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Abstract

The detailed knowledge of the dark matter (DM) distribution in the Milky Way (MW)
is important for understanding the interplay between baryons and DM in the processes
involved in galaxy formation and evolution. It is further a key element for experiments
that aim to directly or indirectly detect the DM particle due to theoretically predicted
non-negligible, weak interactions between DM and Standard Model particles.

In this thesis, we aim to determine the distribution of DM in our Galaxy. First,
we constrain the density profile of the DM halo by means of kinematical tracers
of the total gravitational potential. We use objects in circular orbits around the
Galactic centre (GC) as tracers of the total dynamical mass. By subtracting from
the observed rotation velocities the velocities predicted for the visible component of
the Galaxy (stars plus gas) -under the assumption of Newtonian gravity- we derive
constraints on the DM distribution in the MW once a given parameterisation for the
DM density profile is adopted. For the distribution of the visible, baryonic component
of the Galaxy, we adopt a large array of observationally inferred, three-dimensional
density profiles. In this way, we bracket current uncertainties on the shape and the
normalisation of the Galactic visible component.

Our determination of the DM density profile in the MW proceeds from astrophysical
observations. These observations have sizeable uncertainties that need to be properly
taken into account. We further present a full data-driven analysis that quantifies
astrophysical uncertainties that affect the determination of the DM distribution in
the MW, and therefore, the interpretation of results from direct and indirect DM
particle searches.

Furthermore, we study the DM distribution in the inner ~ 2 kpc of the Galaxy. The
inner Galactic region is dynamically dominated by baryons, and it is at the centre of
a long-standing debate on whether the DM profile in the inner regions of galaxies is
core or cusp. In our analysis, we adopt an estimate of the total dynamical mass within
the inner ~ 2 kpc of the MW. By simply subtracting from the total mass the stellar
mass within the region under study, we infer the corresponding DM mass. We further
study how this allowed DM mass translates into the parameter space of a particular
parameterisation for the DM density profile.

Finally, we present a methodology based on kinematical tracers of the total gravita-
tional potential of the Galaxy that can be used for testing modified gravity theories
at the scale of spiral galaxies.
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Introduction

In the standard model of cosmology ACDM, 85% of the Universe matter content is in
the form of a non-luminous, dark component of matter whose presence is inferred due
to its gravitational effect. The nature of the dark matter (DM) particle is unknown.
Nonetheless, from its gravitational effects we can infer some of its properties:

— DM is non-baryonic in nature. This is inferred from upper limits on the bary-
onic matter density derived from observations and predictions of Big Bang Nu-
cleosynthesis (BBN) (e.g. Burles et al. 2001; Iocco et al. 2009) in combination
with the dynamics of clusters of galaxies (Bergstrom 2000), Supernova (SN)
data (e.g. Schmidt et al. 1998) and measurements of the cosmic microwave
background (CMB) power spectrum (Planck Collaboration et al. 2016b, 2018a).
Furthermore, the non-baryonic character of the DM is invoked to explain the
growth and today existence of galaxies and clusters of galaxies (Reid et al. 2010;
Dodelson 2011).

— At the epoch of structure formation, DM must be non-relativistic or cold, mean-
ing that it has a negligible thermal energy, in order to have the same clustering
properties as ordinary matter (e.g. Blumenthal et al. 1984).

— DM must be stable on cosmological time scales.

— DM particles must not experience electromagnetic or strong interactions, oth-
erwise, the DM particle would have been detected yet.

— DM must be collisionless, i.e. there are no interactions within the dark sector,
up to the constraints set by cluster mergers. From the offset (if any) between
the total mass and galaxy peaks in merging clusters, upper limits on the self-
interaction cross-section of DM per unit mass are inferred (e.g. Randall et al.
2008).

The basic processes underlying the formation of structures within the ACDM paradigm
are well understood (e.g. Blumenthal et al. 1984).! Before recombination baryons
and photons were coupled in the thermal bath of the young and hot Universe. DM
perturbations were decoupled from this bath and grew, first mildly in the radiation
dominated Universe, and as a power-law function of time after the matter-radiation
equality. Firstly, overdensities grew with the expansion of the Universe until they
decoupled from the Hubble flow due to their self-gravitational attraction and, thus,
started to collapse. The end-product of the latter gravitational collapse is an equilib-
rium structure known as DM halo. After recombination, baryons decoupled from the
photons and fell within the deep DM potential wells. Baryons cooled down through
radiative losses, falling deeper into the centre of DM halos where they condensated
forming the stars and galaxies we see today.

"'We use the term structure formation when referring to the growth of collisionless DM overden-
sities, and the term galary formation in order to refer to the formation of the visible galaxy by
dissipational collapse of gas in the DM potential well.

1X



Galaxies are embedded in massive DM halos. For example, a typical star formation
spiral galaxy like our own Galaxy, the Milky Way (MW), has a stellar disc that extends
up to =~ 15-20 kpc from the centre of the Galaxy, while the DM halo, in which the
Galaxy is hosted extends up to = 200 kpc. Furthermore, the mass of the halo of DM
is an order of magnitude larger than the mass in stars and gas.

Structure and galaxy formation models are extensively studied through N-body sim-
ulations (e.g. Klypin et al. 2011; Schaye et al. 2015). Although the formation of
structures is well understood, a complete, self-consistent theory of galaxy formation
is still missing mainly due to its complexity. In the processes involved in galaxy for-
mation and evolution, neither the interplay between DM and baryons nor how and
by what extent baryonic processes modify the density profile of the DM component
are fully understood. Parameterisations derived from simulations that describe the
spatial distribution of DM halos are, thus, a jumping-off point for studies that aim to
determine the distribution of DM in galaxies observationally.

In this regard, our Galaxy offers a unique opportunity since we have access to it in
great detail. The goal of this thesis is to determine the distribution of DM in the MW
by confronting DM density parameterisations obtained in N-body simulations with
observations of our own Galaxy. In order to do so, we use tracers of the total gravi-
tational potential, namely objects in circular orbits around the Galactic centre (GC).
By subtracting from the total gravitational potential of the Galaxy the contribution
expected from the pure effect of gravity of the baryonic matter (stars and gas), we in-
fer constraints on the distribution of DM in our Galaxy once a given parameterisation
for its density profile is adopted.

Confronting the observed DM distribution in our Galaxy with results from N-body
simulations could help in a better understanding of the dynamical effects between
baryons and DM, thus, constraining galaxy formation and evolution models. On the
other hand, precise knowledge of the DM density profile in the MW is fundamental for
DM particle searches whose aim is to unravel the very nature of the DM particle. In
this thesis, we aim to further quantify astrophysical uncertainties that affect the deter-
mination of the DM distribution in the MW and, therefore, affect the interpretation
of results from this kind of experiments.

The thesis is structured in three main sections:
e An introductory first section where:

— We describe the basics of structure formation within a ACDM cosmology
and present the benchmark DM density profiles obtained from analytical
and numerical studies about structure and galaxy formation (chapter 1).

— In chapter 2, we present a comprehensive, although incomplete review of
methods to observationally determine the distribution of DM in astrophys-
ical environments.

e A second part of the thesis is dedicated to the astrophysical setup and distribu-
tion of DM in the Galaxy.

— We describe the three-dimensional distribution of the stellar and gas com-
ponents of the MW, usually referred to as the baryonic component of the
Galaxy in chapter 3.

— We derive constraints on the distribution of DM in the MW by means of
dynamical tracers of the total gravitational potential in chapter 4.



— In chapter 5, we study the mass distribution in the Galactic bulge region,
i.e. inner &~ 3 kpc of the Galaxy.

e The last part of the thesis is related to the nature of the DM particle.

— In chapter 6, we quantify astrophysical uncertainties that affect the deter-
mination of the DM distribution in the MW and its effects on interpreting
results from DM particle searches.

— In chapter 7, we describe alternative theories to the DM paradigm and
present a methodology to test these theories at the scale of spiral galaxies
using our own.

xi



Chapter 1

Structure Formation in ACDM

Temperature anisotropies observed in the cosmic microwave background (CMB), which
are shown in figure 1.1, are related to the field of initial matter density perturbations
which are the seeds of the structures we see today. Dark matter (DM) halos are
the end-product of the growth of initial perturbations with respect to the background
density of the young Universe. Matter perturbations or overdensities are characterised
by the density contrast,

5(t) = p(t) — p(t) (1.1)

where p(t) is the background density and p(t) is the average density of the perturbation
both at time ¢. For perturbations of non-relativistic matter (e.g. cold DM and baryons
after decoupling) and smaller than the Hubble radius (i.e. ¢H~!), the evolution of
the density contrast with time is well described by Newtonian gravity. The condition
of perturbations being smaller than the Hubble radius can be rephrased in terms of
mass: Newtonian gravity is a good description for perturbations (of non-relativistic
matter) with an average mass smaller than the mass within the Hubble radius. At
matter-radiation equality the mass within the Hubble radius is ~ 10 Mg!, that is
the growth of all relevant perturbations in the formation of galaxies and clusters of
galaxies can be safely studied within Newtonian gravity.”?

The growth of the relevant perturbations for the formation of galaxies and clusters of
galaxies is driven by the continuity, Euler and Poisson equations given, respectively,
by:

0
P V(pu) =0,

ot
ou VP
% v - Y _va (13)
ot P
V20 = 47Gp.
'We have estimated the average mass within the Hubble radius at matter-radiation equality as
4 )]’
M(< TH) = %pcrit(zeq) {%} ) (12)

where perit and 7y are the critical density and Hubble radius, respectively, at the time of matter-
radiation equality z.q. We have adopted the values of the cosmological parameters given in Planck
Collaboration et al. 2016b. We have made use of Astropy, a community-developed core Python
package for astronomy (Astropy Collaboration et al. 2013, 2018).

2The typical mass of a cluster of galaxies today is ~ 10'* — 10'® M.


http://www.astropy.org
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FIGURE 1.1: Temperature fluctuations observed in the CMB. Reddish
regions are patches of the sky with higher temperature with respect to
bluish regions. Figure taken from Planck Collaboration et al. 2016a.

We decompose the density, pressure, velocity and gravitational potential as a main
component and a small perturbation:

(1.4)

At first order in perturbation theory, the combination of the equations of motion (1.3)
gives the following expression for the evolution of the density contrast:

d?s dd c?

— +2H— = 47Gps + -5 V6. 1.5

ae T T g (1.5)
where ¢2 = 0P/dp is the adiabatic sound speed. The evolution of perturbations is
driven by equation (1.5) while the perturbation is small, i.e. § < 1. At this regime
called the linear regime, the cosmic density field is described by a linear superposition
of sinusoidal perturbations, where each mode is independent of the others. It is clear
from the right-hand side of equation (1.5) that the growth of perturbations depends
on the balance between gravitational and pressure forces. This balance defines the

Jeans scale,
cs [T
Aj=—/—==. 1.6
=25 (16)
Fluctuations can grow only when the gravitational force is bigger than the pressure
gradient. This condition is satisfied when the size A\ of the perturbation satisfies the

inequality A > Aj.

On the other hand, there is another force affecting the linear growth of perturbations,
that is the expansion of the Universe which drives the friction term in the left-hand
side of equation (1.5). The rapid background expansion can prevent the growth if the
timescale for expansion 7., is smaller than the time scale for gravitational collapse
Tgrav- Lhe time scale for gravitational collapse can be approximated by the free-fall
timescale (i.e. the characteristic time on which an object would collapse under its own
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gravitational attraction if no other forces are present). The condition 7ez, < Tgrap is
satisfied before matter-radiation equality, therefore in the radiation epoch there is a
mild growth of perturbations.

The cosmic density field (i.e. the density field of matter perturbations) is a superpo-
sition of modes with different wavelengths:

d(x,t) :/(2(17:6)3@(15) exp (tk - x). (1.7)

The strength of a given perturbation is |6(x, t)|? o< k3P (k), where the power spectrum
P(k) = (|6k|?) measures the power of perturbations on a given scale k. Using the mass
scale (k ~ M~1/3),

5o<k3/2|5k|o<M_nT+3. (1.8)

Therefore for n > —3, the spectrum of perturbations is a decreasing function of the
mass, i.e. on average small scale fluctuations form earlier than larger fluctuations.
This scenario of structure formation is known as hierarchical clustering. A scale-
invariant initial power spectrum, i.e. n ~ 1, is compatible with CMB observations
(Planck Collaboration et al. 2016b, 2018b).

After recombination and once § 2 1, the growth of perturbations enters the nonlinear
regime: sinusoidal perturbations start interacting with each other, and the cosmic
density field is not any more a linear superposition of modes. To properly track the
evolution of overdensities in this regime, numerical simulations are needed in order to
solve equations (1.3). Nonetheless, we can study the growth of nonlinear overdensities
with analytical models. Even though these models are simplifications of the growth
of structures, they provide useful insights into the underlying physics behind the
formation of DM halos. A complete description of the formation of structures in the
Universe in both linear (i.e. § < 1) and non-linear (i.e. § 2 1) regimes is presented
in Padmanabhan 1993, which is used as a source in the development of this chapter.

In the first part of this chapter, we present analytical models for describing the non-
linear gravitational collapse of initial overdensities and compare the results of these
models with N-body simulations. In the second part, we describe different parame-
terisations for the DM density profile used in the literature.

1.1 Analytical Models for Gravitational Collapse

The structures we see today in the Universe were formed from the cosmic density
field of initial perturbations by gravitational instability or gravitational collapse (e.g.
Blumenthal et al. 1984). While perturbations are small, the growth of structure is
described by linear perturbation theory. Once 0; = 1, perturbation theory is not
any more valid, and a full treatment of the evolution needs numerical simulations.
Nevertheless, there are analytical models that describe the gravitational collapse of
an over-density under certain assumptions, such as spherical symmetry. There is
not an analytical model that fully describes the formation and growth of structures
due to the nonlinear character of these processes. On the contrary, these models are
simplifications that offer insight on the physics underlying the formation of structures
through gravitational instability.
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In this section, we repeat the calculation presented in Mo et al. 2010 in order to sketch
two analytical models of gravitational collapse: the spherical collapse of a uniform,
collisionless over-density (Gunn and Gott 1972; Gott 1975; Gunn 1977) and the self-
similar collapse of collisionless matter (Fillmore and Goldreich 1984; Bertschinger
1985).

Since the formation of structures depends on the background cosmological model, in
order to study the gravitational collapse of a given over-density we, firstly, need to
choose a cosmology. For simplicity, let us adopt an Einstein-de Sitter (EdS) Universe,
i.e. flat matter-only Universe (£2,, = 1). Table 1.1 summarises the evolution as a
function of time of the density, scale factor and linear over-density in an EdS Universe.

p(t) o t? a(t) o t2/3 oi(t) o t3/3

TABLE 1.1: Evolution of the density, scale factor and linear over-
density in an EdS Universe as a function of time. We have not included
the decay mode of the linear over-density 6(¢) oc t=!. The linear over-
density can further be written in terms of the growth factor g(a) as

5i(a) x a- g(a).

Let us assume a spherically symmetric region with an initial uniform density p; slightly
higher than the background (or “surrounding”) density p;,

pi = pi(1+ ;). (1.9)
A shell with radius r encompassing an initial mass M; evolves according to Newton’s
equation,

ar 72
Notice that the mass of the shell from the left-hand side and the right-hand side of
the above equation cancel out. The shell has the following specific energy:

a—1<m>2—GM? (1.11)

d27" . C;'.Z\fZ

(1.10)

T2 \at r

For ¢ > 0 and assuming constant the mass M;, the mass shell expands as r Mil/ 312/3
following the Hubble flow. If ¢ < 0, the mass shell is gravitationally bound: there is
an initial period of expansion in which the mass shell is decelerated with respect to the
general expansion of the Universe; at a certain time, the expansion is halted, the over-
density decouples from the Hubble flow and it collapses under its own gravitational
attraction. At the time of decoupling or turnaround, the radius of the mass shell, the
so-called turnaround radius, is maximum. If there is no shell crossing (i.e. the mass
M; within the mass shell is conserved), the evolution of the mass shell can be written
in the following parametric form:

1 1
T/Tmax = 5(1 —cosf) and  t/tmax = —(6 —siné), (1.12)
s

where rpax and tnax are, respectively, the turnaround radius and time. At 0 = ,
the shell turns around and collapses to r = 0 at 8 = 27 and time t.o] = 2tmax. The
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turnaround radius and time are completely specified in terms of the initial conditions:

i 3 ti
max — d tmax - — . 113
" 56;/3 0 4 [58,/33/ (1.13)

It is convenient to use as variables the Lagrangian radius,
_ _\1/3
r(t) = [3M;/4mp(1)] /2, (1.14)

which expands with the Hubble flow, and the initial over-density evolved to time ¢ in
linear perturbation theory, i.e. §;(¢). With these new variables the evolution of the
mass shell takes the following form:

r 1 (1 —cosf) 1 (0 —sind)

nw - zpmamfel M M s 0

The mean over-density within the mass shell is given by

r

p(t) = p(t) [rl(t)r (1.16)

where p(t) is the background density at time t.*> We obtain that the density of the
perturbation at turnaround is 5.55 times larger than the background density, i.e.

p(tmax) = 5.555(tmax)- (1.17)

This corresponds to a linearly evolved perturbation of §;(tmax) =~ 1.06 at turnaround
and an over-density at collapse:

8i(teo) = 1.68. (1.18)

This value is the threshold for the collapse of an object: whenever the linearly evolved
over-density within a mass shell is &~ 1.68, the object is said to have collapsed. From
equation (1.15), we further obtain that the collapsed radius is 7 = 0 and, therefore,
the density is infinite. This is an unphysical solution. Indeed the object collapses
before reaching » = 0 when the virial theorem is satisfied,

Ekin - |Epot|/2' (119)

This implies that ryiy = Tmax/2 at tyir = teol = 2tmax- LThe final state of gravitational
collapse is a system in equilibrium: a virialised halo whose structure is governed by
collisionless dynamics. At virialisation, the over-density takes the value,

. \3
Ayp=1+6=" (tma")_((zma’)(/ i) _ 1gr2 178, (1.20)
P\lvir

Following Bryan and Norman 1998, this over-density has been largely used to charac-
terise a DM halo. A DM halo is an object with mass
4

MViI‘ = gﬂ-r%erpn’“ (1.21)

3Equation valid in the absence of shell crossing.
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where A = 178 and p,, = Quperit is the mean background density.* It is worth
stressing here, that several definitions of A can be found in the literature. In this
thesis, following Klypin et al. 2002; Kafle et al. 2014, we adopt the value A = 340.

The above description, in which we have assumed that the mass within a shell is con-
stant, is referred to in the literature as the spherical collapse model (Gunn and Gott
1972; Gott 1975; Gunn 1977). The assumption of no shell crossing is a good approx-
imation during the first period of expansion up to tmax. After the mass shell turned
around for the first time, it starts oscillating about the centre of the perturbation due
to its collisionless nature. The assumption of no shell crossing is not anymore valid
and the evolution of the mass shell is described by Newton’s equation (1.10) where
we substitute M; by

M(r)=4r /01“ 2 p(r') dr’. (1.23)

In order to understand the oscillation of an individual shell, we must follow the evolu-
tion of all the mass shells that have already turned around. To simplify the problem,
we can assume that the collapse proceeds in a self-similar way: the trajectory of any
given mass shell is the same for all shells once it is rescaled with respect to char-
acteristic length and time scales (Fillmore and Goldreich 1984; Bertschinger 1985).
Before reaching turnaround, a mass shell does not cross the orbits of other shells, and,
therefore, the evolution of the mass shell in this first period of expansion is given by
the spherical collapse model. After the turnaround, we can follow the evolution of the
mass shell using self-similarity solutions.

Self-similarity collapse implies that the trajectories of all shells are the same once
rescaled with respect to a characteristic length and time. Particularly, the trajecto-
ries are the same in the plane (7 = t/tmaz, Ax = 7/Tmaz), Where tpay is the time
at the initial turnaround and 7ryax the initial turnaround radius of the shell. The
characteristic scale for the mass is, however, the mass within the current turnaround
radius My = M (r¢,t). Notice that the variable ryay is the initial turnaround radius
of a particular shell, and r; is the radius of the shell that is turning around at time ¢.
Equation (1.10) can be rewritten in terms of the new adimensional variables (7, A,)
and solved iteratively by numerical methods. For a proper derivation of the mentioned
equation, see for example Mo et al. 2010.

We impose that the initial density perturbation is scale-free, i.e.

L AM,

i
M;

o M, (1.24)

o M3+

thus rpax o r;/0; and the density profile can be written as

e
p(r) o< M;/r® o r™ 0439 (1.25)

For computing this expression, we have assumed that the apocenter of the radial orbit
of a mass shell after first turn around is a fixed value of r.x, that is the mass shell
oscillates with a constant apocenter radius. The specific binding energy of a mass

4pcm is the critical density given by

perie(2) = 31;6(?. (1.22)
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shell is then,
1—e
My Mo o M /s

2

FE ox —

(1.26)

i
T'max T T

For € > %, smaller masses have higher binding energy. Since smaller masses collapsed
first, at t > tmax, the first mass shells to collapse due to their high binding energy are
deeply buried in the halo, their oscillation period is much smaller than the dynamical
timescale, and the change of the gravitational potential during one oscillation is small.
Thus, it can be considered that the apocenter radii of their orbits are constant and
the final density profile is a function of the initial conditions. On the other hand, for
€< %, smaller masses have lower binding energy, and the assumption 7, & Tyax iS not
valid anymore. Physically, the radial orbits have apocenter radius that spread all over
the halo. In this case, the density profile is independent of the initial conditions and
has the form 772. See Mo et al. 2010 for a complete derivation of the density profile.

To sum up, starting with an initial perturbation 6;(r) oc M, ¢, the final density profile

is given by
_92 . 2
rT, ife < %
p(r)ocq _ o ; (1.27)
ro 89 ife> 3.

This means that self-similar collapsed models predict DM density profiles described
by a single power law with a slope dependence on the initial conditions. Nevertheless,
since the mass within the over-density region is not constant, the gravitational poten-
tial is, therefore, a function of time. A time-varying gravitational potential allows the
change of the energy of individual particles within the mass shells through the process
known as violent relaxation (Lynden-Bell 1967), a process that erased information on
the initial conditions of the system.

1.2 Numerical Simulations

N-body simulations became a fundamental tool for studying the formation and evolu-
tion of structures in the Universe due to the non-linear character of the gravitational
collapse process. Numerical simulations track the growth of over-densities from ini-
tial perturbations in the cosmic density background of the early Universe up to the
structures we see today. Figure 1.2 shows an example of the time evolution of the DM
density field tracked by the Millenium simulation (Springel et al. 2005).

The first simulations of a CDM Universe (e.g. Davis et al. 1985; White et al. 1987,
Frenk et al. 1988; Dubinski and Carlberg 1991; Moore et al. 1993), which only included
DM particles,” successfully reproduced the large-scale structure observed in surveys
of galaxies. It was further realised that halos formed through collisionless hierarchical
clustering have universal density profiles, independently of the mass of the halo and
with no dependence on the initial conditions. On the other hand, from analytical
models it is not fully understood the dependence on the initial conditions of the DM
halo density profile, if any. In DM-only simulations, the spherically averaged density
profile of halos from dwarf galaxies (~ 10* Mg) to clusters of galaxies (~ 105 M)
is well described by the well-known Navarro, Frenk & White (NFW) profile (Navarro

5The first DM-only simulation included around 10* — 10° DM particles. These particles, with
masses ~ 1013Mg, are non-relativistic, dissipationless and collisionless.
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FIGURE 1.2: Slice of the DM density field at three different redshifts
obtained in the Millennium simulation (Springel et al. 2005).



Chapter 1. Structure Formation in ACDM

et al. 1995, 1996):

pom(r) = Pe . (1.28)

T T
(&) (1+ %)

with Rg and ps the scale radius and scale density, respectively. This density profile
describes a broken power law. In the outer region of the halo, the density has a steeper
slope than the self-similar analytical solution or isothermal profile, i.e. p o< r=2. Close
to the scale radius, the profile is nearly isothermal, and the inner part of the DM
halo has a shallower slope. The Einasto profile, given in equation (1.31), is another
parameterisation found to also describe the spherically averaged density profile of

halos from DM-only simulations (e.g. Merritt et al. 2006; Navarro et al. 2010; Gao
et al. 2012).

While ACDM simulations where only DM is taken into account successfully describe
the large-scale structure of the Universe, there are mismatches between DM-only
simulations and observations at scales smaller than ~ 0.1 Mpc and masses smaller
than ~ 10! Mg, (see Bullock and Boylan-Kolchin 2017 for a review). Since DM halos
also contain baryons, it is actually unclear if the interplay between baryons and DM
is able to alleviate these observed discrepancies. A complete, self-consistent theory of
galaxy formation is lacking mainly due to its complexity. Galaxy formation poses a
multi-scale problem. For example, a given galaxy

— with mass ~ 102 M, contains stars with masses ~ 1 M. This corresponds to
a mass range of 12 orders of magnitude.

— Furthermore, a super massive black hole (SMBH) at the centre of the galaxy
has a physical size ~ 107% pc and a region of influence ~ 10 kpc, corresponding
to a length scale range of O ~ 1019,

Simulations where baryons are also taken into account, the so-called hydrodynamical
simulations, do not converge into a single picture of the interplay between baryons
and DM. Nevertheless, they seem to agree on some common features (Silk et al. 2013)
such as the effect of supernova (SN) driven flows in modelling low mass galaxies (e.g.
Governato et al. 2010; Pontzen and Governato 2012) and the formation of stellar discs
(Scannapieco et al. 2009; Brook et al. 2011) or Active Galactic Nuclei (AGN) feedback
changing the fate of massive galaxies (e.g. Peirani et al. 2008; Martizzi et al. 2012;
Choi et al. 2017).

Several processes where baryons are involved are known to affect the DM density pro-
file of halos. For example, the cooling of baryons and their further condensation in the
centre of the halo might steepen the inner slope of the DM density profile (Blumenthal
et al. 1986). Or the above mentioned SN and AGN feedbacks might produce cores in
dwarf and massive galaxies, respectively. Nevertheless, hydrodynamical simulations
involve many physical scales, thus posing a complexity which prevents to realistically
treat all the relevant physics involved.

1.3 Dark Matter Halo Density Profiles

In this section, we describe different parameterisations of the DM density profile as
presented in the literature. We do not aim to give a complete list of profiles but to
highlight the characteristics of the most relevant ones. Density profiles are written,
firstly, in its wsual formulation and, secondly, in terms of the Sun’s galactocentric



Chapter 1. Structure Formation in ACDM

distance and the local DM density, i.e. Rg and pg, respectively. The reason for the
latter formulation is twofold: first, to highlight the relevance of Galactic parameters
in the determination of the DM distribution in our Galaxy and, second, due to the
relevance of the DM density in the solar neighbourhood for searches of the DM particle.

All the parameterisations here described present spherical symmetry. This assumption
might be a source of systematics in determinations of the shape of halos since DM-
only simulations predict triaxial halos (e.g. Stadel et al. 2009; Munioz-Cuartas et al.
2011; Vera-Ciro et al. 2011; Schneider et al. 2012; Vera-Ciro et al. 2014). However, the
inclusion of baryons tends to rounder the distribution of DM (Kazantzidis et al. 2004;
Bailin et al. 2005; Gustafsson et al. 2006; Kazantzidis et al. 2010; Bryan et al. 2013).
The assumption of spherical symmetry might introduce systematic uncertainties as
large as 35% in the determination of the DM distribution in the MW (Bernal et al.
2014) and ~ 21% in the estimation of the local DM density (Pato et al. 2010).

1.3.1 Isothermal

One of the first evidences of the existence of a missing component of non-luminous
matter was the flat rotation curve (RC)® of spiral galaxies (e.g. Rubin et al. 1978,
1980). The flatness of the RC (i.e. V.(r) ~ constant) well beyond the end of the
luminous matter could be explained by the existence of a missing mass with density
profile p oc 772. On top of that, dwarf galaxies seem to have a constant-density core up
to the extent of the luminous component in order to explain the observed, approximate
linear growth of rotation velocities with galactocentric distance (e.g. Carignan and
Freeman 1988; Jobin and Carignan 1990; Moore 1994; de Blok et al. 2001; Oh et al.
2015). These observations, together with the observed flat RCs in spiral galaxies,
favoured the isothermal density profile given by the following expression:

2
Pe R.+ R
poMm (1) = —————5 = po <R n r0> . (1.29)
T C
1+ (%)

This profile is characterised by two parameters: the radius of the core R. and the
constant density within the core p.. The r~2 density dependence of the isothermal
profile is further obtained in analytical collapse models.

1.3.2 Generalized NFW

The density profile of DM halos has been extensively studied using numerical sim-
ulations (see Navarro et al. 1995, 1996; Fukushige and Makino 2001; Navarro et al.
2004 and references therein). Individual halos ranging from dwarf galaxies up to clus-
ters of galaxies are selected from cosmological simulations,” and they are re-simulated
with higher resolution. The density profiles are found to be independent of its mass
(Dubinski and Carlberg 1991). Furthermore, the Navarro, Frenk & White profile in
equation (1.28) is found to fit simulated density profiles averaged over spherical shells
for a broad range of masses: from dwarf galaxies up to galaxy clusters (Navarro et al.

5The RC of disc galaxies, namely the rotation velocities as a function of the distance from the
centre of the galaxy, is thought to trace the mass enclosed within the radius at which each velocity
is measured (see chapter 2 for more details).

"Cosmological simulations describe the formation and evolution of structures at cosmic scales,
that is at cosmologically representative volumes.

10
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1996). At the inner part of the halo, the NFW profile has a shallower radial de-
pendence 7~ with respect to the isothermal profile found in self-similar models for
spherical collapse, i.e. p oc 7~2. On the other hand, at the outer part of the halo, the

slope is found to be steeper with radial dependence 3.

DM density profiles from dwarf galaxies inferred from HI rotation curves reveal the
presence of an inner core of constant density (e.g. Carignan and Freeman 1988; Jobin
and Carignan 1990; Moore 1994; de Blok et al. 2001; Oh et al. 2015).% On the other
hand, the inner density profile of spiral galaxies, and in particular, the inner density
profile of our own Galaxy, is at the centre of a long-standing debate on whether the
profile has a core or a cusp. Furthermore, not all DM-only simulations found the
same inner slope (Klypin et al. 2001). The generalised NFW (gNFW) profile is a
generalisation of the NFW profile given in equation (1.28) which takes into account
the unknown inner density profile of DM halos. It takes the following form,

P Ro\" [ Rs+ Ro\*"
pom(r) = 5 = 0 (:) (E n ro , (1.30)
(%) (1+ %)

allowing for a core, v = 0 or a cusp 7 = 1. The NFW profile is recovered with v = 1.
This profile is characterised by three free parameters: ~ or the inner slope of the
logarithmic density profile, the local DM density pg which is the DM density at the
Sun’s position and the scale radius Ry which is the radius at which the logarithmic
density slope changes from v to 3 — 7, i.e. the radius at which the profile changes its
shape.

1.3.3 Einasto

With the improved resolution of dark matter-only N-body simulations, it was found
that DM density profiles towards the centre of the halo become shallower more grad-
ually than predicted by the NFW profile. This implies that the latter profile under-
estimates the density in the innermost regions of the halo (e.g. Merritt et al. 2006;
Navarro et al. 2010; Gao et al. 2012). In order to account for this effect, an Einasto
profile (Einasto 1965) was proposed to describe the spatial density profile of simulated
halos (Navarro et al. 2004; Hayashi and White 2008). This profile takes the following

st o2 [(2) 1]} aa

Rewritten in terms of pg,

pom(r) = po exp {—2 K}gs)“ — (gﬁ)a] } : (1.32)

The logarithmic slope is then a power law with a radial dependence,

dIn @
B(r) = _dlnf =2 <£S> . (1.33)

Thus, towards the centre of the halo, the density profile continues to become shallower,
contrary to the 7~ cusp of the NFW profile.

81t is worth highlighting that these observations might be subject to systematic uncertainties (see,
e.g. Genina et al. 2018 and references therein).

11
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It is important to notice that not all DM-only simulations find the same slope of
the density profile at » — 0 (e.g. Fukushige and Makino 1997; Moore et al. 1999;
Subramanian et al. 2000). This highlights the difficulty in simulating the innermost
part of a halo. Simulated slopes should be taken with caution since they could be
affected by systematics due to limited numerical resolution, thus highlighting the
importance of testing the results of numerical simulations against observations.

1.3.4 DC14

Until now, we have referred to numerical simulations and analytical solutions that
favour a single halo profile independently of the mass. This picture inferred from
DM-only simulations is disfavoured by observations and hydrodynamical simulations
(e.g. Di Cintio et al. 2014b; Di Cintio et al. 2014a; Schaye et al. 2015). Recent
hydrodynamical simulations indicate a relation between the inner slope of the DM
density profile and the star formation efficiency, i.e. the stellar-to-halo mass ratio
M, /Mypa1o (Di Cintio et al. 2014b; Di Cintio et al. 2014a; Tollet et al. 2016; Maccio
et al. 2017). This dependency, which is shown in chapter 5, is taken into account
in the DiCintio or DC14 profile which describes the distribution of halos in recent
hydrodynamical simulations (Di Cintio et al. 2014b; Di Cintio et al. 2014a). It takes
the following formula,

R\ B=—y
L+ (g2 :
P Ry K (Rs)
(e ) ()

(i) [+ (&) ] :
with inner, intermediate and outer slopes given as a function of the stellar to halo
mass ratio,

v =2.94 —log, [(10z+2.33)—1.08 N (10%2'33)2_29]

a = —0.06 + logq [(1Om+2.56) —0.68 i (1Om+2.56)} (1.35)

B =4.23 + 1.34z + 0.2622,

where x = logyo (My/Mhpalo)-

It is worth highlighting that not all hydrodynamical simulations have found a corre-
lation between the shape of the DM density profile and the star formation efficiency
(Vogelsberger et al. 2014; Schaye et al. 2015; Bose et al. 2018). This discrepancy be-
tween numerical simulations is due to different subgrid physics implementations. For
example, the star formation threshold” adopted in the simulation plays a fundamental
role in the formation of cores in simulated dwarf galaxies, as shown in Bose et al. 2018
and Benitez-Llambay et al. 2018. For this reason, although baryonic physics seems
able to modify the shape of the DM density profile, the magnitude of this effect and
its mass dependence remain unclear. Furthermore, the existence of a universal density
profile that accounts for the effect of baryons in the DM halo is unknown.

9The star formation threshold is the value of the number density at which gas is turned into stars
in a numerical simulation.

12
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FIGURE 1.3: Isothermal (orange), gNFW (dashed green), Einasto
(dash-dotted blue) and DiCintio (dotted purple) DM profiles. The
core and scale radius are, respectively, R. = Rs; = 10 kpc, the scale
density ps = 0.4GeV/cm3. For the gNFW profile, v = 1, for the
Einasto profile a = 1, for the DiCintio profile v = 1, @ = 0.5 and
B = 3. All the profiles are normalised to the same density at 10 kpc

from the halo centre.
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Chapter 2

Observational Methods to
Determine the Distribution of Dark
Matter in Astrophysical Objects

In this chapter we offer an overview of different existing methodologies which can be
used to observationally infer the distribution of dark matter (DM) in halos. It is not
intended to provide a complete list of methods, though to present a comprehensive
review of the most-common methodologies found in the literature.

A precise knowledge of the distribution of DM in astrophysical objects of different
scales, ranging from dwarf galaxies to clusters of galaxies, is important for constrain-
ing galaxy formation and evolution models. The Navarro-Frenk-White (NFW) or
Einasto density profiles are good descriptions of the mass distribution of DM halos
from DM-only simulations. These parameterisations are commonly adopted in studies
that aim to observationally constrain the distribution of DM in astrophysical systems.
The goodness-of-fit of these profiles to real objects can help understanding the inter-
play between baryonic processes and DM in the formation and evolution of galaxies.
Whether DM-only simulations -within the ACDM paradigm- predict the same DM
density profile independently of the mass of the halo, feedback processes from the
modelling of baryons in hydrodynamical simulations affect the DM distribution in a
way that is not fully understood but seems to correlate with the mass of the halo.

Different methodologies constrain the distribution of DM in different astrophysical
environments. For instance, the rotation curve (RC) method applies to rotationally
supported galaxies or the mass distribution in clusters of galaxies can be derived
via gravitational lensing or/and X-ray measurements. The methods to constrain the
distribution of DM which are described in this chapter are the following:

— Jeans analysis. For instance, this method is used for constraining the distribu-
tion of DM in the halo of the Milky Way (MW) or in dwarf galaxies. It is further
used in studies of the gravitational vertical force in the solar neighbourhood.

— RCs trace the total dynamical mass in rotationally supported or disc galaxies.

— Gravitational lensing constrains the distribution of mass in clusters of galaxies
or massive galaxies.

— X-ray measurements of hot gas applies to clusters of galaxies or elliptical galax-
ies.

In the following sections, we describe each of these methodologies.

14
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2.1 Jeans Analysis

A stellar system can be described as a collection of particles in six-dimensional phase
space, i.e. the system is instantaneously described by the distribution function (DF)
f(x,v). The dynamics or time evolution of a self-gravitating stellar system, under
the assumption that there is no interaction between individual stars, is driven by the
collisionless Boltzmann equation (CBE),

df _of 0P of
dat +Z 8 Z@azlavz (2.1)

where the DF has a direct dependence on time ¢, f(x,v,t), and ® is the gravita-
tional potential. The system is completely characterised by its six-dimensional DF,
nonetheless, in practice it is extremely difficult to solve equation (2.1). For this rea-
son, the CBE is integrated over velocity in order to obtain a set of functions of the
three-dimensional position, the so-called Jeans equations (Mo et al. 2010; Binney and
Tremaine 2011).

The Jeans equations describe the conservation of mass and momentum of a stellar
system under the assumption of dynamic equilibrium, i.e. df/0t = 0. In cartesian
coordinates, Jeans equations take the following form:

) o, Ou) 1= 0mal) oo
ot +Z<UZ> or; n; Ox; ox;j =0, (2:2)

where

<vf)(az) = 1 /vff(m,v) d3v, (2.3)

n

is the k-th velocity moment of the DF, n is the number density (of the tracer popu-
lation) or zeroth velocity moment,

a:):/f(a:,'v)d3v, (2.4)

and o;; = (v;v;) — (vs)(v;) is the velocity dispersion tensor, with

(viv;) (@) = % / v, f (@, v) do. (2.5)

The Jeans equations do not form a closed set of equations. This is, there are three
equations and nine unknowns (3 velocities plus 6 velocity dispersions). Therefore, we
need to make further assumptions in order to solve the equations. This methodology is
extensively used for studying the dynamics of diverse stellar systems. Among others,
the equations constrain the mass distribution in the outskirts of the MW (i.e. region of
the Galaxy with galactocentric distances larger than ~ 20 kpc), the dynamics of dwarf
galaxies or the gravitational vertical force in the solar neighbourhood. Depending
on the stellar system we aim to study, the assumptions made for solving the set of
equations vary accordingly.

15
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2.1.1 Milky Way Stellar Halo

Jeans equations are used to study the dynamics of stars from the stellar halo of our
Galaxy (e.g. Deason et al. 2013) or the dynamics of dwarf galaxies (e.g. Bonnivard
et al. 2015b). For both cases, we assume spherical symmetry. Under this assumption,
equations (2.2) reduce to

1d0p0r) | g% _GMon(< 1), (2.6)

r2

p dr

where o, and p are the radial velocity dispersion and density profiles of the tracer
population of stars, respectively, G is Newton’s gravitational constant, Mo (< 1) is
the total enclosed mass within radius r and §(r) is the anisotropy parameter,

bry=1-221% (2.7
r)=1- ; :
202

where o4 and oy are the axial and azimuthal velocity dispersions, respectively. The
anisotropy parameter can take values in the range [—oo, 1]. If 8 > 0, radial motions
dominate the dynamics of the stellar system. However, if 8 = 0, the system is isotropic
and, if 5 < 0, tangential motions dominate the dynamics. If 5(r) is not known, this
analysis suffers from the mass-anisotropy degeneracy, that is, the same radial velocity
dispersion profile can be obtained by either increasing the mass of the system or by

decreasing the anisotropy parameter.

Notice that for deriving equation (2.6), we have taken into account Poisson’s equation,
V2P, (x) = 4mGpi(x), (2.8)

assuming that the total gravitational potential is spherically symmetric.

As an example, let us schematically study the dynamics of the outskirts of our Galaxy
by means of stars from the stellar halo of the MW. Surveys, such as, the SDSS/SEGUE
or LAMOST surveys measured line of sight (l.o.s.) velocities for large samples of
different type of stars -belonging to the stellar halo- up to distances of approximately
160 kpc from the centre of the Galaxy (e.g. Kafle et al. 2014). These are heliocentric
l.o.s. velocities that, first, need to be corrected for the solar motion relative to the
Galactic centre (GC). In this way, L.o.s velocities in the local standard of rest (LSR)!
are obtained.

There are three unknowns in left-hand side of equation (2.6): The stellar density
profile p of the tracer population, the anisotropy parameter S and the radial velocity
dispersion profile o,.. For the former, a broken power-law distribution is commonly
adopted. The slope of the density profile of the tracer stars, «, equals values in the
range 2-3 up to ~ 20 kpc from the GC and beyond this radii, & ~ 3.8 — 5 (e.g. Huang
et al. 2016). The anisotropy parameter S can be obtained, for instance, from proper
motions of halo stars (e.g. Deason et al. 2013) or by means of simulations (e.g. Xue
et al. 2008). The radial velocity dispersion profile o, is related to the measured l.o.s.
velocity dispersion profile by the following equation,

Ol.0.s.
V1-B(r)A(r)

'The LSR is a system co-moving along a circular orbit around the GC with a velocity equal to
the local RC velocity ©g.

(2.9)

or =
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where A(r) is a correction factor (Dehnen et al. 2006),

P24+ R2 (- R2)’
47“2 87‘3R0

A(r) = : (2.10)

with Ry the Sun’s galactocentric distance. We can, thus, derive the mass distribution
profile in the outer part of the Galaxy by solving equation (2.6). It is important
to stress here that the procedure briefly described above it is not the unique way of
solving equation (2.6), see, for instance, Kafle et al. 2012, 2014.

The Jeans equations under the assumption of spherical symmetry are also used to
determine the mass distribution in the inner regions (up to ~ 2% of the virial radius?)
of clusters of galaxies using individual galaxies as tracers of the total gravitational
potential (Kelson et al. 2002; Newman et al. 2013b). Since for a given cluster only
few individual galaxies are observed, a stacked analysis combining kinematics from
several clusters is a common practise (see e.g. van der Marel et al. 2000; Newman
et al. 2013b). This methodology has been further used to probe the DM density profile
in the inner part of elliptical galaxies by means of stellar kinematics (e.g. Cappellari
et al. 2006) and other tracers, such as globular clusters, for probing the outer density
profile (e.g. Dekel et al. 2005).

2.1.2 Local DM density

Jeans equations can be used to constrain the gravitational vertical force in the vicinity
of the Sun by means of stars with observed vertical number density and velocity
dispersion profiles (Kuijken and Gilmore 1989). In this way, we can determine the
DM density in the solar neighbourhood (e.g. Silverwood et al. 2016). For this specific
application, we need to rewrite Jeans equations (2.2) in cylindrical coordinates. Under
the assumption of axial symmetry (i.e. the coupling between axial and vertical motions
and the tracer population density are independent of the axial angle ¢), the Jeans
equation in the z-direction takes the following form:

1 O(Rnogr,) 10 9y d®
En_ B8R +5$(no)_ o (2.11)

where the first term, the so-called tilt term, couples radial and vertical motions. With
the further approximation that the tilt term is zero, equation (2.11) has the following

analytical solution:
C z 1 09(2)
n= a—z exp (—/0 d7 20 02 )’ (2.12)

z

where C' = 02(0)n(0) is a normalisation factor that sets the number density at z = 0.
It is important to highlight that using Jeans equations implies that tracer stars are
in dynamical equilibrium. Furthermore, we are describing a simplified version of this

2The virial radius is the radius of the sphere which encloses an average DM density equal to pyir.
In this thesis, we use the following two definitions of pyir:

Pvir = 340 x Qmpcrit

and
Pvir = 200 x Pecrit -
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methodology. A more realistically analysis must include the tilt term since vertical
and radial motions are not decoupled (Biidenbender et al. 2015).

As in the spherical case, we need to couple equation (2.12) with Poisson’s equation.
In cylindrical coordinates, assuming that the underlying gravitational potential has
axial symmetry, i.e. 9®/0¢ = 0, Poisson’s equation (2.8) takes the form:

10 0P 0P
_ 10 90%R) 0% (2.13)
"~ ROR OR 022
o
0227

The flatness of the RC around the Sun’s position allows the step from the second to
the third line in the above equation. The final system of equations, that need to be
solved, is composed of equations (2.12) and (2.13). It is important to highlight, that
equation (2.13) depends on the total density and total gravitational potential, while
n and o, in (2.12) refer to the number density and vertical velocity dispersion profiles
of the stellar population used as tracers of the gravitational potential.

There are many approaches in order to solve the system of equations (2.12) and (2.13).
The positions and vertical velocities for a sample of stars -of a given stellar population-
are the observations, from which we can infer the number density and vertical velocity
profiles by binning the data. By plugging these profiles of the tracer stellar population
into equation (2.12), we can, thus, obtain the gravitational vertical force and, further,
set constraints on the local DM density once a given model for the stellar and gas
content in the solar neighbourhood is adopted.

This methodology schematically described above is referred to in the literature as a
local method for determining the local DM density, po (e.g. Read 2014). Contrary to
global determinations of pg using the RC, local methods are model independent since
no parametric DM density profile need to be adopted. Local estimations of pg result
in an ample range of preferred py values (see Buch et al. 2018; Sivertsson et al. 2018
and references therein). These estimations are affected by systematic uncertainties
due to the type of stars used as tracers of the gravitational vertical force in the solar
neighbourhood or/and the presence of disequilibria in the data (Banik et al. 2017).

2.2 Rotation Curves

The formation of stellar discs in galaxies has been largely studied using numerical
simulations (e.g. Navarro and Benz 1991; Navarro and Steinmetz 2000; Scannapieco
et al. 2009). From simulations we have learned that the timing of star formation
and galactic winds play a fundamental role in forming discs (Scannapieco et al. 2009;
Brook et al. 2011).

At early times, asymmetries in the field of initial perturbations produced tidal torques
between surrounding over-densities that got, in this way, angular momentum (e.g.
White 1984). Gas collapsed into DM halos and if angular momentum is conserved,
it settled down into disc-like configurations where stars formed. Nonetheless, discs
are unstable structures against rapid changes on the underlying gravitational poten-
tial. Loss of angular momentum occurred during mergers, interactions with other
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galaxies or gas accretion. For instance, if the angular momentum of the accreted gas
and the stellar disc are misaligned, the stellar disc is destroyed (Scannapieco et al.
2009). Since the merger rate decreases with time in ACDM, stellar discs need to form
late in order to survive until present. For this reason, there must be feedback pro-
cesses, particularly supernova feedback for galaxies with masses similar to the MW
and smaller, that delays the formation of stars to later times. Furthermore, supernova
driven galactic winds remove low-angular momentum gas which is later re-accreted
with higher angular momentum (Brook et al. 2011).

The stellar discs we observe today in the Universe are stable structures due to rotation
around the centre of the galaxy with conservation of angular momentum. The stability
of the disc is due to the balance between centrifugal and gravitational force,

v2(r) = rF(r), (2.14)

where r is the distance to the centre of the galaxy, v is the circular velocity of an object
around the centre of the galaxy and F is the gravitational force both at galactocentric
distance r. Circular or rotation velocities in the disc trace, therefore, the underlying
total gravitational potential.

Under the assumption of spherical symmetry the above equation takes the following
form:

> GM,
’UQ(’I‘)— d :G tt(<r)

=r— . 2.15
74d7“ T ( )

Observed RCs of disc galaxies can be measured via the Doppler shift of the 21-cm
emission line of neutral atomic hydrogen (e.g. de Blok et al. 2008). The observed
velocities trace the total or dynamical mass distribution of the galaxy. By subtracting
from the observed velocities, the velocities predicted by the pure effect of gravity of
the visible matter, we can infer constraints on the distribution of DM once a given
parameterisation for the DM halo is adopted.

Disc galaxies are morphologically decomposed into several components: Bulge, stellar
disc, gas and DM halo. Predicted, total rotational velocities are the quadratic sum of
the velocities of each of these components. This is,

dd;
Upred (1) = D7t = D 0i(1) = vpm (1) + vgas(1)® + Tostars ()’ (2.16)

3 7

where i runs for all the components of the galaxy and T is the mass-to-light ratio.’
We have encoded the contribution of the bulge and stellar disc into a unique circular
velocity profile for stars, vgars(r). If the density profile p; of each component is known,
circular velocities are obtained by combining Poisson’s equation (2.8) with equation
(2.14), that is:

pi(x) — Pi(x) — vi(R).

A parametric function for the three-dimensional density of stars can be constrained
by means of the measured surface brightness profile. The same apply for the gas
component whose surface profile can be inferred from the observed HI surface density.
For the DM halo, a given parameterisation for its density profile needs to be further
adopted.

3The mass-to-light ratio Y is the ratio of the stellar mass within a given spatial volume over its
luminosity, that is, it converts measured light distribution into mass distribution.
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By comparing observed and predicted velocities, we can infer constraints on the pa-
rameters of the DM density profile. An important caveat of this methodology is the
so-called disc-halo degeneracy due to the unknown mass-to-light ratio Y. The latter
ratio converts measured light distribution into mass distribution and it constitutes
one of the main uncertainties of the RC technique (e.g. Lelli et al. 2017a). Its value
varies with the measured luminosity waveband and it can be obtained from stellar
population synthesis models (e.g. Bell and de Jong 2001).

The flatness of observed RCs from spiral galaxies constitute one of the first evidences
for DM (see e.g.Bosma and van der Kruit 1979; van Albada et al. 1985; Sofue and
Rubin 2001). The visible component of galaxies alone is unable to reproduce the
observed rotation velocities. The mismatch between observed and predicted (only
baryons) velocities is explained by means of a dark component of matter whose pres-
ence is inferred by its gravitational effect. RCs are the main technique to determine
the mass distribution in disc galaxies and it is the methodology we are going to use
to determine the distribution of DM in our own Galaxy (see chapters 4 and 6). This
method can be further used to test modified gravity theories at the scale of spiral
galaxies (see chapter 7).

2.3 Grayvitational Lensing

Gravitational lensing describes the deflection -by an intervening object named the lens-
of light, emitted by a source object, in its way to the observer. This phenomenon is
a consequence of the fact that massive astrophysical systems change the geometry
of space-time, curving the space-time itself as predicted by the theory of General
Relativity. The deflection of light produces multiple images of the source and/or
distortion of the source’s image.

There are several applications of gravitational lensing such as, for example, measuring
the projected two-dimensional mass distribution of the lens (e.g. Fort and Mellier
1994; Rusin and Ma 2001; Bolton et al. 2008a,b; Auger et al. 2010; Suyu et al. 2010)
or constraining cosmological parameters (Refsdal 1964). Gravitational lensing further
acts as a cosmic telescope magnifying faint and distant galaxies that would otherwise
remain unobserved by current telescopes. Micro lensing of stars in the Galactic bulge
by foreground galaxies (i.e. the amplification of the light curve of stars in the Galactic
bulge) can be used to constrain the Galactic bulge mass (e.g. Iocco et al. 2011) -
technique applied in the analyses of this thesis- or the structural properties of this
inner component of the Galaxy (Stanek et al. 1997). Microlensing events had been
further suggested as a tool for searches of DM in the form of massive compact halo
objects (MACHOs) (Paczynski 1986).*

Under the thin lens approximation,® gravitational lensing is the transformation of the
two-dimensional position, 3, of the source in the source plane into the two-dimensional
position of the image, 6, in the image or deflector plane (see figure 2.1). This trans-
formation is given by the following equation,

B=6-aq, (2.17)

“MACHOs are objects made of baryonic matter that do not emit radiation.
5In the thin lens approximation, the size of the deflector or lens is much smaller than the distances
between the observer and the lens and between the lens and the source.
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FIGURE 2.1: Schematic lensing geometry. Dgs, Dq and Dy are the
angular diameter distances between deflector and source, deflector and
observer, and source and observer, respectively.

which depends on the total gravitational potential of the deflector, particularly on the
projected mass distribution along the l.o.s, (). For a circularly symmetric lens with
constant surface density ¥, the deflection angle a is®

4GS, DgDas
o= _—=
c2 Dq

6. (2.18)

It is useful to define the Einstein’s radius which defines the radius of the image ring

observed for a point source perfectly aligned with a circular surface density lens, i.e.

B = 0. For this particular lens-source configuration, the Einstein radius takes the

form,

4G M(< QE) Dys 1/2
c? Dy Dy

Although, this equation must be generalised for the case of non-circular deflectors, it

highlights the dependence of the Einstein radius with the total enclosed mass M(< 0g)
of the deflector and with the redshift of source and deflector.

(2.19)

O =

There are two regimes of gravitational lensing: strong and weak lensing. Strong
lensing occurs when equation (2.17) has multiple solutions, that is, we see multiple
images of the same source. On the other hand, in the weak regime the shape of a
background galaxy is distorted and there is only one image for each source.

SNotice that for this lens configuration, the dimensionality of the problem has been reduced to
one-dimension.
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SDSSJ1627-0053

FIGURE 2.2: Foreground early-type galaxy lensing a background

galaxy. From left to right: (1) Observed image, (2) image after sub-

tracting the light from the foreground galaxy acting as deflector, (3)

predicted image from the best fit lens model (superimposed in white

the Einstein’s circle), (4) residuals obtained by subtracting observed

and predicted images, i.e. (2)-(3), (5) predicted image for the source
in the best fit lens model. Figure taken from Treu 2010.

2.3.1 Strong regime

Strong lensing occurs when the lens equation (2.17) has multiple solutions. The
typical distance between multiple images is given by the Einstein’s radius which further
defines the physical scale on which the surface mass distribution of the deflector can
be determined by means of strong lensing.

In figure 2.2, we show an example of an early-type galaxy’ acting as a deflector of a
background galaxy. In order to study the lens system we need a model that simulta-
neously describes the distribution of light of the source and the mass distribution of
the deflector. The background galaxy or source can be modelled by a Gaussian distri-
bution, and for the deflector, a singular isothermal ellipsoid (SIE) is usually adopted.
The surface mass density of a SIE model is given by,

) 1
$(¢) = BIE 2.20

© =3 (220)
where f is the ratio between major and minor axis (Kormann et al. 1994), G is
Newton’s gravitational constant and & = (£1,&2) is a vector in the image plane (see
figure 2.1). This model -that simultaneously described the distribution of source and
deflector- constrains the total mass within the Einstein’s radius 6. To further infer
constraints on the mass distribution, photometric and spectroscopic measurements
are needed. From the former, the stellar surface brightness profile of the deflector is
obtained once a given parameterisation is adopted. The stellar surface brightness of
the deflector is usually described by a de Vaucouleurs profile (de Vaucouleurs 1974),
i.e. surface brightness o« RY4. From spectroscopic surveys, we can infer the stellar
velocity dispersion profile. We can, thus, combine these measurements in a spherical
Jeans analysis in order to constrain the total mass distribution of the deflector within
the Einstein’s radius.

Strong lensing measurements have been used to probe the mass distribution of clusters
of galaxies within radius between ~ 10 — 100 kpc (e.g. Fort and Mellier 1994). It was
further used to probe the gravitational potential of early-type galaxies (e.g. Rusin
and Ma 2001; Bolton et al. 2008a,b; Auger et al. 2010; Suyu et al. 2010) and to break

"We refer to elliptical and lenticular galaxies as early-type galaxies.
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Ficure 2.3: Effect of a background galaxy lensed by a foreground
astrophysical system in the weak lensing regime. Figure taken from
Narayan and Bartelmann 1996.

the mass-anisotropy degeneracy in combination with stellar kinematics in this type of
galaxies (e.g. Barnabe et al. 2009).

2.3.2 Weak regime

In the weak regime, measurements of the coherent distortion of background sources
trace the two-dimensional mass or surface density of the lens (Kaiser and Squires
1993). In this regime, the size of the sources are increased (due to convergence) and
its shape is modified (due to shear) as seen in figure 2.3.

Weak gravitational lensing probes the distribution of mass in the outer parts of clusters
of galaxies between approximately 100 kpc and a few Mpc. It is the only tool for
measuring the distribution of mass up to the virial radius in clusters. Strong and
weak lensing can be applied to study the distribution of mass at a certain range of
distances from the centre of the cluster. In order to determine the DM density profile
for the whole cluster, a combination of methods should be applied (see e.g. Newman
et al. 2013a,b). Weak lensing has further been used to probe the mass distribution in
the outer regions of elliptical galaxies (see Gavazzi et al. 2007 and references therein).

Using weak gravitational lensing for reconstructing the gravitational potential of the
Bullet cluster®, together with X-ray measurements of the hot gas, Clowe et al. 2006
found an offset between the peaks of the baryonic or hot gas’ mass and that of the
total mass. This offset is an evidence favouring the DM paradigm, while modified
gravity theories have difficulties in explaining it.

2.4 X-ray Measurements

For gas in hydrostatic equilibrium, the gas pressure pyqs and the total gravitational
force balance satisfying the following condition under the assumption of spherical

8The Bullet cluster is an astrophysical system that consists on two colliding clusters of galaxies.
9Hot gas is the main baryonic component of a cluster, corresponding to ~ 85% of the total baryonic
mass budget of the cluster.
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symmetry,
GMtot2(< 7“) _ 1 dpga57 (221)
T Pgas dr

where Mot (< r) is the total mass enclosed within a sphere of radius r and pges is the
gas density. By differentiating both sides of the above equation with respect to r, we
obtain the following expression that relates the distribution and temperature T'(r) of
the gas with the total mass of the system:

kgT(r)r (dlnpges dInT
Mo = — 2.22
tor(<7) Gumy, < dlnr * dlnr (222)

where kp is the Boltzmann constant, p1 = p/(nmy) is the mean molecular weight, m,,
is the proton’s mass and n is the number density of the gas. For deriving the last
equation, we have used the ideal gas law,

kT
Pgas = Mi%pgas- (2'23)

Hot gas is the main baryonic component in clusters of galaxies. Its typical temper-
ature is 107 — 108 K, that is, it is highly ionised, and it radiates X-rays via thermal
Bremsstrahlung (e.g. Buote and Lewis 2004). From the observed X-ray spectra and
surface brightness, the gas density and temperature profiles of the cluster can be
derived. Usually parametric functions are adopted for both gas density and temper-
ature, which may introduce strong priors on the analysis (Newman et al. 2013a). By
combining the gas density and the temperature in equation (2.22), we can infer the
total mass of the cluster as a function of the radius (see Schmidt and Allen 2007 and
references therein). A further source of systematic uncertainties within this method is
the assumption of hydrostatic equilibrium and non-thermal contributions to the pres-
sure. In order to avoid systematics of this kind, this method only applies for relaxed
clusters, i.e. clusters with regular image morphologies.

X-ray measurements can be further used to probe the gravitational potential of bright
elliptical galaxies surrounded by a hot gas coronae (e.g. Mushotzky et al. 1994).
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Chapter 3

The Visible Component of the
Milky Way

In this chapter we describe the three-dimensional distribution of baryons, i.e. stars
and interstellar gas, in the Milky Way (MW). Likewise in external galaxies, the dis-
tribution of baryons can be described by a superposition of different morphologically
identified components, such as the bulge, stellar disc and interstellar gas. Each of
these components is an independent kinematic structure described by a parametrised
density profile.

Modelling the large-scale distribution of the baryons in the MW has historically been
a difficult undertaking, especially in the inner region of the Galaxy, mostly due to
dust obscuration or extinction in the optical band. Despite of the many efforts, the
actual mass distribution of baryons in the Galaxy is uncertain with different groups
identifying different possible morphologies for each of the MW’s baryonic components.
For this reason, instead of picking one given parameterisation for the stellar distribu-
tion in the MW, we adopt a large array of observationally inferred density profiles to
describe the three-dimensional morphology of baryons. The density profiles adopted
in this thesis for each baryonic component (stellar bulge, disc and gas) are described
in this chapter. By combining individually a selected choice of each component (and
then varying one at the time) we obtain a large array of individual morphologies
which bracket the systematic uncertainty on the distribution of the baryonic mass in
our Galaxy.

From the three-dimensional density profile of each baryonic component, we can in-
ferred -by solving Poisson’s equation- the corresponding gravitational potential and,
thus, the predicted rotation curve (RC). As we will show in chapter 4, by subtracting
from the observed rotation velocities, the velocities predicted by the pure effect of
gravity of the visible component of the MW, we can infer constraints on the distribu-
tion of DM in our Galaxy.

3.1 Stellar Bulge

The stellar bulge is a morphologically identified stellar component in the inner cen-
tral region of the Galaxy. It extends up to 3-4 kpc from the GC and it contains
approximately 15% of the luminous matter (Bland-Hawthorn and Gerhard 2016).
Understanding the bulge’s structure has been historically a difficult task, mostly due
to dust extinction in the optical band. Due to our position within the Galaxy, we
are able to resolve individual stars and star counts analyses help us unrevealing the
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three-dimensional structure of the Galactic bulge. The latter is important for galaxy
formation models since the actual shape of the bulge correlates with its formation his-
tory: More spheroidal (classical) bulges are formed in the initial gravitational collapse
of the Galaxy or by subsequent mergers. On the other hand, triaxial (pseudo-)bulges
are formed through secular evolution processes and disc instabilities. Recent reviews
on the Galactic bulge are Rich 2013; Gonzalez and Gadotti 2016; Shen and Li 2016

The galactic bulge is a triaxial bar with its semi-major axis rotated a given angle
a from the Sun-GC line. The near end of the bar is in the first Galactic quadrant
(positive Galactic longitudes). The bar-like structure was first suggested to explain
non-circular gas kinematics (de Vaucouleurs 1974). It was confirmed by infrared ob-
servations (Blitz and Spergel 1991), and its presence was unambiguously established
using near-infrared (NIR) photometry from the Diffuse Infrared Background Experi-
ment (DIRBE) instrument on board the COBE satellite (Weiland et al. 1994). The
bar has a boxy, peanut shape first revealed by the COBE data (Dwek et al. 1995).
There is a debate on whether the bar has a further X-shape.

The observed bi-modality in the luminosity distribution of Red Clump Giants toward
the GC (RCGs)! (McWilliam and Zoccali 2010; Nataf et al. 2010) has been interpreted
as a bi-modality in distance, therefore representing the two edges of an X-shape.
Furthermore, the bulge appears to have a faint X-shape structure in an image of the
Wide-Field Infrared Survey Explorer (WISE) (Ness and Lang 2016). The robustness of
this second evidence has been questioned since the X-shape appears after subtracting
an ellipsoidal component from the main image and, as shown in Han and Lee 2018,
this might be an artefact of the subtraction.

On the other hand, the bi-modality in the luminosity of RCGs has been explained
by multiple stellar populations: the brightest luminosity peak is due to an helium-
enhanced second-generation of stars and the faintest peak is explained by a normal
first-generation of RCGs (Lee et al. 2015; Joo et al. 2017). On top of this, the X-shape
has not been seen in RR Lyrae (Pietrukowicz et al. 2015), main sequence stars (Lopez-
Corredoira 2016) or Mira variables (Lopez-Corredoira 2017). Not finding the X-shape
in the old RR Lyrae or the young main sequence stars might not be a problem to the
X-shape interpretation since it is widely accepted the view of a composite Galactic
bulge. For example, it is well-established the coexistence within the bulge of a metal-
rich stellar population traced by Red Clumps and a metal-poor population traced
by RR Lyrae stars. The latter has been shown to be more spheroidally distributed
(Dékany et al. 2013). Nonetheless, the Mira variables might pose a problem to the
X-shape interpretation since both RCGs and Mira variables are though to have the
same age, and therefore the same origin (Lopez-Corredoira 2017). Nevertheless, a
full analysis of the metallicity of the Mira variables is still missing. To sum up, the
origin of the bi-modality in the Red Clump luminosity distribution will remain an
open question after additional information on distances is available.

The discrepancies on the shape and orientation of the triaxial bar found in the liter-
ature might be originated by the presence of different stellar populations within the
stellar bulge, the methodology adopted and/or the type and covered area of the mea-
surements used in characterising the bulge structure. Within this work we adopt a
ample array of observationally inferred density profiles in order to bracket systematic
uncertainties on the spatial modelling of the bulge. The density profiles are separated

'RCGs are used as standard candles since their absolute magnitudes have mild dependence on
age and metallicity.
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into a spatial component normalised by a constant, further multiply by a cutting
function:

pb(a?,y7z) = [ﬁb X fb(x7y7 Z)] X fC(xay)v (31)

where pp is the normalised density, that is it describes the weight of the bulge with
respect to the total mass budget, and fy(z,y,2) describes the spatial distribution.
The bulge’s density profile cannot extend beyond the corotation radius, beyond which
there are no stable stellar orbits. This dynamical limitation is taken into account by
multiplying the density profile by a cutoff function f.(x,y).

All coordinates are Galactic coordinates with the Sun at (Rp,0,0),? the z-axis point-
ing to the North Galactic Pole (NGP), the z-axis pointing towards the Sun, and the
y-axis in the direction of £ = —90° (i.e. to the right, when seen from the NGP). All
spatial distributions are given either in galactocentric cartesian coordinates (x,y, z),
or in galactocentric cylindrical coordinates (r, ¢, z), with ¢ increasing in the direction
of Galactic rotation, i.e. clock-wise as seen from the NGP. The bulge morphologies
adopted in this work are summarised in table 3.1 and, they are described in detail
in the following sections. Bulge’s density profiles are written as a function of the
coordinates (zp, Yp, 2p) Which are the principal axes of the triaxial bar. This coordi-
nate system is related to the galactocentric Cartesian coordinate system (z,y, z) by a
clockwise rotation,

Tp =TCOSQ— ySina
Yp = Tsina + y cos o (3.2)

zp = 2,

where « is the angle between the principal axis of the triaxial bulge’s density profile
and the Sun-GC line.

Bulge 1

This density profile corresponds to the gaussian-type function G2 given in Stanek et
al. 1997. It describes a triaxial, boxy bar with the following spatial distribution:

fb(xpa Yp> Zp) = exp (—T?/Q) (3.3&)

. 5 y 012 1/4
Zo Yo

+ (Z>4 : (3.3b)

where zo = 1.239 kpc, yo = 0.609 kpc and zp = 0.438 kpc.? The major axis zq is
rotated an angle o = 24.9° with respect to the line GC-Sun.

For bulge 1 and bulge 2, the corotation radius is R. = 3.5 kpc (Bissantz and Gerhard
2002) and the cutting function takes the following form (Dwek et al. 1995),

1.0 for Ryy = Vx2+y2 <Re (3.4)

exp (—R2,/2r§) for Ryy > Re

fe(w,y) = {

2All parameters taken from observational studies can be rescaled to any other Ry value: distances
in the zy-plane scale as Ry, distances in the z-direction and surface densities as RY, volume and
number densities as Ry ' and masses as Ro.

3We quote parameters’ values as given in the original references, i.e. without rescale.
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fo(z,y, 2) Bar angle | xq:yo: 2o Tracers Ry Reference

) [kpel
eTa/2 24.9 3.6:1.5:1 RCGs counts 8 Bulge 1
Stanek et al. 1997
e " 23.8 2.8:1.4:1 RCGs counts 8 Bulge 2
Stanek et al. 1997
e /(1 47)L8 15 3.2:2.2:1 bulge’s stars counts 8.7 Bulge 3
Vanhollebeke et al. 2009
e (1 41)t8 20 2.6:0.8:1 COBE map, 8 Bulge 4
RCGs counts Bissantz and Gerhard 2002
eT3/2 4 p185cTa 20 3.7:1.5:1 COBE map, 8 Bulge 5 Zhao 1996
stellar kinematics Zhao 1996
sech(—ry) +e™"f 12.9 3.7:1.3:1 bulge’s star counts 8 Bulge 6
Robin et al. 2012

TABLE 3.1: Stellar bulge morphologies adopted in this work. The first
column contains the bulge spatial distribution described by fy(x,y, z),
see (3.1), the second column is the angle between the bar major axis
and the GC-Sun line, with the major axis in the first Galactic quad-
rant. The third column is the axis ratio of the triaxial bar, the forth
column is the type of measurements or tracers used to constraint the
bulge’s shape. The fifth column is the Sun’s galactocentric distance
adopted in the original reference given in the last column. The def-
initions of 7, r and 7y are given, respectively, in (3.3b) (3.5b) and
(3.9b).

With r¢g = 0.5kpc.

Stanek et al. 1997 used Red Clump Giants (RCGs) as tracers of the three-dimensional
distribution of the Galactic bulge. RCGs were selected from the V, V-I color-magnitude
diagrams (CMDs) across 12 fields within longitude —6 < ¢ < 9 and latitude —8 <
b < 3. The CMDs used in this analysis were obtained by the Optical Gravitational
Lensing Experiment (OGLE).

Bulge 2

Bulge’s profile also given in Stanek et al. 1997 where it is referred to as the exponential-
type E2. It has the following shape,

To(@p, yp, 2p) = exp (1) (3.5a)

2\ 2 y 2 2\ 2
SERERE
ey Yo 20
where zg = 0.899 kpc, yo = 0.386 kpc, zg = 0.250 kpc. The angle between the major
axis and the line GC-Sun is o = 23.8°.

1/2
, (3.5b)

As for bulge 1, the parameters of this density profile are obtained by fitting the his-
togram of RCGs in 12 CMDs across the bulge region (Stanek et al. 1997).
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Bulge 3

Stellar bulge density profile describe by a truncated power-law (Vanhollebeke et al.
2009):

exp (—12/r{)
(147 /)"
where r is given in equation (3.5b), g = 1 kpc, yo = 0.68 kpc, zo = 0.31 kpc, 19 = 2.5
kpc and r; = 0.095 kpc. The bar is rotated an angle o = 15° with respect to the
Sun-GC line.

fo(@p, Yp, 2p) = (3.6)

There is no cutting function for bulge 3 and bulge 4. Both density profiles are truncated
above rg.

The parameters of this density profile are obtained in Vanhollebeke et al. 2009. The
spatial distribution is traced by bulge’s stars selected from Ky, J-Kg CMDs from the
Two Micron All Sky Survey (2MASS) and I, V-I CMDs from OGLE-II across 11 fields
within —12 < £ < 11 and —6 < b < 3.

Bulge 4

Same truncated power-law density profile as bulge 3. It differs from the latter by a
multiplicative constant 1/(yo2org) which can be understood as part of the normalisa-
tion,

1 exp(—r?/rd)
Yozory (14 7/r)"®
where g = 1 kpc, yo = 0.31 kpe, 2o = 0.38 kpc, rg = 2.8 kpc, r1 = 0.1 kpc and
the angle between the bar major axis and Sun-centre line is @ = 20°. Notice that
this morphology describes a prolate bulge rather than oblate as the rest of bulge’s
morphologies.

fo(@ps yp, 2p) = (3.7)

The parameters of the density profile are obtained in Bissantz and Gerhard 2002 by
fitting the infrared surface brightness map from COBE/DIRBE together with the
luminosity function of RCGs across the 12 fields given in Stanek et al. 1997 (c.f bulge
1 and bulge 2).

Bulge 5

This bulge’s morphology describes a triaxial bar combined with an axisymmetric
spheroidal bulge (Zhao 1996):

fo(@p, Yp, 2p) = €xp (—0.57‘§) + 7’;1'85 exp (—rq) (3.8a)
(@ +95) 2

Tg = 17272’3 + —12’ (3.8b)
ZO/qa ZO

The parameter 7 is given in equation 3.3b, zg = 1.49 kpc, yo = 0.58 kpc, zp = 0.4
kpc, g, = 0.6 and the angle between the major axis of the bar and the Sun-centre line
is @ = 20°. Notice that the spheroidal component and the triaxial bar are aligned,
i.e. both major axis coincide.

The cutoff function is given by equation (3.4), where R, = 3.3kpc (Zhao 1996).
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Zhao 1996 built a dynamical model of the Galactic bulge using the Schwarzschild
orbit-superposition technique Schwarzschild 1979. This technique describes the col-
lisionless system under study as a linear superposition of orbits in a common grav-
itational potential. The rationale of the Schwarzschild method is as follows. First,
Poisson equation gives the gravitational potential once a density profile is adopted.
Then, a large array of orbits are obtained by numerical integration of the equations of
motion. Each orbit is characterised by a weight which are further determined by fit-
ting observations. If there is no acceptable linear combination of weights that matches
the set of observations, then the assumed density profile can be excluded.

The observational constraints used by Zhao 1996 in order to constraint his Galactic
bulge’s model are the NIR surface brightness map from COBE/DIRBE and stellar
kinematic data. The stellar kinematic data comprises radial velocity and velocity
density profiles across different fields toward the Galactic bulge region (see table 3
from Zhao 1996).

Bulge 6

Bulge’s density profile that consists on two ellipsoidal components given by Robin
et al. 2012,

fo(@p, yp, 2p) = sechz(—rf) + feexp(—ry) (3.9a)

QT e

The hyperbolic secant ellipsoid corresponds to the dominant component at latitudes
below =~ 5°, while the exponential ellipsoid is seen mainly at high latitudes. The
parameters for the hyperbolic secant are xg = 1.46 kpc, yo = 0.49 kpc, z9 = 0.39 kpc,
¢ = 3.007 and c¢; = 3.329. For the exponential part, zo = 4.44 kpc, yo = 1.31 kpc,
zp = 0.80 kpc, ¢ = 2.786 and c¢; = 3.917. The angle between the line of sight and
the Galactic bar’s major axis is o = 12.9°.

There are two cutting functions. One that multiplies the hyperbolic secant ellip-
soid, and another cuttoff function multiplying the exponential ellipsoid. Both cuttoff
functions take the form of equation (3.4). For the hyperbolic secant and exponential
ellipsoids, the corotation radius take the value R, = 3.43kpc and R, = 6.83 kpc,
respectively (Robin et al. 2012).

The parameters of this density profile are constrained using bulge’s stars from Kg,
J-Kg CMDs from the Two Micron All Sky Survey (2MASS) across 200 fields within
—20° < £ < 20° and —10° < b < 10°.

3.2 Stellar Disc

The stellar disc extends up to ~ 20 kpc from the GC, presents axial symmetry and con-
tains approximately ~ 75% of all Galactic stars (Bland-Hawthorn and Gerhard 2016).
It is well described by a double exponential, with main uncertainties on the scale-radius
and scale-height values. Discrepancies on the radial and vertical scale-lengths might
be originated by the type of stars used as tracers of the three-dimensional distribution,
the different patches of the sky observed and/or the technique adopted. The studies
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fa(r, z) Ry Zh Tracers Ry Reference
[kpc] [kpc] [kpc]
e eIl single | 2.15 0.40 G-dwarfs 8 Disc 1
kinematics Bovy and Rix 2013
e " sech?(z) thin 2.75 | 0.27 n(r) M-dwarfs 8 Disc 2
eTe M thick 2.75 | 0.44 n(r) counts 8 Han and Gould 2003
e el thin | 2.75 0.25 - 8 Disc 3
e el thick 4.10 0.75 - 7.6 Calchi Novati and Mancini 2011
e el thin | 2.75 0.25 thick & halo’s 8 Disc 4
e el thick 4.10 0.75 stars counts 7.6 de Jong et al. 2010
(12 4 22)=275/2 halo - - 7.6
el thin | 2.60 0.30 disc’s stars 8 Disc 4
e el thick | 3.60 0.90 counts 8 Jurié et al. 2008
(2 + 22)=277/2 halo - - 8

TABLE 3.2: Density profiles for the stellar disc. The spatial distribu-

tion for each of the components of the disc is given in the first column.

Scale-radius and scale-height are given in the third and fourth col-

umn, respectively. The fifth column describes the tracers used for

constraining the disc profile. The sixth column corresponds to the

Sun’s galactocentric distance and the references are given in the last
column.

that aim to constraint the parameters of the stellar disc are based on limited regions
of the sky and their results are extrapolated to the whole Galaxy.

Except for one, all the parameterisations we adopt in this work make a distinction
between a thin and a thick stellar disc. Furthermore, two morphologies also include a
stellar halo. Even though the stellar halo might be a distinct component, we include
its density profile within the stellar disc morphology. The reason is that in the works
considered here, the stellar halo is constrained together with the thin and thick discs
(see Juri¢ et al. 2008; de Jong et al. 2010). Although the stellar halo is dynamically
subdominant, it is a very important component for understanding the accreted events
experienced by the MW.

As for the Galactic bulge, the disc profile can be decomposed into a normalisation
constant and a spatial distribution function,

pa(r,z) = pa % fa(r,2), (3.10)

where we have adopted cylindrical coordinates. In table 3.2, we summarise the
adopted spatial distribution functions.

Disc 1

Disc’s morphology given in Bovy and Rix 2013. This disc does not make a distinction
between a thin and a thick components of the stellar disc. Furthermore, it describes
a single maximal disc, i.e. the disc is assumed to dominate the dynamics within the
Solar circle where it contributes the maximum amount possible without exceeding
the rotation curve anywhere. The density profile is given by a double exponential
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function,
fa(r,2) = e_r/Rde_‘szha (3.11)

where the scale-radius is Ry = 2.15 kpc and z; = 0.40 kpc is the scale-height.

The stellar disc is constrained by the vertical force at |z| = 1.1kpc as a function
of galactocentric distance between 4 — 10 kpc (Bovy and Rix 2013). The spatial
distribution and the vertical kinematics of G-type dwarfs from the SDSS/SEGUE
survey are used as tracers of the vertical force. The observed velocity distribution
function in the z-direction and its corresponding velocity moments are reconstructed
using the joint distribution function of different mono-abundance populations (MAPs),
i.e. stars within a given region in the plane [a/Fe]—[Fe/H] that are independent tracers
of the gravitational potential (see Ting et al. 2013 and references therein).

Disc 2

This morphology makes a distinction between thin and thick stellar discs. Its spatial
density profile is given by the following expression (Han and Gould 2003),

Falr,2) = —— exp <—T ;f“) [(1 — B)sech? (n(r)z> + (3.12)

n(r) Zh,thin
|2|
Bex <— , 3.13
P 0(7) Zh,thick (3.13)
where
r
= _ .114, 0. .14
n(r) max{9.025kpc+0 , 0670}, (3.14)

B = 0.565, Ry = 2.75 kpc, zptnin = 0.270 kpc and 2, thick = 0.440 kpe. Notice that
the thin component is described by an exponential only in the radial direction and
that both thin and thick discs have the same scale-radius. The normalisation of the
density has a radial dependence through the function n(r) which further describes the
gradual flaring of the disc.

Parameters are constrained by star counts of &~ 1400 M-type dwarfs from the Hubble
space telescope (HST) (Zheng et al. 2001).

Disc 3

Disc’s density profile which includes a double exponential thin and thick components
Calchi Novati and Mancini 2011,

fa(r,z) = exp <—r —fo - &l ) + fthick €xXp (— r— o - 12 ) (3.15)

Rgthin  2h,thin Rgthick  Zh,thick

For the radial and vertical scale lengths, we adopt the same values adopted in Calchi
Novati and Mancini 2011 where the authors analysed microlensing measurements to-
wards the Large Magellanic Cloud (LMC). The values adopted for the thin disc are
R thin = 2.75 kpc and zp, thin = 0.250 kpc (taken from Han and Gould 2003), and for
the thick component, Ry hick = 4.1 kpc, 24 thick = 0.750 kpc and finiek = 0.11 (taken
from de Jong et al. 2010). The latter parameter gives the relative weight of the thick
component with respect to the thin disc.
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Disc 4

Disc’s density profile that apart from the thin and thick discs, it includes an ax-
isymmetric stellar halo (de Jong et al. 2010). The density profile takes the following
form,

falr, 2) =exp (—“RO— 12 >+fthickexp <—“R°— 1 ) (3.16)

Rythin  Zh,thin Rythick  Zh,thick

+ fhalo <‘R0)2> s (317)

2+ (2/qn

where Rd,thin = 2.60 kpC, Zh,thin = 0.250 kpC, Rd,thick = 4.1 kpC, Zh,thick = 0.750
kpc. For the halo component, the flattening parameter is ¢, = 0.88 and the power-
law index is np = 2.75.  finick and fipin control the relative weight of the thick
disc and stellar halo with respect to the dominant thin disc. We adopt the same
normalisation for the thick disc and halo component as in de Jong et al. 2010, that is

feniek = (10723 Mepc™3/pg) and frato = (10742 Mgope™/pg).

de Jong et al. 2010 used CMDs from the SDSS/SEGUE survey in order to constraint
the parameters of the thick and halo components, while fixing thin parameter to the
values given by Juri¢ et al. 2008. In order to avoid thin disc stars, the analysis was
restricted to stars above 1 kpc from the Galactic plane.

Disc 5

As in disc 4, this morphology has thin and thick stellar discs and a stellar halo
component. The density profile takes the following form (Juri¢ et al. 2008):

r— Ry |Z+ZQ| r— Ry ’Z+Zo|
falr,2) = exp (— - + fiacesp — L0
Rgthin ~ Zhthin Rgthick  Zhthick

" i (3.18)
0
+ fhalo <r2+(z/qh)2> )

where Ry hin = 2.60 kpc, 2p thin = 0.250 kpc, Ry thick = 3.60 kpc, 24 thick = 0.900 kpc,
ny = 2.77, q, = 0.64 and zg is the distance of the Sun to the Galactic plane which
is 0.025 kpc. We adopt the same relative weight of the thick and halo components
with respect to the thin disc as in the original reference, that is finicx = 0.12 and
Jhato = 0.0051.

The parameters of this morphology are fitted to the number density profile recon-
structed from measured photometric parallaxes for ~ 48 million stars using the SDSS
survey (Juri¢ et al. 2008).

3.3 Gas

The interstellar gas is composed mainly by hydrogen (90.8% by number or 70.4% by
mass), 9.1% by number (28.1% by mass) of helium and negligible amounts of heavier
elements. It can be found in three different forms: molecular, atomic and ionised
(Ferriére 2001). The description of the interstellar gas in the MW is decomposed in
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Components Form Range Ry |kpc] Reference
CMZ, disc Ho r =0.01 — 3 kpc 8.5 Ferriére et al. 2007
CMZ, disc HI 8.5

warm, hot, very hot HII 8.5
molecular ring Ha r > 3 kpc 8.5 Ferriére 1998

cold, warm HI 8.5

warm, hot HII 8.5

TABLE 3.3: The interstellar gas distribution is decomposed into the
inner 3 kpc and the region beyond 3 kpc. Each radial part is, fur-
thermore, decomposed into different components: molecular hydrogen
Ha, cold and warm atomic hydrogen (HI) and warm and hot ionized
hydrogen (HIT). CMZ stands for central molecular zone.

two parts: one that describes the interstellar gas within the inner 3 kpc of the Galaxy
(Ferriére et al. 2007), and another for the distribution of gas beyond 3 kpc from the
GC (Ferriére 1998). In table 3.3, we summarise the two morphologies adopted in this
thesis.

Ferriére 1998 and Ferriére et al. 2007 describe the total distribution of hydrogen as
the sum of the molecular, atomic and ionised contributions,

pu = myp X (2nH, + nu1 + nwm) , (3.19)

with m,, the proton’s mass. In order to convert hydrogen into interstellar gas density,
we need to know the abundance of elements in the interstellar medium. Following
Ferriére et al. 2007, we assume that the interstellar gas has the solar helium fraction
and twice the solar metallicity. Together with an helium-to-hydrogen mass fraction of
0.4 and a metal-to-hydrogen mass ratio of 2 x 0.0265, the conversion factor is 1.453,
L.e. pgas = 1.453 X py.

Density profile between 0.01-3 kpc

Ferriére et al. 2007 describes the distribution of hydrogen within 3 kpc from the GC.
The parameters of the distribution are constrained by combining theoretical studies
of gas dynamics with a compilation of observations: studies of dust thermal emission,
CO 2.6 mm and HI 21-cm emission lines and dispersion of radio signals from pulsars.

Each hydrogen form is further divided into different components. In the following, we
describe the density profile for each of these components.

o Molecular hydrogen:

Molecular hydrogen cannot be traced directly since it has no permitted transitions in
the radio waveband.The spatial distribution of molecular hydrogen is then traced by
the 2.6 mm CO emission line which is not affected by dust obscuration. The CO-to-Hs
conversion factor, Xco, converts the observed integrated CO intensity into column
density of molecular hydrogen. This conversion factor is highly uncertain and might
vary with galactocentric distance (see for example Ackermann et al. 2012).

Molecular hydrogen in the inner 3 kpc of the Galaxy is described by a central ellipsoidal
component, called the central molecular zone (CMZ), and a disc with an inner hole
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that encloses the CMZ. The CMZ corresponds to an ellipse centre at (z¢,ye, 2¢) =
(=50, —50,0) pc.* Its major axis is in the first Galactic quadrant rotated an angle
¢, = 70° with respect to the GC-Sun line. The density profile is defined in terms
of the Cartesian coordinate system characterised by the principal axes of the ellipse

(X,Y, Z) defined as:

X = (33 - xc) COS G — (y - yc) sin ¢¢
Y = (v — ) sinde + (y — ye) cos d¢ (3.20)
Z =z.
In this coordinate system, the number density profile takes the following form:
i 4
X X2+ (25Y)2 - X
n(X,Y,Z) = co ng X exp | — + ) =
o X 1019CIHQIS<km Ry
L (3.21)
(Z)
xexp |—|— ,
Zh
with ng = 150cm™2, X, = 0.125kpc, Ry = 0.137kpc and 2z, = 0.018kpc. The

conversion factor Xco is taken as the normalisation of the gas.

Outside the CMZ, the molecular hydrogen is contained in an elliptical disc with an
inner hole. The disc is tilted (rotated counterclockwise about the z-axis) an angle
a = 13.5° out of the Galactic plane and it is rotated counterclockwise an angle g = 20°
about the new define g3/-axis. The major axis is further clockwise rotated an angle
¢q = 48.5° with respect to the z”-axis. The density profile is defined in the coordinate
system (X, ), Z) of the major axis of the holed elliptical disc given by,

X =1z cos 8 cos ¢g
— y (sina sin 8 cos ¢g + cos « sin )

+ z (cos a sin 8 cos ¢g — sin « sin )

Y =z cos [ sin ¢g
— y (sina sin 5 sin ¢4 + cos & cos ¢q) (3.22)
+ z (cos a sin B sin g + sin a cos @)
Z=—xsinf
— gy sina cos 8
+ z cos « cos 3.
In this new coordinate system, the density profile takes the following form,
- 4 4
X X2+ (3.1Y)2 - X
n()(j)@g)-( Yoo >n0><exp B +(3.1Y) e
L (3.23)
- N
X exp |— <> )
2
with ng = 4.8cm™3, X, = 1.2kpc, Rg = 0.438kpc and z, = 0.042kpc.
“Notice that we are using a right-handed, i.e. y-axis pointing towards £ = —90°, Cartesian grid

centre at the GC, while Ferriére 1998; Ferriére et al. 2007 use a left-handed Cartesian grid.

35



Chapter 3. The Visible Component of the Milky Way

e Neutral atomic hydrogen:

The distribution of atomic hydrogen is based on the premise that atomic and molec-
ular gas have similar distributions (Liszt and Burton 1996). The HI component is,
therefore, further divided into a CMZ and an ellipsoidal disc profile. The HI CMZ
is defined in the same coordinate system (X,Y,Z) as the Hy CMZ (see equation
(3.20)) and given by equation (3.21) without the Xco factor. The parameters are
no = 8.8cm ™3, Ry = 0.137kpc and 2z, = 0.054 kpc.

Likewise, a holed disc of atomic hydrogen is defined by equation (3.23) (again without
the Xco factor) in the coordinate system (3.22) with parameters ng = 0.34cm™3,
Ry =0.438kpc, X, = 1.2kpc and z, = 0.120 kpc.

e Jonised hydrogen:

The ionised hydrogen can be further divided into a warm (7' ~ 10 K), hot (T ~ 10° K)
and very hot (T < 108 K) components.

The number density profile of the warm ionised hydrogen is composed of a GC com-
ponent, an inner thin disc and an outer thick disc:

P (y - y1)2] exp [_ (z — 21)2]

2
Zh

_ <T_Rd’2>2 sech2 <Z> (3.24)
Rg2/2 2p,2 '
+0.005 |cos (71— u(Rg3 — 1) | sech? Z
' 2Ry 3 43 zn3) |’

where ng = 8.0cm™3. For the GC component, 3, = —10 pc, z; = —20 pc, Rg1 =145
pc and 2,1 = 26 pc. For the inner thin disc, r = /22 +y2, Rg2 = 3.7 kpc and
zp,2 = 0.140 kpc. For the outer thick disc, Rq3 = 17 kpc, u is the unit step function
and zp, 3 = 0.950 kpc.

n(:):,y, Z) = nO{ €xp

+ 0.009 exp

The spatial distribution of the hot ionised hydrogen takes the following form:
1.5
7unz)=:{m1m9an4ﬁw3—(154x]0*”cmi4§)x[f@;z)—j(aoﬂ} . (3.25)

with

+
v@2+(a1+\/ﬂ-%@)2 (3.26)

1+ %4,
—C31n "
2 2
1+ S0 g
h

The parameters are C; = 8.887 kpc, a1 = 6.5 kpc, by = 0.26 kpc, Cy = 3.0 kpc,
as = 0.70 kpc, C3 = 0.325 kpc, az = 12 kpc and 7, = 210 kpc.
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Finally, the very hot ionised hydrogen is described by an ellipsoid tilted an angle
a = 21° out of the Galactic plane. The Cartesian grid for the principal axes of the
ellipsoid (x, 1, ¢) given by,

N =1y cosa— zsino

. (3.27)
(=ysina+ z cosa.
The density profile in this Cartesian grid takes the following form,
22 4+ n? 2
n(z,n, () = nop exp [— ( Rgn + %)], (3.28)
d Zh

with ng = 0.29cm ™3, Ry = 0.162 kpc and 2, = 0.090 kpc.

Density profile above 3 kpc

For the interstellar gas distribution beyond 3 kpc we adopt the axisymmetric descrip-
tion given in Ferriére 1998. Different observations were used to constraint this gas
distribution. Molecular hydrogen was traced by the 2.6 mm CO emission line, atomic
hydrogen was probed with the 21-cm emission line, and the ionised hydrogen was con-
strained by a set of measurements such as the Ha recombination line, other emission
lines and X-ray surface brightness from external galaxies.

e Molecular hydrogen:

The molecular hydrogen Hs resides mainly in a ring between ~ 3.5 and 6 kpc from
the GC known as the Galactic disc molecular ring (Combes 1991). Its number density
profile can be written in the following form,

_R. )2 _ _R. )2
n(r, Z) = ( Xco ) ng exp [_ (T erng) (RO erng)

3 % 1020 8 L?in
cm? K km g (329)
r —0.58 P 2
&) el )]
with
r 0.58
Hy(r) = (0.081kpe) <R> . (3.30)
0

The parameters are ng = 0.58 cm ™3, Rying = 4.5 kpc and Lying = 2.9 kpe. As for Hp
up 3 kpc, the conversion factor Xco act as the normalisation of the gas component.

e Neutral atomic hydrogen:

We can distinguish between cold (T~ 80 K) and warm atomic hydrogen (T~ 8000
K). The number density of cold atomic hydrogen is given by,

n(r,2) = a’(’fﬁ{osw exp [— (Hf(r))Q +0.0047 exp [— (H;(T))?] 3.31)

+0.094 exp {— H'jr)] }
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with ng = 0.340cm™3. On the other hand, the warm atomic component takes the

following form,
w221l )
) [0'473 ) M [ (H;(T 2] (3.32)

ol 0”2] el

with ng = 0.226 cm™3. For both components,

Hi(r) = (0.127kpc)a(r),
Hj(r) = (0.318 kpc)a(r), (3.33)
Hs(r) = (0.403 kpe)a(r)

and

a(r) = rnax{l,r}. (3.34)
Ry
e Jonised hydrogen:

The ionised hydrogen can be further divided into warm (7" ~ 8000 K) and hot ionised
hydrogen (T ~ 10° K).

The density profile of the warm ionised hydrogen is described by a thick disc and a
thin ring centred at ~ 4 kpc from the GC (Cordes et al. 1991). The ring might be
related to the molecular Hy ring defined above. The number density profile is given

by,

" B3 2
n(r, 2) =ng disc X €xp | — 5 exp | — +
Rd Zh,disc

(T - ]%ring)2 (RO - Rring)2
L2

ring

(3.35)

exp (_ = )
Zh,ring

where ng gisc = 0.0237 cm ™3, Ry = 37kpc and Zp,disc = Lkpce. For the ring component,
noring = 0.0013 cm™3, Rying = 4kpe, Lying = 2kpe and 2z, ying = 0.150 kpe.

(3.36)

1n0,ring X €XP [_

The number density profile for the hot ionised hydrogen takes the following form,

— _R. )2 _p. )2
nh(?”, Z) =nNo {012 exp (— RO> +0.88 exp [_ (T erng) o (RO erg)
d

ring
—1.65
() ep |-
Ry H(r)]’

with ng = 4.8 x 1074 em™3, Ry = 4.9kpc, Rying = 4.5kpe, Lying = 2.9kpc and

1.65
H(r) = (1.5kpc) <m"]¥”) . (3.37)
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3.4 Calibration of Baryonic Density Profiles

We have described the three-dimensional spatial distribution of baryons in the Galaxy
as a decomposition in kinematical independent parts (bulge, bar, stellar disc and gas).
To fully describe the distribution of baryons in the MW, we need to further calibrate
the weight of each component with respect to the total mass budget of the Galaxy.

The stellar disc is normalised to the stellar surface density at the Sun’s galactocentric
distance (Bovy and Rix 2013),

Y. (Ro, z = 1.1kpc) = (38 4 4) Mupc 2. (3.38)

At the Sun’s position, the bulge contribution to the total stellar density is negligable.
Therefore, p, = pg and the stellar surface density takes the form,

+1.1

S.(Ro, = = 1.1kpe) :/ dz pa(Ro, ). (3.39)
—1.1

The bulge component is normalised to the microlensing optical depth towards the
GC. We use the microlensing optical depth value presented in 2005 by the MACHO
collaboration (Popowski et al. 2005),

(1) = 2171547 x 1075 for (£ =1.50°,b = —2.68°). (3.40)

This measurement equals the predicted mean optical depth which can be further
decomposed into two contributions,

<T> (ga b) = <T>disc(€7 b) + <T>bulge(€v b7 ﬁb) (3'41)

The first term on the right-hand side corresponds to microlensing events for which
stars in the stellar disc act as lenses and bulge’s stars act as sources. For the second
term, bulge’s stars act both as sources and lenses. The bulge’s normalised density pp
is then obtained once a disc profile is adopted,

<T>(£7 b) _ <T>disc(‘€, b,ﬁb = 1)
<T>bulge(£a b, Py = 1)

Py = (3.42)
with

4G foroo dDS {IODS le pl(é’ b)Dl <1 - %) } pbulge(ﬁa b)Dg
02 foroo st Pbulge (E, b)Dg ’

()i (£,0) = (3.43)

where 4 runs for disc or bulge, D, is the distance between observer and source, D; is
the distance from the observer to the lens and r is fixed to 20 kpc.

Normalisation of the stellar disc and bulge components of the Galaxy to the total stel-
lar surface density and microlensing optical depth, respectively, is a well-established
method for baryonic calibration. This technique was first presented in locco et al.
2011 and since then it was largely adopted in the literature (e.g. Bozorgnia et al.
2013; Benito et al. 2017).

On the other hand, for the interstellar gas —found in molecules, atomic form or ionised—
we adopt the same normalisation factors, expect for the molecular gas, as in the papers
from which the density profiles are taken from (Ferriére 1998; Ferriére et al. 2007).
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The molecular gas, mainly Hs, is traced by the 2.6 mm CO emission line. For the
CO-to-Hy conversion factor, Xco, we adopt the following values:

— For the density profile up to 3 kpc from the GC, we adopt the value Xco =
(5.0 £2.5) x 101 cm™2s K~'km ™! (Ferriére et al. 2007).

— Beyond 3 kpc, we adopt Xco = (1.94+1.4) x 102 cm~2s K~ 'km ™! (Ackermann
et al. 2012).

On figure 3.1, we show the density profiles for the individual stellar bulge, disc and
gas morphologies adopted in this work. The profiles are normalised following the
technique above depicted.

1012 -
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. aamaa d 3 — - b 1 - 4 .
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©
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FIGURE 3.1: Bulge (purple), disc (green), gas (yellow) and total (grey)

density profiles. Each bulge is normalised to the microlensing optical

depth toward the GC (Popowski et al. 2005) once the disc 3 is adopted.

Stellar disc is normalised to the local stellar surface density (Bovy and
Rix 2013). See text for details on the gas normalisation.
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Chapter 4

Distribution of Dark Matter

Disc galaxies are rotation supported systems, that is they are stable structures due to
the rotation of objects around the centre of the galaxy with conservation of angular
momentum. Hence tangential velocities of the disc can be used to trace the enclosed
amount of matter, which in turn dictates the gravitational pull that balances the
circular motion. In ACDM, rotation velocities would trace (mostly) the dark matter
(DM), which is expected to dominate the gravitational potential in the outskirts of
galaxies.

In this chapter, we use the rotation curve (RC) of the Milky Way (MW) in order
to study the overall distribution of DM. While observed rotation velocities probe
the total gravitational potential of the Galaxy, and therefore, the total or dynamical
mass, the baryonic RC is a proxy for the visible or baryonic mass. It is well known
that the stellar content and interstellar gas of our Galaxy can not account for the
total gravitational potential (see, e.g., Tocco et al. 2015a). This discrepancy between
dynamical and baryonic masses is accounted for by a non visible, dark component
of matter, whose density distribution can be obtained by fitting an appropriately
parametrised function to the total RC.

The RC methodology, often referred to as a global method to determine the DM
density in the solar neighbourhood, is a model dependent technique since a given pa-
rameterisation for the DM component must be adopted. This technique offers a series
of advantages with respect to local, model independent methods, which determine the
DM distribution in the Sun’s neighbourhood by measuring the gravitational vertical
force (e.g. Sivertsson et al. 2018). Even though the former, global methods are model
dependent, the local DM density, pg, is quite robust against different parameterisa-
tions. On the contrary, local py determinations are sensitive to the type of stars used
to probe the gravitational force (see, e.g., Buch et al. 2018).

4.1 Astrophysical Setup

Setting constraints on the overall distribution of DM by means of the RC relies on
the following three inputs:

— Objects in circular orbits around the Galactic centre (GC) as tracers of the total
gravitational potential of the Galaxy.

— Mass distribution for the baryonic component (stars and gas) of the Galaxy
from which predicted rotation velocities are obtained.
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Parameter Adopted value
Ry [kpc] 8.34
Op [km/s] 239.89
(U, Vo, Wg) [km/s| (7.01, 12.20, 4.95)

TABLE 4.1: Galactic parameters adopted in the Huang et al compi-

lation (Huang et al. 2016). Ry is the distance of the Sun from the

GC, O is the circular velocity at the Sun’s position with respect to

the GC and (Ug, Vg, Wg) is the solar motion with respect to the lo-

cal standard of rest (LSR). The LSR is the system co-moving along a

circular orbit around the GC at Ry with a velocity equal to the local
RC velocity ©y.

— A given parameterisation for the DM density profile whose parameters are fit to
the observed dynamical potential, after subtracting the component due to the
pure effect of gravity of the visible matter.

In this first section, we present each of the elements adopted in our analysis in order
to determine the DM distribution in the Galaxy.

It is important to highlight that the RC methodology relies on the following assump-
tions: The Galaxy is rotationally supported, objects move in circular orbits around
the GC and the underlying gravitational potential is nearly axisymmetric.

4.1.1 Observed Rotation Curve

We adopt two compilations of kinematic tracers of the total gravitational potential
of our Galaxy: galkin (Pato and locco 2017) and Huang et al (Huang et al. 2016).
The galkin compilation (Pato and Iocco 2017) includes measurements of different
kinematic tracers in the disc within the visible part of the Galaxy, i.e. galactocentric
distances in the range 2.5 < R < 22 kpc. It consists of 25 different data sets which
are summarised in appendix A. On the other hand, the compilation presented in
Huang et al. 2016, hereafter Huang et al, uses the following kinematic tracers of the
gravitational potential:

— Between ~ 8 and 15 kpc from the GC, Huang et al used ~ 1.6 x 10% red clump
giants (RCGs) from the stellar disc.

— From ~ 15 up to 100 kpc, Huang et al used ~ 5.7 x 103 halo K giant stars
(HKGs).

The galkin and Huang et al compilations prove different acceleration regimes: the
former has a denser number of tracers within the visible Galaxy while the latter
compilation proves the outskirt of the Galaxy where the DM is expected to dominate
the gravitational potential. The Galactic parameters adopted in Huang et al are
summarised in table 4.1."

In figure 4.1, we show the galkin and Huang et al compilations. It is inferred from
this figure that the Huang et al compilation has two circular velocity dips between
10-20 kpc. The first dip is also noticeable in galkin. So far the origin of these dips
are unclear. Huang et al. 2016 state that they can be either an artefact due to high

'We adopt the same notation as in table 1 from Bland-Hawthorn and Gerhard 2016.
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measurement uncertainties or they might reflect some features of the used kinematic
tracers. In order to check whether the dips in the data have any impact on the model
fitting results, we perform a test where we exclude from our analysis the data between
10-20 kpc from the centre of the Galaxy (see 4.3 for the results).

600
: galkin unbinned
5001 : |  Huanget al
I
1
400 :
z :
E 300, | ! | }]“ i
= M ! ] f
0 10 P by
I
100 :
1
!
’ 10! 102
R [kpc]

FIGURE 4.1: galkin (grey error bars) and Huang et al (purple error

bars) observed RCs. The dashed black vertical line corresponds to the

Sun’s galactocentric distance Ry=8.34 kpc. We further assume the

following Galactic parameters: ©¢ = 239.89 km /s and (U, Vg, Wg) =
(7.01,12.20,4.95) km/s.

Before binning the galkin compilation, and, thus, combine it with Huang et al, we
have first studied the compatibility of the 25 data sets included in galkin. For doing
so, we have followed a statistical procedure that allows to decide which subsample of
the 25 data sets are a compatible compilation for the observed RC of the MW.

Compatibility of Data Sets via the Bayesian Evidence

Our method to select mutually compatible data sets uses a Bayesian model comparison
framework (Feroz et al. 2008; Feroz et al. 2009; Trotta et al. 2011). In order to test
the compatibility of data sets di and ds, we evaluate the Bayes factor, B, given by
the following expression:
B P(dy,d2|Hp)
P(di|H1)P(d2|Hy)’

where P(d|H;) is the Bayesian evidence for data d. Hy is the hypothesis that our
model jointly fits the two observables and H; is the hypothesis that the two observables
preferred different regions in the parameter space. The Bayes factor B thus represents
the ratio between the probability of both data sets being described by a single set of
parameters over the probability of each of the data sets being described by its own
set of parameters. If B > 1, the two data sets are deemed to be compatible (as their

(4.1)
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induced parameter space constraints overlap), and data set da is added to the list of
compatible data sets; otherwise, data set do is deemed incompatible with the data
sets previously accepted, and it is discarded. The details on the model we use and on
the form of the likelihood are given in section 4.2.

Before applying the above procedure, we should first select one data set of the galkin
compilation from which we are going to start. We have chosen Malhotra 1995 since
by eye inspection it looks smooth with no outliers and it covers the inner ~ 8 kpc of
the RC of the MW. Then, by every time adding a new data set and following equation
(4.15), we end up with 12 compatible data sets. However, it is worth noticing that
the order in which the data sets are tested is important. Indeed, if one starts from
(or includes at the first steps) a data set that is incompatible with the rest (or with
the most of it), then the final number of the compatible data sets is smaller than
12.2 Furthermore, we have checked that among the 12 selected data sets the order of
inclusion is not important, demonstrating the robustness of the procedure.

We have also performed a test of the above procedure adopting different —and extreme—
baryonic morphologies: for the central, heaviest, and lightest discs (namely those that
provide the central, highest, and lowest RCs) we have studied which subsample of data
sets constitute a compatible compilation following the procedure above describe. The
resulting compatible data sets are always the same 12, thus validating the procedure
as insensitive to the actual baryonic morphology.

We then bin the subsample of 12 compatible data sets, hereafter galkinjo®, following
the binning scheme describe in the next part. We have further make sure that the
derived RC is compatible with the Huang et al compilation. We have found that the
outer data of Huang et al (data points between ~ 15-100 kpc) is not compatible with
galkingo. In this regard, we will perform an errorbar rescaling analysis that should
point to any systematic offsets (if any are present) between the data (see 4.2.2 for
more details on this procedure).

We anticipate that, although the compatibility procedure discards a sizeable fraction
of data from the galkin compilation, once the Huang et al compilation is added, the
results or constraints on the DM parameters including galkin or galkings compila-
tions are indistinguishable.

Binning Scheme

In order to combine galkins and Huang et al compilations, we first need to bin the
former RC in order to use a binned likelihood approach across the entire range of radial
distances. The binning procedure is as follows: We require an approximately equal
number of data points per bin in order to obtain well-balanced bins. The total number
of bins is 30 with ~ 25 data points within each bin. Although angular velocities are
used for the fitting since they are uncorrelated with galactocentric distance R, we bin
in circular velocities.* In this way, we avoid the steepness relation between angular
velocities and galactocentric distances at small R. The mean circular velocity within

2Notice that we did not perform this test for all the possible combinations of the 25 data sets due
to time limitations.

3In appendix A, we summarise the subsample of 12 data sets from galkin that constitute a
compatible compilation of the RC.

4Notice that this is just a re-scaling of data points with 0v; = 0w; X R;. This is, uncertainties on
R are not propagated into uncertainties on circular velocities.
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each bin is given by the weighted mean and its corresponding standard deviation is
the weighted standard deviation. This is,

o2,

Uj = N
Zz:bin 1/0-51'

Nin ]
O_g _ Zz:bl (Uj - Ui)z/o-izii’ (43)

N i 1/o?,
where o0, is the measurement error on the circular velocity v; and Ny, is the number
of data points within the j-bin. We have verified that this procedure leads to residuals
in each bin that follow closely a Gaussian distribution, which is a necessary condition
for our likelihood function (defined in equation (4.13)) to be a good representation of
the data in each bin.

) (4.2)

Figure 4.2 shows galkinjo binned and Huang et al observed RCs. From now on, in
the radial region between 8-15 kpc where both compilations overlap, we only take into
account those data points with smaller error bars.

4.1.2 Rotation Curve Expected from the Visible Component

Each of the baryonic components of the Galaxy (i.e. stellar bulge, stellar disc and gas)
is described by an observationally inferred three-dimensional density parameterisation.
We adopt a large array of bulge, and separately disc, density profiles described in
chapter 3. By combining individually, one bulge, one disc, and the gas component
(and then varying one at each time) we obtain an array of individual morphologies
that bracket the systematic uncertainty on the mass distribution of the visible content
in the Galaxy.

From the density profile, we can infer the corresponding gravitational potential, and
therefore, circular velocities. Schematically, that is:

pi(x) — Pi(x) — vi(R), (4.4)

where i stands for the baryonic component (i.e. bulge, disc or gas), x is a three-
dimensional vector in cartesian coordinates centre at the GC and R is the galacto-
centric distance. In the weak gravitational limit, the density profile p;(x) and its
generated gravitational potential ®;(x) are related through Poisson’s equation (Bin-
ney and Tremaine 2011),

V2®,(x) = 4nGp;i(x), (4.5)

with the boundary condition ®; — 0 as |x| — co. A solution to this equation is
Newton’s gravitational field,

®;(x) = —G/dx/ pf(i){‘, (4.6)

|x

where G is Newton’s gravitational constant. Circular velocities are then given by the
radial gradient of the gravitational field. At the Galactic plane, circular velocities in
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spherical coordinates are given by the following expression®:

do; T
2 _ 4% _T
v; (7’, ¢) =T dr (7’, ¢7 9 2)
—rG/m/Qﬂ/ﬂdr’dqﬁ’dG’(r_T,Sinelcos(d_¢))T/Sin9/pi(T/’¢/’6,)'
- o Jo Jo (r2 + 12 — 2r' sin @’ cos(¢' — ¢))3/2 '

and in cylindrical coordinates®:

2y =r 2 g =0, 2 = 0)

r

d
— TG /OO /2ﬂ /+OO d?"/d(ﬁ/dz/ (T - T/ CcOs ¢/)T/pi(rl7 ¢,’ Z,)
0 0 —00

(r2 + 72 — 277’ cos ¢/ + 2/2)3/2°

(4.8)

Since axisymmetric density profiles are expressed in cylindrical coordinates, we have
set ¢ = 0 in this last equation. From the observationally inferred three-dimensional
density profiles presented in chapter 3, we derive predicted rotation velocities for the
visible component of the Galaxy by solving equations (4.7) and (4.8).

The RCs for the different parameterisations of stellar bulge, stellar disc and gas are
shown in figure 4.2 together with the total baryonic curve for each possible combination
of bulge, disc and gas. We have normalised each disc and bulge density profiles to the
stellar surface density at the Sun’s position (Bovy and Rix 2013) and the microlensing
optical depth towards the GC (Popowski et al. 2005), respectively. It is worth stressing
that the bulge’s normalisation is indeed affected by the stellar disc adopted. Thus, for
each bulge morphology, we plot its corresponding RC each time a disc density profile
is adopted.

4.1.3 Study of Axial Symmetry

Equation (4.7) shows the dependence between circular velocity and axial angle ¢. For
the stellar disc, this dependence disappears due to the fact that the density profile is
axisymmetric. Nonetheless, this is not the case for the stellar bulge or gas profiles, for
which we need to average over ¢. The RC methodology relies on the assumption that
the underlying gravitational potential is nearly axisymmetric. Since this condition
does not hold for the inner Galactic region due to the triaxial structure of the bulge
component, the RC technique only applies for galactocentric distances larger than 2.5
kpc. Nonetheless, the bulge extends further than 2.5 kpc. For this reason, in the
following, we study if Rewt = 2.5 kpc is a valid assumption.

"We use galactocentric spherical coordinates (r, ¢, 8) centre at the GC. ¢ increases in the direction
of Galactic rotation, i.e. clock-wise as seen from the North Galactic Pole (NGP), and 6 = 7/2
corresponds to the Galactic plane.

5We use galactocentric cylindrical coordinates (r, ¢, z) centre at the GC. ¢ increases in the direction
of Galactic rotation, i.e. clock-wise as seen from the NGP, and z = 0 corresponds to the Galactic
plane.
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FIGURE 4.2: RCs for the different parameterisations of the bulge (or-
ange), stellar disc (green) and gas (blue) morphologies adopted in our
analysis (see chapter 3). The total baryonic curve for each possible
combination of bulge, stellar disc and gas is shown in grey. galkinjs
binned and Huang et al observed RCs are also shown. The grey area
corresponds to the inner Galactic region, i.e. R < 2.5 kpc. The dashed
black line is the Sun’s galactocentric distance Ry = 8.34 kpc.
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FI1GURE 4.3: Relative variation of bulge’s velocity with axial angle ¢

for different distances to the centre of the Galaxy. The asymmetry

of the variation profile with respect to ¢ is due to the rotation of the

semi-major axis of the bulge by an angle a with respect to the line of

sight (i.e. ¢ = 0). Notice that the semi-major axis of the bar is at

negative Galactic longitudes. The nomenclature of the bulges is the
same as in chapter 3 .
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In figure 4.3 we show the relative change of bulge’s velocity as a function of axial
angle at different galactocentric distances (for each individual stellar bulge profile).
Notice that this figure is independent of the adopted stellar disc. The relative change
of circular velocities of the bulge is given by,

v ((rb) — Umin

Umin

: (4.9)

where v, corresponds to the circular velocity at the axial angle ¢,,;, that minimises
the velocity profile as a function of axial angle ¢ at a given galactocentric distance
R. Maximum departure from axial symmetry (at the level of ~ 30%) peaks around
3.5 kpe. Nonetheless, for bulge 3 (Vanhollebeke et al. 2009) the maximum level of
departure from axial symmetry is ~ 10% and for bulge 6 (Robin et al. 2012) it is of
the order of ~ 40%. The departure of the gas from axial symmetry is not important
due to the negligible contribution of this component to the dynamics of the Galaxy.

In figure 4.4, we show the relative change of total velocity with respect to axial angle
¢. We show the relative variation profiles for each stellar bulge morphology under the
assumption of disc 4. Different from figure 4.3, this figure does indeed depend on the
adopted disc morphology. We have chosen disc4 since the baryonic morphologies with
this particular stellar disc have the largest bulge-to-disc ratio, that is the departure
of axial symmetry is the largest for this disc configuration with respect to the other
discs. The maximum departure from axial symmetry reduces to ~ 19% and peaks
at lower galactocentric distances with respect to the bulge’s gravitational potential
case (c.f. figure 4.3). This is because the relative weight of the bulge with respect
to the total baryonic mass budget decreases with galactocentric distance. This level
of departure of axial symmetry is of the same order of present relative uncertainties
on the normalisation of the the baryonic component. For this reason, the assumption
that for distances from the GC larger than 2.5 kpc the gravitational potential is nearly
axisymmetric is a valid approximation.” Nonetheless, for increasing precision both in
observed rotation velocities and in the normalisation of the baryonic component of
the Galaxy, the cutting radius must increase too.

If we increase the cutting radius from 2.5 to 4.5 kpc, our results do not change.
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FIGURE 4.4: Relative variation of total velocity with axial angle ¢ for
different distances to the centre of the Galaxy. The asymmetry of the
variation profile with respect to ¢ is due to the rotation of the semi-
major axis of the bar by an angle o with respect to the line of sight
(i.e. ¢ =0). For this figure, we adopt disc 4 (see text for details).

4.1.4 The Dark Matter Component

In order to set constraints on the distribution of DM by means of the RC of the
Galaxy, we need to adopt a given parameterisation for the DM density profile. For
this analysis, we adopt a generalised Navarro-Frenk-White density profile. This profile,
which was already described in chapter 1, takes the following form,

Y (lp R (o) () o
Rs Rs

It has three free parameters: The inner slope of the density profile or -, the scale
radius or R, and the local DM density or pg.

4.2 Setup and Methodology

For a given baryonic morphology (combination of stellar bulge, stellar disc and gas),
our model has the following five free parameters:

— The three DM parameters: inner slope of the DM density profile, v, the scale
radius, R, and the local DM density, pg.

— The two parameters related to the normalisation of the baryons: the stellar
surface density at the Sun’s position, Y., and the microlensing optical depth
towards the GC, (7). These are nuisance parameters.

Constraints on our model, and therefore on the distribution of DM, are inferred fol-
lowing frequentist and bayesian approaches.
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4.2.1 Frequentist Approach

Observed and predicted (baryons plus DM) rotation velocities are compared by means
of a x? test statistics. We use angular velocities, w(R) = v(R)/R, instead of circular
velocities since the former velocities are uncorrelated with galactocentric distance, i.e.
angular velocities and radius are independent variables. When uncertainties both in
angular velocities and galactocentric distances are taken into account, we use a two-
dimensional x? test statistic given by the following expression (Iocco et al. 2015a):

N N
(Ri — Rz i — wei)?
:§jd§z§ w)” W 2“’“ . (4.11)

Wi

where (R; £ oR,, w; £ 0,) are the observations and (R:;, wy;) are the points that
minimise d; along the baryonic curve wy(R).® The sum runs over all the N objects
in the observed compilation at R > R.yt = 2.5 kpc in order to exclude the innermost
regions of the Galaxy where axial symmetry breaks down and some tracers may present
non-circular orbits.

We use instead a one-dimensional x? test statistic given by,
2 _ —wi,i)”
Xke = Z d; Z T’ (4.12)
i=1 Wi

when only uncertainties on the angular velocities are taken into account.
4.2.2 Bayesian Approach
We explore the five-dimensional parameter space of the model using the uniform

priors summarised in table 4.2. The two parameters ¥, and (7), which regulate the
normalisation of the baryonic component, are nuisance parameters.

0 < Ry/[kpc] < 40
0<y<3
0 < po/[GeVem™3] < 1
19 < 3. /[Mg pe?3] < 57
0.1x 1076 < (r) <4.5x 1076

TABLE 4.2: Adopted ranges for the uniform priors of each free param-
eter of our analysis.

8By taking the points that minimise d; along wy(R) instead of w¢(R), we take the conservative
approach of maximising the weight of baryons with respect to the total gravitational potential of the
Galaxy.
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The likelihood function of our analysis takes the form,

m . ) — @:)2
P(d[©,%,, (1)) = H {1.exp [—1(W(RJ’@’E*?< ) J) ] }

o 1 exp [_1 (<T> - <T>Obs)] (4.13)
)

2
V 27TU<T 2 U(T>
1 1 (3, — nobs)
X ex s
V2ros, P12 o3,

where © = {7, Rs, po} are the DM parameters, j runs over the binned RC data and
M is the total number of bins. Schematically, we can rewrite the likelihood as,

L(0,%,, (1)) = L(O) x L(,) x L({T)). (4.14)

The first term of the likelihood function compares observed, w;, and predicted (baryons
plus DM), w(R;, 0, X, (7)), rotation velocities. The last two terms are related to the
normalisation of the baryonic component with respect to the total gravitational poten-
tial of the Galaxy. For the observed values of the stellar surface density at the Sun’s
position, ¥2%¢, and microlensing optical depth, (7)°**, we adopt the measurements
provided in Bovy and Rix 2013 and Popowski et al. 2005, respectively.

The posterior from Bayes theorem is given by

P(O, %, (1) M)P(d|O, 2y, (1), M)
P(dM)

where M represents the adopted model and baryonic morphology, the likelihood

P(d|©, X, (1), M) is given by equation (4.13), the prior P(0, X, (7)| M) is uniform in

the variables and ranges summarised in table 4.2, and the Bayesian evidence P(d| M)

is the normalisation constant, irrelevant for parameter inference.

P(@’E*a <T>|daM) = (4.15)

The posterior distribution function is sampled by means of a Markov Chain Monte
Carlo (MCMC) technique, particularly we use the open-source Affine Invariant MCMC
Ensemble sampler emcee (Foreman-Mackey et al. 2013).

We further allow for the possible presence of residual undetected systematic offsets
between the different data sets that we are using in the observed RC compilation (i.e.
galkinjs, Huang RCGs and Huang HKGs) by using the procedure described in, e.g.,
Barnes et al. 2003; Trotta et al. 2011. For each data set £ and bin j, we rescale
the variances of the binned data by a factor 1/e, and replace the variance in the
likelihood by sz-k /€x. The nuisance parameters € describe possible error rescaling due
to undetected systematics in each data set. If there are not residual systematics, the
observed variance in the RC is fully explained by the statistical error in our binned
data and the data sets are mutually compatible (as they should be, for in compiling
them we used an appropriate compatibility test), then e, ~ 1. Otherwise, we expect
€ < 1, which would inflate the binned data variance to account for sources of variance
not captured by the statistical errors.
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R, [kpc] 5 8.5 12.5 16.5 20
¥ 0.1 0.4 0.8 1.2 1.5
po [GeV /cm?) 0.4
2. Mo/ pc?] 38
() 2.17 x 1076

TABLE 4.3: Fiducial parameter values used in the mock RC data

generation. We use every possible combination of the parameters in

the table, this corresponds to 25 fiducial points in our five-dimensional
parameter space (see text for details).

The first term of the likelihood function in equation (4.13) needs to be modified to
include the € rescaling parameters and it takes the form

V| LW 0,3, () jr)?
\/%O_(Djk

2 02,/ €k
where j runs for the number of bins in data set k.

P (0;r|©, s, (1), €) , (4.16)

For the rescaling parameter ¢, following Trotta et al. 2011, we use Jeffreys’ priors
which are uniform in log e and take the following form,

2/3 for—3/2<loge. <0
P(logex) = / /2 < logex < (4.17)
0 otherwise

which correspond to a prior on € of the form,

P(ex) o< 1/eg. (4.18)

We further investigate whether our analysis is robust with respect to the ~ 11 and 20
kpc dips — apparent in our data compilation but whose physical origin is unclear. In
order to do so, we perform an alternative analysis excluding from the data sets the
bins between 10 and 20 kpc.

4.2.3 Performance of Parameter Reconstruction

We wish to investigate the properties (over repeated data realisations) of our parame-
ter reconstruction procedure in order to establish the accuracy and coverage properties
of the Bayesian posterior distribution. As the posterior properties in general depend
on the assumed true value for the model’s parameters, we investigate 25 different
choices for such fiducial parameter values summarised in table 4.3.

For each of the fiducial points in the five-dimensional parameter space of our model M,
we generate 100 mock data sets with the same statistical properties as the observed
RC. Each mock RC is generated in the following way: First, we compute total angular
velocities as the quadratic sum of the baryonic and gNFW angular velocities, with
measurement error in each bin equal to the estimated standard deviation within that
bin. Then, we add a Gaussian noise to this perfect RC, that is, we add to the total
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angular velocities a vector drawn from a Gaussian distribution centred at zero and
with standard deviation equal to the measurement error.

For each of the 25 fiducial points, we estimate the accuracy of the reconstructed DM
parameters by means of the fractional standard error (FSE). The FSE is defined as
the square root of the mean squared error normalised by the true value:

FSE = \/ni Sty (0 = Birue)?

6)true

: (4.19)

where n; = 100 is the number of mock data realisations for each fiducial point (sum-
marised in table 4.3), €4y is the fiducial (true) value of a given parameter and 0
is the corresponding estimator of such parameter. We study the following four es-
timators: Mean, median, mode or maximum of the posterior estimator (MAP) and
the maximum likelihood (ML) estimator. These estimators (except for the ML) are
derived from the marginalised one-dimensional posterior distribution of the parameter
in question.

We further study the coverage properties of the reconstructed intervals for each pa-
rameter. Coverage is the fraction of the time, over repeated data realisation, that the
inferred interval contains the true value of the parameter. We consider three different
definitions for our one-dimensional intervals:

— The shortest credible interval containing a given fraction of the total probability,
the so-called Highest Posterior Density (HPD) interval.” We have assumed the
shortest credible interval containing 68% of the total probability.

— The interval contained within the 16th and 84th percentile of the one-dimensional
marginalised posterior distribution named the median credible region (CR) or
equal-tailed interval.

— The profile likelihood interval (PLI) defined as the region satisfying the condi-
tion:
2 % [log (Lmaz) —log (£)] < x7,(1) =1, (4.20)

where L4z 1S the maximum likelihood.

4.3 Results

4.3.1 Degeneracy between v and R,

The inner slope 7 and the scale radius Rs of a gNFW density profile are degenerate,
i.e. the effect of increasing one of these parameters is mimic by decreasing the other.
This correlation can be seen in figure 4.5 where we show best fit v and py values
(top panels) for a two-parameter fitting while fixing R to different values between
5-30 kpc. For this exercise, we have fixed ¥, = 38 M /pc? (Bovy and Rix 2013) and
(1) = 2.17x 1075 (Popowski et al. 2005) and we have adopted the combine compilation
galking, plus Huang et al and a one dimensional x? as our test statistics. The 2
for the best fit parameters, i.e. the (v, pg) points that minimise the y2, are shown
in the bottom panel. Changing Rs by a factor 5, implies variations of pg ~ 10%,

9 Any value within the HPD interval has a higher probability than any other value outside of this
interval.
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while v changes by a factor 7. This exercise points toward preferred smaller values
for v and Rs. Nonetheless, all fixed Rs values and corresponding best fit (v, po)
give a contribution of DM, which properly added to the baryonic part, can explain
the observed RC at the 1o level. This means that due to the actual precision in the
measurements, we are unable to break the degeneracy between v and R;.

The strength of the coupling or correlation between v and Rs depends on the values
each of these parameters individually takes (c.f. figure 4.7). The strongest degeneracy
occurs for smaller values of v and Rs. Due to the correlation between v and Rg and
the present level of uncertainties in the observed rotation velocities, we are unable to
determine (v, Rs) simultaneously with a three-parameter x? test statistics.

[ reference

5 10

15 20
R, [kpd

FIGURE 4.5: Best fit values of v and py (top panels) while fixing R;
to values between 5 and 30 kpc. The 2 values of the two-parameter
fitting are shown in the bottom panel. The number of degrees of
freedom is 52. FEach error bar corresponds to the best fit values for
~v and py -at fixed Rs- with corresponding lo uncertainties for our
reference morphology (bulge 2 given in Stanek et al. 1997 plus disc 1
given in Bovy and Rix 2013). Results for the rest of the morphologies
(central values) are shown by grey lines.

4.3.2 Mock Data Reconstruction

Using the Bayesian reconstruction formalism presented in 4.2.2; we have fit 100 mock
RCs for each of the 25 fiducial points in the model parameter space summarised in
table 4.3. In this way, we have studied the average properties of our reconstruc-
tion procedure over data realisations. Figure 4.6 shows the one and two-dimensional
marginalised posterior distributions obtained for one data realisation at a given fidu-
cial point. For this particular case, the local dark matter density, pg, is well recovered
while the inner slope of the DM density profile, v, and the scale radius, R, are highly
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Chapter 4. Distribution of Dark Matter

degenerate. These features are present in the posterior distribution functions for all
25 fiducial points.

We further estimate the accuracy of the reconstruction for the DM parameters by
means of the FSE given by equation (4.19). We show the results of the FSE at different
points in the DM parameter space and for different estimators (mean, median, MAP
and ML) in figure 4.7. These results illustrate the following:

— The values for the FSE of pg vary between 0.03 and 0.06 (see figure 4.7) inde-
pendently of the chosen point estimator. This indicates that the recovered value
of the local DM density can be expected to have an accuracy better than 6%
for any reasonable value of the DM halo parameter.

— The accuracy and precision on the local DM density, pg, reconstruction gets
slightly better for higher values of v, except for the ML estimator.

— The inner DM density slope, v, and the scale radius, R, are degenerate (see
section 4.3.1), and though a combination of the two can be two-dimensionally
well-constrained but not independently. Those parameters individually are re-
constructed with a poor accuracy and precision.

— Nonetheless, the scale radius, Ry, is individually better reconstructed than ~.
The MAP estimator of Rg has an accuracy better than 40% for any reasonable
value of the DM halo parameter.

— The accuracy and precision for the inner DM density slope, 7, and that for the
scale radius, R, (except MAP and ML estimators of Rg) gets better for higher
values of v and Rj.

We now turn our attention to the coverage properties of the reconstructed intervals
for each parameter and the three different definitions of the one-dimensional intervals:
68% HPD, 68% CR and PLI. Coverage results from 100 mock data realisation as a
function of the assumed fiducial parameter values are presented in figure 4.8, where the
three rows correspond to the three DM parameters of interest, and columns correspond
to the three interval definitions. In these plots, exact coverage would appear as a
yellow square, with over-coverage shown in shades of green and under-coverage in
orange/red. In the case of the local DM density, pg, all intervals over-cover (i.e., they
are conservative), with the most severe over-coverage occurring for the PLI (bottom
right panel). The situation for the scale radius, Rg, is similar, but the CR interval
suffer from under-coverage in some parts of the parameter space, notably for small
values of 7. For v we observe both over- and under-coverage both for HPD and CR
intervals, while the PLI always over-cover.

The reasons for these behaviours can be traced back to the two-dimensional degeneracy
between R, and : once marginalised to one dimension the resulted intervals have poor
coverage depending on where in the two-dimensional degenerate region the true value
is located. The over-coverage observed for all the fiducial parameter values for the
PLI is a consequence of the fact that this interval is typically larger than the credible
intervals HPD and CR. The two nuisance parameters are always well recovered within
the observed 1o uncertainties, independently of where we are in the parameter space,
as they are constrained by an independent piece of the likelihood.
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FIGURE 4.6: Example of the one and two-dimensional marginalised

posterior distributions obtained by means of our five-parameter

Bayesian reconstruction formalism applied to a given mock RC. Green

squares indicate the true fiducial values used to generate the mock

data, while blue crosses show the ML values. The contours delimit

regions of 68%, 95% and 99% probability, while red shaded areas show
the 68% HPD credible intervals.
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FIGURE 4.7: Values of the FSE for the inner slope, ~, scale radius,

R, and local DM density po (from top to bottom) and for different

estimators (from left to right: mean, median, MAP and ML estima-

tors). Notice the difference in the colour bar scale between the different
parameters (i.e. different rows).
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FIGURE 4.9: One-dimensional marginalised posterior probability dis-

tributions for the error bar rescaling parameters. Since the posteriors

peak around log(e;) = 0, no systematic offsets are present among the
data sets which are, therefore, mutually compatible.

4.3.3 Reconstruction of Parameters from Real Data

In this section, we present the results of our Bayesian inference procedure (see section
4.2.2) when applied to the actual RC of the MW. For the RC of our Galaxy, we adopt
the galkinio plus Huang et al compilations. For clarity, we first present results for a
reference morphology: bulge 2 given in Stanek et al. 1997, disc 1 given in Bovy and
Rix 2013 and gas component from Ferriére 1998; Ferriére et al. 2007. We then present
results for all baryonic morphologies.

Reference Baryonic Morphology

Our reference morphology (bulge 2 plus disc 1) corresponds to the heaviest disc, i.e.
this baryonic morphology provides the highest RC.

We have first checked for undetected systematic offsets between the different data sets
of our RC’s compilation: galkinjs, Huang RCGs and Huang HKGs. In order to do
so we apply the Bayesian machinery explained in section 4.2.2. This is, we introduce
a variance scaling parameter € (see equation (4.16)) for each of the three data sets
above mentioned. Figure 4.9 shows the one-dimensional marginalised posterior distri-
butions for each rescaling parameter. Since €; &~ 1 for all cases, there is no significant
shift between the data sets. The observed variance in the RC is fully explained by
the statistical error in our binned data and, therefore, there is no need for increasing
uncertainties. Furthermore, as seen in figure 4.10, results of this analysis are compat-
ible at the lo-level with the results of the standard analysis (i.e. likelihood function
given by equation (4.13)). This is, our inference procedure is robust with respect to
undetected systematic offsets. For this reason, from now on, we do not consider the
rescaling parameter analysis.

Secondly, we have checked whether the two dips in the RC at galactocentric distances
~ 11 and 20 kpc (see figure 4.1) affect the reconstructed constraints in the DM param-
eter space. In order to do so we run the standard MCMC analysis for the following
two cases: First, the whole combined RC and, second, omitting the bins between 10
and 20 kpc. The results of these two runs are shown on figure (4.11), where no changes
are seen in the resulting posterior distribution functions. This is, the presence of the
dips around 11 and 20 kpc in the observed RC -whose nature is unknown- do not
affect the reconstruction properties of our Bayesian inference technique.
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FIGURE 4.10: One and two-dimensional marginalised posterior prob-
ability distributions for each of the DM parameters of a gNFW pro-
file. The results of the standard analysis (likelihood given by equation
(4.13)) are shown in green. The results of the errorbar rescaling analy-
sis (likelihood given by equation (4.16)) are shown in red. Light green
and light red bands indicate 68% HPD region for the standard analy-
sis and the errorbar rescaling analysis, respectively. Two-dimensional
contours delimit 1, 2 and 30 credible regions.
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FIGURE 4.11: One and two-dimensional marginalised posterior prob-

ability distributions for DM parameters. The results of the standard

analysis taking into account the whole RC compilation are shown in

green. The results when bins in the region from 10 to 20 kpc are

dropped from the likelihood are shown in red. Light green and light

red bands indicate 68% HPD region for the whole RC compilation
analysis and the dropped bins analysis, respectively.
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Parameter ML MAP + HPDgg mean median +CRgg
5 0.03 <0.56HPDys 0.40 0.367053
R, 6.6 71129 8.6 8.1%33
. 0.43 0.4370.02 0.42 0.4240:05

TABLE 4.4: Values for ML, MAP (with uncertainties estimated from
the 68% HPD region), mean and median (with uncertainties estimated
from the 68% CR) estimators obtained with the standard analysis
applied to the actual RC of the MW (galkiniy plus Huang et al) for
our reference morphology (Stanek et al. 1997; Ferriere 1998; Ferriére
et al. 2007; Bovy and Rix 2013). Notice that for v we indicate only
the upper limit of the HPD 68% (instead of MAP + HPDgg). This
is because the one-dimensional marginalised posterior distribution is
compatible with zero.

In table 4.4, we summarise ML, MAP, mean and median estimators obtained for our
reference morphology for each of the DM parameters of a gNF'W density profile.

All Baryonic Morphologies

In section 4.1.1, we studied which subsample of the galkin data sets constitute a com-
patible compilation of the observed RC of the MW. We did this study for the extreme
morphologies, that is, for those morphologies containing the heaviest (disc 1), central
(disc 2) and lightest (disc 3) discs. Since the resulting compatible data sets are the
same 12 for the three configurations, we concluded that the compatibility procedure
is insensitive to the adopted baryonic morphology. Furthermore, the constraints infer
on the DM parameters are independent whether the galkin or galkin;s compilation
is adopted as tracer of the total gravitational potential within the visible region of
the Galaxy. For these reasons, we can safely apply our reconstruction procedure for
each possible combination of stellar disc and stellar bulge while adopting galkinis
plus Huang et al compilations for the observed RC of the MW.

In this section, we present the results of the MCMC analysis for the rest of baryonic
morphologies. The results of the standard analysis (likelihood profile given in equation
(4.13)) are summarised in table 4.5. Figure 4.12 shows the one and two-dimensional
marginalised posterior distributions for three disc configurations: lightest (disc 3),
central (disc 2) and heaviest (disc 1). For the three cases, we adopted bulge 2.

4.4 Conclusions

In this analysis, we have developed a novel Bayesian methodology to reliably and
precisely infer the distribution of DM within the MW using the RC technique. We
first selected a subset of tracers that are mutually compatible with each other, thus
excluding the ones that might be suffering from systematic bias. We then demon-
strated the statistical performance of our reconstruction procedure (over many data
realisations) by applying it to simulated data, which we generated in order to mimic
the statistical properties of the observed RC. We generalised our procedure against
(systematic) uncertainties on the visible component of the MW, by applying it to an
array of possible baryonic morphologies that bracket the current uncertainties on the
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FIGURE 4.12: Green - the heaviest disc I (our reference disc given in

Bovy and Rix 2013), pink - the central disc 2 given in Han and Gould

2003, blue - the lightest disc 8 given in Calchi Novati and Mancini

2011. The marks in the one and two-dimensional marginalised poste-
rior distribution plots indicate the ML values.
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Baryonic
Morph.
11
21
31
41
51
61
12
22
32
42
52
62
13
23
33
43
53
63
14
24
34
44
54
64
15
25
35
45
55
65

~
ML  MAP + HPDgs

0.01 < 0.48
0.03 < 0.54

0.00 < 0.42

0.00 <0.47

0.01 < 0.52

0.01 < 0.50

1.00 1.44701
0.77 1.2670:2
1.05 1.397047
0.96 1.287023
1.03 2T
0.96 1.2570:23
1.39 1467028
1.09 1.2970:31
1.38 LA
1.19 1.2970:30
1.25 il
1.20 1.35702
1.29 AT
1.07 1.327023
1.38 LA
1.20 14155921
1.24 1487033
1.17 1.317029
1.31 il AT
1.05 1.3670:20
1.31 i3
1.14 1.397018
1.23 148704
1.14 1327921

ML
6.5

6.4
‘ 6.5
6.4

10.4
‘ 8.5
10.6
‘ 10.0
10.5

14.3
‘ 9.8
14.2
‘ 11.0
11.6
‘ 11.3
13.1
‘ 9.9
14.7
‘ 11.5
12.3
‘ 11.4
15.2
‘ 11.0
14.8
‘ 12.3
13.3
‘ 11.9

R,

MAP + HPDgs

+1.9
T4

+2.5
71777

73132

+2.0
7157

(i
71
9.3140
8.145
9.6733
9.2143

9.673%
8.775%
8.2151
10.5739
il &5

6.0
9.3+

10.7787
10.7+48
o250
78753
11.8%8
10.3784
ilil i
8.6153
111753
7.8%5%
12,5753
10.2+67
9.4%57

8.9
81173

ML
0.43
0.43
0.43
0.43
0.43
0.43
0.44
0.44
0.43
0.43
0.44
0.44
0.43
0.44
0.43
0.44
0.44
0.44
0.43
0.44
0.43
0.43
0.43
0.44
0.42
0.43
0.42
0.42
0.42
0.43

Po
MAP 4+ HPDgg

0.02
0.43+0.02

+0.02
0.4370 05

0.02
0.4310.05
+0.02
0.4270:02
0.02
0.437005

+0.02
0.4370 05

0.02
0437055

+0.02
0.437 05

0431302
0.42°0%
0431302
0.4473%
0431382
0.43°3%2
0431382
0.44°3%2
0.44130)
0.43°0%2
0434282
0.43°0%2
0431202
0.43°0%2
0431252
0.4473%3
0.42+3%2
0.4373%
0.4242%2
0.42°3%
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0.4373%

x2/dof

0.94
0.95
0.94
0.94
0.94
0.94
0.96
0.94
0.95
0.95
0.94
0.94
1.00
1.00
1.00
1.01
1.00
1.00
0.99
0.98
0.99
0.99
0.99
0.99
0.96
0.95
0.96
0.96
0.96
0.96

TABLE 4.5: Values for ML and MAP (with uncertainties estimated
from the 68% HPD region) for the DM parameters for all baryonic mor-
phologies obtained with the standard analysis applied to the actual RC
of the MW (galkin;s plus Huang et al). For the values of 7 corre-
sponding to disc 1 we indicate only the upper limit of the HPD 68%
(instead of MAP+HPDygg) since the one-dimensional marginalised pos-
terior distribution is compatible with zero. The coding for the baryonic
morphology is as follows: The first and second numbers correspond to
the bulge and disc morphologies, respectively, following the nomencla-
ture in chapter 3. We report the reduced x? for the ML estimator, the

number of degrees of freedom is 49.
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shape and normalisation of the Galactic stellar disc(s) and bulge, as well as of the
(subdominant) interstellar gas component.

We conclude that the local DM density is reconstructed with very high precision (with
1o relative uncertainties in the range 5-7%) and high accuracy (the estimated value
never falls farther than ~ 6% from the true value in simulated data). The inferred
values and error bars on this parameter are stable with respect to variations in the
baryonic morphology (with a ~ 5% shift due to the adoption of different baryonic
morphologies). Our results are also stable with respect to various tests for the presence
of systematic errors in the RC data used. We report a value for py of

po = 0.43 £ 0.03,

where the central value is the most-likely value from the MAP estimators of all bary-
onic morphologies. The uncertainty corresponds to a relative uncertainty of 7% which
is the largest statistical uncertainty of our analysis. Notice that systematic uncer-
tainties are < 6%. It is important to highlight, nonetheless, that our reconstruction
of the DM density profile in the MW relies on the assumption that the DM halo is
spherically symmetric, wether this is a good approximation of reality remains an open
question.

With the current uncertainties in the observed RC of the MW, we are unable to break
the degeneracy between v and Rs. Nonetheless, the combination of the two is relatively
well constrained in a two-dimensional parameter space, whether the individual, one-
dimensional marginalised posteriors of these two parameters are not very informative.
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Dark Matter Distribution in the
Inner Galactic Region

In this chapter we study the distribution of dark matter (DM) in the inner region
of our Galaxy, i.e. inner ~ 2.5 kpc of the Milky Way (MW). The Rotation Curve
(RC) methodology, described and applied in previous chapter 4, does not apply in the
innermost region of the Galaxy. Due to the triaxial morphology of the Galactic bulge,
axisymmetry breaks down and some tracers may present non-circular orbits. For this
reason, the RC analysis applies only for galactocentric distances larger than 2.5 kpc,
and the distribution of DM derived for the inner 2.5 kpc is just an extrapolation.

Characterising the distribution of DM in the inner region of the Galaxy is a difficult
task. Baryons dominate the gravitational potential and the DM is a subdominant
component. Furthermore, the Galactic bulge region can not be studied in the optical
waveband due to dust extinction and obscuration, and it has been mainly studied in
the infrared band. As we will see in this chapter, the actual amount and distribution of
DM in the innermost regions of the Galaxy is highly uncertain. In order to study the
DM content in the Galactic bulge region, we adopt a simple methodology, following
the one presented in Hooper 2017. This methodology is described in section 5.2. We
present the results of our analysis in 5.3 and our conclusions in 5.4. A large fraction
of the material of this chapter was already presented in Iocco and Benito 2017.

5.1 Introduction

The DM density profile in the inner region of the MW is at the centre of a long-
standing debate on whether the profile is cusped (y ~ 1) or cored (y ~ 0) (see e.g.
de Blok 2010). On the one hand, observations of dwarf galaxies seem to indicate a
core profile at the centre of these galaxies (e.g. Oh et al. 2015). Nonetheless, the
presence of a core is still debated (e.g. Genina et al. 2018). On the other hand,
cusp profiles are preferred in DM-only N-body simulations independently of the size
of the halo (Navarro et al. 1996). Some recent hydrodynamical simulations found a
correlation between the slope of the innermost DM density profile and the stellar-
to-halo mass ratio (Di Cintio et al. 2014b; Di Cintio et al. 2014a; Tollet et al. 2016;

1y is the logarithmic slope of the DM density profile in the inner part of the Galaxy, i.e. v =
—dIn (ppm) /d1n (R).
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Maccio et al. 2017) as seen in figure 5.1. This relation implies that the DM profile
in the MW is cusp, even cuspier than v ~ 1 which is the typical value preferred by
DM-only simulations. It is important to highlight that this correlation is not found in
all hydrodynamical simulations (e.g. Vogelsberger et al. 2014; Schaye et al. 2015) and
it might be a consequence of the subgrid physics model® describing star formation.
Particularly, it might be due to the value adopted for the density threshold at which
gas is turned into stars as shown in Benitez-Llambay et al. 2018.

2.5 Tollet et al 2016
---- Bland-Hawthorn & Gerhard 2016
—— RC analysis

2.0

10-° 104 10-3 102 10!
M % / M 200

FIGURE 5.1: Relation between the inner slope of the DM density

profile and the star formation efficiency of a galaxy, measured by means

of the stellar-to-halo mass ratio, as found in Tollet et al. 2016. The

vertical lines corresponds to the values of the stellar-to-halo mass ratio

obtained for the MW in the review by Bland-Hawthorn and Gerhard

2016 (dashed purple line) and by means of the RC analysis from Benito
et al. 2017 (solid green lines).

A precise estimation of the distribution of DM in the innermost region of the MW
might, therefore, help us in understanding the interplay between baryons and DM in
the processes of galaxy formation and evolution. Many mechanisms that can destroy
a cusp profile have been proposed in the literature, such as, for example, a bursty and
extended in time star formation activity (e.g. Benitez-Llambay et al. 2018). However,
a cusp can be restored due to the response of the DM density profile to the cooling
and condensation of baryons at the centre of the Galaxy (Blumenthal et al. 1986), or
the accretion of smaller DM halos (Syer and White 1996).

2Maoo is another widely used estimator of the mass of a DM halo. It is given by the following
expression:

4
Moago = gﬂ' R300 200pcrit, (5.1)
where Rago is the radius of the sphere with average density 200 times the critical density of the
universe, pPerit-

3Subgrid models are numerical recipes for implementing physical phenomena that occur at scales
smaller than the resolution scale of the hydrodynamical simulation.
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Indirect searches of the DM particle at the Galactic centre (GC) rely on the geometri-
cal distribution of DM within this inner region. For this reason, a precise characteri-
sation of the DM density profile in the innermost region of our Galaxy is fundamental
for the interpretation of results from these experiments.

5.2 Methodology and setup

The distribution of DM in the inner = 2.5 kpc of our Galaxy is determined following
the methodology originally presented in Hooper 2017 and further used in Iocco and
Benito 2017. A sketch of this method is as follows:

— First, we adopt an estimate of the total mass within a specific, central region of
our Galaxy.

— Second, we compute the stellar mass (within the very same region) by integrating
the stellar three-dimensional density profile.

— We then obtain the allowed DM mass simply as total minus stellar mass.

Finally, we study the constraints that the allowed DM mass imposes on the
parameter space of a generalised Navarro-Frenk-White (gNFW) density profile.

In the following, we describe in more detail each element of the adopted methodology.
The first element of our analysis is the total, dynamical mass within a squared box,
centred at the Galactic centre, with coordinates,

[z, y, z] = [£2.2, £1.4, +1.2] kpc; (5.2)

which reads,
Mol = (1.85 £ 0.05) x 109 M. (5.3)

This value is estimated in Portail et al. 2017 by means of a Made-to-Measure (M2M)
technique (Syer and Tremaine 1996; de Lorenzi et al. 2007). This technique relies on
a N-body simulation of the Galaxy from which the phase-space distribution function
is constructed by sampling a large number of particles. A weight is assigned to each of
these particles. These weights are iteratively updated until the distribution function
satisfies certain observational constraints on the stellar kinematics and stellar density
profile in the region of interest (ROI). Portail et al. 2017 used the following set of
observational constraints:

— radial velocity and velocity dispersion profiles from the BRAVA (Rich et al.
2007; Howard et al. 2008; Kunder et al. 2012) and ARGOS (Ness et al. 2013)
surveys;

— proper motions from the OGLE-II survey (Rattenbury et al. 2007);

— star counts of Red Clump Giants (RCGs) from VVV, UKIDS and 2MASS sur-
veys (Wegg et al. 2015) and

— a three-dimensional density map of RCGs from Wegg and Gerhard 2013.

The stellar kinematic constraints prove the total gravitational potential and, therefore,
the total dynamical mass. Portail et al. 2017 used RCGs as tracers of the stellar
mass. RCGs have been proved to be a good tracer of the stellar mass -the number
of RCGs per unit stellar mass is constant- for a stellar population of 10 Gyr old with
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metallicities in the range —1.5 < [Fe/H] < 0.2 (Salaris and Girardi 2002). The stellar
Galactic bulge is known to have several stellar populations with debatable ages (see
e.g. Calamida et al. 2015; Bensby et al. 2017). For this reason, we only rely on the
total dynamical mass estimation of Portail et al. 2017.

In the estimation of the stellar (baryonic) mass is where our analysis most diverges
from that in Hooper 2017. Rather than relying on the results of Portail et al. 2015,
based on N-body simulations implementing a peanut-shaped bulge and different disc-
to-halo ratios -resulting in five morphologies characterised by the degree of maximality
of the disc-, we adopt a wider array of stellar morphologies modelled and normalised
after observational data.

The stellar mass within the ROI is obtained by integrating each possible combina-
tion of stellar bulge and stellar disc three-dimensional density profiles, pi(R, 6, ¢),
described in chapter 3. We neglect the diffuse, interstellar gas since its contribution
to the stellar mass is smaller than quoted uncertainties. The stellar bulge and disc are
normalised to the microlensing optical depth toward the Galactic centre (Popowski
et al. 2005) and the stellar surface density at the solar neighbourhood (Bovy and Rix
2013), respectively. Both measurements carry a statistical uncertainty that is prop-
agated into the stellar mass, therefore obtaining an uncertainty on the stellar mass
which is statistically comparable to that of the total mass. It is worth stressing that
the bulge normalisation through microlensing optical depth is indeed affected by the
stellar disc adopted, and we, therefore, present self-consistent results for all bulges
and disc morphologies in our sample.

The DM mass allowed in the ROI, and its uncertainty, is the difference between the
observational derivation of the total mass M., and the inference of the stellar mass
from observationally inferred density profiles M!, where the index i runs over all the
possible combinations of bulge and disc. Note that the allowed DM mass will be a
function of the adopted morphology. Therefore, for each stellar morphology, we study
how its corresponding allowed DM mass constrains the parameter space of a gNFW
density profile. In order to do so, we scan the parameter space (v, po, Rs) and find
those points that give a mass of DM compatible at the 1 and 20 levels with the value
obtained simply as the difference between M, and Mi

5.3 Results

5.3.1 Stellar and Dark Matter Masses

Our estimations of the stellar and DM masses in our ROI as a function of stellar
(bulge plus disc) morphology are shown in figure 5.2. For the stellar mass, we obtain
central values in the range (1.2 —1.7) x 10'° M), corresponding to 63-93% of the mass
budget within the inner = 2.5 kpc of the Galaxy. This is, the baryons dominate the
gravitational potential and dynamics of the Galactic bulge region. Half of the stellar
morphologies give a value of the DM mass compatible with zero at the 1o level. This
is not surprising due to the fact that DM is a sub-leading component in the inner
region of the Galaxy and the uncertainties on the actual amount of DM in this region
are large. Relative uncertainties on the allowed DM mass range from 30% up to 400%.
Obtained DM masses are in the range (0.1—0.7) x 1019 Mg, corresponding to 7-37% of
the total mass budget of the Galactic bulge region, depending on the adopted stellar
morphology.
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FIGURE 5.2: Stellar and DM masses, with corresponding 1o uncer-

tainties, as a function of baryonic (bulge plus disc) morphology. The

dashed, horizontal, black line corresponds to the total dynamical mass

and 1o uncertainty (grey band) from Portail et al. 2017. X-tick labels

stand for the bulge and disc numbers as in chapter 3. For instance,

11 stands for bulge I (Stanek et al. 1997) and disc 1 (Bovy and Rix
2013).

There are two sources of uncertainties that affect our estimation of the stellar mass:
Uncertainties on the bulge’s mass due to the microlensing optical depth and uncer-
tainties on the disc’s mass arising from the stellar surface density at the Sun’s position.
In figure 5.3, we breakdown each relative contribution to the overall uncertainty on
the stellar mass as a function of baryonic morphology. It is clear from the figure
that the principal source of uncertainties on the stellar mass comes from the bulge’s
normalisation.

In an attempt to reduce uncertainties on the stellar mass, we perform the following
stacked analysis: Instead of normalising each bulge density profile to one measurement
of the microlensing optical depth toward the GC as in Iocco and Benito 2017, we
adopt, following Iocco et al. 2011, a set of microlensing optical depth measurements
for different directions toward the GC:

~ MACHO (Popowski et al. 2005): () = 2.1719:37x1076 for (¢,b) = (1.50°, —2.68°).

~ OGLE-II (Sumi et al. 2006): () = 2.5570-57 x 1076 for (¢,b) = (1.16°, —2.75°).

(4,

— EROS 1-4 (Hamadache et al. 2006): (7) = (2.90 + 1.30) x 1079 for (£,b) =
(—4.5°,2.40°); (1) = (2.32 £ 1.73) x 1075 for (£,b) = (—1.5°,2.42°); (1) =
(2.20 + 1.56) x 105 for (£,6) — (1.5°,2.22°): (r) — (1.65 % 0.83) x 10-5 for
(£,b) = (4.5°,2.53°).

For each bulge density profile, we compute the normalised density and its correspond-
ing uncertainty for each of the six microlensing optical depth measurements. The final
normalised density of the bulge is given by the weighted average. Its uncertainty is the
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quadratic sum of the weighted standard deviation and the propagation of weighted
uncertainties.
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FIGURE 5.3: Breakdown of the relative contribution to the overall un-

certainty on the stellar mass as a function of baryonic (bulge plus disc)

morphology. From top to bottom, the bars show the mean contribution

due to the stellar disc’s normalisation (green) and the normalisation of

the bulge (brown). X-tick labels stand for the bulge and disc numbers
as in chapter 3 (see figure 5.2 for more details).

In figure 5.4, we compare relative uncertainties on the stellar mass between the anal-
ysis in Tocco and Benito 2017 and the new stacked analysis presented here. In the
latter, uncertainties on the stellar mass are reduced by a factor ~ 10%, with respect
to the former analysis, for all stellar morphologies except for those morphologies car-
rying bulge 3 (Vanhollebeke et al. 2009). This is due to the fact that bulge 3 can
not simultaneously describe the set of microlensing measurements toward different
GC directions, therefore, the dispersion between the estimated normalised densities
computed from each of the optical depth measurements is large.

In the stacked analysis, relative uncertainties in stellar and DM masses are decreased
by a factor ~ 10% with respect to the analysis presented in Iocco and Benito 2017.
Nonetheless, the relative uncertainty on the DM mass ranges from 30 to 400%. There-
fore, a reduce of 10% is not significant. Furthermore, it is important to highlight that
there might be systematic offsets between the different estimations of the microlensing
optical depth. We are unable to perform a proper study of systematics with only six
measurements. This methodology can, nevertheless, be used in the future with more
microlensing measurements. For these reasons, from now on, we show the results
obtained in Iocco and Benito 2017, i.e. the bulge density profile is calibrated to only
one microlensing optical depth measurement.
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FIGURE 5.4: Relative uncertainty on the stellar mass as a function

of baryonic (bulge plus disc) morphology. Yellow bars correspond to

the analysis presented in Iocco and Benito 2017 (i.e. bulge density

profile normalised to one microlensing optical depth toward the GC).

Orange bars correspond to the stacked analysis (i.e. bulge density

profile normalised to six microlensing optical depth toward different
GC directions).

5.3.2 Constraints on a gNFW Profile

For each stellar morphology, the allowed DM mass is simply the difference Mo and
M}, where the index i runs for all morphologies. At this point, we adopt a gNFW
profile and study the constraints in the parameter space (v, po) imposed by this
allowed DM mass.

We first study the effect of the Galactic parameters (Ry,©g). Neither of the elements
of the analysis depend on the Sun’s velocity O, therefore our technique is insensitive
to the local circular velocity. On the other hand, the bulge and disc density profiles
have a dependence on the Sun’s position. Furthermore, the normalisation of the
stellar and DM components depends also on the distance between the Sun and the
GC Rp. The dependence of the constraints in the parameter space (7, pg) with the
Sun’s position are shown in figure 5.5. While setting constant the morphology of the
bulge and disc and set the scale radius to Ry = 20 kpc, three different values of Ry
are adopted in each of the plots of the figure. We let the Sun’s distance to the GC
to vary in the range 7.5 — 8.5 kpc. The region of the parameter space that gives a
mass compatible at 1o with the allowed DM mass is shown in white; in light purple,
the area compatible at the 20 level; and, in dark purple, the area excluded at more
than 20. From the same figure, we deduce that the constraints mildly depend on the
distance from the Sun to the GC. For this reason, we adopt the value Ry = 8 kpc for
the rest of the analysis.

Second, we study the effect of varying the sale radius Rs. We adopt a stellar mor-
phology and assume three different values of the scale radius. The results are shown
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in figure 5.6 and motivate us to fixe the scale radius to Rs = 20 kpc since again there
is a mild dependence of the constraints on this DM parameter.

. =

~ -

Ry=17.5 kpe . Ry=8 kpc
0.5 1.0 1.5 0.5 1.0 1.5 0.5 1.0 1.5
po [GeV em™] po [GeV em™] po [GeV em™

FIGURE 5.5: Counstraints on the parameter space (v, pg) of a gNFW

profile as a function of the Sun’s galactocentric distance Ry for bulge 2

(E2 bulge from Stanek et al. 1997) and disc 2 (Han and Gould 2003).

The points within the white region give a DM mass compatible at 1o

with the allowed DM mass obtained as the difference between M,

and M!. In light purple, the region compatible at 20 and dark purple
the region excluded at mored than 20.

-

-
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FIGURE 5.6: Constraints on the parameter space (7, pp) as a function

of the scale radius R for bulge 2 (E2 bulge from Stanek et al. 1997)

and disc 2 (Han and Gould 2003). The colour coding is the same as
in figure 5.5.

In figure 5.7, we show the results varying the bulge morphology (which sets most of
the stellar mass in the region of interest), and by keeping Ry = 8 kpc, disc component
and scale radius Rs = 20 kpc.

Figure 5.8 shows the constraints for each possible combination of bulge and disc
morphology. The red contours correspond to the 3o confidence intervals from the
RC analysis from Benito et al. 2017. We highlight in yellow the preferred pg region
of this analysis, that can act as a prior in the estimation of a preferred region of ~.
As it can be easily noticed, due to the uncertainties on the stellar mass the allowed
region in the parameter space is quite sizeable. Most of the morphologies show no
real preference for a cusp DM distribution (y ~ 1) in the ROI, the lowest values of ~y
being disfavoured for few configurations only. For those configurations with bulge 6
(Robin et al. 2012), core profiles for typical values py = 0.4 GeV cm ™3 are disfavoured
at more than 2 o. It is interesting to notice that the extremes of the region in exam
are complementary to the validity limit of analysis based on dynamical tracers, which
as discussed are typically restricted to galactocentric radii R > 2.5 kpc. The results
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FI1GURE 5.7: Constraints in the gNFW parameter space, for assigned

values Ry = 20 kpc, Ry = 8.0 kpc. Different panels show the result

of changing the bulge morphology. The disc component is fixed to

the morphology given in Han and Gould 2003. The numbers within

each plot correspond to the number of bulge (first number) and the

number of disc (second number), following the nomenclature presented
in chapter 3.

from this and the RC analyses are compatible, except for the 61 configuration (bulge
given in Robin et al. 2012 and disc from Bovy and Rix 2013). For this particular
configuration, the tension might be caused due to several reasons: This particular
combination of bulge and disc density profiles does not resemble the actual spatial
distribution of baryons in the Galaxy; the gNFW parameterisation is not a good
description of the DM distribution; or/and we can not describe the DM distribution
everywhere in the Galaxy with the same global function.

We summarise the content of figure 5.8 in the tables of Appendix B, where we list the
stellar mass content (and its uncertainty) and the estimated DM mass for all of our
bulge and disc morphologies. We also report the range of v allowed, if one imposes a
prior on the local DM density, as discussed above.

5.4 Conclusions

We have presented an analysis of the DM density profile in the Galactic bulge re-
gion, following and complementing upon the recent analysis in Hooper 2017. By
adopting an observational estimate of the total dynamical mass, and a large array
of observationally-derived morphologies for the stellar components (bulge and disc),
we are able to estimate the current statistical uncertainties on the allowed DM mass.
We find that the DM mass vary between 7% and 37% of the total dynamical mass
of the Galactic bulge region. These figures are compatible with those of the analysis
in Hooper 2017, yet they define a bigger range (compatible with zero at one sigma)
as a consequence of our ignorance on the actual distribution of stars in the region of
the bulge and on the actual normalisation of the visible component. Both type of
uncertainties are sizeable and prevent general conclusions on the preferred region of
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FIGURE 5.8: Constraints in the parameter space (v, pg) for all bulge
(vertical axes) and disc (horizontal axis) morphologies presented in
chapter 3. The small red regions are the 3¢ region as from the RC
analysis in Benito et al. 2017. The yellow bands highlight the extremes
of the latter for the local DM density py. Rs = 20 kpc, Ry = 8.0
kpc. The numbers within each plot correspond to the number of bulge
(first number) and the number of disc (second number), following the
nomenclature presented in chapter 3.
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the parameter space (if the DM mass is fit to a gNFW profile): whereas cusp profiles
are not strictly prohibited (although indexes v ~ 1.5 are generally disfavoured at
lo at least, depending on the bulge/disc configuration), neither are flat profiles, an
index v = 0 allowed for many of the morphologies at study. These results are com-
patible with analysis of outer regions, at galactocentric radii R > 2.5 kpc, performed
with global techniques based on a fitting of the RC, but this is hardly indicative, nor
surprising, given the very large degree of uncertainty described above.

We argue that it is still early for a conclusive answer about the distribution of DM
in the GC due to sizeable uncertainties on the actual distribution of the visible com-
ponent and its normalisation, rather than that on the total dynamical mass. Future
surveys dedicated to the stellar census and dynamics in that region, like the forth-
coming Wide Field InfraRed Survey Telescope (WFIRST) will help in the endeavour
of reducing uncertainties.

A future prospect for reducing uncertainties on the normalisation of the bulge, and
therefore on the stellar mass, is by means of a map of microlensing optical depth
measurements as shown above. Gravitational microlensing can be further used as
a tool for studying the structural properties of the Galactic bulge (e.g. Stanek et
al. 1997). In this way, microlensing measurements can help us in discarding actual
proposed parameterisations for this component of the Galaxy.
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Chapter 6

Particle Dark Matter Searches

Although dark matter (DM) is approximately 85% of the matter content of the Uni-
verse, the nature of the DM remains unknown. Unraveling the nature of the DM
particle has become one of the main problems in physics. For this purpose, different
search strategies has been followed (e.g. Aprile et al. 2017; Akerib et al. 2018; Du
et al. 2018).

From the various candidates proposed as the DM particle, Weakly Interacting Mas-
sive Particles (WIMPs) are among the most studied class of candidates over the
last decades.! These particles with masses (~ 100 GeV) and coupling strengths
({(ov) ~ 3 x 10726 cm?/s) at the electroweak scale can provide the relic abundance of
DM observed today, if they were thermally produced in the early Universe. This has
motivated direct and indirect WIMP searches, as well as searches from collider exper-
iments. We schematically describe direct and indirect searches, and their dependence
on astrophysical quantities in the first part of this chapter.

As seen in chapter 4, the determination of the DM distribution in the Milky Way
(MW) proceeds from astrophysical observations. These observations have sizeable
uncertainties that need to be properly quantified and accounted for while interpreting
results from direct and indirect DM searches. In this way, astrophysical uncertainties
can be further propagated into the parameter space of the DM particle candidate (e.g.
Benito et al. 2017). Motivated by this, we quantify uncertainties on the determination
of the DM distribution in the MW by means of the Rotation Curve (RC) method.
In 6.2, we qualitatively study the different sources of uncertainties that affect the
determination of the DM distribution in the MW. While in 6.3, we present a full-data
driven analysis that quantifies those astrophysical uncertainties. The likelihood profile
of this latter analysis is publicly available and can be used for properly accounted
for astrophysical uncertainties while interpreting the results of direct and indirect
searches, as we will show in an example in the last part of the chapter.

Some material of this chapter has been already published in Benito et al. 2017 and
most of the content will be publish in a forthcoming paper (Benito et al. in prepara-
tion).

6.1 Direct and Indirect WIMP Searches

Under the assumption that the DM particle is a WIMP, direct and indirect searches
aim to constrain the parameter space of a given WIMP candidate. Both experiments

! Along this chapter, if not specified otherwise, the words DM and WIMP are interchangeable.
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have as input astrophysical quantities, such as the spatial distribution of DM in the
target for indirect searches, and its phase space distribution in the solar neighbour-
hood or the local DM density for direct ones. These quantities of astrophysical nature,
on which the interpretation of these kind of experiments rely on, have sizeable uncer-
tainties that should be correctly accounted for and propagated in the determination
of new physics.

In this section, we sketch the underlying physics behind direct and indirect DM experi-
ments. Although there are collider experiments that also aim at detecting WIMPs, we
do not touch on these searches since they do not have a dependence on astrophysical
quantities.

6.1.1 Direct Detection

Direct detection experiments aim at measuring, in underground detectors, the small
recoil energy of a nucleus after the collision with a WIMP arriving from the DM halo of
the MW. For the case of spin-independent scattering, the differential recoil spectrum?
for a DM particle scattering elastically off a nucleus with atomic mass number A can
be written as,
dR __Po A2 OSI
dEr  2mpm p2

F2(ER) n(vmin, t), (6.1)

where Eg is the nuclear recoil energy, pg is the local DM density, mpy is the DM
mass, [, is the reduced mass of the DM-nucleon system, ogy is the spin-independent
DM-nucleon scattering cross-section, and F'(Eg) is a form factor. The minimum speed
needed for the DM particle to deposit a recoil energy Er in the detector is

Umin = \/maER/(21%). (6.2)

Here m 4 is the mass of the nucleus, and 4 is the DM-nucleus reduced mass. The
halo integral, 7(vmin,t), which together with the local DM density encompasses the
astrophysics dependence of the recoil rate, is defined as,

N(Vmin, t) = / d
V>Umim

where fqet(Vv,t) is the local DM velocity distribution in the detector rest frame. The
differential recoil spectrum from equation (6.1) can be schematically rewritten as,

3/deet§jvvt) 7 (63)

dR
—— = Cpp F*(ER) po1(Vmin, 1), (6.4)
dEp

where the coefficient Cpp = A% 0g1/(2mpm “129) contains the particle physics depen-
dence of the event rate, while pg 7(vmin, t) contains the astrophysics dependence.

6.1.2 Indirect Detection

Indirect detection aims at detecting the flux of final stable particles produced by
DM annihilation or decay in astrophysical environments. The differential flux of final

2The differential recoil spectrum is the event rate per unit energy, per unit detector mass and per
unit time.
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stable particles® from self-annihilation of DM particles of mass mpy in a solid angle
A is given by
do (ov) dN

A8~ 8emdy g T (6.5)

The first term on the right-hand side encodes the particle physics information: (ov) is
the thermally-averaged velocity-weighted self-annihilation cross-section and dN/dE is
the number of particles produced per annihilation. The function 7, the so-called [J-
factor, is defined as the integral along the line of sight (1.0.s.) of the DM density, ppm,
in case of DM decay, or of the DM density squared, p3,;, in case of DM annihilation.
It encodes the geometrical distribution of DM within the target and it takes the
following form for the case of DM self-annihilation,

jannih = /AQ dQ /l,o.s d8p2DM(R(87¢))7 (66)

where 1) is the opening angle between the l.o.s. s and the direction towards the target
and A is the region of interest over which the angular integration is performed.

We can rewrite the flux of final stable particles schematically as a function of a particle
physics term ®pp which encodes all the information of the underlying DM particle
physics model, and an astrophysical term 7. This is,

Ppm(E) = Ppp(E) J. (6.7)

In this analysis, we remain agnostic about the particular form of the particle physics
term ®pp, for the case of indirect searches, and Cpp, in direct experiments.

There are several astrophysical environments where we can look for a DM annihilation
or decay signal, such as dwarf galaxies and clusters of galaxies. Nonetheless, it is worth
stressing here that the material presented in this chapter is only relevant for those
searches within our Galaxy.

6.2 Uncertainties on the Dark Matter Distribution: Qual-
itative Analysis

In this analysis, we account for the following sources of astrophysical uncertainties
affecting the determination of the DM distribution in the MW:

— Uncertainties on the morphology of the visible, i.e. baryonic, component of the
Galaxy;

— Uncertainties on the normalisation of the baryonic component;

— Uncertainties on Galactic parameters: Sun’s galactocentric disctance, Ry, and
local circular velocity, ©g.*

Uncertainties on the baryonic morphology arise due to our ignorance on the actual
mass distribution of stars and gas in the Galaxy. We account for this source of
uncertainty by adopting a large array of observationally inferred density profiles for

3Differential flux is the number of particles produced per unit time, unit area and unit energy.
4Uncertainties on the Local Standard of Rest (LSR) are indirectly taken into account within the
uncertainties in Ry and ©g.
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the stellar bulge and stellar disc components. The array of baryonic morphologies,
obtained by individually combining each alternative description of bulge and disc,
represents a nearly complete set of all possible morphologies still consider viable to
date. Their spread can be considered a satisfactory indicator of the systematics present
for the mass modelling of the MW, with the conclusion that the actual physical reality
must reasonably lie within them.

Uncertainties on the normalisation of the baryonic component reflect our ignorance
on the actual weight of baryons with respect to the total Galactic mass budget. The
bulge component is normalised through microlensing optical depth toward the Galac-
tic centre (GC). On the other hand, the stellar disc is normalised to the stellar surface
density at the Sun’s galactocentric distance. Both observational quantities have as-
sociated statistical uncertainties that propagate into the determination of the DM
distribution in our Galaxy (see chapter 3 for more details).

Finally, the distribution of DM is sensitive to quoted uncertainties on the Galactic
parameters (Rp, ©g). On the one hand, the observed RC depends on (R, 0g) since
l.o.s. velocities are measured with respect to the Sun. These velocities are translated
into rotation velocities with respect to the GC by convolution with the distance from
the Sun to the GC, Ry, and the circular velocity at the Sun’s position, ©g. On the
other hand, each baryonic density profile depends on Ry. The stellar bulge, stellar
disc and gas mass distributions are obtained by optical and infrared (IR) observables
and depend on the value for Ry adopted in the original publication (c.f. chapter 3).

We, firstly, test the effect of each of the mentioned uncertainties one at a time, and in
section 6.3, we present a full data-driven analysis that quantifies these astrophysical
uncertainties. For this section, we adopt a generalised Navarro-Frenk-White (gNFW)
density profile and a two-parameter fitting while fixing R, = 20 kpc. For the observed
RC, we adopt the galkin unbinned compilation. In this chapter, we restrict ourselves
to the galkin compilation, although this implies a limitation to the innermost region
of the Galaxy. L.o.s. velocity dispersion profiles of stellar halo stars are used to trace
the RC in the range ~ 20 — 100 kpc from the GC. These stellar tracers do not follow
circular orbits around the centre of the Galaxy. Therefore, the use of this data requires
further assumptions such as, for example, about the virialisation of the system and
the anisotropy parameter 3(r). Observed and predicted (baryons plus DM) rotation
velocities are compare by means of a two-dimensional x? statistics (see chapter 4).

Figure 6.1 shows the effect of each source of uncertainties on the determination of the
DM distribution in the MW. Top panels show DM density profiles as a function of
the distance to the GC, and bottom panels show the relative difference of the profiles
with respect to a reference morphology. The reference morphology corresponds to:

— Bulge 2 given in Stanek et al. 1997, disc 2 taken from Han and Gould 2003 and
gas (Ferriere 1998; Ferriére et al. 2007).

— Central values of ¥, (Bovy and Rix 2013) and (7) (Popowski et al. 2005), and
— Galactic parameters Ry = 8 kpc and ©g = 230 km/s.

Left panels show variations on the DM distribution induced by uncertainties on the
actual mass distribution of baryons. For these panels, we fix baryonic normalisation
and Galactic parameters and vary baryonic morphology. Middle panels show varia-
tions on the distribution of DM due to uncertainties on the actual weight of baryons
with respect to the total mass budget for fixing baryonic morphology and Galactic
parameters. The different lines of these middle panels correspond to constraints on
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the DM distribution while varying the central baryonic rotation curve within 1o un-
certainties on X, (Bovy and Rix 2013) and (7) (Popowski et al. 2005). Finally, right
panels show variations on the DM distribution constraints for three combinations of
(Ro, ©0): (8 kpc, 230 km/s) - reference, (7.5 kpc, 312 km/s), (8.5 kpc, 180 km/s); for
fixing morphology and baryonic normalisation. From this figure we can infer:

— Systematic uncertainties on the baryonic morphology (left panels of figure 6.1)
affect the DM distribution specially in the inner 2.5 kpc by at most 2 orders of
magnitude. It is worth stressing that any inference of the DM density profile
below 2.5 kpc is an extrapolation since the RC analysis only applies for galac-
tocentric distances > 2.5 kpc due to the triaxial morphology of the Galactic
bulge.

— Statistical uncertainties due to the normalisation of baryons (middle panels of
figure 6.1) are < 20% and, therefore, negligible with respect to the other two
sources of uncertainties.

— The extreme values for the Galactic parameters are chosen to vary between Ry =
[7.5 — 8.5] kpc and ©g = [180 — 312] km/s, for the representative morphology.
The local circular speed can range from (200 £ 20) km/s to (279 £ 33) km/s
(McMillan and Binney 2010). Hence, we take ©g = 180 km/s and 312 km/s as
lower and higher estimates, respectively. Uncertainties on Galactic parameters
(right panels of figure 6.1) affect both the inner and outer part of the Galaxy,
the change in the DM density profile with respect to our standard set of Galactic
parameters, i.e. Ry =8 kpc and ©¢ =230 km/s, is four orders of magnitude.

From these we can conclude that indirect searches of DM in the GC will be affected
mainly by uncertainties on the actual distribution of baryons in the Galaxy and the
choice of Galactic parameters. On the other hand, direct searches are primary af-
fected by the choice of Galactic parameters (Ry,©¢). Uncertainties on the baryonic
normalisation are swamped by the other two uncertainties and are irrelevant at this
stage (Benito et al. 2017).

6.3 Uncertainties on the Dark Matter Distribution: Quan-
titative Analysis

In the last section, we have qualitative studied the effect of astrophysical uncertainties
on the determination of the DM distribution in the MW and their effect on WIMP
searches within our Galaxy. We have studied the effect of each astrophysical source of
uncertainty individually. In this section, we present a full data-driven analysis whose
output is a practical tool that encodes all the above astrophysical uncertainties that
affect the reconstruction of the DM density profile in our Galaxy. The main goal of this
analysis is to provide results in a general form such that they can be used by the com-
munity in order to properly accounted for astrophysical uncertainties while interpret-
ing the results from direct and indirect DM searches. The likelihood profile of this anal-
ysis is available at https://github.com/mariabenitocst/UncertaintiesDMinTheMW.
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F1GURE 6.1: Top panels: The DM density, ppm, as a function of
radial distance from the GC, R. Reference morphology (bulge 2 plus
disc 2) is shown by the purple line, rest baryonic morphologies are
shown in grey. Bottom panels: relative error of ppy with respect to
the reference morphology. The dashed black line in the bottom panel
corresponds to a perfect match between the morphology considered
and the reference morphology. Left panels correspond to changes on
the DM distribution due to baryonic morphology. Middle panels show
the variation of the DM density profile due to changes on the baryonic
normalisation. Right panels show changes due to variations in the
Galactic parameters (Rp, Op) (see text for more details). The vertical
dashed line corresponds to R = 2.5 kpc.

82

Baryonic morphology 107 Normalisation 107 (Ro, ©0)
T T T
:reference : :
I I I
] 101 I 10!
1
| | |
] 1071 ] 1071 ]
1 1 1
1 1 1
; 1 ; ; 1 ; ; 1 ;
10° 10t 107! 100 10! 107! 100 10t
4 I 4 T
1 1
1 1
1 1
1 1
21 I 2 I
I I
1
| |
0 e B
: \\:\
107! 100 10! 1071 10° 10!
R [kpc] R [kpc]



Chapter 6. Particle Dark Matter Searches

6.3.1 Setup

The distribution of DM in our Galaxy is determined by means of the RC. As already
pointed out, tangential velocities of the disc trace the enclosed amount of matter,
which in turn prove the total gravitational potential that balances the circular mo-
tion around the GC. By subtracting from the observed rotation velocities, the veloc-
ities predicted by the pure effect of gravity of the visible component, we can infer
constraints on the DM distribution for a given parameterisation of the DM density
profile.

For the observed RC, we use the galkin compilation (Pato and lIocco 2017). This
compilation includes a large number of different kinematical tracers within the visible
Galaxy, i.e. up to galactocentric distance ~ 22 kpc. The galkin RC consists of 25
different data sets (c.f. appendix A). Due to systematic effects, or other data-collection
artefacts, there are points within the compilation that are incompatible at more than
50. In order to avoid possible bias when binning the data, we proceed as follows: For
those velocity data points above 9 kpc with relative uncertainty lower than 1%, we
artificially increase the uncertainty to 10%.

In this analysis, we adopt the following binning scheme: We bin the data in the non-
dimensional variable x = R/ Ry, rather than in galactocentric distance R, due to the
fact that when varying Ry the data mowve along the R-axis. Binning in x mitigates
this effect, so that, for different values of Ry, a given z-bin contains roughly the same
unbinned data points. We use angular velocities w(z) rather than circular velocities
both for binning and fitting. This is because the former velocities are uncorrelated
with the z-variable (see e.g. Iocco et al. 2015a). Our analysis is restricted to x > 2.5/8
in order to avoid the inner region of the Galaxy where the underlying gravitational
potential significantly departures from axial symmetry and objects might follow non-
circular orbits due to the triaxial morphology of the Galactic bulge. More in detail,
we apply the following binning scheme:

— 15 bins from x = 2.5/8 to x = 10/8 with a step of Az = 0.5/8;
— 7 bins from z = 10/8 to = = 18/8 with a step of Az = 1/8;
— 2 bins from = = 18/8 to x = 22/8 with a step of Az = 2/8.

Which make a total of 25 z-bins. A bin of Az = 0.5/8 or smaller for x < 10/8 is
necessary to properly account for the steepness relation between angular velocities
and galactocentric distances. If the size of the bin is increased, the uncertainty on the
binned velocity reflects not only the dispersion of the observed data points, but also
the slope on the w—x relation. At large = the binning is larger also due to the scarcity
of data. In order to assign a given data point to a bin we consider only the central
value x; and neglect the error dz;. Within each bin, the average angular velocity, @,
and its corresponding uncertainty og,; are given by

D Sl

wj = N s (6.8)
Zz:bin l/at%i
N’Ln "
2 21:131 (w _Wi)Q/Ugi Nyin
O-(Dj - Npin 2 + Npin 2 ’ (69)
21:1 1/Uwi 21:1 1/0wi

i.e., w; is just the weighted mean of the data in the bin and N, is the number of
data points in the bin. The uncertainty oy, is composed of two terms: The first is the
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FIGURE 6.2: Rotation curve of the Milky Way. galkin compilation
and binned data for Ry = 8 kpc, ©¢ = 230 km/s, and (Ug, Vo, Wg) =
(11.1,12.24,7.25) km/s (Schonrich et al. 2010).

weighted dispersion of the data and the second term gives the mean weighted error
of the data. An example of the binned and unbinned RCs for Ry = 8 kpc, ©9 = 230
km/s, and (Ug, Ve, We) = (11.1,12.24,7.25) km/s (Schonrich et al. 2010) is given in
figure 6.2.

For each baryonic component of the Galaxy (i.e. stellar bulge, stellar disc and gas), we
adopt the array of observationally-inferred three dimensional density profiles presented
in chapter 3. In this way, we bracket systematic uncertainties due to our ignorance
on the actual shape of baryons in the Galaxy. The discrete variable M; accounts for
the different baryonic morphologies adopted in our analysis.

For the DM component, we adopt a gNFW density profile. This profile has three free
parameters: the inner slope, 7v; the scale radius, Rs; and the local DM density, pg.
It is important to notice that observed, baryonic and DM velocities depend on the
adopted value for the Sun’s galactocentric distance.

A further source of uncertainty is the actual peculiar motion of the Solar system,
(Us, Vi, W), with respect to the local standard of rest (LSR).” (Ug, Vi, Wg) are,
respectively, the velocity orthogonal to the circle of the orbit and pointing outward
the GC, the velocity tangential to the circle, and the velocity orthogonal to the circle
pointing in the z-direction. In this analysis, we adopt the values (Ug, Ve, Wg) =
(11.10,12.24,7.25) km/s from Schonrich et al. 2010. The most relevant quantity for
the RC analysis is Vi which is found to have a large scatter in the range 5 — 24 km /s
from different analyses in the literature (e.g. Schonrich et al. 2010; Bovy et al. 2012;
Reid et al. 2014). Combining Vg together with the total Solar system angular velocity

®The LSR is the system comoving along a circular orbit around the GC with a velocity equal to
the RC velocity at the Sun’s position, ©g.
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Qg0 =30.24+0.12 kms'kpc™! (Bland-Hawthorn and Gerhard 2016),% we can infer
the local circular velocity ©g, once Ry is specified, through the equation,

Voo _ Oo+Visr + Vo

0 =
997 Ry Ry

(6.10)

where Vo is the Sun’s total tangential velocity relative to Sgr A*, Visr is the tan-
gential velocity of the LSR relative to the rotational standard of rest, 0 & 15 kms™!
(Bland-Hawthorn and Gerhard 2016); and V is the tangential solar motion relative to
the LSR. For Ry = 8.0 kpc, equation (6.10) gives ©g = 230 km /s, which are commonly
adopted values.

6.3.2 Methodology

Our analysis has 7 free parameters:
— The discrete variable M; running over the 30 different baryonic morphologies;

— the 3 DM parameters Opyy, i.e. v, Rs, po;

the galactocentric distance Ry; and

the two parameters that normalise the baryonic component: (7) and X,.

We use Ry as free parameter and fix V; = 12.24 km/s and Vigg = 0 km/s since the
uncertainties in Vg and Vi gg introduce a variation in ©q similar or smaller than the
one caused by Ry.

For each point in the seven-dimensional parameter space, we compute the correspond-

ing XI%{C given by the following expression:

) A B (w(zj, Opm, Ro, M, (1), X4) _@j)z
Xrc(Opm, Ro, M, (1), 5) = Zj: [ a2, (6.11)

2 (7)) + 3. (2),

where w(z;, ©pm, Ro, M;, (1), ) is the model prediction which takes the following
form:

w(zj, Opm, Ro, M, (T),34) = \/[Wb($j7R0>Mz'7 (1),%:)]* + [won (x4, Opwm, Ro))?,
(6.12)
i.e., it is given by the sum of the DM and baryonic contribution. For X%* and X% ) we
use the expressions:

T

¥, —38)2
e ({r) = 2.17)?
Ty —2.17
X%T) =T 0422 (6.14)

where we have adopted the measurement of the stellar surface density at the Sun’s
position from Bovy and Rix 2013 and the microlensing optical depth given in Popowski
et al. 2005. Notice that the error on (7) has been symmetrised for simplicity.

5The angular velocity of the Solar system, Q. @, is inferred from the proper motion of the source
Sagittarius A* in the Galactic plane under the assumption that this source is at rest at the GC.
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The number of parameters in our analysis is sufficiently small to use a grid scan rather
than a Monte Carlo approach. We thus scan the following discrete grid:

50 values for pg linearly spaced in the range [0.0,1.0] GeV /cm3;

— 50 values for Ry logarithmically spaced in the range [5.0,100.0] kpc;
— 15 values of 7 linearly spaced in the range [0.0,1.5];

— 11 values of Ry linearly spaced in the range [7.5,8.5];

30 morphologies M;;

For (1) and X, we use 10 values each, linearly spaced in the range [—20, +20].

We verified that including (7) and X, in the X%{C does not crucially affect the analysis.
Keeping (1) and X, fixed to their central values only reduces slightly the error in
the determination of the other parameters of the analysis. This is likely due to the
fact that the bulk of the uncertainty from the baryonic morphology is already taken
into account considering the 30 different morphologies M;, as already shown in the
qualitative analysis presented in 6.2. Nonetheless, for consistency of the analysis and
for a more robust error determination, we include () and X, in the overall x3.
Furthermore, for the above same reason, just 10 grid values of (7) and X, are already
enough to properly include the effect of their uncertainty on the analysis.

In order to derive constraints in sub-spaces of the seven-dimensional parameter space
we use the frequentist method of profiling (e.g. Rolke et al. 2005). For instance, in
order to build the two-dimensional y? in two given parameters, we take the minimum
x? over the remaining 5 parameters for each two-dimensional grid point.

6.3.3 Results

We show in the following the constraints on the DM parameters from the above x?
analysis. First, we present results while fixing v = 1. In this way, we are able to
study how varying Ry affects the constraints on the DM parameter space. Second, we
present the constraints profiled over Rg in order to generalise our results as a function
of ~.

NFW ~ =1 case

Figure 6.3 shows the results of the fit for v = 1 and different values of Ry. The
left panel shows 20 contours in the Rs — pg plane for fixed values of Ry and profiled
over M;, (1) and X,. The 20 contour corresponds to the region in the plane (Rs, po)
that satisfies the condition x? < XQBF + Ax?2, where X23F is the minimum y? and
Ax? = 6.18 for two degrees of freedom. This figure shows that the constraints on pg
strongly depend on Ry. This is best seen in the right panel where 1o (Ax? = 2.30
from the minimum) and 20 contours in the Ry — pg plane, profiled over the remaining
parameters, are shown. The plot shows that the analysis is sensitive to Ry, although
not strongly. Ry is better constrained by different types of analysis than the RC ones
(see Malkin 2013 for a list of works on the determination of Ry).

In the absence of strong priors on Ry and pg values between 0.3 and 0.8 GeV/cm?
at 20 are allowed, which is in agreement with the conservative estimate provided in
Salucci et al. 2010. Interestingly, the combination pg = 0.4GeV/cm?®, Ry = 8 kpc,
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often used in the literature, is in tension at 2o level with our result. The previous
standard used value until recently, that is pg = 0.3 GeV/cm? for Ry = 8.5 kpc has a
x? of 53.6 (in the profiled Ro-po plane), therefore being excluded at more than 4c.

The use of a flat prior on Ry in the range [7.5, 8.5] kpc is perhaps too conservative and,
instead, more stringent priors could be used, as for example the Gaussian prior Ry =
8.240.1 kpc given in Bland-Hawthorn and Gerhard 2016. Similar considerations apply
to v or to the other parameters. For this reason, our constraints are not necessarily
the optimal ones. Nonetheless, extra information or priors on the parameters can be
easily included starting from the tables we provide. The main goal of this analysis is to
provide results in a general form such that they can be used by the community together
with complementary information, with the aim to simplify the use of a thorough data-
driven approach on astrophysical uncertainties to analysis including direct and indirect

DM searches.
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FIGURE 6.3: Left panel: 20 contours in the (Rs, pp) plane for fixed

~ = 1 and for various values of Ry. The contours are profiled over M,

() and .. Right panel: 1-2¢ contours in the (pg, Ro) plane for fixed
~ = 1. The contours are profiled over R, M;, (7) and X,.

Results as function of ~

In figure 6.4 we show the analogous of figure 6.3 for the case in which ~ is varied. It
can be seen that the results are similar, except for the fact that when large values
of v are used (y > 1), the largest values of py (in the range 0.6 — 0.8 GeV/cm3)
are disfavoured. Including the uncertainty on 7, the couple pg = 0.3 GeV/cm? and
Ry = 8.5 kpc has now a x? of 42.3 (versus 53.6 when 7 is fixed to 1) which is still

excluded at more than 4o.
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FIGURE 6.4: Left panel: 20 contours in the (Rs, pg) plane for various
fixed values of vy profiled over M;, (1), ¥, and Ry. Right: 20 contours
of the profile x? in the (pg, Ro) plane for different fixed values of +.
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Comparison with Other Results

A general result of our quantitative analysis of astrophysical uncertainties, that af-
fect the determination of the DM density profile in the MW, is that the single DM
parameters are only weakly constrained by the fit (even for the case of fixed NFW
profile, i.e., without varying ). For instance, at 20 confidence level (CL), po lies in
the range 0.3-0.8 GeV /cm?, thus with an error of ~ 0.25 GeV /ecm?, while Ry is simply
unconstrained by the analysis with respect to the prior range 7.5-8.5 kpc. Instead,
the degeneracy and correlation among the parameters, like, noticeably, the one be-
tween Ry and pg is robustly constrained by the fit. This is somewhat at odd with
similar analyses performed in the past, which, typically, tend to find very small errors
and strong constraints on the parameters. We attribute this difference to three main
effects. First, the adopted accurate statistical treatment, which explores and maps
in detail the degeneracies among the parameters. This is important, since if strong
degeneracies are present, as in this case, and they are not well characterised, the error
on the single parameters will be underestimated. Second, we do not use stellar tracers
up to ~100 kpc, as sometimes adopted in other analysis. The DM potential is the
dominant component in the range 20-100 kpc, so this data could actually provide an
important contribution in reducing the uncertainties on the DM parameters, although
this comes at the cost of adding further assumptions. Third, we use binned data, with
an uncertainty estimated from the spread of the data points in the bin. The last effect
was already found to be an important point in Pato et al. 2015 which shares the same
data set and similar methods as the present analysis. More precisely, when using the
unbinned analysis, in Pato et al. 2015 the authors report pg = 0.420f8:8%51;(20) +0.025
GeV /em? where the first error is statistical and the second comes from the uncertainty
on the baryonic morphology. On the other hand, a test with binned data gives errors
a factor of ~ 5 larger, thus more compatible with the analysis performed here.

Other analyses that give small errors, like in Catena and Ullio 2010 which reports
po = 0.389 £ 0.025 GeV/cm?, also use unbinned data. A noticeable exception is the
work in Nesti and Salucci 2013, where a binned analysis is performed, with bin errors
estimated in a similar way as in this work. We thus expect an uncertainty similar to
the one of our analysis. The authors indeed find pg = 0.471418:8%515 GeV /em?, which has
an uncertainty larger than Catena and Ullio 2010; Pato et al. 2015, but still smaller
than our analysis. This might be related to the larger data set used in Nesti and
Salucci 2013 which includes also stellar velocity dispersion measurements at R > 20
kpc, or to the simplified procedure used to estimate the errors, as explained in the

mentioned paper.

Finally, in chapter 4, we perform a binned analysis using, for the inner Galaxy, the
galkin data set also employed here, in combination, for the outer Galaxy, with Huang
et al (Huang et al. 2016) which has stellar tracers up to 100 kpc. The final uncertainties
derived there are thus smaller. A further difference is that in chapter 4 a fixed value
of Ryp = 8.34 kpc is used, whereas one of the goals of this present analysis is indeed
to estimate the very impact of the uncertainties on Ry —which we therefore vary as
discussed in the previous sections— on the determination of the DM distribution.

In the literature several other works are present, for example Xue et al. 2008; Weber
and de Boer 2010; McMillan 2011; Huang et al. 2016; McMillan 2017 which we do not
discuss in detail given the wide range of methodologies, data sets and assumptions
employed, which makes difficult a proper comparison.
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6.4 Implications for Direct and Indirect WIMP Searches

In this section, we provide an example of how to use the x? or likelihood profile of the
full data-driven analysis derived above. This likelihood profile is publicly available
at https://github.com /mariabenitocst /UncertaintiesDMinTheMW. In particular, we
consider the GC excess observed in v-rays and assume it is due to DM self-annihilation.

Accounting for astrophysical uncertainties on the predicted flux of final stable parti-
cles due to DM annihilation or decay is crucial when comparing results from different
targets. On the one hand, a positive signal interpreted in terms of DM annihilation
implies a preferred region in the particle physics parameter space, typically the aver-
age velocity self-annihilation cross-section (ov) versus DM mass mpy;. On the other
hand, null results from other targets impose upper limits on the ((ocv), mpy) param-
eter space. It might occur that the latter constraints are in tension with the signal.
However, such a tension relies on the assumed J-factor and, thus, the uncertainty on
the J-factor must be properly accounted for before claiming a strong tension.

6.4.1 Dark Matter Interpretation of the Galactic Centre Excess

An excess in the y-ray emission from the centre of our Galaxy was confirmed by the
Large Area Telescope on-board of the Fermi satellite (Ajello et al. 2016). The excess
emission covers the inner ~ 10°, peaks at ~ 2 GeV and has the spectral and mor-
phological shape expected from DM self-annihilation. The origin of this signal is still
debatable. Although several groups have interpreted this excess in terms of DM anni-
hilation (Goodenough and Hooper 2009; Hooper and Goodenough 2011; Calore et al.
2015; Cuoco et al. 2016; Daylan et al. 2016), there are potential astrophysical expla-
nations such as, for example, the presence of an unresolved population of millisecond
pulsars (Petrovi¢ et al. 2014, 2015). Furthermore, it was recently claim that the in-
terpretation of the Galactic centre excess (GCE) in terms of DM annihilation is in
conflict with current upper limits from dwarf spheroidal galaxies (dSphs) (Abazajian
and Keeley 2016; Chan and Leung 2017).

We use the results of the GCE analysis presented in Calore et al. 2015. Calore et
al. 2015 performed a detailed spectral and morphological analysis of the GCE. The
inferred energy spectrum and error covariance matrix of this analysis have been made
publicly available. Calore et al. 2015 considered a square of 40°x40° around the GC,
with a stripe of +2° along the Galactic plane excluded, for a total area of 0.43 sr.

Figure 6.5 shows the y? profile of the GCE J-factor from our analysis for differ-
ent cases described in the caption. When a derived parameter as 7 is involved, our
frequentist profiling methodology is slightly more involved. First, we derive the cor-
responding J value for each point in our seven-dimensional grid. Then, to build, for
example, the one-dimensional x? profile for 7, we bin all the derived 7 values in a new
J grid. For each J-bin we then take the minimum x? among the x? corresponding
to the J values falling in that bin.

In order to include astrophysical uncertainties that affect the determination of the
DM distribution in the MW, that is the uncertainties on the J-factor, we define the
following 2,

Xiotal = Xace((ov), mon, J) + Xka(T,7) + X5 (6.15)
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FIGURE 6.5: Left panel: x?2 profile for the GCE [J-factor for fixed
v = 1. The colour lines correspond to profiles over M,;, (1), X,
R, and p, for different Ry. The black-dashed line is the x? profiled
furthermore over Ry. Right panel: Colour lines correspond to the
profiles over M;, (1), X, Rs, ps and Ry for different ~.

The first term of the above equation corresponds to the GCE analysis and is given by

X&cr = Z(di — ;) (X4 + 045 (0rel ti)Q)_l (dj —tj), (6.16)

1,J

where d; are the GCE fluxes in the 24 energy bins given in Calore et al. 2015, ¢; is the
model prediction from equation (6.5). Fluxes in Calore et al. 2015 are normalised to
the area of the region analysed, so equation (6.5) needs to be further divided by 0.43
sr. Finally, ¥;; is the covariance matrix among the energy bins, again given in Calore
et al. 2015. Following Cuoco et al. 2016, we further add to the covariance matrix
a diagonal error equal to oy per cent of the model prediction t; to account for the
model uncertainty in the annihilation spectrum dN/dE. In particular, as explained
in Cuoco et al. 2016, a choice of o, = 10% is appropriate.

The second term in equation (6.15), x4 (7, %), is build from equation (6.11) profiling
over Ry, R, ps, (1), B« and M; (but not ). Finally, x> = (v — 1.2)?/0.08% is a
Gaussian prior on 7, with mean 1.2 and ¢ = 0.08 again coming from the analysis of
the morphology of the GCE in Calore et al. 2015.

Constraints in the plane (mpy, (ov)) derived from the x2  ; in equation (6.15) and
further profiled over « and 7, are shown in figure 6.6 and compared with the results
of Calore et al. 2015. As a test of consistence we have checked that fixing the [J-factor
to the value adopted in Calore et al. 2015 we obtain their same (mpw, (ov)) contours,
which, for comparison are also shown in the same plot. It can be seen that including
the uncertainties on the distribution of DM significantly enlarges the contours, both at
large and small (ov). In particular, while the preferred region of Calore et al. 2015 is
in (mild) tension with the null observations of a -ray signal from local dwarf galaxies
(Ackermann et al. 2015; Albert et al. 2017), this tension disappears when considering
the J-factor uncertainties. It should be mentioned, nonetheless, that the tension with
dwarfs constraints can also be further relieved if more conservative estimates of the
DM content of the dwarfs is adopted (Bonnivard et al. 2015a), or, similarly, if a more
conservative analysis of the ~-ray background at the dwarfs positions is performed
(see Mazziotta et al. 2012; Calore et al. 2018).
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FIGURE 6.6: 1, 2 and 3 ¢ contours in the DM particle parameter space

(mpw, (ov)) for the bb DM annihilation channel from our analysis, and

from the Calore et al. 2015 work. Also included are the upper limits

from the analysis of MW dwarf galaxies from Ackermann et al. 2015;
Albert et al. 2017.

6.5 Conclusions

We have used the observed RC of the MW up to ~ 25 kpc in Galactocentric radius
to study and quantify astrophysical uncertainties that affect the constrains on the
parameters of a gNFW DM density profile.

The main source of uncertainty on the determination of the DM density profile in the
MW by means of the RC is the uncertainty on the actual shape or spatial distribution
of baryons in the Galaxy. Notice that in 6.2, we have shown that the change in the
DM density profile due to variations in the Galactic parameters (Ry, ©g) is larger than
that of the baryonic morphology. Nonetheless, we have adopted a too conservative
prior on Ry in the range [7.5,8.5] kpc. When using a more realistic prior, such as, for
example, the Gaussian prior Ry = 8.2+0.1 kpc given in Bland-Hawthorn and Gerhard
2016, the effect of Galactic parameters on the DM determination decreases to a level
lower than that of the baryonic morphology. On the other hand, uncertainties on the
normalisation of the baryons, that is uncertainties on the measured ¥, and (7), play
a negligible role with respect to the other sources of uncertainty.

Our quantitative analyses in section 6.3 improves with respect to other works in several
ways. First, we have adopted a systematic statistical approach, scanning the relevant
parameter space and accurately exploring the various degeneracies present. This last
point is particularly important since several degeneracies exist, and precisely mapping
them is a necessary condition to have reliable final error estimates. Second, we use
an accurate treatment of the systematic uncertainties arising from the modelling of
the visible components of the MW. We adopt a large array of bulge, and separately
disc, density profiles. By combining individually, one bulge, one disc and the gas
component (and then varying one at the time each individual component) we obtain
an array of baryonic morphologies that bracket the systematic uncertainty on the
actual distribution of baryons within our Galaxy. We further allow mass variations
for each morphology due to uncertainties given by microlensing and stellar surface
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density measurements. These baryonic uncertainties are fully marginalised (profiled)
away within our statistical framework.

We find that the local DM density pg is constrained to the range 0.3 — 0.8 GeV /cm?
at the 20 level, showing a strong positive correlation with the Sun’s Galactocentric
distance Ry. The inner slope of the DM profile, v, is very weakly constrained and both
core (7 ~ 0) and cusp (v ~ 1) DM density profiles are allowed. Some combinations
of parameters can be, however, strongly constrained. For example, the often used
standard pg = 0.3 GeV/em?, Ry = 8.5 kpc is disfavoured at more than 4c.

We release the likelihood of our analysis, namely a four-dimensional table listing x?
values over a grid in v, Ry, Rs, ps, the latter two parameters being the scale radius
and density scale of the gNFW profile.” In the above likelihood, the dependence
on baryonic parameters (morphology and normalisation) and related uncertainties
have been already profiled away. We have provided some example for the use of
the likelihood, in particular we have employed it in the analysis of the GC v-ray
excess. We have found that the uncertainties in the DM profile significantly enlarge
the allowed cross-section range, by a factor 3 to 4. Other contexts in which our
tabulated likelihood can be employed involve GC or Galactic halo DM searches in
~v-rays at GeV energies or TeV with Cherenkov telescopes, DM neutrinos searches,
direct DM searches, local DM searches with antimatter, and combined local and GC
searches.

"The likelihood is available at https://github.com/mariabenitocst/UncertaintiesDMinTheMW.
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cross-section
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Chapter 7

Alternative Theories to the Dark
Matter Paradigm

The dark matter (DM) is invoked to explain the mismatch between the observed
dynamical mass and that inferred by observations of the visible component. This
discrepancy is observed for a vast range of masses and scales: From dwarf (e.g. Oh
et al. 2015) and spiral galaxies (e.g. Sofue and Rubin 2001) to clusters of galaxies (e.g.
Schmidt and Allen 2007). The DM paradigm further provides a consistent explanation
of the Cosmic Microwave Background (CMB) power spectrum (Planck Collaboration
et al. 2018a) and the structure formation in the Universe (Blumenthal et al. 1984).

An alternative proposal to the DM paradigm relies on a modification of general rel-
ativity. There are numerous proposals for modify gravity in the literature, such as
MOND (Milgrom 1983), TeVeS (Bekenstein 2004), MOG (Moffat 2006) or f(R) the-

ories (Sotiriou and Faraoni 2010) amongst others.

Our Galaxy can be used for testing modifications of gravity, at the galactic scale,
by comparing observed rotation velocities with the velocities predicted for the visible
component by the effect of the underlying gravity theory. Tracers of the total gravi-
tational potential of the Milky Way (MW) have already been used for testing MOND
phenomenology (Famaey and Binney 2005; McGaugh 2008; Iocco et al. 2015b), MOG
theory (Moffat and Toth 2015; Negrelli et al. 2018) and other modifications of gravity
(Finch and Said 2018).

In the first part of this chapter, we briefly review some modify gravity theories. In the
second part, we test MOG gravity theory (Moffat 2006) on the galactic scale using
our own Galaxy. Part of the material of this chapter has been taken from Negrelli
et al. 2018.

7.1 Modifications of gravity

From the different proposals of modifications of gravity, we briefly review MOND
(Milgrom 1983) and MOG theories. The former is chosen since it is a phenomeno-
logical theory built for reproducing observations at the galactic scale, and this is the
precise scale we are interested in probing by means of kinematical tracers of the total
gravitational potential of our Galaxy. On the other hand, we briefly describe the
main aspects of the MOG theory since it is further tested in the second part of this
chapter. It is worth highlighting that the methodology presented for testing MOG
theory can be easily tuned for testing the validity of other modified gravity theories
at the galactic scale by using our own Galaxy.
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MOND

MOND is a non-relativistic, phenomenological theory of gravity proposed by Milgrom
1983 in order to explain flat rotation curves (RCs) in spiral galaxies. It is characterised
by a fundamental acceleration scale, below which Newtonian gravity breaks down.

This theory correctly predicts the baryonic Tully-Fisher relation' (e.g. McGaugh et al.
2000), and its modern counterpart: The radial acceleration relation (RAR) (McGaugh
et al. 2016; Li et al. 2018). The latter is a tight correlation between observed and bary-
onic accelerations along galactocentric distance for galaxies with stellar masses in the
range 103 — 10" M. The small intrinsic scatter of the observed RAR implies a tight
correlation between the baryonic mass and the observed dynamics. This relation has
been used to prove the existence of a fundamental acceleration scale ag ~ 1019 ms—2
(Lelli et al. 2017b). This would favour MOND dynamics as the correct explanation for
the mismatch between observed and baryonic masses at the galactic scale. Nonethe-
less, the existence of a fundamental acceleration scale ag is still debated. Rodrigues
et al. 2018 have recently showed that ag -obtained in Lelli et al. 2017b- is indeed a
statistical artefact, rather than a fundamental scale, due to the process of stacking
galaxies in the analysis. Furthermore, the tight relation between observed and bary-
onic accelerations and the emergence of an acceleration scale ag have been successfully
explained within ACDM (Ludlow et al. 2017).

While satisfactory reproducing rotation curves (RCs) of galaxies (e.g. Sanders and
Noordermeer 2007), MOND theories failed to explain the observed offset between
dynamical and hot gas masses’ in mergers of clusters, such as e.g. the Bullet cluster

(Clowe et al. 2006).

Several relativistic expansions of MOND dynamics have been proposed such as e.g.
TeVeS (Bekenstein 2004). This theory was recently ruled out by the time delay
between the gravitational wave event GW170817 and its electromagnetic counter part
(Boran et al. 2018).% Other examples of relativistic MONDian theories that have not
been ruled out by this measured time delay are nonlocal MOND (Deffayet et al. 2011)
and BIMOND (Milgrom 2014).

MOG

MOG is a relativistic modified gravity theory proposed by Moffat 2006. This theory
has been able to explain measurements coming from numerous and diverse sources
such as the motion of globular and galaxy clusters (Moffat and Toth 2008; Moffat
and Rahvar 2014; Moffat and Zhoolideh Haghighi 2017), and RCs of spiral and dwarf
galaxies (Moffat and Rahvar 2013; Zhoolideh Haghighi and Rahvar 2017). As well as
MOND, it has difficulties in explaining the Bullet cluster (Clowe et al. 2006), while
Brownstein and Moffat 2007 and Israel and Moffat 2016 claim that MOG can fit both
the Bullet and the Train Wreck merging clusters, respectively. Other authors also

'The Tully-Fisher relation correlates the blue luminosity with the maximum rotation velocity of
a disc galaxy, i.e. Ly oc v? (Tully and Fisher 1977). This relation can also be written as a scaling
relation between the baryonic mass of a disc galaxy and its maximum rotation velocity, i.e. Mpar o< v?
(McGaugh et al. 2000).

2Hot gas represents the bulk of the baryonic mass in clusters of galaxies.

3TeVeS predicts that gravitational waves (GWs) and photons couple to non-conformal metrics,
i.e. GWs and photons propagate on different null geodesics. Therefore the expected time delay
between the time it takes for a GW and for a photon to reach the Earth differs significantly from
general relativity.
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claim that MOG is unable to reconcile gas profile and strong-lensing measurements
in well known cluster systems (Nieuwenhuizen et al. 2018). The main problem with
MOG and other modified gravity theories is the fact that they are unable to explain
the observed matter power spectrum and, therefore, the growth and formation of
the structures we see today from the small density perturbations seen at the CMB
(Dodelson 2011). Since some of the above controversies are yet to be resolved, it is
currently unclear if MOG phenomenology can offer a solution at all scales. In this
analysis we remain agnostic, and we test the validity of MOG theory at the galactic
scale using our own Galaxy.

MOG theory includes a massive vector field ¢* and two scalar fields: G which repre-
sents the gravitational coupling strength and p which corresponds to the mass of the
vector field. The gravitational action can be expressed as:

_ 1 f1 — 2
Se = 167T/G(R+2A)\ﬁgda:, (7.1)

Besides, the massive vector field ¢, action is:

1 1 1
S= e [ 15" B~ 00,0 4 Viloon)| Vg e (12
where B,,, is the Faraday tensor of the vector field defined as follows: B, = 0,¢, —

O0y¢u, and w is a dimensionless coupling constant commonly taken as 1. The action
for the scalar fields can be written as:

11 VoGVsG  VauV Va(G)  Vi(p)
_ 4L af B 1% 5/,6 G 12 M — 4
S /G [29 < et e > o |V d'z. (7.3)

Here, V, is the covariant derivative with respect to the metric g,, and Vg(¢.¢*),
Va(G) and V,(u) are the self-interaction potentials associated with the vector field
and the scalar fields, respectively.

In order to study the behaviour of MOG on astrophysical scales, we can use the weak
field approximation obtained by perturbing the fields around Minkowski metric for an
arbitrary distribution of non-relativistic matter. Following Moffat and Rahvar 2013,
the dynamics of a test particle is driven by an effective potential ®g. Therefore, the
MOG acceleration of a test particle can be obtained from the gradient of the potential,
a= —ﬁ¢eﬁ‘, yielding the result:

= -Gy / = _xx/‘f 1+ a—ae M 71(1 4 p|z - f'y)] B, (7.4)
where G is Newton’s gravitational constant. The resulting force is composed by two
components: a Newtonian attractive force and a repulsive, Yukawa style force. For
length scales shorter than !, the repulsive force cancels the strong attractive force
recovering Newtonian gravity. On the other hand, at larger length scales the repulsive
force becomes weaker and we obtain a Newtonian potential with a larger Newtonian
constant.

Moffat and Toth 2013 yield an estimation of the values of o and p as functions of the
source mass M:
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‘= (\/Mj\i B)? (gj; - 1> ’ (79

and
b= — 7.6
vM (76)
where p is in units of kpc™, G represents the effective gravitational constant at
infinity and its value (~ 20Gy) is established so that at the horizon distance, the

effective strentgh of gravity is about six times Gy (for details see Moffat and Toth
2013).

1

In the most general case, a and p are scalar fields. Here, as in other similar analyses
(Brownstein and Moffat 2006; Moffat and Toth 2015), both fields are treated as con-
stants, with a value set to that determined by the whole baryonic mass of the Galaxy.
We have however checked that the values adopted by the fields at different positions
in the Galaxy -as an effect of the change of the enclosed mass- falls within the range
of values adopted to test our analysis, thus leaving our conclusions unchanged.

7.2 An Example: Testing MOG Theory in the Milky Way

As seen in the above chapter, it is currently unclear if MOG phenomenology can offer
a solution at all scales. Nevertheless, we adopt an agnostic approach, and only focus
on the prediction of MOG theory on the scale of spiral galaxies. We test the most
common MOG scenarios with data of the RC of our Galaxy.

7.2.1 Methodology and Setup

We use a compilation of kinematic tracers of the MW and a state-of-the-art modelling
of the baryons, both presented in locco et al. 2015a. With respect to previous studies
of MW data (Moffat and Toth 2015), we improve the analysis on two separate fronts:

— First, as tracers of the RC, we adopt two separate compilations of data that
have a high density of data in the galactocentric distances 2.5 < R < 100 kpc,
whereas the above mentioned analysis adopts a data set more focused toward
external regions 20 < R < 200 kpc.

— Second, for what concerns the RC expected by the baryonic component, we im-
plement a full set of three-dimensional, observationally-inferred baryonic mor-
phologies including the stellar bulge, disc and gas components of the Galaxy.
We solve the integral in equation (7.4) numerically - using the CUBA library
(Hahn 2006)-, whereas the previous analysis (Moffat and Toth 2015) employs
an analytical formulation to express the contribution of the bulge and disc to
the circular velocity.

As tracers of the actual, observed gravitational potential, we adopt the compilation
of halo stars data from Huang et al. 2016 (hereafter Huang et al.), which extends up
to 100 kpc. We also test our final results against the compilation of tracers galkin
(Pato and Tocco 2017), that offers -with respect to Huang et al. 2016- an enhanced
number of diverse types of objects in the inner region of the MW (thus offering a
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test in slightly different acceleration regimes); we anticipate that our conclusions are
qualitatively unchanged when using the two compilations.

In order to model the density field of the baryonic content (stars and gas), we adopt
the set of observationally inferred morphologies presented in chapter 3, separating
the stellar component in bulge and disc, and also accounting for the interstellar gas.
We adopt a large array of bulge, and separately disc, density profiles. By combining
individually, one bulge, one disc and the gas component, we obtain an array of baryonic
morphologies that bracket the systematic uncertainty on the actual distribution of
baryons within our Galaxy.

The (three-dimensional) bulge density profiles are individually normalised to the MA-
CHO microlensing optical depth observation in the GC region (Popowski et al. 2005),
an observation carrying a statistical uncertainty that propagates to the normalisation
of the bulge. The disc profiles are normalised to the surface stellar density at the
Sun’s position (Bovy and Rix 2013), a measurement that also carries a statistical un-
certainty. Together with the gas component (also carrying a statistical uncertainty),
we can thus associate a well-posed statistical uncertainty to the total baryonic den-
sity of the Galaxy each time a single morphology (combination of the gas, bulge, and
disc component) is selected. This in turn propagates to the rotational velocity com-
puted through the gravitational potential adopted (Newton, MOND, or MOG), thus
allowing a statistically meaningful test of the RC obtained for each single morphology
against observations.

Once the full three-dimensional density functions of bulge, disc and gas are normalised
as summarised above, we integrate them through equation (7.4) -using the cuba library
(Hahn 2006)- in order to obtain the MOG acceleration at each galactocentric distance,
and its corresponding circular velocity at the Galactic plane, i.e. z=0.

The RC for the baryonic component under the MOG potential is then compared
to the observed RC by means of a y? statistics. We compare angular velocities,
w(R) = v(R)/R, instead of circular velocities, v(R), since the uncertainties on R and w
are uncorrelated. We adopt the uncertainties on the observed RC, and that for baryons
as described above. For both compilations, the data is taken individually, without
binning. Only when the galkin compilation is adopted, we use a two-dimensional >
test statistics, which allows to account for uncertainties both in angular velocities and
galactocentric distances.

The analysis is run only for data points with galactocentric distances larger than
Rcut=2.5 kpc (whereas the potential generated from the mass enclosed in this region
is obviously taken into account), in order to avoid spurious results due to the departure
from axisymmetry of the potential, or the failure of the target gas to follow circular
orbits due to the triaxial morphology of the Galactic bulge.

The galactic parameters chosen for our analysis are,
(Ro,©0) = (8.34 kpc,239.89 km/s) (7.7)
and the peculiar solar motion is
(Ue, Vo, Ws) = (7.01,12.20,4.95) km/s. (7.8)

Varying these parameters within the currently accepted range of systematic uncer-
tainties does not qualitatively modify our conclusions.
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(a, p [kpe™Y) Huang et al galkin
(Huang et al. 2016) | (Pato and Iocco 2017)

(15.01,3.13 - 10~2)MW 5.02 4.90

(8.89,4.2 - 1072)5G 5.20 4.90

(15.80,2.41 - 1072)€ 9.14 6.65

Newton 32.65 11.72

5 ¢ equivalent Y2, 2.41 1.14

TABLE 7.1: Reduced x2-values for our representative morphology:

bulge 2 (Stanek et al. 1997), disc 8 Calchi Novati and Mancini 2011

and gas given in Ferriére 1998; Ferriére et al. 2007. The MW baryonic
mass in this case is MMV =(6.770T) x 1010 My,

7.2.2 Results

We use the setup built above in order to test the MOG theory for each single mor-
phology in our catalogue. For the sake of clarity, we first describe the results for a
single morphology, which we denote as representative. This morphology is composed
of disc 3 presented in Calchi Novati and Mancini 2011, bulge 2 taken from Stanek
et al. 1997, and the gas given in Ferriére 1998; Ferriére et al. 2007. We generalise our
results to all other morphologies at the end of this section.

For our representative morphology, we first test the MOG theory in its standard
formulation adopting the couple of parameters (a, u) indicated by Moffat and col-
laborators as the best possible values to fit the spiral galaxies (Moffat and Rahvar
2013) and the MW (Moffat and Toth 2015), which we respectively denote (a, 1)5¢
and (o, p)MW. The latter values, are however obtained as a function of the MW
baryonic mass on the basis of equation (7.5) and (7.6). The MW baryonic mass
adopted by Moffat to derive (a, u)MW is MMX¥:4 x 10'° M, different from the value
Ml(\j/[W:(G.’?‘_ngg) x 1019 My, that we self-consistently obtain from our morphological
model; we therefore use equations (7.5) and (7.6) to obtain the set of parameters
(v, )€, based on the self-consistent value MMW.

In Table 7.1 we show the values of the reduced y? for each of these three set of
parameters, which as it can be seen falls far away from the customary 50 equivalent
X2, thus indicating that for this morphology, MOG theory with these parameters is
ruled out with a large degree of confidence (way beyond the 50 level, which carries
a statistical significance here given the purely statistical nature of the uncertainties
involved). We also perform a safety check by using the recent-most data compilation
galkin, which has an extended data set in the galactocentric radii 3-15 kpc, and we

find no qualitative change, leaving thus intact the above conclusion®.

It is however to be noticed that existing work assigns an uncertainty to the value of
(o, 1) defining an interval based on equations (7.5) and (7.6) and to current uncertain-
ties on the leading constants which are settled by fits to the galaxy RCs (Brownstein

Tt is to be noticed that the difference in the x? between the galkin and Huang et al case are due
to the enhanced amount of data of the galkin compilation in the range of galactocentric radii 3-5 kpc.
Huang et al compilation is insensitive to this region due to the lack of data, so the difference in 2
reflects the behaviour of a morphology in this region. The results of the two compilations are perfectly
compatible at a qualitative level, and their quantitative discrepancies are perfectly explainable.
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FIGURE 7.1: Rotation curves for the MOG four relevant cases (MW,
SG, C, BF) and Newton for our representative morphology. Uncer-
tainties are shown only for the observational data, while the central
value only is shown for the RCs expected from different flavours of
MOG, in order to ease visualisation. The grey band corresponds to
the inner 2.5 kpc.
2009):
D = (6.44 +0.20) M *pc !, (7.9)
E = (284+7.9) MY, (7.10)

In such way by applying equations (7.5) and (7.6) to the actual value of the baryonic
mass of the Galaxy (which we derive self-consistently from the assigned, representative
morphology) with its uncertainties, we obtain the parameter interval o = 15.4 + 1.0
and p = (2.5 4 0.2) x 1072, We scan this interval, and find that for each point in
this two-dimensional space, the reduced x? is beyond 50 (we use the Huang et al
compilation’s ¥? as reference in the scan), with the lowest one being )ZQB r = 8.60, for
the parameter point (o, u)pr = (16.4,2.7 x 1072). This bears the conclusion that
MOG theory fails to explain the observed RC of the MW, for the morphology at
study. We show the RCs for the 4 relevant cases (MW, SG, C, BF) in figure 7.1.
As it may be appreciated from both figure and table, MOG admittedly performs
better than Newtonian gravity, but both fails to describe the shape of the RC, and
its normalisation in the inner regions (R < 10kpc).

Results for all morphologies

We now extend our methodology to the entire set of morphologies. It is worth to
recall here that each one of these possible morphologies, arises from an alternative de-
scription of disc(s) and bulge, obtained from the study of corresponding regions of the
Galaxy in the infrared or optical wavebands. Each possible morphology is alternative
to another one and they represent a nearly complete set of all possible morphologies
still consider viable to date, and their spread can be considered a satisfactory indicator
of the systematics present for the MW, with the conclusion that the actual physical
reality must reasonably lie within them.
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FIGURE 7.2: Rotation curves for the MOG four relevant cases (MW,

SG, C, BF), for the best-fitting morphology (morphology 41), see text

for details. Uncertainties are shown only for the observational data,

while the central value only is shown for the rotation curves expected

from different flavours of MOG, in order to ease visualisation. See
table 7.3 for details on the values of reduced ¥2.

Separately and for each of the morphologies, we self-consistently compute the baryonic
mass, and identify the corresponding corrected point in the («, 1) plane by applying
equations (7.5) and (7.6), as already described in the previous section. We then
produce the RC and its uncertainties, and compute the reduced y? by using the
Huang et al data compilation.

The reduced y? values for all morphologies are shown in table 7.2, for parameters
(c, )MV, (o, )3 and (v, ), respectively. As it can be seen, the reduced x? is very
high for all considered morphology -with the exception of one set of morphologies,
which we discuss in the following section- showing the disagreement between the
MOG RC and the observed one at more than 50. A visual inspection of the actual
RCs against the data bears results as disappointing as in the above section, and we
remit the reader to figure 7.2 as to that for the representative case. It is to be noticed
that our results differ from those obtained in Moffat and Toth 2015. The latter adopts
only an approximation for the calculation of equation (7.4), and a different data set for
the RC (Bhattacharjee et al. 2014) whose reduced number of points in the innermost
regions of the Galaxy with respect to the Huang et al and galkin compilations is the
main source for the discrepancy between our analysis.

The best-fitting morphology

As it can be appreciated from table 7.2, one set of morphologies, namely the ones car-
rying disc 1 (Bovy and Rix 2013), bears x? visibly better than other ones (although
still excluded at more than 50 when tested against the galkin compilaton, see table
7.2). The explanation of this lies in the fact that this disc morphology is the heaviest
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Baryonic Newton MW SG C (o, 1 x 1072)C | MMW
Morph. X2 X2 X2 2 [101° M)
Huang — galkin | Huang — galkin | Huang — galkin | Huang — galkin
11 24.48 — 4.87 1.94 - 1.50 1.79 - 1.51 4.50 - 2.07 (15.94, 2.30) | 74707
21 24.02 - 4.64 1.84 - 1.42 ‘ 1.68 — 1.43 4.30 - 1.97 (1594, 2.29) | 7.470%
31 23.23 - 4.15 1.70 - 1.29 1.53 - 1.29 3.97 - 1.72 (15.95,2.29) | 7.5708
41 22.9 — 4.47 1.58 — 1.26 ‘ 1.32 - 1.27 3.82 — 1.84 (15.98, 2.26) | 7.7758
51 24.93 — 3.89 2.03 - 1.58 1.90 - 1.59 4.76 — 2.20 (15.93,2.30) | 7.4£0.7
61 25.78 — 5.88 2.20 - 1.81 ‘ 2.08 - 1.81 5.40 — 2.62 (15.92,2.31) | 7.370¢
12 31.83 — 10.69 4.50 — 4.25 4.68 — 4.25 8.59 — 5.96 (15.79, 2.43) | 6.6705
22 30.80 — 9.89 4.11 - 3.83 ‘ 4.25 - 3.83 8.00 - 5.39 (15.80, 241) | 6.770¢
32 32.90 - 8.51 3.36 - 3.10 3.43 - 3.10 6.85 — 4.37 (15.83,2.39) | 6.8707
42 29.85 — 9.45 3.71 - 3.51 ‘ 3.79 - 3.51 7.47 - 5.03 (15.83,2.39) | 6.8707
52 35.73 — 11.40 4.93 — 4.66 5.16 — 4.66 9.21 - 6.51 (15.77,2.44) | 6.6£0.6
62 28.67 — 13.65 6.17 - 6.00 ‘ 6.48 — 6.00 13.00 - 8.43 | (15.74,247) | 6.470¢
13 33.84  12.69 5.51 - 5.45 5.74 - 5.44 9.86 -~ 7.37 (15.79, 2.42) | 6.670¢
23 32.65 — 11.72 5.02 - 4.90 ‘ 5.20 — 4.90 9.14 - 6.65 (15.80, 2.41) | 6.775%
33 30.19 - 10.04 4.06 - 3.93 4.17-3.93 7.72 - 5.23 (15.84,2.38) | 6.9707
43 31.62 — 11.22 4.54 — 4.50 ‘ 4.66 — 4.50 8.53 — 6.22 (15.83,2.39) | 6.970¢
53 35.10 — 13.56 6.06 — 5.98 6.33 - 5.97 10.64 - 8.10 | (15.77,2.44) | 6.6 0.6
63 38.46 — 16.32 7.66 — 7.74 ‘ 8.03 - 7.74 15.79 - 10.60 | (15.73,2.47) | 64708
14 33.70 — 12.39 5.43 - 5.29 5.66 — 5.28 9.80 — 7.17 (15.79, 2.42) | 6.7705
24 32.54 — 11.45 4.94 - 4.76 ‘ 5.15 — 4.76 9.09 - 6.47 (15.81,241) | 6.7707
34 30.14 — 9.82 4.02 - 3.83 4.14 - 3.83 7.71 - 5.11 (15.84, 2.38) | 6.9707
44 31.50 — 10.95 4.46 - 4.37 ‘ 4.60 — 4.37 8.49 - 6.06 (15.84, 2.38) | 6.9707
54 34.93 - 13.23 5.96 — 5.80 6.24 - 5.79 10.56 — 7.86 | (15.78,2.44) | 6.6+ 0.6
64 38.18 - 15.89 7.5 - 7.48 ‘ 7.87 - 7.47 15.49 - 10.27 | (15.74,2.47) | 64708
15 32.81 — 11.45 5.22 — 4.91 5.18 — 4.90 8.46 — 5.96 (1591, 2.32) | 7.2%9¢
25 31.79 — 10.66 4.79 — 4.48 ‘ 4.76 — 4.47 7.86 - 5.35 (15.92,2.31) | 7.3707
35 33.86 — 9.26 3.99 - 3.71 3.99 - 3.70 6.69 — 4.35 (15.95,2.29) | 7.570%
45 30.64 — 10.19 4.21 - 4.07 ‘ 4.20 - 4.06 7.30 - 5.01 | (15.95,2.29) | 7.5°07
55 36.51 — 12.17 5.68 - 5.33 5.63 - 5.32 9.11 - 6.45 (15.89, 2.34) | 7.2807
65 29.76 — 14.42 6.91 - 6.67 ‘ 6.83 - 6.66 12.91 - 8.34 | (15.85,2.37) | 7.0£0.6

TABLE 7.2: X2 for all MOG flavours (MW, SG, C) parameters ob-
tained as described in the text. The coding for the baryonic morpholo-
gies is as follows: First and second numbers correspond to the number
of bulge and disc morphology, respectively, as presented in chapter 3.
For instance, the baryonic morphology 11 corresponds to bulge I plus
disc 1. For all morphologies, the gas profile taken from Ferriére 1998;
Ferriére et al. 2007. MW baryonic mass computed self-consistently.
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(a, p [kpe™Y) Huang et al galkin
(Huang et al. 2016) | (Pato and Iocco 2017)
(15.01,3.13 - 10~2)MW 1.58 1.26
(8.89,4.2 - 1072)8G 1.32 1.27
(15.98,2.26 - 1072)C 3.82 1.84
(16.60,2.52 x 1972)BF 2.78 2.22

TABLE 7.3: Reduced x2-values for the best-fitting morphology (Fer-
riere 1998; Bissantz and Gerhard 2002; Ferriére et al. 2007; Bovy and
Rix 2013). For this morphology, the baryonic mass of the MW is
MMW :(7.7f8:§) x 1019 M. Notice that the statistical significance of
the reduced %? changes given to different number of degrees of freedom
in the two data compilation. We remind that for the Huang et al and
galkin compilations the 50 equivalent are x2,=2.41 and xZ,=1.14,
respectively.

one among the ones considered (a mazimal disc®), and thus carries the overall nor-
malisation of the obtained RC closer to the observed one in the innermost regions,
thus reducing the value of the x? with respect to other morphologies.

We select the morphology that systematically produces the best x? (baryonic morphol-
ogy 41). This morphology is composed of disc 1 (Bovy and Rix 2013), bulge 4 (Bissantz
and Gerhard 2002) and the gas from Ferriere 1998; Ferriére et al. 2007. We report the
reduced x? values for this morphology in table 7.3. When tested against the Huang et
al compilation, the MW and SG points bear a significance at better than 2¢ and 1o,
respectively. Although, rejected at more than 50 when tested against the galkin data
compilation. The baryonic mass for this morphology is MI\CAW = (7.71L8:575) x 1019M,),
and the parameter space scanned is o € [14.7,16.6] and u € [2.14,2.52] x 10~ 2kpc 1.
Within this range, the best fitting point is (a, 1)BF = (16.6,2.52x10~2kpc™1), bearing
the reduced ¥?=2.78, which for the degrees of freedom of the Huang et al compilation
is incompatible at more than 5o In figure 7.2, we show the data together with the
rotation curve for this best-fitting morphology, for all the significant points (MW, SG,
C) in the parameter space, including the best fit (BF) point identified as described
above.

As it can be appreciated, while evidently performing much better than the representa-
tive morphology shown in the previous figure (and of any other morphology), none of
these curves manage to capture the very behaviour in the central 15 kpc -the entirety
of the visible MW- always producing RCs below the observed ones. We test the points
above against the galkin data compilation, richer of data in the region in object, and
report the corresponding y? values in table 7.3. Whereas better than for any other
case, they indicate an incompatibility at more than 5o for all the cases in object,
thus again bearing the conclusion that MOG theory can not explain the observed RC
of the MW, not even for this best-fitting morphology, in the best-fitting parameter
point, within the range indicated by the theory itself.

5The disc is assumed to dominate the dynamics within the Solar circle where it contributes the
maximum amount possible without exceeding the RC anywhere
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7.2.3 Conclusions

We have performed a test of MOG theories against the MW dynamics, improving with
respect to previous analysis, on one hand, by using two recent-most compilations of
data for the observed RC and, on the other hand, by adopting a large set of observa-
tionally inferred morphologies for the baryonic component of the Galaxy. Within the
constant field approximation, we have reconstructed the RC expected in the MOG
theory individually for each of the possible morphologies, and separately for each set
of parameters suggested originally in the theory. We find that for each of this set of
parameters, and for each of the individual morphologies, the RC thus obtained dis-
agrees with the observed one, providing strong statistical evidence against the theory
-in its original formulation- to be able to explain the observed RC of the MW. In addi-
tion to the above, we have also modified the key-parameters of the theory, in order to
match them to the baryonic mass of the MW as self-consistently obtained within the
morphologies we adopt. Applying the MOG theory with this corrected, self-consistent
new parameters, still brings the obtained RCs to disagree with the observed one with
a strong statistical evidence for the entire set of morphologies. In light of this anal-
ysis, we conclude that modifying the gravitational potential according to the current
version of MOG theory, does not seem to offer a viable solution to the discrepancy
between the observed RC of the MW and that generated by the baryons only.

7.3 Final Remarks

As shown in the previous section, the RC method can be used to test modifications
of gravity in the weak gravitational field regime. Although, we have tested a specific
theory of gravity by means of the RC of our Galaxy, the methodology of this analysis
can be easily adapted for testing the validity of other theories of modified gravity at
the scale of spiral galaxies.
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cross-section
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Chapter 8

Conclusions

In this thesis, I present a study of the distribution of dark matter (DM) in our Galaxy,
the Milky Way (MW). In chapter 4, we constrained the DM distribution by means of
kinematical tracers of the total gravitational potential between 2.5 and 100 kpc from
the Galactic centre (GC). Particularly, we used the rotation curve (RC) method, also
known in the literature as the mass modelling technique. Tangential velocities from
the disc trace the total enclosed mass, which indeed probe the gravitational pull that
balances the circular motion. By subtracting from the observed rotation velocities, the
velocities predicted for the visible component, by the pure effect of Newtonian gravity,
we set constraints on the distribution of DM. These constraints rely on the assumption
that the halo of DM in the MW is spherically symmetric and its density profile is well
described by a generalised Navarro-Frenk-White (gNFW) density profile. Rather than
relying on a given parameterisation for the distribution of the visible matter (stars plus
gas) in the Galaxy, we adopt a set of observationally inferred three-dimensional density
profiles for the stellar bulge and stellar disc components. By individually combining
each bulge and disc morphologies, we end up with a set of parameterisations that are
alternative descriptions of the mass distribution of baryons in the Galaxy. The spread
in morphologies is considered a satisfactory indicator of the systematic uncertainties
due to baryonic modelling, with the conclusion that the actual physical reality must
reasonably lie within them.

As concluded in chapter 4, our determination of the averaged DM density in the
solar neighbourhood -by means of the RC method- is robust against systematic un-
certainties due to baryonic modelling and the reconstruction procedure. For a Sun’s
galactocentric distance Ry = 8.34 kpc and velocity ©¢ = 239.89 km /s, once weighted
with respect to all baryonic morphologies, we obtained the value:

po = 0.43 £ 0.03, (8.1)

where the quoted uncertainty is purely statistical. This 7% relative uncertainty brack-
ets the precision of our reconstruction procedure. Systematic uncertainties due to the
variation of the baryonic morphology and statistical bias are < 6%.

By means of the RC technique, the inner slope of the DM density profile, v, and the
scale radius, R, can not be individually determined. These parameters are degenerate
and with the present precision in the measurements, we can not break this correlation.

The above quoted value for the local DM density, and its corresponding uncer-
tainty, does not include all astrophysical uncertainties that affect the determina-
tion of the distribution of DM in the MW. For example, it does not include un-
certainties on the Galactic parameters Ry, ©¢ and (Ug, Vs, Ws). In chapter 6, we
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FIGURE 8.1: Value of pg found in this work (coloured band) compared

with the values obtained in Catena and Ullio 2010; Salucci et al. 2010;

McMillan 2011; Nesti and Salucci 2013; Pato et al. 2015; Huang et al.
2016; Eilers et al. 2018 (error bars).

described a full data-driven analysis that accounts for these uncertainties, together
with systematic uncertainties due to the modelling of the baryonic component of the
Galaxy. We thus obtained a value of pg in the range 0.3-0.8 GeV/cm®. This anal-
ysis aims at providing a practical tool that can be further used by the community
in order to propagate astrophysical uncertainties while interpreting results from in-
direct and direct DM searches. The likelihood profile of this analysis is available at
https://github.com/mariabenitocst/UncertaintiesDMinTheMW. It is worth stressing
here that this latter analysis only includes kinematical tracers of the total gravita-
tional potential up to galactocentric distances ~ 22 kpc, while the analysis presented
in chapter 4 includes tracers up to 100 kpc from the GC. Nonetheless, the analyses
from both chapters 4 and 6 are perfectly compatibility between each other.

The major source of uncertainty on the determination of the local DM density by
means of the RC is due to uncertainties on the Galactic parameters (Rp, ©¢). In
this regard, the European Space Agency (ESA) mission Gaia' would help in reducing
uncertainties on the spherically average value of py (e.g. Kawata et al. 2019).

8.1 Comparison with Other Results

8.1.1 Comparison with Global Estimations of the Local Dark Matter
Density

Figure 8.1 compares the value of pg obtained in the analysis from chapter 4 -quoted
in (8.1)- with other estimations of the local DM density using the RC technique. Our
estimation is compatible with the values obtained in Catena and Ullio 2010, Salucci
et al. 2010, McMillan 2011, Nesti and Salucci 2013 and Pato et al. 2015. However,
Huang et al. 2016 and Eilers et al. 2018 obtained lower values, incompatible at 1o
with respect to our estimated pg.

Thttps://www.cosmos.esa.int /web /gaia
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Huang et al. 2016 used the same compilation for the observed RC in the outer
Galaxy (i.e. 8-100 kpc from the GC) and the same Galactic parameters Ry, Og
and (Ug, Ve, Wg) as in our analysis from chapter 4. The reason for the discrepancy
between the value obtained in Huang et al. 2016 and ours might be the fact that
Huang et al. 2016 modelled two ring-like structures -together with the stellar bulge,
stellar disc and gas components- in order to explain the dips in the observed RC at
~ 11 and ~ 20 kpc. These ring-like structures contribute to the total enclosed mass,
thus leaving less space for the DM component and lowering the estimated local DM
density.

Eilers et al. 2018 reconstructed the RC of the MW between 5 to 25 kpc from the GC
by means of ~ 23000 red-giant stars. The authors transformed the six-dimensional
phase-space of the sample of red-giants into circular velocities around the GC by means
of a spherically Jeans analysis. Eilers et al. 2018 obtained 0 = 229.0 + 0.2 km/s for
the circular velocity of the Sun. This value is at odds with recent estimations that
obtained higher values for the local circular velocity (c.f. Sysoliatina et al. 2018;
Kawata et al. 2019). For instance, Kawata et al. 2019 report Oy = 236 + 3km/s.
The lower values for the rotational velocities obtained in Eilers et al. 2018 might be
due to the ignorance of the coupling between vertical and radial motions in the Jeans
equations (Biidenbender et al. 2015) and/or disequilibria in the data sample. This
might explain the reported lower value pg = 0.30 & 0.03 GeVem?.

Nonetheless, it is important to stress here that different estimations of py assumed
different values for the Galactic parameters and, indeed, all estimations are compatible
with the range 0.3-0.8 GeV /cm?, obtained by varying the Sun’s galactocentric distance
between 7.5-8.5 kpc.

8.1.2 Comparison with Local Estimations of the Local Dark Matter
Density

The local DM density in the solar neighbourhood inferred by means of the RC is
actually a spherically average estimation of this quantity. Whether this estimation is
an unbiased estimator of pg depends on the degree of sphericity of the DM halo. By
comparing global and local estimations? of pg we can infer constraints on the triaxiality
of the DM halo (e.g. Read 2014).

Recent local estimations of pg found values in the range 0.4-0.7 GeV/cm? (Xia et al.
2016; Buch et al. 2018; Hagen and Helmi 2018; Sivertsson et al. 2018). Discrepancies
between different works might have different origins, such as, different assumptions in
the Jeans analysis, different stellar populations used as tracers of the local kinematics
and /or disequilibria of the stellar tracers. This latter effect, if not taken into account,
might induce systematic errors larger than 25% (Banik et al. 2017).

The actual level of precision both in global and local estimations of pg does not allow
to set constraints on the degree of sphericity of the DM halo in the MW, and both
types of estimations are perfectly compatible.

2 Global estimations of pg rely on the RC technique, whether local estimations rely on studies of the
gravitational vertical force in the Solar neighbourhood by means of the Jeans equations (see chapter
2 for more details).
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8.2 Inner Slope of the Dark Matter Density Profile

By means of the RC analysis, we are unable to determine the inner slope of the DM
density profile or v due to the degeneracy between this parameter and the scale radius
in a gNFW profile and present level of uncertainties. The RC technique applies for
galactocentric distances larger than 2.5 kpc in order to avoid the inner region of the
Galaxy where objects might follow non-circular orbits and the gravitational potential
departures from axisymmetry due to the triaxial morphology of the Galactic bulge.
Therefore, any inference on the inner slope within the very inner region of the MW,
by means of rotation velocities, is just an extrapolation.

In chapter 5, we studied the distribution of DM in the inner ~ 2.5 kpc of the Galaxy.
In order to do so we adopted an estimation of the total dynamical mass within the
Galactic bulge region. By subtracting from this value the stellar mass -within the
very same region- we inferred the allowed DM mass. We adopted a large array of
observationally inferred stellar bulge and stellar disc morphologies, while neglecting
the gas contribution. The allowed DM mass is, therefore, a function of stellar mor-
phology. Allowed DM mass values are compatible with zero at the lo-level for half
of the adopted baryonic morphologies. This is not surprising since uncertainties on
the mass estimations are large and the central region of the Galaxy is dynamically
dominated by baryons. We further studied how the constraints on the allowed DM
mass propagate into the parameter space of a gNFW density profile. We concluded
that both cusp (y ~ 1) and core (v ~ 0) DM profiles are allowed. Furthermore,
due to uncertainties on the normalisation of the stellar component and on the actual
distribution of stars in the Galactic bulge region, we can not infer strong constraints
on the distribution of DM in the very inner region of the Galaxy.

8.3 Mass of the Milky Way

An accurate and precise estimation of the MW’s mass is important for several reasons.
First, the mass of the MW is a key element for comparing our Galaxy with results from
N-body simulations. For instance, the number density of satellites of a galaxy depends
on its mass. Furthermore, the mass of the MW is important for placing our Galaxy
in a cosmological context. For example, it is fundamental in order to understand how
our Galaxy relates with galaxy-halo relations found for other galaxies such as, e.g.,
the stellar versus virial mass (Kravtsov et al. 2018) or the galaxy size versus virial
radius relations (Somerville et al. 2018).

There are several techniques for measuring the mass of our Galaxy. These methods
include the timing argument (e.g. Li and White 2008), the dynamics of the Local
Group (LG) (Penarrubia et al. 2014), kinematics of MW satellites such as the Large
Magellanic Clouds (Sales et al. 2007; Busha et al. 2011; Boylan-Kolchin et al. 2013,;
Gonzalez et al. 2013; Barber et al. 2014; Cautun et al. 2014), modelling of tidal streams
(Gibbons et al. 2014; Kiipper et al. 2015), escape velocity constraints (Smith et al.
2007; Piffl et al. 2014), the RC (McMillan 2011; Nesti and Salucci 2013) and the use of
kinematical tracers of the disc and/or halo (e.g. Wilkinson and Evans 1999; Sakamoto
et al. 2003; Battaglia et al. 2005; Xue et al. 2008; Gnedin et al. 2010; Watkins et al.
2010; Deason et al. 2012; Kafle et al. 2012, 2014; Eadie et al. 2015).

Figure 8.2 shows a compilation of MW’s virial mass estimations taken from figure 1 of
Wang et al. 2015. As seen from this figure, different measurements of the virial mass
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of the MW, even those that use the same methodology, do not converge into a single
value. Estimations of the mass of the MW range from ~ 0.5 x 10'2 My, (Gibbons
et al. 2014) up to 2 — 3 x 10*2 Mg, (e.g. Sakamoto et al. 2003).

We have estimated Mggg using the RC technique and the constraints on the distribu-
tion of DM in the MW from the analysis described in chapter 4 (see appendix C for
details). Our estimations for Magg, which are summarised in appendix C, are shown
in figure 8.2 by the coloured band. This band brackets systematic uncertainties due
to the Galactic modelling, i.e. variations of baryonic morphology. Variations in the
baryonic morphology imply a shift < 16% in the inferred virial mass of the MW.
Whether this shift is dominated by the assumption of different stellar disc morpholo-
gies, adopting different bulge configurations has a minor effect. The dispersion on the
virial mass values due to uncertainties on the actual distribution of baryons is smaller
than statistical uncertainties (which are < 30%).

Since Gaia would help constraining the stellar disc profile, this mission would further
reduce the precision on MW’s mass estimations by means of the RC technique. It is
important to highlight that uncertainties on the Galactic parameters are not taken into
account here. Nonetheless, it is reasonable to assume that uncertainties on Galactic
parameters, which are related to the dynamics in the Solar neighbourhood, would
have a smaller impact on the virial mass estimation than uncertainties on the actual
three-dimensional distribution of the stellar disc.

8.4 Final Remarks and Future Steps

In this thesis, I adopted a gNFW profile for describing the DM mass distribution in our
Galaxy. The constraints on the distribution of DM rely, therefore, on this particular
parameterisation. I would like to study how these constraints on the distribution of
DM vary by adopting different descriptions for the DM density profile. Particularly, I
would like to repeat the analysis from chapter 5 by assuming, instead, an isothermal or
a Burkert (Burkert 1995) DM density profile. These empirical descriptions of the DM
mass distribution of galaxies assume that DM halos have a central core. By studying
how the constraints on the allowed DM mass in the inner Galactic region propagate
into the parameter space of these empirical DM profiles, I aim to constrain the maxi-
mum size of a (possible) core in the DM halo of the MW. It is important to stress here
that the existence of a core in the DM profile of the MW is still debatable. In this
thesis, we found that, due to present size of uncertainties in the actual distribution of
baryons and their normalisation, we are unable to set strong constraints on the inner
slope of the DM distribution in the inner 2.5 kpc of the Galaxy. Nonetheless, there
are other works claiming the existence of a core in the Galaxy (e.g. Nesti and Salucci
2013; Portail et al. 2017).

I would like to further generalise the full data-driven analysis from chapter 6, that
quantifies astrophysical uncertainties that affect the interpretation of results from
particle DM searches, for other DM density profiles. The goal of this analysis is
to provide a practical tool that can be used by the community in order to account
for astrophysical uncertaintes while interpreting, among others, results from indirect
experiments within the GC or Galactic halo in -rays at GeV or TeV energies, DM
neutrinos searches and local DM searches with antimatter. It might be useful for the
community to provide the likelihood profile that quantifies astrophysical uncertainties
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FIGURE 8.2: Compilation of measurements of Msygg, with correspond-
ing 1o uncertainties, taken from figure 1 of Wang et al. 2015 (+ marks)
and using Gaia data (x marks). Estimations using different methods
are plotted with different colours. From top to bottom, measurements
are taken from: Li and White 2008 which used the timing argument.
Penarrubia et al. 2014 that used the dynamics of the LG. Then, Posti
and Helmi 2018, Busha et al. 2011, Gonzalez et al. 2013, Boylan-
Kolchin et al. 2013, Barber et al. 2014, Sales et al. 2007 and Cautun
et al. 2014 used the kinematics of satellites of the MW. Gibbons et
al. 2014 and Kiipper et al. 2015 modelled the orbits of tidal streams.
Monari et al. 2018, Deason et al. 2019, Smith et al. 2007 and Piffl
et al. 2014 used constraints on the escape velocity. McMillan 2011
and Nesti and Salucci 2013 used the RC of the MW. We quoted two
values from Nesti and Salucci 2013: The first under the assumption of
a Burkert DM density profile and the second under the assumption of
a NFW profile. Finally, Battaglia et al. 2005, Kafle et al. 2012, Xue
et al. 2008, Gnedin et al. 2010, Watkins et al. 2010, Kafle et al. 2014,
Wilkinson and Evans 1999, Sakamoto et al. 2003, Sakamoto et al. 2003
(without Leo I) Deason et al. 2012, Eadie et al. 2015 and Eadie et al.
2015 (without Pal 3) used dynamical tracers of the halo. The coloured
band brackets our estimation of Mygg obtained by means of the RC
technique and summarised in appendix C (see this appendix for more
details).
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on the determination of the DM distribution in the MW while adopting other DM
parameterisations still consider viable to date.

Finally, I would like to study how departures from sphericity of the DM halo affect
the reconstructed local DM density by means of the Bayesian inference procedure
described in chapter 4.
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Appendix A

Data Sets in galkin Compilation

The galkin rotation curve (RC) is a compilation of different kinematic tracers of the
total gravitational potential of our Galaxy (Pato and Iocco 2017) . It contains a large
number of tracers within the visible region of the Galaxy, approximately up to 22 kpc
from the Galactic centre (GC), and consists of 25 different data sets summarised in
table A.1. The aim of this table is to highlight the 12 compatible data sets, galkinjo,
obtained through the compatibility procedure described in chapter 4 (see this chapter
for more details).

Tracer type Reference
Burton and Gordon 1978
Clemens 1985 X
Knapp et al. 1985 X

Fich et al. 1989

Fich et al. 1989

Turbide and Moffat 1993
Brand and Blitz 1993
Malhotra 1995 X
Honma and Sofue 1997

Luna et al. 2006

McClure-Griffiths and Dickey 2007
Hou et al. 2009

Hou et al. 2009

Pont et al. 1994

Pont et al. 1997

Durand et al. 1998

Demers and Battinelli 2007
Frinchaboy and Majewski 2008
Battinelli et al. 2013
Stepanishchev and Bobylev 2011
Honma et al. 2012

masers Xu et al. 2013

Bobylev and Bajkova 2013

Reid et al. 2014

gas kinematics

| >

star kinematics

>

ksl

TABLE A.1: Data sets which are included in the galkin compilation

(Pato and Tocco 2017). In the last column, we use a mark to high-

light the 12 compatible data sets following the compatibility procedure
presented in chapter 4.

113



Appendix B

Stellar and Dark Matter Masses in
the Inner Region

In the following tables we summarise the stellar and dark matter (DM) masses found,
in the analysis presented in chapter 5, for a squared box, centred at the Galactic
centre, with coordinates,

[z, y, z] = [£2.2, £1.4, +1.2] kpc. (B.1)

Fach table corresponds to a given stellar disc morphology. The total dynamical mass
within this very same region is Moy = (1.85 & 0.05) x 10'° M, (Portail et al. 2017).
See the mentioned chapter for more details.

Bulge Reference MP9¢ (1010 M) | M, (x10% M) | BD | Mpar (x109 M) v
1 Stanek et al. 1997 (G2) 04+04 1.4+0.4 0.4 4+4 0.00 - 1.59
2 Stanek et al. 1997 (E2) 0.4+04 14+04 0.3 444 0.00 - 1.57
3 Vanhollebeke et al. 2009 0.5+£0.5 1.5+0.5 0.4 3£5 0.00 - 1.58
4 Bissantz and Gerhard 2002 0.6 +0.4 1.7£0.5 0.6 2+5 0.00 - 1.43
5 Zhao 1996 0.3+0.4 14+04 0.3 444 0.00 - 1.59
6 Robin et al. 2012 0.3£0.3 1.3+0.3 0.3 5+3 0.69 - 1.58

TABLE B.1: Values of stellar mass and allowed DM mass for all
bulge morphologies presented in chapter 3. BD stands for bulge-to-
disc mass ratio (i.c. M2"9¢/Mdisc) The value of the inner slope of the
DM density profile, «, as allowed at 1o within the local DM density pg
band identified by the RC analysis in Benito et al. 2017. Stellar disc
morphology given in Bovy and Rix 2013 (identified in this thesis as
disc 1), M3 = (1.06 + 0.11) x 10'° M; R, = 20 kpc, Ry=8.0 kpc.
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Bulge Reference MP9¢ (1010 M) | M, (x10%° Mg) | BD | Mpar (x109 M) v
1 Stanek et al. 1997 (G2) 09+04 1.54+0.4 1.7 4+4 0.00 - 1.46
2 Stanek et al. 1997 (E2) 09+04 1.44+04 1.5 4+4 0.00 - 1.48
3 Vanhollebeke et al. 2009 1.1£0.5 1.7£0.5 2.0 2£5 0.00 - 1.38
4 Bissantz and Gerhard 2002 1.1+04 1.6+04 2.0 2+5 0.00 - 1.35
5 Zhao 1996 0.8+0.4 14+04 1.5 54 0.00 - 1.49
6 Robin et al. 2012 0.6 £0.3 1.2+0.3 1.2 6+3 0.96 - 1.56
TABLE B.2: Values of stellar mass and allowed DM mass for all bulge
morphologies presented in chapter 3. The value of the inner slope of
the DM density profile, v, as allowed at 1o within the local DM density
po band identified by the RC analysis in Benito et al. 2017. Stellar disc
from Han and Gould 2003 (disc 2), M3*¢ = (0.55 4 0.06) x 10'° M;
R, = 20 kpc, Ryp=8.0 kpc.
Bulge Reference MP9¢ (1010 M) | M, (x10%° M) | BD | Mpar (x109 M) y
1 Stanek et al. 1997 (G2) 0.2+04 1.1+£04 0.2 =¥ 1.28 - 2.00
2 Stanek et al. 1997 (E2) 0.2+04 1.1+04 0.2 7T+4 1.34 - 2.00
3 Vanhollebeke et al. 2009 0.2+0.5 1.2£0.5 0.2 T£5 0.96 - 2.00
4 Bissantz and Gerhard 2002 0.4+04 1.3£0.5 0.4 5+5 0.46 - 2.00
5 Zhao 1996 0.2+04 1.1+£04 0.2 ==x 1.38 - 2.00
6 Robin et al. 2012 0.1£0.3 1.1+0.3 0.2 8+3 1.55 - 2.00
TABLE B.3: Values of stellar mass and allowed DM mass for all
bulge morphologies presented in chapter 3. The value of the inner
slope of the DM density profile, v, as allowed at 1o within the local
DM density pg band identified by the RC analysis in Benito et al. 2017.
Stellar disc from Calchi Novati and Mancini 2011 (disc 3), Md#¢ =
(0.93 +0.10) x 10'° My; R, = 20 kpe, Ro=8.0 kpc.
Bulge Reference MP9¢ (1010 M) | M, (x10%° M) | BD | Mpar (x109 Me) 5
1 Stanek et al. 1997 (G2) 1.0£04 1.5+04 2.1 444 0.00 - 1.49
2 Stanek et al. 1997 (E2) 0.9+04 14+04 1.9 444 0.00 - 1.52
3 Vanhollebeke et al. 2009 1.2+£0.5 1.7£0.5 2.5 2+5 0.00 - 1.39
4 Bissantz and Gerhard 2002 1.2+04 1.7£04 24 2+4 0.00 - 1.38
5 Zhao 1996 0.9+04 14+04 1.9 444 0.00 - 1.52
6 Robin et al. 2012 0.7+0.3 1.2+0.3 1.4 7+£3 1.04 - 1.61

TABLE B.4: Values of stellar mass and allowed DM mass for all bulge

morphologies presented in chapter 3. The value of the inner slope of

the DM density profile, v, as allowed at 1o within the local DM density

po band identified by the RC analysis in Benito et al. 2017. Stellar disc

given in de Jong et al. 2010 (disc 4), M35 = (0.48 4+0.05) x 10'° M;
Rs = 20 kpc, Rp=8.0 kpc.
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Bulge

S Tt s W N

Reference
Stanek et al. 1997 (G2)
Stanek et al. 1997 (E2)
Vanhollebeke et al. 2009
Bissantz and Gerhard 2002
Zhao 1996
Robin et al. 2012

ME9e (%1010 M)

0.9+£04
0.9+04
1.1+0.5
1.1+04
0.8+£04
0.6£0.3

M, (x10'° M)
1.5+0.4
1.5+0.5
1.7£05
1.7+£04
1.5+£0.4
1.3+0.3

BD
1.5
1.4
1.9
1.8
1.4
1.1

Mpy (x10° M)
3+4
444
1+5
1+5
444
6+3

Y
0.00 - 1.49

0.00 - 1.52
0.00 - 1.39
0.00 - 1.35
0.00 - 1.52
0.99 - 1.61

TABLE B.5: Values of stellar mass and allowed DM mass for all bulge
morphologies presented in chapter 3. The value of the inner slope of
the DM density profile, v, as allowed at 1o within the local DM density
po band identified by the RC analysis in Benito et al. 2017. Stellar disc

Juri¢ et al. 2008 (disc 5), Mds¢ =

kpc, Ry=8.0 kpc.
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Appendix C

Virial Mass of Dark Matter Halo

The virial mass of a DM halo is defined as,
4 3
Mvir = §7T RViI‘Apm7 (Cl)
where the mean background density is p;, = Qmperis. Following Klypin et al. 2002

and Kafle et al. 2014, we adopt the value A = 340. The virial radius Ry;, is the radius
of the sphere which contains an average density Apy,.

The DM mass within a sphere of radius r for a generalised Navarro-Frenk-White
(gNFW) profile takes the form,

v 3=y
() 08 oy :
M(<7r) = —4m — Pz ) 2F1B-73-vd-yi—5), (C2)

where Ry is the Sun’s galactocentric distance and 2F1(a, b; ¢; d) is the Gauss hyperge-
ometric function.

By combining equations (C.1) and (C.2), we obtain:

v 3= A\
o (1) (1+ ) (i)

Apm (v —3) 72];‘1(3_%3_%4_%_1}%,;)'

(C.3)

By solving this equation, we can infer the virial radius, Ry, and the corresponding
virial mass, Myj;, of the DM halo.

It is straightforward to rewrite equation (C.3) in case the mass of the DM halo is
defined as,
4

Moo = 3

T R300200pcrit. (C.4)
From the posterior distribution functions obtained in chapter 4, we derive the cor-
responding probability densities for Ryi, and My, (or equivalently Rggg and Magp).
For doing this, we adopt a gNFW density profile formulated in terms of (v, Rs, po).
We apply the Bayesian inference methodology described in chapter 4. We, then,
make a change of variables from (v, R, po) into (Ryir, Myir). This is, for each point
" = (v', R, p}) of the obtained Markov chain, we compute the corresponding R!.
and M, by solving equations (C.3) and (C.1), respectively. The final sample of points
Rf,ir and MiVir is assumed to be drawn from the probability distribution functions for
the virial radius, P(Ryi;|data), and virial mass, P(Myi;|data), respectively. Table C.1
summarises the values obtained for Ryir, Myir, Rogo and Mogg. We report the median
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and 1o credible interval (i.e. 15.9 and 84.1 percentile estimations). For completeness,
table C.1 includes the total baryonic mass for each of the adopted baryonic mor-
phologies. Figure C.1 show the density functions obtained for Rsgg and Magg, for the
heaviest (top), central (medium) and lightest (bottom) disc morphologies.
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Baryonic Ry [kpc] Myir [10'2 M) Raoo [kpe] Mago [10'2 M| Mpar [1010 Mg]
Morph.

- 268 +10 11401 208 + 7 1.0£0.1 7-4f815
21 268710 1.1+0.1 200 + 7 1.0+0.1 74T
51 268+10 11401 209 + 7 1.0£0.1 o
" 268+10 11401 209+ 7 1.0+0.1 77403
5 26810 11401 209 + 7 1.0+0.1 74+£0.7
61 268110 1.140.1 208 + 7 1.040.1 73508
” 262713 1.0192 203110 0.9+0.1 6.6715,4
92 261713 10757 2035 0-9£0.1 67754
9 261+13 1,002 203710 0.940.1 6.8¥04
42 26113 L0%gT 2035 0901 6855
52 26113 10757 203" 0901 0600
6 260+ 13 1.0+02 202+ 0.9+0.1 6.475:5
~ 256713 0.9102 199710 0.8+0.1 66110,
23 256114 0.9453 199 0-8£0.1 67754
4 250414 10702 201710 0.9+0.1 6.9104
43 955712 10+0.1 19979 0.8+0.1 6.9%0%
53 BT 10557 200%5" 0901 0600
63 255113 0.940.1 19913 08+0.1 64753
14 25913 10804 20275" U] 6.7%54
04 257+13 0.9+0.1 200 4 9 0.9+0.1 6.7506
34 25814 10453 20155 09=01 69265
14 255711 10497 201%5" 0-9£0.1 69705
54 258713 10253 2015 0901 6-0=06
64 256114 0.9453 200%5" 08:+0.1 64755
15 262114 1.0%92 203710 0.9+0.1 72108
25 25915 L0757 202! 0901 st
35 262113 1.0%57 20475 0901 75507
45 261713 L0t 203+1° 0.9+0.1 75407
55 259114 1.0102 202" 0-9:£0.1 250
65 250*13 10497 20275 0-9£0.1 r0=00

TaBLE C.1: Median and lo uncertainty (15.9 and 84.1 percentile
estimations) of Ryir, Myir, Rooo and Magg. Last column corresponds
to the total baryonic mass.
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Bar. [Morph. 2
175 200 225 250 6 x 101 1012
R [kpc] Mago [Me]
Bar. Morph. 22

175 200 225 250
Ry [kpcl Mago [Me)]

Bar. Mofph. 21
175 200 225 250 6 x 10! 1012
R [kpc] Mago [Mo]

FIGURE C.1: Rsgg and Mygg density distribution functions for the
heaviest (disc I given in Bovy and Rix 2013) (top panel), the central
(disc 2 given in Han and Gould 2003) (central panel) and the light-
est (disc 3 given in Calchi Novati and Mancini 2011) (bottom panel)
disc morphologies. We assume bulge 2 taken from Stanek et al. 1997.
The dashed line corresponds to the median value and the coloured
band bracket the lo credible interval (i.e. 15.9 and 84.1 percentile
estimations).
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