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Abstract

We can access dark matter of mass mpy 2 O(1) TeV by measuring high-energy emissions from
the Universe. For the dark matter of mpy ~ O(1)—O(100) GeV, the annihilation cross-sections
into the standard model particles are tightly constrained by observing y-ray signals in dwarf
spheroidal galaxies with Fermi satellite. In this thesis, we consider the search for the heavier
dark matter of mpy 2 O(1) TeV in dwarf spheroidal galaxies with Cherenkov Telescope
Array (CTA), which is a next-generation very-high-energy y-ray project. With the improved
angular resolution of the CTA facilities, dark matter density profiles of dwarf spheroidal
galaxies are well-resolved. We investigate how the spatial extension of the dwarf spheroidal
galaxies affect the sensitivity. For this purpose, we simulate a 500-hour observation of
Draco dSph with CTA and perform likelihood analyses assuming 16 different profiles. We
show that the spatial extension of the dwarf spheroidal galaxy affects the feasibility of
detecting dark matter in a different way from that of the J-factor. The accessible region of the
annihilation cross-section can differ by a factor of ~ 10 if we assume different profiles with
the same J-factor. CTA is capable of testing some well-motivated models expecting resonant
annihilations of dark matter particles even with the most conservative assumptions. We
also examine the uncertainty coming from the subhalo boost. If dwarf spheroidal galaxies
contain subhalos inside them, the dark matter annihilation signals are boosted. We develop
a new analytical formalism to calculate the contributions from the subhalos down to the
minimum halo-mass scales and at arbitrary redshifts. Our analytical results for the tidal
mass-loss rate, the subhalo mass function, and the subhalo mass fraction are consistent with
those obtained in N-body simulations of corresponding mass ranges and redshifts. Based on
the analytically calculated subhalo evolutions, we show that the subhalo boost is negligible
for halos of the dwarf spheroidal galaxy scale. This indicates that no subhalo contributions
as well as astrophysical y-ray emissions are expected in dwarf spheroidal galaxies. Hence
they are well-motivated targets for CTA to obtain robust constraints on the dark matter
properties.
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Chapter 1

Introduction

Dark matter (DM) is a massive and invisible component in the Universe [ |-7]. There is strong
evidence for the existence of dark matter, such as the matter distribution in the Universe
from the gravitational lensing [], the rotation curves of galaxies [, 0], the mass of the galaxy
clusters [/, ¢], the bullet cluster observations [, |(/] and so on. All of them indicate that the
visible galaxies are embedded in huge invisible halos. A further strong motivation for dark
matter is coming from the theory of the cosmological structure formation [ -!3]. In the
standard cosmology, the seed of the current structure is the density fluctuation generated
during the inflation. The Universe after the inflation is filled with radiations and starts to
expand. The evolution of the seed fluctuation is determined by the competition between
the gravitational force and the radiation pressure. It is suppressed at the beginning due to
the high radiation pressure. In the later epoch after the matter-radiation equality at redshift
z ~ 3000, the density fluctuation can start to grow. The evolution of the baryon fluctuation
starts when it decouples from the radiation. However, if the baryon is the unique matter
component in the Universe, initial fluctuations corresponding to the scale of the galaxy are
erased out before the baryon-photon decoupling due to the collisional damping [14]. We
can solve this problem by introducing another matter component which starts to evolve just
after the matter-radiation equality. Such a matter component different from the baryon is
called dark matter. The total amount of the dark matter in the current Universe is determined
from cosmological observations in various scales [17, 1 5]. It occupies about a quarter of the
total energy density of the Universe [1 5, 15—17]. This is about 5 times larger than that of the
baryon.

Cosmological observations which determine the total energy density of dark matter give
some indications about the properties of dark matter. Dark matter should be cold, i.e., the
velocity dispersion is low enough not to erase the seed fluctuation of the baryonic structures.
They should be stable. They should be almost neutral to be decoupled from photons. They
should feel the gravity. Astrophysical observations also give hints about the structure of



dark matter in the current Universe. Dark matter forms gravitationally bounded objects
called halos. The mass of the largest halo reaches M ~ 10'°M,. Halo structures are highly
hierarchical. Other properties are not well-understood yet. We do not know whether dark
matter is a new particle or not. It is also still uncertain that whether they can feel forces other
than the gravity. Varieties of models are proposed from the theoretical side. One possibility
is that dark matter is a new particle: weakly interacting massive particles (e.g. [15, 19]),
gravitinos (e.g. [70),”1]), strongly interacting massive particles (e.g. [7~,”7]), axions or axion-
like particles (e.g. [74—20]), and sterile neutrinos (e.g. [?7-30]) are parts of examples. Non-
particle solutions such as primordial black holes (e.g. [*1-77]) are also considered. In this
thesis, we focus on the search of the dark matter categorized as weakly interacting massive
particles (WIMPs) in the Universe.

WIMP is one of the best-studied candidates for dark matter which realizes the observed
dark matter density [13, 10] with the so-called freeze-out mechanism. An example of the
particle model for the WIMP is the neutralino which appears in the supersymmetric ex-
tensions of the standard model (e.g. [0, 37]). The freeze-out of the WIMP dark matter is
described with the annihilation cross-section into the standard model particles and does not
depend on the details of the particle WIMP models. In the early Universe, the interaction
between the standard model particles and WIMPs is frequent enough to sustain a thermal
equilibrium. As the Universe expands, the particles become non-relativistic and their num-
ber density decreases. The interaction rate of the annihilation process of the WIMP into the
standard model particles is written as the number density times the cross-section {(cv). The
annihilation stops when the interaction rate drops below to the expansion rate of the Uni-
verse. The total number of the WIMP is fixed at this stage. If the annihilation cross-section
is (0v) ~ 3 x 107% cm?/s [37], the relic abundance is achieved by the freeze-out when the
temperature of the Universe is around O(1) GeV - O(1) TeV. This value of the annihilation
cross-section is referred to as the canonical cross-section. The annihilation cross-section is
also written with the mass of the WIMP mpy and the coupling constant g as (ov) = g*/m2,, .
When the coupling is the weak-scale of ¢ ~ O(0.1) and the mass is mpy ~ O(1) GeV -
O(1) TeV, the canonical cross-section is realized. The correspondence with the “weak scale”
of ~ O (1) TeV [20, 3] indicates that the interaction is mediated by particles of this energy
scale.

If dark matter is a new particle which has small but finite interaction with the standard
model particles, like the case of the WIMP, it becomes detectable. Three kinds of strategies
are pursued: productions of the dark matter particles from the standard model particles
with colliders (e.g. [40, 41]), measurements of the scattering between dark matter particles
and nuclei (or electrons) called direct detection experiments (e.g. [1”—4]), and the search for
the standard model particles produced by dark matter interactions in the Universe called
indirect detection experiments. There has been no confirmed detection of the dark matter
yet. For WIMP of mpy ~ O(1 — 10) GeV, its annihilation cross-section into the standard



model particles is already constrained to be lower than the canonical value [45]. Lighter
dark matter candidates of mpy < O(100) MeV are constrained from the structure formation
because they keep relatively larger velocities at a later epoch and erase the fluctuations
through the free-streaming (e.g [*0—19]). The heavier ones of mpy 2 O(1) TeV have been
less investigated. Various projects are on-going and planned to search dark matter in this
less proved regions.

Indirect detection experiments have advantages in dark matter searches at higher en-
ergy scales of E > O(1) TeV, which are beyond the scope of laboratory experiments. A
plethora of projects searching for dark matter signals in the Universe with charged cosmic-
rays (e.g. [00=57]), neutrinos (e.g. [54, 55]) and y-rays are under operations. The limitation
of this method comes from the difficulties in astrophysical modelings. There are many com-
peting sources for dark matter signals in the Universe. The first task in the indirect search of
dark matter is to remove the astrophysical emissions. The spectrum and the emission mor-
phology are used to identify sources. After removing the astrophysical emissions, one must
consider the environment of the annihilation site. The amount of the dark matter responsible
for the observed standard model particles must be known or modeled. Furthermore, the
propagation process between the annihilation site and the observer should be considered in
some cases. For example, charged cosmic-rays do not propagate straightly from the source
because they are scattered by magnetic fields. We could not trace back the charged cosmic-
rays of E ~ O(1) GeV - O(1) TeV, which are produced in our Galaxy, to the source. Also, the
interaction with the background photons (e.g. the cosmic microwave background radiations
or stellar emissions at infrared wavelength) could modify the spectra of y-rays and cosmic
rays from those at the source.

We can search dark matter in an efficient way with y-ray observations []. y-rays take
straight paths from the annihilation site to the Earth. Propagation of the y-rays within
our Galaxy does not affect their spectrum. Hence we are free from the uncertainties in the
modeling of the propagation. Furthermore, it is sensitive to any of the final states in dark
matter annihilations. Final states are determined by the models. However, y-ray emissions
are always expected in the successive process whenever the standard model particles are
produced. The y-ray flux from the dark matter annihilation is written as

1 (ovy (™™™ dN

_ 2y
¢y = prswall dE—= - ] (1.0.1)

]=fd06% :fdﬂfds PE- (1.0.2)

Ew in Eq. (1.0.1) is the threshold energy which depends on the observing facilities. In
Eq. (1.0.1), all the quantities except for | are determined by the particle physics. The part
shown as | in Eq. (1.0.2) is referred to as the “(astrophysical) J-factor”. Since the J-factor

where
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is the line-of-sight integral over the squared dark matter density p3,,, information about
the dark matter distribution in our regions of interests should be known. Because of its
py dependence, the J-factor and the expected flux from the dark matter annihilation are
very sensitive to its density distribution. A higher flux of dark matter annihilation signal is
expected in a denser region of dark matter.

Dwarf spheroidal galaxies (dSphs) are good targets to search for dark matter. They are
satellite galaxies of the Milky Way of which masses are dominated by dark matter. The
J-factor of dSphs reaches O(10' — 10') GeV?cm™. They do not contain astrophysical y-ray
sources such as pulsars. For the dark matter of mpy ~ O(1-10) GeV, observations of dSphs
with Fermi satellite have constrained the annihilation cross-section down to the canonical
value. To search dark matter in higher mass regions of mpy ~ O(1) TeV, we need imaging
atmospheric Cherenkov telescopes such as H.E.S.S., MAGIC, or VERITAS. They detect y-ray
signals by imaging the Cherenkov shower produced by very-high-energy photons entering
the Earth’s atmosphere. In the very near future, Cherenkov Telescope Array (CTA) starts
its operation. The designed sensitivity of CTA facilities at E, ~ O(0.1 — 100) TeV is about 10
times better than those of the current ones. The best sensitivity is achieved at E, ~ O(1)TeV.
The angular resolution is also improved to ~ 0.04 degrees in this energy range. It should be
the best facility to search the dark matter of mpy 2 O(1) TeV. In this thesis, we consider dark
matter search in dSphs with CTA.

The typical angular size of the dSphs is AO < O(1) degrees. This is much larger than the
angular resolution of the CTA, i.e., CTA can resolve them as extended sources. The dark
matter density distribution at the center of the dSphs should be discriminated. However,
dark matter density profiles of dSphs are under discussion. In this thesis, we quantify how
the density profile of target dSphs affect the feasibility of detecting dark matter with CTA.
For this purpose, we sample the profiles of Draco dSph from the literature and perform
likelihood analyses of a simulated data for a 500-hour observation with CTA. We show for
the first time that the detectability of dark matter with CTA depends on the density profile
of the targets in addition to the well-known dependence on the J-factor. We also show that
parts of the well-motivated WIMP models can be tested by observing dSphs with CTA in
spite of the uncertainties in density profiles.

We also examine the possibilities of additional uncertainties coming from the subhalos in
dSphs. The existence of small-scale halos of M ~ O(107'2-107%)M,, are naturally expected in
WIMP dark matter scenarios [56—5Y]. The minimum mass of the dark matter halo depends
on the elastic scattering process of dark matter during the era between chemical and kinetic
decoupling [6U]. If subhalos lie on our lines-of-site, they should boost the dark matter
annihilation signals. Previous estimates about the subhalo boost contain huge uncertainties
because one has to extrapolate the numerical expectations at a certain mass and redshift
range to much wider (e.g. [01,57]). We solve this problem by developing a new analytical
formalism to follow the evolutions of subhalos in arbitrary mass and redshift ranges. Based
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on the analytical calculations, we show that the subhalo boost is negligible for halos of
the dSph scale. This indicates that dSphs are well-motivated targets to search for dark
matter with CTA of which uncertainties such as contributions from astrophysical sources or
subhalos are small compared to those of other proposed targets.

The structure of this thesis is as follows. Chapter 2 summarizes parts of the dark matter
candidates and the constraints obtained by indirect detection experiments. The advantage
of the y-ray search is explained in Chapter 3. In Chapter 4, we quantify the dependence of
the detectability of WIMP on the density profile of dSph considering the search with CTA.
In Chapter 5, we explain our analytical formalism to calculate the subhalo boost. We show
in this chapter that the subhalo boost is negligible for dSphs. The conclusion of the thesis
is in Chapter 6. In the appendices, we include the brief cosmological history (Appendix B),
the current constraints on WIMP by collider and direct detection experiments (Appendix C),
the principle to detect high-energy y-rays (Appendix D), and the up-to-date list of dSphs
(Appendix E).



Chapter 2

Properties of dark matter

2.1 general properties

By definition, dark matter (DM) is a non-relativistic, non-baryonic component which occu-
pies a quarter of the total energy of the universe. The dark matter density today, referred to
as the relic density is

Qpavh? = 0.1206 + 0.0021(68% C. L.) (2.1.1)

where h = Hy/100km/s = 0.6688 + 0.092. A flat A-CDM cosmology is assumed [1/]. Qpy =
Ppm/ po is a cosmological parameter with the critical density po = 1.054 X 10°h? GeVc™? em ™.
The baseline properties of dark matter are determined from the cosmological structure
formation. Because of the one-to-one correspondence between the temperature fluctuation
and the density fluctuation, the cosmic microwave background (CMB) anisotropy is an
important observable to determine the relic density [13,6°—65]. Measurements of the baryon
acoustic oscillations are another quantity tobe used [66-55]. Other cosmological observations
put additional constraints on the properties of dark matter. For example, the consistency
between the observations of the light element abundance and the theoretical predictions
from the Big Bang nucleosynthesis should be satisfied [, /]. As general conditions, dark

matter should be:

e stable

different from baryons

non-relativistic

almost invisible

almost neutral

12



13

Collider Experiments

Direct

Detection
Experiments

Indirect Detection Experiments

Figure 2.1: Schematic picture of three strategies for the search of dark matter. We focus on
the indirect detection experiments in this thesis.

The large scale structure of the Universe also requires that dark matter should not be hot, i.e.,
its kinetic energy should be small compared to the mass. If dark matter is hot, the baryon
density fluctuations relevant for the structure larger than the Lyman-a cloud are erased.
The energy density of dark matter is proportional to the inverse of the volume, which is a
matter-like behavior same as that of baryons. Then one possibility is that dark matter is a
new particle. Non-particle solutions such as primordial black holes are also possible. In
association with other problems in the standard model, varieties of models are proposed.

If there exist any kinds of interactions between dark matter and the standard model
particles which are different from the gravity, dark matter becomes detectable. Three kinds
of strategies are considered:

1. Collider experiments
2. Direct detection experiments
3. Indirect detection experiments

Each of the dark matter candidates is tested combining the results from these experiments.
Fig. 2.1 schematically explains the strategies. In collider experiments, dark matter is searched
in the products of the standard model particle collisions. The missing energy, the displace-
ment of the interaction vertex, new resonances are examples of the observables. This strategy
is superior to the others in terms of the systematic uncertainties. All of the inputs are known
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and experiments can be repeated in principle. However, the accessible parameter regions are
limited by the maximum accelerator energy. Also, the analyses are highly model-dependent.
The second strategy is the direct detection experiment which measures the scattering between
dark matter particles and nuclei (or electrons) at underground detectors. The explorable
parameter regions extend as time goes once the detector is set. The spatial and velocity
distribution of dark matter around the Earth should be derived from astrophysical observa-
tions. The rejection of the background particles like muons or neutrinos is also important.
The last one, the indirect detection experiment, is a strategy to search dark matter through
the measurement of the standard model particles in the Universe produced by dark matter.
There are no limitations in the accessible energy scale. Techniques to detect high-energy
emissions up to E ~ 10% eV are already developed (e.g. [71,7”]). y-rays, cosmic rays, neu-
trinos, and gravitational waves can be messengers. Models are tested with multimessenger
observations. The ability of this method is limited by systematic uncertainties. There are
numbers of astrophysical sources and processes that could contaminate dark matter signals.
In this thesis, we focus on the indirect search with y-ray observations.

2.2 Candidates

Varieties of dark matter candidates are proposed in the literature. In this thesis, we focus on
dark matter categorized as weakly interacting massive particles (WIMPs). In this section,
we review some of the candidates and constraints from indirect detection experiments.

2.2.1 Weakly Interacting Massive Particles (WIMPs)
properties

Weakly interacting massive particles (WIMPs) are one of the best studied dark matter can-
didates. The neutralinos in the supersymmetric (SUSY) theory are famous examples. They
are new particles in the SUSY extensions of the standard model (e.g. [30]). By introducing
the symmetry between bosons and fermions, some problems in the standard model such as
the hierarchy problem can be solved. The gauge unification could also be achieved by intro-
ducing the SUSY. In the minimal SUSY extension of the standard model, the followings are
introduced:

e fermionic partners of each gauge field in the standard model (gauginos)
e scalar partners of the fermions (squarks and sleptons)

¢ one additional Higgs field, and the superpartners of each Higgs field (two Higgsinos)
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The gauginos are gluino, wino, and bino. They are partners of the gluon, W* boson, and the B
boson in the standard model sector. B boson is a mixed state of the photon and the Z boson.
A new symmetry referred to as the R-parity is conserved in the minimal SUSY extension of
the standard model. R-parity is a symmetry between the standard model particles (R=+1)
and their superpartners (R=-1). From the conservation of the R-parity, one superparticle
should decay into an odd number of superparticles and the standard model particles. The
lightest one, which is denoted as LSP, should be stable and become a dark matter candidate.
The species of the LSP is determined by fixing the way of the SUSY breaking. When the
LSP is the neutral wino, higgsino, or bino (referred to as the neutralino), they are strong
dark matter candidates [/*]. If their thermally-averaged annihilation cross-section into the
standard model particles is

(ov) =2 3x 1072 cm?/s, (2.2.1)

they meet the relic abundance in Eq. (2.1.1) by the freeze-out mechanism. The freeze-out
occurs when the annihilation rate becomes smaller than the expansion rate of the Universe.
A detailed discussion about the derivation of the canonical cross-section in Eq. (2.2.1) is
summarized in Appendix B.2.

Note that the velocity dependence of the annihilation process is neglected in Eq. (2.2.1). In
some scenarios, the annihilation cross-section o0v depends on the collision velocity v. When
the annihilation occurs in a resonant process, we can expect a higher value for averaged
annihilation cross-section (ov) for the thermal relic dark matter [/ ]. The enhancement of the
WIMP annihilation cross-section also occurs in other mechanisms such as the higher-order
correction [/5].

cosntraints

Since WIMP is one of the strongest candidates for dark matter, its properties are rigorously
studied in numbers of experiments. We review the constraints obtained with indirect de-
tection experiments in the next section (Sec. 3.2). Those obtained with collider and direct
detection experiments are in Appendix C. For comparison between the different strategies,
we show Fig. 2.2 taken from [/0]. In Fig. 2.2, the annihilation cross-section is assumed to be
independent of the collision velocity of the particles. The strongest constraints are obtained
by y-ray observations. For WIMP of mpy < 100GeV annihilating into bb pairs, the upper
limits on the annihilation cross-section obtained by collider and y-ray experiments already
reach the canonical value in [2%].

Cosmic microwave background observations and the Big-Bang nucleosynthesis also put
independent constraints [//]. The constraints are weaker than that of the y-rays but ap-
plicable for more general case that the annihilation cross-section depends on the collision
velocity.
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Figure 2.2: The obtained (left) and expected (right) upper limits on the annihilation cross-
section of WIMP in [/6].

2.2.2 Strongly Interacting Massive Particles (SIMPs)
properties

Strongly interacting dark matter (SIMP) is a recently proposed model that introduces a
relatively strong self-interaction between dark matter particles [*°]. Compared to the WIMP
which achieves the relic abundance by the freeze-out of the 2-to-2 annihilation process, SIMP
in [23] achieves by the 3-to-2 process. The freeze-out condition for the 3-to-2 process is

2

T
TZZDM <(73—>27]2> = 0.44(gy«,freeze—out)1/2fm]\e/z‘[—e;OUt (222)
P

where T and v is the temperature and the velocity of the particle, respectively. Compared to
the 2-to-2 freeze-out case, an additional v appears due to the 3-body interaction. They are
referred to as the SIMP because

5

0(3
<ovz>H = meff (2.2.3)
DM

with ae = 1 at mpy ~ 40MeV is required to achieve the relic abundance. The coupling
e = 1 is strong compared to the weakly interacting case of aes ~ 0(0.01), i.e., the dark
matter particles are strongly-interacting.

Note that this is a special class of the model in a much wider category of the self-interacting
dark matter. By introducing self-interactions of dark matter particles, some of the problems
with cold dark matter scenarios such as WIMPs can be solved. There are claims about the cold
dark matter scenarios are in tension with the observed structures of the Universe (e.g. [/7]).
For example, the density profiles of the cold dark matter halo in cosmological simulations
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Figure 2.3: An example of the constraints on the interaction strength between self-interacting
dark matter and the standard model particles [2*]. The model needs to be specified for these
kinds of discussions.

are cuspy at the center while the observations of small-scale galaxies (e.g. dwarf spheroidal
galaxies) indicate the existence of the density core. This is called as the core-cusp problem
[/9,50]. Self-interaction of dark matter can erase the cusp at the center of the galaxy then
produce the core. Another problem is a so-called too-big-to-fail problem. In the simulations
of the Milky-Way sized galaxies, we can expect more massive subhalos than the observed
satellite galaxies in our Galaxy [©!]. When the density core is formed by the dark matter
self-interaction, this problem can also be solved [”, 53]. Many self-interacting dark matter
models are proposed.

constraints

Observation of the galaxy clusters put constraints on the strength of the self-interaction
strength of dark matter particles [#4—57]. The offset of the mass center of the stellar compo-
nents and the dark matter halo works as the indicator. Gravitational lensings are also used.
In addition, the distribution of the satellite galaxy in numerical simulations is also sensitive
to the strength of the self-interaction. Most of the constraints are derived in model depen-
dent ways. We show an example case for strongly-interacting dark matter in [*°]. Fig. 2.3
shows the bounds on the interaction cross-section between SIMP and the standard model
particles assuming the coupling to the electron (left) or photon (right). In this case, CMB and
y-ray observations constrain the interaction strength between SIMP and the standard model
particles.
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2.2.3 sterile neutrinos
properties

Sterile neutrino is a right-handed neutrino which mixes with the standard model neutrinos
through the oscillation. The idea is originally proposed to explain the neutrino oscillation.
Another motivation is to explain the baryon asymmetry of the Universe (e.g. [25,57]). The
sterile neutrino can be either of the warm, hot, or cold dark matter depending on the pro-
duction mechanism [”7]. Two production mechanisms are widely discussed: non-resonant
oscillations with the standard model neutrinos in the early Universe [/, 90] or resonant
oscillations [7%,91]. Other mechanisms are also possible. Constraints on the sterile neutrino
dark matter are dependent on the production mechanism. After the production, they behave
as dark matter since they are neutral and massive. The typical mass of the sterile neutrino is
my ~ 0(0.1) - O(100) keV. We use the character N to denote the sterile neutrino in this section.

constraints

The most important process of the interaction between sterile neutrinos and the standard
model particles in the indirect search is the radiative decay [/”—"“]. Sterile neutrinos produce
photons in two patterns of decay modes:

N5 3v (2.2.4)

and
N - vy (2.2.5)

denoting a standard model neutrino with v. The typical lifetime for the 3-body decay mode

is [75]

TN = 3v) ~ 755701, (10keV) ;'6‘” (2.2.6)

where the ), |6,/ is the total mixing angle. They should be stable in the cosmic time of
~ 4.4 x 10"s. Then the upper limits on the mixing angle is obtained as

-5
2 4 MN
Za:|@a| <33%10 ( 10keV) . (2.2.7)

The lifetime of the other radiative decay mode is

1 my 5 2
TN =vy) ~ 155707, (101<ev‘) ;lgal ' (2.2.8)
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A photon of which energy E, ~ 0.5my is produced in this process. The branching ratio
between the two decay modes is

I(N—-wvy) 1
(N - 3v) 128

Assuming that the sterile neutrino is the dominant component of dark matter, we can
probe the model parameter space of the sterile neutrino. Since the sterile neutrino mass is
at around O(1) keV, X-ray observations are important. There are claims for the detection of
the X-ray line from the decay of sterile neutrinos [70,97]. However, these observations are
inconsistent with other X-ray observations [7¢,99] which only give upper limits on the X-ray
flux. The possibilities to explain the X-ray observation with emission lines of ions are also
discussed [100, 101].

(2.2.9)

2.2.4 axions and axion-like particles (ALPs)
properties

The original motivation for axion is different from that of dark matter. It is proposed
as the solution to the strong CP problem [104-107]. Axion appears when a global chiral
U(1)pg symmetry is spontaneously broken. The favored mass ranges to solve the strong CP
problem is around m, ~ 0(107°) eV. We use m, to denote the axion mass. Recently, axions are
extended to a more general class of models referred to as the axion-like particles (ALPs). ALPs
are oscillating light-scalar fields which behave like dark matter as we explain in below. The
mass range of the consideration extends down to O(1072?) eV (e.g. [103]).

The reason that axion behave as dark matter is as follows. Since axion is a scalar field, its
potential is written as

1
V(p) = Emﬁgoz (2.2.10)

where ¢ is the axion field. In the expanding Universe with a Robertson-Walker metric, the
equation of motion is
@ + 3H() ¢ + m2(t)p = 0. (2.2.11)

In the early Universe when the Hubble parameter is large enough, H > m,, the potential
term is negligible. Then the energy of the field decreases as ¢ o a3. At a later epoch of
m, > H(t), ¢ has an oscillating solution. Using WKB approximation, the solution is

a(ty)\? f
o) = ¢ (—1) cos [f m,(t)dt + const.] (2.2.12)
a(t) 0
The energy density of the axion decreases as « a7° by taking average over the oscillation
period of Eq. (2.2.12). This satisfies the property required to be dark matter.



20

10 S T o
1077 ~d SO . 1077
s NTe--. I’

1078 3 N T 1078

10_9 % A 10—9
§ ' thermal overproduction

1071%r & RN 10-10

@ 33 .\ ’

(\63 —11 E % g '\Q:.‘}\\ current X-ray -11
10 - 2 E \\.:\\ constraints 10
10712} | T =i o 10712

resonant producnon. .... 5"--..____ el
1 0_13 inconsistent with BBN R 1 0_1 3
10-1 L T 1014
10_15 10—15
P | . . P R . . L
0.5 1 5 10 50

M [keV]

Figure 2.4: Constraints on the sterile neutrino dark matter in [©5]. Constraints shown with
solid lines are derived in model independent ways. The region above the black solid line
is excluded not to overproduce the dark matter. The blue shaded region corresponds to
the constraint from X-ray observations. See Eqs.(2.2.6) and (2.2.8) for the relation between
the X-ray flux and the mixing parameter 6. The magenta line at the left edge is derived
from Pauli’s exclusion principle. Resonantly-produced sterile neutrinos lighter than ~5keV
(dashed orange line) are disfavored from the structure formation [ 0”]. The same region is
also excluded by the phase-space density of the dwarf spheroidal galaxy [1(7]. The dotted
magentalineatmy ~ 2keV is obtained by including a thermal distribution for non-resonantly
produced sterile neutrinos.
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Figure 2.5: Constraints on the axion-like particles plotted in the plain of the ALP mass m,
and the coupling strength g,,. The left panel is for ALP of 107**eV < m, < 107° eV [117]. The
right panel is for ALP of 10~eV < m, < 10" eV [113]. The vertical axis is different between
the panels since two works [1 17, 113] adopt different conventions. The purple line in the
leftpanel (the orange region in the right panel) corresponds to the QCD axion.

constraints
Axion and axion-like particles are searched through their interaction with photons. The

relevant term in the U(1)pq symmetric Lagrangian is

8ayy . muv
La)/)/ = TF(JVF‘H a= —gany . Bll. (2213)

Astrophysical observations [ (9] and laboratory experiments give complemental constraints
on axions and ALPs. Some of the constraints are applicable to the case that axions or ALPs
are different from dark matter. Fig. 2.5 shows the excluded region of ALPs. For constraint
on the ALP dark matter, see [1 10, 111] for examples.

2.2.5 primordial black holes (PBHs)
properties

Primordial black hole (PBH) is a non-particle candidate for dark matter. They are formed
from the curvature perturbations in the early Universe [31-54, 114, 115]. Their formation



22

occurs at or before the radiation dominated era, which is well-before the matter-radiation
equality. They work as pre-existing gravitational potentials at the baryon-photon decoupling.
Then the baryon fluctuations can evolve to form the current structure of the Universe. PBH
mass is determined by the time of its formation as

Mpl Tf -2
— ~1 15($) X 2.2.14
2 O \3x10°Gev) 8 (2.2.14)

form

M, is the Planck mass defined as M, = +Vhc/G. The energy density of the PBH is
parametrized as

2
MppH ~ Mpltform ~

/2
pPHB(tform) mPBH(tform) 29 -1/2 ( 8+ form )1/4 mMpH > nPBH(tO)
M = = ~7. 1

‘B( PBH) Pform p(tform) 7810 y 106.75 MQ GpC_3

(2.2.15)
or

’ — 5172 &+ form ~1/4 2216
B’ (mppr) =y 106.75 B(mppw) (2.2.16)

assuming a monochromatic mass spectrum. t; corresponds to the current universe (z = 0)
and g.som is the effective degree of freedom at the formation epoch. The numerical factor
y ~ 37155 is determined depending on the details of the gravitational collapse. The parameter

f corresponds to the cosmological parameter for PBH, Qpgyy, as

Qs = MpBHMPBH B(mpp) b\ 1/2(8*,form )_1/4 MpBH 2
PBH 115x10¢\072] 7 \106.75 M, '

(2.2.17)

Pco

Quantum particle creation from the PBH through the Hawking radiation leads to its
evaporation [116,117]. They evaporate in the lifetime of

3 3
Mppy 17 [ "'PBH
TPBH ~ M;ljl ~4x10 @ S. (2218)

Heavier PBHs live longer because the evaporation timescale for the Hawking radiation
become longer. At the evaporation, their particle creation is regarded as the black-body
radiation of temperature

le m -
Topr ~ —— ~ PBH 1 MeV. 2219
PBH — (1015g e ( )

One can constrain the PBH fraction in the total dark matter content, f = Qpgn/Qpm by
observing photons produced in this mechanism.
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constraints

PBH fraction in the dark matter is constrained in two ways: (i) through gravitational interac-
tions and (ii) through Hawking radiations. Combining various observations, PBH fraction
f =1 could not be achieved if the mass function of the PBH is monochromatic.

e constraints from gravitational interactions
Firstly, they are constrained from the measurements of the gravitational lensing. PBH
of mpy = 107 — 10% g is constrained by the femtolensing of the y-ray burst [115].
PBH of mpgy = 10%* — 10%* g is constrained by the microlensing of quasars [119, 120]
and mppy = 10'® — 10® g is by the stellar microlensing in Large Magellanic Cloud and
Small Magellanic Cloud [171, 177], respectively. Quasar microlensing is also applicable
for this mass range [123]. Strong lensing of the radio source gives limits in mppy =
10% — 10* g [124]. Secondly, dynamical heating and the survival of the binary system
also give limits. PBHs of mass mpgy = 10'® — 10°* g are captured by the neutron
star, then take them up. So the observed abundance of the neutron star gives upper
limits on the fraction f [125]. Heating of the white dwarf by transiting also constrains
the PBH of mppy = 10%° — 10% g since they trigger the supernova explosions [126].
Observations of the stellar cluster in the Eridanus I dwarf spheroidal galaxy constrains
the PBH of mpyp = 10 — 10% g, because heating by the PBH should dissociate the
cluster [127]. The existence of wide binaries also assures the absence of the PBH of
mppy = 10% — 10" g [128]. Further discussions about various dynamical constraints

are given in [12Y]. The same constraints also hold for the so-called MAssive Compact
Halo Object (MACHO).

e constraints from Hawking radiation

Hawking radiation of the PBH also put upper limits on their abundance. The observa-
tion of the isotropic y-ray background gives constraints in mppy = 1013 —10'7 g [33,115].
These include extragalactic and galactic contributions. Smaller PBHs are also con-
strained since emitted particles affect the big bang nucleosynthesis. PBH evaporating
before the big bang nucleosynthesis change the abundance of the light elements by
injecting hadrons [130], while those after the nucleosynthesis also modify the abun-
dance by photo-dissociations. Spectrum distortion of the CMB caused by the injection
of photons put constraints on the PBH of mppy = 10° — 10" g [131].

e other constraints
When baryons accrete onto PBHs, the energy of the accreting matter is converted to
the radiation. Accreting PBHs should be detected as X-ray sources then the number
count of the galactic X-ray sources constrains the PBH of mppy = 10% — 10% g [137].
Also in the early Universe, photons from accreting PBHs heat up the background
plasma. This leads to the distortion of the CMB spectrum. Note that the photons
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Figure 2.6: Constraints on the PBH fraction in total dark matter density. Left panel is for PBHs
lighter than mpgy = 10" g [115] and right panel is for those heavier than 10" g (right) [3].
In the left panel, the PBH fraction to the dark matter is represented with the parameter ' in
Eq. (2.2.16). Shaded regions are excluded.

are injected in a different way from that of the Hawking radiation. The constraints
using CMB distortions are dependent on the models of the accretion. However, they
are independent of the above-mentioned constraints and cover a wide mass range of
MmMpgH = 1032 - 1045 g [ , - ]

Combining various observations, PBH fraction in the dark matter is already limited to be
smaller than f = 1 for wide ranges of PBH masses. Constraints in Fig. 2.6 are obtained as-
suming monochromatic mass functions. Note that some of the constraints are still uncertain
(e.g. [125,137] and the discussion in [13]). The possibilities to explain all the dark matter by
PBH with extended mass function are also considered [%4].



Chapter 3

Dark matter search with y-ray
observations

Indirect detection experiments are a strategy to search standard model particles produced by
the annihilation or decay of dark matter in the Universe. This is a unique strategy to access
the heavier dark matter of mpy > O(1) TeV, which is beyond the scope of the laboratory
experiments. y-ray, cosmic ray, and neutrino can work as probes. The combination of the
multiparticle data is also an important topic in this field. The limitations of the indirect
search come from the difficulties in astrophysical modelings. Careful treatments about the
discrimination of the dark matter signal from astrophysical emissions, the spatial distribution
of dark matter, and the modelings of the propagation after the production are required. In
this section, we review the indirect search of dark matter focusing on y-ray observations.
Advantages and up-to-date constraints from observations of other species, neutrinos and
cosmic rays, are also included in Sec. 3.3.

3.1 y-rays from dark matter annihilations

In this thesis, we consider to search annihilation signal of WIMP dark matter. Any of the
standard model particles can be expected in the final state depending on the details of the
model. For example, expressing a dark matter particle with y,

X+x — vy (3.1.1)
X+x = qf >+ o2y +... (3.1.2)
X+x — I'lD-yllm ... (3.1.3)
X+x & WW setv, v, +...,q95+... > ... (3.1.4)
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and combinations of these annihilation channels are also possible. As a general expression,
the flux of the species a of the standard model particle produced in the annihilation of dark

matter is 1 L ooy [ AN
o0 M al 2
¢u = 5 b, Zb fA QdQ fl .SdspDM (3.1.5)

where b; is the branching ratio and dN, ;/dE, is the spectrum of the final state particle «
produced in the annihilation channel i. The latter parts in the Eq. (3.1.5) is referred to as the

(astrophysical) J-factor:
J= f dQ f dspiy- (3.1.6)
AQ Los

We can expect a higher flux from dark matter annihilations if we look at a denser region. As
expressed in the Egs. (3.1.1)- (3.1.4), y-ray emissions are always expected in the successive
processes. Therefore it is reasonable and effective to search dark matter with y-rays. In the
following part of this thesis, we fix a to the y-ray.

There are additional advantages to search dark matter through y-ray observations. Firstly,
y-rays (and also neutrinos) arrive at the Earth straightly from the source. It is different from
the case of charged cosmic-rays. Cosmic rays are reflected by the magnetic field permeating
their propagation paths. Then, it is almost impossible to trace back them to the source. Also,
parts of the produced cosmic-ray could not reach to the Earth because of the dissipation
and diffusion. The transport of the cosmic ray is an actively-debated topic in astrophysics.
Secondly, for y-ray of E, < O(1) TeV coming from the z < 0.1 sphere, the attenuations are
negligible. High-energy y-ray photons produce electron-positron pairs when they hit low-
energy photons in the background. The interaction with the CMB photons occurs elsewhere.
Electrons and positrons produced in this process emit lower energy y-rays through inverse
Compton emissions. The process is repeated until the energy of the y-ray photon decreases
down to the rest-mass energy of the electron. The cross-section of the y-ray photon and a
background photon relevant for the pair creation is [159].

%(Ea/,@@):%GT(1—52)l2ﬁ(/3 ~2)+(3- 5)1( ’;)] (3.17)

where E, and € is the y-ray and background photon energy, respectively. or is the Thomson
scattering cross-section. The definition of the parameter § depends on the angle of the
collision 0 as

1 — 4m3ct
= < . 1.
p \/ZE),(l — cos 0) (3.1.8)
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The absorption of the y-ray photon in this process is most significant with

-1
(2m€C2)2 EV
Emax E, 05| | eV (3.1.9)

Introducing the number density of the target low-energy photon n,(z) at redshift z, the optical
depth for y-ray photon emitted at redshift z is

? dt 2 X 0 dny(el Z)
1(E,,z) = cf dz—f dx—f de————a,,(B). (3.1.10)
’ dz 0 2 2m2c*/(E,ex(1+z)) de vy ﬁ

The redshift and energy dependence of the optical depth 7(E,, z) is shown in Fig. 7 of [139].
For y-ray photons of E, ~ 1 TeV, the optical depth 7 ~ 1 corresponds to the redshift z ~
0.1. Hence the absorption of high-energy y-rays during their propagation is negligible for
observations of high-energy y-rays from galactic sources such as the Galactic Center or dwarf
spheroidal galaxies.

3.2 Strategies for dark matter search with y-ray observations

Considering the y-ray flux from dark matter annihilations in Eq. (3.1.5) and Eq. (3.1.6), the
simplest strategy is to observe a high J-factor region in the Universe. However, such a
region usually contains astrophysical y-ray emitters. Astrophysical y-ray signals are always
higher than those expected for dark matter annihilations. We need elaborated strategies. For
example, one could success by masking the known y-ray sources in high J-factor regions.
The search in different regions of no astrophysical sources and relatively high J-factors is
another strategy. Several targets have been considered as targets for y-ray search of dark
matter:

1. isotropic y-ray background
galaxy clusters
the Galactic Center

Milky Way halo

S N T

satellite galaxies
Large Magellanic Cloud, dwarf spheroidal galaxies, dwarf irregular galaxies

Their properties and the current status of the search are explained in below.
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3.2.1 isotropic y-ray background

Full-sky observations of the Fermi satellite reveal the existence of the isotropic y-ray back-
ground (IGRB) emissions. The flux of the IGRB at O(10) GeV is about six orders-of-magnitude
smaller than that of the CMB [140]. The flux of the IGRB is derived after subtracting the
galactic diffuse emission in the foreground. The y-rays from the inverse Compton emis-
sion of electrons or positrons and those from the decay of the 7’ produced by protons are
responsible for the foreground. Three models in [I4]] are conventionally used to deter-
mine the diffuse foreground. The galactic models of [141] differs in the modeling of the
spatial distribution of the cosmic-ray source. The extragalactic components after the fore-
ground subtractions are believed to be dominated by the y-ray from active galactic nuclei
at large distances [147—144]. Each active galactic nucleus could not be resolved as a point
source. The remaining y-ray flux, i.e., the flux after subtracting the galactic emissions and
the extragalactic astrophysical emissions, are allowed for dark matter annihilations or de-
cays. Statistical methods are adopted to search dark matter signals in IGRB. Analyses of
the anisotropy [145, 146] as well as the isotropic total intensity [14/-149] give constraints
on the dark matter annihilation cross-section. By adopting the cross-correlations with other
observables like galaxy catalogues (e.g. [ 50-154]), much wider regions of the dark matter
parameter space can be probed. Dark matter search in the galactic isotropic y-ray emission
is also proposed [155]. IGRB observations are also powerful in constraining the decaying
dark matter [147, 150]. Current constraints from IGRB observations are shown in Fig. 3.1.

3.2.2 galaxy clusters

The cluster of galaxies is the most massive structure in the Universe of which mass reaches to
M ~ O(10")M,. They are the largest gravitationally bounded objects and contain a lot of dark
matter substructures. Asis discussed in [0”], the J-factor of the galaxy cluster varies between
J ~ 0(10%) — 0(10") GeV?ecm™ depending on the models of the substructure. Numerical
simulations are powerful tools to study hierarchical structures of galaxy clusters. We need to
cover wide ranges of mass and redshift to evaluate the contributions from substructures. The
huge uncertainty in the J-factor is introduced when one extrapolates the estimates obtained
by numerical simulations in limited mass and redshift ranges to much wider regions.

They are massive and diffuse. This is one reason that the constraints on the dark matter
annihilation cross-section obtained by observations of galaxy clusters are milder than those
of dwarf spheroidal galaxies [157]. It might not be the best targets for searching dark
matter annihilation signals [0, 6”]. However, their diffuse property does not affect the
search of decaying dark matter signals. In this case, they can be good targets [15,157] once
the substructure contributions are precisely understood. Current constraints are shown in
Fig. 3.2.
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Figure 3.1: Constraints on the WIMP annihilation cross-section [147] (left) and decay life-
time [156] (right) obtained by isotropic y-ray background observations. The annihilation
or decay to a bb final state is assumed. In the left panel, the one-point pixel count statistics
method is applied to obtain the constraint. Different lines correspond to the different datasets
they have used. Shaded regions below each line are the uncertainty coming from the galactic
diffuse models [141]. The dashed line corresponds to the upper limit by the observations of
dwarf spheroidal galaxies. In the right panel, constraints by y-ray observations are shown
with the red solid line. Lower limits of the lifetime obtained by neutrino observations are
also shown with the dotted line. Blue and green hashed regions correspond to the best-fit
parameters to explain the excess in the IceCube data with decaying dark matter.
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Figure 3.2: Constraints on the WIMP annihilation cross-section [157] (left) and decay life-
time [156] (right) obtained by observations of galaxy clusters. The annihilation or decay into
a bb final state is assumed. Results from the analyses of eight clusters [157] are shown in
the left panel. Solid (dotted) lines in the left panel correspond to the case with (without)
contributions from substructures. They assume an optimistic model for the substructure
boost expecting a more than 500-times enhancement of the annihilation signal. We discuss
the boost factor in Chapter 5 and show that such a large value could not be achieved. In
the right panel, the black line is the lower limit obtained by observations of the Perseus
cluster. Red and magenta lines are limits obtained by observing Segue 1 dwarf spheroidal
galaxy, while the green line is a limit obtained by the Galactic Center observations with Fermi
satellite [160].
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3.2.3 the Galactic Center

The Galactic Center (G.C) is the central part of the Milky Way galaxy of which J-factor is
estimated to be as high as | ~ O(10*) GeV*cm™ (e.g. [161, 162]). We can expect a higher
flux of dark matter annihilation signal compared to the case of other targets. However,
the spatial distribution of dark matter at its center is not well-determined [165-160]. If we
assume a different density profile, the J-factor could be much smaller. Another problem
is that astrophysical objects are densely distributed in this region. Then it is critically
important to remove the “foreground” astrophysical emissions in order to detect the dark
matter signal [167,165]. The region of interest of the observations must be carefully selected.

There are claims for detections of the dark matter signature at the Galactic Center [169—

]. Excesses of GeV y-ray emissions at the Galactic Center are found in the Fermi data,
which can be interpreted with dark matter annihilations. The excess is referred to as
the “(Galactic Center) GeV-excess”. The interpretation of the GeV excess is still under
discussion [172=174]. Astrophysical objects such as pulsars can also explain the GeV ex-
cess [17/5,176]. Both of the astrophysical and dark matter models still contain considerable
uncertainties. Recent analyses about the morphology of the GeV excess favor the astrophysi-
cal scenario since the excess is elongated along the galactic disk [/, 175] which should trace
the stellar population. If the excess is produced by the dark matter annihilations, it should
have a spherical emission morphology.

3.2.4 Milky Way halo

The Milky Way halo is a part of the central region of our galaxy which is slightly above the
disk. Astrophysical y-ray emitters are concentrated on the disk, then it is expected that one
can significantly reduce the astrophysical contributions keeping a high J-factor. If dark matter
forms a density core at the center of our Galaxy, this strategy is very efficient [157]. Strategies
for dark matter search in the halo region are actively debated. Some of the latest constraints
with atmospheric Cherenkov telescopes are obtained by observing this region [150, 153, 154].
Fig. 3.3 shows the current limits obtained with H.E.S.S.

3.2.5 satellite galaxies

Dark matter halos take hierarchal structures. In fact, our Galaxy associates numbers of
satellite galaxies. Some of them are proposed as good targets for dark matter search. Large
Magellanic Cloud (LMC) and dwarf spheroidal galaxies (dSphs) are examples. LMC is the
largest satellite candidate of our Galaxy and its J-factor may reach to | ~ O(10%) GeV*cm™.
Upper limits on the annihilation cross-section with observations of LMC depend on the
assumption of the dark matter density profile and the models of the astrophysical contri-
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Figure 3.3: Constraints on the WIMP annihilation cross-section [177] (left) and decay life-
time [150] (right) obtained by observations of the Milky Way halo. The annihilation or decay
into a bb final state is assumed. The constraints of the left panel [179] is obtained by 254
hours of observations. An Einasto profile of ppy o exp [—2 ((r/ 7)1 — 1) / 0.17] is assumed
in the analysis (see [ 2 1] for detail). If the model of the profile is changed, the constraint gets
~10 times weaker. In the right panel, the solid lines correspond to the lower limits obtained
by 15 months of observations by HAWC. Each solid line corresponds to a different model of
the profile. The dependence on the dark matter density profile is weaker than the case of
annihilations.
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butions [155, 156]. LMC is a large enough object to host astrophysical y-ray sources [157].
On the contrary, dSphs are relatively small and contain no astrophysical sources to emit
high-energy y-rays. The kinematics of stars in dSphs indicate that they are rich in dark
matter. Their mass-to-luminosity ratio is about M/L ~ 10°My/Ls, [155-190]. The typical
value of the J-factor is | ~ O(10'7 — 10") GeVZecm™. The J-factors of large enough dSphs
are directly derived by fitting stellar motions (e.g. [1“1]). The J-factors of small and faint
dSphs are estimated using a scaling law [192]. There are discussions about the dark matter
density profile of each dSph. Fermi searches dark matter signals adopting stacking analy-

ses of several dSphs [19°-196]. Imaging atmospheric Cherenkov telescopes on the ground
(MAGIC, H.ES.S., and VERITAS) search signals by conducting deep observations on specific
dSphs with high J-factors [197-201]. Those telescopes are sensitive to the signals higher than

E, 2 O(1)TeV from the heavier dark matter. The target dSphs have to be specified when we
search dark matter with pointing telescopes. Dark matter signals are also searched in smaller
satellites or structures of lower J-factor with HAWC experiments. They have conducted a
search in dwarf irregular galaxies [70”] and dark matter subclumps [7(] as well as dSphs.

3.3 Indirect searches with other species

Indirect searches are also conducted with neutrino and cosmic-ray observations. The model-
ing at the production sites is same among species. However, the physics of their propagation
and the competing astrophysical emissions are different. By combining the results of multi-
messenger observations, we can obtain robust constraints on dark matter properties. In this
section, we briefly explain the constraints on the WIMP dark matter annihilation cross-section
obtained by observations of neutrinos and cosmic rays.

3.3.1 neutrino

Neutrinos take straight ways from the source to the Earth. So we do not have to consider
the reflection. Absorptions are also negligible because they only feel the weak force [704].
The uncertainty coming from the models of the propagation is only little. However, they
are less constraining compared to the y-rays or cosmic rays [205]. Also at the lower energy
regions of E, < O(10) GeV, the flux of the atmospheric neutrino is higher than that of
the astrophysical or cosmogenic neutrino. Neutrinos from the Universe are hard to be
discriminated in this energy regions. The neutrino search of dark matter is only sensitive
at higher energy regions of E > O(100) GeV. An example of the constraints on WIMP dark
matter with neutrino observations is shown in Fig. 3.4. Much milder constraints than those
by the y-rays [54,2006-207] are obtained.
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Figure 3.4: Upper limits on the WIMP annihilation cross-section into a 77~ final state [54].
Black-thin lines correspond to the constraints by y-ray observations. All others are those
obtained by neutrino observations. In this figure, the NFW profile is assumed for Milky Way
halo. If the assumption about the halo profile is changed from the NFW to the Burkert, then
the constraints get milder.

3.3.2 cosmic ray

Different from neutrinos or y-rays, charged cosmic-rays cannot arrive at the Earth straightly
from the source. They are reflected by magnetic fields and diffused out during their propa-
gations. One has to consider the propagation process carefully. Magnetic fields confine them
in finite propagation regions. The size of the propagation region depends on the particle
energy. To search WIMP dark matter of mpy ~ O(1) GeV - O(1)TeV with cosmic-ray observa-
tions, those generated in our Galaxy are considered. A cylindrically-symmetric propagation
region centered on the Galactic disk is assumed in the simplest treatment. In this case, the
propagation of the cosmic ray is described with the following diffusion-propagation equation

(e.g. [210-212]):

o,
ot

where f; is the flux of the cosmic-ray species i. Qjnj; and I'znn,; corresponds to the injection and
annihilation rate of that species, respectively. In this expression, we parametrize the vertical
distance from the injection site, the disk of our Galaxy, with z. The parameters describing
the propagation region are the half-halo thickness / in the z direction, the convection veloc-
ity Veony, and those in the diffusion coefficient K(T). K(T) is a function of the kinetic energy

(T) - V*f; + %(sign(z) Veonv) = Qunji = 2h0(2) ann, i fi (3.3.1)
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T of the propagating particle and defined as

K(T) = Kof (G%)é . (33.2)

The relation between the parameter T and f (or p) is given by

m2
b= N Temy

p = VT2 +2mT. (3.3.4)

Hence one needs to determine propagation parameters Ky, 6, /1, and Vony. As a boundary
condition, the radius of the propagation region is conventionally taken as 20kpc. Parameters
are derived by fitting the cosmic-ray data (e.g. [>1,212=217]). Once these parameters are
tixed, the propagation of each species can be written with an analytical solution. Numerical
tools for cosmic-ray propagations are also available in public (e.g. [717]).

One advantage of the cosmic-ray observation is that we can use several species to search
for dark matter [219,220]. For example, propagation properties of the electron (positron)
and the proton (antiproton) are different. They can be regarded as different observables.
However, the feasibility for detecting dark matter signatures with cosmic-ray observations
are highly sensitive to the choice of the propagation parameters. The constraints obtained in
some of the recent works are comparable to or stronger than those of y-ray observations [7” |-

1.

(3.3.3)
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Figure 3.5: Upper limits on the WIMP annihilation cross-section obtained with observations
of anti-protons (left) [724] and positrons (right) [
hilation into bb is considered. Blue and green lines are constraints from y-ray observations.
The red region is a best-fit point for the possible excess of the signal. In the right panel, a
comparison between different annihilation channels are shown.

]. In the left panel, the dark matter anni-



Chapter 4

Dark matter annihilation signals in dwart
spheroidal galaxies with CTA

In the previous chapter, we show the importance of y-ray observations to search for dark
matter. Elaborated strategies are needed to derive the property of dark matter. In the near
tuture, Cherenkov Telescope Array (CTA) starts its operations and are expected to update
the current understandings of dark matter significantly. CTA is the best facility to search
dark matter of mpy 2 O(1) TeV with y-ray observations. Its sensitivity is better than the
current facilities by a factor of ~10 for y-rays of E, ~ O(1) TeV. The angular resolution is finer
than A9 ~0.05 degrees in that energy range. The spatial structure of the target is especially
important for observations with CTA. We consider dark matter searches in dwarf spheroidal
galaxies (dSphs), which are used to search WIMP dark matter with Fermi satellite, with
CTA. In this work, we show that the dark matter density profile of dSphs should affect the
feasibility of detecting dark matter. This effect is different from that originates from the well-
known dependence on the J-factor. We derive quantitative estimates about the dependence
of the detectability of dark matter on the density profiles in target dSphs.

This work is based on the paper [7”6] which is being reviewed under the Speaker’s and
Publication Office of CTA. The author of the thesis is responsible for the whole contents of
this chapter. In Sec. 4.1 we summarize the properties of the CTA and its strategies. Sec. 4.2
explains our targets, dSphs. Our method is explained in Sec. 4.3. The results are shown in
Sec. 4.4. After discussing the energy dependence in Sec. 4.5, we summarize in Sec. 4.6.

37
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4.1 Cherenkov Telescope Array (CTA)

4.1.1 general properties

Cherenkov Telescope Array (CTA) is a next-generation project of very-high-energy y-ray
observations [227-230]. It is sensitive to the y-rays of E, ~ 20GeV to ~300TeV. Very-high-
energy photons from the universe initiate cascade showers of electron-positron pairs and
photons when they enter the Earth’s atmosphere. Cascading particles emit Cherenkov
photons in UV to optical wavelength. CTA detects the very-high-energy y-rays by collecting
these Cherenkov photons with telescope array on the ground. The details of the detection
principle are explained in Appendix D. In order to cover the whole sky, two telescope arrays
are being constructed in two sites: La Palma, Spain (CTA North) and Paranal, Chili (CTA
South). At each site, Large-Sized telescopes (LSTs), Medium-Sized Telescopes (MSTs) and
Small-Sized Telescopes (SSTs) work in combinations. La Palma site holds 4 LSTs and 15
MSTs while Paranal site holds 4LSTs, 25 MSTs, and 70 SSTs. Because of the different array
configurations, the sensitivity is different between two sites. The configuration of the array
is shown in Fig. 4.1.

; , r - : . . - .
| Northern Hemisphere Type: Southern Hemisphere X Type:

23mLST @ ' ghasad Pams . o= " | BMIST @

12-mMST o 8 12-MMST  ©

(MAGIC) - . o . - 4-MSST =

250 m
1 | 1000 m

Figure 4.1: Configurations of the telescopes at the Northern (left) and the Southern (right) site.
The Northern site does not have SSTs [ 1]. This result in the better sensitivity of the Southern
sight at the higher energy region of > O(10) TeV. The array extends to a ~ 800rm X 800m region
in the Northern site and a ~ 2.5km X 2.5km region in the Southern site.
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The designed sensitivity for y-rays of E, ~ O(1) TeV is better than by a factor of ~10
compared to the current facilities. In Fig. 4.2, we show the differential sensitivity to detect a
point source. CTA requires three conditions for the detection of a source [777].

e The statistical significance of the source S > 5
e The number of y-ray event N, > 10
e The ratio of the y-ray and the background event N, /Ny, > 0.05

The significance is determined using Eq.(17) of [727]. At lower energies, background event
by cosmic-rays determine the sensitivity then the first condition works. At higher energies
where the background events by cosmic-rays are rare enough, the sensitivity is limited by
the statistics and is determined by the second and the third condition. The three conditions
above implicitly assume that the observation time on the source region is 5 times smaller
than that of the off-source region. Also, the sensitivity curve in Fig. 4.2 assumes an on-axis
observation, i.e, an observation of a source locating at the center of the field of view of the
telescope. At lower energy regions, the sensitivity decreases for off-axis observations while
it does not at higher energy regions. This is shown in Fig. 4.3.

Other important properties of the CTA instrument are the angular and energy resolution.
Both resolutions are significantly improved. Fig. 4.4 shows the angular resolution. CTA can
resolve the angular scale down to A0 ~ 0.04 degrees at E, 2 O(1) TeV. The angular resolution
of the CTA is finer than those of any other telescopes at E, 2 200 GeV [251]. About the
energy resolution, AE/E ~ 0.1is achieved as shown in Fig. 4.5. The energy resolution of CTA
is better than the other atmospheric Cherenkov telescopes by factors [?74] and comparable
to that of the Fermi satellite [225].

4.1.2 dark matter search with CTA

There remains an unexplored region for WIMP dark matter of mpy 2 O(1) TeV as explained
in Sec. 2.2.1. CTA is the best facility to search the region. The importance of the dark
matter search is approved and the program is picked up in the Key Science Project (KSP) of
CTA [230]. Among the listed targets for the y-ray search of dark matter in Sec. 3.1, four
targets are selected in the KSP: the Galactic Center (G.C.), dwarf spheroidal galaxies (dSphs),
Large Magellanic Cloud (LMC), and galaxy clusters. In this thesis, we focus on the dark
matter search in dSphs. Different from the other targets listed in the KSP, dSphs do not
contain astrophysical sources of the high-energy y-ray emissions. This is one reason that
Fermi constrains the annihilation cross-section for WIMP dark matter of mpy < O(100) GeV
in an efficient way. In the next section (Sec. 4.2), we review the property of the dSph.
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Figure 4.2: Designed sensitivities of the full-speck CTA array [2%1] is shown with two
blue lines. Observation of a point source with the zenith angle of 20 degrees is assumed.
Sensitivities of the other facilities are also shown for comparison. Note that for Fermi and
HAWC, the sensitivities are evaluated using the time from the beginning of the projects.
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4.2 Dwarf spheroidal galaxies (dSphs)

The importance of dSphs in dark matter search is first pointed out in [737] and later in [235].
They are satellite galaxies of our Galaxy and spatially extended objects of A < O(1) degrees.
Several tens of dSphs are already identified with available stellar kinematics data. The
number of the confirmed dSph is continuously increasing [739-24]. The up-to-date list of
dSphs including candidates are shown in Appendix E. Most of them are located in high
latitude regions of our Galaxy. The motions of the stars in dSphs indicate that they are
dense with dark matter [749-251]. The mass-to-luminosity ratios of dSphs reaches to M/L ~
103My/Lo [155=190,192,252]. The total mass is estimated to be M ~ O(10° — 108)M,. No
astrophysical objects which can emit y-rays are detected in dSphs. Exceptions are the possible
detection of the y-ray signal from unknown sources [+5, 253].

As explained in Sec. 3, observations of dSphs with Fermi satellite put the strongest con-
straints on the annihilation cross-section for WIMP dark matter of mpy ~ O(1) — O(100) GeV.
Since Fermi is a survey-type telescope, a stacking analysis using data of several dSphs is
one good strategy [15, /6, 254-257]. Observations of dSphs with atmospheric Cherenkov
telescopes give upper limits on the annihilation cross-section for heavier dark matter of
mpm 2 O(1) TeV. The strategy with atmospheric Cherenkov telescopes is different from that
of the Fermi satellite. The target dSphs in which we search for dark matter must be specified
in advance. The signatures of dark matter are searched through deep observations of se-
lected dSphs [19°5-195,197,198,195,199,256-265]. Target dSphs have been selected by their
J-factors.

The J-factor is calculated from the density profile of dark matter ppwm(r) as

] = f dQ j; dspom(r)® (4.2.1)

0 00
2n f dOsin O f db ppm( Vb2 + d2 sin” 0) (4.2.2)

[o¢]

where d is the distance from the Earth to the center of the dSph, r is the distance measured
from the center of the dSph, and 0 is the viewing angle. The parameter b corresponds to the
line element. See Fig. 4.6 for the definition of the parameters in Eq. (4.2.1). In general case,
the density profile ppm(r) is characterized with several parameters. The profile parameters
are determined by fitting stellar motions in the target dSph. The number of available stars
for the fitting ranges from O(1) to O(100). When the available stellar data is not enough,
the density profile is not well-determined (see Appendix of [750] for example). In such
cases, the error regions of J-factors extend in several orders-of-magnitude. Furthermore,
there are patterns of models for density profiles. Hence the J-factor, which is calculated
from the density profile, has a large uncertainty. Fig. 4.7 shows an example. J-factors of
24 dSphs obtained with different models of profiles are shown. For seven dSphs labeled
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Figure 4.6: The definition of parameters to calculate the J-factor.

as "Car (Carina)”, "For (Fornax)”, ”Scu (Sculptor)”, "Sex (Sextans)”, “Dra (Draco)”, “Leol”,
and “"Leo2” in Fig. 4.7, the J-factor derived with different models agrees in the same order-
of-magnitude. The quality of the stellar data is sufficient for these dSphs. They are so-called
“classical dwarfs” which are already known in [?57].

Considering the dark matter search in dSphs with CTA, the understanding of the dark
matter density profile, ppm(7), is more important than cases of current observations. When
the angular resolution of the facility is larger compared to the spatial extension of the target
dSph, the details of the density profile do not affect the sensitivity (see the Supplement
of [257] for example). In such a situation, the J-factor is the only criterion to determine the
“goodness of the target”. However, the angular resolution of the CTA facility is much finer
than the spatial extensions of typical dSphs. As shown Fig. 4.4, the angular resolution of the
CTA is AO ~ 0.1 degrees at E,, ~100GeV and A0 ~ 0.04 degrees at E, 2 1 TeV, while dSphs
extend to AO < O(1) degrees. Dark matter distributions at the center of dSphs are resolved
with CTA. The importance of the density profile was already pointed out in earlier works
(e.g. [250,267]). The situation is realized with the CTA for the first time. The importance of
the spatial extensions of dSphs for atmospheric Cherenkov telescopes are recognized very
recently and included in the latest analyses [195, 197, 265]. The upper limits on the dark
matter annihilation cross-section tend to get milder compared to the case assuming point
sources.

In this thesis, we study how the density profile of dark matter in dSph affect the feasibility
of detecting dark matter with CTA. For this purpose, we select Draco dSph for our target.
As shown in Fig. 4.7, the J-factor of Draco dSph is almost fixed to log,, ] ~ 19. The J-factor is
measured in the unit of [GeV?cm™] throughout this thesis. The J-factor of Draco dSph is the
highest among the classical dwarfs. Also, numbers of models with several parameters are
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available for this dSph [191,249,263,269-272] which enables us to investigate the dependence
on the dark matter density profile. We simulate the observation of Draco dSph with CTA
and derive the sensitivity for dark matter assuming different density profiles. We show that
the difference in the shape of the density profile affects the sensitivity in a different way from
that of the J-factor calculated from the profile ppm(r). We quantify the dependence on the
profile for the first time. For simulations of the observations with CTA and the data analyses,
we use ctools [773]. We explain our analyses in the next section (Sec. 4.3),

4,3 Method

4.3.1 analysis with ctools

We use ctools [2/7] to evaluate the feasibility of detecting dark matter in several profiles of
dSphs. ctools is an open source software provided for the scientific study using y-ray data.
Packages to simulate eventdata for each observing facility (e.g. CTA) as well as to analyze
real data are included. Observing facilities are specified with the calibration database and
instrumental response functions (IRFs). Those files are given separately from ctools. We
simulate the data of CTA observations using a calibration database prod3b provided by CTA
consortium [?74]. Following the procedures of the real data analysis, we select and bin the
event then conduct likelihood analyses.

Several IRFs with different zenith angles and duration of the observations are provided
in the prod3b calibration database [7/4]. This is the latest version available in public. Each
IRF adopts a different cut on backgrounds to optimize the flux sensitivity. Two types of
backgrounds exist for observations with CTA. The first one is the night sky background, which
is the noise by optical or UV photons competing with the Cherenkov photons. A dark
sky condition, observations of a clear sky without moonlight at a remote site, is assumed
for the night sky backgrounds. The contributions from the background UV photons are
negligible when the duration of the observation is long enough. The other background
originates from particles different from photons that produce similar Cherenkov shower
images. Atmospheric muons, nuclei, protons, and electrons (positrons) have to be removed.
Atmospheric muons can be eliminated effectively by observing with multiple telescopes.
Nuclei heavier than helium are discriminated by the shower morphology. Those particles are
not simulated in any of the provided IRFs. Protons and electrons (positrons) are remaining
backgrounds. Depending on the zenith angle and the duration of the observation, different
cuts are adopted. The cuts are based on the Monte-Carlo simulations of the air shower
using [2/5]. The input spectra of the cosmic-rays are fitted to observations [2/6-275]. The
residual charged cosmic-rays after cuts are the backgrounds simulated in each IRF. We select
the IRF North_z20_average_50h for our calculations. This IRF is an appropriate one for a
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long-time observation of Draco dSph in the Northern sky with CTA.

Assuming a 500-hour observation of Draco dSph with CTA, we generate a list of event-
data. We do not simulate any additional sources in our region of interest hence the eventdata
is determined by the IRF. Events correspond to the y-ray of E, = [0.03,180] TeV in 4° X 4°
region centered on the Draco are selected and binned to conduct likelihood analyses. The
binning is 0.03° in space and 5 bins per decade in logarithmic scale in energy. Likelihood ratio
tests are performed with the binned data using Poisson statistics. We derive 20 confidence-
level upper-limits on the y-ray flux by requiring

2In L(kag+src) —2In L(kag) =4 (431)

where In L(X) is a maximum likelihood with the model X. The suffix of the model X, "bkg”
and "bkg+src”, corresponds to the background only and a (background + dark matter signal)
case, respectively. The likelihood function for the Poisson statistics is

—InL(X) = Y [Mexpi(X) = Mabsje I Merp (X)) (432)
k

where 7145« is the observed number of event in the k-th data bin. The predicted number of
the events in that bin is expressed as #1¢,p 4. The predicted number of event in the k-th bin is
the integral of the probability density in a certain interval of the space, energy and the time

Nexp ke = P(Xk, Ex, el X) X AQRAEAfy. (4.3.3)

We use x; to refer the instrument direction and E, #; to the reconstructed energy and the
trigger time. P(X) is P(Xpig) for the background, and P(Xpkg+sre)=P(Xpkg) + P(Xsrc) when a
source is included. The probability density P(X) depends on the IRF as

P(x,E, tX) = f dx’ f AL’ f dt' IRF(x, E, ), E/,t') x F(X, E, ¥'|X) (4.3.4)

where X', E’, and t’ are quantities at the source. The model X is characterized with the model
tunction F(x’, E, t'|X) = F(x', E, t'). It can be decomposed into space, energy, and time as

F(x,E, t) = Fspace(X|E, ) X Fenergy(Elf) X Fiime(t)- (4.3.5)

Functions correspond to models with dark matter signals are given in Sec. 4.3.3 and Sec. 4.3.4.
The model function for time Fiin is assumed to be a constant. In Eq. (4.3.4), the IRF consists
of

IRF(x, E, tix", E', t') = Aege(x, E, t) X PSE(x|x’, E’, t') X Eqisp(EIX, E', '). (4.3.6)

The effective area A., the point spread function PSF, and the energy dispersion Eg;s, depends
on the cut. The energy dispersion is included in our analyses.
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4.3.2 background

The background energy spectrum in our region of interest is shown in Fig. 4.8. Fig. 4.9 shows
the number count of the background events integrated over energy in each pixel. The map
corresponds to our region of interest, a 4° X 4° region centered on the Draco, and the value is
normalized with the number at the maximum pixel. At the edges of our region of interest,
the number of the accepted background events slightly decreases. The residual cosmic-rays
after the event cuts are responsible for the spectrum and the count map in Fig. 4.8 and Fig. 4.9.
In Figs. 4.8 and 4.9,we shows the quantity per second.

103 b

107

dN,/dE, [GeV]

2
14

E

100 b

107 107 10° 10°
E, [GeV]

Figure 4.8: Reconstructed energy spectrum of the background event. The x-axis is the
reconstructed y-ray energy and the y-axis is the corresponding flux per second.
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Figure 4.9: The number count of the photons in the range of E, = [0.03,180] TeV, normalized
with the value at the maximum pixel. A 4° X 4° region centered on the Draco is shown, i.e.,
the edges of the figure correspond to the edges of our region of interest.
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4.3.3 dark matter density profiles of the source

A point source is the simplest model for a target dSph when the angular size of the target
is small enough compared to the angular resolution of the observing facilities. Considering
observations of dSphs with CTA, target dSphs should be treated as extended sources. Taking
Draco dSph as an example, we sample the profile to investigate how the spatial extension of
the target dSph affects the accessible region of the dark matter annihilation cross-section. We
limit our analyses in spherical profiles for simplicity. Our sample profiles are categorized
into three types:

1. generalized NFW (gNFW) profile [279,250]
p(r) = ps (1)_y (1 + (i)a)_@ (4.3.7)
s s
When (o, B, y)=(1, 3, 1), it corresponds to the original NFW profile in [751].
2. Burkert profile [757]

-1 2\
p(r) = ps (1 + —) (1 + (—) ) (4.3.8)
rS 7"S
3. power law (PL) with an exponential cutoff profile
ry ¢ r
p(r) = ps (r_s) exp [_r_s] (4.3.9)

ps is the normalization of the dark matter density and r, is the scale radius of the profile
measuring the distance r from the center of the target. Fig. 4.10 shows examples. More
detailed profiles such as not spherical cases or profiles with substructures are discussed
in [251,283-285].

Table 4.1 summarizes our reference profiles with the explicit expressions of each profile,
profile type corresponding to Egs. (4.3.7), (4.3.7), and(4.3.7), the J-factor integrated over the
solid angle of 0.5 degrees (J<5-), and the J-factor integrated over a 4.0° X 4.0° region (Jiot)
which corresponds to the size of the region of interest for our analyses. J.s is shown just
for comparison with previous works and we do not use this quantity in our analyses. The
next column, Oy is a new quantity which characterizes the length scale of the profile. O is
defined as the radius of [.g,, = 0.9]t (see Sec. 4.5). The distance from the Earth (in the unit
of kpc) and the reference are shown in the last two columns. We also assign identification
numbers in the first column for convenience. Note that we do not introduce a truncation
radius in our analyses. The truncation radius is usually determined as the radius of the
outermost member star or the virial radius of the dark matter halo. If we take the former for
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Table 4.1: Dark matter density profiles for Draco dSphs we use in our analyses. Identification
numbers are assigned for convenience and shown in the first column. We adopt the median
value for the parameters for each profile.

No. expression type log1oJ <050 logioJtot B9 distance Ref.
[GeV?/cm®] [GeV?/cm®] [degree]  [kpc]

1 (LZ[%V) (0.79rkpc) (1 + 079l<pc)_2 NFW 1840 1845 050 80 [ ]
() () ) T e s ww w7 (0]
3 (Le28eY) (1 + ) g NFW 19.08 19.29 112

4 (126 () 1+ 130kpc)_2 NFW 18.80 18.91 0.85 72 [209]

-15 -15

5 (8 () (14 ) g NFW 18.88 18.90 0.30

6 (5Y) (i) P |3t  PL+cutoff 1853 18.53 0.26 80 [270]
7 () (14 i) (14 () ) Burkert ~ 19.08 19.56 1.53

5 () (14 ) 1+ (035kpc)2) Burkert 1865 18.70 050

9 () (14 o) (1+ (e )2) Burkert ~ 18.69 1870 028

100 (199Y) (s} (14 gt NFW 1895 19.15 1.22 82 [71]
1 (12800 () (1 1( + ) NFW 18.67 18.73 0.62

" (4255) () 1( + o) . NEFW 18.70 18.72 0.33

13 (13;4mGSQV)(o425rk c) 1 (1 + 025kpc) N NFW 18.70 18.70 0.22

14 (37&ﬁev)(0.1§kpc)_l (1 + 018kpc) NFW 19.15 19.15 0.14

15 (M9Y) (i) exp[rwme|  PL+cutoff 1858 18.69 0.80 80 [

16 (1228 exp [~ gzt PL + cutoff  18.56 18.58 0.41
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Figure 4.10: Examples of dark matter density profiles in our analyses. Top: NFW profile of
model 5 in [271]. Middle: Burkert profile of model 1 in [/ 1]. Bottom: (power-law of index
0) + cutoff profile in [?7”]. The horizontal axis represents the distance measured from the
center of the dSph. Numbers in the legends correspond to those in Table 4.1.
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the truncation radius, then it corresponds to 1.3 degrees [191]. On the other hand, the virial
radius is highly model-dependent. Actual radial extensions of the target dSph are still under
discussion. We chose our region of interest to cover the outermost member star, avoiding the
introduction of an additional model parameter. The J-factor integrated over the solid angle
of 1.3 degrees and J; differ by at most ~10%. The value of the [ is almost saturated in our
region of interest for any of the profiles in Table 4.1.

In Table 4.1, we show the median values of the profile parameter for each profile. Tem-
plates of the J-factor centered on the target is generated adopting the values in Table 4.1. The
spatial resolution of our template is 0.01degrees. In practice, we produce templates larger
than the region of interest then use parts corresponding to the 4° X 4° region centered on
the Draco to conduct calculations. Fig. 4.11 shows the relative J-factor corresponding to the
density profiles shown in Fig. 4.10. In Fig. 4.11, the J-factor is normalized by the value at the
center pixel. These templates correspond to the function Fypace in Eq. (4.3.5), which is used
to characterize the space component of the dark matter signal hypothesis.

4.3.4 spectrum of the dark matter annihilation at the source

Corresponding to the energy component Fenergy in Eq. (4.3.5), we consider three channels
as the final states of the dark matter annihilation. Assumed final states are bb, W*W~, and
1"1". Those are representatives of dark matter annihilations into quarks, weak bosons, and
leptons. The maximum mass of the dark matter particle in our calculation is set to mpy =
1PeV. The maximum mass of the particle dark matter that meets the relic abundance could
not exceed O(1)PeV from the unitarity limit [?560]. The minimum is set to mpy = 25GeV
for lepton and quark channels and to mpy = 160GeV for the weak boson channel. At lower
energies, contributions from the residual cosmic-rays are significant. We set our minimum
mass so that to avoid these contaminations.

The spectrum of each annihilation channel is calculated using pythia8.2 [257-259].
Fig. 4.12 shows the example of the spectra from mpy =100GeV to 1PeV. Spectra in Fig. 4.12
includes final state radiations such as bremsstrahlung of charged leptons, which are higher
order effects different from the interactions with external fields. Contributions from the
secondary y-rays produced during propagations of charged leptons are negligible [290-294].
The spectra in Fig. 4.12 could not be directly compared with that of Fig. 4.8 since those are
spectra before convolved with the IRF.
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Figure 4.11: Relative J-factor maps correspond to the profile shown in Fig. 4.10. Top: NFW
profile of model 5 in [271]. Middle: Burkert profile of model 1 in [771]. Bottom: (power-law
of index 0) + cutoff profile in [77”]. Each panel shows a 4° X 4° region centered on the Draco.
J-factors in each pixel is divided by the J-factor at the center pixel aiming to show the relative
differenece.
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Figure 4.12: y-ray spectrum for dark matter of mass mpy =100GeV, 1TeV, 10TeV, 100TeV and
1PeV annihilating into bb (top), W* W~ (middle) and t*1~ (bottom). Spectrum of mpy = 100GeV

annihilating into W*W~ is shown for comparison and not used in our analyses.
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4.4 Feasibility of detecting dark matter in dSphs

We derive 20 confidence level upper limits on the y-ray flux in the target dSph assuming a
500-hour observation with CTA. The density profiles listed in Table 4.1 and three annihilation
channels, bb, W*W~-, and 71", are considered. Upper limits on the y-ray flux are derived
by binned maximum-likelihood analyses. We vary the normalizations of the model function
in Eq. (4.3.5) and the background spectrum in our fitting procedure. Assumed background
spectrum is shown in Fig. 4.8. The upper limit on the dark matter annihilation cross-section
(ov) is obtained by converting the upper limits on the y-ray flux ¢ using
1 (ovy (™™™  dN,

o ), dEd—E ] (4.4.1)

th

] = f de f dQ f ds p2y. (4.4.2)

To derive the y-ray flux upper limits, we use Eq. (4.3.1) which adopts a Gaussian approxi-
mation. However, at higher energy regimes of E, > 0(1) TeV, the number of the events in an
energy bin decreases. If we include the fluctuations of 7, x following the Poisson statistics
in Eq. (4.3.2), the upper limits on the annihilation cross-section get milder by a few percents
for dark matter of mpy = 10 TeV.

In Fig. 4.13, we show the upper limits obtained by the analyses assuming each profile in
Table 4.1. Top, middle, and bottom panel of the figure corresponds to the case of dark matter
annihilating into bb, WW~ and t+1~, respectively. We adopt the ], for each profile here.
Each line corresponds to the case assuming a profile in Fig. 4.10 or Fig. 4.11. Dashed lines are
the upper limits assuming profile No.14 (NFW model 5 of [?71]) which is the strongest one
in our sample, and solid lines are the case assuming No.16 (PL of index 0 + cutoff model in
[777]), the weakest one. Upper limits obtained with other profiles lie in the shaded regions of
Fig. 4.13, like dash-dotted lines corresponding to the profile No.7 (Burkert model 1 of [271]).
Comparing the results for different annihilation channels, a wider region of the annihilation
cross-section (ov) can be probed for dark matter annihilating into 7*7~ than those into bb or
W*W~. A clearer feature in the annihilation spectrum (see bottom panel of Fig. 4.12) is the
reason for the difference. The tendency is consistent with the latest results in [765], which
assumes line+broad spectra of some specific WIMP models. The feature appearing on the
sensitivity curves at mpy = O(10) — O(100) TeV for dark matter annihilating into 7*7~ results
from the properties of the facility. In each channel of the dark matter annihilation, the best
sensitivity is achieved for the dark matter of mpy =1TeV, 630GeV, and 250GeV for bb, W*W-,
and 7717, respectively. These are universal among the profiles.

In Fig. 4.13, the effect coming from the different J-factors and the profile shapes degenerate.
As a result, a weaker dependence than the relation (ov) « J. | expected from Eq. (4.4.1) for

(]5=

with



55

I No.14 (Mashchenko NFW 5)
107 No.7 (Mashchenko Burkert 1) 1
—— No.16 (Sanchez-Conde core)
™ 10-22L
~~
m
IS
9)
e 10—23 L
A
>
(¢)
vy 107%%
1025} _ 4
bb
1072 107! 10° 10! 107 103

Mpm [TeV]

T T T T

S e No.14 (Mashchenko NFW 5)
107 ¢ No.7 (Mashchenko Burkert 1)
—— No.16 (Sanchez-Conde core)

10-22¢

10-24}

<ov> [cm3/s]

10-25¢

1072 107! 10° 10! 10?2 103
Mpm [TeV]

P No.14 (Mashchenko NFW 5)
107%°¢ No.7 (Mashchenko Burkert 1)
—— No.16 (Sanchez-Conde core)

10-22¢

10-23¢

<ov> [cm3/s]

\
1
\
\
1
\
\

10-24}

1072 ld’l 160 161 162 103
Mpm [TeV]

Figure 4.13: The sensitivity calculated with the profiles listed in Table 4.1, assuming a 500-
hour observation with CTA. Top, middle and bottom panel corresponds to the upper limits on
dark matter annihilation cross-sections into bb, W*W~ and 7*1~, respectively. In each panel,
we show the severest upper limits assuming a NFW profile of Ji,x = 10! (top panel in
Fig. 4.10) with a dashed-line and the weakest one assuming a (PL of index 0)+cutoff profile
of Jior = 10138 (bottom in Fig. 4.10) with a solid line. The upper limits obtained with all other
profiles are in the shaded region between two lines. The dot-dashed line corresponds to the
middle panel in Fig. 4.10 of Jiox = 10'%°% is an example. Numbers in the legend correspond to
those in Table 4.1. The difference between the lines is determined by the value of the J-factor
and the profile shape.
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Figure 4.14: The obtained upper limits on the annihilation cross-section {ov) as a function of
theJ-factor (Jiot). The value of the cross-section is taken as that for mpy=1TeV annihilating into
bb. The mass at the best-sensitivity does not depend on the profile. The J-factor dependence
fitted for these samples is shown with a solid line. We also show a relation (0v) « ! with a
dotted line for comparison.

point sources are found. This is shown in Fig. 4.14. In Fig. 4.14, we plot the upper limits on
the annihilation cross-section into bb at mpy = 1TeV, which is the most constraining point
for this annihilation channel, as a function of the J-factor (Ji,t). Each point corresponds to the
profile in Table 4.1. The dotted black line shows the relation (ov) « ™! and this is steeper
than our results. A fitted relation with our data is shown with the solid line. The similar
behavior is seen for dark matter annihilating into W*W~ or t*7~. By defining the rank of the
profiles with the upper limits of the annihilation cross-section at the best constraining points,
we examine the relationship between the final state and the profile. There is no change in
ranks of profiles between different channels. The profile No.14 in Table 4.1 is the strongest,
No.16 is the weakest, and all other profiles lie between them in the same order.

In order to solve the degeneracy between the J-factor and the profile shape in Fig. 4.13, we
calculate upper limits assuming the same J-factor for all the profile in Table 4.1. In Fig. 4.15,
we show the re-scaled upper limits adopting the most optimistic (left) and conservative
(right) J-factor, log,, ] = 19.56 and log,,] = 18.45. Upper limits assuming a point source
of the same J-factors are also shown with dotted-black lines. If we assume that the target
dSph is a point source, the annihilation cross-section is overly constrained. These results
that a point source gives a stronger upper limit compared to an extended one are consistent
with that obtained in the analytical discussions [7©7]. The gap width in the sensitivity curve
between a point source and an extended source depends on the shape of the profile. For
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Figure 4.15: The same as Fig. 4.13, but all the upper limits are rescaled with the most
optimistic J-factor of log,,] = 19.56 (left) and the conservative J-factor of log,,] = 18.45
(right) derived for profiles in Table 4.1. We also add lines assuming a point source of the
same J-factor in each panel. By assuming a point source, the annihilation cross-sections are
overly constrained. The width of the gap between the limits assuming a point source and
an extended source depends on the spatial extension of the profile.
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example, the limits obtained with the profile No.7 is milder than that of the profile No.16
when we adopt the same J-factor for these profiles. As shown in Figs. 4.10 and 4.11, they are
different in spatial extensions. This is different from the results in Fig. 4.13 which includes
the difference of the J-factor. The shape of the target dSph could affect the sensitivity as much
as that of the J-factor.

4.5 Discussions

We showed that the accessible parameter region of the dark matter annihilation cross-section
depends on the density profile of dSphs. The density profile affects the accessible region in
two ways. As is already known, it directly affects the detectability by changing the value
of the J-factor. We point out another dependence on the spatial extension of the source. In
Fig. 4.15, we show the achievable upper limits on the dark matter annihilation cross-section
assuming different profiles of dSphs having the same J-factor. Compared to the limits
assuming a point source, it gets milder when we assume extended sources. The difference
from the point-source case depends on the profile shape.

We introduce a new quantity 0y to characterize the spatial extension of the source. Oy is
defined as the 90% containment radius of the J-factor:

690
Joo, = 2T f d6sin 6 f dsping = 0.9 X Jior. (4.5.1)
Lo.s

The value of the 0y is shown in Table 4.1. In Fig. 4.16, we show the ratio of the obtained
upper limits assuming an extended source and a point source, {00)extended / {00 point S @
function of O99. We use a different marker for a different mass of dark matter. By taking the
ratio, the effect of the J-factor on the upper limit is canceled. The ratio tends to get larger for
more extended profiles. In the most extended profile in our sample (No.7), the upper limits
are milder than by a factor of ~ 10 compared to the limits assuming a point source of the
same J-factor. Scatters in the relation between the ratio (00)exended / {00)point fOr @ given Ggg
are also seen in Fig. 4.16. The slope of the density profile at the inner region of the dSph, e.g.
y in Eq. (4.3.7), is responsible for this feature. For a shallower slope of dSph, the upper limit
gets milder than that have a steeper slope if we compare at the same 0y value.

In Fig. 4.17, we show the ratio of the upper limits obtained by assuming the most- and the
least-constraining profiles after removing the J-factor dependence. The effect coming from
the different J-factor is removed by taking the ratio of (ov) J. For each annihilation channel,
the ratio is about a factor of ~10 and depends on the dark matter mass. A broad bump of
the ratio at around mpy ~1 - 500 TeV is seen in the case of bb, while a bump at the lower
mass of mpy < 20TeV appears in the ratio for t¥7~. For W*W~, a broad bump ranges from
mpm ~ O(1 — 100) TeV. The dark matter mass at around the bump corresponds to the y-ray
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Figure 4.16: The ratio of the upper limits assuming an extended source {(00)cyengeq and a
point source {00),in; as a function of the source extension 099. The value of the 6qg is shown
in Table 4.1. The limit on the annihilation cross-section (ov) is calculated assuming a same
J-factor. Top, middle, and bottom panel corresponds to the case of dark matter annihilating into
bb, W*W~-, and 7% 1, respectively. In each panel, the difference of the marker corresponds to
the difference of the dark matter mass mpy.



60

101 L

(<ov>))no.7/(<0V>))No. 14

0 . . . \
:l'Q.I.O_2 1071 100 10?1 102 103
Mpm [TEV]

Figure 4.17: The ratios of the upper limits on the annihilation cross-sections obtained with
profile No.7 and No.14 in Table 4.1 after removing the effect originates from the J-factor.
The horizontal axis is the mass of the dark matter mpy and the vertical axis is the ratio
({ov) NNo.7/({00) J)No1a. Solid, dot-dashed and dashed lines correspond to the case of the
dark matter annihilating into bb, W*W~ and 1+1~, respectively. The mass dependence of the
ratio is understood with the characteristics of the facilities.

energy E, ~ 10TeV (see Fig. 4.12). The presence of the bumps can be interpreted as follows.
The angular resolution of the CTA facility gets better as the y-ray energy increases. For
example, it corresponds to about AO ~ 0.1 degrees at E,, ~ 200 GeV and improves to about
~0.04 degrees at ~10 TeV [279]. Therefore, the changes in the flux upper limits are more
significant at higher energies. On the other hand, at the very-high-energy regime of E, > 10
TeV, almost no residual background events are expected. In such a case, the sensitivity is
more determined by the detection number of the signal event rather than the signal-to-noise
ratio. It is a so-called “signal-dominant case”. In such cases, the angular resolution has
fewer contributions to the y-ray flux upper limits. Then they are less affected by the spatial
extensions of sources, and the upper limits with the most-extended profile in our sample,
profile No.7, can get close to the expected values for those of point sources. The behaviour
of the ratio ((ov) [)no.7/({00) J)Nno14 is @ manifestation of these effects since the profile No.14
almost corresponds to a point source. Combining those two effects, the ratio between the
profiles has the bump structures seen in Fig. 4.17.
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4.6 Summary

We investigated how the density profile of the target dSphs affect the feasibility of detecting
dark matter with CTA. The density profile of dSph is an actively debated topic. Taking
Draco dSph as an example, we collected 16 models of the density profile and tested the
sensitivity with each profile using a simulated 500-hour data of observations with CTA.
The accessible value of the annihilation cross-section differs by a factor of ~10 and the
annihilation cross-section of {(0v) < 107%cm?/s can be probed when we simply adopt the
profiles from the literature. The change of the J-factor and the profile shape are the sources
of the difference in the accessibilities. We performed further analyses assuming different
profiles of dSphs with the same J-factor to extract the dependence on the profile shape. Our
results revealed that the spatial extension of the target dSph could affect the sensitivity in a
different way from that of the J-factor. To quantify the spatial extension of the profile with
different modelings, we introduce a new quantity 0y defined to be the 90% containment
radius of the J-factor. When 0y is larger than ~1 degree, the upper limits on the annihilation
cross-section shift upwards by a factor of ~10 compared to the case analyzing a point source
of the same J-factor. With either of the most optimistic or conservative assumptions of the
density profile, we can detect the dark matter signal of which annihilation cross-section is
larger than (ov) ~ O(10® — 107%) cm®/s hence we can search the unexplored parameter
regions for WIMP dark matter of mpy 2 O(1) TeV. Some of the well-motivated models which
expect resonant annihilations (e.g. [/°]) can be tested by observing dSphs with CTA. The
upper limits expected in this work is still higher than the canonical cross-section. With the
latest profiles based on more detailed modelings (e.g. [251,255-2585]), a wider regions of the
parameter space could be probed. In such cases, our results can be regarded as conservative
benchmarks.



Chapter 5

Subhalo boost of the dark matter
annihilation signal

In Chapter 4, we consider the dark matter search in dwarf spheroidal galaxies with Cherenkov
Telescope Array. Our results indicate that a factor of ~ 10 uncertainty remains with the cur-
rent understanding of the dark matter density profile of dwarf spheroidal galaxies. In this
chapter, we study about another source of the uncertainty in our targets, the boost factor.
Dark matter forms gravitationally bounded objects called halos in the Universe with which
we search for the dark matter signal. The structure of the halo is hierarchical and smaller
structures (subhalos) could exist in the target halo. We can parametrize the possible enhance-
ment of the dark matter annihilation signal caused by subhalos on our lines-of-sight with
the boost factor.

We have to know the halo structures after their cosmological evolutions to quantify the
subhalo boost. The N-body simulation is a traditional way to study the halo structure. Boost
factors are well-quantified in the halo mass and the redshift ranges covered by simulations.
However, calculations of boost factors require much wider range than those available with
N-body calculations, from the minimum halo mass of ~ 107°M,, to the galaxy cluster scale
of ~ 10"®M,, and redshift up to 10. In previous works estimating the boost factor, huge
uncertainties are induced when one adopts the extrapolation of the N-body results in the last
steps of the calculation for the boost factor. We need wide-coverage calculations to reduce
this uncertainty. In this work, we develop a new analytical method to calculate subhalo
evolutions covering more than 20 orders in the mass scale and redshift z = 0 to ~ 10. Our
formulation is physically motivated and the results are consistent with those obtained in
corresponding N-body calculations. We show that a factor of ~ 10 enhancement of the
annihilation signal is expected in galaxy clusters when we count the contributions from
subhalos down to the minimum mass scale. On the other hand, the boost could not be
expected in the halos of the dwarf spheroidal galaxy scale.
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The contents of this chapter are based a collaboration work with Dr. Shin’ichiro Ando
and Dr. Tomoaki Ishiyama [?©5]. N-body calculations with which we compare our analytical
results are conducted by Dr. Ishiyama. Applications of our subhalo boost to the isotropic y-
ray background constraints are provided by Dr. Ando. The author of the thesis is responsible
for all the remaining parts and calculations in this chapter. In Sec. 5.1, we introduce the
original motivation for subhalo boosts. Our modelings and the calculation methods are
explained in Sec. 5.2 and Sec. 5.3. Results and discussions are in Sec. 5.4 and Sec. 5.5. We
conclude in Sec. 5.6.

5.1 Subhalo and the boost factor

Dark matter halo (hereafter halo) is a virialized object of dark matter. Study of the dark
matter halo provide insights into the properties of dark matter. For example, the minimum
mass of the halo encodes the interaction strength to the standard model particles in the early
Universe. If they are supersymmetric neutralino, the minimum mass of the halo should be in
the range of 10712-10°M,, [76-59] depending on the details of the models. Also, the density
profile of dark matter halo depends on the particle property (e.g. [/, 296]). The seed of the
halo in the current Universe is produced by the collapse of the initial density fluctuation.
After the formation, they get larger by accretions and mergers. The hierarchical structure of
the halos in the current Universe is the outcome of such processes. We focus on the subhalo,
the smaller halo in larger halos (hereafter host halos) in this study. Tidal stripping is an
important process to determine the subhalo property. After their accretion onto the hosts,
they lose parts of their mass through the gravitational interaction while they are orbiting
around their hosts. The structures of subhalos change significantly in this process. Tidal

stripping of the subhalo is studied using the analytical [7©7-"99], semi-analytical [300], and
numerical [301-206] methods.

The existence of the subhalo is natural in the WIMP scenario and we should consider
their contributions the indirect dark matter search [749, 507=311]. In order to quantify their

contributions in the present-day halos, one has to model the subhalo properties after tidal
stripping. N-body simulations are traditional and powerful tools to study the hierarchal
structure including the tidal stripping of subhalos. However, subhalos are so small and
could not be fully-resolved in N-body simulations. We need to resolve the minimum-mass
halo of M ~ 10°M,, in the galaxy cluster scale halo of M ~ 10'®M,, to calculate the boost
factor. This is beyond the scope of the N-body simulation. Then extrapolations of the results
with N-body calculations in a limited mass and redshift ranges have been adopted. Fig. 5.1
shows an example in [?1”]. The value of the boost factor is sensitive to the slope of the
subhalo mass function a, which is defined as dNg;,/dm o« m™. Ng, and m are the number and
the mass of the subhalo. If we change the slope a from 1.9 to 2.0, the boost factor can differ
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Figure 5.1: An example of the boost factor calculated in [*1”]. Four lines in the figure are
different in the slope of the subhalo mass function @ and the minimum halo mass. The
value of the boost factor differs by more than one order-of-magnitude depending on the
models of extrapolations. In this figure, the boost factor B(Mpest) is defined as B(Mpost) =

[ fm le“” dm(1 + B(m))L(m)dN/ dm] /L(Mhpost). The luminosity of the dark matter annihilations
signal is denoted with L.

by more than one order-of-magnitude.
By adopting analytical approaches, we can avoid the problem caused by extrapolations.
We decompose the calculation in three parts to derive the boost factor in an analytical way:

1. Evolution of the host halo including the accretion history of subhalos
2. Tidal stripping of subhalos after accretion
3. Calculations of the boost factor by remaining subhalo structures

We adopt an extended Press-Schechter theory for the evolution of the host halo [31%] and
also for the subhalo accretion history [*14]. For the calculation of the tidal stripping, we
follow the prescription in [?99]. This is an analytical description of the tidal stripping which
simplifies the phenomena based on physical considerations. The tidal mass-loss of the
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subhalo is parametrized as [29"]

i(z) = —A

mz) lm(‘z) r (5.1.1)

Tayn(2) | M(2)

where T4yn(2) is the dynamical timescale. The host mass is denoted as M(z). The evolution
of the host is separately determined using the relation in [317] (see Sec. 5.3.1 for details).
We update the model in [799] by including the redshift and host-mass dependence of the
parameters A and C. Then the boost factor is calculated using the derived subhalo properties
after tidal stripping. Throughout the calculation in this chapter, we assume that the NFW
profile up to the truncation radius for both of the host and subhalo.

5.2 Density profile of suhalos

So-called NFW profile [251]is the simplest profile for dark matter halos characterized with
two parameters: the characteristic density p; and the scale radius 7,. In this work, we assume
thatboth of the host and subhalos are described with this profile up to the truncation radius r;.
The expression is

_ | pr2/lr(r+15)?], for r<mr,
pir) = { 0, for r>r,. (52.1)

For calculations of the boost factor, we need p;, 750, and r; after tidal stripping. In this sec-
tion, we explain how to determine these parameters starting from the initial halo properties.

First, we determine the initial density profile of the subhalo at the accretion redshift z,..
in the following way. Assuming that the progenitor of a subhalo is a field halo (i.e., a halo
that is not in the gravitational potential of a larger halo), the virial radius 7yir s for a given
mass of the subhalo m,.. at the accretion redshift z,.. is determined as

4r
Mace = ?Ac (Za),oc (Zacc)r?,ir,acc/ (5.2.2)

where

A, 187 + 82d — 394> (5.2.3)
Q1 + Zaee)®

[Qn(1 + zac)® + Q]

d 1 (5.2.4)

[215]. pe(zace) is the critical density at the accretion redshift. The virial radius ry; and the
scale radius 7, is related with the concentration parameter cyir as sacc = Tvirace/Cvirace: FOT
the concentration parameter cyiracc, We adopt the mean value of the model in [316]. The
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details are explained in Sec. 5.3.1. The concentration parameter is given as ¢y in [ 6]which
corresponds to the halo mass measured in Myy. My is defined as the enclosed mass in a
radius within which the average density is 200 times the critical density. We convert cyg
to cyir which corresponds to a different definition of the halo mass [*17] using the relation
Cvirace = C€200,acctvirace/T200,acc- IN our calculation, we include the scatter of the concentration
parameter assuming a log-normal distributions. The root mean square of the log-normal
distribution is taken from from [%1%] that

Tloge = 0.13. (5.2.5)

Using above quantities, we can derive the characteristic density p; ... of the NFW profile as

m
e — acc , 5.2-6
Ps, 47172,&@ f (Cvir,acc) ( )
where c
fe)=In(1+c)— T+c (5.27)

Hence the profile parameter at the accretion redshift is determined once we fix the accretion
redshift z,.. and the accretion mass m1,... The set of the profile parameter (p; acc, *s,acc) has one-
to-one correspondence to the set of the maximum circular velocity and the corresponding
radius, (Vmax, "max)- For a halo of NFW profile, the relations are

"max = 2.1637; (5.2.8)

V. o= \/MGPS 5.2.9
max - rS 4.625' (")

Next, we derive the profile parameter after tidal stripping using the relation derived
in [519]. The relation between the (V. "max) at the accretion redshift z,.. and those at
the arbitrarily chosen observation redshift z, is given as a function of the mass ratio after
and before tidal stripping 1o/, If the density profile follows the ™! distribution, which
corresponds to the NFW profile, the relations are

VmaX,O _ 20.4(m0/maCC)0.3 (5 2 10)

Vmax,acc - (1 + mo/macc)OA’ -
Fmax,0 2_0.3(m0/maCC)0.4 (5 2 11)
Tmax,acc - (1 + mo/macc)_og. ;

Using these relations, Egs. (5.2.8), and (5.2.9), we can describe the profile parameter after
tidal stripping with the ratio of the subhalo mass before and after the tidal stripping, my/m ..
The subhalo mass after tidal stripping my, is calculated by solving Eq. (5.1.1).
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Finally, the truncation radius r;( is determined from my, pso, and sy by solving the
equation
r
my = 4npsor’ f (;—0) (5.2.12)

5,0
We put an additional condition 7, /70 > 0.77 to remove the disrupted subhalos [370]. There

is a claim that the disruption of the subhalo is a numerical artifact [306]. Our treatment is
conservative in estimating the boost factor.

5.3 Tidal stripping

The evolution of the subhalo is determined by the tidal force they feel under the potential
of their hosts. Then the subhalo mass-loss rate riz in Eq. (5.1.1) should depend on both the
redshift z and the host mass M(z). In this section, we explain our formulations and derive the
function A(Mhost, z) and C(Mnost, z) following the prescription in [799]. In order to calculate in
an analytical way, we assume that the tidal mass-loss of the subhalo occurs in one complete
orbital period. We also assume that there are no lags between the subhalo accretion and the
tidal stripping. We show the validity of this analytical treatment by comparing the results
with those obtained in numerical simulations.

5.3.1 evolution of the host halo

In order to calculate the evolution of the subhalo, we first specify the evolution of the host
halo. We adopt the relation about the host mass M at redshift z = 0 and the host mass M(z)
at an arbitrary redshift z, M(z|M,, z = 0), derived in [?13]. Following relations are assumed
in our calculation:

M(zIMy, z = 0) = My(1 + z)* exp(Bz), (5.3.1)
with
p = —8Mo), (5.3.2)
_ [1.686v2/m dD

a = [m E » + 1] g(Mo), (533)
g(Mo) = [S(Mo/q) - S(Mo)] ™2, (5.3.4)

g = 4.1372;0-9476, (5.3.5)

zr = —0.0064(log Mo)? + 0.0237(log My)

+1.8837, (5.3.6)
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where D(z) and S(M) = ¢*(M) are the growth function and the variance of the matter
distribution at the mass scale M and redshift z = 0, respectively. We adopt the fitting
functions for D(z) and o(M) in [3”1]. Eq. (5.3.1) is generalized to determine the mass of the
halo M(z|M(z;), z;) at redshift z, whose mass was M(z;) at redshift z; [216]:

M(zIM(z)), zi) = M(z)(1 + z — z;)" exp(B(z — zi)), (5.3.7)

with replacing M, with M(z;) in Egs. (5.3.2), (5.3.3), and (5.3.4). These relations enable us to
follow back the evolutions of the hosts starting from arbitrary redshifts.

Corresponding to the above-mentioned host evolution, the concentration-mass relation
is also derived in [*16]. In terms of cyg9 and My, the relation for the field halo is

M M
log copo = a + log( Z\/izo) 1+ ylog? (M—2:))] , (5.3.8)
where
a = 1.7543 —0.2766(1 + z) + 0.02039(1 + z)?, (5.3.9)
B = 02753 +0.00351(1 + z) — 0.3038(1 + z)**°,
(5.3.10)
y = —0.01537 +0.02102(1 + z) %147, (5.3.11)
forz < 4. Forz > 4,
log cae0 = a + Blog (MZOO), (5.3.12)
Mo
with
a = 1.3081 —0.1078(1 + z) + 0.00398(1 + z)?, (5.3.13)
B = 0.0223 - 0.0944(1 + z)~*. (5.3.14)

and y = 0. Note that the parameter «, g, y is different from those used in the previous chapter.
We only use these expressions in this subsection. In the derivation of the above values, the
Planck cosmology [*7”] is assumed. The scatter of the concentration in Eq. (5.2.5) is also
included in the following calculations. Throughout this thesis, these relations are implicitly
assumed.

5.3.2 analytical model

In our analytical formulations, the mass-loss rate 7i(z) of the left-hand side of Eq. (5.1.1), is

approximated as

it = m_Tm(”) (5.3.15)
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where T, and m are the orbital period and the virial mass of the subhalo just after the accretion.
The mass enclosed in the tidal truncation radius r; of the subhalo is denoted as m(r;). The
orbital period T, and the truncation radius r; is determined by classical dynamics once the
orbit of the subhalo is fixed. The orbit of the subhalo is characterized with the circularity n
and the radius of the circular orbit R.. These parameters correspond to the total energy E and
the angular momentum L of the orbital motion as shown in below. We assume the following
distributions for the parameter R. and 7:

5/2 (0.6 < R./Ryir < 1.0),

P(R,) = 5.3.16
(Ro) {0 (otherwise), ( )
P(1)) = Co(M, 2)n"%(1 — )= M2), (5.3.17)

where

M 0.152

Co = 3.38[1 +0.567 [ 7 (Z)l ] (5.3.18)
M 0.107

C, = 0.242[1 +2.36 [ v (Z)l ] (5.3.19)

Mﬂ-
log l = ](\Z) ] = 12.42 — 1.56z + 0.038z2>. (5.3.20)
O]

We note that Egs. (5.3.17)—(5.3.20) are calibrated with simulations up to the redshiftz = 7 [323].
The parameters R, and ) relates to the energy E and the angular momentum L of the subhalo
orbit as

- %v§+cp(1<c), (5.3.21)
IRV (5.3.22)

V. = (GM/R.)"? denotes the circular velocity of the orbit. The gravitational potential of the

host @ is
) In[1 4 c"*R/Ry;]

O(R) = -VZ L
( ) w f(ChOSt)R/RVir

vir

, (5.3.23)

where Vyi; = (GM/Ry;)"/? and ¢ the host halo’s virial velocity and virial concentration,
respectively. The concentration parameter for the host ¢’ is drawn from the log-normal
distribution as discussed in the previous section.
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The orbital period T, and the truncation radius of the subhalo, r; is numerically obtained
by solving the equations below. The pericenter R, and the apocenter R, of a given subhalo
orbit are determined by solving

1 2[D(R) - E]
A e
then the orbital period T, is obtained as

=0, (5.3.24)

R
’ dR
T, =2 f : (5.3.25)
R, +2[E — ®(R)] - L2/R?
The truncation radius r; is determined by solving another equation
1
mr)/M(<R,) |
1 =R, = dl"; — (5.3.26)
2+ R,GM(<R,) ~ dInR R,

Assuming that ps and 7, hardly change as the result of one complete orbit after the infall,
we specify the mass profile m(r) up to truncation radius r;. Then the mass-loss rate 1 is
determined using Eq. (5.3.15). Note that the (un)change of the profile parameter p; and 7
is a simplification to capture the most relevant physics of tidal mass loss in our analytical
modeling. For example in [317], p; and 7; change in one orbit by < 50%. However, the
change of p; and 7, can be compensated by the change of the truncation radius r,. As we
show in below, our results show good agreements with those of N-body simulations under
these simplifications.

5.3.3 numerical simulations

We have also calculated the tidal stripping of subhalos using N-body simulations. To cover
a wide range of halo mass, we use five large cosmological N-body simulations. The details
of the simulation are summarized in Table 5.1. The v*GC-S, v*GC-H2 [324], and Phi-1
simulations cover the relatively large mass halos of M ~10"M,. The Phi-2 simulation is
for intermediate mass halos of M ~10’M,. To analyze the smallest scale of M ~10"°M,,
the A_N8192L800 simulation is used. The cosmological parameters of these simulations
are Q,, = 0.31, Ap = 0.69, h = 0.68, n, = 0.96, and og = 0.83, which are consistent with an
observation of the cosmic microwave background obtained by the Planck satellite [13,327]
and those adopted in the other parts of the calculations in this chapter. The matter power
spectrum in the A_N8192L800 simulation contains the cutoff imposed by the free motion of
dark matter particles with a mass of 100 GeV [57,210]. Further details of these simulations
are presented in [524,375].
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Table 5.1: Details of five cosmological N-body simulations used in this study. Here, N, L, and
my, are the total number of particles, box size, and mass of a simulation particle, respectively.

Name N L Softening m, (Mp)  Reference
1?*GC-S 2048°> 411.8 Mpc 6.28 kpc 32x10°  [324,500]
v*GC-H2 2048° 102.9 Mpc 1.57 kpc 51x100  [324,350]
Phi-1 2048% 47.1 Mpc 706 pc 4.8 x10° [225]
Phi-2 2048° 1.47 Mpc 11 pc 14.7 [225]

A N8192L800 8192° 800.0pc 2.0x10*pc 3.7x107M [525]

All simulations are conducted by a massively parallel TreePM code, GreeM [326,327]."

For the identification of halos and subhalos, the ROCKSTAR phase space halo and subhalo
tinder [*”%] is used. Merger trees are constructed by consistent tree codes in [2“]. The halo
and subhalo catalogs, the merger trees of the v*GC-S, v*GC-H2, and Phi-1 simulations are
publicly available at

5.3.4 comparison

We calculate the mass-loss rate of the subhalo for various redshift z and the host mass Mj,;.
The host mass is measured as M,q. First, we choose the subhalo mass at the accretion .
uniformly in a logarithmic scale between the minimum halo mass and the maximum halo
mass of 0.1M(Zaec). M(zacc) corresponds to the host mass at the accretion redshift. We set the
minimum mass of the subhalo to n1y, = 10"°M. For each set of 11,. and z,.. (as well as z and
Mhost), we calculate the mass-loss rate i following the prescription given in Sec. 5.3.2. The
distribution of the concentration parameter of both the host and subhalos, and the orbital
distribution of the subhalos are included by adopting a Monte Carlo approach. Then the
corresponding mass-loss rate of each subhalo is calculated.

In Fig. 5.2, we show the results of our Monte Carlo simulations with cyan points. The
plot range of each figure is adjusted to the simulation range of the N-body calculations. Full-
range results obtained by the Monte Carlo calculations are shown in the inserted figures.
We find that the mass-loss rate of the subhalo in Eq. (5.1.1) is well-described with a single
power-law function in more than 20 orders-of-magnitude as shown in the inserted figures.
We compare the results of the Monte Carlo calculations to those obtained in the N-body
simulations explained in Sec. 5.3.3. The results in N-body calculations are shown with thick
blue lines. Atrelatively small redshifts for both My = 101*M;, and 10’ M, we find very good
agreements between the two prescriptions. We also check the applicability of the analytical
approach by comparing the results with those of N-body simulations for small-mass hosts

b1


http://hpc.imit.chiba-u.jp/~ishiymtm/db.html
http://hpc.imit.chiba-u.jp/~ishiymtm/greem/
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Figure 5.2: Mass-loss rate of subhalos as a function of the orbit-averaged subhalo mass
m in units of the host mass Mgt for Mpest = 1083Mg and z = 0 (top), Mhost = 10’M and
z = 5 (middle), and Myest = 1072M,, and z = 32 (bottom). Cyan points show the Monte
Carlo simulation results. Blue squares with error bars show the results obtained by N-body
simulations. Thick error bars correspond to the 50% of the simulated halos around the
median, while thin ones to the 90%. We also show the results of the Monte Carlo simulations
of wider mass range in inserted panels, which also include the fitting results with Eq. (5.1.1),
as overwritten solid lines on the Monte Carlo points.
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at higher redshift, z = 32. In order to calculate the mass-loss rate at such a high redshift,
we assume the 1) distribution at z = 7 in [77]. Even at the very high redshift and for very
small host mass of Mpest = 1072M, the mass-loss rate 7 in two calculations agrees within
differences of factors of a few. Although we cannot test the validity of our Monte Carlo
approach for 1 /Mpest < 107 by comparing with the N-body simulations, the results shown
in Fig. 5.2 from very small to large hosts as well as from very high to low redshifts give
us confidence that our analytical prescription captures the physics of tidal stripping. The
method can be applied even to the cases with an extremely small mass ratio 7/Mhost.

From each calculation of the host mass and the redshift, (Mpest, 2), we derive the function
of the parameter A and C in Eq. (5.1.1). These parameters depends on the host mass Most
and the redshift z as

logA = [—0.0003 log (&) + 0.02] z
Mo
+0.0111og (%) —0.354, (5.3.27)
Mo
C = [0.00012 log (%) - 0.0033] z
Mo
Mhost
—0.00111og +0.026. (5.3.28)
Mo

In the derivation of Egs.(5.3.27) and (5.3.28), we use results of the Monte Carlo simulations
that covers the host mass from Mt = 107°M,, to 10'*M,, and the redshift z = 0 to 7.

5.4 Applications

We calculate the quantities of interest related to the subhalos in this section. The mass
function and the mass fraction of the subhalo, as well as the boost factor, are derived here.
For this purpose, we combine the mass-loss rate obtained in by combining By combining the
tidal mass-loss rate obtained in Sec. 5.3, the calculation of the profile parameters in Sec. 5.2,
and the mass accretion history.

5.4.1 accretion rate of the subhalo

One has to know the number distribution of the accreting halo d*Ng,/(d In m,ecdzacc): the
number of subhalos accreted onto the host per unit logarithmic mass range around In m,.
and per unit redshift range around accretion redshift z,.. to calculate the subhalo mass
function and the boost factor. With the understanding of the growth history of the hosts,
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the distribution d*Ng,/(d In 1,.dZacc) can be determined using an extended Press-Schechter
formalism [514]. Following the convention in [314], it is expressed as

dZN sh ~r dsacc dMacc
W = fc(sacc, 6acc|50/ 60/ Macc) dmacc ?acc.

(5.4.1)

In Eq. (5.4.1), sacc and 0, are used to parameterize the mass and redshift, respectively. They
are defined as S,cc = 0%(Mac, 2 = 0) and Oace = 0c(Zace) = 1.686/D(zacc) [321]. Similarly, for the
host, we adopt Sy = 0?(Mp,z = 0) and &y = O.(z) to characterize the mass M, and redshift
zp as a boundary condition. The probability distribution of the mass of the host M, at the
accretion redshift z,.. which evolves to M, at z, is denoted as P(M,.|So, 6p). We adopt a
log-normal distribution with a logarithmic mean Moo = M(zacc|[Mo, z0) of Eq. (5.3.7) and a
logarithmic dispersion

Macc
OlogMue = 0.12 — O.lSlog( ) (5.4.2)
My
The definition of the function ¥ in Eq. (5.4.1) is
7:(Saccz 6acc|SO/ 60; Macc)
= fq)(sacc-éacclSO/ 60; Macc)P(Macc|SO/ 60)dMaccr
(5.4.3)
q)(saca 6acc|SO/ 60/' Macc)
00 -1
= [f F(Sacm 6acc|SO/ 60; Macc)dsacc
S(Mmax)
% F(Saccr 6acc|50/ 60; Macc)/ (macc < mmax)/
0, (otherwise),
(5.4.4)
F(Sacm 6acc|50/ 60; Macc)
1 6aCC - 6M (6acc - 5M)2]
= exp|—-———m—|, 5.4.5
V2T( (Sacc - SM)3/2 P [ 2(Sacc - SM) ( )

where My, = min[M,.., Mo/2] and M. = min[Mcc + Mmax, Mp] are introduced. The condi-
tions for mm,x and M.y assure the mass hierarchy of the host and subhalos. Sy = oﬁA(MmaX)
and Oy is defined as 0.(z) at a redshift at which M = M,,x. The equations above determine
the distributions of accreting subhalos d*Ng,/(d In 1,..dZacc) for arbitrary hosts.
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5.4.2 mass function of the subhalo

We calculate the mass function of subhalos in the following procedure. First, we fix the
redshift of interest z; and the host mass at that redshift, My. Next, we uniformly sample 11,
in logarithmic space between 10"°M, and 0.1M, and z,. between z, + 0.1 and 10 for each set
of (M, zp). Each combination is characterized by a subscript i, (Inacci, Zacc,i). Its weight w;
is chosen to be proportional to the subhalo accretion rate from the extended Press-Schechter

formalism in Sec. 5.4.1, i.e.,
d*Ngh
o | ———7—|. 5.4.6
i (d n maccdzacc)i 646)
The normalization of the weight is determined by the condition

Z w; = N, sh,total (5.4.7)
i

where Ngh tota is the total number of subhalos ever accreted on the given host by the time
z = 20. Nshtotal 1S Obtained from the numerical integrations of Eq. (5.4.1) as

d’Ng,
Nsh,total - fd In maccdzaccm i Z w;j. (548)

We calculate the subhalo mass at z, after tidal stripping, my,;, by integrating Eq. (5.1.1)
over cosmic time from that corresponding to z = z,.; to z = z,. The parameters A and
C are taken from Egs. (5.3.27) and (5.3.28), respectively. For each set specified with i, we
obtain the subhalo concentrations at the accretion following the log-normal distribution
P(cyiracclMacc,is Zace,i) @s discussed in Sec. 5.2. For the concentration-mass relation, we adopt
the model in [ 16] (see Sec. 5.3.1). Then we calculate the scale radius 7,; and the characteristic
density ps; at redshift z,..; as functions of cyirace. The characteristic density and the scale
radius after the tidal stripping are determined from those quantities before the stripping and
the mass ratio of the subhalo before and after the tidal stripping, m;/m.c., as explained in
Sec. 5.2. We remove the halos of which truncation radius r;; < 0.77r,, at z = z; after the tidal
stripping. Such halos are regarded to be completely disrupted.

The subhalo mass function is then constructed as the distribution of 111 ; properly weighted
by w;.

X f dcvir,accp (Cvir,acclmacc,i/ Zacc,i)

X ®[rt,i (ZO|CVir,aCC) - 0~77rs,i(ZO|CVir,acc)]/
(5.4.9)
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where 6(x) and O(x) are the Dirac delta function and Heaviside step function, respectively.
Our calculation includes the condition of tidal disruptions.

The subhalo mass function has been studied most commonly through N-body simulations
in the literature. We compare in Fig. 5.3 the subhalo mass function m*dNg,/dm obtained by
the numerical simulations and by our analytical model of Eq. (5.4.9). Three panels in Fig. 5.3
differ in the host mass and the redshift. In the fop panel, we compare the subhalo mass
function at z = 0. The cases of the host mass Mpot = 1.8 X 1012M, and 5.9 x 10"*M,, are
shown. The fitting functions corresponding to the results of [505] and [331] are also shown.
In both cases, the simulations and analytical models show reasonable agreements, while our
model predicts fewer subhalos. In the middle panel, we compare the mass function at z = 2
and z = 4 with results of [337], as well as of 1>’ GC-H2 simulation, for the host of which mass
Mhost = 108 Mg atz = 0. This again shows very good agreements between the two approaches
in resolved regimes of numerical simulations. Our model can also be applied to even smaller
hosts. This is shown in the bottom panel. The subhalo mass function for My = 10°M, and
10’M,, at z = 5 are compared with the results of the Phi-2 simulations. The results agree
well down to the resolution limit of the numerical simulation at around ~ 500 — 1000M.
Hence, the subhalo mass functions in our analytical model are well-calibrated to the results
of the numerical simulations. This assures that our analytical model captures the important
physics of the subhalo evolutions. The behavior at the low-mass end down to very small
mass scales can be regarded as reliable.

In Fig. 5.4, we show the slope of the subhalo mass function

_ dIn(dNy,/dm)
B dlnm
(i.e., dNgn/dm oc m™®) for the same host and redshifts as those in Fig. 5.3. We find that the slope
a lies in a range between 2 and 1.8 for a large range of the subhalo mass m. The exceptions
are those at the lower and the higher edges where the mass function features cutoffs. This
is consistent with one of the findings from the numerical simulations, again confirming the
validity of our analytical prescription.
The mass fraction of the subhalo obtained as

1 0.1Mhost AN,
fan = f dm m—=. (5.4.11)

Mhost 10-5Mo dm

This is shown in Fig. 5.5. At redshift z = 0, the mass fraction of the subhalo is smaller than
~10% level up to cluster-size halos (Mps ~ 10'° —10'°M,,). The fraction fi, gets larger at high
redshifts. The suppression of the tidal mass-loss effect at high redshifts is responsible for this
feature. For comparison, we show the results obtained from N-body simulation in [*5”] with
square markers in the figure. In the N-body calculation, contributions from the subhalos in
the mass range of 1.73 X 10! M, and 0.1Mj,.s; are counted. A good agreement can be seen
with the thin blue line corresponds to our calculation in the same subhalo mass range.

, (5.4.10)
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Figure 5.3: Comparison of the mass function of subhalos. Top: Comparison at z = 0. Thick-
blue lines correspond to the Myt = 1.8 X 10'2M,, while the thin-red lines to 5.9 x 10M.
Solid (Dashed) lines correspond to the analytical (N-body) results. Fitting functions in [505]
for Myt = 1.8 X 1012M,, and in [331] for 5.9 x 10"*M, are also shown. Middle: Cases of
Mhpost = 2.3 X 102M, at z = 2 (blue) and Myt = 4.7 X 101! M, at z = 4 (red), compared to the
N-body results in Table 5.1 and [33”]. Bottom: Comparison at z = 5 for Myest = 10°My, (blue)
and Mpost = 10’M,, (red). The lines corresponding to our N-body results extend toward
large masses because halos of various masses around a given geometric mean are stacked to
derive the mass functions.
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5.4.3 boost factor

Assuming a host halo of NFW profile, the y-ray luminosity from the dark matter annihilation
is expressed as

(1 + CViI‘)3

where P(cyir|M, z) is again the log-normal distribution of the host’s concentration parameter
for a given host mass M and the redshift z. The scale radius r; and the characteristic density
ps are both dependent on c;; as well as on the mass M and the redshift z. We do not show
the constant of the proportionality of the relation in Eq. (5.4.12). It includes particle physics
parameters such as the mass and the annihilation cross-section of dark matter particles.
However, the constant is canceled in the boost factor by taking the ratio of the host and
subhalo luminosity.

The enhancement of the dark matter annihilation signal due to the contribution from all
the subhalos is quantified as the boost factor. It is defined as

Liost(M) o f deyir P(cyiclM, 2) 272 ll —~ ;] (5.4.12)

L;(})Ital ( M)

Ben(M) = LoD’

(5.4.13)
then, the total luminosity from the halo is given as L = (1 + Bsh)Lhost- Following the
prescription in this thesis, all the subhalos today are characterized with its accretion mass
Macc i, the virial concentration at the accretion cy;; occ, and the accretion redshift z,.. ;. Then the
luminosity from a single subhalo i is also characterized with these quantities. The luminosity
of each subhalo is determined as

1
o Y R , 4.14
hi O 0575 l (1+ Tt,i/rS,i)s] ’ |

where r,;, 7,;, and p;; are the scale radius, truncation radius, and characteristic density of the
subhalo i after it experienced the tidal mass loss. They also depend on the host mass M and
the observation redshift z. The total subhalo luminosity L;f}’ltal(M) is obtained as the sum of
Lgn; with weight w; and averaged over cyi .. With its distribution:

L;%tal(M) = Zwifdcvir,accp(cvir,acc|macc,i/ Zacc,i)
i

X Lsh,i(z|cvir,acc)
X ®[rt,i(zlcvir,acc) - 0'77rs,i (Zlcvir,acc)]-
(5.4.15)
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Presence of sub-subhalos

As shown in the literature, the halo structure is highly hierarchical. This is because the
subhalos before the accretions have been formed by mergers or accretions of even smaller
halos. Then, there should exist sub-subhalos and further substructures in the subhalos of the
host halo. In the following, we refer to them as sub”-subhalos. Note that the discussion in the
above section corresponds to the case of n = 0, where subhalos do not include sub-subhalos.
Especially Eq. (5.4.14) is based on the assumption that the density profile of subhalos is given
by smooth NFW profile neglecting the sub-sub halo contributions.

We include the effect of sub”-subhalos iteratively. In the case of n > 1, when a subhalo i
accretes at z,..; with a mass m,.;, we give it a sub-subhalo boost Bgl_l)(maccli, Zace,i) Obtained
from the previous iteration; for n = 1, it is Eq. (5.4.13) evaluated at m1,..; and zac,;. After the
subhalo experiences the tidal mass-loss, its sub-subhalos as well as the subhalo component
are stripped away up to the tidal radius r;;. It is known that the sub-subhalo distribution
(that the y-ray brightness profile from the sub-subhalos follows) is flatter than the brightness
profile of the subhalo’s smooth component that is proportional to the NFW profile squared
(e.g. [337]), then the sub-subhalo boost decreases. In order to quantify this effect, we assume
that the sub-subhalos are distributed as ngp(r) o< (* + r2)~¥2 which is a favored form in
previous works (e.g. [145] and references therein). We also assume that the NFW profile
parameter r; and p; hardly change after the mass loss. Then the total sub-subhalo luminosity
enclosed within a radius of r from the center of the host halo is

2
Lsshi(< ) o< In 1+(1)4~1 S — (5.4.16)

Vs,i Vs,i /rz + 12
s,1

On the other hand, the enclosed luminosity from the smooth NFW component is

-3
QMKﬂml—@+l). (5.4.17)

7’s,i
The sub-subhalo boost for the subhalo i at redshift z after n-th iteration is therefore estimated
as
-1
Bi:;u,(Z) = Biﬁ )(maCC,i/ Zacc,i)
Lssh,i(< rt,i)/ Lssh,i(< rvir,i)
Lep (< 713)/ Leni(< Tiri)

where 7y, ; is the virial radius of the subhalo i at the accretion.
We finally obtain the subhalo boost factor after n-th iteration (that takes up to sub”" -

subhalos into account), Bi’;l) (M, z), by combining Egs. (5.4.12)—(5.4.15), but also by multiplying

(5.4.18)
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Figure 5.6: Boost factor By, = L;‘;fal /Liost s a function of the host mass My, (defined as Myy)
between 10~2M,, and 10'°M,, at observation redshifts z = 0, 1, 2, 3, and 4. The calculations
include up to sub®-subhalos.

Lgn;in Eq. (5.4.14) with 1 +B$1)1,i(20) in Eq. (5.4.18). In this calculation, we consider the subhalos
accreted after z = 10 to calculate the boost factor at z < 5. Fig. 5.6 shows the boost factor By
as a function of host mass M, for several redshifts, after the fourth iteration that takes up
to sub®-subhalos into account. Host mass is defined as Myy. For z = 0, the subhalo boost
increases gradually with the mass of the host halos and reaches to about a factor of ~10 for
cluster-size halos while it is smaller than 1 for halos of the dwarf spheroidal galaxy scale.
The boost is significant at higher redshifts, being on the order of ~ 1 for a wide range of host
masses.

The effect of the higher-order subhalos (sub”-subhalos) is shown in Fig. 5.7. In this figure,
we show the boost factor at redshift z = 0. The boost factor could be underestimated if we
neglect the contributions from higher-order substructures. It can differ by about a factor of
a few for cluster-scale halos. We find that the boost saturates after the third iteration, after
which further enhancement is of several percent levels.

Dependence on the concentration-mass relation

In our calculations of the boost factor, we adopted the concentration-mass relation in [516]
as the canonical model. Their derivation is based on the analysis with N-body simulations.
However, the concentration-mass relation is a topic under discussion. In order to compare the
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boost factor with different concentration-mass relations, we adopt another model proposed
in [324] and conduct the same calculation. The concentration-mass relationin [324]is derived
from analytical discussions. The difference between the two models is that a higher value
of the concentration is expected in [33] especially around z = 0. Fig. 5.8 is the boost factor
assuming the concentration-mass relation in [*3]. The boost factor enhances by more than
a factor of a few compared to the value obtained with [316]. The boost factor directly reflects
the difference of the concentrations around redshift z = 0. Our results show that a deeper
understanding of the concentration-mass relation is necessary to obtain the boost factor
corresponding to the actual situations.

Note that the concentration-mass relation is related to the primordial curvature pertur-
bations in the early Universe [335]. The primordial power spectrum which can produce the
ultra-compact minihalos (e.g. [376]) should enhance the boost factor significantly by chang-
ing the density profiles and the concentration-mass relation. In fact, possibilities of such
significant boosts are discussed in [555,337]. However, such extreme cases may already be
constrained by current y-ray observations.

A case without tidal disruption

There is an argument that the tidal disruption of the subhalo is a numerical artifafct [500].
If this is the case, we can expect a larger number of subhalos even with much smaller
truncation radius r; < 0.77rs could survive against the tidal disruption. Our condition that
requires r; > 0.77r, leads to a conservative estimate if this is the case. We repeat the same
calculation without implementing the condition for tidal disruption 7, > 0.77r, assuming

that the survival of the subhalo does not depend on the amount of the stripped mass. The
obtained boost factor hardly changes at any redshift.

5.5 Discussions

5.5.1 comparison with earlier works

Analytical calculations of the boost factor are conducted in previous works such as [711]
and [553]. Comparing with the calculation of [?11], the following points are improved: (i)
the implementation of the scatter distribution in the concentration-mass relation for host and
subhalos, (ii) the calibration of the subhalo mass-loss rate down to the extremely small mass
ratio m/M using the Monte Carlo simulations of the tidal stripping, (iii) the extension in the
calculations of the boost factor as well as the subhalo mass function beyond z = 0, and (iv)
the inclusion of the higher-order substructures. Our results are consistent with those in [#11]
if we omit the contribution from the sub”-subhalos with # > 1. By including up to the sub®-
subhalo, the enhancement of the boost factor by a factor of a few is expected in the largest
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halos. Our results are also consistent with that obtained in another analytical work [537]
after integrating over the entire volume of the halo and assuming the subhalo mass function
of dNg,/dm o m™1°. They consider subhalos in a Milky-Way-like halo at z = 0 and include the
effect of the disk shocking as well as the tidal stripping. We can directly compare our results
with that of [377] if we extend our calculations to include baryonic effects. Another work to
compare is the calculation of the subhalo boost in [375,339]. They have developed a different
analytical model assuming self-similarity of the substructures and computed the probability
distribution function of the dark matter density that has a power-law tail, then calibrated it
with numerical simulations of the Galactic halo. The boost factor within the volume of the
virial radius of ~200 kpc have been found to be a factor of ~10, which is slightly higher than
our result with the canonical model. Two results are quantitatively consistent if we adopt
the concentration-mass relation of [34].

5.5.2 updates on the current IGRB limit

The boost factor at a higher redshift is calculable with our analytical model. Applying the
result of the boost calculations, we update the current limits on the dark matter annihilation
cross-section with the isotropic y-ray background (IGRB) observations. The latest measure-
ments of the IGRB intensity is availablein [141, 147]. In Fig. 5.9, we show the observed y-ray
intensity and the expected flux from the dark matter annihilations. We assume the case that
dark matter of mass mpy = 100 GeV annihilates into bb with the canonical cross-section of
(ov) ~ 2 x107% cm?®/s [3¢] in this figure. Following the “halo model” approach of [145] to
compute the contribution of the dark matter annihilation signal in the IGRB, a factor of a few
enhancement of the dark matter annihilation signal is expected when subhalos exist. In our
formalism, we can automatically compute all the subhalo properties at once including mass
function and the boost factor.

The constraints on the annihilation cross-section are derived by performing a simple anal-
ysis of the Fermi IGRB data [147]. Two components are included: (1) dark matter annihilation
of a given mass mpy and assuming a bb final state, and (2) an “astrophysical” power-law com-
ponent with a cutoff. We adopt the best-fit spectral shape, Lsuo(E) o« E™** exp(—E/279 GeV)
in [147] for the astrophysical component. The normalizations of these components are free
parameters of the fitting procedure. We derive the upper limits on the cross-section (ov)
conducting the Ax? analysis. For the IGRB data, we adopt those for a foreground model “A”
in [147], but treat statistical and systematic uncertainties as independent errors.

By implementing the results of our boost calculations, the current constraints are updated
as shown in Fig. 5.10. Fig. 5.10 shows the upper limits on (ov) at 95% confidence level (Ax? =
2.71) using our canonical boost model assuming the concentration-mass relationin [316]. The
upper limit obtained by assuming no boosts is also shown. The subhalo boost improves the
constraints by a factor of a few. The improvements are almost independent of the dark matter
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Figure 5.9: Contriubtion to the IGRB intensity measured by Fermi satellite from dark matter
annihilation for (cv) = 2 X 1072° cm?/s, mpy = 100 GeV, and bb final state. The solid (dotted)
curve shows the case of the subhalo boost (no boost).
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Figure 5.10: Upper limits on the dark matter annihilation cross section at 95% confidence
level as a function of dark matter mass. The dark matter annihilation into the bb pair is
assumed. Solid and dashed curves are for the canonical boost model and without subhalo
boost, respectively. For comparison, the result of the latest joint-likelihood analysis of 41
dwarfs [15] are shown with a dotted curve.

mass, which is consistent with the tendencies seen in the previous works (e.g. [340, 341]).
Our estimate is conservative in the sense that we do not include the contribution from
the Galactic subhalos [54”]. We also compare our limits with the latest results of the joint
likelihood analysis of 41 dwarf spheroidal galaxies [45], which set the benchmark as the most
robust constraints on the dark matter annihilation cross-section.

One might expect some improvements of the limit obtained from the observations of
dwarf spheroidal galaxies with subhalos. However, this effect is negligible as is already
discussed in [*11]. We find that the IGRB limits with our boost model are competitive to
the results obtained from observations of dwarf spheroidal galaxies at ~200 GeV. Note that
more accurate limits should include uncertainties coming from modeling of the astrophysical
contributions (e.g. [143]). A further consideration is needed [!45] for correct values.

We can also implement our subhalo boost in different ways. The small-scale angular
power spectrum of the IGRB has also been measured with Fermi satellite [146], which is
another way to search dark matter annihilation signals [145, 345] as well as high-energy
astrophysical sources [44,345]. Itis also pointed out that taking cross-correlations with local
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gravitational tracers such as galaxy catalogs is a promising way along the same line [150,

,247]. Since these constraints obtained from the analysis of the anisotropy are more
sensitive to the dark matter distribution at smaller redshifts and in larger hosts, the effect of
the subhalo boost is expected to be even more important than for the example case using
IGRB intensity. We also note that our updated boost model will impact the result of stacking
analysis of nearby galaxy groups [*4¢], which relied on the boost model of [*11].

5.6 Summary

We examined possible enhancements of the dark matter annihilation signals, which is re-
ferred to as the boost, in dwarf spheroidal galaxies by contributions from subhalos. In WIMP
dark matter scenarios, the existence of small-scale halos of M ~ 107°M;, is naturally expected.
Such halos cannot be resolved in N-body simulations, which are traditional ways to study
halo structures. In previous works based on N-body simulations, the estimates of the boost
factor differ by more than one order-of-magnitude depending on the models of extrapola-
tions. We reduced these uncertainties by developing a new analytical formalism to calculate
the evolution of the subhalo and the boost factor. Our formulation is physically motivated
and not limited by the numerical resolution. It can cover more than 20 orders-of-magnitude
in halo mass and the redshift up to z ~ 10.

We modeled the tidal mass-loss of the subhalos after their accretion onto the hosts and
derived the mass-loss rate as a function of the host mass and the redshift. As shown in
Fig. 5.2, the mass-loss rates calculated in our analytical formalism are consistent with those
of N-body simulations in resolved regimes. Combining the derived relation for mass-loss
rates with the mass accretion history in the extended Press-Schechter formalisms, we derived
the mass function and the mass fraction of subhalos for hosts of My, = 10~ — 10'*M,, and
redshift up to z ~ 10. We show in Figs. 5.3, 5.4, and 5.5 that the results of our analytical
calculations agree well with those of the N-body simulations. We calculated the boost factor
taking the contributions from the halos down to the minimum-mass scales and up to the sub*-
subhalos into account. The boost factor is less than one for present-day dwarf spheroidal
galaxies while it is as high as a factor of ~ 10 for galaxy clusters. This is shown in Fig. 5.6.
We also calculated the boost factor assuming a different concentration-mass relation and
showed that the boost could not be expected in dwarf spheroidal galaxies. For larger halos
of Mpost = 10'2Mo, the boost factor increases by changing the concentration-mass relation.

Contributions from subhalos in the largest scale halos of My, ~ 10 — 10*M, and
at higher redshifts affect the dark matter search in galaxy clusters and/or isotropic y-ray
backgrounds. At dwarf spheroidal galaxy scales of Myt S 102M;, it does not occur. Hence
we conclude that the uncertainties are fewer for dwarf spheroidal galaxies and they good
targets to search dark matter with Cherenkov Telescope Array.



Chapter 6

Conclusion

In this thesis, we have discussed dark matter searches in dwarf spheroidal galaxies (dSphs)
with Cherenkov Telescope Array (CTA). We focused on the Weakly Interacting Massive
Particle (WIMP), which is one of the strongest candidates for dark matter. Assuming that
the annihilation cross-section into the standard model particle to be the canonical value of
(ov) ~ 3x107%cm?>/s, WIMP of mass mpy ~ O(1) GeV - O(1) TeV naturally achieves the relic
abundance through the thermal freeze-out mechanism. Observations of dSphs with Fermi
satellite constrains the annihilation cross-section of the WIMP of mpy ~ O(1) —O(100) GeV to
be smaller than the canonical value. CTA is expected to enhance our accessibility to the dark
matter heavier than mpy = O(1) TeV. Different from the observations with Fermi satellite,
dSphs are resolved as extended sources with CTA.

In Chapter 4, we have investigated how the spatial extension of the target dSphs affects
the sensitivity to dark matter. For this purpose, we sampled the dark matter density profiles
of Draco dSph and calculated the 2-¢ level upper limits on the annihilation cross-section with
a simulated 500-hour observation of this dSph with CTA. We conducted binned maximum-
likelihood analyses assuming 16 different profiles and 3 annihilation channels, bb, WW~,
and 77" If we simply adopt the profiles in the literature, the sensitivity differs by a factor
of ~10 as shown in Fig. 4.13. Both of the value of the J-factor and the spatial extension
contribute to the uncertainty in this case. Removing the J-factor dependence in the analyses,
we showed for the first time that the spatial extension of the target dSph should affect the
sensitivity in a different way from that of the J-factor. This is shown in Fig. 4.15. In the
most optimistic case, we can search the dark matter annihilation signal corresponding to the
cross-section of (0v) ~ O(1072° — 1072*) cm?/s for the dark matter of mpy = O(1) TeV. The
limits shift upwards by a factor of ~10 if we adopt profiles with larger spatial extensions. We
can explore the annihilation cross-section down to (ov) < O(107%?) cm®/s for the dark matter
of mpy ~ O(1) — O(10) TeV in the most conservative case, which cannot be achieved with the
other y-ray experiments. Parts of well-motivated models with resonant annihilations can be
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tested by observing dSphs with CTA. The dependence on the spatial extension of the profile
is clarified in Fig. 4.16 introducing a new quantity Oy as the parametrization of the source
size. Oq is defined to be the angular scale corresponds to the 90% containment radius of
the J-factor. When the spatial extension of the target dSph, Oy, is larger than ~ 1 degree,
the upper limits on the annihilation cross-section get milder by more than a factor of a few
compared to the case analyzing a point source of the same J-factor. The index of the density
profile y of p(r) oc ™7 also affects the sensitivity. Dependence of the source-size effect on the
dark matter mass is understood with the characteristics of the instrument.

The boost of the dark matter annihilation signals caused by the subhalos in the focusing
halos is another source of the uncertainty. In Chapter 5, we showed that the subhalo
boost is negligible for dSph scale halos. In order to quantify the contributions to the dark
matter annihilation signals from such small-scale structures beyond the resolution of the
N-body calculations, we developed a new method to calculate the evolution of subhalos
in an analytical way. We modeled the tidal stripping of subhalos approximating that the
tidal mass-loss occurs in the first orbit of the subhalos after their accretion onto the hosts.
We also assumed NFW profiles up to the truncation radius for host and subhalos in our
formulation. Combining the derived relation of the tidal mass-loss with the mass accretion
history of subhalos and the host evolution in the extended Press-Schechter formalism, we
derived the subhalo mass function and the boost factor. Our results of the tidal mass-loss
rate, the subhalo mass function, and the subhalo mass fraction are consistent with those of
N-body calculations in resolved regimes. Figs. 5.2, 5.3, and 5.5 show the consistency between
the two calculations. Furthermore, our formulation covers more than 20 orders in the halo
mass and the redshift up to z ~ 10. The contributions from the halos down to the minimum
scale of M ~ O(107%)M,, in the galaxy cluster scales of M ~ O(10'°)M,, are quantified. For
dSph scale hosts of M ~ O(10%)M,, the boost factor is less than one while it reaches a factor of
~ 10 at the galaxy cluster scale. This means that the uncertainties in the dark matter search
in dSphs are dominated by those in dark matter density profiles and the contributions from
the subhalos are negligible. Compared to the other targets proposed in the Key Science Project
of CTA, dSphs are better-motivated targets to obtain robust constraints on the dark matter
properties since they do not contain astrophysical sources nor booster subhalos.

The nature of the dark matter is one of the most important problems in modern physics.
There are motivations to search them in the Universe where the first indication for dark
matter was found. The field of the indirect dark matter search is now rapidly developing.
Taking this approach, we can access the higher energy regions beyond the scope of the
laboratory experiments. However, the ability of this approach is limited by our knowledge
about the astrophysics. One of the most important tasks in the indirect dark matter search is
to reduce the uncertainty coming from astrophysical modelings. Competing astrophysical
emissions, dark matter distributions in the region of interest and on the line-of-sight, are
examples. In spite of such uncertainties, our knowledge about the heavier dark matter of
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mpym 2 O(1) TeV should be enlarged in this era. We showed in this thesis that we will soon
access the unexplored parameter regions of dark matter with CTA. For example, we could
capture the signatures of WIMP dark matter if we observe dSph with high J-factors and small
angular extensions. If we detect no signatures of WIMPs, which are thought to be one of the
strongest candidates, it may imply that we have to consider other possibilities seriously. In
either of the case, precise understandings about the environment of the observing regions are
required. The importance of the astrophysical knowledge increases for observations with
advanced facilities like CTA. We tackle these problems in future works.
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Appendix A

Symbols and acronyms

A.1 Symbols

Table A.1: Physical constants

¢ 299792458 x 10"cm/s speed of light
m, 511keV =9.109 x 1073 g  electron mass
i 1.0546 X 107%7 cm?/g/s Planck’s constant

My 1.12211 x 10" GeV Planck mass

G  6.673x 107 cm®/g/s? Newton’s constant

or 6.6524 x 107%° cm? Thomson cross-section
My 1.989x10% g solar mass

A.2 Acronyms
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Table A.2: A list of the acronym used in this thesis.

ALP  axion-like particle

CMB  cosmic microwave background
CTA  Cherenkov Telescope Array

Dec declination

DM dark matter

dSph  dwarf spheroidal galaxy

G.C.  galactic center

IACT imaging atmospheric Cherenkov telescope
IGRB isotropic y-ray background

IRF instrumental response function
LMC  Large Magellanic Cloud

Lo.s line of sight

LSP the lightest supersymmetric particle
LST Large-sized telescope

MST  Medium-sized telescope

PBH  primordial black hole

R.A right ascension

Rol region of interest

SIMP  strongly interacting massive particle
SST Small-sized telescope

WIMP weakly interacting massive particle



Appendix B

Cosmological history

B.1 Brief summary

In this section, we briefly summarize the cosmological history. Throughout the section, we
use the convention of ¢ = i = kg = 1. More detailed explanations are provided in [49]. We
pick up some topics related to this thesis here.

Cosmological observations revealed that the Universe is expanding. This indicates that
it was very small and dense at early times. If we go back in time, the temperature and
the density get higher. At some epoch, both the quantity exceed the energy scale which
is achievable on the Earth. The hints of the early universe are obtained only from the
cosmological observations. Observationally, the current Universe is very flat, isotropic and
homogeneous. One has to consider the expansion history to understand the structure of the
current Universe.

The evolution of the universe is described with the Einstein’s equation. It is an equation
that relates the energy and the geometry of the spacetime

Gl = 8nGT!. (B.1.1)

G, in the left-hand side is the Einstein tensor determined by the geometrical structure of the
spacetime while the T}, in the right-hand side is the energy-momentum tensor. Assuming
that the universe is homogeneous and isotropic, the simplest metric of the flat spacetime is

ds? = —c*df* + a(t)* (dr* + r* (A0 + sin® 0d¢p?)) . (B.1.2)

The scale factor a(t) parametrize the expansion of the universe, or equivalently we use the
redshift z defined as a = (1 +2z)~!. Under this metric the, energy-momentum tensor is limited
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to be the form of

T = (B.1.3)

|
OOOb

0 0O
p 00
0p O
0 0p

where p and p is the energy density and pressure, respectively. The structure of Eq. (B.1.1)
allows to add a constant term in either side of the equation. Then, Eq. (B.1.1) is rewritten as

G" + AS" = 8nGT". (B.1.4)

If we move the A term to the right-hand side, it behaves as an energy component. All the
energy component, including the A term, contribute to the evolution of the universe. So p
in Eq. (B.1.3) is

p= Z pi- (B.1.5)

Theindexiruns over all the energy components. The pressure p is determined by the property
of each energy component. We consider three components: dust (p = 0), radiation(p = p/3),
and the so-called dark energy (p = —p).

From the conservation of the energy and momentum, and also from the Bianchi identity,
Eq. (B.1.4) is reduced to two independent equations

% 8nG A 8nG A

(a) = 3Ptz T(P * %) (B.16)
a 4G A
E = —T (p + 3p) + g, (B17)

assuming an isotropic and homogeneous spacetime. In this expression, we separate A term
from the other energy components. It is clear in Eq. (B.1.6) that the additional term of
A behaves as an energy component. The first equation is called the Friedmann equation.
We omit the negligible contribution from the curvature in this expression. There are three
unknown quantities 4, p, and p, and two independent equations. By combining the above
equation with the equation of state p = yp for each component, we can solve the evolution
of the spacetime. The behavior of the Universe at a certain epoch is almost determined by
the most dominant component p; at that stage.

In order to explain the observational facts that the Universe is flat and homogeneous,
we need a rapid expansion epoch in the early time. This can be achieved if the Universe
is dominated by dark energy at the beginning. This epoch is referred to as the inflation.
The source of the inflation is called the inflaton. At the inflation, the scale factor grows

as a(t) oc exp [ VA/ 3t] hence the Universe expands exponentially. Radiation dominated era
appears when the inflaton decays into radiations. Density fluctuations, which are seeds
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of the current structure of the Universe, are also generated in this mechanism. In the
radiation-dominated era, the Universe expands as a(t) « t/2. Since the radiation energy
density decreases as p, o a~* while the matter as p,, « a3, the contribution from the matter-
energy becomes dominant in the later stage. The Universe is matter-dominated after the
matter-radiation equality. In this epoch, the Universe expands as a « t2/3. Throughout the
cosmological history, dark energy density keeps a small but constant value. It becomes
dominant at a sufficiently late time because it could not be diluted. Our era is a dark-energy
dominated era in which matter and radiation density are already rarefied to be subdominant.

The Hubble parameter, denoted as H = d/a is an important quantity to parametrize the
evolution of the Universe. It can be derived from Eq. (B.1.6). If we take the value at the
redshift z = 0, it corresponds to the expansion rate of the current Universe. Once the Hubble
parameter is fixed, the total energy density p is expressed as

3
pcrlt - 87'(G

The pgit is referred to as the critical density. It is convenient to introduce cosmological
parameters (); for each energy component defined as
Q=L (B.1.9)
pcrit
The latest measurement of p.i and €; are given in [17].

Since the expansion of the Universe is an adiabatic process, the temperature decreases
monotonically. When the temperature of the Universe is high enough, the timescale of
the particle interaction is shorter than the Hubble time H(t)™!, which is an indicator of the
expansion speed of the Universe, the thermal equilibrium is sustained. Particles in the
thermal equilibrium follows the distribution of

-1
flp) = (eXp [E(p)% + 1]) : (B.1.10)

where p, u and T is the momentum, chemical potential, and the temperature, respectively.
The sign + is taken for fermions and the — for bosons. Using the distribution function
Eq. (B.1.10), the number density, the energy density, and the pressure are

(B.1.8)

d°p

no= gf(Zn)gf(p) (B.1.11)
d°p

p =8 f (Zn)gE(p)f(p) (B.1.12)

d3 2
b = 5 [ G ®) (B.1.13)
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introducint g to be the internal degree of freedom. Asymptotic expressions are available for
each of the non-relativistic and relativistic limit. In the non-relativistic limit,

mT\3? mc? — 1
n = g(g) exp l— T ] (B.1.14)
= nmc* + gnT, (B.1.15)
= nT (B.1.16)

while in the relativistic limits

1.202 3/4 for fermi
no= S Tsg x Jo/%  for fermion (B.1.17)
T 1 for boson
.2 .
P _, 7/8 for fermion
= —T'gx B.1.18
P 30 {1 for boson ( )
p
= I, B.1.19
po= 3 (B.1.19)
The non-relativistic and the relativistic limits corresponds to the matter and the radiation,
respectively.
The total energy density in the radiation-dominated era is
= n—2T4 (B.1.20)
pl’ - 30 gx- L.

with the effective degree of the freedom g. defined as

4
g= Y gb(%)“Jrg y gf(%) . (B.1.21)

b:boson f:fermion

The contributions from both of the boson and the fermion are counted in this expression. In
this era, the temperature T is same as the photon temperature. The entropy density is

+ 212
5= p—Tp - %gﬂ? (B.1.22)

Note that the effective degrees of freedom for the entropy g., is different from that for the

energy, g. as
B T\ 7 Ty ’
5= Y, gb(T) vz ) gf(T . (B.1.23)

b:boson f:fermion
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Figure B.1: The evolution of the effective degree of freedom in the radiation dominated
era [32]. The right regions correspond to the early Universe. At the epoch of two shaded
regions in the figure, there might be < 10% uncertainties. At other regions, the accuracy is a
few %.

The entropy of the Universe is conserved except for some special situations. Then the
temperature of the universe behaves as T o g.’a~!. The change of the effective degree
of freedom is subtle as shown in Fig. B.1. they do not differ by more than two orders-
of-magnitude while the temperature changes in six orders-of-magnitude. So the relation
a o< T~ holds as a good approximation.

The changes in the effective degrees of freedom seen in Fig. B.1 is an outcome of the particle
annihilation in the Universe. At a high temperature of T X 300GeV, all the standard model
particles are relativistic and sharing the same thermal bath. The electroweak symmetry
breaks at T ~ 200GeV then particles other than the gluon and the photon become massive.
Creation of the weak bosons (W=, Z) stops at T ~ 100 GeV. They could not be produced
at T < 100 GeV. Weak bosons interact with other particles only through the decay into
leptons and quarks. A heavier particle stops its creation earlier than a lighter one. The
effective degree of freedom g. decreases continuously in this process. The quark-hadron
phase transition should occur at T ~ 15 — 200 MeV. After this phase transition, proton (p),
neutron (1), photon (y), electron and positron (¢*), and neutrino (v) remain. The value of
the g. is fixed at T ~ 0.5MeV. No particle creation occurs after this time when electrons and
positrons become non-relativistic.

The contribution from the non-relativistic matter to the total energy increases as the
number of the relativistic species decreases. Using the scaling of p, « a™* o« T* and p,, «
a~3 « T3, the energy density of two components becomes equal at T ~ eV, i.e.,

Teq = 8526 x 10° K, (B.1.24)
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or equivalently,

fleq 3.196 x 107, (B.1.25)
1+zeq = 3.129%10° (B.1.26)

After the matter-radiation equality, the Universe is matter-dominated. In this epoch, elec-
trons are free and interact with photons through the Thomson scattering. Also, they are
interacting with protons through the process of

p+e o y+H. (B.1.27)

The reaction in Eq. (B.1.27) proceed in both directions. When the temperature becomes lower
than T ~ 0.3 eV, which is much below the ionization energy of the hydrogen of 13.6 eV, the
reaction from the right to the left in Eq. (B.1.27) stops. Electrons are captured by protons to
form neutral hydrogens then the Universe becomes neutral. This is the recombination. The
recombination occurs at

Tee =~ 3500 K (B.1.28)
1300. (B.1.29)

2

zZ rec

After the recombination, the number density of the free-electron decreases rapidly. Then the
interaction between electrons and photons stops., i.e., the decoupling of the photon occurs.
The temperature and the redshift of the Universe at the decoupling are

Tie = 3000 K (B.1.30)
Zgee = 1100. (B.1.31)

After the decoupling, photons propagate in straight paths. We see the last-scattered photon
as the cosmic microwave background (CMB). The structure formation occurs after the photon
decoupling as we explain in below. Table B.1 is a brief summary of the cosmological event
after the inflation [249,350].

There are lots of structures in the Universe. The initial density fluctuation is the seed
of the structure of the Universe. It evolves through the gravitational interaction and forms
the current Universe. This is described in the framework of the general relativity. However,
a Newtonian discussion is sufficient to capture the qualitative behavior of the structure
formation. Considering the equation of the mass conservation and the Euler’s equation in a
co-moving frame of the expanding universe, the density and velocity fields evolve as

dp a 1
v a 1 1 1
E + EV + E(V . V)V = _EVCD - %Vp (8133)
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Table B.1: Thermal history of the Universe.

time [s] temperature [GeV] | event
inflation and reheating
10712 1TeV Electroweak phase transition (~ 100 GeV)
top quark, W* boson, Z boson annihilation
bottom quark, 7* particle, charm quark annihilation
107° 1 GeV quark-hadron transition (~ 0.1 GeV)
10 0.1 GeV u* particle annihilation
0.1 2-3 MeV neutrino decoupling
1 0.5 MeV e* pair annihilation
100 0.1 MeV Big-Bang nucleosynthesis (~ 0.07 MeV)
10° 10 eV matter-radiation equality
10" 0.3eV reionization
10" 02eV photon decoupling
10% galaxy formation (continues)
10" 10™* eV today

where @ is the gravitational potential in the co-moving frame. In order to see the evolution
of the density fluctuations, we decomposing the quantities into the average and the small
perturbation as

p(X, t) - p_(t)
p(t)
Spit) = plx,t) - pt) (B.1.35)

5(x, 1) (B.1.34)

where barred components correspond to the averages. It is convenient to work in the Fourier
space when we solve the evolution. We assume a self-gravitating system with no entropy

perturbations, which is the simplest case. The equation of motion for the Fourier component
o(k, 1) is

6  _4dd _ k) -
ﬁ+255—(4nGp— & )5:0. (B.1.36)

The second term in Eq. (B.1.36) coming from the expansion of the universe work as friction
in the equation of motion. If the third term is negative, 4nGp — (c;k)*/a® < 0, the equation
is the same as that of a damped oscillation. This is a so-called acoustic oscillation. On the
other hand, if 4nGp > (c;k)?/a?, the perturbation 6 grows. The critical wavenumber k; is

a+/4nGp
ky = #. (B.1.37)
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This is referred to as the Jeans wavenumber. Only longer scale perturbations of [ > A; =
2na/k; can evolve. We can estimate the minimum mass of the gravitationally-formed object

from this condition that X
drc (Af\

Before the matter-radiation equality, the perturbation could not grow due to the radiation
pressure. The Jeans length is equal to the horizon scale in this case. The growth of the
perturbation starts when the Universe enters the matter-dominated era. However, baryons
are tightly coupled to the photons through the Thomson scattering. Then the evolution of
the baryon is suppressed due to the photon pressure. It starts to evolve after the photon
decoupling. The Jeans mass at the decoupling is estimated to be

52 30\ 12 3
My~ ”63 [cs (4—‘;’) 1.9 x 10'6M,, (B.1.39)
Py '

which corresponds to the mass scale of the largest structures in the current Universe. We do
not have smaller structures like galaxies if this is the case. This problem can be solved by
introducing dark matter, of which perturbation starts to evolve just after the matter-radiation
equality. Their coupling to the photon must be small to satisfy the requirement.

B.2 The canonical cross-section

As we have explained in the previous section, we need dark matter, i.e., non-relativistic and
non-baryonic component in the Universe to form small-scale structures. Weakly Interact-
ing Massive Particle (WIMP) is a strong candidate. Based on the thermodynamics in an
expanding spacetime, we summarize the derivation of the canonical cross-section for the
annihilation process of WIMP dark matter into the standard model particles [3%]. We only
consider the velocity-independent case and discuss the thermally-averaged annihilation-
cross section {ov) here.

As a rough estimate, the decoupling of the particle occurs when their interaction rate
becomes smaller than the expansion rate of the Universe. This is a so-called Gamow’s
criteria. The WIMP dark matter is initially in the thermal equilibrium with photons, i.e., the
timescale of the WIMP-photons interaction is shorter than the Hubble time. The evolution
of their number density 7 is described with the following equation

dn B ) )
— +3Hn = (00) (n2, - ). (B.2.1)
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The second term in the left-hand side corresponds to the expansion of the Universe. When
the interaction rate is high enough, the number density n follows the thermal distribution
neq- Then the right-hand side of the equation becomes zero and

n(ts) = n(t;) exp l—3 ffH(t)dtl (B.2.2)

hence the number density is expected to decrease due to the Hubble expansion. The value
of 11¢q is determined as

1.202 X 25¢, T3 m < T, relativistic
Mleq = { 8 ( : (B.2.3)

8x (%{)3/2 exp [—%] (m 2 T, non — relativistic)

using Eq. (B.1.17) or (B.1.14). If the particle is non-relativistic, the number density decreases
exponentially as m/T increases. It is convenient to re-write Eq. (B.2.1) with different variables
Y = n/s and x = m/T. We introduce the entropy density s defined as s = S/a®. The effective
degree of freedom for the entropy g., is defined in Eq. (B.1.23). Using these variables,
Eq. (B.2.1) becomes

ar _ 2 _ 2
dx  Hx 3dnT Yeg =¥ ) (B.24)
Eq. (B.2.4) can be solved analytically in two asymptotic regime, the early and the late time
limits.

At the early time of the evolution, the relation n.q ~ n holds. Then expanding the variable
YtoY = (1+A)Ye, Eq. (B.2.4) becomes

dY _s{ov) [1 N 1dlng*,s](

dll’l(l + A) dIn qu quS (ov) 1d ll’lg A(2 + A)
= — 1+ = . B.2.
dinx | dinx H T 3dInT| 1+ A (8.2.5)
Using the fact that Yeq oc gx*? exp[—x], it is the same as
dln dIn(1+A)
1+A Yeqs(ov) [1 l‘”n_g] o
H 3dInT

The third and forth terms are negligible when A << 1 and dA/dx < 1. The change of g in the
denominator can also be neglected. In this regime, A is obtained by solving

AR+ A) m )‘1((x—3/2)e")

1+A

(B.2.7)

~ -35 -1
1.25 x 107 /g (o) ( oy 5
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The approximation breaks when A = O(1). The breaking time x, = m/T, defined as A(x.) =1
is obtained by solving the following equation

x. +In(x, — 1,5) = 0.5Inx, = 20.5 + In(10* {(¢v)) + Inm — 0.5In g.. (B.2.8)

The x, mildly depends on the particle mass m. If m =100MeV - 10TeV, then x. varies from
~ 17 to ~ 24. The value monotonically increases with the particle mass.

When the deviation from the thermal equilibrium becomes significant, A > O(1), the
exponential growth of the A starts. The number density of the particle is much larger than

that at the equilibrium, Y > Y, at this stage. Eq. (B.2.4) becomes

dY  s{ov) ldlng|_,
dx = Hx l1+3dlnT v

(B.2.9)

We can determine the number density at the final time 7, by integrate Eq. (B.2.9) from x. to

xr = m/Ts. The solution is

1

Y,=L =y, (1 ¥
Sf H.

T.
_ (4T |8 1dIng
a*—fo T /§I1+§dlnT‘ (B.2.11)

The final temperature T is same as the temperature of the current Universe.The cosmological
parameter of the WIMP dark matter is

(o) . a*)_ (B.2.10)

where

8nG (mH.,s
Qpym = —( ) B.2.12
o= 3 (o (B2.12)
where
K . {00) (B.2.13)

- H, + n.a + {ov)
and n. = Y.s, by definition. K varies from 0.97 to 1.07 depending on the mass of the dark
matter. The dark matter density in the current Universe is also written as

pPomo _ mYqSo

. B.2.14
Perit,0 Perit,0 ( )

The suffix 0 refers to the current value. Rewriting Eq. (B.2.12) using x, = m/T. and H = H(T),
we obtain the annihilation cross-section {(cv):

Q -1
(ov) = 0.902 x 1020y, g71/2 (o%) K. (B.2.15)

Fig. B.2 shows that the canonical cross-section depends on the mass of the dark matter [7].
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Figure B.2: The canonical cross-section of WIMP dark matter [3%]. They have confirmed
their analytical calculation (red-dashed line) with a numerical calculation (black-solid line).
For lower mass dark matter of mpy < 1 GeV, the annihilation cross-section becomes higher
by a factor of ~2 compared to the heavier dark matter.



Appendix C

Constraints from the collider and direct
detection experiments

C.1 Collider experiments

High-energy environments which are similar to some points at the early Universe can be
produced inside the collider. We might see processes similar to the inverse of the thermal-
freeze out there. The coupling between dark matter and the standard model sector should
be very weak then we do not expect to see dark matter as products of the particle collision.
It is mainly searched through the measurements of the missing transverse momentum or
energy. The so-called “mono-X" search is a strategy which investigates the excess of a certain
final state X in the opposite direction of the large missing transverse momentum or energy.
Analyses are also conducted for channels that produce something decay into the standard
model particles and dark matters. In the latter search, the final state is more complex than
that of the former one.

We have to assume the “model” when we search dark matter signature in the collider.
Following the classification in [351], dark matter search in the collider is categorized into the
three:

e Effective field theory approach
e Simplified model approach

e complete dark matter model approach

The simplest strategy is the effective field theory approach. In this approach, dark matter is
assumed to be in a unique final state within the accessible region. An example process is

(e.g. [757])
qq — Z/y" = yxx. (C.1.1)
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Figure C.1: Constraints in the mpy — Mmeq plain [353]. In the left (right) panel, a vector-
mediator (an axial-vector mediator) is assumed. In this analysis, coupling strength of the
mediator to the standard model particles, as well as to the dark matter particle, is fixed.
Regions below the black lines are excluded. The region below the magenta lines in both
panels and the top regions in the right panel are excluded from cosmological requirement

Qpmh? < 0.12.

This enables us to limit the scale where the new physics appears. Also, it makes comparisons
with the results of direct and/or indirect detection experiments easier. However, it is not
assured whether the effective field theory holds or not at the energy scale of the experiments.

The simplified theory approach is a more sophisticated and complicated one which solve the
problem in the effective field theory approach. Introducing the mediator of dark matter and
the standard model sector, we can describe the contact interaction between the two sectors.
The number of model parameter is larger than that of the effective field theory approach,
hence the analysis becomes more difficult.

The latest results obtained in this approach are shown in Fig. C.1. CMS collaboration
searched dark matter signals in the simplified model approach, as well as the effective
field theory approach, using /s = 13TeV proton-proton collision data of the LHC [357].
Similar analyses were also conducted by the ATLAS collaboration [*54]. Their results show
reasonable agreements. In the effective field theory approach, they have found no signatures
of the deviation from the standard model predictions. In terms of the simplified field theory
approach, corresponding constraints are obtained in the plain of the dark matter mass mpy
and the mediator mass #eq. The limits shown in the mpy - Mmeq plain can be converted to
the constraints on the scattering cross-section between the dark matter particle and nuclei
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Figure C.2: Constraints on the scattering cross-section between the dark matter particle and
nuclei [554]. The left panel shows the results for the spin-dependent cross-section between
dark matter particles and protons. An axial-vector is assumed as the mediator. The right
panel is for the spin-independent cross-section, assuming a vector mediator between two
sectors. In each panel, the left-side regions of the black contours are excluded. Thin lines
with colors are results obtained by direct detection experiments.

following the prescription in [55]. Fig. C.2 is an example of comparison between the results
of collider and direct detection experiments [25/]. One example case comparing the ATLAS
results with those of direct detections is shown in Fig. C.2. They derive the constraints in
Fig. C.2 assuming the model of [555]. Note that the comparison between different types of
dark matter search is always model dependent [350].

The complete dark matter model approach, which specify the whole structure of the dark
matter and the standard model sector, is the most complicated one. In this approach, we
can properly treat the correlation between the observables which could not be addressed
in the simplified approach. However, the number of the model parameter is huge and
varieties of phenomena are expected. It is almost impossible to derive the property of the
dark matter sector solving the degeneracy. The minimal supersymmetric extension of the
standard model (MSSM) is such an example. Four gaugino particles appears in the MSSM,
(X3, X1, X1, %3)- Analyses can be done by assuming the electrowikino pair-production from
the proton-proton collision for example. After the collision, they successively decay into
the lightest SUSY particles {9 and W/Z bosons. The lightest SUSY particle 1! is regarded as
the WIMP in the main text. ATLAS [557] and CMS [355] collaboration respectively search
signals of SUSY particles. The constraints are obtained in the m -1m;: )52 plain assuming
that the next-to-the-lightest states 7¥ and {) are degenerate. Fig. C.3 is the results obtained
in [555]. Constraints obtained in several search channels are compared in this figure.

Recently, combined analyses of the ATLAS and CMS results are also performed [357].
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Figure C.3: Constraints in the mass plain of the gaugino, )2(1’ and {7/ )Eé [558]. The left
panel corresponds to the individual analysis while the right one to the combined analysis.
Depending on the possible decay channels and the event topologies, results slightly differs.
The results shows good agreements with those obtained with ATLAS detector.

They derived the best-fit points of the likelihood analyses converting the model parameters
to the relic abundance and/or the scattering cross-section between the dark matter and the
nucleus. It is slightly below the observational limits obtained by the indirect or direct
detection experiments (see Fig.15 of [35Y]). It may be possible that we find neutralino
signatures in near-future indirect and/or direct detection experiments.

C.2 Direct detection experiments

C.2.1 method

In direct detection experiments, we directly measure the scattering between dark matter
particles and nuclei (or electrons). The differential energy spectrum of the target recoiled by
the dark matter particle is [60]

R o ol can

E B Eoi’ exp _E()?’
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denoting the total event rate with Ry. Er and E, is the recoil and incoming dark matter
energy, respectively. The kinematic factor  is defined as

_ 4dmpmmy

- (C2.2)
mpm + My

where mpy and my is the mass of the dark matter and the target nucleon. In the real
measurement, modifications of Eq. (C.2.1) isneeded due to the physical and practical reasons:

e the Earth (and the detector) is moving with a finite relative velocity to the dark matter
particles,

e the detection efficiency of the nuclear recoil event is different from that of the electron
recoil event, and always less than 1,

e the target is not a single object,
e the instrument and threshold effect appears,

e the amplitude of the spin-independent scattering is enhanced compared to the spin-
dependent case due to the coherence effect,

e the form factor correction needs to be considered.

Hence it is better to rewrite the recoil spectrum by introducing the spectrum modification
function S(E), the form factor correction F(E), and the interaction function for the spin-

dependence I to

qr| - _ RoS(E)F(E)I. (C.2.3)
dE obs

C.2.2 current limits

Numbers of direct detection experiments using different materials are under operations.
The constraints obtained by XENON-1T [44], LUX [4?], and PandaX-II [361] are similarly
strong by each other at mpy 2 5 GeV. Those experiments use liquid xenon as the target.
The constraints obtained by XMASS is slightly weaker [367, 365]. PICO-60 using a C;Fg
bubble chamber also gives a milder upper limit in this mass range [*?]. We can probe the
lower mass regions down to mpy ~ 1GeV by using liquid argon target [764] or germanium
target [705]. CRESST-III experiments using CaWOj is sensitive to the dark matter as light as
mpm ~ 0.3 GeV [360]. All of these experiments report the non-detection of the dark matter
signals. Only the upper limits on the dark matter-nuclei scattering cross-section are obtained.
However, DAMA/LIBRA collaboration has reported the detection of the annual modulation
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Figure C.4: Constraints on dark matter-nucleon scattering cross section. Left panel shows the
upper limits on spin-independent scattering cross-section of dark matter and nucleus [364].
Right panel shows the upper limits of the spin-dependent cross-section for proton-dark
matter scattering [2/0].

signal of the dark matter [30/-369], which is in tension with the results of the other experi-
ments. DAMA/LIBRA uses the Nal crystal as the target. Several new experiments using the
same material have been launched in purpose of independent analyses [570-375].

The lower mass region is difficult to search since the incoming particle energy is so small
that the nuclear recoil could not occur. The electron recoil event can be used to probe the
dark matter in the low mass regions [/, 575]. In electron recoil measurements, background
rejection is further difficult compared to the nuclear recoil case. Recently, a new idea to use
cosmic-rays scattered by dark matter around the Earth is proposed [379-351]. Constraints
by this method are shown in Fig. C.5. Another new approach is a so-called paleo-detector
search [352,353]. In this strategy, tracks of the particle scattered by the dark matter are
searched in the ancient minerals. Solar neutrinos or a-particles produced by the radioactive
decay is the dominant background for the paleo-detector.
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Figure C.5: Constraints on the spin-independent scattering cross-section for sub-GeV dark
matter (left) and the spin-dependent cross-section with proton (right). Cosmic-rays kicked
by dark matter particles are used as probes [
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Appendix D

Detection principle of the high-energy
y-ray experiments

Depending on the energy of the incoming y-ray, different methods are adopted in observa-
tions. y-rays of energy E, < O(1) TeV are measured with satellite. Higher energy y-rays are
detected with ground-based Cherenkov telescopes using their interaction in the atmosphere.
The basic principle is described in [354].

D.1 Imaging atmospheric Cherenkov telescope (IACT)

In this section, we explain the method to detect high-energy y-ray of E, 2 O(1) TeV. For details
of the method, see [*55,350]. The y-rays of energy E, 2 O(1) TeV are indirectly detected by
measuring the shower they cause in the atmosphere. A shower initiates when the incoming
y-ray photon interacts with the electric fields of the nuclei in the Earth’s atmosphere. Then
an electron-positron pair is produced as

+p,n—et+e. (D.1.1)
ytp

These electron and positron produce y-rays through Bremsstrahlung emissions if their energy
exceeds ~86 MeV. The reaction is repeated and particles are copiously produced. The energy
loss of the electron or positron is described as

dE_ E

PR (D.1.2)

with X¢ = 37.2g/cm? is the attenuation length of electron. For y-rays, attenuation length
is X] = (7/9)X¢. Cherenkov lights are emitted when the propagation speed of the electron
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(positron) v is larger than the speed of light in the atmosphere, c/n. n is the refractive index
of the atmosphere. The condition for an electron to emit Cherenkov light is

m,c?
V1 -1/n?

When this condition is satisfied, Cherenkov photons are emitted in the cone region of angle
0

E

v

~21 MeV. (D.1.3)

c
vn(A)

The refractive index n(A) depends on the wavelength. For photons of A ~ 300 nm, n(A) ~
1.00029. Cherenkov photon from each particle is emitted in a ring region, and superposition
of the rings by numbers of particles makes the circle region on the ground called Cherenkov
pool. The number of the Cherenkov photons is given by [#57]

cos O = (D.1.4)

d’N a .2 ) -1 1
T %sm 0 ~370sin“ O(A) eV cm™. (D.1.5)

where & ~ 1/137 is the fine structure constant. This is proportional to A2, However, due
to the attenuation caused by Rayleigh and Mie scattering, the peak comes around the UV
wavelength (A = 300 — 500 nm). If the incoming photon energy is E, =1 TeV, then the number
density of the total Cherenkov photon is ~50 /cm?. If the shower is initiated by a vertically
incoming y-ray photon, the number density of Cherenkov photon at the ground is almost
constant within a ~120m circle [255].

The imaging technique is a method to collect Cherenkov photons generated by high-
energy y-ray photons with an array of large reflectors on the ground. The minimum energy
of the detectable y-ray is determined by the aperture of the reflector telescope. The Cherenkov
light is very weak and observations are possible only in the dark and clear night without
the moonlight. Any lights in the night sky are noises. More significant noises are incoming
high-energy cosmic-ray protons. m-particles are produced in cosmic-ray interactions, and
Cherenkov photons are emitted in the following processes:

- 2y

A AR T A O /T

T = ‘u_+1/'y—>e_17€+vy+...

Proton-induced showers are discriminated from the y-ray induced ones by analyzing the
morphology of the shower evolution (e.g. [55,257]). The proton-induced showers extend to
larger radii from the shower axis while the y-ray induced ones concentrate on the axis. Also,
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Table D.1: Numbers of telescopes at each site. The latest information is available at

North (La Palma) South (Paranal)

LST(20GeV-3TeV) 4 4
MST(80GeV-50TeV) 15 25
SST(1TeV-300TeV) 0 70

the photon density in the light pool decreases with the radius when the shower is produced
by a proton. In another way, proton signals also separated by using the Cherenkov image at
the camera. The incoming directions of the proton determined from the images are different
from those of y-rays. The Cherenkov image becomes elliptical if the incoming particle path
is parallel to the optical axis of the telescope. The semi-major axis of the ellipse always
crosses the optical axis. The y-ray photons concentrate on the target direction while the
background protons come randomly. The semi-major axis does not cross the optical axis in
a proton-induced image.

Using two telescopes on the ground, the position of the y-ray source is determined. The
intersection of the semi-major axis of the image in each telescope points the target. The energy
resolution of the measurement is also increased by observing with more than one telescope.
The hight of the shower-initiation point is determined by the shower axis and the distance
between the telescopes. Combining this information with the intensity of the Cherenkov
emissions, a better estimate of the incoming y-ray energy is achieved. The localization of the
source is further improved by observing with multiple telescopes.

Adopting above-mentioned technique, CTA observes y-rays from O(10) GeV to O(100) TeV.
Three types of telescopes, the large-sized telescope (LST), the medium-sized telescope (MST),
and the small-sized telescope (SST), are used. Numbers of telescopes are summarized in
Table. D.1. We need to cover a larger Cherenkov pool for higher energy y-ray photons. In
this purpose, SST array is constructed in a 2400m-diameter circle. MST, which is an in-
termediate type of the LST and SST, is arrayed in a ~1000m circle. On the other hand for
the lower energy y-ray photons, we need to collect weak Cherenkov emissions. LSTs have
23m-dishes and to detect y-rays as low-energy as E, ~ 20GeV. They are arrayed in a ~200 m
circle. Because of its large dish size, we need to be careful about the light-travel time from
the dish to the camera for LST. In order to minimize the time-difference between reflected
lights from different points on the dish, CTA adopts a Parabolic telescope for an LST. For
MST and SST, the modified Davies Cotton telescope is adopted because it shows a better
aberration compared to the Parabolic telescope.


https://www.cta-observatory.org/
https://www.cta-observatory.org/
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D.2 Satellite missions

Fermi satellite is the representative of the y-ray mission in the space. It was launched in
2008 and is monitoring the whole sky continuously. The field of view of the Fermi-LAT
(large area telescope) is 2.4 steradian. It detects y-rays of 20 MeV < E, < 300 GeV by
measuring the interaction between y-ray photons and the target material loaded on the
satellite. The most dominant process of y-ray interactions with materials at E,, > O(10) MeV
is the electron-positron pair creation. When a y-ray photon hits the material, it produces a
pair of electron-positron with the interaction cross-section of

= g% X 6.02 x 10% (D.2.1)

G)/—m*@‘
where X is the radiation length (see [39()] for detail). The radiation length is defined as

E(x) = Egexp [—Xio] . (D.2.2)

As is seen in Eq. (D.2.1), materials with high atomic numbers achieve good efficiencies. We
track the produced electron-positron pairs to derive the incoming direction of y-ray photons.
After passing the layers of trackers, y-ray energy is measured with the calorimeter set at the
bottom of the equipment. In order to reject the backgrounds from charged cosmic-rays, the
whole system of the tracker and the calorimeter is covered by the anti-coincidence detector.
In this method, the minimum of the detectable y-ray energy is determined by the pair-
creation threshold. The higher energy end is determined by the size of the calorimeter. If the
energy of the incoming y-ray is high enough to go through the calorimeter, we only know
the lower limit of the incoming energy.

A tracker of the Fermi satellite [235,391] is composed of a tungsten converter and 2-layers
of single-sided strip detectors. Incoming y-rays are converted to electron-positron pairs.
The electrons and positrons produce pass the silicon strip detector. Electron-hole pairs
are produced along with their paths in the silicon-strip. They are collected by the attached
anode and/or cathode. The large area telescope (LAT) detector of the Fermi satellite tracks the
electrons and positrons by layering the system and determine the incoming direction of y-ray
photons. At the bottom of the 18 layers of converters and silicon strips, a Csl calorimeter is
installed. LAT’s calorimeter measures the total deposited energy and also takes the image
of electron- and/or positron-induced showers. Information about the shower development
is used to discriminate signals from the background events. Calorimeters are arranged in 8
layers of 12 Csl crystals. Fig. D.1 shows the angular and energy resolution of Fermi-LAT.

The angular resolution of the instrument is limited by (i) the uncertainties in the emission
angle of the electron-positron pair at the converter, (ii) the accuracy of the tracking, and (iii)
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Figure D.1: The angular (left) and the energy (right) resolution of the Fermi-LAT. Energy is
measured in units of MeV. In each panel, the solid line corresponds to the nominal (on-axis)
observations while the dashed one to the 60° off-axis case. The angular resolution is ~ 3.5
degrees at E,=100 MeV and 0.6 degrees at 1GeV. It is finer than 0.15 degrees at E, > 10 GeV.
The typical energy resolution for an on-axis observation is ~ 8 to < 20 %. The best energy
resolution is achieved at E,=1-10 GeV [235].

the multiple Coulomb scattering in the tracker. The uncertainty of the emission angle (i) is
given by [354]

511keV 511keV

where Z is the atomic number of the target. Q is a O(1) factor that depends on the ratio of
the electron (positron) and the y-ray photon energies.

-1
<62>1/2=Q(EV,EE+,Z)( S ) lnl S ] (D.2.3)



Appendix E

List of dwarf spheroidal galaxies

On-going survey missions continuously report the discovery of new small-sized galaxies.
After analyzing their properties, parts of them are classified as dwarf spheroidal galaxies
of the Milky Way (or Andromeda. The mass-center of the system and the heliocentric
distance are derived in this process. Careful treatments about the membership of the stars
are required. Their properties are frequently updated when new data becomes available. For
example, Seguel was thought to be the best target to search for dark matter [195, 199, 264].
However, the J-factor is not so high in the latest dataset. The contamination from the
foreground star caused an overestimate of the J-factor [*©”]. Table E.1 and E.2 list the dwarf
satellite associated with Milky Way and Andromeda, respectively. The lists consist of the
name, the right ascension (R.A.) and the declination (Dec) of the mass center, the heliocentric
distance (d) and its error (0,), the half-light radius (r1/,) and its error (o+,,), and the number
of the member star if available.
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Table E.1: A list of the candidates of the dwarf spheroidal galaxy associated with the Milky
Way. Those above the line are so-called classical dwarfs. Note that the values in the list
are frequently updated when new data appears. This list is based on the several reference

paperS [ ) ’ ’ - ’ ’ ’ - ]

Name R.A. [hh:mm:ss] | Dec [dd:mmuss] | d [kpc] | 04 [kpc] | 7172 [pc] | 01, [P€] | Nmember
Carina 06:41:36.7 - 50:57:58 105.6 5.4 203 22 758
Draco 17:20:12.4 + 57:54:55 76 6 182 13 476
Fornax 02:39:59.3 - 34:26:57 147 9 609 38 2409
Leol 10:08:28.1 +12:18:23 258.2 9.5 292 26 327
Leoll 11:13:28.8 + 11:09:06 233 1 159 14 175
Sculptor 01:00:09.4 - 33:42:33 83.9 1.5 159 14 1349
Sextans 10:13:03.0 - 01:36:53 92.5 2.2 524 23 424
Ursa Minor 15:09:08.5 + 67:13:21 76 4 201 23 311
Aquarius II 22:33:55.5 -09:19:39 107.9 3.3 132 22 9
Bootes I 14:00:06.0 + 14:30:00 66 3 187 20 37
Bootes II 13:57:12.0 + 26:48:00 46 - 56 - 5
Carina II 07:36:24.1 - 57:59:56.76 374 04 76 8 14
Carina III 07:38:31.1 - 57:53:58.92 27.8 0.6 30 9 ?
Cetus I 01:17:52.7 -17:25:12 30 3 17 7 ?
Columba I 05:31:25.67 -28:02:33.1 183 10 117 17 ?
Coma 12:26:59.0 + 23:54:15 42 1.5 57 4 58
CVenI 13:28:03.5 + 33:33:21 210 6 424 25 209
CVen II 12:57:10.0 + 34:19:15 160 7 68 8 25
Draco II 02:39:51 - 34:30:39 20 3 12 - 9
Eridanus III 02:22:45.5 - 52:16:48 96 - 11 8 ?
Grus|1 22:56:42 - 50:09:48 120.2 11.1 52 25 5
GrusII 22:04:04.7 -46:26:24 53 5 93 14 ?
Hercules 16:31:02.0 +12:47:30 132 6 106 13 30
Horologium I 02:55:28.7 - 54:06:36 87 8 32 5 5
Horologium II 03:16:32.1 - 50:01:05 78 - 47 10 ?
Hydra II 10:08:29.4 + 12:18:48 151 8 71 11 13
Indus 1 21:08:47.9 - 51:09:36 69 - 12 2 ?
Indus II 20:38:52.8 - 46:09:36 214 16 181 67 ?
Laevens I 11:36:16.2 -10:52:38.8 145 17 19 2 10
Leo IV 11:32:57.0 - 00:32:00 154 5 111 36 17
Leo V 11:31:09.6 + 02:13:12 173 5 30 16 8
Pegasus III 22:24:24.48 + 05:24:18.0 215 12 37 14 7
Phoenix II 23:39:57.6 - 54:24:36 96 - 33 20 ?
Pictor I 04:43:48 -50:16:48 126 - 43 153 ?
Pisces II 22:58:31.0 + 05:57:09 183 15 48 10 7
Reticulum II 03:35:41 - 54:03:00 30 2 32 3 25
Reticulum III 03:45:26.3 - 60:27:00 92 13 64 24 ?
Sagittarius 18:55:19.5 - 30:32:43 24 - 1550 50 ?
Sagittarius II 19:52:40.5 - 22:04:05 67 5 38 8 ?
Segue 1 10:07:04.0 + 16:04:55 23 2 21 5 62
Segue 2 02:19:16.0 +20:10:31 36.6 2.45 33 3 25
Triangulum II 02:13:17.4 + 36:10:42.4 30 2 28 8 13
Tucana 22:41:49.6 - 64:25:11 880 - 221 - ?
Tucana IT 22:51:55 - 58:34:08 57.5 5.3 162 35 10
Tucana III 21:01:31.1 + 56:11:24 25 2 43 6 26
Tucana IV 00:02:55.1 - 60:51:00 48 - 127 24 ?
Tucana V 23:37:24 - 63:16:12 55 9 17 6 ?
Ursa Major I 10:34:52.8 + 51:55:12 97.3 5.85 200 21 36
Ursa Major II 08:51:30.0 + 63:07:48 34.7 2.1 99 7 19
Willman 1 10:49:21.0 + 51:03:00 38 7 18 4 40
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Table E.2: The list of the candidates of the dwarf spheroidal galaxy associated with the
Andromeda galaxy. Note that the values in the list are frequently updated when new data
appears. This list is based on [

4

s - ]

Name R.A. [hh:mm:ss] | Dec [dd:mmuss] | d [kpc] | 04 [kpc] | 712 [pc] | 0r,, [P€] | Nmember
And 1 00:45:39.8 + 38:02:28 727 17.5 699 29 51
And I 01:16:29.8 + 33:25:09 652 18 965 45 95
And III 00:35:30.9 + 36:29:56 723 21 296 33 62
AndV 01:10:17.1 + 47:37:41 742 21.5 294 33 85
And VI (Pegasus) 03:01:23.6 + 40:59:18 785 65 400 105 ?
And VII 23:26:31.7 + 50:40:33 763 35 717 39 136
And IX 00:52:53.0 +43:11:45 765 150 552 110 ?
And X 01:06:33.7 + 44:48:16 701 37 210 70 22
And XI 00:46:20.0 +33:48:05 763 106 120 53 ?
And XII 00:47:27.0 + 34:22:29 928 136 420 280 ?
And XIII 00:51:51.0 + 33:00:16 760 154 130 80 ?
And XIV 00:51:35.0 +29:41:49 793 50 297 53 48
And XV 01:14:18.7 + 38:07:03 630 60 230 35 ?
And XVI 00:59:29.8 + 32:22:36 525 50 130 30 ?
And XVII 00:37:07.0 + 44:19:28 727 39 285 55 ?
And XVIII 00:02:14.5 + 45:05:20 1214 41.5 260 38 22
And XIX 00:19:32.1 + 35:02.37.1 821 148 1481 268 ?
And XX 00:07:30.7 + 35:07:56 741 52 90 35 ?
And XXI 23:54:47.7 + 42:28:15 827 25 842 77 ?
And XXII 01:27:40.0 + 28:05:25 920 139 225 75 ?
And XXIII 01:29:21.8 + 38:43:08 748 31 1001 53 ?
And XXIV 01:18:30.0 + 46:21:58 898 42 548 37 ?
And XXV 00:30:08.9 + 46:51:07 736 69 642 74 ?
And XXVi 00:23:45.6 + 47:54:58 754 218 219 67 ?
And XXVII 00:37:27.1 +45:23:13 1255 474 657 271 ?
And XXIX 23:58:55.6 + 30:45:20 730 75 360 60 ?
And XXX 00:36:34.6 + 49:38:49 681 78 267 36 ?
And XXXI 22:58:16.3 +41:17:28 756 44 912 124 ?
And XXXII 00:53:59.4 + 51:33:35 772 61 1456 267 ?
Cetus 00:26:11.0 -11:02:40 789 40 497 37 116
Eridanus II 03:44:20.1 -43:32:01.7 366 17 176 14 28
LeoT 09:34:53.4 + 17:03:04 407 38 142 36 19
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