo

)
.

Then, using the definition of the enclosed mass, we can write down the expression for
the scale density of the DC14 profile:

ρs =
Mvir

4π
Rvir∫
0

r2

( r
rs

)γ [1+( r
rs

)α]
β−γ
α

dr

. (4.14)

Finally, by combining the above eqs. (4.12-4.14) we obtain a density profile as a
function of three parameters rs, Mhalo and MD, which we use in order to define the RC
curve for the DC14 DM profile.

Despite the complexity of the proposed scheme, it is worth to test such DM density
profile based on the analysis of hydro-dynamically simulated galaxies (see Di Cintio et al.,
2014b) drawn from the MaGICC project (Brook et al., 2012b; Stinson et al., 2013b).

4.4.4 Results

In Fig. 4.7 we show that the modelling of the fiducial RC by means of the Dwarf Disk
Universal Rotation Curve (DDURC) mass model: an exponential Freeman disk, a gaseous
disk plus a Burkert halo profile. This result is very successful (see Fig. 4.4) with χ2

red < 1.
The best-fit parameters of the fiducial RC are:

log〈ρ0〉 = 7.53± 0.04 M� kpc
−3;

〈rc〉 = 2.34± 0.14 kpc;

log〈MD〉 = 7.72± 0.15 M�. (4.15)
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Figure 4.7: The synthetic RC (filled circles with uncertainties) and URC with its separate
dark/luminous contributions (red line: disk; blue line: gas; brown line: halo) in case of two
DM profiles: the Burkert DM profile (solid lines), NFW profile (dashed lines) and DC14
profile (dot-dashed line).

The resulting virial mass is 〈Mvir〉 = (1.38 ± 0.05) × 1010M�. Note that quite large
fitting uncertainties in the estimate of the stellar disk masses come from the fact that the
stellar disks are subdominant components in these galaxies.

It is worth to remind that the coadded DN RC of DD (Table 4.2 columns 3-5) would
be identically well fitted and the relative structure parameters can easily be obtained via
the transformation laws in eq. (4.2).

NFW profile fails to reproduce the synthetic RC (see Fig. 4.7), the reduced chi-square
is ≈ 12 and the best-fit parameters

log〈Mvir〉 = 11.74± 0.94 M�;

〈c〉 = 4.46± 3.19;

log〈MD〉 = 2.60+?
−2.60 M�.

lead to totally unrealistic estimates of the stellar disk and halo masses.
The DC14 profile shows the same good quality fit (see Fig. 4.7) as the URC profile

with χ2
red < 1 and similar values of the structural parameters

log〈Mvir〉 = 10.29± 0.02 M�;
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4.5 Denormalisation of the DDURC mass model

〈rs〉 = 2.09± 0.14;

log〈MD〉 = 7.27± 0.14 M�.

Then, in spite of the fact that the galaxies in our sample vary by ∼ 6 magnitudes
in the I band, we obtain a Universal Function of the normalized galactocentric radius,
similar to that set up in PSS, that is able to fit well the DN coadded RCs of DN galaxies,
when extrapolated to our much lower masses.

To summarise, we have worked out the DDURC, i.e. an analytical model for the DD
coadded curve, that represents the RC of DD galaxies. This function is given by eqs.
4.3,4.5,4.8 and by eq. 4.15.

4.5 Denormalisation of the DDURC mass model

In this section we will construct a URC for the DD in the physical units that will cope
with the diversity of RCs evident in Fig. (4.2). In spirals (see PSS) we can easily go
back from a double normalized URC V (R/Ropt)/Vopt to a RC expressed in physical units
V (R/kpc,MI)km/s, where Ropt, Vopt and MI are altogheter well correlated. This is not
the case for DDs where another quantity, the concentration, enters in the above 3-quantity
link.

Let us first remind that in every radial bin the residuals do not correlate with the
optical velocity of the corresponding galaxy (see Section 3). This implies that the DDs
structural parameters of the dark and luminous matter have a negligible direct dependence
on luminosity/optical velocity different from that inherent to the two normalizations we
apply to the individual RCs.

Moreover, given the very small intrinsic scatter of the fiducial DN coadded RC and
the extremely good fit of the DDURC to it, we can write

MD,HI

V 2
optRopt

=
〈MD,HI〉
〈V 2

opt〉〈Ropt〉
≡ const, (4.16)

and derive, in all objects, a direct proportionality between the halo core radius rc and the
disk scale-length RD in agreement with the extrapolation of the corresponding relationship
to that found in Spirals of much higher mass (see Fig. 4.8) (Salucci et al., 2007): log(rc) =

0.47 + 1.38log(RD).
We also assume that V 2

D(Ropt)

V 2
HI(Ropt)

is constant among galaxies and it equals to the value of

the average case 〈V 2
D(Ropt)〉

〈V 2
HI(Ropt)〉 ' 1.1.
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Figure 4.8: The core radius versus disk scalelength. Red circles represent the values of the
URC of normal spirals and green circle represents the best fit values found in the previous
section. Black dashed line is a linear fit to the data of the URC of normal spirals and the
grey dashed line is the extrapolation of the linear fit to the DD regime.

Consequently with the above assumptions, for each galaxy of the sample, we have

MDM(Ropt) = (1− α)V 2
optRoptG

−1, (4.17)

where MDM is the Burkert DM mass inside the optical radius Ropt and α is the fraction
which baryonic matter contributes to the total circular velocity:

α =
〈V 2

HI(Ropt)〉+ 〈V 2
D(Ropt)〉

〈V 2
tot(Ropt)〉

=

= 0.12 ≡ const. (4.18)

Notice that in some galaxies the fractional contribution to V from the HI disk can be
different from the assumed value of ∼ 0.06. However, this has no effect on our investi-
gation. In fact, at the radii where the HI disk is more relevant that the stellar disk, the
contribution of the DM halo becomes overwhelming (Evoli et al., 2011).

By simple manipulations of eqs. (4.16-4.18) with the individual values of Ropt, Vopt,
we get, for each galaxy, the structural parameters of the dark and the luminous matter.
In Table 4.3 we list them along side with their uncertainties obtained from those of the
URC mass model given in eq. (4.15).

68



4.5 Denormalisation of the DDURC mass model

Table 4.3: sample of DD galaxies. Columns: (1) galaxy name; (2) the stellar disk mass;
(3) the stellar disk mass using K-band luminosities; (4) the gas mass; (5)the gas mass listed
in Karachentsev et al. (2013); (6) the core radius; (7) the central density; (8) the halo mass.

Name MD MD(KS) MHI MHI(K13) rc log(ρ0) Mh c
— ×107 ×107 ×107 ×107 — — ×109 —
— M� M� M� M� kpc g/cm3 M� —
(1) (2) (3) (4) (5) (6) (7) (8) (9)

UGC1281 12.2 19.9 39.5 22.1 2.93 -23.6 32.2 1.05
UGC1501 15.1 23.9 48.8 38.4 4.32 -23.9 43.8 0.87
UGC5427 4.63 8.28 15.02 3.93 0.76 -22.5 8.85 1.80
UGC7559 5.2 7.21 16.8 13.9 2.46 -23.8 11.8 0.81
UGC8837 14.9 24.4 48.2 29.8 5.40 -24.2 44.4 0.74
UGC7047 3.28 11.4 10.6 15.3 1.34 -23.3 6.50 1.02
UGC5272 16.4 6.58 53.1 23.1 4.14 -23.8 47.8 0.93
DDO52 19.8 14.7 64.3 27.8 4.24 -23.8 59.8 1.0
DDO101 13.8 49.9 44.7 16.0 2.71 -23.4 36.6 1.17
DDO154 4.58 2.33 14.9 25.3 1.98 -23.6 9.99 0.90
DDO168 12.7 8.28 41.1 29.8 2.28 -23.3 32.4 1.28
Haro29 1.26 3.96 4.11 7.65 0.51 -22.6 2.01 1.34
Haro36 3.92 13.8 15.8 14.9 2.84 -23.5 35.0 1.11
IC10 2.31 17.7 8.80 13.3 0.78 -22.8 4.91 1.39
NGC2366 16.4 28.1 53.2 54.2 4.16 -23.8 47.97 0.93
WLM 1.79 2.94 8.23 9.0 1.29 -23.4 4.84 0.94
UGC7603 17.1 53.5 55.6 55.4 3.42 -23.6 48.8 1.09
UGC7861 9.74 97.3 31.6 41.1 1.51 -23.0 22.5 1.53
NGC1560 14.7 31.5 47.6 142.5 3.37 -23.7 40.7 1.03
DDO125 0.60 7.55 1.95 4.02 1.1 -23.8 0.92 0.55
UGC5423 1.66 15.4 5.39 9.2 1.19 -23.5 2.97 0.82
UGC7866 1.90 9.29 6.15 10.6 1.27 -23.5 3.47 0.83
DDO43 3.0 2.44 9.72 9.42 1.35 -23.3 5.88 0.98
IC1613 0.92 7.05 3.0 7.8 1.46 -23.9 1.52 0.54
UGC4483 0.34 0.6 1.11 4.4 0.29 -22.6 4.51 1.12
KK246 2.51 3.96 9.56 15.6 1.40 -23.4 5.79 0.95
NGC6822 2.94 13.1 9.41 18.8 1.32 -23.3 5.65 0.98
UGC7916 9.45 3.79 30.7 35.8 5.80 -24.4 26.2 0.57
UGC5918 10.4 12.3 33.9 23.1 3.88 -23.0 28.2 0.80
AndIV 2.08 0.77 6.76 27.8 1.06 -23.2 3.79 0.99
UGC7232 1.23 4.77 4.0 3.84 0.34 -22.2 1.87 1.75
DDO133 6.85 10.4 22.2 21.1 2.55 -23.7 16.4 0.90
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UGC8508 0.77 2.13 2.48 2.65 0.50 -22.8 1.15 1.08
UGC2455 9.93 122.5 32.2 87.9 3.21 -23.8 25.9 0.90
NGC3741 0.36 1.44 1.16 10.1 0.27 -22.4 0.47 1.22
UGC11583 13.5 5.73 43.9 24.8 3.67 -23.8 37.6 0.93

4.5.1 HI gas mass and stellar mass

We now check the validity of the assumptions in the previous subsection. We compare our
estimation values of the galaxy HI masses, eq. (4.16), with those given by K13 (calculated
using total HI flux, for more details see K13). We find:

logMHIkin = (−0.18± 1.20) +

+ (1.01± 0.16)logMHIK13 (4.19)

with a r.m.s of 0.3 dex. The value of the slope and the small r.m.s., despite the presence
of some outliers most probably originating from the large range in luminosities and mor-
phologies of our sample, suggest that MHIkin are good proxies of MHIK13 and to adopt
them does not influence any result of this paper.

We also compare the kinematical derivation of the stellar disk masses for the objects in
our sample with those obtained for the same objects from KS band photometry (provided
by K13). Following Bell et al. (2003); McGaugh and Schombert (2015) we adopt a constant
mass-to-light ratio ofM/LK = 0.6×M�/L� and we report them in Table 4.3 asMD(KS).
We find a good correlation between the two estimates:

logMDkin = (2.58± 1.01)

+ (0.64± 0.13)logMDKS (4.20)

with a r.m.s of 0.4 dex. The two estimates are therefore mutually consistent especially by
considering that the kinematical estimate has an uncertainty of 0.3 dex (see Salucci et al.,
2008). Let us also notice that in DD the conversion between luminosity and stellar masses
is subject to a similarly large systematical uncertainty, especially in actively star-forming
galaxies like those present in our sample.

These results, therefore, support well the scheme used in this paper to deal with the
luminous components of DDs.

Furthermore, we compare our results with Lelli et al. (2016), where the authors analyse
a sample of 176 disk galaxies and quantify for them the ratio of baryonic-to-observed
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Figure 4.9: ρ0rc in units ofM�pc−2 as a function of galaxy magnitude for different galaxies
and Hubble types. The data are: the Salucci et al. (2012) the URC of normal spiral galaxies
(red circles); scaling relation from Donato et al. (2009a) (orange shadowed area); Milky Way
dSphs (black triangles) Salucci et al. (2012); DD galaxies (blue squares-this work), B mag-
nitudes are taking from KK13; empirically inferred scaling relation: ρ0rc = 75+85

−45M�pc
−2

from Burkert (2015)(grey shadowed area).

velocity. We have, that this ratio at 2.2 disk scale lengths (following Lelli et al., 2016)
is ∼ 0.4, which is consistent with their values found for a sample of dwarf disk galaxies.
Moreover, we found that the value of gas fraction (fgas ≡ MHI

Mbar
∼ 0.8) in our sample is

consistent with the value found by Lelli et al. (2016), where the authors say that low-
luminosity end disk galaxies are extremely gas dominated with fgas ' 0.8− 1.0.

4.5.2 The scaling relations

Let us plot, the central surface density of the DM haloes of our sample, i.e. the product
of ρ0rc, as a function of B magnitude (see Fig. 4.9). A constancy of this product has
been found over 18 blue magnitudes and in objects ranging from dwarf galaxies to giant
galaxies (e.g Kormendy and Freeman, 2004; Gentile et al., 2009; Donato et al., 2009a;
Plana et al., 2010; Salucci et al., 2012). For the case of DDs, in Fig. 4.9, one can see that
most of the objects of our sample fall inside the extrapolation of Donato et al. (2009a)
relation (see the orange shadowed are of Fig. 4.9) with a scatter of about 0.3 dex of an
uncertain origin.

We now work out the relationships among the various structural properties of the dark
and luminous matter of each galaxy in our sample. These will provide us with crucial
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Figure 4.10: The baryonic mass versus the virial mass for normal spirals (joined red circles)
and for the dwarf dIs (blue shadowed area assuming 0.3 dex scatter, the green circle with
error bars represents the average point of the region). Purple dashed line corresponds to the
parameterised eq. (4.21) of the galaxy baryonic mass as a function of halo mass.

information on the relation between dark and baryonic matter as well as on the DM itself.
Obviously they are necessary to establish a URC for the present sample.

We first derive the galaxy baryonic mass versus halo virial mass relation and compare
it with that of normal spiral galaxies (Salucci et al., 2007), see Fig. 4.10. We take 0.3 dex
as 1-σ error in the baryonic mass (blue shadowed area). Fig. 4.10 highlights that galaxies
of our sample, i.e. DD objects live in haloes with masses below 5 × 1010M� and above
4× 108M�. A similar result was found by Ferrero et al. (2012), who analysed a sample of
dwarf disk galaxies either by using the individual mass modelling or the outermost values
of their RCs in order to define the galactic virial mass.

The relation has a small scatter of 0.02 dex, so that, by following Ferrero et al. (2012),
we can deriveMbar as a function ofMvir by fitting it with the function of 7 free parameters:

Mbar = Mvir × A

(
1 +

(
Mvir

10M1

)−2
)κ

×

((
Mvir

10M0

)−α
+

(
Mvir

10M0

)β)−γ
, (4.21)

we found A = 0.070, κ = 1.80, M1 = 11.36, M0 = 11.59, α = 3.43, β = 0.042, γ = 1.8(see
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Figure 4.11: Left panel: the disk scalelenght versus virial mass. Right panel: the central
density versus core radius. Red circles represent normal spirals, blue squares with error bars
correspond to dwarf disks of this work and the green circle with error bars represents the
average point.

Fig. 4.10).
The other two relationships which are necessary to establish a URC of DD also in

physical units i.e. RD - Mvir or ρ0 -rc, show a very large scatter (see Fig. 4.11) as a
consequence of the presence of DD galaxies in the sample (and in the Universe) with
almost the same stellar mass (luminosity) but with a different size of their stellar disks.
At the face value, relationships in Fig. 4.11 may lead us to exclude the existence of URC
in physical units for dwarf disk galaxies.

Instead, we can proceed and show that the universality is restored by introducing a
new parameter, which we call "compactness" C. We define, for galaxies in the (DD)
sample, the quantity C as the ratio between the value of RD measured from photometry
and that predicted from the measured galaxy disk massMD according to the simple linear
regression MD vs RD tof the whole sample. As regard, we find:

logRD = −3.62 + 0.45 logMD. (4.22)

Then, we obtain the following expression of C,

C =
10(−3.62+0.45 logMD)

RD

(4.23)

that obviously describes the differences of the sizes of the stellar disks reduced at a same
stellar mass. C varies from -0.27 to 0.26 and its distribution in our sample is listed in

73



4. The universal rotation curve of dwarf disk galaxies

Figure 4.12: The disk scalelenght versus virial mass and the compactness parameter C.
Red circles represent normal spirals, blue squares with error bars correspond to dwarf disks
of this work and blue line is the result of the fit (for details see text).

Table 4.3.
By fitting logRD to logMvir with an additional variable logC, we obtain a excellent

fit shown in Fig. 4.12. The model function being,

logRD = −3.90 + 0.37 logMvir − 0.94 logC. (4.24)

this relation just acknowledges the existence of another player in the stellar disk mass-size
interplay.

Then we fit logρ0 to logMvir and logC:

logρ0 = −18.60− 0.48 logMvir + 3.44 logC. (4.25)

Finally, we fit logρ0 -logrc by adding logC as a free parameter. The result of the fit is
shown on Fig. 4.13 and the model function is,

logρ0 = −23.19− 0.93 logrc + 2.23 logC. (4.26)

It is remarkable that a basic property of the stellar disks enters to set the relationship
between two DM structural quantities. Therefore, the scatter, which appears in DD when
we try to relate the local properties of either baryonic or DM can be eliminated by using
an additional parameter C.
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Figure 4.13: The central density versus core radius and the compactness parameter C. The
lines and symbols are as in Fig. 4.12.

Finally, by using eqs. (4.5,4.6,4.8,4.21,4.23-4.26) we derive VDDURC(R,MD, C) the
Universal Function that describes the DD RCs in physical units. Differently, from normal
Spirals it has 2 parameters, disk massMD and concentration C, to account to the diversity
of the mass distribution of these galaxies.

4.6 Summary and Conclusions

We have compiled literature data for a sample of DD galaxies in the Local Volume (. 11Mpc)
with HI and Hα RCs in order to establish their URC in normalized and physical units and
to investigate the related dark and luminous matter properties, not yet studied statisti-
cally in these galaxies. Our sample spans ∼ 2 decades (∼ 106− 3× 108L�) in luminosity,
coincides with the faint end of the luminosity function of disk galaxies. In magnitude ex-
tension is as large as the whole range of normal Spirals usually investigated. The galaxies
in the sample are up to ∼ 4 magnitudes fainter than the lowest limit in the PSS sample.

We find that, the large variations of our sample in luminosity and morphologies require
double normalization, after that we have that all RCs in double normalized units are alike.
This implies that the structural parameters of the dark and luminous matter for the
galaxies in our sample do not have any explicit dependence from luminosity except those
coming from the normalizing process. Additionally, the good agreement of our coadded
RC with that of the first PSS’s luminosity bin indicates that in such small galaxies the
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4. The universal rotation curve of dwarf disk galaxies

mass structure is already dominated by a dark halo with a density core as big as a stellar
disk.

Then by applying to the DN rotation curve the standard χ2 mass modelling of RCs, we
tested three DM density profiles. The NFW profile fails to reproduce the coadded curve,
while the Burkert and DC14 profiles show excellent quality fits with χ2

red < 1. This result
points out to the manifestation of the cored DM distribution in DD galaxies. The same
conclusion was drawn in the papers on Things and Little Things dwarfs galaxies (see,
e.g., Oh et al., 2011, 2015), where the authors found for their dwarfs much shallower inner
logarithmic DM density slopes than those predicted by DM-only ΛCDM simulations. The
present analysis has the advantages of bigger statistics, but above all, is immune from
systematics that can affect the mass modelling of individual galaxies.

We also found, galaxy by galaxy, the values of the dark and luminous matter structural
parameters. Surprisingly, a new actor enters the scene of the distribution of matter
in galaxies, the compactness of the stellar component, which allows us to establish the
DDURC.

As a consequence of the derived mass distributions, there is no evidence for the sharp
decline in the baryonic to halo mass relation. Similar result, for dwarf galaxies in the
field, was found by Ferrero et al. (2012) (see also Pace, 2016). The latter contradicts
to the general predictions of the abundance matching or semianalytical models of galaxy
formation, which predict that there are no DD galaxies in halos with virial mass below
1010M�. Consequently, since in the present study it cannot be just misinterpretation of
the observed RCs (for references see Oman et al., 2016; Pineda et al., 2016), then this
result is an important challenge for the ΛCDM model of galaxy formation and specifically
to the abundance matching technique since there are no obvious explanations for such
behaviour.

Moreover, the S-shape ofMvir−Mbar relation, may be interpreted as different physical
mechanism occurring along the mass sequence of disk galaxies. Theoretically, it has
been shown that the energetics of star formation differs among different galaxies with a
characteristic dependence on the halo-to-stellar mass ratio (Di Cintio et al., 2014b; Chan
et al., 2015) and possibly also on star formation history (Oñorbe et al., 2015).

Finally we recall that the study of the DDURC has lead to the main properties of
dark matter in DDs, it will be integrated by future analyses of suitable individual RCs,
once they will be available in a sufficient number.
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4.A Sample of rotation curves

4.A Sample of rotation curves

In Fig 4.A.1 we show the rotation curves of all observed galaxies used in our analyses,
i.e. the same galaxies as appear in Table 3.1. We note that rotation curves of UGC1501,
UGC5427, UGC8837, UGC5272, IC10, KK149 and UGC3476a are not extended to 3.2
RD (the verdical dashed gray line of Fig. 4.A.1 indicates the position of 3.2 RD for each
galaxy), therefore, in order to know, the value of the circular velocity at these radii we
made extrapolations.

4.B Comparison of the current URC and the URC of
PSS

In Fig. 4.B.1, as already discussed in Section 3, we plot our URC alongside with the
URC of the PSS’s first luminosity bin containing 30 normal spirals. Then, among these
30 normal spirals, the individual RCs of which are published in Persic and Salucci (1995),
we selected 5 galaxies that fit our selection criteria, however not the first one since these
are not Local Volume galaxies. As one can see from the Fig. 4.B.1 all 5 RCs have more
or less the same profile similar to our synthetic RC.
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Figure 4.A.1: Individual RCs. Here the Ropt are indicated by dashed vertical lines.
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Figure 4.A.1: Individual RCs. Here the Ropt are indicated by dashed vertical lines.
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Figure 4.A.1: Individual RCs. Here the Ropt are indicated by dashed vertical lines.
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Figure 4.A.1: Individual RCs. Here the Ropt are indicated by dashed vertical lines.
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Figure 4.A.1: Individual RCs. Here the Ropt are indicated by dashed vertical lines.
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Chapter 5

Conclusions and future perspectives

In this Chapter we summarize the main results obtained and reported in this thesis, and
discuss prospects for future research. A more detailed discussion of our work can be found
at the end of every previous Chapter starting from Chapter 2.

In this PhD Thesis we investigated the structure and dynamics of galactic dark matter
(DM) halos, encouraged by the complex scenario emerging about their mass profile. In
fact, while the standard hierarchical clustering (Λ)CDM scenario leads naturally to the
NFW profile, the latter is challenged by observations. These include

• the much larger predicted number of satellite halos in Milky-Way type galaxies than
observed (missing satellite problem, Klypin et al., 1999; Moore et al., 1999),

• the discrepancy between the predicted sharp increasing of DM halo density profile
(cusp) towards its center and the observations that indicate a constant-density core
(core-cusp problem, Dubinski and Carlberg, 1991; Navarro et al., 1996b, 1997; de
Blok et al., 1996; McGaugh and de Blok, 1998),

• the majority of the most massive predicted subhalos of the Milky Way are too dense
to host any of its observed bright satellites (too big to fail TBTF, Boylan-Kolchin
et al., 2011).

In view of all these galactic and sub-galactic challenges of the standard (Λ)CDM
model and due to the fact that the only evidence of DM is of gravitational origins, it
is reasonable to imagine that what we observe in galaxies is not a new kind of matter
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but a deviation of the law of gravitation with respect to Newtonian Gravity and General
Relativity. Therefore, in this Thesis we test whether a well known modified theories
of gravity, without DM, can be applied to the observed rotation curves (RCs) in order
to account for their inner behaviour. In particular, we analyzed the high quality and
very extended RCs of two objects, the Dwarf Orion galaxy and the spiral galaxy NGC
3198, in the framework of Rn gravity. The latter is the recently proposed theory of the
modification of the usual Newtonian gravitational potential generated by matter as an
effect of power-law forth order theories of gravity (Capozziello et al., 2007). We found
that in these two galaxies the no DM power-law f(R) case fits the RCs much better than
(Λ)CDM halo models, encouraging further investigation of this theory.

Next we study one of the greatest challenges for current numerical cosmology - the
core-cusp controversy. For this purpose, we derived the mass content of the spiral galaxy
NGC 3198 by means of high quality very extended 21 cm kinematical data obtained by
Gentile et al. (2013) combining them with the optical RCs of the innermost region of the
galaxy presented in Corradi et al. (1991); Daigle et al. (2006). Then we mass modelled
the RC of NGC 3198 as consisting of three components, namely the stellar disk, the
gaseous disk and the dark halo. However, it is very well known that the mass models of
spirals have degeneracies that might prevent an unique mass decomposition. The most
important relates to the unknown value of the stellar mass-to-light ratio, that complicates
the derivation of the inner DM density slope. Therefore, in some cases where the RC is
almost always flattish as in NGC 3198, the latter are well fitted by either a core or a
cuspy DM halo, by just adjusting the amount of the stellar matter content. Nevertheless,
in the case of the cuspy NFW profile, we found that the resulting best fit parameters are
not physical. Furthermore, we used the model independent local DM density analysis,
developed by Salucci et al. (2010), in order to discriminate between a core or a cuspy
profile even in this difficult case. In fact, the derived DM density profile of NGC 3198
corresponds to a cored distribution of DM. Additionally we also tested whether the baryon
modified mass-dependent density profile, which emerges from hydrodynamic simulations
(see Di Cintio et al., 2014b) in (Λ)CDM scenario, fits the derived density profile of NGC
3198 with the adequate and physically sound best fit parameters. Such baryonic (Λ)CDM
halo profile fits the detected halo density very well especially in its cored region and the
emerging fit parameters are compatible to those of the cored Burkert profile. However,
at the large distances, ∼ 25 kpc, the DM halo density derived here results in a clash, i.e.
it is significantly overdense than the outcome of the hydrodynamical N-body (Λ)CDM
simulations by Di Cintio et al. (2014b). Similar result was also shown in Gentile et al.
(2007c). Therefore, as a future perspective, it will be extremely interesting to test this
result with more data in order to improve statistical significance.
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In the second part of this Thesis we investigated the dark and luminous matter prop-
erties of dwarf disk galaxies in the Local Volume (∼ 11 Mpc, Karachentsev et al., 2013)
by means of their kinematical data.

Local dwarf disk dominated galaxies are interesting systems for many reasons. First of
all, they are close enough to study their dynamical properties. Second of all, they are the
most common type of galaxies (together with dwarf spheroidals) in the Universe. Dwarf
disk galaxies can be considered late-type galaxies, at least as concerning the rotation curve
and the associated dark matter. Additionally, dwarf low-mass galaxies are characterized
by low baryonic fraction, i.e. they are DM dominated at any radius, which is, therefore,
ideal for studying the structure of DM haloes. Consequently, dwarf galaxies are a key
part of the galaxy formation and evolution.

In this work, we analyzed the kinematical data of a sample of dwarf disk galaxies in
order to extend to them the property related to the concept of RCs universality 1 and
then, to use it to derive their DM distribution.

We considered 36 Local Volume objects for which we collected both the HI and optical
kinematical data. The optical data, by Moiseev (2014), used in our analysis, have never
been applied for the mass modelling before. Furthermore, by investigating the galaxies in
a limited size volume guarantee us against several luminosity biases that may affect such
faint objects. We also would like to stress, that studying the nearest galaxies provides us
a direct window to low-mass systems in the high-redshift Universe (Boylan-Kolchin et al.,
2016).

Our sample includes low surface brightness dwarf irregular galaxies and blue compact
dwarf galaxies; moreover, these objects are spanning ∼ 2 decades in luminosity (∼ 106 −
3× 108L�); as results it is found that their RCs, V (R), in physical units, km/s and kpc
are very diverse. However, surprisingly, once we normalized them on their optical radii
and optical velocities, all our double normalized RCs have become similar to each other,
leading to a universal velocity profile. Noticeably, this universal velocity profile is very
similar to the first luminosity bin of Persic et al. (1996), that contains 30 normal spiral
galaxies with the average I-band magnitude of 〈MI〉 = −18.29.

Then, we applied to the universal double normalized RC the standard mass mod-
elling by using three different DM density profiles: NFW (Navarro et al., 1996a), Burkert
(Burkert, 1995a) and the mass-dependent baryonic halo profile (Di Cintio et al., 2014b).
Next, we used the denormalization procedure and found, galaxy by galaxy, the values of

1The RCs of spirals are rigidly determined by a single function of total galaxy luminosity and of
characteristic radius of the luminous matter distribution. This scenario was set by Persic et al. (1996)
and extended to large galactocentric radii by Salucci et al. (2007).
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the dark and luminous matter structural parameters. The results of this analysis can be
briefly summarized as follows:

• the mass modelling result points to the cored DM distribution in dwarf disk galaxies,
where the cuspy NFW profile fails to reproduce the coadded curve. Additionally,
these systems are totally DM dominated and their density shows a core size between
2 and 3 disk scale lengths;

• similar to what happened in galaxies of different Hubble type and luminosities (see,
e.g., Kormendy and Freeman, 2004; Gentile et al., 2009; Donato et al., 2009a; Plana
et al., 2010; Salucci et al., 2012), the core radius r0 and the central density ρ0 of the
DM halo emerge related by r0ρ0 ∼ 100M�pc

−2;

• no sharp decline in the baryonic to halo mass relation was found. This result is
in contradiction with the general predictions of the (Λ)CDM abundance matching
or semianalytical models of galaxy formation. The latter predict that there are no
dwarf galaxies in halos with virial masses below 1010M�;

• in order to set the relationships between properties of dark and luminous matter,
e.g. the disk length scale versus the halo mass or the central density versus core
radius, we need to introduce a new quantity, which we call compactness C1.

• differently from what happens in normal spirals the Universal Function that de-
scribes the RCs in physical units has two parameters, disk mass MD and the newly
introduced compactness of the stellar component C. This accounts for the diversity
of the luminosities and morphologies of these galaxies.

The above results point out that the cosmological relationships holding in spirals break
down at low-masses. This may indicate that there are some uncounted baryonic effects
and/or some additional physics related to the dark matter particle. Besides, in future, we
are going to use the above results together with the Local Volume luminosity functions
(Karachentsev et al., 2013) in order to construct the corresponding stellar mass and halo
mass functions. This will address the too big to fail and the deficit of small DM halos
issues in a very advantaged situation.

By means of the above described results on the matter distribution in dwarf disk
galaxies we are going to derive the specific angular momentum of the stars in these
objects. The understanding of the relation between the specific angular momentum of

1C is the ratio between the value of RD measured from photometry and that predicted from the
measured galaxy disk mass MD.
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the baryons and that of the DM halo in galaxies of different morphologies is an extremely
interesting task which might help in analyzing theories of galaxy formation and evolution.

Finally, we forecast big progress on the observational front with upcoming large-area
HI interferometric surveys (such as WSRT and ASKAP, and eventually SKA). These data
will greatly enlarge the current sample leading to a wide range of results.

In conclusion, by means of Fig. 5.0.1, where it is shown the central surface brightness
versus the absolute magnitude in I-band for different type of galaxies, we indicate that the
distribution of DM in normal spirals and, most probably, in low surface brightness (LSB)
is known and it diverges from (Λ)CDM predictions. However, for the rest of galaxies we
need farther investigations.Central surface brightness vs 
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Figure 5.0.1: The central surface brightness versus the absolute magnitude in I-band.
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