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“The layer that is above the sky and below the earth,
which s described as being situated between the earth and
the sky and which is indicated as the symbol of the past,

present and future, where is that situated?”
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SYNOPSIS

A variety of astronomical observations indicate that more than 80% of the gravi-
tating mass in the Universe exists in a form that emits no electromagnetic radiation
of any kind. The presence of this “Dark Matter” (DM) is revealed only through
its gravitational interaction with other matter on scales varying from dwarf galaxies
up to the largest scale structures seen in the Universe today. On galactic scales the
“flat” rotation curves of spiral galaxies including our Galaxy, the Milky Way, for
example, out to galactocentric distances of several tens of kiloparsec can be natu-
rally explained if the Visible Matter (VM) component of the Galaxy is embedded
within a roughly spherical DM halo whose extent and the phase space structure
are, however, not well quantified till date. The very nature and composition of this
DM are presently unknown. Currently, the most promising candidates for the DM
are the so-called Weakly Interacting Massive Particles (WIMPs) naturally arising in
many theories beyond the Standard Model of particle physics such as those involving

Supersymmetry and theories with large extra dimensions.

Several experiments world-wide are currently engaged in efforts to detect the
DM particles by direct or indirect means [I]. Direct Detection (DD) experiments
attempt to observe nuclear recoils due to scattering of WIMPs with nuclei in suitably
chosen detector materials in underground laboratories. Such DD experiments for
WIMP search have so far produced diverse results without any firm conclusion. A
complementary approach to detect the WIMPs is via their annihilation products.
Elastic or inelastic scattering of WIMPs with nuclei can lead to capture of the
WIMPs by massive astrophysical bodies such as the Sun or the Earth, if, after
scattering off a nucleus inside the body, the velocity of the WIMP becomes less
than the escape velocity of the body. The WIMPs so captured over the lifetime
of the capturing body would gradually settle down to the core where they would

accumulate in sufficient amount to annihilate and produce standard model particles,



XVviil

e.g., WHW~=, Z°Z° 17~ tt, bb, c¢, etc. Decays of these particles would then
produce neutrinos, gamma rays, electron-positron, proton-antiproton pairs etc. For
astrophysical objects like the Sun or the Earth, only the neutrinos would be able to
escape from their interiors. Detection of these neutrinos by large neutrino detectors
can provide a signature of WIMPs. In addition, y-rays from WIMP annihilation in
the Galactic centre or in dwarf spheroidal galaxies also may provide indication of
Dark Matter, although no conclusive evidence has emerged from currently operating

Indirect Detection (ID) experiments so far.

To analyze the results of both DD and ID experiments a proper understanding
of the phase space structure of the DM halo is required. DM local density and the
Velocity Distribution Function (VDF) of the DM particles constituting the DM halo
of the Galaxy are two crucial inputs for determining the expected flux of the WIMPs
and their expected event rates in a DD experiment. Similarly, the density and VDF
of DM in the halo determine the capture rate of the WIMPs by an astrophysical body
in the Galaxy. This thesis deals with some studies of phase space structure of the
DM halo of the Milky Way and their implication for indirect detection of WIMPs
through neutrino signal from WIMP annihilation in Sun. In doing this, I have
used the observed Rotation Curve (RC) of our Galaxy as the primary observational
input. I have discussed two approaches to the problem of studying the Phase Space
Distribution Function (PSDF) of the Galactic DM halo. In one approach [2], a
given density profile of the DM, the parameters of which are fixed by fit to the RC
data, is inverted to obtain the isotropic PSDF by using the “Eddington” formalism
[3]. In the second approach, I make a suitable ansatz for the PSDF of a finite
DM halo allowing for possible anisotropic VDF of the DM particles and determine
the parameters of the PSDF by fitting the resulting theoretically predicted RC to
the observed RC data. I also present some new results on the derivation of the

RC of the Galaxy to large Galactic distance. Finally the implications of using
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a self-consistently determined PSDF for the case of neutrino signal from WIMP

annihilation in Sun in terms of limits on WIMP parameter space are discussed.

In the following paragraphs I present a brief description and chapter wise outline

of my proposed thesis.

In Chapter I, I present a broad overview of the subject of DM including a
brief summary of the current experimental efforts towards both direct and indirect
detection of the WIMP candidates of the DM. The importance of a proper study of
the phase space structure of the DM halo of our Galaxy is highlighted. As already
mentioned, the local DM density and VDF are two key astrophysical inputs for
analysis of the DM detection experimental results. It is customary to use the so
called “Standard Halo Model” (SHM) in analyzing the results from DM detection
experiments. In this model the DM halo of the Galaxy is described by a single-
component isothermal sphere with a Maxwellian VDF in the Galactic rest frame.
The VDF is isotropic and is usually truncated at a chosen value of the escape speed
of the Galaxy. The density of DM in the solar neighborhood is typically taken to be
in the range 0.3+0.1 GeV /cc . The velocity dispersion, the parameter characterizing
the Maxwellian VDF of the SHM, is taken to be 270 km/sec. This follows from the
relation between the velocity dispersion (< v? >!/2) of the particles constituting
a single-component self-gravitating isothermal sphere and the asymptotic value of
the circular rotation speed (v. ) of a test particle in the gravitational field of the
isothermal sphere, namely, < v? >!/2=/3/2 v, ., and assuming v. ., ~ v, ~ 220
km/sec where v, is the measured value of the circular velocity of the Galaxy in

the solar neighborhood.

Though the SHM serves as a useful benchmark model, there are a number of
reasons why the SHM does not provide a satisfactory description of the dynamics of

the Galaxy. First, it does not take into account the modification of the phase space
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structure of the DM halo due to the significant gravitational effect of the observed
visible matter on the DM particles inside and up to the solar circle. Second, the
isothermal sphere model of the halo is infinite in extent and has a density profile
inversely proportional to the square of the Galactocentric distance, which yield a di-
vergent total mass of the Galaxy thus making it unsuitable for representing a halo of
finite size. Third, the procedure of truncating the Maxwellian speed distribution at
a chosen value of the local (solar neighborhood) escape speed is not a self-consistent
one because the resulting speed distribution is not, in general, a self-consistent solu-
tion of the steady-state Collisionless Boltzmann Equation (CBE) describing a finite
system of collisionless DM particles. In addition to all these, various recent numer-
ical simulations also find that the VDF of the DM particles deviates significantly

from the usual Maxwellian form.

In order to obtain a more physically acceptable PSDF of the DM halo of the
Galaxy I have taken two different approaches. In Chapter II, I describe the first
methodology [2]. The VDF of the DM particles at any location in the Galaxy is
self-consistently related to their spatial density as well as to the total gravitational
potential, at that location. For a spherical system of collisionless particles (WIMPs,
for example) with isotropic VDF satisfying the CBE, the Jeans theorem ensures that
the PSDF depends on the phase space co-ordinates only through the total energy.
For such a system, given a isotropic spatial density distribution one can get a unique
PSDF by employing the “Eddington formula” [3]. It implies that, given a spherical
density distribution, we can recover an ergodic distribution function that generates
a model with the given density. Thus, given a isotropic density profile of a set of
collisionless particles, we can calculate the VDF, provided the total gravitational
potential in which the particles move is known. The demand of positivity of the
PSDF itself with positive energy implies that at any location r, the VDF has a

natural truncation at a maximum value of velocity. 1 have modeled both the DM
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and VM density distributions and by solving Poisson’s equation the total gravita-
tional potential of the system is obtained. The VM is modeled as spherical bulge
and double exponential disk and the DM density profile as the universal Navarro-
Frenk-White (NFW) form. The density models used here have a total of seven free
parameters, namely the scale densities and scale radii. The most-likely (ML) values
and the 68% C.L. upper and lower ranges of these parameters are determined by
performing a Markov Chain Monte Carlo (MCMC) analysis, which is well suited for
multi-parameter determination, using the observed RC data of the Galaxy. Here
I have used the RC data compiled by Sofue et.al. [4] which extends upto a large
distance and is standardised at the following set of values of Galactic Constants
(GC) [Re, Veo] = [8.0 kpe, 200 km/sec|, with R and V.. being the distance and

rotation speed of Sun from Galactic centre.

Once the model parameters are fixed by the MCMC analysis using above men-
tioned RC data the value of the local DM density as well as the entire DM density
profile in the Galaxy are determined. With the parameters of the DM density profile
thus fixed, I then use the “Eddington” formalism to obtain the PSDF as a function
of total energy of the system. Once the PSDF is obtained the VDF at solar location
with its uncertainty band corresponding to the uncertainties in the RC data is also
derived. The resulting VDF at all location in the Galaxy is found to be signifi-
cantly non-Maxwellian in nature as suggested by recent numerical simulations also.
A normalised non -Maxwellian parametrised fit to this VDF is also provided which
can be readily used for the calculation of expected event rates for both DD and ID

experiments [2].

It is clear that the RC of the Galaxy is a crucial astrophysical input in deriving
the PSDF of the DM in the Galaxy. On the other hand, the RC is not a directly
measured object, rather, it is constructed from kinematical data on tracer objects

moving in the total gravitational potential of the Galaxy. Apart from various other
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uncertainties, the RC is sensitive to the Galactic constants (GCs), namely, the
distance and rotation speed of Sun from the Galactic centre, whose current mea-
surements are uncertain. Thus the PSDF derived using the RC data is sensitive to
the uncertainties in the RC data including that due to the choice of the GCs. In
Chapter III, I describe the details of constructing a RC data set from direct obser-
vational data on different samples of tracers without referring to any specific mass
model of the DM halo or the VM bulge or disk of the Galaxy. I have specifically
worked on extending the RC data beyond the Galactic disk region [5]. In doing this
one has to rely on distant tracers like Blue Horizontal Branch (BHB) stars, K Giant
(KG) stars and relatively rare tracer objects like Globular Clusters (GCl), dwarf
spheroidal (dSph) galaxies and so forth which populate the Milky Way’s extended
DM halo out to Galactocentric distances of several hundreds of kpc. Unlike the
disk tracers, these non-disk tracers do not exhibit any systematic motion, and move
about in the Galaxy along various random orbits. Following the standard approach,
I assume that the tracer population under consideration is isotropically distributed
in the halo of the Galaxy and use the Jeans equation [6] for spherical systems relat-
ing the circular velocity at a given radius to the number density and radial as well
as transverse velocity dispersions of the tracers at that radius. Of course, in absence
of full 3-D velocity information and with only the observed radial velocity disper-
sion available, the RC constructed using Jeans equation depends on the unknown
velocity anisotropy (/) parameter of the non-disk tracers. Since currently not much
reliable observational information on tracer [ is available, I have calculated the cir-
cular velocities using Jeans equation for three separate cases with (a) f taken as a
constant free parameter with values in the range from ‘0’ (corresponding to complete
isotropy of the tracers’ orbits) to ‘1’ (corresponding to completely radial orbits of
the tracers), (b) a radially varying 8 of the Osipkov-Merritt (OM) form [3] and (c)
a radial profile of 3 obtained from a recent large high resolution hydrodynamical

simulations of formation of late-type spirals like our Galaxy [7].
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It is observed that while the RC in the disk region is significantly influenced by
the choice of the GCs, the dominant uncertainty in the RC at large distances beyond
the stellar disk comes from the uncertainty in the value of anisotropy parameter (3).
It is also noticed that irrespective of the value of 3, the mean RC steadily declines
with radius beyond ~ 60 kpc. The circular speed at a given radius decreases as
tracer anisotropy parameter is increased (i.e., as the tracers,Ad orbits are made
more radially biased). Thus, the lowest value of the rotation speed at any radius is
attained for the case of complete radial anisotropy (8=1) of the non-disk tracers.

This fact allows us to set a lower limit on the total mass of the Galaxy within a

radius r, giving M (r = 200 kpc) < (6.8 +4.1) x 10" M, [5].

In Chapter IV I discuss and illustrate the second approach to obtain the PSDF
of the DM particles and hence their local DM density and VDF. In this approach
I start with an ansatz for the PSDF which is a solution of CBE that describes a
finite sized dark halo of the Galaxy. In particular, I have adopted the “Michie”
model of the PSDF of a finite system of collisionless particles having anisotropic
VDF [3]. In this model the PSDF depends on both the total energy and total
angular momentum of the system. There are three important features of this model:
First, at every location within the system, a DM particle can have speeds up to a
maximum speed which is self-consistently determined by the model itself. A particle
of maximum velocity at any location within the system can just reach its outer
boundary, fixed by the truncation radius, a parameter of the model, where the DM
density by construction vanishes. Second, the speed distribution of the particles
constituting the system is non-Maxwellian. Finally, the model has an additional
parameter called the anisotropy radius (r,) which sets the length scale for the radial
profile of the velocity anisotropy of the particles in the system. To include the
gravitational effect of the observed visible matter on the DM particles, we modify

the “pure” Michie model PSDF by replacing the gravitational potential appearing
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in the Michie model PSDF by the total gravitational potential consisting of the
sum of the potentials due to DM and the observed VM. This interaction with the
VM changes the density profile, velocity dispersion profile and the VDF of the
DM particles compared to those for a “pure” Michie model. Furthermore, the core
radius of the DM halo gets shortened and the core density becomes higher and the
DM density in disk region is enhanced as compared to the vertical direction. In
order to find the DM model parameters I have used the RC data [5] as mentioned
above extending upto large Galactocentric distance ~ 200 kpc and scaled to GC :
[Ro, Veo] = [8.3 kpe, 244 km/sec]. I have studied the dependence of the local DM
density on the set of values of the GC used in obtaining the RC data. In general
I have found that higher value of V. s supports higher local DM density. The total

VDF at all locations in the Galaxy is also found to be non-Maxwellian.

In Chapter V and Chapter VI I discuss the expected neutrino signal from
WIMP annihilation in the Sun within the context of a self-consistent PSDF, the
parameters of which are determined by fit to RC data. Specifically, In Chapter
V the calculations of the expected capture rate of WIMPs within Sun is described
[8]. The capture rate depends on the local DM density as well as the VDF of the
WIMPs in the solar neighborhood as the Sun goes around the Galaxy. I present the
results of my calculation of the WIMP capture rate in the Sun which is done within
the context of the “King” model [9] which is the isotropic version (obtained in the

limit 7, — o0) of the “Michie” model discussed in Chapter IV above.

Then in Chapter VI the calculations of the neutrino fluxes originating from DM
annihilation into different channels and decay of those annihilation products are
described [§]. These neutrinos can travel to Earth and can be detected by different
neutrino telescopes. I have derived the 90% C.L. upper limits on the WIMP-proton
Spin-Independent (SI) and Spin-Dependent (SD) elastic scattering cross sections

as a function of the WIMP mass for various WIMP annihilation channels using the
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Super-Kamiokande search results [10, [T1] for possible neutrino signal from WIMP an-
nihilation in the Sun and examined the consistency of those limits with the 90% C.L.
compatible regions on the WIMP parameter space given by the DAMA experiment
[9, 12]. Tt is found that the requirement of consistency of the Super-Kamiokande
[10] implied upper limits on the WIMP-proton elastic cross section as a function
of WIMP mass with the results of DAMA, imposes stringent restrictions on the
branching fractions of the various WIMP annihilation channels. In the case of SI
WIMP-proton interaction, the Super-Kamiokande upper limits do not place addi-
tional restrictions on the DAMA compatible region of the WIMP parameter space if
the WIMPs annihilate dominantly to bb and cé. On the other hand, if direct annihi-
lation to 777~ and vi-s occurs, then the branching fractions to theses channels are
restricted to below (35—45)% and (0.4 —0.8)% respectively. In the case of SD inter-
actions, the restrictions on the branching fractions of various annihilation channels
are much more stringent, essentially ruling out the DAMA -compatible region of the
WIMP parameter space if the relatively low-mass WIMPs under consideration (2

T7~ and v final

GeV —20 GeV) annihilate predominantly to any mixture of bb, c¢, T
states [§]. The very latest results from the Super-Kamiokande Collaboration [11]
put the above conclusions on an even firmer footing by making the above constraints

on the branching fractions of various WIMP annihilation channels more stringent

by roughly a factor of 3 — 4.

Finally, in Chapter VII, I summarize the new results presented in this thesis
and conclude by indicating the unresolved issues and possible future research in this

context.
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Chapter 1

Introduction

Most of the Universe, in form of matter or energy, that we can perceive with the
naked eyes or through immensely sophisticated present day instruments constitutes
only a tiny fraction, specifically 4.9% [I]. The rest is “Dark”, of which 26.8% is
in form of some strange matter that does not have any electromagnetic and strong
interactions thus making it experimentally opaque or “Dark”. The remaining 68.3%
undetected Universe is the so called “Dark Energy” (DE) which is an unknown form
of energy that seems to be the source of a repulsive force causing the expansion of
the universe to accelerate. This thesis deals with the dynamics of “Dark Matter”

(DM) in our Galaxy and its detection via indirect means.

There are large numbers of astronomical observations that indicate strongly about
the presence of Dark Matter via their gravitational interactions on scales varying
from dwarf galaxies up to the largest scale structures seen in the Universe today.
However, the particle nature of the dark matter is yet to be unraveled by various
experiments presently going on worldwide. The experimental discovery of Dark
Matter is one of the major still unsolved problems of contemporary cosmology,

astrophysics and particle physics. For reviews, see, e.g., Refs. [2] 3] 4] [l [6].

3
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The existence of dark matter is well established via various phenomena mediated
through gravitational interaction of these particles. The evidence for dark matter
dates back to as early as almost a century sans one or two decades in the works
of many physicists and astronomers like J. H. Oort [7], F. Zwicky [8, O], H. W.
Babcock [10], V. C. Rubin [II, 12] to mention only a few. These works mainly
involve the observation on galaxies and clusters and speculation of the “missing
mass” or “Dark Matter” as inferred from the rotation curve profiles and velocity
dispersion calculations. Till present date the rotation curves of various galaxies are

the most concrete proof of the existence of DM.

There are many more evidences for these DM particles, for example, gravitational
lensing [I3] [14]. Because of the gravitational field of the massive galaxy cluster the
space time gets curved and hence the light traveling from a distant source from
behind the cluster bends its path near the cluster on the way to the telescopes [15]
and this results in multiple images and images are distorted into arcs. For instance,
HST observations of Abell 2218 show arcs and multiple images [I6]. Then there
are measurements of the cosmic microwave background (CMB) radiation and large-
scale structure (LSS) of the Universe which provide perhaps the most compelling
evidence that the dark matter is non-baryonic and the most precise measurements of
the abundance of dark matter. Angular fluctuations in the CMB spectrum provide
evidence for dark matter. There are further evidences of Dark Matter coming from
observations of Large Scale Structure formations. Structure formation occurred hi-
erarchically and the model of structure formation needs inclusion of dark matter
or rather specifically cold dark matter (i.e. dark matter particles moving at non-
relativistic speed) to succeed. Then there are many more evidences of the presence
and/or requirement of dark matter in various phenomena like Sky surveys, baryon
acoustic oscillations, Type Ia supernovae distance measurements, Lyman-alpha for-

est etc.



One special evidence that requires particular attention is the phenomenon of Bullet
Cluster because so far other Dark Matter less theories like Modified Newtonian
Gravity or MOND [I7] have not been very successful in explaining this one amongst
other evidences of dark matter. It is a system of two colliding clusters. During
the collision the baryonic part interacts via electromagnetic interaction and hence
slows down whereas the dark matter part pass through without suffering any lag.
Therefore when observed through X-ray emission and gravitational lensing both the

separation of the dark and the baryonic part becomes evident.

The absence of electromagnetic and strong interactions makes it experimentally
“dark”, however, interactions at the weak scale might be possible. Many theories
beyond the standard model predict particles which are neutral, cold (i.e. non -
relativistic), and stable (or have half-lives longer than the age of the Universe) and
serves the purpose. There are a lot of postulations about new particles that could be
potential candidate for dark matter, arising in theories beyond the Standard Model
of particle physics. Multiple lines of evidence from cosmic microwave background
probes, measurements of cluster and galaxy rotations, strong and weak lensing and
big bang nucleosynthesis all point toward a model containing cold dark matter par-

ticles as the best explanation for the universe we see.

Initially some astronomical massive bodies formed of baryons which emit no or
very small amount of radiation for example black holes, faint old white dwarfs,
brown dwarfs, neutron stars, stellar remnants etc. were thought to constitute the
Dark Matter. These were named to be Massive Compact Halo Objects (MACHOs).
Various astronomical surveys such as EROS, MACHO and OGLE projects actually
intended to look for gravitational microlensing, along with Hubble telescope did not

find enough amount of MACHOs to account for the total dark matter content of
the universe [I8| 19, 20, 2T, 22} 23].
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Dark matter can be broadly classified in three categories depending upon their
speed. Hot, the one moving with ultra relativistic speed; Cold, the one moving with
a non-relativistic speed and finally Warm dark matter with properties intermediate
between those of hot dark matter and cold dark matter. Hot dark matter (HDM)
is dark matter that is born highly relativistic. Because of its high speed, HDM
can escape and thus wash out density perturbations in the early Universe. HDM is
constrained to make up a tiny percentage of the mass-energy density of the Universe
[24) 25]. Neutrinos are the most favored for candidates for the hot dark matter [6].
Currently the Warm Dark Matter sector is showing potential promises to solve the

Dark Matter problem. The most common WDM candidates are sterile neutrinos

[26, 27, 28] and gravitinos [29).

In this thesis we mainly deal with the WIMPs (weakly interacting massive particles)
which are cold dark matter particles (CDM). There are some noteworthy success sto-
ries for CDM. First and foremost is its success in predicting the initial candidates
for structure formation, which culminated in the discovery of the temperature fluc-
tuations in the cosmic microwave background (CMB) [2, [6]. Weakly Interacting
Massive Particles (WIMPs) are considered to be the most viable candidate for the
dark matter. WIMPs are a generic class of particles which have masses typically
in the range from a few GeV to a few TeV. They are characterized by having an
interaction cross section that is of a similar order in magnitude as a weak interaction
cross section. Examples of WIMPs are the neutralino or sneutrino in supersymmet-
ric theories, or a Kaluza-Klein (KK) excitation of the photon in theories of extra
dimensions. This thesis mainly concentrates on this class of dark matter particle.
We'll discuss about these in detail later on. Axions are another class of cold dark

matter particles finding their origin from strong CP problem [30] 31} 32] 33].

WIMPs as Thermal Relics : WIMPs in principle might be produced in a simple

and predictive manner as a thermal relic of the Big Bang [34, 35, 36, B7]. If a



WIMP exists and is stable, it is naturally produced with a relic density consistent
with that required of dark matter, the phenomenon being referred to as the “WIMP
miracle”. The relic abundance of WIMPs is determined from the “freeze-out” mech-
anism [35], [38] B9, [40]. Initially the early Universe was very dense and hot, and all
particles were believed to be in thermal equilibrium. A WIMP was in chemical and
thermal equilibrium with the other constituents of the Universe at early times to
start with. If the interaction rate per particle, responsible for keeping the particles
in thermal equilibrium bath, stays above the expansion rate of the Universe which is
guided by the Hubble constant, the particle will remain in thermal equilibrium with
an exponentially suppressed (Boltzmann suppressed) number density [41]. At late
times i.e when temperature is small the relic abundance is exponentially lowered. If
these particles were to remain in thermal equilibrium indefinitely, their number den-
sity would quickly become increasingly suppressed as the universe is cooled. The
exponential suppression of the number density of a particle species through self-
annihilation can be paused by the competing effect of Hubble expansion. Once the
universe expands to large enough size, the particle density becomes so dilute that
they can no longer locate one another to annihilate and thus survive to the present
day. However, if interaction rate falls below the expansion rate, the particles will
decouple, or ‘freeze-out’ from the thermal bath with their number asymptotically
approaching a constant, their thermal relic density. If the decoupled particle is sta-

ble, this mechanism can give rise to a sizable relic cosmological abundance. The

current value as per Planck is 2,7 = 0.1196 £ 0.0031 (68% C.L) [1.

The identification of dark matter is one of the highest priority goals in cosmology
and particle physics and therefore has prompted an enormous proliferation of dark
matter candidates, which are currently being sought in an impressive array of accel-
erators, direct and indirect detection experiments. However, as our understanding
of particle physics and astrophysics improves, we are accumulating information that

progressively reduces the allowed regions in the parameter space of DM particles. A
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compelling solution to the dark matter problem requires synergistic progress along
many lines of inquiry. Our primary conclusion is that the diversity of possible dark
matter candidates requires a balanced program based on four pillars: direct detec-
tion experiments that look for dark matter interacting in the laboratory, indirect
detection experiments that connect laboratory signals to dark matter in our own
and other galaxies, collider experiments that elucidate the particle properties of
dark matter, and astrophysical probes sensitive to non-gravitational interactions of
dark matter such as dark matter densities in the centers of galaxies and cooling of

stars.

Direct detection experiments aim at detecting the WIMPs, constantly flowing through
the Earth that might in principle elastically scatter off the nuclei in underground
detectors. By the measurement of nuclear recoils one can find the event rate, en-
ergies of nuclear recoils etc. which then can be used to extract various information

about the properties of the DM particle.

Scattering of WIMP particles leads to nuclear recoils that can be measured by
three different techniques, namely via scintillation, phonons and ionization. There
are several experiments DAMA-Libra [42]; CoGeNT [43]; CRESST [44]; CDMS
[45] [46], [47); XENON [48, 49]; ZEPLIN [50, 51]; KIMS [52]; LUX [53] 54]; etc. going
on world wide that employ these techniques or a combinations of these to detect the

dark matter particles.

The DAMA /LIBRA experiment [55] looks for an annually modulating recoil spec-
trum as a consequence of the Earth’s movement around the Sun during the year.
It employs Nal (T1) (i.e. sodium iodide doped with thallium) as the detector mate-
rial. This experiment has claimed the detection of a modulation signal with a high
significance since many years [50, 57]. However, it appears to be incompatible with

other results when it is interpreted as being due to WIMP interactions [58]. The



CoGeNT experiment based on a low mass Ge-detector reaches a very low energy
threshold. An initial analysis reported an unexpected excess of events at very low
energies [59] but was recently updated using a new analysis that decreased the size
of the possible signal, shifting the previously larger signal region to lower cross-
sections [60]. In addition to this, CoGeNT also reported an annually modulating
signal [61], although this appears to be in conflict with the non-observation of a
modulation signal in an analysis by the CDMS-II collaboration, which also uses Ge

detectors [62].

Another excess of events was observed by the CRESST experiment [63] that detects
both light and heat signals while DAMA and CoGeNT only measure one observable
(light or ionization, respectively). A total of 67 events was observed in a WIMP
search region, where the excess above the background expectation of around 40

events could be explained by a WIMP signal.

Early in 2013, the CDMS collaboration, that works at cryogenic temperatures at
Soudan laboratory, USA to measure the ionization and heat signal from particle
interactions [64], reported a new result from the Si detectors. Three events were
observed, close to the threshold as expected from WIMP dark matter, while only 0.41
events were expected from the background model. This excess can be interpreted as
due to to low mass WIMP interactions, with the point of highest likelihood being at
a mass of 8.6 GeV and a cross section of 1.9 x 10~*'cm?. The CDMSlite experiment
could reach a very low threshold of 0.17 keV and excluded the upper part of the
CDMS-Si results [65].

Practically almost all the claims of positive signals are in conflict with the null
result of the XENON100 collaboration. This experiment employs a dual-phase time
projection chamber (TPC) at LNGS, Ttaly. The TPC is filled with ultra-pure liquid

xenon (LXe) at a low temperature and detects light and charge induced by particle
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interactions [66] 67 68, [69].

There are other experiments that are also looking for direct dark matter signals like
EDELWEISS-1I, EDELWEISS-IIT [70] [71] (cryogenic Ge detectors) running in the
LSM laboratory in France, a Japanese experimental effort XMASS (LXe single phase
detector that tracks light signal) [72], TEXONO [73] (Ge detector), CDEX [74] (Ge
detector), DAMIC, DAMIC100 (uses low threshold CCD chips as WIMP targets)
[75], PICASSO [70] (superheated droplet detectors), SIMPLE[77] and COUPP [7§],
DarkSide [79], DEAP[80], CLEAN[&I], PandaX [82], XENONIT at LNGS [83]. etc.

and many more.

Complementary information on the nature of DM may come from indirect searches,
based on the search for secondary products (photons, neutrinos or antimatter) pro-
duced in the annihilation or decay of DM particles. In contrast to direct detection
experiments, indirect detection efforts do not intend to detect dark matter particles
themselves rather they attempt to detect the standard model particles that are pro-
duced via their annihilations or decays. Signals for indirect detection experiments
include photons (gamma rays, X-rays, radio), neutrinos and cosmic rays (including

positrons, electrons, antiprotons, and antideuterons).

Various classes of detectors and telescopes have been designed which range from
space and ground based gamma ray telescopes and cosmic ray detectors, to large
underground, under ice, and underwater neutrino telescopes [84]. While direct de-
tection experiments require the presence of dark matter in the Earth’s neighborhood,
this is in general not necessary for indirect detection approaches. In this scenario,
one looks for dark matter capture and subsequent annihilation in Solar core as well
as one can search for products of dark matter annihilation/decay from regions in the
surrounding universe with a high dark matter density like the galactic centre, dwarf

spheroidal galaxies, or galaxy clusters. Knowing the halo density distribution and
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DM velocity distribution, one can also estimate the probability that dark matter
particles encounter each other and annihilate, creating a new source of Standard

Model particles.

Super-Kamiokande is a 50,000 ton water Cherenkov detector, located in the Kamioka-
Mozumi mine in Japan with 1000 m rock over-burden. For it’s WIMP search agenda
the detector consisted of an inner detector with 11,146 inward-facing 50 cm photo-
multiplier tubes (PMTs) and an outer detector equipped with 1885 outward- facing
20 cm PMTs, serving as a cosmic ray veto counter. Data was taken from April
1996 to July 2001, corresponding to 1679.6 days of detector livetime. Although no
detection has yet been reported, the Super-Kamiokande (S-K) detector has provided
upper limits on the possible neutrino flux from WIMP annihilation in the Sun as a

function of the WIMP mass [85].

The current large neutrino telescopes like IceCube, a gigantic 1 km? neutrino detec-
tor corresponding to an instrumented volume of 1 gt installed in the antarctic ice at
the South Pole, [80], 87] and ANTARES [8§], another neutrino search experiment,
located in the Mediterranean Sea in the northern hemisphere searching for dark
matter annihilation signals from the Galactic Center, have dark matter search in

their scientific programmes. Both experiments have not yet seen any signal.

Among the secondary products from annihilation and/or decay gamma-rays travel in
straight lines and are practically unabsorbed in the local Universe. The observational
strategies are different for the cases of annihilation and decay. In fact, while in the
first case the galactic centre (central source, or surrounding diffuse emission) and
possibly a few bright substructures represent the optimal targets, in case of the
latter it is best to focus on the diffuse emission at high galactic latitudes, where the
astrophysical backgrounds are less intense. The great success of the new generation

of air Cherenkov telescopes, and the excitement about the upcoming data from the
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Fermi satellite, make this field very lively.

Presently, indirect gamma-ray dark matter detection is evolving very rapidly. Imag-
ing air Cherenkov telescopes, such as HESS [89], MAGIC [90], VERITAS [01], CTA
[92], [93] etc. are looking for Dark Matter signals as well. The Fermi collaboration
has started to probe the interesting WIMP region by stacking data from several
dwarf galaxies [94 05]. An early possible indication of a dark matter signal in in-
direct detection was the EGRET excess of GeV photons [96, 07]. However, this
was not confirmed by the recent much superior data from Fermi, more exactly the
large area gamma-ray telescope part of Fermi, Fermi-LAT, and was probably due
to instrument error [98]. Another possible indication of a dark matter signal was
the discovery of by INTEGRAL of a 511 keV gamma-line from the galactic centre
region [99] however there exist other explanations as well [I00]. A rather strong
gamma-ray source, consistent with a point source, was detected from the direction
of the galactic centre by the HESS experiment [I0I]. Although many dark matter
models were tested, it turned out that the shape of the spectrum (and also the
inferred mass, which would exceed some 10 - 20 TeV) made quite poor fits to the

distribution of dark matter-induced photons.

Among indirect searches, the antimatter searches provide another avenue along with
the photon and neutrino searches. A feature in the positron fraction has been
detected above 10 GeV, initially by balloon experiments and then by the PAMELA
satellite [I02], that cannot easily be attributed to cosmic-ray secondary production
of positron. The ATIC experiment [103] also reported a rise in the positron flux,
followed by a sharp drop just below 1TeV. The possibility of dark matter detection
was extensively discussed in literature a few years ago [104 [105] as the Fermi -LAT
collaboration along with the PAMELA collaborations discovered an anomalously
high ratio of positrons over electrons up to 100 GeV [102], and sum of positrons

and electrons up to 1 TeV [106]. During the last years, this anomaly, although
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possible to explain by dark matter annihilation, was shown to need very large boost
factors (e.g., from Sommerfeld enhancement), and specific particle physics models
such as leptophilic models. On the other hand, certain astrophysical explanations of
these observations are possible with quite standard assumptions. Though the dark
matter explanation is not yet ruled out, but it sees tension from other measurements,
especially from gamma-ray data [I07]. It may thus in principle be due to DM
[T08, [109], with rather unusual properties, or a more mundane source such as creation
of electron positron pairs from pulsars and other supernova remnants [I10] TTT].
Recently the AMS02 instrument on the International Space Station (ISS) confirmed
the excess observed by PAMELA [102], which keeps increasing up to energies of 300

GeV [112], the current high energy limit of the instrument.

By analyzing public Fermi-LAT data, an excess in the few GeV gamma-ray energy
region has recently been proposed to be caused by dark matter annihilation. This
is an extended emission corresponding to a gamma-ray source in the region of the
galactic centre [I13], 114, [115]. Again, this possible dark matter effect (with a mass
around 10 GeV) is unexplained at the moment, but astrophysical explanations are
of course possible in this crowded part of the galaxy [116} 117]. More recently,
a gamma-ray excess from galaxy clusters ascribed to dark matter has also been
claimed again using public Fermi data [I18]. Another excess, again a discovery
that has been made using public Fermi data, the WMAP radio “haze” found by
Ref. [119] has recently been seen to have a correspondence in the GeV range in the
so-called “Fermi bubbles” [120]. These are sharply defined regions, several tens of
degrees across, on both sides of the galactic disk that seem to originate from the
galactic center [121], 122]. An intriguing feature has been found in Ref. [123], again
by using public Fermi-LAT data [124] 125] which is a structure similar to what
is expected for internal bremsstrahlung, or alternatively a narrow gamma-ray line,
is visible in the energy range between 130 and 150 GeV. At energies, say, below

150 GeV, the Fermi-LAT instrument will be difficult to surpass by using imaging
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air Cherenkov telescopes like the CTA, which have their greatest sensitivity in the
TeV region. However, an interesting Russian-Ttalian project GAMMA-400 [126] is
underway, which has a planned launch around 2018 approved and is planned with
a slightly smaller effective area than Fermi-LAT, but with better angular resolution
and in particular better energy resolution than that of Fermi-LAT by an order of
magnitude. This would take the search for dark matter to another level of sensitivity.
If the present indication of a line signal would persist, it should be seen in GAMMA-

400 with a significance of the order of 100.

Accelerator measurements will be invaluable to establish the existence of dark matter
particles. Particle colliders, such as the Large Hadron Collider (LHC) and proposed
future lepton colliders [127, 128 129, 130} 131] might produce dark matter particles,
which escape the detector, but are discovered as an excess of events with missing
energy or momentum. Astrophysical uncertainties are completely absent in collider
results, however, the very limited time a particle spends in the detector will make
it almost impossible to prove from collider data alone, that a detected candidate is

the dark matter particle.

Non-gravitational interactions of dark matter affect a variety of astrophysical observ-
ables, including the number density and internal structure of galaxies. The particle
properties of dark matter are constrained through its impact on astrophysical ob-
servables. Examples include self-interaction of dark matter particles affecting central
dark matter densities in galaxies (inferred from rotation velocity or velocity disper-
sion measures), mass of dark matter particle affecting dark matter substructure in
galaxies (inferred from strong lensing data) and annihilation of dark matter in the
early Universe affecting the Cosmic Microwave Background fluctuations. In addition
to structure formation, non-gravitational interactions of dark matter could impact
a variety of other astrophysical phenomena. Coupling of axions and light sterile

neutrinos (or generally any light hidden sector particles) to standard model parti-
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cles may affect the cooling of compact objects (stars, neutron stars, white dwarfs,
supernovae) or the transparency of extra galactic background light to high-energy

photons, which leads to stringent constraints on models [132].

Having discussed all the detection scenario above it is very important to point out
that one needs two crucial inputs to analyze all the data gathered by the large
number of detectors. These are specifically the astrophysical inputs, namely, local
dark matter density and velocity distribution. The DM particles in our Galaxy
constitute a spherical halo within which the visible matter structure consisting of a

spherical bulge and double exponential disk is embedded.

The motion of the dark matter particles in the halo is described by their phase
space distribution function (PSDF) [133]. This PSDF is a priori unknown. One
possible way to find out the PSDF is by making an assumption that dark matter
particles are collisionless system of particles which is a quite valid assumption as
the DM particles hardly interact. As the collisionless system of particles satisfy the
collisionless Boltzmann equation (CBE) therefore one possible ansatz for phase space
distribution of the dark matter particles can be the solutions of CBE. The mostly
adopted solution in the literature of the CBE is the isothermal PSDF. The velocity
distribution resulting from the isothermal PSDF is Maxwellian distribution. The
so called “Standard Halo Model” (SHM) is the isothermal PSDF with Maxwellian
velocity distribution and the solar location density value 0.3 GeVem™3. Since the
isothermal distribution is not finite in both configuration space and velocity space,
the velocity distribution is truncated by hand at a given value of velocity. There

have been many earlier works in literature on this that can be found in the following

references [50, [57, 58] [134].

Whereas the SHM serves as a useful benchmark model, there are a number of reasons

why the SHM does not provide a satisfactory description of the dynamics of the



16 CHAPTER 1. INTRODUCTION

Galaxy. The non-finite extent of the SHM makes the mass of the system a divergent
one and hence can not represent a physical galaxy. Further to this, truncation of
the velocity space no longer lets the system remain a solution of the CBE. These
problems can be overcome by adopting other solutions of the CBE which do not
suffer from such non finiteness problem, for example one can consider King model,
Michie model etc. These solutions have truncation in both configuration and velocity
space that is self-consistently determined by the system itself. In addition to this
Michie model has another important feature which is the velocity anisotropy as
predicted by recent numerical simulations as well. These will be discussed in more

detail in coming chapters.

Another alternative approach to find the phase space distribution function is by
starting from a density distribution, that is motivated from numerical simulations,
then reverting it using Eddington’s methodology [133] [135]. This approach is dis-
cussed in detail in Chapter II where we show that starting from the NFW distribu-
tion [136] we have obtained the phase space distribution as a function of the total
energy and then we have also calculated the local velocity distribution function.
The model parameters are obtained by performing fit to observational data using

Markov Chain Monte Carlo technique.

In order to determine the values of the parameters of the models of the phase
space distributions adopted or derived by any method one first needs to consider
some observational data as mentioned above. For our purpose we have used here
the rotation curve data, which is basically the rotation velocity of a test particle
with respect to the Galactic centre. There are several works in literature on the
construction of the RC data [137, 138, 139, [140], 141, T42]. Most of them provide
rotation curve data upto a distance not large enough to probe the DM structure of
the Galaxy beyond the visible edge. Therefore, we have constructed the rotation

curve data extending to large galactocentric distance in a model independent way
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starting from the observations on various class of tracers [143]. We have studied
its dependence on various parameters such as the Galactic constants, namely the
distance of Sun from Galactic centre and its local circular speed and also the tracer

velocity anisotropy in Chapter III.

The first part of this thesis concentrates on extracting information about the phase
space distribution of dark matter particles. First in Chapter II we have adopted
the Eddington’s inversion method then in Chapter IV we present another approach,
similar to that of the Standard Halo model discussed above, to find the phase space
distribution of the dark matter starting from the solution of collisionless Boltzmann
equation, namely Michie model [133] [144]. This model has several advantages over
SHM as it has finite cut in both configuration space and the velocity space self-
consistently determined by the model itself. Further the Michie model takes into
account the velocity anisotropy of the distribution as also suggested by recent nu-
merical simulations. The effect of the visible matter distribution on the dark matter
distribution is self-consistently included in the system and the system converges in

an iterative manner. We present the method and the results in Chapter IV.

Local dark matter density and the velocity distribution are the two crucial inputs for
the analysis of the experimental results of both direct and indirect detection of dark
matter particles. In the second part of the thesis we focus on the indirect detection
of WIMPs [2] 3, [, [6, T45] 146] through neutrino signal due to WIMP annihilation in
the Sun. In Chapter V we specifically discuss indirect detection of WIMPs through
neutrino signal due to capture and annihilation of the WIMPs inside the Sun within
the context of a self-consistent model of the phase space structure of the finite
sized DM halo of the Galaxy. The model is based on the so called “King model”,
the PSDF of which is a solution of collisionless Boltzmann equation (CBE). The
model is properly modified to include the effect of the gravitational influence of the

observed visible matter (VM) in a self consistent manner, with the parameters of



18 CHAPTER 1. INTRODUCTION

the model determined by fit to the observed RC data for the Galaxy extending upto
large Galactic radii. We have derived the capture rate and the annihilation rate of

WIMPs in the Sun within the context of above mentioned King model [146].

In Chapter VI we calculate the expected neutrino flux from the Sun due to annihi-
lation of WIMPs captured and accumulated inside the Sun, and derive constraints
on the WIMP-nucleon elastic scattering cross section from the upper limits on the
flux of such neutrinos given by the Super-Kamiokande experiment [147]. We further
present the upper limits on the branching fractions of various possible WIMP anni-
hilation channels from the requirement of compatibility with DAMA results [146].
At a qualitative level the general conclusion reached earlier [I48], [149] within the
context of the SHM, that S-K upper limits on neutrinos from the Sun severely re-
strict the DAMA-compatible region of the WIMP parameter space, remains true in

the present model too, thus adding robustness to this conclusion.

Finally in Chapter VII we highlight the main findings of the thesis in a nutshell and
conclude by mentioning the possible future directions in this area of dark matter

dynamics and detection by indirect means.



Chapter 2

Phase Space Distribution of the

Dark Matter in our Galaxy

2.1 Introduction

The local dark matter (DM) density and velocity distribution are two crucial astro-
physical inputs for analyzing the results of the dark matter detection experiments
being operated worldwide. There have been many studies on estimating the local
dark matter density from a variety of observational constraints [I50]. However not
much knowledge directly based on observational data is available on the likely form

of the velocity distribution function (VDF) of the WIMPs in the Galaxy.

In this chapter we attempt to extract information about the local density and the
VDF of the DM particles using the observed rotation curve data of the Galaxy. The
motion of the dark matter particles in the halo is described by their Phase Space
Distribution Function (PSDF) f(x,v) [I33] where f(x,v)d*xd*v is the number of
DM particles within the volume d®x centered on x and within velocity range d®v

centered on v at a particular time ¢. Clearly f > 0. As the PSDF is a priori

19
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unknown one has to start from an ansatz. The WIMPs being weakly interacting,
their PSDF can be assumed to satisfy the collisionless Boltzmann equation (CBE)

given by,

~0, (2.1)

with w = (x,v) and w = (x,v) = (v, —=VP(x)).

Here ®(x) is the smooth gravitational potential under the influence of which particles
move. The collisionless system is considered to behave like an ordinary fluid that
obeys continuity equation. We shall be interested in PSDF's that are steady state
solutions of the CBE. Solving CBE is not straight forward because it involves many
independent variables. However one can choose some plausible forms of the PSDF

guided by the “ Jeans Theorem ” [133], which states that,

Any steady state solution of the collisionless Boltzmann equation depends on the
phase space coordinates only through integrals of motion in the given potential and
any function of the integrals yields a steady state solution of the collisionless Boltz-

mann equation.

If I[x(t),v(t)] is an integral of motion then it satisfies

d
@ 1ix(). v(t)] =0,
and v.VI — V(I)(x).g—‘[/ = 0. (2.2)

So, I , by its definition satisfies the condition to be a solution of steady state CBE.

For a particle moving in a trajectory under the influence of a spherical potential, only
four isolating integrals of motion, namely energy and three components of angular

momentum are allowed. If the system has spherical symmetry then f depends only
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on the energy and magnitude of angular momentum of the system f = f(E, L).

It is convenient to define the relative potential (V) and relative energy (£) as [133]
U(x) = —D(x) + Py ; & =—F+ Py = —P(x) — 30>+ Py = U(x) — 307 ,
where the constant &, can be chosen in such a way that f >0 for £ >0and f =0

for £ <0.

The potential of an isolated system satisfies the Poisson’s equation given below,

V20(x) = 47Gp(x),

= V2U(x) = —4nGp(x) = —4nG [ f(x,v)d*v = —47G [ f[¥(x), v]d®v, (2.3)

where p(x) = [ f(x,v)d®v is the density distribution. This non linear equation for

U(x) can be solved by assuming physical yet simple forms of f(x,v).

In this chapter our goal is to derive the local dark matter density and velocity
distribution which are two crucial inputs for the analysis of the dark matter detection
results. In Section we discuss the pros and cons of the widely used so called
standard halo model (SHM) of the phase space distribution function of the DM halo
of our Galaxy. Then in Section we discuss another method to derive the local
DM density and the velocity distribution of DM particles. Starting from a given
density distribution, that could be one motivated by cold dark matter numerical
simulations, we “invert” it to obtain the phase space distribution function of the
system and hence derive the velocity distribution function in Section Next
in Section 2.4] we present the results obtained by fitting the observational data,
namely the rotation curve data of the Galaxy, using the Markov Chain Monte Carlo
(MCMC) technique, to find the values of the parameters of the Dark matter and

visible matter models adopted.
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2.2 Standard Halo Model (SHM) :

For a spherical system, the Jeans theorem allows the steady state PSDF, f(x,v),
to be a function of only the total energy £. Of particular interest is the “Isothermal

model” defined in the following way [133],

Fv) = (€)= ot 7 = e (FULEN) L 2a)

(2mo2)3/2 (272 o

where p; is a density parameter and o is a velocity parameter of the system. Inte-

grating equation (2] over all velocities, one can get the density distribution,
p(x) = py YX/*, (2.5)

The velocity distribution at location x comes out to be a Maxwellian as given below

)

F(v) = mexp <—2”722) | (2.6)

This “Isothermal” model is the mostly adopted model for PSDF of DM in litera-
ture. The density parameter p; can be related to the density of DM in the solar

neighborhood (p,) which is typically taken to be in the range 0.3 4 0.1 GeV cm ™

[151], 152, 153, 154].

The velocity parameter o is related to the velocity dispersion of the Isothermal model
(< v? >=30?%) and the value of the velocity dispersion at solar location is taken as
~ 270kms~!. This follows from the relation [133] < v? >12= % Ue0o between the
velocity dispersion of the particles constituting a single-component self-gravitating
isothermal sphere and the asymptotic value of the circular rotation speed, v o,
of a test particle in the gravitational field of the isothermal sphere and assuming

1

Veoo = Vem ~ 220kms™, where v, is the measured value of the circular rotation

speed of the Galaxy in the solar neighborhood. The isothermal model as described
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above together with the above mentioned values of the parameter is customarily
referred to as the Standard Halo Model (SHM). In this model the infinite velocity
tail of the Maxwellian velocity distribution is truncated at a chosen value of escape

speed as obtained from various surveys.

Whereas the SHM serves as a useful benchmark model, there are a number of rea-
sons why the SHM does not provide a satisfactory description of the dynamics of
the Galaxy. First, it does not take into account the modification of the phase space
structure of the DM halo due to the significant gravitational effect of the observed
visible matter on the DM particles inside and up to the solar circle. Second, the
isothermal sphere model of the halo is infinite in extent and has a formally divergent
mass, with mass inside a radius r, M(r) o< r, as r — oo, and is thus unsuitable for
representing a halo of finite size. Third, the procedure of truncating the Maxwellian
speed distribution at a chosen value of the local (solar neighborhood) escape speed
is not a self-consistent one because the resulting speed distribution is not in gen-
eral a self-consistent solution of the steady-state collisionless Boltzmann equation
(CBE) describing a finite system of collisionless DM particles. In addition, since the
rotation curve for such a truncated Maxwellian is, in general, not asymptotically
flat, the relation (v2)Y/2 = \/gvc,oo used to determine the value of (v2)Y/2 in the
Maxwellian speed distribution of the isothermal sphere, as done in the SHM, is not
valid in general. Finally, recent numerical simulations [I54] have also found that
the velocity distribution of the Dark Matter particles deviates significantly from the

usual Maxwellian form.

There are various ways to overcome the shortcomings of the SHM described above
by considering other solutions of the CBE such as the “King model” which takes into
account the truncation of configuration space and velocity space in a self-consistent
manner [I55, [I56]. Though the King model or Lowered Isothermal model serves

its purpose nicely still it generates a velocity distribution profile which is isotropic
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in nature in contradiction with observations from various simulations that find the
VDF to be anisotropic in nature. To overcome this one can consider the anisotropic

version of the King model namely Michie model which is described in later chapters.

2.3 Deriving the velocity distribution function from

a given density profile : Eddington formalism

The VDF of the DM particles at any location in the Galaxy is self-consistently re-
lated to their spatial density as well as to the total gravitational potential, ®(x), at
that location. For a spherical system of collisionless particles (WIMPs, for exam-
ple) with isotropic VDF satisfying the collisionless Boltzmann equation, the Jeans
theorem [I33] ensures that the phase space distribution function (PSDF), f(x,v),
depends on the phase space coordinates (x, v) only through the total energy (per
unit mass), £ = 20 + ®(r), where v = |v|, r = |x|. For such a system, given a
isotropic spatial density distribution p(r) = [ d*v f(£), one can get a unique f(x,V)
by the Eddington formula [I57], [133] given by,

|

where U(r) = —®(r) + ®(r = o0) is the relative potential and &€ = —FE + &(r =
00) = U(r) — 1v? is the relative energy, with f(£) > 0 for £ > 0, and f(€) = 0 for

€ < 0, as described in previous section. The latter condition implies that at any

location r, the VDF, f(v) = f(€)/p(r), has a natural truncation at a maximum

value of v, namely, V() = /2¥(7).

Thus, given a isotropic density profile of a set of collisionless particles, we can calcu-
late the VDF, f(v), using equation (2.7]) provided the total gravitational potential

®(r) in which the particles move is known. A direct observational probe of ®(r) is
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provided by the rotation curve (RC) of the Galaxy, the circular velocity of a test
particle as a function of the Galactocentric distance. In this section we reconstruct
the total gravitational potential ®(r) in the Galaxy directly from the Galactic RC
data and then use equation (27) to obtain the VDF, f(v), of the WIMPs at any

location in the Galaxy.

We shall assume that the DM density profile to be used on the right hand side of
equation (7)) is of the universal Navarro-Frenk-White (NFW) [I58] form, which,

when normalized to DM density at solar location, ppy e, can be written as

Pone(1) = Poneo (RQ) (“ i R®)2 , (2.8)

T rs+ 7T

where R is the distance of Sun from the Galactic centre. The NFW model is
considered the universal profile that can very nicely describe the the cold DM halos
produced in numerical N-body simulations. At long distance it reproduces the actual
results but near the centre it has a cuspy nature. The central region is mostly
dominated by the visible matter therefore we can proceed with NF'W profile here as
a reasonably good density model to describe the DM distribution. The profile given
by equation (2.8) has two free parameters, namely, the density ppye and the scale

radius r;.

The total gravitational potential seen by the DM particle, &, is given by & =
®py + Py, where $p,, is the DM potential corresponding to the density distri-
bution given by equation (Z8) and @y, is the total potential due to the visible
matter (VM) component of the Galaxy. The VM can be effectively modeled [159]
in terms of a spheroidal bulge superposed on an axisymmetric disk, with density

distributions given, respectively, by,

Bulge : pp = poo (14 (r/1)2) "%,



26 CHAPTER 2. DYNAMICS OF DARK MATTER IN OUR GALAXY

where p,, and r, are the central density and scale radius of the bulge, respectively,

and

isk — 20 ,—(R—Ro)/Ra |2/ 2
Disk : pa(R, z) = 52€ o)/ e L
where R and z are the axisymmetric cylindrical coordinates with r = (R? 4 22)'/2
R, and z, are the scale length and scale height of the disk, respectively, and X is
its local surface density. The corresponding gravitational potentials for these density

models, ®py1ge and Pgigx, can be easily obtained by numerically solving the respective

Poisson equations, giving @y = Ppuige + Paisk-

The density models specified above have a total of seven free parameters, namely, ry,
Pom,os Poos Tvs Do, Ra, and z,. We determine the most-likely values and the 68%
C.L. upper and lower ranges of these parameters by performing a Markov Chain
Monte Carlo (MCMC) analysis (see, e.g., Refs. [I60]) using the observed RC data

of the Galaxy.

2.4 Results : Local DM density, Velocity distri-
bution function and physically relevant quan-

tities

For a given set of the Galactic model parameters, the circular rotation speed, v.(R),

as a function of the Galactocentric distance R, is given by,

9 [(I)DM(R, 2= 0) + Syu(R, 2 = 0)] . (2.9)

For the observational data, we use RC data given in [161] that extends to Galac-

tocentric distances well beyond the visible edge of the Galaxy. This data set
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Parameter | 7, Pore Poo X 1074 1y Yo R,
Units kpc | GeV/cm? | GeV/cem?® | kpe | My/pc? | kpe
Most-likely | 30.36 0.19 1.83 0.092 57.9 3.2
Lower 14.27 0.17 1.68 0.083 55.51 2.99
Upper 53.37 0.23 2.0 0.102 58.0 3.27
Mean 41.35 0.20 1.84 0.092 54.30 3.14
SD 20.51 0.02 0.059 0.001 3.47 0.11

Table 2.1: The most-likely values of the Galactic model parameters, as well as their
68% C.L. lower and upper ranges, means and standard deviations (SD), obtained
from our MCMC analysis using the observed rotation curve data.

corresponds to a choice of the Local Standard of Rest (LSR) set to (Rg,Vy) =
(8.0kpc, 200 kms™!). For the MCMC analysis, we use the y*-test statistic defined
as x? = Z;jlv (%)2 , Where v(’;,obs and v/ .., are, respectively, the obser-
vational value of the circular rotation speed and its error at the i-th value of the

Galactocentric distance, and v}, is the corresponding theoretically calculated cir-

cular rotation speed given by equation (2.9)).

For priors on the free parameters involved, we have taken the following ranges of
the relevant parameters based on currently available observational knowledge : For
the VM parameters, py, : [0.1 — 2] x 4.2 x 10> My pc=® [159]; r, : [0.01 — 0.2] x
0.103kpe [159]; X : [35 — 58] Mg pe~? [162]; R, : [1.7 — 3.5] kpe [163, 159]. The
parameter z, has been fixed at 340 pc [164] since the results are fairly insensitive
to this parameter. For the DM parameters we took a wide prior range for r, :

[0.1 — 100] kpc and ppye @ [0.1 — 0.5] GeVem™ consistent with values quoted in

literature [150].

The results of our MCMC analysis are summarized in Table 1] and Figure 211

Figure2.2 shows the theoretically calculated rotation curve for the most-likely set of
values of the Galactic model parameters obtained from the MCMC analysis, listed
in Table 2.l and its comparison with the observed rotation curve data. In Table[2.2],
we display the values of some of the physical quantities of interest characterizing

the Galaxy, derived from the Galactic parameters listed in Table 2.1l The values
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Figure 2.1: The 2D posterior probability density function for Dark Matter parame-
ters (s — powm.o), marginalized over the visible matter parameters.

w

; N (
a N O ow o N

=

V. [100 km/sec]

o
(O) I o

0.0t 01

Figure 2.2: Rotation curve of the Galaxy with the most-likely set of values of the
Galactic model parameters listed in Table 2.1l The data with error bars are from
Ref. [161].
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Derived Quantities Unit Values
Bulge mass (My) 1010 M@ 3531—%251)
Disk mass (M) 1010 M@ 4551L832
Total VM mass (Myy = My, + My) 1010 M@ 8071?%
DM Halo virial radius (ryiy) kpC 19901—;25
Concentration parameter (r;’—slr) — 655—1—28%

s, | sor
o | A,

© Y —0.3
100 Mg, | 7.09119,

DM halo virial mass (M},)

Total mass of Galaxy (Mvywn + Mpy)
DM mass within R

Total mass within Rg

Total surface density :

at R (|]z] < 1.1kpc)

Total Mass within 60 kpc

M, pc™? 69.21t2§;lg5§
108 M, 3.93770

Total Mass within 100 kpc 1011 M@ 592131%2
Local Circular velocity (ve,@) kms—! 20647i%§g7
Local maximum velocity (vmax,o) km Si1 516021—51930525

Table 2.2: The most-likely values of various relevant physical parameters of the
Milky Way and their upper and lower ranges derived from the most-likely- and 68%
C.L. upper and lower ranges of values of the Galactic model parameters listed in
Table 211

in Table are in reasonably good agreement with the values of these quantities
quoted in recent literature [165, I61], [166]. The relatively large uncertainties in
the values of some of the quantities that receive dominant contribution from the
DM halo properties at large Galactocentric distances are simply a reflection of the

relatively large uncertainties of the rotation curve data at those distances.

The Galactic model parameters determined above allow us to reconstruct the total
gravitational potential ®(x) at any location in the Galaxy. Because of the axisym-
metric nature of the VM disk, this potential is non-spherical. To use equation (2.7,
which is valid only for a spherically symmetric situation, we use the spherical approx-
imation [I67, 65|, vy (r) ~ G [ My (r')/rdr’, where My is the total VM mass
contained within r. The spherical approximation is inevitable as we have employed
Eddington’s method which rests on the assumption that the potential and density
profiles are spherically symmetric. Therefore we had to apply this approximation

to VM potentials in our case, which is actually axisymmetric in nature. The error
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Figure 2.3: The local VDF for the approximated Visible Matter potential ®y,(r)
and the local VDFs for the VM potentials in z=0 ®yy(r, 0 = 7/2) plane and along
z-axis Oy (1,0 = 0) respectively are presented. The plot shows that the local VDF

for the approximated Visible matter potential is kind of an average between the
local VDF's obtained with @ (r,0 = 7/2) and ®yy(r, 0 = 0).

introduced in the final result is due to this approximation which we can calculate
in terms of the percentage error in the VM potential at solar neighborhood which
comes out to be < 10% which is insignificant compared to the uncertainty intro-
duced from the Circular Speed data itself. The approximated ®y,,(r) we have used
is kind of a average between @y, (r,0 = 7/2) and @y, (r,0 = 0). If the local VDF is
drawn with these above mentioned VM potentials for these two extreme cases, they
lie completely within the actual VDF uncertainty (due to RC curve) band as shown

in Figure 2.3

The resulting normalized speed distribution, f(v) = (47v?) f(v) (with [ f(v)dv =
1), evaluated at the location of the Sun, giving the most-likely fz(v), is shown in
Figure2.4l For comparison, we also show in the same Figure the best Maxwellian fit

(with fM=vell(y) oc v2exp (—v?/v3)) to the most-likely fs(v) obtained from MCMC
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analysis.

As evident from Figure 2.4], the speed distribution differs significantly from the
Maxwellian form. We find that the following parametrized form, which goes over
to the standard Maxwellian form in the limit of the parameter £k — 0, gives a good

fit to our numerically obtained most-likely local speed distribution shown in Figure

2.4
fo(v) = 4mv* (€(8) = & (Bumax)) (2.10)

where £(2) = (14 2)F ¢ B =02/ 02, Buax = V3pe0/ V3, vo = 339kms™! and

max,®

k= —1.47.

As a quantitative measure of the deviation of a model form of the local speed
distribution, fm°dl from the numerically obtained most-likely (ML) form, fM&,
shown in Figure 24 the quantity x7 = (1/N) SN[ () — medel(vi)]Q has a
value of ~ 7.2 x 107 for the parametrized form (ZI0) compared to a value ~
1.7 x 1073 for the best Maxwellian fit shown in Figure Z4 We also compare our
results with those from four large N-body simulations [I68] in Figure Note also

that our results differ significantly from those obtained from the N-body simulations.

In Figure 2.6l we show the most-likely f(v)’s at several different values of the Galac-
tocentric distance r. It may be noted that the peak of the distribution shifts to-
wards smaller values of v and the width of the distribution shrinks, as we go to
larger r, with the distribution eventually becoming a delta function at zero speed
at asymptotically large distances, as expected. The non-Maxwellian nature of the
distribution at all locations is also clearly seen, with the Maxwellian approximation
always overestimating the number of particles at both low as well as extreme high

velocities.
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Figure 2.4: Normalized local speed distribution, f(v), corresponding to the most-
likely (ML) set of values of the Galactic model parameters given in Table 2] (black
curve) and its uncertainty band (cyan band) corresponding to the 68% C.L. upper
and lower ranges of the Galactic model parameters. The best parametrized non-
Maxwellian (orange curve) fit (equation 2.I0] — almost indistinguishable from the
ML curve) as well as the closest Maxwellian fit (pink curve), the latter with the
form fYavell(y) oc viexp (—v?/ v3) truncated at vpaxe = 516kms™ (see Table 2.2)

and with the free parameter vy determined to be 206 km s~

1 are also shown.
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Figure 2.5: Same as Figure [Z4] along with comparison with results obtained from
various numerical simulations [168§].

Another important quantity is the pseudo phase space density, Q(r), defined as Q) =
p/{(v?)3/% . Q(r) has the same dimensions as the phase-space density, f, but it is not
a true measure of it that is why it is referred to as pseudo or as a surrogate measure
of phase-space density. Despite this, Q(r) relates two moments of f which occur
often in equations that describe equilibrium systems, and therefore simple relations
between them are extremely useful when constructing dynamical models. The inset
in Figure 2.6lshows our results for the pseudo phase space density, Q(r), as a function
of r, and its comparison with the power-law behavior predicted from simulation
results [I69]. Note the agreement with the power-law behavior at large distances
but strong deviation from it at smaller Galactocentric radii, which we attribute
to the effect of the visible matter. For a given DM density profile, the additional
gravitational potential provided by the VM supports higher velocity dispersion of

the DM particles, making () smaller than that for the DM-only case.
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Figure 2.6: Normalized speed distribution of the DM particles at various Galac-
tocentric radii (solid curves), corresponding to the most-likely set of values of the
Galactic model parameters given in Table 21 The curves (dotted) for the corre-
sponding best Maxwellian fit are also shown for comparison. The inset shows the
pseudo-phase space density of DM, Q = p/(v?)*2, as a function of 7.

2.5 Summary

To summarize, in this chapter we have attempted to derive the velocity distribution
(assumed isotropic) of the dark matter particles in the Galaxy directly using the
rotation curve data. We started from a simulation motivated density profile, namely
NFW, and then inverted it using the Eddington’s formalism to obtain the PSDF of
the system. In this exercise, we have included the gravitational effect of the visible
matter on the dark matter particles in a self-consistent manner. By performing the
MCMC analysis using the Galactic rotation curve data the best-fit parameter values
of the models are found. The main result of this chapter is that the derived VDF
deviates significantly from the Maxwellian form customarily used in the standard
halo model (SHM). This feature is observed not in just solar location but also at

every other location in the Galaxy, as expected from simulations also. We have
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also given a parametrised form of the non-Maxwellian VDF corresponding to the
most likely values of the parameters of the model obtained from fit to the RC
data. The derived best-fit local dark matter density comes out to be 0.2 GeV cm ™3
which is lower than the standard value 0.3 GeV cm ™3 mostly adopted in literature.
This may have resulted from the fact that the local circular velocity influences the
trend of the RC data itself which in turn affects the local dark matter density
value. Higher the local circular velocity higher should be the local dark matter
density. Here the local circular velocity at which the RC curve data is standardized
is taken as 200 kms~! for which we get a local dark matter density of 0.2 GeV cm™3
as compared to standard model density of 0.3 GeVcm™ where the local circular

velocity is taken as 220kms™!.

This dependence of local dark matter density on
Galactic constant namely the local circular velocity through the RC data is discussed
in detail in Chapter IV. In this chapter we have further calculated other physically
relevant quantities. The virial radius of the Galaxy is found to be ~ 200 kpc and the

maximum velocity vy.x Which is important for the calculation of direct and indirect

detection rates is self-consistently determined to be 516 kms™!.
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Chapter 3

Rotation Curve of Milky Way out

to 200 kpc

3.1 Introduction

The circular velocity, v.(r) = \/GM(r)/r, of a test particle at a radial distance r
from the center of a mass distribution gives a direct measure of the total gravitational
mass, M (r), contained within that radius. A measured profile of v, as a function
of r for a spiral galaxy, often simply called its Rotation Curve (RC), is therefore a
direct probe of the spatial distribution of the total gravitating mass inside the galaxy
including its dark matter (DM) content [137, 138 139, 140, 141, [142]. In the previous
chapter we have discussed how the RC of the Milky Way can be directly used to
derive not only the local density of DM, but also the velocity distribution of the
DM particles in the Galaxy [I35], which are crucial for analyzing the results of both
direct as well as indirect DM search experiments [2]; see also [I70] [155] 146] 171].

In the previous chapter we have also described how the rotation curve (RC) can

37
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be used to determine the values of the parameters of the dark matter and visible
matter models adopted to describe the phase space distribution function of the dark
matter. Therefore the RC plays an important role in determining the density and
velocity distributions of the Galaxy which are basically two crucial astrophysical

inputs for the analysis of DM detection experimental results. The derived RC de-

pends on the choice of the Galactic constants (GCs), [% , kmv(s’_l] , where Ry and 1}

are the sun’s distance from and circular rotation speed around the Galactic center,

respectively. In the previous chapter the Rotation Curve data that had been used

was standardized at a value of Galactic constants, [% , kn‘lfg,l] = [8.0,200]. How-

ever, recent observations on Oort’s constant [139] suggest value of the local circular

I and the Galactocentric distance to

velocity on the higher side around 244 km s~
be around 8.3kpc. The RC however does not simply scale in a straight forward
manner with the value of V). The circular velocity of a test particle in the Galaxy
is, of course, not a directly measured quantity. The RC of the Galaxy has to be
derived from the kinematical as well as positional data for an appropriate set of
tracer objects moving in the gravitational field of the Galaxy. Except in few cases,
the full 3-D velocity information of the tracers is not available, and the RC has to
be reconstructed from only the measured line-of-sight (los) velocity and positional
information of various tracer objects in the Galaxy. One has to derive the RC for
a given set of GCs starting from the kinematical data on the tracers, especially for
the non disk tracers. In this chapter we aim to see how the RC trends depends on

the choice of the GCc and also on the choice of the velocity anisotropy of the chosen

tracer distribution, particularly in case of the non-disk tracers.

For the purpose of deriving DM density and velocity distributions using RC it is
essential to derive the RC of the Galaxy to as large a Galactocentric distance as
possible without referring to any specific model of the DM halo of the Galaxy. With
this motivation, in this chapter we attempt to derive the RC of the Galaxy out to

a large Galactocentric distances ~ 200 kpc using kinematical data on a variety of
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tracer objects moving in the gravitational potential of the Galaxy, without assuming
any model of the VM and DM halo of the Galaxy. We shall focus primarily on the RC
in the non-disk region of the Galaxy. In Section we present the Jeans equation
formalism to calculate the RC beyond the disk region. In the next Section we
discuss about the non-disk tracers samples adopted and their density distributions
and velocity dispersions. In Section B.4] we present the RC profiles obtained for
different choices of GC sets and tracer velocity anisotropy parameters and discuss

the results. Finally, in Section we summarize our methods and results obtained.

3.2 Rotation Curves beyond Disk region : The

Jeans equation approach

For deriving the RC in the disk region of the Galaxy, one usually makes the rea-
sonable assumption that the disk tracer objects move in circular orbits around the
Galactic center. From the observed heliocentric los velocities, vy, of the tracers and

their position coordinates in the Galaxy, and with an assumed set of values of the

kpc ’ kms—1

Galactic Constants (GCs), [ﬁ o }, that define the Local Standard of Rest
(LSR) frame, and applying corrections for the peculiar motion of the sun with re-
spect to the LSR, one can obtain the circular velocities around the Galactic center,

Ve, in a fairly straightforward manner [172].

Observations on a variety of tracers such as HI regions, CO emission associated
with HII regions, compact objects like Carbon stars (C stars), Cepheids, planetary
nebulae (PNe), masers, and so on, have been used to derive the RC of the Galaxy

in the disk region. Some recent compilations of RC data for the disk region of the

Galaxy can be found, e.g., in [143] 173] [171].

In this thesis we mainly concentrate on the construction of the RC in region beyond
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the Galactic disk and out to large Galactocentric distance of ~ 200 kpc. For detailed
description of the RC in the disk region of the Galaxy see [143], [156].

To derive the RC in the outer regions of the Galaxy beyond the Galactic disk, one
has to rely on distant tracers like Blue Horizontal Branch (BHB) stars, K Giant (KG)
stars and relatively rare tracer objects like Globular Clusters (GCl), dwarf spheroidal
(dSph) galaxies and so forth which populate the Milky Way’s extended DM halo out
to Galactocentric distances of several hundreds of kpc. Unlike the disk tracers, these
non-disk tracers do not exhibit any systematic circular motion, and move about in
the Galaxy along various different orbits. The standard approach then is to assume
that the tracer population under consideration is isotropically distributed in the
halo of the Galaxy and then use the Jeans equation [133] for spherical systems. The
Jeans equation relates the circular velocity v, at radius r to the number density and
galactocentric radial as well as transverse velocity dispersions of the tracers at that

radius and is given by [133],

dlnny, dln 072,

20\ _ _ 2
ve(r) = o ( dInr i dlnr +26) ' (3:1)

Here r = (R2 + 72 — 2Rq 1}, cos bcosl)l/2 is the Galactocentric radial distance of a
tracer (see Figure Bl and ny,, o, and /3 are, respectively, the number density of the
tracer population, their Galactocentric radial velocity dispersion, and the velocity
anisotropy parameter, at r. Of course, in absence of full 3-D velocity information,
with only the observed radial velocity dispersion available, the RC constructed using
Jeans equation depends on the unknown velocity anisotropy parameter § = 1 —
0?2/20? (0, and o, being the radial and transverse velocity dispersions of the tracers,

respectively.

The Jeans equation approach has been used in several recent studies to extend

the RC of the Galaxy to distances beyond the extent of the Galaxy’s stellar disk.
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Galactic
Centre

Figure 3.1: Schematic diagram showing the coordinate system, velocity and distance
notations used in this chapter.

Accurate measurements of los velocities of a sample of 2401 BHB stars drawn from
SDSS DR6 [174] were used by [I75] to derive the RC of the Galaxy to ~ 60kpc
for two constant (r-independent) values of [, namely 5 = 0 (isotropic velocity
distribution) and # = 0.37, the latter derived from results of numerical simulations.
More recently, the Jeans equation has also been employed, together with certain
analytical models of the phase-space distribution function of the tracer population,

to construct the RC of the Galaxy to various distances of ~ 25 to ~ 80 kpc [170,

177, 78]

A crucial ingredient in the derivation of the distant RC using Jeans equation is the
measured radial velocity dispersion of the tracers as a function of their Galacto-
centric distance r. An important finding in this regard is the result, first shown
in [I79], that the radial velocity dispersion remains almost constant at a value
of ~ 120kms™! out to ~ 30kpc and then steadily declines down to a value of
~ 50kms! at r ~ 120kpc. Ref. [I79] used a heterogeneous sample of about 240
halo objects consisting of field blue horizontal branch stars, red giant stars, globular

clusters and distant satellite galaxies. Similar trend of the radial velocity disper-
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sion profile has been found in several subsequent studies using different samples of

tracers, e.g., by [175] 176l 177, 180, 18T, and most recently in large cosmological
simulations by [182].

Here we consider a combination of a variety of non-disk tracers to construct the RC of
the Galaxy beyond the disk region out to ~ 200 kpc. We perform a detailed analysis
of the dependence of the RC on the choice of the GCs and also the dependence
on the anisotropy parameter § of the non-disk tracers. It is found that, while
the RC in the disk region is significantly influenced by the choice of the GCs, the
dominant uncertainty in the RC at large distances beyond the stellar disk comes from
the uncertainty in the value of 3. Since currently not much reliable observational
information on [ is available, we calculate the circular velocities using Jeans equation
with the velocity anisotropy [ of the tracers taken as (a) a radially constant free
parameter varying over a possible range of values from § = 0 (corresponding to
complete isotropy of the tracers’ orbits) to = 1 (corresponding to completely
radial orbits of the tracers), (b) a radially varying g of the Osipkov-Merritt (OM)
form [133] given by B(r) = (1 +72/r*)~1, with r, the “anisotropy radius”, and (c)
a radial profile of 3 obtained from a recent large high resolution hydrodynamical

simulations of formation of late-type spirals like our Galaxy [182].

3.3 Non-Disk tracer samples

We have chosen two independent classes of non-disk stellar tracers, namely, a sample
of 4985 Blue Horizontal Branch (BHB) stars from SDSS-DRS8 compiled by [I83] and
a set of 4781 K Giant (KG) stars from SDSS-DR9 [184]. These two samples allow
us to probe the Galactic halo up to a Galactocentric distance of ~ 100 kpc. In order
to reach out further we consider an additional heterogeneous (Hg) sample of 430

objects comprising of 143 Globular Clusters (GCl) [I85], 118 red halo giants (RHG)
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[186], 108 field blue horizontal branch (FHB) stars [I87], 38 RR-Lyrae stars (RRL)
[188], and 23 dwarf spheroidals (dSph) [I89]. To ensure that the sample comprises
of only halo objects, we applied a cut on the z and R coordinates of the tracers,
leaving out objects with r < 25kpc in all the non-disk tracer samples mentioned
above. After these cuts, we are left with a “BHB” sample of 1457 blue horizontal
branch stars, a “KG” sample of 2227 K-giant stars and a “Hg” sample of 65 objects
comprising of 16 GCls, 28 FHB stars and 21 dSphs, with which we shall construct
our RC for the non-disk region. The last sample allows us to extend the RC to a
Galactocentric distance of 190 kpc, the mean r of the objects in the furthest radial
bin in the Hg sample. The spatial distributions of the three final non-disk tracer
samples (after position cuts mentioned above) in terms of z-z, y-z and z-y scatter

plots are shown in Figure B.2)).

The number density of the tracers, ny, appearing in the Jeans equation (B is
estimated in the following way. We radially bin the objects in a given sample and
estimate the tracer density from the star counts in the annular volume of each bin
and assign it at the mean radius of the objects contained within that bin. In order
to ensure a reasonably good number of objects per bin we adopt a variable bin size
increasing with distance. For the BHB sample, a uniform bin size of 2 kpc is used
over its entire range of r from 25 to 55 kpc. For the KG samples, the bin widths
are 2 kpc for 25 kpe < r < 55kpc and 4 kpe for 55 kpe < r < 103 kpc; objects with
r > 103 kpc (up to 110 kpc) are all placed in one single bin. For the Hg sample,
because of the relatively small total number (65) of objects, we adopt the following
optimal, “object wise” binning in increasing order of the galactocentric distance r
of the objects: the first 6 radial bins contain 8 objects in each bin; the next 2 bins
contain 6 objects in each bin; and, finally, the remaining 5 objects are placed in
one single bin. Uncertainties in the number density estimates are obtained from

Poissonian errors on the tracer counts in each bin.
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Figure 3.2: z-z, y-z and z-y scatter plots (after removing objects with r < 25kpc;
see text) for the three samples of non-disk tracer objects considered in this chapter,
namely, (1) the “BHB” sample, a set of 1457 blue horizontal branch stars from the
compilation of [I83], (2) the “KG” sample, a set of 2227 K-Giant stars from the
compilation of [I84], and (3) the “Hg” sample, a heterogeneous set of 65 objects
comprising of 16 Globular Clusters (GCl) from [I85], 28 field blue horizontal branch
(FHB) stars from [I87], and 21 dwarf spheroidals (dSph) from [I89], for Ry = 8.3 kpc
with the sun located at (x =0,y = Ry, z = 0).
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Figure 3.3: The tracer number density, ny., for the three non-disk tracer samples
considered in this chapter (see text and Figure for details and source references
for the samples). The top left panel shows, for comparison, the tracer densities
obtained in some earlier studies [179} 175 180] which used different tracer samples.
The other three panels show the best power law fits to the radial profiles of ny, for

the three non-disk samples. The GC set used is [& Vo ] = [8.3,244].

kpc 7 kms—1

The resulting density estimates for the three samples mentioned above with the GCs

set [% , kn‘lfg,l] = [8.3,244] are shown in Figure B3] where for comparison (see the

top left panel of Figure B.3) the tracer densities from some earlier studies that used
different tracer samples are also shown. These results are seen to be in reasonably

good agreement with those obtained in the previous studies.

It is convenient to use an analytical form of the density distribution of tracers in order
to solve the Jeans equation. Therefore, we perform power-law fits (ng(r) oc 777)
to the radial profile of the tracer number density for each of the three samples
separately. The resulting best power-law fits are also shown in Figure B3l The

values of the parameters of the best power-law fit for each tracer sample are given
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in Table Bl Within each sample, there is no significant difference in the values of
ng, for the three different sets of GCs, as also seen from the values of the power-law

fit parameters given in Table B.11

Next, we have to calculate the Galactocentric radial velocity dispersion, o,, that
appears in the Jeans equation (BI), for our non-disk samples. To do this we first
transform the observed heliocentric los velocity, vy, of each individual tracer object
to vgsr, the velocity that would be measured in the Galactic Standard of Rest
(GSR) frame. This is easily done by correcting for the circular motion of the LSR
(Vo) and solar peculiar motion with respect to LSR, (Ug, Vi, W) (see Figure B.1)

as given below,

vgsk = Un+ Ugcosbeosl+ Vi cosbsinl

+Wesinb + Vy cosb sinl. (3.2)

For large samples like the BHB and KG stars described above, we calculate the
vasgr for all the individual tracers in the same radial bins as used in the estimation
of the tracers’ number density described above, calculate their dispersion, ogsg,
and assign it to the mean radius of all the tracers contained within that bin. The
corresponding uncertainty, Aogsg, in our estimate of oggr in each bin is calculated

by using the standard formula Aogsg = 1/1/[2(N — 1)]ogsr [190, 1911 192], where

N is the number of objects in the bin.

For the Hg sample, however, owing to its small size, we follow a different method,
similar to that used in [I79], for calculating the ogsgr and its uncertainty in each
radial bin: we randomly generate a sample of 10,000 mock values of vy for each
tracer object in a radial bin using a Gaussian centered at the observed value of vy
and a width of typically ~ (10 — 20)% of this v, value. We then transform these

10,000 vy, values for each tracer in the bin to get the corresponding 10,000 values
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Figure 3.4: The GSR frame los velocity dispersion of the tracers, ogsr, for the
three non-disk tracer samples considered in this chapter (see text and Figure
for details and source references for the samples). The top left panel also shows,
for comparison, the ogsr obtained in some earlier studies [179, 180, I81] which
used different tracer samples. The other three panels show the best power-law fits
to the radial profiles of oggr for the three non-disk samples. The GC set used is

[ﬁ v ]:[8.3,244].

kpc 7 kms—1

of vgsr using equation (B.2)), and calculate the associated dispersions ogsr in that
bin. We assign the mean value of the ogsr values for all the objects in a given bin
to the mean radius of all the objects in the bin. The corresponding uncertainty in

oasr 1s taken to be the r.m.s. deviation of the oggr values in that bin.

The results for ogsgr for the three tracer samples are shown in Figure 3.4l in which
we also show for comparison (see the top left panel of Figure B4]) the oggr values
obtained in some earlier studies using different samples, which, again, are seen to

be in reasonably good agreement with our results.

For ogsr also we use fitted forms in order to solve the Jean’s equation in a conve-
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nient manner. The other three panels of Figure 3.4 show the best power- law fits
(oasr () o< 77%) to the radial profiles of oggr for each of the three non-disk samples.
The values of the parameters of the best power-law fits for the three tracer samples
are given in Table Bl Again, as in the case of ny,, the effect of variation of the

Galactic Constants on oggr is negligible.

Finally, the Galactocentric radial velocity dispersion, o,., can be obtained from ogsr

by using the relation [179)

OGSR

Op = —— (3.3)
V1 —BH(r)
where
2+ R (= R)® 1+ R
H(r) = 0 A | R A
(r) 42 813 Ry s Ry’ (r> Ro) (34)

and [ is the velocity anisotropy of the tracers defined earlier. Equation (B.3) is
derived by decomposing the vgsr’s into their Galactocentric radial and transverse

components and taking the averages of the squares of the velocity components

The last quantity that remains to be specified before we can solve the Jeans equation
B is the velocity anisotropy parameter, (3, of the tracers. There is not much
definite observational information available on the value of 3 of the tracers because
of the lack of availability of proper motion measurements on sufficiently large number
of tracer objects. In general 5 can be a function of r. A recent maximum likelihood
analysis [I77] of radial velocity data of a large sample of halo stars, performed
within the context of a model for the (in general anisotropic) velocity distribution
function of the halo stars, indicates the stellar velocity anisotropy being radially
biased with a value of 5 ~ 0.5 for r from ~ 16 kpc up to r ~ 48 kpc. This is also
indicated by the recent results from the large numerical simulation study of [182],

which finds the velocity distribution of the Galaxy’s stellar population at large r

'Note that equation (3) given in the 2005 paper of [I79] is incorrect. The correct equation,
same as equation ([B.3]) above, is given in the 2006 (Erratum) paper of [179] and also in [193].
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to be radially biased (8 > 0) with stellar orbits tending to purely radial (8 — 1)
at r 2 100 kpc. Based on these considerations, to explore various possibilities for
B, here we have calculated the RCs for (a) three representative constant values of
B, namely, § = 0 (isotropic), 0.5 (mildly radially biased anisotropy), and 1 (fully
radially anisotropic), (b) a radially varying 8 of the Osipkov-Merrit (OM) form
[133] given by B(r) = (1 + r2/r*)~L, r, being the “anisotropy radius”, and (c) a
radial profile of § obtained from the recent large high resolution hydrodynamical
simulations done by [I82]. In principle, 5 and its radial profile may be different
for different tracer samples. But since currently no reliable measurements of
for the different samples extending to large Galactocentric distances are available,
any choice of different § for different samples would be necessarily arbitrary. For
simplicity, therefore, we assume the same values of § and its radial profile for our

three tracer samples.

3.4 Rotation Curves from different tracer sam-

ples and the combined Grand Rotaion Curve

With ny,, o, and [ specified in the previous section, we can now proceed to solve the
Jeans equation (B]) to obtain the v, profiles for the three different tracer samples
described above. For each tracer sample we calculate the v.’s in the same radial bins
as used in calculating the ni,’s and oggsr’s, and the best-fit power-law forms of ny,
and ogsr described above are used for calculating the radial derivatives appearing in
the Jeans equation (B.]). The corresponding 1o error, Av,., on v, within each radial

bin is calculated from those of ny, and ogsg in the bin by standard quadrature.

The resulting RCs for the three tracer samples are shown in Figure[35l As clear from
the left panels of Figure [3.5the RCs for different choices of GCs almost overlap, thus

indicating that the RC at large Galactocentric distances beyond a few tens of kpc is
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Number densities and radial velocity dispersions
of non-disk tracers
[ ] | e = o (o) s = oo (i)
T T | TmeT a
BHB
8.3, 244] 751 x107* | 4.16 | 93.0 0.06
8.5, 220] 7.66 x 1074 | 4.15 | 94.45 0.07
8.0, 200] 7.45x 1074 | 4.17 | 93.58 0.05
KG
8.3, 244] 6.57 x 107* | 5.51 | 86.75 0.31
8.5, 220] 6.53 x 107* | 5.51 | 88.23 0.30
8.0, 200] 6.40 x 10~ | 5.51 | 87.89 0.29
Hg
8.3, 244] 2.37 x 1075 | 4.18 | 121.21 0.37
8.5, 220] 2.39 x 1075 | 4.18 | 117.51 0.40
8.0, 200] 2.38 x 107° | 4.17 | 115.34 0.42

Table 3.1: Best-fit parameter values for power-law fits to the radial profiles of the
number density, n,, and the Galactic Standard of Rest (GSR) frame [los velocity
dispersion, ogsr, of the tracers for the three non-disk tracer samples considered
in this chapter (see text and Figure for details and source references for the
samples). The parameter values are given for three different sets of values of the

GCs, [Ro Vo }

kpc ’ kms—1




3.4. ROTATION CURVES

500 L e A R e
BHB B=0.0 [8.3244] —x—
400 | [8.5,220] ---0--+ -
- [8.0,200] &
8 300 | )
E w =
=a0f 4t TITTIREN
= 20r g **&*é é?é{; ?
100 | i
0 1 1 3 M 1 1 f
20 25 30 35 40 45 50 55 60
r [kpc]
500 T . i :
KG B=0.0 [8.3,244] —*—
400 [8.5,220] ---0--+ =
= i[8.0,200] &~
g s00f ” P
X H
= 200 | -
’ R
100 | ‘1‘ + i
0 1 1 1 1
20 40 60 80 100 120
r [kpc]
e —
Hg pB=0.0 [8.3,244] —%—
400 |- [8.5,220] -0~ -
— 3 é [8.0,200] &
8 300 FLL 1 M )
=200fF & .
100 -
0202060 80 100 120 140 160 180 200

r [kpc]

51

500

400

300

V. [km/sec]

100

BHB [8.3,244] B=0.0 —x—

N
=
o
L]
Ee%
EO%:
BFo%-
Bo%-
Box:
BOK
BN
o E-H
B @K
EOX*—
Ero¥—
Ero%—
Fe¥—
S
'l

B=0.5 »--@-+ -
B=1.0 - &

0 1
20 25

30 35 40 45 50 55 60
r [kpc]

500

KG

400
300

200 F -

V. [km/sec]

100 |

[8.3,244] B=0.0 —x—
=05 ---o--+
p=1.0 - &

1
40 60 80 100 120

500 T
400
300

200 F 7

V. [km/sec]

100 |

[8.3,244]  PB=0.0 —*—
B=0.5 ---e--+ 4
p=1.0 &~

b

O 1
20 40

60 80 100 120 140 160 180 200
r [kpc]

Figure 3.5: Circular velocities with their 1o error bars for the three different non-
disk tracer samples used here in Figure B.2l The left panels are for tracer veloc-
ity anisotropy 8 = 0 and three different sets of values of the Galactic constants,

as indicated, whereas the right panels show the results for three dif-

Ry Vo

kpc 7 kms—1 [

ferent constant (r-independent) values of 5 = 0, 0.5 and 1, with [

8.3, 244].

Ro Vo —
kpc 7 kms—1 | T
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Figure 3.6: Left: Rotation curve of the Galaxy for three different sets of values

Lo Vo

Tps > Tma=T | 88 indicated and non-disk tracers’ velocity

of the Galactic constants [
anisotropy parameter § = 0. The data points and their 1o error bars shown here
are obtained by weighted averaging over the combined v, data obtained from dif-
ferent disk and non-disk tracer samples. Right: Rotation curve of the Galaxy for

[% , kmvg_l = [8.0,200] and non-disk tracers’ velocity anisotropy parameter 3 = 0

compared with that obtained by [140] (S12).

fairly insensitive to the precise values of the GCs. Instead, the main uncertainty in
the RC comes from the unknown value of the tracers’ velocity anisotropy parameter
B, as evident from the right panels of Figure As expected, the lowest rotation

speeds obtain for the most radially biased velocity anisotropy (8 = 1).

We now combine the rotation curves obtained from disk as given in Ref. [I43] and
non-disk tracers (Figure B.0)) to construct the rotation curve of the Galaxy up to
~ 200kpc. For the disk region (r < 25kpc) we have taken the data from [143].
For the non-disk region (r > 25kpc), we combine the v. data from Figure for
the three tracer samples in every 2 kpc radial bins and calculate the resulting mean

circular speed (v.) and its 1o uncertainty (Av.) within a bin by weighted averaging

[194] using,
Ve = % , and Ay, =,/ le‘ : (3.5)

with w; = 1/(AV,;)?, where V,; and AV, ; are the v, value and its 1o error, respec-

tively, of the i-th data point within the bin.
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Figure 3.7: Rotation Curve for [%’C, krrY(s)—l} = [8.3,244] and various values of (.
The shaded bands marked D12a and G10 in the left and right panels, respectively,
represent the RCs and their uncertainty bands obtained earlier by [I77] (D12a) (up to
r ~ 50kpc) and [I76] (G10) (up to r ~ 80kpc), respectively. In addition, estimates
of circular velocities at certain specific values of r obtained from various independent

considerations by [178] (K12), [195] (M11), [196] (MB10), [197] (VERA), [I73] (S09),
[198] (WE99), [I75] (X08), [199] (S11), [200] (W10), and [I81] (D12b) are shown for

comparison.

The resulting rotation curves for § = 0 and three sets of values of the GCs are

shown in FigureB.6, and those for different values of [, for one particular set of GCs,

[% , kmvg—l] = [8.3,244], are shown in Figure B.7 For comparison, we also present
in Figure B.1 estimates of circular velocities at specific values of r obtained from a

variety of independent considerations in some earlier studies by various authors.

The 3 dependence of the radial profile of the cumulative mass, M(r) = rv?(r)/G,
is shown in Figure Again, estimates of M (r) from various independent con-
siderations and given at certain specific values of r in some earlier works, are also
shown in Figure for comparison. Note that the lowest mass of the Galaxy cor-
responds to # = 1, which allows us to set a lower limit on the mass of the Galaxy,

M(~ 200kpc) > (6.8 £4.1) x 101 M.

In Figure B.10] we present the full rotation curve of the Galaxy out to ~ 200 kpc

for [%}C , kn‘l/g,l} = [8.3,244] and for a radial profile of the non-disk tracers’ velocity

anisotropy parameter 3 of the OM form, 8(r) = (1 + r2/r?)~!, for two different



o4 CHAPTER 3. ROTATION CURVE OF MILKY WAY OUT TO 200 KPC

E

% 1011 L

= X

= F
10°F B=1.08 7

r [8.3,244] BCKM 2013
9 P BRI S (T |
1075 50 100 150 00
r [kpc]

Figure 3.8: The mass, M(r) = rv’(r)/G, within r, as a function of r, obtained

from the RCs shown in Figure B.1 for [kR—IfC ) kn‘l/‘s),l} = [8.3,244] and various values of

the tracers’ velocity anisotropy parameter 5. Estimates of M(r) at certain specific
values of r obtained from various independent considerations in some earlier works,
namely, [178] (K12), [198] (WE99), [I77] (D12a), [I75] (X08), [195] (M11), [I76]
(G10), [199] (S11), [201] (CU10), [202] (DBI9S), [179] (B05-06), [I&1] (D12b), and
[135] (BCKM 2013), are shown for comparison.
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Figure 3.9: Rotation curve of the Milky Way to ~ 200kpc for [& Vo ] =

kpc ’ kms—1
[8.3,244] and for a radial profile of the non-disk tracers’ velocity anisotropy param-
eter 3 of the Osipkov-Merritt (OM) form, B(r) = (1 + r2/r*)~!, with two values of
the “anisotropy radius” r, =15 kpc (OM-15) and 70 kpc (OM-70). The RC data
generated with a radial profile of # derived from Figure 2 of [182] (R13) (data points
marked ((r):R13) are also shown for comparison. The inset shows the OM f profile
for various values of r, together with the [ profile from Figure 2 of R13.

values of r, = 15kpc and 70kpc. In addition, we show the RC generated with a
S profile extracted from Figure 2 of [I82] with the corresponding numerical data in
tabular form given in Table B2l The inset in the left panel of Figure shows the
OM g profile for various values of r, as well as the 3 profile obtained in [I182]. The
latter is seen to roughly follow the OM form and is reasonably well bracketed within
OM g profiles with r, = 15kpc and r, = 70kpc. In Figure we also plot the
circular velocity data from terminal velocities and rotation curve fits for the Burkert
and NFW models of the DM halo of the Galaxy given in [I41] (up to ~ 100kpc) in

comparison with the RC generated with the /8 profile of [I82].

A noticeable feature of the rotation curve, irrespective of the velocity anisotropy of
the tracer objects, is its clearly declining nature beyond about ~60 kpc, as would be

expected of an effectively finite size of the dark matter halo of the Galaxy. It is to be
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Table 3.2: The circular velocity, V,, and its 1-o error, Awv,., for various values of

r Ve Av, r Ve Av,
(kpe) | (kms™!) | (kms™) || (kpc) | (kms™!) | (kms™)
0.20 233.0 13.32 38.41 191.57 11.73
0.38 268.92 4.67 40.42 197.59 14.12
0.66 250.75 11.35 42.40 192.79 5.92
1.61 217.83 5.81 44.49 213.22 17.17
2.57 219.58 1.48 45.99 179.39 11.23
3.99 223.11 2.43 48.06 213.03 24.72
4.51 247.88 2.99 49.49 178.57 17.63
5.53 253.14 1.69 51.39 183.31 23.58
6.50 270.95 2.19 53.89 157.89 19.57
7.56 267.80 0.96 56.89 191.76 24.35
8.34 270.52 0.66 57.98 210.72 29.81
9.45 235.58 8.44 60.92 168.02 25.67
10.50 249.72 13.44 64.73 206.47 36.27
11.44 261.96 11.71 69.31 203.62 40.89
12.51 284.30 17.50 72.96 190.53 40.98
13.53 271.54 15.57 76.95 222.72 74.37
14.59 251.43 25.60 81.13 186.29 66.53
16.05 320.70 25.27 84.90 122.25 36.46
18.64 286.46 101.18 89.35 143.95 29.49
26.30 189.64 6.74 92.44 154.66 67.23
28.26 237.99 11.54 97.41 184.0 72.86
29.51 209.82 9.16 100.72 | 108.68 40.99
32.04 179.14 6.65 106.77 | 137.15 53.17
33.99 170.37 6.93 119.98 | 150.18 25.46
36.49 175.92 6.62 189.49 | 125.01 37.32

the Galactocentric distance, r, for a radial profile of the non-disk tracers’ veloc-

ity anisotropy parameter [ derived from Figure 2 of [I82], with [

8.3, 244].

Ro

Vo

kpc ’ kms—1

]
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Figure 3.10: Rotation curve of the Milky Way to ~ 200 kpc for |:kR_I;)c’ knY(s)—l} =

[8.3,244] and for 3 derived from Figure 2 of [I82] (R13) in log scale and compared
with the circular velocity data from terminal velocities (NS13-Fig8) and rotation
curve fits for Burkert (NS13-Burkert) and NFW (NS13-NFW) models from [141].
The numerical data for §(r):R13 are given in Table

emphasized that, for any given (3, the rotation curve and mass profile of the Galaxy
shown in Figures B.7 and B.8], respectively, are based entirely on observational data,
and are obtained without making any models of the mass distributions of the various

components (the bulge, disk and dark matter halo) of the Galaxy.

3.5 Summary

In this chapter, we have constructed the rotation curve (RC) of the Galaxy beyond
the disk region out to ~ 200kpc by using kinematical data on a variety of non-
disk objects that trace the gravitational potential of the Galaxy, without assuming
any theoretical models of the visible and dark matter components of the Galaxy.
We have studied the dependence of the RC on the choice of the Galactic constants

(GCs) and also studied the dependence on the velocity anisotropy parameter 3 of
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the non- disk tracers. The RC in the disk region depends significantly on the choice
of values of the GCs but The rotation curve at large distances beyond the stellar
disk, however, depends more significantly on the parameter § than on the values of
the GCs. In general, the mean RC is found to steadily decline beyond r ~ 60 kpc,
irrespective of the value of 5. At any given Galactocentric distance r, the circular
speed is lower for larger values of . Considering that the largest allowed value of g
is unity (complete radial anisotropy), this allows us to set a model-independent lower
limit on the total mass of the Galaxy, giving M ( < 200 kpc) > (6.8 4+4.1) x 10" M.
It is also noted that recent results from high resolution hydrodynamical simulations
of formation of galaxies like Milky Way [I82] indicate an increasingly radially biased
velocity ellipsoid of the Galaxy’s stellar population at large distances, with stellar
orbits tending to be almost purely radial (8 — 1) beyond ~ 100kpc. This implies
that the above lower limit on the Galaxy’s mass (obtained from our results with
f = 1) may in fact be a good estimate of the actual mass of the Galaxy out to
~ 200kpc. The RC derived here will be used in Chapter IV to study the phase

space structure of the DM halo of the Galaxy.
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Chapter 4

Velocity anisotropy of Dark
Matter : Michie Model

4.1 Introduction

The dynamics of the dark matter (DM) particles in our Galaxy is not very well-
known. There are numerous attempts and methodologies adopted in literature to
find the DM density distribution and velocity distribution specifically at solar loca-
tion as these are the main astrophysical inputs that go into the calculation of the
possible event rate at different dark matter detection experiments (both direct and
indirect). The DM particles being mainly collisionless they can be assumed to sat-
isfy the Collisionless Boltzmann Equation(CBE). Therefore, in most of the cases the
Phase Space Distribution function (PSDF) of DM particles is described by a isother-
mal model which is a solution of CBE [133] 144]. In Chapter II, we have described
the Isothermal model or the so called “Standard Halo Model” (SHM) which uses the
isotropic Maxwellian velocity distribution. But SHM has its own severe drawbacks,

specifically to note that it is not finite in configuration space which results into an

61
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unbound mass.

The phase space distribution functions provides us with the most general and com-
plete way of statistical description of dark matter halos. Our knowledge on the
PSDF is still being improved, mostly due to numerical experiments. In the last few
years cosmological simulations have revealed increasingly detailed features of phase-
space structure of DM halos. These also extract information about the velocity

anisotropy. It has been demonstrated that the outer parts of the halos exhibit more

radially anisotropic trajectories than the halo centre [203] 204] 205] 206l 207).

There are previous works in literature [208], 209, 210, R1T] 212] 213], 214} 215, 216] 217,
218 219, 220, 221] that also attempted to extract the velocity anisotropy features

of our Galaxy motivated by recent N-body simulations. These simulations suggest
that the velocity distribution is not actually isotropic and the anisotropy parameter

[ increases from 0 at centre to 0.5 towards the outer region as observed from clusters

(222 223, 224}, 22T].

As mentioned , there have been several approaches to extract the anisotropy feature
of DM distributions. There is proposal by [216] to generalize the Osipkov-Merritt
model ([226] 227]) to the DF which generates an arbitrary value of anisotropy pa-
rameter in the halo centre with the orbits becoming fully radial at infinity. Although
an analytical inversion for these models exists, the anisotropy profile cannot be rec-
onciled with the numerical results [206]. Another work by An & Evans [228] noticed
that a non- trivial profile of the anisotropy can be obtained from a sum of DFs with
a constant anisotropy for which an analytical inversion is known [216] 229 230].
However, the resulting anisotropy profiles are decreasing functions of radius and do

not agree with those measured in cosmological simulations.

A different approach has been presented by [231] where the authors introduced a

general ansatz for the anisotropy profile and then, for a given potential-density pair,
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derived the DF as a series of some special functions. This approach works well
under the condition that the potential can be expressed as an elementary function
of the corresponding density. This requirement, however, is not satisfied by many
models, including the NFW density profile [I36] which is commonly used as a good

approximation of the universal density profile of DM halos.

In Chapter II we have also presented the Eddington’s formalism to revert a given
density distribution to obtain the phase space distribution function and hence the
velocity distribution function which by construction is a isotropic one. However as
discussed above that the velocity distribution is practically an anisotropic one, also
suggested by state of the art numerical simulations. The phase space distribution of
dark matter particles is a priori unknown. Another plausible approach to determine
the PSDF is by starting from an ansatz that the PSDF can be represented by the
solution of collisionless Boltzmann equation as the DM particles can also be thought
as a system of collisionless particles. In this chapter we attempt to describe a model
which includes the possible anisotropic features via the description of phase space
distribution function which is a function of both total energy and total angular mo-
mentum. Here we try to probe the dark matter halo structure by taking recourse
to observed rotation curve data extending upto large distance [143] as discussed in
previous chapter. In section we present the visible matter model adopted in this
chapter. We couple the VM with DM in a self-consistent manner and let the system
converge in an iterative way so as to include the gravitational effect of VM on the
DM distributions. In Section we describe the “Michie model” of phase space
distribution used here. In Section [£.4] we calculate radial and tangential dispersions,
anisotropy profile, local dark matter velocity distribution (radial and tangential as
well) and anisotropy parameter values at each radial point up to truncation ra-
dius, characterizing the finite extent of the DM halo. We further calculate different
significant physical quantities like mass enclosed within a few representative Galac-

tocentric radii, escape velocity etc. We further demonstrated the effect of VM on the
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DM density distribution, velocity distribution, dispersion etc. for self-consistently

coupled system. Finally in we summarize our results and findings.

4.2 Visible Matter Model

We model the Visible Matter (VM) distribution of our Galaxy as a superposition
of a central spherical bulge and a double exponential disk [155] 232] 233] 234]. The

forms are given below:

Bulge:
= 1 (41)
Pbulge Pb,0 [1 . (T/Tb)Q]g/Q ) .
Disk:
)Y R— R
pa = 22 exp [—Q} exp 2/ (12)

with the following parameter values : central bulge density (py0) = 4.2 x 10? M, /pc?,
bulge scale radius (r,) = 0.103 kpc, disk scale length (r4) = 3 kpc, disk scale height
(z4) = 0.3 kpc. We have taken three values of the local visible matter surface density

(Svm) = 48 £ 9M, /pc? ie. (39,48,57) M /pc.

4.3 An anisotropic Phase Space Distribution Func-

tions for DM : The Michie Model

In this chapter we explore another approach, different from the Eddington method
described in Chapter II, to find the a priori unknown PSDF of dark matter starting

from an ansatz. As the DM particles are Collisionless system of particles they can



4.3. MICHIE MODEL 65

be assumed to obey the Collisionless Boltzmann equation. According to the Jeans
theorem the PSDF of DM which is basically solution of the CBE are considered to
depend on the position and velocity co-ordinates only via the integrals of motion.
As described earlier the Isothermal model depends on the total energy of the system
only and hence governs a isotropic velocity distribution. Here in this chapter we
consider the Michie model which is a function of total energy and total angular

momentum hence gives rise to an anisotropic velocity distribution. The PSDF of

the Michie model [133] 235, 236] is given by,

L? \I/—v2/2
f(E,L) = presi le 7 — 1] for £>0 (4.3)
=0 otherwise , (4.4)
where & = —F + @ is the relative energy of the system as already discussed in

Chapter Il and L = r x v = rusinn is the angular momentum per unit mass of
the system. There are four parameters in the model, namely, a density parameter
(p1) which can be conveniently expressed in terms of local dark matter density
Pom,e, velocity anisotropy radius (r,), which sets the length scale from where the
velocity anisotropy sets in, velocity parameter (o) which is related to the velocity
dispersion and finally a truncation radius (r;) which does not appear explicitly in
the expressions but enters via the constant ®; = ®(r;) that defines the relative

potential ¥(x) = —®(x) + @y as described in Chapter II.

Integrating f(&, L) over all velocities gives the DM density at the position 7 as

below,

s Umax 1
pom(X) = ppu(r) = /d3vf(5,L) = 27T/ dnsinn/ dv v f(U — évz,rvsinn) :
0 0

(4.5)

where vy (= V2W) goes to zero at some chosen value of truncation radius (r;). The
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density distribution satisfies the Poisson equation given by,
V20, (%) = 471G ppu(x) (4.6)

where @, is the contribution of the DM component to the total gravitational po-
tential,

B(x) = Dy (x) + Pynr(x) (4.7)

in presence of the visible matter (VM) whose gravitational potential, ®y,, satisfies

its own Poisson equation, namely,
V20 (%) = 471G pyn(x) . (4.8)
We choose the boundary conditions
®py(0) = Py (0) =0, and (V‘an)‘,q:o = (V@VM)M:O =0. (4.9)

In practice a test particle can sense the gravitational potential of both the DM and

VM. In such a coupled condition therefore the total potential is basically given by,

(I)tot <X> = (I)DM,coupled(X> + (I)VM (X)7 (410)

where Ppy coupled(X) is the modified DM potential in presence of gravitational field

of VM and it satisfies the Poisson’s equation,

V2(I)DM,coupled(X) = 4WC;pDM,coupled(X) . (411)
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The coupled dark matter density now is given as, using equation (43]),

™ Umax 1
PDM coupled () = 27r/ dn sinn/ dv v2f(\I!tot — 51)2, rusinm) ,
0 0

(4.12)

with the ¥(x) in equation (@3] being replaced by Wiy (x) where Wiy (x) is given

below,

\Iltot <X> - \IIDM,coupled <X> + \I]VM (X)7 (413)

= —PpM coupled (X) + Portcoupled (71) — Py (x) + Pyni (7).

The coupled Poisson’s equation can be solved in an iterative manner until the system
converges by including the effect of the VM in a self-consistent manner as described
above. By deriving the potential distribution in this way one can calculate the

density distribution.

With the radial and tangential velocities defined as

v, = VCOoST and v = y/vj + v = vsiny,

respectively, one can calculate normalized velocity distributions, i.e. total, radial
and tangential as given bellow.

The normalized total velocity distribution function:

2 T 1
flr,v) = (—W)/ dnsinnv2f(‘ll—§v2,rvsinn) with v : 0 to V2W, (4.14)
PT) Jo

with [ v flr,v)dv = 1.
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The normalized radial velocity distribution function :

2 \/ 20 —v2 1
fr(r,v.) = —W/ dvy v; f(U — =(v2 +0?),rvy) with v, : —V2W to V2,

p(r) J-\fov—z 2
(4.15)

with f_\/j_;lj—\y fr(r,v.)do, = 1.

The normalized tangential velocity distribution function :

9 \/ 20 —v? 1
fi(r,vy) —W/ dv, vy f(U — =(v2 +v?),rv,) with v, : 0 to V2,
p(r) Jo 2
(4.16)
with fo\/ﬁ ft<T, ’Ut)dUt = 1.
One can calculate the velocity moments and the anisotropy parameter § =1 — %

with the aid of the expressions given above. The quantities o; and the o, are the

tangential and radial velocity dispersions, respectively.

The advantages of the Michie model are the followings : it represents a finite sized
galaxy as the model has a truncation radius r; and the velocity space is also bound by
a maximum allowed velocity vy.x self-consistently determined by the model itself.
The model also allows the velocity distribution to have anisotropic nature as the

PSDF is function of both total energy and total angular momentum.

4.4 Deriving the parameters of Michie model by

fitting the RC data : Results

For a given set of the Galactic model parameters, the circular rotation speed, v.(R),

as a function of the Galactocentric distance R, is given by,

2 [@DM<R, 2= 0) + Gy (R, 2 = 0)] . (4.17)
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For the observational data, we use RC data given in Chapter III [143]. The rotation

curve data adopted is standardized at the two GC sets [%, kn‘l/‘;,l] . [8.3,244]
and [8.5,220] and a velocity anisotropy of the tracer distribution adopted from the
hydrodynamic simulation by [I82]. The RC extends up to Galactocentric distances

well beyond the visible edge of the Galaxy up to ~ 200kpc. In order to perform

= i
i=1 Ve, error C,ObS

) P i 2 )
the fit we use the y%-test defined as y? = EZZN (M> , where ¢’ , and

,UZ

c,error

are, respectively, the observational value of the circular rotation speed and its
error at the i-th value of the Galactocentric distance, and v, is the corresponding
theoretically calculated circular rotation speed given by equation ([@IT). The VM

model and the VM parameter values are taken as described in Section [4.2]

The results of the fit to the rotation curve data with Michie model are presented
in Figure LIl These plots also demonstrate the effect of varying the Yy on the
results. The left panel of Figure @] shows the RC fit for the GC standard [8.3, 244]
for three adopted valued of VM disk surface density at solar location, namely,
(39,48,57) M /pc? from top to bottom panel respectively. The right panel rep-
resents the same but with GC set [8.5,220]. The reason for choosing two sets of
GCs is the following : as the local circular velocity increases the RC profile as a
whole shifts in upward direction specifically at the solar location. This rise in the
RC profile at solar location can be supported by increased local dark matter density
and/or the local VM disk surface density. The local dark matter density (ps) is
kept as a free parameter whereas the local VM disk surface density (Xyy) is fixed at
three values widely covering the range suggested by other observations [233]. The
effect is evident in Table [ in which the best fit parameter values obtained are
summarized. For the GC set with higher local circular velocity i.e. 244kms~! the
local dark matter density ps comes out to be larger around 0.6 GeV cm ™3 whereas
for the GC set with lower circular velocity i.e. 220kms™! p. comes out to be smaller
around 0.4 GeV ecm ™2 irrespective of the value of local Xyvy;. Therefore the results

show that the local dark matter density is sensitive to the choice of the GC values.
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Local VM Disk DM Parameters
Surface Density
Yy Pon.e o Ty ra | X
(Mopc™2) (GeVem™3) | (100 kms™!) | (kpe) | (kpe) | -
GC : [8.3,244]
39 0.65 17.5 232 0.9 7.23
48 0.62 8.0 278 2.2 7.3
o7 0.57 20.5 295 0.9 7.58
GC : [8.5,220]
39 0.44 13.0 318 1.2 4.69
48 0.40 10.0 370 1.8 | 5.04
57 0.36 11.5 374 1.9 | 5.60

Table 4.1: Best Fit Michie model (DM) parameters for two different sets of Galactic
Constants (GCs) : [& 1o } namely [8.3,244] and [8.5,220] (I.A.U. standard)

kpc ? kms—1 |

with the visible matter model and the parameter values as described in previous
section. The visible matter disk surface density at solar location is fixed at three
values (Xyy = 48 9 Mgpce2) covering the range as allowed by observations [237].

Higher the local circular velocity higher is the local dark matter density. This result

is quite robust even with the variation of the local VM disk surface density >y.

In Table we present various physical quantities like bulge mass, disk mass, DM
halo mass, total mass of the Galaxy upto various Galactocentric radii etc. We
further present the values of local dark matter circular velocity, maximum velocity,
radial, tangential and total velocity dispersions and local anisotropy parameter. The
values are calculated for two sets of GCs as mentioned also for three choices of the
VM disk surface density. As we can clearly observe from Table that the total
mass of the Galaxy at different radii is also higher for the GC set with higher local

circular velocity and as a result the local maximum velocity is also higher in this

1 2

case i.e. 523kms~! as compared to 468 kms~! for Yyy = 48M,pc 2.

In Figure we present the density distribution of the dark matter and the visible

matter along equatorial plane and in vertical direction. We also present the DM
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Figure 4.1: Fit to the rotation curve data standardized at two sets of GCs
[%,% :[8.3,244] and [8.5,220] left and right panel respectively. Plots

are also demonstrated for three values of Yy from top panel to bottom panel,
(39, 48, 57) Mypc—? respectively.
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Derived Quantities Unit 8.3,244] 8.5,220]

Yvm Mope™2 || 39 48 57 39 48 57
Bulge mass 10190, || 4.4 4.4 4.4 || 4.5 4.5 4.5
Disk mass 100 M, || 3.5 4.4 5.2 || 3.8 4.7 5.6
Total VM mass 101 My || 7.9 8.8 9.6 || 8.3 9.2 10.1
DM Halo virial radius kpc 156 157 155 || 143 143 146
DM Halo virial mass 101 My, || 4.1 4.2 4.1 || 3.2 3.2 3.4
Total virial mass 101 M, || 4.9 5.1 5.0 || 4.0 4.1 4.3
Truncation radius kpc 232 278 287 || 318 370 374
DM halo mass 10 M, || 4.2 4.3 4.2 | 3.3 3.4 3.6
Total mass of Galaxy 101 My || 5.0 5.2 5.1 || 4.2 4.3 4.6
DM mass within R 1019 M, || 8.2 7.4 6.5 || 5.9 5.0 4.1
VM mass within R 101 M, || 5.0 5.6 6.3 || 5.3 5.9 6.6
Total mass within Rg 101 M, || 1.3 1.3 1.3 || 1.1 1.1 1.1
Total Mass within 50 kpc 10" My, || 4.1 4.1 4.0 || 3.2 3.2 3.3
Total Mass within 60 kpc 10" M, || 4.3 4.3 4.2 || 3.4 3.4 3.5
Total Mass within 100 kpc 10" My, || 4.7 4.8 4.7 || 3.8 3.9 4.1
Total Mass within 200 kpc 101 M, || 4.9 5.1 5.1 || 4.1 4.2 4.5
Local maximum velocity kms™! || 519 523 519 || 468 468 471
Local most probable velocity | kms™' || 280 287 299 || 257 269 289
Local anisotropy kms™t || 0.51 | 045 |042 047 038 ]0.29
Local total dispersion kms=! || 298 304 307 || 272 279 288
Local radial dispersion kms™! || 212 210 209 || 189 187 186
Local tangential dispersion kms™! || 209 220 225 || 195 207 220
Local DM surface density Mopc=2 || 39.5 37.6 34.6 || 27.4 24.9 22.4

Table 4.2: Physically relevant derived quantities calculated for Michie model for

three different Yy values and for two sets of GCs.
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distribution for two cases, namely “coupled” i.e. when the system includes the
effect of VM self consistently and converges in an iterative manner as described in
Section and “uncoupled” case in which the gravitational effect of VM on DM is
not taken into account. As we notice from the figure that the DM core density is
much higher and the core radius is much shorter in the coupled case as compared
to the uncoupled case because of the fact that the VM pulls in more DM towards
the centre. The DM density in the disk region is also enhanced (almost by ~ 20%)
due to the the effect of VM.

In Figure and Figure .4l we present the mass distribution and maximum ve-

locity vnax profiles respectively for two sets of rotation curve data standardized at

[% , kmvg,l] [8.3,244] and [8.5,220]. The plots are made for the local VM disk sur-
face density value Yy = 48Mgpc~? only, as from the table Bl it is evident that

variation of local vy doesn’t affect the results significantly.

In Figure we present the velocity dispersion profiles for all three cases, namely,
the radial, tangential and total velocity dispersions for above mentioned cases. An
important point to note is that the VM coupling significantly affects all the velocity
dispersion profiles. For the coupled case (referred in the figures as “with VM”
case) the dispersion is much higher. In Figure all three velocity distribution
functions,i.e. radial, tangential and total, at solar location are presented. These
plots also demonstrate that for the coupled case the distribution is wider (i.e. the
velocity dispersion is larger) and the maximum velocity vy, and the most probable
velocity represented by the position of the peak of the distribution are also higher.
We also present the VDFs at other Galactic radii in Figure 7] which are visibly
non-Maxwellian like the VDF's described above as expected for simulation results
also. Local VDFs are important for calculation of direct dark matter event rates
whereas for indirect case one needs global information in order to evaluate the rates

at Galactic centre, substructure etc. From the cosmological simulations it is observed
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that the shape of the radial VDF changes as a function of radius [205] 238, 239 240]
as also observed here. In particular, VDF's in the inner region tend to have long tails
i.e. more particles at high velocity compared to a Gaussian one whereas those at

larger radii tend to have stronger reduction in the number of high velocity particles.

The radial dependence of the anisotropy parameter () is shown in Figure @8 The
plots are presented for the local VM disk surface density value of Yy = 48 Mg pc2.
For the GC set [8.3,244] the best fit anisotropy radius value is found to be 2.2kpc
and the local anisotropy parameter value is 0.45. For the GC set [8.5,220] the best fit
anisotropy radius value is found to be 1.8 kpc and the corresponding local anisotropy
parameter value is 0.38. These values are not significantly changed for other Yy
values. Both the profiles show that the anisotropy profile rises from 0 value at centre
to constant value 1 towards outer radii consistent with the behavior observed from

various numerical simulations.

We further demonstrate the effect of choice of various VM disk surface density
YvMm at solar location on mass profile and local VDF's are illustrated in Figure [4.9]
The mass profiles remain unaffected, however the local VDFs are affected by small

amount without changing the over all nature.

4.5 Summary

In this chapter we have constructed a phase space distribution function of dark mat-
ter particles with anisotropic velocity distribution starting form an ansatz. We have
assumed that being collisionless system of particles the DM obeys the collisionless
Boltzmann equation (CBE) and hence their PSDF can be expressed as a solution
of the CBE. Here we have adopted the “Michie model” which is a function of both
total energy and total angular momentum of the system thus allowing possible ve-

locity anisotropy of the system as also suggested by recent numerical simulations of



p [GeVicc]

M(r) [Mgynl

4.5. SUMMARY

10° : : yrp——r—r—rry
Suv= 48 M, /pc?
104 ——— - VM sun A
N [8.3,244]
(Y V/—
10*f Uncoupled DM - %
107 Coupled DM,_q - \\%_
Coupled DM, _ais - 4
10-8 A P | A P | P | A 2l .!
0.01 0.1 10 100

1
r [kpc]

p [GeVicc]

75

10° s ma

_ 2

] — - M= 48 Mg /pc i
N 8.5,220
. [8.5,220] ]
10*f Uncoupled DM ------- -
10 Coupled DM,_g - A
Coupled DM, _,is -~ \v?il
-8 A P | A P | P | A —— | 2
100,01 0.1 10 100

1
r [kpc]

Figure 4.2: Density profile for best-fit model parameter values. The plots shown

are for the Yy = 48Mopc™
at two sets of GCs [

2

Ro Vo
kpc ? kms—1

value and for the two RC data profiles standardized

[8.3,244] and [8.5,220] in left and right panel

respectively. The plots further demonstrate the effect of inclusion of VM in a self
consistent manner. The core density is increased and the core radius is shortened.
The DM density around the disk is also significantly enhanced.

1012 ] T T T v L I — 3
10"k :
10k :
10%F _ 2
F ‘ Zym= 48 Mg ,/pc ]
108 e .
b / [8.3,244] :
10"k g .
10°F VM - :
10° r Coupled DM 3
10% 5 Total Matter ..
] Y I | P PR
10p.01 0.1 T 10 100
r [kpc]

M(r) [Mgynl

Sym= 48 Mg, /pc?

3L
100,01

/ 8.5,220 .
/ [ : .
VY — 3
7 Coupled DM - 'l
Total Matter ..
e | o PR | o 2 gl o P | o ]

0.1 1 10 100

r [kpc]

Figure 4.3: The mass profiles are shown for the Yy = 48Mopc~? value and for the

two RC data profiles standardized at two sets of GCs [

[8.5,220] in left and right panel respectively.

Ro Vo

kpc ’ kms—1

] : [8.3,244] and



Vinax [100 km/sec]

Dispersions (\/<v2>) [100 km/sec]

76 CHAPTER 4. MICHIE MODEL

10 prrrr ] 10 prerrprer e
Tyn= 48 Mg/pc? Sym= 48 Mg /pc
[8.3,244] ] [8.5,220]
=)
o
1L
S
4
1F . 410 1 . -
Vinax With VM ——— 1S Vinax With VM ——— .
[ Vax Without VM ——— 1~ [V ax Without VM ———
©
L {8 L
>
Ol MEPEPEEE BPEPEPEEE BPEPEPETE PR B R P Ol MIPEPEPE EPEPEPENE BEPEET EPEPEPETE IEPEETE BPEEPETE EECEETE B P
~0 50 100 150 200 250 300 ~0 50 100 150 200 250 300 350 400
r [kpc] r [kpc]

Figure 4.4: The Maximum velocity v,,q, profiles are shown for the Yy = 48 M, pc 2
value and for the two RC data profiles standardised at two sets of GCs [% , kn‘l/g, 1]
: [8.3,244] and [8.5,220] in left and right panel respectively.

10p , , T o 10— T
ZVM: 48 Msun/pC i 8’7 ZVM: 48 Msun/pC i
~_ [8.3,244] E [8.5,220]
o
=
- ) . 1~ 1f ) .
b With VM : Radial 140 t With VM : Radial
>
Tangential ¥ Tangential
Total e Total
" Without VM : Radial & [ without VM : Radial
01k Tangential ------ 4 5 01F Tangential
Total ------ 7] Total
——maal (o) ——maal
0.01 0.1 1 0.01 0.1 1
r [kpc] r [kpc]

Figure 4.5: The velocity dispersion profiles (radial, tangential and total) are shown
for the Yyy = 48 Mo pe2 value and for the two RC data profiles standardized at two

sets of GCs [& Vi } . [8.3, 244] and [8.5, 220] in left and right panel respectively.

kpc 7 kms—!




Velocity Distributions at Ry,

4.5. SUMMARY 77

0.45 e T T 0.5 AL A it
0aF  WithvM:f(v,) =48 Msun/pe ] < With VM : fi(v) ——  Zy=48 Mg /pc?;
] N ] o L TN e f
0.35F fi(vy) Vo 88244 o oaf filv) 522003
] f(v) 1N 3 g [ f(v)
0.3 E-Without VM £v) y ' S o3 ._Without VM : f(v,) ;
025F g e i{1s ] (v -
[ ] o i
02F q= f T - j
3 i v O02F ]
0.15F 40 [
] {2 [ ,
01f 18 o1f
- d L
o.05E N E : ‘
S Ml B B ARPEPETE B S P PP T T aaalasaslassalasa sty
0. 2 0 2 4 0 e S R VR R R R

[e)]
1
N
o)}
[é;]
1
S
w
N

v [100 km/sec] - v [100 km/sec]

Figure 4.6: The local velocity distribution functions (radial, tangential and total) are
shown for the Yy = 48 My pce?2 value and for the two RC data profiles standardized

at two sets of GCs [RO Vo } : [8.3,244] and [8.5,220] in left and right panel

kpc 7 kms—1

respectively.

galaxies and clusters. We have self-consistently included the gravitational effect of
visible matter in the model. We have performed fit to the rotation curve data to
determine the best-fit values of the model parameters. We have found that the local
dark matter density which is one of the parameters of the model comes out to be
higher for that set of rotation curve data which is standardized at higher value of lo-
cal circular velocity and this result is independent of the choice of the local VM disk
surface density. As an effect of the coupling with the visible matter the core radius
of the dark matter halo gets shortened and the core density is increased because the
VM pulls in more dark matter towards the centre. The dark matter density near the
disk region is also enhanced by a factor of ~ 20%. The velocity dispersions, namely
the radial, tangential and total velocity dispersions are also found to be higher in the
coupled case as compared to the uncoupled case. The radial, tangential and total
velocity distributions at solar location as well as at other Galactic radii is found to
be non-Maxwellian. The value of the anisotropy parameter is observed to rise from
a 0 value at centre to a value 1 at long distance which is consistent with observations

from numerical simulations.
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data profiles standardized at two sets of GCs [& Vo ] : [8.3,244] and [8.5,220]

kpc ’ kms—1

in left and right panel respectively.
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Figure 4.8: The anisotropy parameter profile for the Yy = 48 M, pc~?2 value and for
the two RC data profiles standardized at two sets of GCs [ﬁ Yo } : [8.3,244]

kpc 7 kms—1

and [8.5,220] in left and right panel respectively.
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Chapter 5

Indirect Detection of WIMPs :
Capture and Annihilation Rates of
WIMPs within the Sun

5.1 Introduction

In the previous chapters we have discussed how the rotation curve (RC) data can
be used to extract information about the phase space distribution of the weakly
interacting massive particles (WIMPs) hypothesized to constitute the dark matter
(DM) halo of our Galaxy, the Milky way. We have seen that the velocity distribution
function (VDF) of the DM particles constituting a finite sized DM halo of the Galaxy
can depart significantly from the Maxwellian form usually assumed in the standard
halo model (SHM). We have also seen how the gravitational influence of the visible
matter (VM) of the Galaxy can have significant effect in determining the density and
velocity distribution of dark matter particles, especially within the solar circle. As

already mentioned the density and velocity distribution of the DM particles in the
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solar neighborhood have direct bearings on the direct as well as indirect detection
of the WIMPs. In the present chapter and in the following one, we discuss indirect
detection of WIMPs through neutrino signal due to capture and annihilation of the
WIMPs inside the Sun within the context of a self-consistent model of the phase
space structure of the finite sized DM halo of the Galaxy. The model is based on
the so called “King model”, also referred to as “lowered (or truncated) Isothermal
model”, the PSDF of which is a solution of collisionless Boltzmann equation (CBE).
The model is properly modified to include the effect of the gravitational influence of
the observed visible matter (VM) in a self consistent manner, with the parameters
of the model determined by fit to the observed RC data for the Galaxy extending

upto Galactic radii as large as ~ 200 kpc.

In this chapter and the next chapter we focus on the indirect detection of WIMPs
[2, B, 4, 145, ©] through neutrino signal due to WIMP annihilation in the Sun.
Scattering of WIMPs off nuclei can lead to capture of the WIMPs by massive as-
trophysical bodies such as the Sun or the Earth if, after scattering off a nucleus
inside the body, the velocity of the WIMP falls below the escape velocity of the
body. The WIMPs so captured over the lifetime of the capturing body would grad-
ually settle down to the core of the body where they would annihilate and produce
standard model particles, e.g., WHW =, Z9Z° 1F71= tt, bb, cé, etc. Decays of these
particles would then produce neutrinos, gamma rays, electrons-positrons, protons-
antiprotons, etc. For astrophysical objects like the Sun or the Earth, only the
neutrinos would be able to escape. Detection of these neutrinos by large neutrino
detectors can, albeit indirectly, provide a signature of WIMPs. Although no de-
tection has yet been reported, the Super-Kamiokande (S-K) detector, for example,
has provided upper limits on the possible neutrino flux from WIMP annihilation
in the Sun as a function of the WIMP mass [147, 148, 241]. IceCube [242] 243],
another gigantic neutrino detector at the south pole, has also provided upper lim-

its the possible neutrino flux from WIMP annihilation in the Sun. Tight limits



5.1. INTRODUCTION 83

on the WIMP-induced neutrino flux from the Sun have been placed with neutrino
telescopes such as IceCube [244], Baksan [245] and ANTARES [246]. Similarly, the
~-rays produced in the annihilation of the WIMPs in suitable astrophysical environ-
ments with enhanced DM density but low optical depth to gamma rays, such as in
the central region of our Galaxy, in dark matter dominated objects such as dwarf
galaxies, and in clusters of galaxies, can offer a complimentary avenue of indirect
detection (ID) of WIMPs [247, 248]. Antimatter searches also can provide informa-
tion about the WIMPs in the Galaxy [249, 250]. All these are discussed in detail in

Chapter 1.

In this chapter we present our calculation of capture and annihilation rates within
the context of a self-consistent model of the phase space distribution function of the
DM halo of the Galaxy, namely the King model. In Section and Section B.3] we
describe the general formalism of calculating the capture and annihilation rates of
WIMPs within the Sun. In Section [5.4] we describe the King model, appropriately
modified to include the gravitational influence of the observed visible matter on
the DM. We determine the parameters of the model by fit to the RC data of the
Galaxy. The resulting model is then used in Section to calculate the capture
and annihilation rates of the WIMPs using the formalism described in Section
and Section 5.3 The reason of selecting the King model is the following : Our
goal is to probe the WIMP parameter space namely the WIMP mass and WIMP-
nucleon scattering cross section. We would present our results in terms of the
limits on branching fractions in each annihilation channel. In order to do so we
need to compare our upper limits on the WIMP-nucleon scattering cross section
as obtained from the detection result of the Super-Kamiokande (SK) detector with
those obtained from direct detection experiments then by demanding the consistency
between the two we can put limit on the allowed branching fractions. Therefore we
use the results on direct detection experiments as obtained in [155] in the context of

the same model of the phase space distribution function, i.e. King model. Finally
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we summarize the results in Section [.6l

5.2 Calculation of Capture Rate

In the present section we focus on the calculation of WIMP capture rate by Sun.
There are several works in literature that attempt to calculate the capture rate
mainly within the context of the “Standard Halo Model” (SHM) described in Chap-
ter II that gives Maxwellian velocity distribution [251], 252 253], 149] 148, 254]. In
this section we present the calculation of capture rate for any generic velocity dis-

tribution. The capture rate of WIMPs per unit volume at radius r inside the Sun

can be written as [253] 251]

ac, [ o fu)
W(T)_/d uTwQ (w), (5.1)

where f (u) is the WIMP velocity distribution, as measured in the Sun’s rest frame,

in the neighborhood of the Sun’s location in the Galaxy, and w(r) = \/u® + w2 (r)
is the WIMP’s speed at the radius r inside the Sun neglecting the focusing effect
of the Sun, wes(r) being the escape speed at that radius inside the Sun, which is
related to the escape speed at the Sun’s core, Wesc,core = 1354 km s~! and that at its
surface, Wesc surf ~ 795 km s~!, by the relation,

M (r)
2/ N 2
Wese (T) - (wesc,core> M@

[(wesc,core>2 - (wesc,surf)ﬂ . (52)

The quantity Q~ (w) is the capture probability per unit time, which is just the
product of the scattering rate and the conditional probability that after a scattering

the WIMP’s speed falls below the escape speed.

We shall here consider only the elastic scattering of the WIMPs off nuclei. The

dominant contribution to the WIMP capture rate will come from the WIMPs scat-
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tering off hydrogen and helium nuclei. The WIMPs can interact with the nucleons
via spin-independent (SI) interaction in case of which it is assumed that the WIMP
interacts coherently with the nucleus as a whole. The WIMPs may interact with
the nucleons via spin-dependent (SD) interaction as well in case of which WIMP
couples to the total spin J of the nucleus which has contributions from the spins of
the individual protons and neutrons within the nucleus. For hydrogen, both spin-
independent (SI) as well as spin-dependent (SD) cross sections, o5 and oD, respec-
tively, will contribute, but for helium only SI cross section is relevant. (We neglect
here the small contribution from *He). In general, the effective momentum-transfer
SI

(q) dependent WIMP-nucleus SI scattering cross section, o7, (q), can be written in

the usual way in terms of the “zero-momentum” WIMP-proton (or WIMP-neutron)

effective cross section, afg, = aiz, as
1T 2
A
aoa(a) = M%O’f’j, AR, (5.3)
XP

where A is the number of neutrons plus protons in the nucleus, g, and p,, are
the reduced masses of WIMP-nucleus and WIMP-proton systems, respectively, with
i = (m; my)/(m; +m,), and F(q?) is the nuclear form-factor (with F(0) = 0).

We shall choose the Helm-Gould exponential nuclear form factor [2, 253] given by,

[F(¢%)]” = exp (‘q;f) = exp (—%;E) . (5.4)

ma
GeV

is the characteristic nuclear coherence energy, m 4 being the mass of the nucleus and

1/3
Here R ~ {0.91 < ) + 0.3] x 10713 cm is the nuclear radius and Ey = 3h%/(2m 4 R?)

AFE = % is the WIMP energy loss.

The spin dependent cross section can be written as,

2
_ Hxa

a1 (q) 2 o) A*CJ(J + 1), (5.5)

XP
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where C is a factor that depends on the details of nuclear structure and J is the

total angular momentum of nucleus. The values of C and J for different nuclei can

be found in [2], 255], 256, 257, 258].

For the spin-dependent (SD) WIMP-proton cross-section, Hydrogen is the most

abundant element in the Sun and we can neglect the heavier elements in this case.

. . . . . . S S S S
We consider spin independent elastic scattering with oxh = O'X{D and oxhe = 160X£
and spin dependent scattering with off = ob? and o7R, = 0 (we neglect the tiny

contribution from spin-dependent scattering from 3He). In Sun we mainly have
Hydrogen (~ 71%) and Helium (~ 27%). For Hydrogen we see there is no need to

introduce form factor but for Helium we need to take it into account.

With the above form of the nuclear form factor, the kinematics of the capture
process [253] allows us to write the capture probability per unit time, Q™ (w), as

given below,

K 2 9
— o #2 [,L+ AE AE /,L u

where n 4 is the number density of the scattering nuclei at the radius r inside the
m +1

Sun, and p = —X |, py = 'LLT The © function ensures that those particles which
ma

do not lose sufficient amount of energy to be captured are excluded.

We shall use Equation (B.6]) to calculate 27 (w) for helium (A = 4). For hydrogen,

however, there is no form-factor suppression, and the expression for Q= (w) is simpler:

2 2
Hydrogen:  Q (w) = TVl (w2 — %UQ) 0 (w2 — %u2> : (5.7)

esc esc
w
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where ny is the density of hydrogen (proton) at the radius r inside the Sun. Note
that in equations (5.6]) and (5.7]), the quantities w, wese, n4 and ny are functions of

r.

The WIMP velocity distribution appearing in equation (5.]J) is related to the phase
space distribution functions as described in Chapter IT and Chapter IV (valid in the

rest frame of Galaxy) by the Galilean transformation,

~ 1

f(ll):m—f(X:X@,V:u+V®), (58)

where X, represents the sun’s position in the Galaxy (R = 8.5kpc, z = 0) and v
is the Sun’s velocity vector in the Galaxy’s rest frame. Gould’s calculations and the
final formula for the WIMP capture rate given in Ref. [253], which are widely adopted
in the literature, use a Maxwellian velocity distribution of the WIMPs in the Galaxy,
and as such, cannot directly be used here since the WIMP velocity distribution in
our case is non- Maxwellian. In particular, the VDF used here vanishes for speeds

greater than v, and consequently, equation (B.1) above can be written as,

9 1 Umax (cos 0)
ac — il / d(COSe) / U duf (X =Xp,V=u-+ V@) wQ_(w) ’ (59)

— ()
dV mX -1 min= V®

where v, ~ 220 — 250 kms™! is the Sun’s circular speed in the Galaxy, and .y is

given by the positive root of the quadratic equation
2 2 _ 2
Upox + V5 + 2Umax Vo cos 0 = v . (5.10)

The total WIMP capture rate by the Sun, Cg, is given by

Houn dC(r)
Co = dmr®d 5.11
o= [ e (5.11)

where Rg,, is the radius of the Sun.
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5.3 Calculation of Annihilation Rate

WIMPs that are accumulated in Sun by gravitational capture are depleted by anni-
hilation with anti-WIMPs and also evaporation. Now the evolution of the number

of WIMPs (N) with time, in Sun, is given by the following differential equation:

dN
E - C@ - A@N2 - E@N, (512)

(Tann?)

eff
unit volume and Vg is the effective core volume of the Sun which can be roughly

where Ay = is velocity averaged WIMP self annihilation cross section per

estimated by matching the core temperature with the gravitational potential energy

of a single WIMP at the core radius. The quantity 1/Vg is given by V,/V? [253, 259,

2, 149] with V; = 4w fOR r?exp (—jn;:qb) where ¢ = [ erA;I—Q(T) is the gravitational
potential with respect to the core and M (r) is the mass within core. Evaluating this

we get,

3 3
3kpT. \? os [ JMy ) 2
Vi=|zF5—] =65x10"| == 5.13

’ <2ijch) 8 (10 GeV ’ (5.13)

where T, = 1.4 x 10" K and p. = 150 gm/cc are core temperature and core density
of Sun respectively. Finally we get,

_ v

Vg =
T,

3
1GeV) 2
— /8, = 5.8138 x 10* <&) cm? | (5.14)

my

Now, it is possible that WIMPs once captured might diffuse away i.e. evaporate
from the Sun by hard elastic scattering from the nuclei. E; defines the inverse

time scale for WIMPs to evaporate from Sun. An approximate expression for E is

calculated in Ref. [252], [259], [149].

B~ 107 (35(Gx) ) g1 (5.15)
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Here we shall neglect the evaporation effect as it is important for WIMP masses
lower than 4 GeV. Therefore solving equation (5.12) for N, neglecting evaporation
we get,

Co
N=\ 32 ltanh(t/s)] (5.16)

So, the WIMP annihilation rate I'y at present time is given by,

I, - %A®N2 _ % . [tanh (t /7)) | (5.17)
where t. ~ 4.2 billion years is the age of the Sun and 75 = (C@A@)_1/2 is the
characteristic time to reach equilibrium between capture and annihilation. So, when
to/TE > 1, which is a posteriori true for Sun we expect, equilibrium is reached and
annihilation rate is maximum. Therefore, we make here the standard assumption
that the capture and annihilation processes have reached an approximate equilibrium
state over the long lifetime of the solar system (o ~ 4.2 billion yrs). Under this

assumption, the total annihilation rate of WIMPs in the Sun is simply related to

the total capture rate by the relation
1
Iy ~ 50@ (5.18)

Because of this assumption the annihilation cross section o,,, disappears from the
model and the only cross section we are concerned with is the WIMP nucleon elastic
scattering cross section. This allows us to present our results in terms of exclusion
plots in the WIMP parameter space and hence compare with the direct detection

experimental finding of the WIMP nucleon scattering cross section.
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5.4 The self-consistent King Model

The expected flux of neutrinos from the Sun due to WIMP annihilations depends on
the rate at which WIMPs are captured by the Sun. The capture rate depends on the
density as well as the velocity distribution of the WIMPs in the solar neighborhood
as the Sun goes around the Galaxy. The density and velocity distribution of the
WIMPs in the Galaxy are a priori unknown. Most earlier studies of neutrinos from
WIMP capture and annihilation in the Sun have been done within the context of
the so-called “Standard Halo Model” (SHM) in which the DM halo of the Galaxy is
described by a single component isothermal sphere [I33] with a isotropic Maxwellian
velocity distribution of the DM particles in the Galactic rest frame [260, 2, 257]) as

described in Chapter II.

The SHM has a few shortcomings as described in Chapter II therefore here in this
chapter the model of the phase space structure of the finite-size DM halo of the
Galaxy adopted is based on the so-called “lowered” (or truncated) isothermal model
(often called “King model”) [I33] [146] of the phase-space distribution function (DF)
of collisionless particles. This model is basically the isotropic version of the “Michie
model” as discussed Chapter IV (in the limit anisotropic radius approaching a very
large value i.e. 7, — o0). The model is a proper self-consistent solutions of the
collisionless Boltzmann Equation (CBE) representing nearly isothermal systems of
finite physical size and mass. There are two important features of this model:
First, at every location within the system a DM particle can have speeds up to
a maximum speed which is self-consistently determined by the model itself. A
particle of maximum velocity at any location within the system can just reach its
outer boundary, fixed by the truncation radius, a parameter of the model, where the
DM density by construction vanishes. Second, the speed distribution of the particles

constituting the system is non-Maxwellian. To include the gravitational effect of the



5.4. THE SELF-CONSISTENT KING MODEL 91

observed visible matter on the DM particles, we modify the “pure” King model DF
by replacing the gravitational potential appearing in the King model DF by the total
gravitational potential consisting of the sum of those due to DM and the observed
visible matter. This interaction with the visible matter influences both the density
profile and the velocity distribution of the dark matter particles as compared to
those for a “pure” King model. In particular, the dark matter is pulled in by the
visible matter, thereby increasing its central density significantly. When the visible
matter density is set to zero and the truncation radius is set to infinity, our halo

model becomes identical to that of a single-component isothermal sphere used in

the SHM. For further discussion of the model, see [I70, [155].

The DM distribution in the Galaxy may have significant amount of substructures
which may have interesting effects on the WIMP capture and annihilation rates [261].
However, not much information, based on observational data, is available about
the spatial distribution and internal structures of these substructures. As such, in
this chapter we shall be concerned only with the smooth component of the DM
distribution in the Galaxy described by the self-consistent model mentioned above,
the parameters of which are determined from the observed rotation curve data for

the Galaxy.

The non-Maxwellian nature of the WIMP speed distribution in the halo model makes
the calculation of the WIMP capture (and consequently annihilation) rate non-trivial
since the standard analytical formula for the capture rate given by Gould [253] and
Press and Spergel [251], which is widely used in the literature, is not valid for
the non-Maxwellian speed distribution in our halo model, and as such has to be

calculated ab initio as described in previous section.

The phase space distribution function (PSDF) of the DM particles constituting a

truncated isothermal halo of the Galaxy can be taken, in the rest frame of the
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Galaxy, to be of the “King model” form [133 170, I55] which is isotropic extension
of the “Michie Model”,

p1(2ma?) 32 (E/7" — 1) for £ >0,
fx,v) = f(€) = ( ) (5.19)
0 for £ <0,

where  &£(x) = ®(ry) — (%112 + @(X)) =U(x) — %112 : (5.20)

is the so-called “relative energy” and ¥(x) = —®(x)+P(r;) the “relative potential”,
®(x) being the total gravitational potential under which the particles move, with
boundary condition ®(0) = 0. The relative potential and relative energy, by con-
struction, vanish at |x| = 7, the truncation radius, which represents the outer edge
of the system where the particle density vanishes. At any location x the maximum

speed a particle of the system can have is,
Umax (X) = /2V¥(x), (5.21)

at which the relative energy £ and, as a consequence, the PSDF (5.19]), vanish. The
model has three parameters, namely, p;, o and ;. Note that the parameter ¢ in the
King model is not same as the usual velocity dispersion parameter of the isothermal
PSDF [I33]. The prameter r; represents the truncation radius, i.e. extent of the
halo. Also, we shall present our results in terms of the local dark matter density

Poum,e, i place of the parameter p;.

Integration of f(x,v) over all velocities gives the DM density at the position x:

pou(x) = —PL / \/mdwlm;? [exp (M) - 1] (5.22)

(2702)*? Jo o’

oo (1) (20 (2

(5.23)
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which satisfies the Poisson equation

V20 (x) = 471G ppy(X) (5.24)

where @, is the contribution of the DM component to the total gravitational po-
tential,

O(x) = Ppy(x) + Pyn(x), (5.25)

in presence of the visible matter (VM) whose gravitational potential, ®.,,, satisfies

its own Poisson equation, namely,

V20 (%) = 471G pyn(X) . (5.26)

We choose the boundary conditions

Boi(0) = Dys(0) =0, and  (V@pu) g = (V) o =0 (5.27)

The mass of the system, defined as the total mass contained within r;, is given by
GM (ry)/ry = [®(00) — ®(r,)]. Note that, because of the chosen boundary condition

®(0) = 0, ¢(00) is a non-zero positive constant.

In practice a test particle can sense the gravitational potential of both the DM
and VM. Therefore the system is coupled and the coupled Poisson’s equation can
be solved in an iterative manner until the system converges by including the effect
of the VM in a self-consistent manner as also described in Chapter IV. Since the
visible matter distribution py,(x), and hence the potential ®.,,(x), are known from
observations and modeling, the solutions of equation (5.24]) together with equations
(E23), (E28) and the boundary conditions (5.27]), give us a three-parameter family
of self-consistent pairs of ppy(x) and Ppy(x) for chosen values of the parameters

(p1,0,7). The values of these parameters for the Galaxy can be determined by



94 CHAPTER 5. INDIRECT DETECTION OF WIMPS

comparing the theoretically calculated rotation curve, v.(R), given by,
= [Bo(R 2= 0) + By (R 2=0)], (5.28)

with the observed rotation curve data of the Galaxy. Here R is Galactocentric

distance on the equatorial plane and z is the distance normal to the equatorial

plane. This procedure was described in detail in Refs. [I70, [155].

5.5 Results Using King Model

The visible matter model is described by a superposition of a spherical bulge and

double exponential disk same as that adopted in chapter IV for Michie models [155],

[232], [233], [234]. The forms are given below:

Bulge:
! (5.29)
Poulge =  Pb, ) .
Disk:
by R— R
Daish M exp [—M} exp [—2/zd) . (5.30)
Zd Tq

with the following parameter values : central bulge density (py) = 4.2 x 102M, /pc?,
bulge scale radius (1) = 0.103 kpc, disk scale length (r4) = 3kpe , disk scale height

(24) = 0.3kpc and the local visible matter surface density (Syy) = 48 M, /pc?.

Thereafter we determined the values of the parameters r, and o that gave reasonably
good fit to the rotation curve data of the Galaxy [262] 263] standardized at the IAU
recommended values of the Galactic constants namely Galactocentric distance of

Sun and the circular velocity at Sun’s location as [8.5 kpc, 220 kms™!] for each of
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the three chosen values of the parameter p; conveniently recast in terms of the local

dark mater density ppye = 0.2, 0.3 and 0.4 GeV/ cm?.

Model Por,6 T o
(GeVem™) | (kpe) | (kms™)
M1 0.2 120.0 300.0
M2 0.3 80.0 400.0
M3 0.4 80.0 300.0

Table 5.1: Parameters of our self-consistent model of the Milky Way’s Dark Matter
halo that give good fits to the Galaxy’s rotation curve data, for the three chosen
values of the DM density at the solar neighborhood.

The best fit models, namely M1, M2, M3, are summarized in Table 5.1}, which we use
for our calculations in this chapter. In Figure [5.1] we present the fit to the RC data
for three models namely M1, M2 and M3, in the left panel and in the right panel
of the same figure we present separately the contributions from the visible matter
and dark matter for model M1 only. Next in left panel of Figure we present
the density distribution of visible matter and dark matter in equatorial plane and
vertical direction. As a result of coupling the DM core density is increased and
core radius is shortened due to the gravitational pull of the visible matter. The
DM density at disk region is also enhanced by around (15 — 20)%. In the right
panel of the same figure we show the total mass plot for visible matter and dark
matter separately. Both the plots are made for the model M1. In Figure B3] we
show the v, in the left panel and in right panel we present the normalized velocity
distribution for the three models and the SHM together. The VDFs resulting from
the King model are sharply truncated at high velocity as compared to the long tail
of the Maxwellian VDF of the SHM. This will have effect on both the direct and

indirect detection results. The results are discussed in detail in Ref. [I55] 156].

Figure 5.4 shows the dependence of the capture rate of WIMPs by the Sun as
a function of the WIMP’s mass for the three halo models specified in Table B.11

As expected, for a given DM density, the capture rate decreases as WIMP mass
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Figure 5.1: Left: Rotation curve data and fit for three models, namely M1, M2,
M3, as described in Table Bl Right: Rotation curve fit for the model M1 only.
Contributions from visible and dark matter are shown separately here.
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Figure 5.2: Left: Density distribution for the visible matter and the dark matter
(model M1 only). The plots are given for both couple and uncoupled case as dis-
cussed in the text. In the coupled case it is evident that the core density is increased
and the core radius is shortened. There is enhancement in the disk region as well.
Right: Mass distribution for the M1 model separately shown for visible and dark
matter.
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Figure 5.3: Left: Maximum velocity vy, distribution for all the three models,
namely M1, M2 and M3. Right: Velocity distributions at solar location for the three
models along with the Maxwellian distribution of SHM. The plot shows that the
distributions arising from the King model are sharply truncated at higher velocity
end whereas the Maxwellian distribution has a long high velocity tail.

increases because heavier WIMPs correspond to smaller number density of WIMPs

hence smaller capture rates.

5.6 Summary

In this chapter we have discussed the techniques of calculating the capture rate of
WIMPs in the Sun for any given velocity distribution. We have made the stan-
dard assumption that over long life-time of the Sun the capture and annihilation
rate within the Sun has reached an equilibrium. This allows us to eliminate the
annihilation cross section o,,, from the system and we are left with the scattering
cross section only and therefore we can compare our limits with that of the direct
detection scenario. We have done the calculations of the capture rate in context
of a self-consistent King model. The King model is basically a lowered isothermal
model that has finite limits in both configuration and velocity space determined
self consistently by the model itself and thus overcomes the shortcomings of the so

called SHM. We have also included the gravitational effect of the visible matter in
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Figure 5.4: The capture rate as a function of the WIMP mass for the three halo
models specified in Table B and for spin-independent (SI: left panel) and spin-
dependent (SD: right panel) WIMP- proton interactions. All the curves are for a
reference value of the WIMP-proton elastic SI or SD cross section of 10~* pb.

the system in a self consistent manner. As an effect of which the DM core den-
sity is enhanced and the core radius is decreased. For a representative value of the
scattering cross section (10~ pb) for both spin dependent and independent we have
found the capture rates as function of the WIMP mass. We will use these results
in next chapter to calculate the event rates for the Super-Kamiokande detector and

hence derive upper limits on the branching fractions on various WIMP annihilation

channels.
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Chapter 6

Indirect detection of WIMPs :

Neutrino flux and exclusion plots

6.1 Introduction

In the previous chapter we have calculated the capture rate of WIMPs in the Sun
within the context of a self-consistent model of finite sized DM halo of the Galaxy,
namely, the King model, including the gravitational effect of the observed visible
matter on the DM. The parameters of the model are determined by performing fit
to the observed rotation curve data of the Galaxy. In the present chapter we use the
results of the previous chapter to calculate the expected neutrino flux from the Sun
due to annihilation of WIMPs captured and accumulated inside the Sun, and derive
constraints on the WIMP- nucleon elastic scattering cross section from the upper
limits on the flux of such neutrinos given by the Super-Kamiokande experiment [147].
Further combining the resulting constraint on the WIMP-nucleon elastic scattering
cross section with those obtained from the analysis of direct detection experiments

[155], within the context of the same “King model”, we obtain restrictions on the

101
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branching fractions of the relevant WIMP annihilation channels. There are many
works in the literature on the calculations of the expected neutrino fluxes from
WIMP capture and annihilation in the Sun and the Earth [264] 265 266] 267 268
269, 270, 271 272, 273, 274 275

This chapter is organized as follows: In Section we present the neutrino flux
from different annihilation channels. In Section we calculate the expected event
rates of neutrinos in the Super-Kamiokande detector and in Sections and
we derive the upper limits on the WIMP-nucleon elastic scattering cross section
from the non-detection of such neutrinos by S-K detector. In these sections we
also discuss the resulting constraints on the branching fraction of various WIMP
annihilation channels obtained by demanding the compatibility of the S-K induced
upper limits with that of the direct detection experiments. Finally in Section

we summarize the main results obtained in this chapter.

6.2 Neutrino Flux from Different Annihilation Chan-

nels

In this section we present the results for the energy spectra of neutrinos emerging
from the Sun, for various WIMP annihilation channels [269] 276, 267, 268], which
we will use in the calculation of event rate at a given neutrino detector described in

the next section.

The differential flux of muon neutrinos observed at Earth is [269] given by,

do; s dN; ) B
= E B = 1
(dEZ) 4 D? - E (dEi)F ’ (0= v, 7) (6.1)

where ['; is the rate of WIMP annihilation in the Sun, D is the Earth-Sun distance,




6.2. NEUTRINO FLUX 103

F stands for the possible annihilation channels, Bp is the branching ratio for the

dN;
dE;

annihilation channel F' and ( ) is the differential energy spectrum of the neu-
F

trinos of type 7 emerging from the Sun resulting from the particles of annihilation

channel F' injected at the core of the Sun. WIMPs can annihilate to all possible

standard model particles e.g. ete™, ptpu=, 7F

T, Vele, Vyly, V-Vr, qq Pairs and also
gauge and higgs boson pairs (W+W =, ZZ, hh), etc. In this chapter we are only in-
terested in low mass (~ 20 GeV) WIMPs. Therefore, we will not consider WIMP
annihilations to higgs and gauge boson pairs and top quark pairs. Light quarks
like u, d, s contribute very little to the energetic neutrino flux [276], and are not

considered. The same is true for muons. So, in this chapter we consider only the

channels 7777, bb, ¢c and bv.

dN;
dE;

The neutrino energy spectra, ( )F, have been calculated numerically (see, e.g.,
[276, 277]) by considering all the details of hadronization of quarks, energy loss of
the resulting heavy hadrons, neutrino oscillation effects, neutrino energy loss due
to neutral current interactions and absorption due to charged current interactions
with the solar medium, v, regeneration, etc. However, the numerical results in Refs.
[276] 277] are given for WIMP masses m,, > 10 GeV, and it is not obvious if those are
valid for lower WIMP masses which are of our primary interest in this chapter. In
any case, given the presence of other uncertainties in the problem, particularly those
associated with astrophysical quantities such as the local density of dark matter and
its velocity distribution, we argue that it is good enough to use — as we do in this
chapter — approximate analytical expressions for the neutrino spectra available in
the literature [269, 267, 268]. We are interested in the fluxes of muon neutrinos
and antineutrinos, for which we use the analytic expressions given in Ref. [269],
which neglect neutrino oscillation effects. By comparing with the neutrino fluxes
obtained from detailed numerical calculations [276], we find that for small WIMP

masses below ~ 20 GeV (the masses of our interest in this chapter), the analytic

expressions for the muon neutrino fluxes given in [269] match with the results of
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detailed numerical calculations [276] to within a few percent.

The main effect of the interaction of the neutrinos with the solar medium is that [268]
a neutrino of type i (= v,,7,) injected at the solar core with energy E;° emerges

from the Sun with an energy F; given by
Efe=E/(1-En), (6.2)
and with probability
P, = (14 E°r) % = (1 — Ey)™, (6.3)
with

@, =51, a;, =9.0, 7, =101 x10°GeV™", and 7, =38 x 107*GeV .
(6.4)
Below we present the expressions for the energy spectra of neutrinos emerging from

the Sun for the four annihilation channels considered in this chapter.

6.2.1 777 channel : Neutrinos from decay of 7 leptons

(1 = pvuvy)

For this channel, the spectrum of muon-type neutrinos at the solar surface, including

the propagation effects in the solar medium, can be written as [269]

dN; o) (AN
i = (1= Em) @ (= = v, .
(dEZ ) T ( ZTZ) (dE;:ore ) - ? (Z V)u‘ ) yﬂ) (6 5)



6.2. NEUTRINO FLUX 105

0.35 r pr—p—— r ey

] + - L

osfp ! :

; mX=ZGeV  — :

k. m,=25GeV ——— 3

ui 025 ¥ m =4Gev — :
[@) [ m,=10GeV —— ;
S5 02 F m=20Gev ':
L= . ]
O 0.15 -
2 s s
o 0.1 =
0.05 F ~ C

0 E . S . . \1

0.01 0.1 1

x=E,/m,

Figure 6.1: Neutrino spectra for a few representative WIMP masses for 777~ anni-
hilation channel.

where the relationship between E; and Ef*, and the values of o; and 7;, are as given

by equations (6.2)) and (6.4]), respectively, and

: 1
dN'core 48 ]‘—‘T*)’LLI/ y 1 5 2 5 mln(ng,E+)
7 — HeT _ - E(':ore _ Ef:ore 6 6
( dEZ_core ) T nymi <2 m ( 1 ) 3 ( 7 ) . ( )

is the neutrino spectrum due to decay of the 7-leptons injected at the solar core
by WIMP annihilations. Here I'1_,, . = 0.18, and Ey = ——— with v =
o 7 (1F B)

(1-— 62)_1/2 = my/m,, m, being the 7-lepton mass and m, is the WIMP mass.

Note that the v,.s produced from 7 decay may again produce 7s by charged current
interactions in the solar medium, and these secondary 7s can decay to give secondary
v,s. But these v,s would be of much lower energy compared to the primary v,s from

Jr

7 decay, and are not considered here. The v, spectra from 777~ annihilation channel

for several values of WIMP masses as shown in Figure [6.11
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6.2.2 bbchannel : Neutrinos from decay of b-quark hadrons

(b — cuv,)

The treatment is similar to the case of 7 decay described above. However, here the
hadronization of quarks and stopping of heavy hadrons in the solar medium have

to be taken into account. The resulting spectrum of muon-neutrinos emerging from

the Sun is given by [269]

mp

b (6.7)

where my, is the b-quark mass, Fy ~ 0.71m, is the initial energy of the b-quark

hadron (the fragmentation function is assumed to be a sharply peaked function [269]),

dNicore 48 Fb v 1 2 min(%mb,E+)
(4550 ) (Ba ) = L (L (5 = 2 () (63

dEs™ ) 5 ' Symy 2 3 5

is the neutrino spectrum resulting from decay of the b-quark hadron injected at the

solar core, and
1 dN ™" E, E. E.
— =) (B, E,) = =¢ i :
(5im,) (BB = g5 o | - 2| (6.9)
with E. ~ 470 GeV, is the distribution of the hadron’s energy at the time of its decay

if it is produced with an initial energy Fy. In equation (6.8)), I'y—,., x = 0.103 is the

branching ratio for inclusive semi-leptonic decay of b-quark hadrons to muons [278],

core

m with v = (1 — ﬁZ)fl/Q = Ey/my .

and Fy =

The v, spectra from bb annihilation channel for several values of WIMP masses as

shown in Figure [6.2]

dN. Ey 1 dN hadron . dNeore
v — - Ei . F 11— E.7 (i —2) 7 E.. E“) dE - —
(dEi)bb / (NdEd> (Eo, £a) i) <dE§°’e)b( - B dEq, (0= v, 7)
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Figure 6.2: Neutrino spectra for a few representative WIMP masses for bb annihi-
lation channel.

6.2.3 ccchannel : Neutrinos from decay of c-quark hadrons
(¢ = spvy,)

Again, this is similar to the case of b-decay discussed above, except that the kine-
matics of the process is slightly different. The resulting muon neutrino spectrum is

given by [269]

dE; N dE, dE

cc

(6.10)

where m, is the c-quark mass, Ey ~ 0.55m, is the initial energy of the charmed

hadron,
: 1
deore 8 Fc%yy ¥ 3 ) 4 5 mln(immE+>
7 E Ef:ore — a3 _ c E(':ore _ Ef:ore 611
(855 a2 Sy - ger) e

is the neutrino spectrum resulting from decay of the c-quarks injected at the solar
EZ(':ore

EI) N (162" = Eq/me, and

core, with I'c,,,x = 0.13, E. =

dN; Bo /1 dN \Men oy (AN
= Eo, Eg) (1 — Em) 7 (=i ) (By, B™)dEy, (i =v,,7
i wo Y
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Figure 6.3: Neutrino spectra for a few representative WIMP masses for ¢ ¢ annihi-
lation channel.

1 dN hadron
<N E) (Eo, Ey) is given by equation ([G.9) with E, ~ 250 GeV for c-quark.
d

The v, spectra from ¢c annihilation channel for several values of WIMP masses as

shown in Figure 6.3

6.2.4 vv channel : (yx — v,7,)

In this case the spectrum of muon neutrinos emerging from the Sun is simply given

by
dNZ 2 dNZ_core . )
(dEZ—)W = (1=Em) <nge)w ) (i =V, ) (6.12)
where
deore . . -
_—* — Feore = (1 _ o omy ' R
(dEZ(':ore ) o 5 ( 7 mX) ( + mXT@) 5 ( i 1 + mXTZ') (6 3)

The v, spectra from vv annihilation channel for several values of WIMP masses as
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Figure 6.4: Neutrino spectra for a few representative WIMP masses for v annihi-
lation channel.

shown in Figure [6.4]

6.3 Calculation of Event Rates in the Super-Kamiokande

Detector

The rate of neutrino induced upward-going muon events, R, in the S-K detector due

to v,s and 7,s from WIMP annihilation in the Sun can be written as

dgbz do-l water
3 2 [ SR E ) Vel B By, (64

1=V Uy

doiy
dy
are the relevant neutrino-nucleon charged current differential cross sections, (1 —

where fllgf is the differential flux of the neutrinos given by equation (G.1I),

y) (= E,/E;) is the fraction of the neutrino energy transferred to the the muon,

Ver(Ey) is the effective volume of the detector, and n;* is the number density
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of protons in water (= Avogadro number). The S-K Collaboration imposed a cut
on the upward-going muon path-length of > 7 meters in the inner detector which

has an effective area of A.g ~ 900 m?

and height ~ 36.2 m. This 7-meter cut on
the muon track length can be effectively taken into account by setting Vog = 0 if
the effective water-equivalent muon range, R, (E,) ~ 5meters x (E,/GeV), is less
than 7 meters, and Vg = Aegr X [R,(E,) + (36.2 — 7) meters] otherwise [I49]. The
factor of 1/2 accounts for the fact that only up-going muon events were considered

in order to avoid the background due to down-going muons produced due to cosmic

ray interactions in the Earth’s atmosphere.

The S-K muon events were broadly classified into three categories [279], namely, (i)
Fully Contained (FC), (ii) Stopping (S) and (iii) Through-Going (TG) events. For
v, energy < 4 GeV the events are predominantly of FC type, whereas for v, energy
2 8GeV the events are predominantly of TG type. Assuming that annihilation
of the WIMP of mass m, produces neutrinos of typical energy ~ (% — %)mx, we
can roughly divide the m, range of our interest into three regions according to the
resulting muon event types namely, (i) 2 S m, < 8GeV (FC), (ii) 8 < m, < 15GeV

(FC + S) and (iii) 15GeV < m, (FC + S + TG).

To set upper limits on the WIMP elastic scattering cross section as a function of
WIMP mass for a given annihilation channel, we use the following 90% C.L. upper
limits [147, [148] on the rates of the upgoing muon events of the three different types

mentioned above:

REGL ~ 138 yrt,
RgO%C'L' ~ 124 yr !,

R~ 0.93 yrt, (6.15)

The upper limits on the WIMP-nucleon elastic scattering cross section so derived
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Figure 6.5: The upward going muon event rates in the Super-Kamiokande detector
due to neutrinos from WIMP annihilation in the Sun as a function of the WIMP mass
for the four annihilation channels as indicated, assuming 100% branching ratios for
each channel by itself, and for spin-independent (SI: left panel) and spin-dependent
(SD: right panel) WIMP-proton interactions. The three curves for each annihilation
channel correspond, as indicated, to the three halo models specified in Table 5.1l in
Chapter V. All the curves are for a reference value of the WIMP-proton elastic SI
or SD cross section of 107 pb.

are then translated into upper limits on the branching fractions of various annihila-
tion channels by demanding the consistency of the DAMA-compatible region of the
WIMP parameter space obtained from an analysis of direct detection experiments
discussed in Ref. [I55] with S-K upper limits. These limits are discussed in the next

section.

The event rates in the S-K detector as a function of the WIMP mass for the four dif-
ferent WIMP annihilation channels are shown in Figure assuming 100% branch-
ing ratio for each channel by itself. For each annihilation channel the three curves
correspond, as indicated, to the three halo models specified in Table [.1in Chapter
V. It is seen that the direct annihilation to the v channel dominates the event rate,

followed by the 777~ channel.
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6.4 Exclusion Plots

Our main results are contained in Figures [6.6] and [6.8, where we show, for the
three halo models considered, the 90% C.L. upper limits on the WIMP-proton SI
and SD elastic cross sections (as a function of WIMP mass) derived from the Super-
Kamiokande measurements of the up-going muon events from the direction of the
Sun [I47, 48], for the four annihilation channels discussed in the text, assuming
100% branching ratio for each channel by itself. In these Figures, we also display,
for the respective halo models, the 90% C.L. allowed regions [I55] in the WIMP
mass vs. WIMP-proton elastic cross section plane implied by the DAMA /LIBRA
collaboration’s claimed annual modulation signal [280)], as well as the 90% C.L. upper
limits [I55] on the relevant cross section as a function of the WIMP mass implied
by the null results from the CRESST-1 [281], CDMS-II-Si [282], CDMS-II-Ge [283]
and XENON10 [284] experiments.

The curves in Figures 6.6 and [6.8 allow us to derive upper limits on the branch-
ing fractions of the various WIMP annihilation channels, from the requirement of
consistency of the S-K-implied upper limits on the WIMP-proton elastic cross sec-
tion with the DAMA-compatible regions, the regions of the WIMP mass versus cross
section parameter space within which the annual modulation signal observed by the
DAMA/LIBRA experiment [280] is compatible with the null results of other DD
experiments. These upper limits are shown in Table for the three halo models

discussed in the text.

Clearly, for the case of spin-independent interaction, there are no constraints on the
branching fractions for the bb and ¢c channels since the DAMA-compatible region
is already consistent with the S-K upper limit even for 100% branching fractions in
these channels (the respective curves for the various annihilation channels only move

upwards, keeping the shape same, as the branching fractions are made smaller). At
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Figure 6.7: Same as Fig. 6.6, but for the halo model M2 (ppy o = 0.3 GeV/cm?)
specified in Table [5.1]in Chapter V.

Pom,sun = 0.2 GeVice Pom,sun = 0.2 GeVice
Lem E 10000 ¢~ AN \ ‘ 3
o1 ; _____ ; 1000 ; CDMS-II-Si 1
L - ] 100 XENON-10 E
0.01 r J c CDMS-Il-Ge ]
""" ] 10 & CRESST-1
0.001 | g 1E T = =
0.0001 | A% 01f DAMA £ 3
................. 0.01 F W -
1le-05 e N —— F
CDMS-i-S ] 0.001 & .. =
1e-06 & CDMS-I-Ge 0.0001 2 ot peoeeeeeeeeeeeseooees "
C XENON-10 3 3 E
1e-07 T (T AT ENHR EI ST NI RN ) 1e-05 I T S [N T I N IS T
2 4 6 8 10 12 14 16 18 20 2 4 6 8 10 12 14 16
m, (GeV) m, (GeV)
Figure 6.6: The 90% C.L. upper limits on the WIMP-proton spin-independent (SI:
left panel) and spin-dependent (SD: right panel) elastic cross section as a function
of WIMP mass derived from the Super-Kamiokande measurements of the up-going
muon events from the direction of the Sun [147, [148], for the three relevant event
types, namely, Fully Contained (FC), Stopping (S) and Through Going (TG), as
discussed in the text. The thick portions of the curves serve to demarcate the ap-
proximate m, ranges where the different event types make dominant contributions
to the upper limits. The curves shown are for the four annihilation channels, assum-
ing 100% branching ratio for each channel by itself. The 90% C.L. allowed regions
in the WIMP mass vs. WIMP-proton elastic cross section plane implied by the
DAMA /LIBRA experiment’s claimed annual modulation signal [280] as well as the
90% C.L. upper limits on the cross section as a function of the WIMP mass implied
by the null results from the CRESST-1 [281], CDMS-II-Si [282], CDMS-II-Ge [283]
and XENON10 [284] experiments (solid curves) are also shown. All the curves shown
are for our halo model M1 (ppy o = 0.2 GeV/cm?) specified in Table 5.1 in Chapter
V.
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Figure 6.8: Same as Fig. [6.6, but for the halo model M3 (ppy e = 0.4 GeV/cm?)
specified in Table 0.1l in Chapter V.

EVENT TYPE UPPER LIMITS ON THE BRANCHING FRACTIONS (in %) (M1, M2, M3)
(my range in GeV) bb | cc | T | v
SI FC (2.0 — 8.0) 100, 100, 100 100, 100, 100 35,40, 45 0.4,0.6,0.8
FC+S (8.0 — 15.0) 100, 100, 100 100, 100, 100 100, 100, 100 25,30, 35
FC+S+TG (15.0 — 20.0) 100, 100, 100 100, 100, 100 100, 100, 100 25,30, 35
SD FC (2.0 -8.0) 0.5,0.6,0.7 0.5,0.6,0.7 0.05,0.06,0.07 0.0005, 0.0006, 0.0007
FC+S (8.0 — 15.0) 0.6,0.7,0.8 0.6,0.7,0.8 0.14,0.16,0.18 0.012,0.014, 0.016
FC+S+TG (15.0 — 20.0) 0.6,0.7,0.8 0.6,0.7,0.8 0.14,0.16,0.18 0.012,0.014,0.016

Table 6.1: Upper limits — derived from Figures [6.6] [6.7] and [6.8]— on the branching
fractions for the four annihilation channels, from the requirement of consistency of
the S-K implied upper limits on the WIMP-proton elastic cross sections with the
“DAMA-compatible” region of the WIMP mass versus cross section parameter space
(within which the annual modulation signal observed by the DAMA /LIBRA exper-
iment [280] is compatible with the null results of other DD experiments determined
within the context of our halo model [I55]), for both spin-independent (SI) and
spin-dependent (SD) interactions and the three halo models specified in Table E1lin
Chapter V. The limits are calculated using the three different upward-going muon
event types, namely, Fully Contained (FC), Stopping (S) and Through Going (TG).
The three consecutive numbers for each annihilation channel and muon event type
refer to the three different halo models M1, M2, M3, as indicated.
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the same time, for the 777~ channel and SI interaction, although a 100% branch-
ing fraction in this channel allows a part of the DAMA-compatible region to be
consistent with the S-K upper limit, consistency of the entire DAMA-compatible
region with the S-K upper limit requires the branching fraction for this channel to
be less than 35-45% depending on the halo model. On the other hand, for the vv
channel and SI interaction, there are already strong upper limits (at the level of
25 — 35%) on the branching fraction for this channel for consistency of even a part
of the DAMA-compatible region with the S-K upper limit; and these upper limits
become significantly more stringent (by about two orders of magnitude) if the entire

DAMA-compatible region is required to be consistent with the S-K upper limits.

The constraints on the branching fractions of various annihilation channels are,
however, much more severe in the case of spin-dependent interaction: For the quark
channels, only parts of the DAMA-compatible region can be made consistent with
the S-K upper limits, and that only if the branching fractions for these channels are
restricted at the level of (0.6 — 0.8)%. On the other hand, for 777~ and v channels,
parts of the DAMA-compatible regions can be consistent with S-K upper limits only
if their branching fractions are restricted at the level of (0.14 — 0.18)% and (0.012
— 0.016)%, respectively, while consistency of the entire DAMA-compatible regions
with the S-K upper limits requires these fractions to be respectively lower by about

a factor of 2.5 (for the 777~ channel) and a factor of about 25 (for the v channel).

The above small numbers for the upper limits on the branching fractions of the
four dominant neutrino producing WIMP annihilation channels imply, in the case

of spin-dependent WIMP interaction, that the DAMA-allowed region of the m, —

SD . . . . .
oy, barameter space is essentially ruled out by the S-K upper limit on neutrinos

from possible WIMP annihilations in the Sun, unless, of course, WIMPs efficiently

evaporate from the Sun — which may be the case for relatively small mass WIMPs

below 4 GeV [149] — or there are other non-standard but dominant WIMP annihi-
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lation channels that somehow do not eventually produce any significant number of
neutrinos while restricting annihilation to quark (bb, ¢c) channels to below 0.5%
level and 7t7~ and v channels to below 0.05% and 0.0005% level, respectively. In
the case of spin-independent interaction, however, the DAMA-compatible region of
the m, — crfg) parameter space (or at least a part thereof) remains unaffected by
the S-K upper limit if WIMPs annihilate dominantly to quarks and/or tau leptons,
and annihilation directly to neutrinos is restricted below ~ (25 — 35)% level. At
the same time, portions of the DAMA-compatible region can be excluded if WIMP
annihilation to 7777 occurs at larger than (35 — 45)% level and/or annihilation to
vv occurs at larger than (0.4 — 0.8)% level. These results, based as they are on a
self-consistent model of the Galaxy’s dark matter halo, the parameters of which are
determined by a fit to the rotation curve of the Galaxy, strengthen, at the qualita-
tive level, the earlier conclusion within the SHM that the S-K upper limit on the
possible flux of neutrinos due to WIMP annihilation in the Sun severely restricts
the DAMA region of the WIMP mass versus cross section plane, especially in the
case of spin-dependent interaction of WIMPs with nuclei, although the quantitative
restrictions on the WIMP cross section and branching fractions of various WIMP
annihilation channels obtained here are different (in some cases by more than a

factor of 10) from those obtained in earlier calculations within the SHM [149].

6.5 Exclusion Plots from another larger dataset

A new set results of the S-K collaboration’s search for upward-going muons (“up-
mus”) due to neutrinos from Sun is also given by Ref [285]. These new results are
based on a data set consisting of 3109.6 days of data, nearly double the size of the
old data set of 1679.6 days used in Ref. [I47] and in the analysis of this chapter
so far. In this section we consider these new results of Ref. [285] and present the

resulting changes to the constraints on various WIMP annihilation channels derived
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above using the earlier S-K results. In general, we find that with the new S-K results
the upper limits on the branching fractions of various annihilation channels become

more stringent by a factor of 3 — 4 than those derived above.

The upmu event categories used in the new S-K paper [285] are somewhat different
from those in their earlier work [I47]. These are: “stopping” (S), “non-showering
through-going” (NSTG), and “showering through-going” (STG); see Ref. [285] for
details. For a given WIMP mass, Figure 2 of Ref. [285] allows us to read out the
fraction of each upmu event type contributing to the total number of events, from
the consideration that the typical maximum energy of a neutrino produced in the
annihilation of a WIMP of mass m,, is ~ m,,/2. For low WIMP masses of our interest
in this paper, m, < 20GeV (and hence typical neutrino energies < 10GeV), the
stopping events dominate and constitute more than 70% of the total number of
upmu events, as clear from Figure 2 of Ref. [285]. Tt is thus expected, as indeed we
do find from our calculations, that the most stringent upper limits on the branching
fractions of various WIMP annihilation channels for low WIMP masses come from

the observed rate of these Stopping events

The 90% C.L. Poissonian upper limit on the rate of these Stopping-type upmu events
for the new data set of Ref. [285], estimated from the total number of this type of
upmu events and the number of background upmus due to atmospheric neutrinos
given in Figure 3 of that reference, ij; ~ 3.27yr~!. With this, we can calculate,
as we did in the analysis above, the 90% C.L. upper limits on the WIMP-proton SI
and SD elastic cross sections as a function of WIMP mass for the new S-K data set
of Ref. [285], for the case of 100% branching ratio for each of the four annihilation

channels considered above. The results, for our best-fit halo model M1, are shown

in Figure [6.9.

'Recall that, for the older data set [I47], the most stringent upper limits came from the fully-
contained (FC) events; see Table [6.1] above.

2We take the events in the 0-30 degree cone half-angle bin around the Sun to be consistent
with the analysis done above for the earlier S-K data set.
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Figure 6.9: Same as Fig. [0.6] but using the new S-K data from Ref. [285] and
considering their “Stopping” upmu events only.

Upper limits on the branching fractions (in %)
from “Stopping” events, with halo model M1

bb ‘ cc ‘ Ttr— ‘ v
SI 100 100 10 0.11
SD 0.12 0.12 0.012 0.00013

Table 6.2: Upper limits on the branching fractions of the four annihilation chan-
nels, derived from the requirement of consistency of the new S-K-implied upper
limits on the WIMP-proton elastic cross sections shown in Figure with the
“DAMA-compatible” regions, for both spin-independent (SI) and spin-dependent
(SD) interactions

The resulting upper limits on the branching fractions of the four annihilation chan-
nels, derived from the requirement of consistency of the new S-K-implied upper
limits on the WIMP-proton elastic cross sections shown in Figure with the
“DAMA-compatible” regions, are displayed in Table A comparison with the
corresponding numbers given in Table shows that the new upper limits on the
branching fractions for the relevant annihilation channels are roughly a factor of 3—4

more stringent.
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6.6 Summary

In this section we summarize our main results. In this chapter we have calculated
the expected neutrino flux from the Sun due to annihilation of WIMPs captured and
accumulated inside the Sun, and derive constraints on the WIMP- nucleon elastic
scattering cross section from the upper limits on the flux of such neutrinos given by
the Super-Kamiokande experiment [147]. We have used the capture rate of WIMPs
in the Sun calculated in the last chapter within the context of a self-consistent
model of finite sized DM halo of the Galaxy, namely, the King model, including the
gravitational effect of the observed visible matter on the DM. The parameters of the
model are determined by performing fit to the observed rotation curve data of the
Galaxy. An important aspect of the King model of the Galactic halo used in the
present calculation is the non-Maxwellian nature of the WIMP velocity distribution
in this model, as opposed to the Maxwellian distribution in the SHM. This directly
affects the WIMP capture rate (and consequently the annihilation rate), resulting in
significant quantitative differences in the values of the upper limits on the WIMP-
proton elastic cross sections (implied by the S-K upper limits on the neutrinos
from the Sun) compared to the values in the SHM. Similarly, the upper limits on
the branching fractions of various possible WIMP annihilation channels (from the
requirement of compatibility with DAMA results) are also changed. At a qualitative
level, however, the general conclusion reached earlier [148] [149] within the context
of the SHM, that S-K upper limits on neutrinos from the Sun severely restrict the
DAMA-compatible region of the WIMP parameter space, remains true in the present

model too, thus adding robustness to this conclusion.
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Chapter 7

Summary, Conclusion and Outlook

Weakly interacting massive particles (WIMPs) are currently one of the most favored
candidates for the dark matter (DM) in the Universe. On the scales of galaxies, the
nature of the measured rotation curve, which is the the circular speed as a function
of galactocentric distance, of the spiral Galaxies like our Galaxy the Milky Way can
be understood most naturally under the hypothesis that the observed visible matter
(VM) in these galaxies is embedded in a roughly spherical DM halo. The extent of
the DM halo is perhaps a few hundred kpc in radius. The true mass and extent of

the DM halo are however unknown.

Several experiments going on worldwide are currently engaged in attempts to detect
these WIMPs either directly through observing the signature of scattering of these
WIMPs off nuclei of suitably chosen detector material or indirectly through detect-
ing the neutrinos, ~-rays resulting from (self-) annihilation of WIMPs captured in
massive astrophysical objects such as Sun or Earth or in dense astrophysical envi-

ronments such as Galactic centre or dense spherical Galaxies.

Two crucial astrophysical inputs required for the analysis and interpretation of the

results of both direct as well as indirect experiments are the local (i.e. solar neigh-
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borhood) density and velocity distribution of WIMPs. These are a priori unknown.
In this thesis we have presented some studies with the aim of extracting informa-
tion about the phase space distribution of the WIMPs that may constitute the DM
halo of our Galaxy, using the observed rotation curve data of the Galaxy. We have
also studied, in this thesis, the implication of phase space distribution function for
indirect detection of WIMPs via neutrino signal from WIMP annihilation in Sun
within the context of a self consistent model of phase space distribution function
(PSDF) representing a finite sized halo. The parameters of the model are obtained
by performing fit to the observed rotation curve data. The possible modification of
phase space distribution function due to the gravitational influence of visible matter

is also self-consistently taken in to consideration into the model.

In this thesis we have presented two different approaches to determine the phase
space distribution of the DM in our Galaxy. In Chapter II we have derived the
velocity distribution function (VDF) of the WIMPs directly from the circular speed
(“rotation”) curve data [140] of the Galaxy assuming isotropic VDF [I35]. This is
done by “inverting” the Navarro-Frenk-White (NFW) [I58], 136] universal density
profile of the dark matter halo of the Galaxy using Eddington’s method [133] [157].
According to Eddington’s formalism, given a isotropic density profile of a set of col-
lisionless particles, we can calculate the VDF using Eddington’s formula provided
the total gravitational potential in which the particles move is known. We have
determined the parameters of the model by using the Markov Chain Monte Carlo
(MCMC) technique by fitting to the observational data on the Galaxy’s rotation
curve extended to distances well beyond the visible edge of the disk of the Galaxy
[140]. One of the parameters of the dark matter model i.e the NF'W model is the

3 as a result

local dark matter density itself which comes out to be 0.2 GeVcm™
of the MCMC analysis. Once the PSDF is obtained as a function of energy using
the Eddington method, next we derived the most-likely local isotropic velocity dis-

tribution function (VDF). The VDF is found to be differing significantly from the
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Maxwellian form assumed in the “standard halo model” (SHM) customarily used in
the analysis of the results of WIMP detection experiments. We have also provided
a parametrized (non-Maxwellian) form of the derived most-likely local VDF which
can be readily used in direct and indirect detection analysis. We have also shown
that the non-Maxwellian nature of the VDF prevails not only at the solar location
but also everywhere in the Galaxy. In this chapter we have further calculated other
physically relevant quantities for the Galaxy. The virial radius of the Galaxy is
found to be ~ 200 kpc and the maximum velocity vy.x Which is important for the
calculation of direct and indirect detection rates is self-consistently determined to

be 516 km s~ 1.

It is evident from Chapter II that the values of the parameters of the dark matter
model are determined by the rotation curve (RC) itself. These parameters in turn
crucially affect the direct and indirect detection analysis of dark matter. Therefore it
is necessary to construct the RC itself, extending upto large Galactocentric distances,
without assuming any model of the dark matter and visible matter. However the
RC is not a directly measurable quantity. In Chapter III we have constructed the
rotation curve (RC) of the Galaxy from a Galactocentric distance of ~ 0.2kpc
out to ~ 200kpc by using kinematical data on a variety non-disk objects that
trace the gravitational potential of the Galaxy, without assuming any theoretical
models of the visible and dark matter components of the Galaxy [143]. We have

studied the dependence of the RC on the choice of the Galactic constants (GCs),

Ro Vo
kpc 7 kms—1

], where Ry and V[ are the sun’s distance from and circular rotation
speed around the Galactic center, respectively, and also studied the dependence on
the velocity anisotropy parameter [ of the non-disk tracers. The RC in the disk
region depends significantly on the choice of values of the GCs. The rotation curve
at large distances beyond the stellar disk, however, depends more significantly on
the parameter § than on the values of the GCs. We have found that in general, the

mean RC steadily declines beyond r ~ 60 kpc, irrespective of the value of 3. At any
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given Galactocentric distance r, the circular speed is lower for larger values of .
The largest possible value of § is unity (complete radial anisotropy) and this allows
us to set a model independent lower limit on the total mass of the Galaxy, giving
M( £ 200kpc) > (6.84+4.1) x 10" M. We have also noted that recent results from
high resolution hydrodynamical simulations [I82] of formation of galaxies like Milky
Way indicate an increasingly radially biased velocity ellipsoid of the Galaxy’s stellar
population at large distances, with stellar orbits tending to be almost purely radial
(6 — 1) beyond ~ 100 kpc. This implies that the above lower limit on the Galaxy’s
mass (obtained from our results withs = 1) may in fact be a good estimate of the

actual mass of the Galaxy out to ~ 200 kpc.

In Chapter IV we have presented another approach to derive the phase space dis-
tribution function of dark matter particles by starting form an ansatz which is
different from the formalism presented in Chapter II. We have assumed that being
collisionless system of particles the DM obeys the collisionless Boltzmann equation
(CBE) and hence their PSDF can be expressed as a solution of the CBE. We have
adopted in this chapter the “Michie model” [I33] 144] which is a function of both
total energy and total angular momentum of the system thus allowing possible ve-
locity anisotropy of the system as also suggested by recent numerical simulations
of galaxies and clusters. We have self-consistently included the gravitational effect
of visible matter on the DM model. We have considered two sets of rotation curve
data standardized at two GC sets, namely [8.3,244] and [8.5,220] and the non-disk
tracers’ velocity anisotropy is taken from a recent hydrodynamic simulation [182] as
presented in Chapter III to determine the best-fit values of the model parameters.
We have performed fit to the above mentioned rotation curve data and the local
dark matter density ppy e which is one of the parameters of the model is observed
to depend on the local circular velocity V, used in deriving the RC obtained in
chapter III. Usually higher value of V; yields higher value of ppy . For example,

as the local circular velocity V; is scaled form 220kms™! to 244kms™! the local
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dark matter density ppy e scales from 0.4 GeV cm ™3 t0 0.6 GeV em™3. This result is
independent of the choice of the local VM disk surface density. We have also shown
that as an effect of the coupling with the visible matter the core radius of the dark
matter halo gets shortened and the core density is increased because the VM pulls in
more dark matter towards the centre. The dark matter density near the disk region
is also enhanced by a factor of ~ 20%. The gravitational effect of the VM is also
evident from the velocity dispersion profiles, namely the radial, tangential and total
velocity dispersion. These are also found to be higher in the coupled case as com-
pared to the uncoupled case. The radial, tangential and total velocity distributions
at solar location as well as at other Galactic radii is found to be non-Maxwellian.
The value of the anisotropy parameter is observed to rise from a 0 value at centre
to value 1 which is consistent with observations from numerical simulations. The

local value of the velocity anisotropy parameter is found to be ~ 0.45.

Next in Chapter V and Chapter VI we have presented the methods and results of our
study of the indirect detection of dark matter via neutrino signal from dark matter
annihilation in Sun [146]. Scattering of WIMPs off nuclei can lead to capture of the
WIMPs by massive astrophysical bodies such as the Sun if, after scattering off a
nucleus inside the body, the velocity of the WIMP falls below the escape velocity of
the body. The WIMPs so captured over the lifetime of the capturing body would
gradually settle down to the core of the body where they would annihilate and
produce standard model particles, e.g., WHW =, Z0Z° 11~ tt, bb, c¢, etc. Decays
of these particles would then produce neutrinos, gamma rays, electrons-positrons,
protons-antiprotons, etc. In Chapter V we have derived the capture rate within the
context of a self-consistent model of the phase space distribution function of the
DM halo of the Galaxy, namely the King model, which is the isotropic version of
the Michie model discussed in Chapter IV. We have made the standard assumption
that the capture and annihilation processes have reached an equilibrium over the

long lifetime of the solar system (~ 4.2 billion yrs). Under this assumption, the
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total annihilation rate of WIMPs in the Sun is simply half of the total capture
rate. Therefore, the WIMP annihilation cross section disappears from the model
and the only cross section we are concerned with is the WIMP nucleon elastic
scattering cross section. This allows us to present our results in terms of exclusion
plots in the WIMP parameter space, namely the WIMP mass and WIMP-nucleon
elastic scattering cross section space, and hence compare with the findings of direct
detection experimental on the the WIMP nucleon scattering cross section. We have
considered in Chapter VI, low mass WIMPs (2 GeV < m, < 20 GeV) therefore we
are left with four annihilation channels namely 777, bb, ¢, and prompt vv. We
have calculated the upward going muon event rates in the Super-Kamiokande (S-K)
detector [85] due to neutrinos from WIMP annihilation in the Sun as a function
of the WIMP mass for the four annihilation channels, assuming 100% branching
ratios for each channel by itself, for spin-independent (SI) and spin-dependent (SD)
WIMP-proton interactions. We have considered three best-fit King models of the
DM halo with a reference value of the WIMP-proton elastic SI or SD cross section
of 107* pb. We have calculated the 90% C.L. upper limits on the WIMP-proton
SI and SD elastic cross sections as a function of the WIMP mass for four WIMP
annihilation channels using the Super-Kamiokande upper limits [146], and examined
the consistency of those limits with the 90% C.L.“DAMA-compatible” regions (the
regions of the WIMP mass versus cross section parameter space within which the
annual modulation signal observed by the DAMA /LIBRA experiment is compatible

with the null results of other DD experiments).

We have found that the requirement of consistency of the Super Kamiokande implied
upper limits on the WIMP-proton elastic cross section as a function of WIMP mass
with that of the direct detection experiments [I55] imposes stringent restrictions on
the branching fractions of the various WIMP annihilation channels. In the case of
spin-independent (SI) WIMP-proton interaction, the S-K upper limits do not place

additional restrictions on the DAMA-compatible region of the WIMP parameter
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space if the WIMPs annihilate dominantly to bb and éc, and if direct annihilations
to 7777 and neutrinos are restricted to below ~ (35 — 45)% and (0.4 — 0.8)%,
respectively. In the case of spin-dependent (SD) interactions, on the other hand,
the restrictions on the branching fractions of various annihilation channels are much
more stringent, essentially ruling out the DAMA-compatible region of the WIMP
parameter space if the relatively low-mass WIMPs under consideration annihilate
predominantly to any mixture of bb, éc, 777, and v final states. The very latest
results from the S-K Collaboration with larger data set put the above conclusions on
an even firmer footing by making the above constraints on the branching fractions
of various WIMP annihilation channels more stringent by roughly a factor of 3-4
[146]. Similar conclusions were reached by earlier studies [149] in literature within
the context of the SHM. The quantitative restrictions on the branching fractions for
various WIMP annihilation channels obtained here with King model are, however,

more stringent compared to those obtained in the earlier works within the context

of standard halo model (SHM).

The search for Dark matter and the quest of probing its dynamics is a very intrigu-
ing area of modern science. We would like to mention that there are many scopes
of works which we wish to study in near future. In this thesis we have mainly dealt
with one aspect of indirect detection, namely the neutrino signal from Dark Matter
annihilation in the Sun. The 7-ray search looking for DM annihilation or decay
signals from various locations in the Galaxy such as Galactic centre substructure
and also in the dark matter reach dwarf spheroidals etc. with the new era v-ray
telescopes such as Fermi-LAT is also a very promising scenario. In future we would
like to study the implications of the phase space distribution functions that we have
discussed in this thesis in case of y-ray search and also the antimatter searches. We
have studied the upper limits imposed by the observation of the Super Kamiokande
neutrino detector here. Next as an extension of this work we would like to in-

vestigate the upper limits from IceCube detector with the phase space distribution
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functions discussed here namely the Michie model PSDF and the PSDF obtained by
reverting the NF'W density model using the Eddington’s formalism. In this work we
have considered low mass WIMPs only. However, it will be interesting to consider
WIMPs with higher mass as for those few more WIMP annihilation channels like

WHW=, Z°Z°, tt etc. will open up.

Now concentrating on the dark matter dynamics part we have seen that the rotation
curve of the Galaxy plays a crucial role in determining the parameters of the dark
matter and visible matter models chosen. Therefor the immediate future step in
this direction would be the betterment of the RC data itself. Upcoming Galactic
surveys like GATA [286] will provide us with three dimensional data on the velocity
of the tracers and we plan to construct the rotation curve data considering those
proper motion data. Focusing on the phase space distribution of the DM, so far we
have worked with spherically symmetric dark matter distributions only. It will be
challenging yet interesting to work with different types of visible matter distributions
and dark matter halos such as a bar structured visible matter distribution, triaxial
halo, rotating halo etc. In conclusion it can be said that there are still a lot of
unexplored features that need to be studied in this fast evolving area of Dark Matter
dynamics and experimental search. We expect to gather a lot of data to infer
about the dark matter dynamics, i.e, their density and velocity distributions, from
upcoming Galactic surveys and hope to probe the particle nature of the dark matter
from accelerator experiments and improved versions of various direct and indirect

detection experiments of dark matter.
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