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Abstract

Dark matter is a massive and invisible piece in the Universe. Many candidates of dark
matter have been developed beyond the Standard Model such as weakly interacting mas-
sive particles, primordial black holes, axions, and so on. Axion is a motivated candidate
of dark matters and its searches are going on in several ways. Axion search with high-
energy gamma-ray observations is an example. High-energy gamma rays are emitted from
a source and undergo gamma-ray absorption and, if there exist axions, axion-photon con-
versions under magnetic fields in the Universe. This can alter the gamma-ray spectrum
and have been used to constrain on axion mass and its coupling to photon. While one
used gamma rays from extra-galactic sources to get information for axions, galactic ob-
jects such as pulsar wind nebulae (PWNe) have recently been used as sources for ALP
search with gamma rays. For example, the Crab Nebula, one of the famous PWNe, was
used to constrain on axions. However, effects of magnetic fields in the Crab Nebula on
the axion-photon conversion have not been taken into account so far.

In this thesis, we derive new upper bounds on the coupling of axions with photon as
a function of the mass by considering axion-photon conversion in the Crab Nebula. The
magnetic field plays a crucial role through the Synchrotron Self-Compton (SSC) process,
in which high-energy electrons produce synchrotron radiation that is subsequently up-
scattered by the same electrons via inverse Compton scattering to generate gamma rays.
Therefore, neglecting the magnetic field in modeling leads to theoretical inconsistencies.
We investigate the significance of the magnetic field effect and demonstrate that even
differences in magnetic field modeling can substantially alter the conversion probability.
We thus, for the first time, point out that proper consideration of the magnetic field
is essential in axion searches using gamma rays from the Crab Nebula. The resulting
constraints reach up to a coupling of g4y, S 1 X 10~ 1'GeV ™! for ALP masses in the range
1071%V < m, < 107%V.
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Chapter 1
Introduction

"What makes up the Universe?" This is one of the difficult questions, and we know some of
its answers, namely elementary particles in the Standard Model (SM). We have observed
three generations of the quarks and leptons, gauge bosons, and the Higgs particle in
experiments. Their behavior can be mostly explained in the framework of the Standard
Model. However, it still has some unresolved problems, such as neutrino masses, hierarchy
problems; flavor puzzles, Higgs sector, and so on. Particle physicists have tried to solve
these problems and go beyond the Standard Model. Dark matter also remains one of
biggest questions as well as problems mentioned above not only for particle physicists but
also for cosmologists and astrophysicists.

Dark matter is a massive and invisible piece in the Universe. Its existence is recognized
through gravitational interaction and its coupling to ordinary matters is considered to be
so weak. Fritz Zwicky said in 1937 that something massive and invisible should exist in
order for a galaxy not to escape from its host galaxy [1]. In 1970’s, observations of galaxy’s
rotational curves indicated the existence of dark matter. In 2001, Wilkinson Microwave
Anisotropy Probe (WMAP) has observed cosmic microwave background (CMB), and then
estimated energy density of baryons and dark matter. These measurements established
the existence of dark matter. Nevertheless, we do not know who it is. A lot of dark
matter candidates have been proposed and searched, for instance, weakly interacting
massive particles (WIMPs), primordial black holes (PBHs), axions, and so on (e.g. [2]).

Axions are pseudo Nambu-Goldstone bosons appearing after an additional U(1)pq
symmetry is spontaneously broken. It is a dynamical solution to the strong CP problem
in quantum chromodynamics (QCD) [3, 4] and called QCD axions. QCD axions were
soon found to work as dark matter in the Universe [5, 6], and models were developed such
as KSVZ model [7, 8] and DFSZ model [9, 10] (see e.g. [11-13] for reviews). Axion-like



particles (ALPs) are a kind of generalizations of QCD axions and can be a candidate of
dark matters. ALPs mass m, and its coupling to photons g,,, do not have relations with
each other as opposed to QCD axion whose mass is proportional to the coupling. ALPs
appear in models beyond the Standard Model such as grand unified theories, higher-
dimensional theories, and string theories [14-24] (e.g. [25-28] for reviews and lectures).

For axion searches (e.g. [29, 30] for reviews), photon is an important probe and
couples to axions through the Chern-Simons coupling —igawaFw,F " where a is the
axion field, F},, is the strength tensor of electromagnetic fields, and F™ is its dual. This
coupling allows axions to convert into photons and vise versa. As proposed by Sikivie [31],
helioscopes [32-42] and haloscopes [43-51] are experiments to look for axions from the Sun
and axion dark matter in the galactic halo, respectively. CERN Axion Solar Telescope
(CAST) [32-39] is one of helioscopes to detect solar axions produced in the core of the
Sun through the Primakoff process. CAST has given upper bounds on the axion-photon
coupling go,, < 6.5 x 10711 GeV ™' [39]. Axion Dark Matter eXperiment (ADMX) [43-
50] is a haloscope to look for dark matter axions in our galactic halo within the mass
range 2.66 to 3.1 ueV. It is able to explore models of the QCD axions such as the KSVZ
model and the DFSZ model. Light-shining through a wall (LSW) experiments [52-55]
such as Any Light Particle Search (ALPS) [52, 53] and ALPS II [54] have constrained
axion parameters as well as the helioscopes and the haloscopes.

In addition to these experiments, observations of celestial objects also give us a hint
for axions [56-84] (]85, 86] for a recent review). For example, gamma-ray observations are
ways to get information of axions [60, 87-144] ([145-147] for recent reviews) as follows.
High-energy gamma rays emitted from a source are absorbed by low-energy background
photons, and can be converted to axions and vise versa under magnetic fields in the
Universe. The gamma-ray absorption and the axion-photon conversion can alter gamma-
ray spectra and give constraints on the axion mass m, and the axion-photon coupling
Jay- While extragalactic objects such as blazars and radio galaxies have been used for
axion searches and given constraints on axion parameters (e.g. [132-138]), galactic sources
including supernova remnants (SNRs) and pulsar wind nebulae (PWNe) have also been
recently used in a similar way [139-144], such as the Crab Nebula [142-144]. The Crab
Nebula is the brightest pulsar wind nebula in the Milky Way (MW) and powered by
relativistic electron-positron wind from the Crab Pulsar at the center. Electromagnetic
waves from the Crab Nebula have been observed in broad energy range from radio to
gamma rays [132, 148-156]. These data sets allowed for developing emission models for
the Crab Nebula (e.g. [157-159)]).

When we use observations of gamma rays from some astrophysical sources for axion
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searches, it is important to consider astrophysical models of magnetic fields precisely as
far as possible. This is because magnetic fields affect on the axion-photon conversion and
then the axion constraints with the gamma-ray observations. In this thesis, we investigate
how the magnetic fields in the Crab Nebula affect on the axion-photon conversion. This
effect has not been taken into account in the axion search with gamma rays from the
Crab Nebula so far. As explained in Section 4.2, we consider a model for the magnetic
field discussed in [159]. The magnetic field is important not only in the axion-photon con-
version but also in photon emission process in the Crab Nebula, called the synchrotron
self-Compton (SSC) process which will also be explained in Section 4.2. We find that
this consideration significantly affects on the axion-photon conversion and then alter the
resulting constraint on the axion parameters m, and g,,,. Finally, we obtain new con-
straints reaching down to gz, < 1 x 1071 GeV ! at m, ~ 1078V and exceeding the
constraints by CAST in the axion mass range 107°e¢V < m, < 1075eV.

This thesis is organized as follows. In Chapter 2, we first review general properties of
dark matter and briefly overview several candidates such as WIMPs and PBHs with their
detection ideas. Chapter 2 also introduces the Peccei-Quinn mechanism and some models
to realize it, accompanied by existing axion constraints by experiments and observations
including the axion helioscopes, haloscopes and so on. We next discuss a framework where
one explores axions with gamma-ray observations from astrophysical objects and then give
some specific examples of existing axion limits obtained from observations of extragalactic
and galactic sources in Chapter 3. It makes us understood background knowledge most
relevant to the main contents of this thesis. In Chapter 4, we discuss emission models
and magnetic fields of the Crab Nebula, and investigate their effects on axion search with
gamma-ray observations of the Crab Nebula. Chapter 5 is devoted to the conclusion of
the thesis.



Chapter 2

Dark Matter

In Chapter 2, we first introduce observational evidences and general properties of dark
matter in Section 2.1. Section 2.2 shows brief overview of several dark matter candidates
such as WIMPs and PBHs. Since axions are main topics of this thesis, Section 2.3 is
devoted to discuss a theoretical motivation of axions, followed by their detection ideas
such as axion haloscopes, helioscopes, and LSW experiments in Section 2.4. Section 2.5

summarizes this chapter.

2.1 Dark matter properties

2.1.1 Observational evidences
Zwicky’s insight

In virial theorem, kinetic energy Ey;, and potential energy E,o; of a dynamical system

have a relation

1
<Ekin> = _§<Ep0t>' (2.1)
This is applicable to a galaxy cluster with mass M and radius R. Ey, and o are then
written as
1 2
(Bian) = 5 M(12), (2:2)
3GM?
Eoo)=—= , 2.3
(Bpo) =~ (2.3
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assuming the density of the galaxy cluster is spherically homogeneous in order to get

(Epot). From Eq. (2.1), the mass of the galaxy cluster is

5 (v)R

M="=:
3 G

(2.4)

Substituting observational values (v?)}/? ~ 1000km/s, R ~ 10**cm and G = 6.67 x
10® em®g~'s™2 into Eq. (2.4) find

M ~ 1.3 x 10" M, (2.5)

where M, ~ 2 x 1033g is the mass of the Sun. We can also estimate the galaxy cluster’s
mass My, under an assumption that it only includes shining galaxies. Averaged luminos-
ity of galaxies in the galaxy cluster is Lgy ~ 10°Lg from observations. If the luminosity
is composed of stars as massive as the Sun, a ratio of galaxy mass M, and luminosity
becomes (Mga1/ M)/ (Lgai/Le) ~ 1, and My, is given by

My ~ S00M,, (Lga1> (Mgal/ MG)

L@ Lgal/[@
~ 8 x 10" M.

(2.6)

This is much less than the mass M dynamically determined with virial theorem (Eq. (2.5))
so that Fritz Zwicky concluded that there should exist massive and invisible dark matter

within the galaxy cluster [1].

Rotation curves of galaxies

Observing galactic rotation curves is an evidence to indicate the existence of dark matter
in galactic scale. We live in the Milky Way (MW) which is a typical spiral galaxy. The
solar system is located at a distance ~ 8.5kpc from the center of the MW. Stars and gas
extend to a distance ~ 10kpc and are rotating around the MW. Their rotational speed

v(r) is roughly described as

v(r) = (2.7)

where 7 is the distance from the center of the galaxy and M(r) is total mass within the
radius r. Eq. (2.7) implies that M (r) becomes constant if the visible stars and gas are
account for almost all of the galaxy mass and v(r) decrease as /2 outside the MW.

However, observations have shown that this expectation was incorrect. Galactic rota-
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tion curves become flat even far from the center of a galaxy. In Fig. 2.1, rotation curves of
several galaxies are displayed. The observations indicate that something invisible should
be distributed as M (r) o< r and dominant compared to visible components for r 2 15 kpc.

This indicates that the existence of dark matter is universal in galactic scale.

Observations of galaxy clusters

Galaxy clusters are the largest gravitationally bound structures in the Universe and con-
tains hundreds to thousands of galaxies. It is known that these galaxies are located within
hot and X-ray emitting gas which makes galaxy clusters one of the brightest X-ray sources
in the Universe. X-ray telescopes have observed galaxy clusters and found that the total
mass inferred by the observations is larger than one obtained by sum of the baryonic
components, namely galaxies and gas.

Considering spherical and hydrostatic equilibrium, gas pressure p(r) and density p(r)

satisfies
dp _ GM(r)p(r)

dr r2

where M (r) is the total mass within a radius . This equation is used to infer the total

(2.8)

mass M of the cluster as follows. With the following equation of state

p(r) = FEL0Pr) 2.9

HITp

Eq. (2.8) becomes

r2

ksT(r)p(r) (1 dp 1 AT\ _ GM(r)o(r)
pm, <p(r) dr * T(r) dr) B (2.10)

where T'(r) is the temperature profile of the gas, p is the average molecular weight, and

m,, is the proton mass. The total mass of the cluster is estimated as

_ kgT(r)r ( dlnp dlnT) | (2.11)

M(r) = _
(r) Gum, dlnr dlnr

indicating that profiles of the gas temperature 7'(r) and density p(r) determines the total
mass M(r). Assuming that the cluster has almost uniform distribution for tempera-

ture (T'(r) ~ T') and its value is typically 10keV, the total mass is given by

M(r) ~ 10" M, (hgpc> <k§v) . (2.12)
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halo. Figure from [160].



12 2.1. Dark matter properties

The mass of the baryonic components is smaller than the value. This is a dark matter

evidence in the scale of galaxy clusters.

CMB observations

We can also obtain information of dark matter from observations of cosmic microwave

backgrounds (CMB). CMB temperature anisotropy is given by
5T(0,6) = T(9,9) — T (2.13)

in a position (6, ¢) on the sky. It can be expanded as

5T
T Zalm lm (214)

with spherical harmonic functions Y;,,. The spherical harmonic coefficients a;,, define

angular power spectrum

Cr = (Jaim[*) 2l+12|alm|2 (2.15)

We can theoretically calculate the angular power spectrum Cj. The resulting predic-
tion depends on cosmological parameters such as the baryon density €2, the dark matter
density 2py, and other parameters. Precise measurements of the angular power spectrum
allow us to fit them to the theoretical prediction and determine the values of these cos-
mological parameters. For example, the density parameters for dark matter and baryon

were given as

Qpuh? = 0.120 £ 0.001 (2.16)
Q,h% = 0.0224 + 0.0001 (2.17)

based on CMB observation by Planck collaboration. Here, h is dimensionless Hubble

parameter
Hy

h
100 km/s/Mpc

= 0.674 £ 0.005 (2.18)

with observational value of the Hubble parameter
Hy = (67.4£0.5) km/s/Mpc. (2.19)

It is found that Qpy ~ 0.26 and €, ~ 0.049. This indicates that the Universe is fulled
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with dark matter whose amount is roughly five times larger than ones of baryons.

general properties

Observations have revealed that the existence of dark matter at various scales in the
Universe, as we have seen. Let us next review conditions which a dark matter candidate
should satisfy. Dark matter should be

stable, or long-lived than the Universe if unstable

neutral and invisible

cold (non-relativistic)

weakly interacting with itself and ordinary matters

We have been looking for dark matter fulfilling the properties to explain observational
evidences now that there exist a lot of dark matter candidates. Fig. 2.2 shows dark matter
candidates (or frameworks) and their motivated mass scales span from 10722 eV to solar

mass scales. From the next section, we will discuss several dark matter candidates.

Mass scale of dark matter

(not to scale)

QCD axion WDM limit unitarity limit

1022eV Gl keV GeV  10Tev My, 10 M
T H + I i | -

“Ultralight” DM “"Light” DM WIMP  Composite DM Primordial

(Q-balls, nuggets, etc)
non-thermal dark sectors black holes

bosonic fields sterile v
can be thermal

Figure 2.2: Dark matter candidates and their mass scales. Figure taken from [161].
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2.2 Dark matter candidates

In Section 2.1, we have seen that the existence of dark matter is implied by various
observations such as galaxy rotation curves, galaxy clusters, CMB temperature anisotropy
and so on. These observations encourage us to explore dark matter and understand what
it is. In Section 2.2, we introduce some candidates of dark matter such as WIMPs and

PBHs with their characteristic properties and observational constraints.

2.2.1 Weakly interacting massive particles

It would be great if we have a dark matter candidate in the SM. Neutrinos were first
investigated as a dark matter candidate but it is now known that they cannot account for
all amount of dark matter in the Universe. In order to find a candidate of dark matter,
one can try to go beyond the SM such as introducing supersymmetry, extra-dimension,
and so on. WIMPs are one of the well-studied dark matter candidates, and an example is
considered, for instance, along with supersymmetry which is the symmetry between bosons
and fermions. Supersymmetric extensions of the SM have superpartners corresponding to
the SM fermions and bosons, such as scalar quarks, scalar leptons, gauginos, Higgsinos
and so on. Supersymmetry has been discussed as a remedy of so-called gauge hierarchy
problem, one of the unresolved problems in the SM. In addition, supersymmetric grand
unified theory indicate unification of gauge couplings in the SM.

These have motivated supersymmetry which can also give a dark matter candidate.
For example, Bino, Wino, and Higgsinos can mix with each others and are called neu-
tralinos. R-parity conservation is considered in the minimal supersymmetric extension of
the SM. The SM particles are R-parity even while their superpartners are R-parity odd.
This indicates that unstable supersymmetric particles decay to some supersymmetric par-
ticles, meaning that the lightest supersymmetric particle (LSP) should be stable and can
become a candidate of dark matter. The lightest neutralino can be LSP, for instance.
These supersymmetric particles can be thermally produced in early Universe. Freeze out
mechanism is a possibility of WIMPs to explain all amount of dark matter. WIMPs have
been searched in direct and indirect ways, or with colliders. We will give an overview of

indirect detections with gamma rays, neutrinos, and other cosmic rays below.

Indirect detection with gamma rays

Gamma ray is an important probe in indirect detections and can be produced, for instance,

by pair annihilation of WIMPs y into photons v where x +x — v+~. Naively, we expect
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line emission of gamma rays at WIMP’s mass m,.. However, gamma-ray signals originated
from pair annihilation can appear as gamma-ray spectra with a cutoft £, ~ m, because
they can also be produced as secondary particles from hadrons and leptons produced

primally by WIMPs. Gamma-ray flux is given by

_ (o) dN,
o, (E,) = m2 dE, J, (2.20)
g=[a2 [ asp? (2.21)

where (ov) is the average of the cross section for pair annihilation process o times relative
velocity v, dN,/dE, is the spectrum of a gamma ray in a pair annihilation process, ds is
the integration over distance in a line of sight (l.o.s.), and df2 is unit solid angle. While J
factor is determined by dark matter distribution of a source, the other part of Eq. (2.21)
can be characterized by WIMP’s properties as particles.

The center of a galaxy can be a target for the indirect detection with gamma rays
because regions denser with dark matters can emit more gamma rays with pair annihi-
lation. However, there exist many sources of gamma rays as astrophysical backgrounds
around the center of a galaxy. Also, dark matter distribution in the center of a galaxy
has a lot of uncertainties. Simulations indicate that the distribution is given by the

Navarro-Frenk-White (NFW) profile

_ 4ps
pDM(T) - (7”/7“3)(1 + 7"/7,5)2

(2.22)

where 7, ~ 20 kpc for the MW and p; is the density at r;. We can obtain ps by matching
pom(r) with the observed density around the Sun pg ~ 0.3 GeV cm ™. Baryons may make
the distribution around the galactic center flatter if the galaxy has a lot of baryons. In or-
der to avoid these kinds of astrophysical backgrounds and uncertainties as far as possible,
one can use dwarf galaxies as better targets for indirect detections. For example, dark
matter searches with dwarf spheroidal galaxies have been conducted by several groups
for gamma-ray observations, such as Fermi-LAT, Major Atmospheric Gamma-ray Imag-
ing Cherenkov (MAGIC) telescopes, High Energy Stereoscopic System (H.E.S.S.), Very
Energetic Radiation Imaging Telescope Array System (VERITAS) (e.g. [162]). Fig. 2.3
shows recent results of their combined analyses to put upper limits on (ov) as a function

of the dark matter mass for seven annihilation channels.
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Indirect detection with neutrinos

Neutrinos can also be a hint for WIMP searches. WIMPs in the halo can collide with
matters in stars and planets such as the Sun and the Earth. Then, they can be gravi-
tationally captured and their density increases in the center of the astrophysical objects.
Annihilation processes occurs and produce many particles including neutrinos which can
escape from the Sun or the Earth. Observing such neutrinos can be indirect hints or hope-
fully evidence of WIMPs. For example, IceCube experiment have observed the Sun and
the Earth and then given constraints on spin-dependent and spin-independent cross sec-
tion of WIMPs with protons or nucleons [163, 164]. While limits with direct experiments
generally surpass IceCube ones for spin-independent case (Figs. 2.5 and 2.6), IceCube put

stronger constrains on spin-dependent cross sections in higher mass scale (Fig. 2.4).

Indirect detection with positrons

Observing positrons is a good way for indirect detections. Since the Universe is fulled with
matters rather than anti-matters, positrons may be observed as excess compared with ex-
pectations by astrophysical models. High-energy electrons and positrons lose their energy
through synchrotron process and inverse-Compton (IC) scattering after pair annihilation
of dark matters. We could observe the positrons produced inside the Milky Way (MW).
As shown in Fig. 2.7, observations of positrons (and also electrons) have been performed
with balloons and recently with space air-crafts such as the Fermi-LAT, Alpha Magnetic
Spectrometer (AMS) and so on [165]. They reported excesses in positron flux. However,
the observed excess may have astrophysical origins, such as accelerated electrons and

positrons produced by pulsars.

Indirect detection with anti-protons

Not only positrons but also anti-protons have been observed by the AMS. Anti-protons p
can be produced secondly by a process p+p — p+ p + p + p where cosmic-ray protons p
collide with interstellar medium. WIMPs can also produce protons p and anti-protons p
through their pair annihilation. This could be observed as anti-proton excess over expec-
tations of secondly anti-protons. Fig. 2.8 shows expected anti-proton spectra produced by
WIMP’s annihilation in addition to secondly flux as background [166]. Observational data
is slightly exceeding the background around 10 GeV and this excess might be explained by
assuming additional contributions are coming from WIMPs whose mass is about 50 GeV.
However, we still have uncertainties for calculations of secondly anti-protons. This does

not allow us to get statistically significant results yet.
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Figure 2.4: Limits on the spin-dependent WIMP-proton cross section. Solid lines are lim-
its by direct detection experiments while other-type lines show ones by indirect detection
experiments ([164] and references therein). For indirect ones, each line style corresponds
to different annihilation channel. The IceCube experiment used ten-years datasets ob-
serving neutrinos from the Sun. Figure taken from [164].
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2.2.2 Primordial black holes

PBHs have been discussed from various aspects and can be account for all portion of
dark matter in some PBH mass range. PBHs can form in some ways and then evaporate
as Hawking pointed out. One can constrain PBHs by observations such as gamma-ray

observations, big bang nucleosynthesis (BBN), lensing and so on.

PBHs formation and evaporation

If large density fluctuations exist in the early Universe, they can collapse into PBHs.
PBHs are different from black holes astrophysically produced in the end of stellar evolu-
tions. The PBH mass M is determined by when it is produced. When wavelength of the
fluctuations enter in the cosmological horizon, the density fluctuations 6(= p(x)/p—1) ex-
ceeding a threshold value §,. and then matters and radiations in the horizon gravitationally
collapse into black holes. Here, p(x) is the density fluctuations in co-moving coordinates
x and p is spatially averaged density fluctuations. Considering Fourier-transformed den-
sity fluctuations §(k) with the wavenumber k, the Fourier mode enters the horizon when
its wavelength 2m(a/ag)k™' becomes comparable with the horizon scale. At the horizon

entering, the wavenumber (k = |k|) is given by

1=

1 T3 1 TS 1 2
b= oH = gsfo//??Tg = gsfo//??Tg <3M - T4>
a = s
0 [ ) Gsx pl 309 (223)
_ 1/3 1/6 12 2 TTO
Gsx0 Sk 90 ]\4})1

where we have used g..7%a® = geoTpas.
The PBH mass M correspond to a mass of radiations in the horizon called a horizon

mass Mp. The horizon mass My is given by

Njw

-3 3 4 /2, A\~
47 47 (87TG ) :47T g <7r g*T> (2.24)

My = —ppH = — —
H= R g PR\ T3 PR 90 \ 90M3
where H is the Hubble parameter, pr is the density of radiations and g, is the degrees

of freedom of relativistic particles. With a parameter v describing the difference between
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the PBH mass and horizon mass, the PBH mass is expressed as

_1 —2
T
M =~ My ~ 6 x 10% <7>( 9 ) 2( ) 2.25
T =0T e 02 ) 1075 10 MeV (2.25)
v g \ 76 k -
~ 8 x 10% ()( * ) - 2.26
8 \02) 1075 105 Mpe ! (2.26)

where we used Eq. (2.23) in the last line.
As Hawking pointed out, black holes radiate particles and evaporate. Hawking tem-

perature Ty is important for discussing the evaporation of black holes and given by

1 Mo\
Tgy = ~1 —_— . 2.2
P grGM 00 eV (1020 g) (2:27)

Approximating that black holes radiate particles as black bodies at Tgy, radiated energy

follow Stefan-Boltzmann law

dE 2 s 1

= MT*4rr®) = — (M) ——— 2.28
ar ~ 120/ MIT ) = 3509 G (2.28)
where ¢ is degrees of freedom of the radiated particles whose contributions are coming
from particles lighter than the Hawking temperature. This reduces a mass of a black hole

as dM /dt = — dE/dt. We can get the life time of the black hole

M 3
T~ 10240mg (M) G*M? = 1.7 x 10*°g~1 (M) <1015g> : (2.29)

Constraints on evaporating PBHs

We review some of constraints on evaporating PBHs (Fig. 2.10). For the constraints
on evaporating PBHs, one usually used (M) which is constraints on the fraction of
the Universe collapsing into PBHs at their formation epoch. In the mass range 10°g <
M <107 g, BBN, CMB and extragalactic gamma-ray background (EGB) gave the most
stringent limits. Other constraints are discussed in [168].

The first example is BBN. Evaporating PBHs emit high-energy particles such as pho-
tons, mesons, hadrons, antinucleons and so on. This can modify the standard BBN sce-
nario. For example, He are dissociated by the high-energy photons produced in cascade,
increasing the abundance of lighter elements. The high-energy hadrons also dissociate
light elements nucleated in BBN, which reduces *He and increases D, T, 3He, °Li and “Li.

Extra interconversion between protons and neutrons can be induced by emitted mesons
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and antinucleons, increasing the n/p freeze-out ratio and the final “He abundance. BBN
constraints are shown as the pink line in Fig. 2.10.

Observations of extragalactic gamma-ray backgrounds have also given constraints on
evaporating PBHs. After primary particles are emitted with the Hawking evaporation,
secondary particles are produced from the primary particles. The photon spectrum is

expressed by the sum of the primary and secondary ones

dN dNbri dN'sec
S (B, M) = S (B, M) 4~ (B, M) (2.30)
Y

dE, dE,

where dots denote a time derivative. These can contribute to extragalactic gamma-ray
backgrounds. Considering redshift effects in energy of particles produced at earlier cos-
mological epochs, the current background spectrum of gamma rays can be calculated.
The result is shown in Fig. 2.9 taken from [168]. The calculated fluxes for different PBH
masses should not exceed existing X-ray and gamma-ray observations such as HEAO 1,
balloon observations, COMPTEL, EGRET and Fermi-LAT. This has given the upper
bound as denoted by the red line in Fig. 2.10.
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Figure 2.9: Fluxes corresponding to the upper limit on the PBH abundance for vari-
ous values of M, coming from the observations from HEAO 1 and balloon observations,
COMPTEL, EGRET and Fermi-LAT. The dotted lines denote fluxes of secondary pho-
tons. Figure taken from [168].
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Figure 2.10: Constraints on evaporating PBHs (taken from Fig. 4 of [168]). Combined
BBN (pink) and EGB (red) limits, compared to other constraints on evaporating PBHs
from LSP relics (dotted grey since dependent on LSP mass), the CMB spectral distortions
and anisotropies (yellow), extragalactic antiprotons and neutrinos (green), the GGB and
the electrons and positrons observed by Voyager 1 (blue). Less secure limits come from
observations of primary photons, electron-positron annihilation and radio emission from
the GC (blue since Galactic) and Leo T (green since extragalactic). The dashed line is
the only constraint for no Hawking radiation.
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Constraints on non-evaporated PBHs

Constraints on non-evaporating PBHs are coming from lensing, accretion effects, gravi-
tational wave observations and so on. For these constraints, fraction of the DM in PBHs
f(M) is used unlike the evaporating ones [168]. Fig. 2.11 shows such constraints on
f(M). The mass window 10'7g < M < 10® g is open under an assumption that PBH

mass spectrum is quasi-monochromatic. Its extension still remains a possibility.
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Figure 2.11: Constraints on f(M) for non-evaporating PBHs (taken from Fig. 10 of [168])
given by evaporation (red), lensing (magenta), dynamical effects (green), gravitational
waves (black), accretion (light blue), CMB distortions (orange) and so on. Other con-
straints are explained in [168].
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2.3 Axions

In addition to the WIMPs and PBHs, axions are also a dark matter candidate also mo-
tivated as a solution to so-called strong CP problem. In Section 2.3 we first review the
strong CP problem in the SM and Peccei-Quinn (PQ) mechanism as its solution. After
an overview of axion models such as KSVZ and DFSZ models [7-10], we show axion in-
teractions with SM particles and then axion-like particles (ALPs). Several axion searches

are discussed in Section 2.4.

2.3.1 Strong CP problem

Quantum Chromodynamics (QCD) allows the following theta term to appear

2 ~
Lo= 005G, G (2.31)

which violates CP symmetry. Here, g is the gauge coupling, G, (a = 1,...,8) is the SU(3)

gauge field strength, and G**” is its dual. Let us consider the following Lagrangian

1 _ _
L= —EGZUGQ"“V + Ee + \I/Z(’L’)/“Du)\lfl — \I/ZMZJ\I/] + h.c. (232)
where W;(i = 1,...,N) are the N-flavor fermions, ¥, is their Dirac conjugate, and h.c.
denotes the Hermitian conjugate. M;;(i,j7 = 1,...,N) is the mass matrix and generally

complex. We can diagonalize this mass matrix with unitary matrices. After diagonalizing
the mass matrix, its diagonal components have complex phases and they can be removed

with U(1) axial transformation for the fermions

U, = exp (-Zarg(zM)%> , (2.33)
U, =, eXp(—iargU\;ii),%) (2.34)
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under the following representation for +*

o (01 . [0 o
7 1 0 7 -t 0]

Under U(1) axial transformations, a measure of a path integral transform
2

DU, DV; — DY, DY, exp [—i / d'z arg(Mi»)g)gQGZVéW} (2.35)
s

and the Lagrangian becomes

1 a a,puv g2 a AYa,pv T (4 Y
L= _ZGNVG H + (0 + Zarg(M“)> 327‘[‘2 GMVG s + Z\Iji(l’}/'uDM — Mu)\Ijz (236)

where M;; is the real diagonal matrix. We now find that not ¢ but 0

0=0+> arg(M;) =0+ arg(det M) (2.37)

is a physical parameter. The discussion implies that the theta term violating CP symmetry
appears in the Lagrangian and the physical parameter 6 is responsible for how much the
theta term is violating CP symmetry. The CP violation can induce a neutron electronic

dipole moment (EDM) d,, which is calculated as
d, = 4.5 x 1070 e cm, (2.38)
and experiments have given an upper bound
|d,| < 1.8 x 107* ecm. (2.39)
This bound can be translated into
0] < 0.4 x 1071 (2.40)

although its value can be O(1) without a specific reason. QCD allows the CP violating
term to appear in its Lagrangian but its effects are tiny in fact. This is so-called strong
CP problem.
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2.3.2 Peccei-Quinn mechanism

Peccei and Quinn proposed a dynamical solution to the strong CP problem [3, 4] where

the CP violating 6 is regarded as a dynamical field and § = 0 is realized in the minimum

of its potential V() as follows. Let us consider 1-flavor case

1 a a, v n g2 a ~Na,uv T/ (.
L= _ZG“”G = 0327r2 GG + V(i D, — m) V. (2.41)
Euclidean action is
1 a a ) g2 avEa T,
Sg = / d'rp LGfV G+ 02— GG + V(v DY +m) Vg (2.42)
where Df =0, — igAf . Euclidean gamma matrices are given by 73 = 7%, 7% = —iy!

which satisfies v, v% = 201, (7)1 = 7. The effective potential V(6) is given by

exp |~ [ d'asV ()] = [ DAL DUSDEs expl-Se]

= /DAE“ det(’nyf —|—m>
4 \ Barka | .5 9 ~EafEa
X exp —/d g ZGMVG#V +29327T2GWGW : (2.43)

Using the fact that det (fnyf + m) = [L,(A2 +m?) > 0 with the eigen values ), for
vZ DY, it is shown that

B 1
- 0] < o (08 o[ e (L)

= exp [—/d%EV(O)} (2.44)

and that the potential takes its minimum at § = 0.

In order to make # a dynamical variable and solve the strong CP problem, U(1)pq
symmetry and a PQ scalar ¢ with U(1)pq charge are introduced. Lagrangian additionally
with the PQ scalar is given by

1 - 92
— __( a, v fa
L 4GWG + 39,2

G%,GM + Wiy DU + Lyykawa + Lrq (2.45)
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where the kinetic and potential terms for the PQ scalar Lpq is given by

1 0?2\
Loq =0, — S (10 = 5] (2.46)
4 2
and Lyvyrawa represents the Yukawa terms
Lyvukawa = YV (¢Pr + ¢*PL)V = y(¢*x& + ¢y (2.47)

Here, P, = (1 —~°)/2 and Pr = (1 + 7°)/2 are the chiral projection operators, and
U = (y,&N)T. The potential term for ¢ and Lyukawa are invariant under the following

U(1)pq transformations
X — €y, € — € ¢ — ¥, (2.48)

The PQ scalar potential takes minimum at |¢| = v/v/2 and U(1)pq is spontaneously
broken. The PQ scalar is written as ¢ = ve's //2 where a is the dynamical variable
corresponding to phase direction of ¢. It is the Nambu-Goldstone boson associated with

U(1)pq breaking and called QCD axion. Now the Yukawa term becomes
EYukawa = yl(eilgxg + el%STXT) (249)
V2

The phase factors can be removed by transformations of fermions

X — €y, (2.50)
£ — e'ne, (2.51)
and then @ becomes
0—0-"2. (2.52)
v

When the QCD axion takes vacuum expectation value (a) = v, the QCD axion settles

at CP invariant vacuum .

2.3.3 Axion models

We have seen that the strong CP problem was solved by the P(Q mechanism where QCD
axion appeared after spontaneous symmetry breaking of the U(1)pg. This subsection

introduces examples to realize the PQQ mechanism, such as KSVZ model [7, 8] and DFSZ
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model [9, 10].

KSVZ axion

In the KSVZ model, a PQ scalar ® and heavy quarks @; (i = 1,..., Ng) are addition-
ally introduced in addition to the particles in the SM. The PQ scalar is a singlet under
SUB)e x SU(2)r x U(1)y. Its potential V(®) is given by

1
V(@) = B8P + a0l (2.53)
The heavy quarks have Yukawa interaction with the PQ scalar as
Lyvukawa = _yijQLiq)QRi - Z/ZQR;"I)*QLJ‘ (254)

where @), = Pr(Q and Qg = Pr(Q) are defined with projection operators P, and Pkg,

respectively. These interactions are invariant the following transformations under U(1)pq

o — 2P (2.55)
Qri = QL (2.56)
Qri = € Qpi. (2.57)

V(®) has its minimum at |®| = v2/ue/v/Ae. ® can be written as

o= \7/75 exp <ZZ> (2.58)

The QCD axion a interact with SU(3)¢ gauge fields

2

g A o Fauw
ﬁagg - _mﬁijG / (259)

where f, = n/Ng is the decay constant of the QCD axion.

DFSZ axion

The DFSZ model does not include the heavy quarks as opposed to the KSVZ model.
Instead, two Higgs fields H, = (H?, H), Hy = (H;, HY) are introduced in addition to a
PQ scalar ®. They are SU(2);, doublets. Their Yukawa interactions are given by

Lyvurawa = —YisqriHuur; — y5qriHadg; + h.c. (2.60)
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where q;, = (ur,dy) is the left-handed quark, and ug, dg are the right-handed up-type and
down-type quarks, respectively. y;; is the Yukawa coupling and i, j denotes the indices

describing generations. Potential terms for scalar fields are

U2 2 U2 2 /U2 2
V(Hy, Ha, @) =X, (H;LHu — 2“) + Ad (HC];Hd — 2d> + Ao <|<I)|2 — ;)

+ (aHH, + bHHy)|®|? — c(H, - Hy|®|* + h.c.) + d|H, - Hy|* + e|H: - Hy|?
(2.61)
where the couplings are denoted by A,, Ag, Ae,a,b,c,d,e. The Yukawa interaction is

invariant under the following U(1)pq transformations

H, — exp(iX,a)H, (2.62)
Hy — exp(iXga)Hy (2.63)

O — exp(iXoa)d (2.64)
qr — 4L (2.65)
up — exp(—iX,a)ug (2.66)
dr — exp(—Xga)dr (2.67)

with U(1)pq charges X,,, X4, Xo. The scalar potential terms are also U(1)pq if X, + X, =
—2Xs.

Scalar fields take their vacuum expectation values

(Hy) = \U/% exp (z(f:) (é) (2.68)

(Hy) = :}‘% exp (Zi‘ii) (?) (2.69)

Vo o
P)=—exp|i— 2.70
(@) = o (122 (270)
with the three phases
Uy VgV Vg 2T

w=——nh H———— 2.71
¢ v * un nl+ 22" (271)

Vg VU Uy 2%
_ Yy -t 2.72
Pa " + o s (2.72)

2

bp— oL _H 12 (2.73)
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where v = \/v2 + V3, x = v4/v,, and 7 is given by

2,2
dvivg
02

1 —2
0 =v3 + =02 +4 <{B + ) v?. (2.74)
x

When n > v ~ vy ~ v,, we get ¢pp ~ a. Considering the QCD axion a, the Yukawa

interaction is

r v 21 a
ukawa — = Uy UL; €X 5 | URj
Yuk \/5 Li €XP 1+ 22 1 Rj
4 (2.75)
With transformation of quarks, axion-gluon coupling becomes
Logg = —gz T qa Gaw
agg — 327T2 ﬁ nuv (276)

where f, =n/(2N,) is the axion decay constant, and N, is the number of generations.

Axion interaction with SM particles

We expect interaction between the QCD axions and the SM particles. For example,
the SM quarks and charged leptons have PQ charges and interact with the QCD axions
since they have PQ charges in the DFSZ model. In KSVZ model, the QCD axion has
the interaction with the SM quarks through loop effects of heavy quarks with their PQ
charges. Thus, interactions between the QCD axion, nuclei N with its mass my and

electrons e with its mass m, are given by

Lovy = LN 5 a(NylysN) (2.77)
2mpy
gaee —
Loee = om. dua(ertyse) (2.78)

where g,y n is the axion-nucleon coupling, g, is the axion-electron coupling, and they are

proportional to 1/f,. Their numerical factors depend on models. Especially, g is small

in the KSVZ model where the QCD axion does not directly interact with the electron.
In general, the QCD axion also couple to photon through

1 -
Loy = —ZgaWaFWF’W (2.79)

where g,,, = aC/(2nf,) is the axion-photon coupling, « is the fine structure constant,
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and C' is given by

& ot muma)
C= N T 30 mama) (2.80)

with anomaly coefficients £ and N. With m,,/mg = 0.46, C becomes -2.04 in the KSVZ
model while 0.63 in the DFSZ model.

Axion-like particles

The QCD axion appear as a solution to the strong CP problem in the P(Q mechanism.
Theories beyond the SM often predict axion-like particles (ALPs) which are a kind of the
generalization of the QCD axion. For instance, superstring theory may include the ALPs
associated with compactification of extra spaces. Although the ALPs do not solve the
strong CP problem, they can be a dark matter candidate. The axion parameter space
is very broad including ALPs (Fig. 2.12). Both the QCD axion and ALPs have been

explored. In the next section, specific examples of axion searches are introduced.

101
102
1073
104 Laboratory
10°° Y —a

10-°
1077
10-8

10-° .

10-10 Astrophysics

1011 — a

> S \
1013

Dark matter

Axion-photon coupling [GeV~1]

1014 B / >

10-15 o E (direct detection)

1016 E g R
10-17 L 4 P aric matccer
1018 -§ {@@;@ (astrophysics)
1019 @)

10~20 <

yeV zeV aeV feV peV neV peV meV eV keV MeV GeV TeV
Axion mass [eV]

Figure 2.12: Simplified summary of existing constraints with the haloscopes correspond-
ing to the blue region, the helioscopes included in the green space, and the laboratory
experiments such as LSW within the red region. QCD axion models are expressed by
the yellow band. Gray region shows parameter space where ultra-light axions work as
so-called fuzzy dark matter and heavier axion decay are constrained with observations of
produced photons although we do not discuss them in this thesis. Figure taken from [169].
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2.4 Axion searches

We have seen that axions are motivated as a solution to the strong CP problem and/or
a dark matter candidate in Section 2.3. Next question is how we can look for them.
Axion searches are on-going. For example, axion haloscopes, axion helioscopes and LSW

experiments are exploring axions and have constrained them as we will see below.

2.4.1 Axion haloscopes

Axion haloscopes try to detect axion dark matter in the galactic halo [43-50]. They
have strong magnetic fields imposed in their cavity which allows for axions in the galactic
halo to convert into photons as a signal. When the axion mass m, matches the frequency
corresponding to the system, resonance effects enhance the sensitivity to axion parameters.
The efficiency is characterized by a cavity quality factor (). In a set of typical parameter

values for an axion haloscope, the signal power deposited to the cavity is given by

1% B \%/C
s () () ()
SO W1 ) 107 05

- <0.6§7>2 (0.45 Gpea\//cm3> (1GVHZ> (10%00) (2.81)

where V' is the volume of the cavity, B is the magnitude of the external magnetic field,

¢y is the model dependent coefficient of the axion-photon coupling, whose value is -1.92
(0.75) for the KSVZ (DFSZ) model, p, is the local dark matter density, v is the frequency
of the photon, () is the loaded quality factor of the cavity, and C is the form factor of the
cavity.

Improving the signal-to-noise ratio (SNR) SNR = P/J§P; is important to get better
sensitivity by experiments. Here, §P, is fluctuations in the system noise power P, =
kpTsév (the Johnson-Nyquist formula) with the Boltzmann constant kg and the system
noise temperature. When we survey axion parameter space in a mass range, its scan rate

is important and given by

dy 5 \2/0.15K)\> P 2 /10000
= _12CH .
@~ 2¢ Z/year(SNR> ( T ) (5.0><10—23W) ( Q ) (2.82)

This determines how we can scan a mass region with a sensitivity. Given a logarithmic
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scan rate, we could explore the smallest coupling

Ty
B2V

92, X (2.83)
This motivates us to reduce Ts for scanning lower axion-photon coupling g, with a faster
scan rate.

Axion Dark Matter eXperiment (ADMX) is a haloscope with a large (V' = 136 L) and
cylindrical cavity equipped with a superconducting magnet (B ~ 7.0T). The ADMX
and other haloscopes are trying to touch axion models denoted by the yellow band in
Fig. 2.13. Their constraints are shown by red vertical bands. The ADMX has already
started to explore the KSVZ and DFSZ models introduced in Section 2.3.
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Figure 2.13: Summary of constraints with haloscopes. Figure taken from [169].
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2.4.2 Axion helioscopes

Axion helioscopes are looking for axions produced within the Sun [32-42]. Axions a can
be produced in the Sun through several processes such as Primakoff process v+ — a+Q
where thermal photons ~ inside the core of the Sun can be converted into axions a by
electric fields induced by charged particles ). Primakoff process is characterized by the
axion-photon coupling g.,,. The transition rate for a photon to an axion in a stellar

plasma with temperature 7' is given by [33]

2 2 2 2

gs. Tk K 4F
[_,="2_*°111 In{l1+—1]—-1 2.84
R 32w K +4E2>n< * Ii2> ] (2:84)

s

where F is the photon energy and k4 represents the screening scale

4
K2 = % (ne +>° Zj?nj) (2.85)
J

with the electron number density n., the number density of the j-th ion n; with charge

Z;, and the fine structure constant o. One can get total axion number flux at the Earth

Axk? dk
. 47TD2 / drdmr? / dp- opm . (2.86)
Wpl

(2m)3 dE

where D, is the average solar distance, R is the solar radius, r is a solar radial variable
normalized by Ra, f, = (ef/T — 1)7! is the Bose-Einstein distribution of the thermal
photon bath in the Sun, and wgl = 4mwan,./m. is the plasma frequency of photons in the
Sun. After integration over a solar model, we can get solar axion flux. It is characterized

as

d(I) 10 —1 —1 ga'Y'Y 2 2.481 —FE/1.205

where the energy F in keV. Fig. 2.14 shows the expected solar axion flux with respect to
the energy in keV.

The solar axions produced through the Primakoff process can escape from the solar
interior and arrive at Earth. Helioscopes convert the solar axions to photons by imposing a
strong magnetic field with a dipole magnet towards the Sun. Fig. 2.15 represents a typical
experimental setup of helioscopes. The energy of solar axions is typically O(keV) Fig. 2.14

meaning that expected photon signals would be observed as X-rays by the detector in a
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Figure 2.14: Solar axion flux spectra at the Earth. The axion-photon coupling g, =
10712 GeV ™! for illustration. Figure taken from [30].
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Movable platform —T

Figure 2.15: A typical helioscope design. Solar axions can be converted into X-rays
by magnetic fields imposed with powerful magnets. The X-rays are concentrated onto
detectors with X-ray optics. Figure taken from [30].

helioscope. The axion-photon conversion probability is given by

A L
Pusyy = <9L> sin’ (%) (2.88)

q

with ¢ = m?2/(2FE,), magnetic field B, and the size of the system L (see appendix for its
derivation). By multiplying the conversion probability with the solar axion flux, we can

obtain the expected photon flux

dd do,
aE ~ dE o
4 L N2/ B \2
o 2 v ey~ p2481 —E/1.205< Jaryy ) ( ) ( ) .
0.088 cm™“day™ "keV € 10-10 Gey 1 9.26 m 9.0T

Following the discussion, helioscopes have already excluded some portion in axion param-
eter space and are under upgrade to get more sensitivity on the axion-photon coupling

Javyy- Let us see examples below.

CERN Axion Solar Telescope

The CERN Axion Solar Telescope (CAST) is one of the helioscopes trying to see axion
signature and was under operation from 2003 [32], and has been upgraded through several
phases until 2021 [33-39]. It is equipped with a test magnet in the Large Hadron Collider
whose strength tends to be 9T. The CAST has given upper bounds on the axion-photon
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coupling go,, < 6.6 x 10711 GeV ™' for axions with the mass m, < 0.01eV, as shown
in Fig. 2.16.

International Axion Observatory

International Axion Observatory (IAXO) is a forthcoming helioscope and expected to
have more sensitivity on the axion-photon coupling g,,, shown by purple shaded area
in Fig. 2.16.
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Figure 2.16: Summary of existing and expected constraints with helioscopes, light-shining-
through-a-wall experiments and so on. Dark red area with "CAST" has been excluded.
Purple shaded regions represent expected sensitivities of future helioscopes such as babyl-
AXO, TAXO, and its further upgraded version IAXO+. The yellow band correspond to
axion models including the KSVZ model and the DFSZ model, which would be explored
with these helioscopes in future. Green region shows existing upper limits obtained from
high-energy astrophysics. Some of them will be introduced in Chapter 3. ALPS and
ALPS II are light-shining-through-a-wall experiments. The ALPS II have recently re-
ported their upper bound g,,, < 1.8 x 107 GeV ™! which located outside the figure.
The ALPS II prospects are represented by black dashed line in this figure. Figure taken
from [169].
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Figure 2.17: Figure taken from [30].

2.4.3 Light shining through a wall

There exist other attempts to detect axions in the laboratory. An example is so-called
light shining through a wall (LSW) experiments [52—-55] where induced laser beam goes
toward a strong static magnetic field. A barrier is set behind the magnetic field and optical
thick to the photons coming from their source. If there exist axions, the strong magnetic
field can convert the photons into axions which can pass through the opaque barrier.
Imposing a strong magnetic field again behind the barrier allow some of the axions to
be converted back into photons which could be detected and become axion signatures.
Fig. 2.17 shows a sketch of a light shining through a wall experiment. Since the axion-
photon conversion occur twice in order for axions to be produced and then reconverted
to photons, the probability of the double conversion v — a — ~ is proportional to the

fourth power of the axion-photon coupling g, as

Py =610 (g V(I LY )
e 10-0Gev—"/) \10T/) \10m/ =" '

where Fp and Fg are the enhancement factor corresponding to power built-up by the
optics systems in the production and reconversion areas, respectively. The Any Light
Particle Search (ALPS) is a LSW experiment, and ALPS II is an upgraded version of the
ALPS and have recently reported the first science results for the axions' [54]. The ALPS
IT is expected to finally achieve sensitivity denoted by black dashed line in Fig. 2.16.

!The ALPS II is also exploring other hypothetical particles such as hidden photons [54].
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2.5 Summary

Chapter 2 gave us the overview of the properties and candidates of dark matter. Although
it composes 26% energy of the Universe, we have not succeeded in understanding what
it really is. The WIMPs are one of the most motivated dark matter candidates and have
been searched experimentally in direct and indirect ways or with colliders. Experiments
have started constraining broad parameter space of WIMPs although there still remain
room to discuss them as a dark matter candidate. One have also payed an attention to
other dark matter candidates these days. For example, the PBHs can be produced in the
early universe and be account for all portion of dark matter in some mass range. The
axions are also a dark matter candidate. The Peccei-Quinn mechanism motivates the
QCD axions as a solution to the strong CP problem. The ALPs are kind of generalization
of the QCD axions and can appear in theories beyond the SM. The ALPs also work as a
dark matter candidate and have been experimentally explored in several ways.

The haloscopes try to detect the galactic halo axions with their cavity fulled with
strong magnetic fields. KSVZ and DFSZ models are kinds of benchmarks of QCD axions
and have been explored in some mass range 20 ueV S m, < 60 pueV with the ADMX
experiment, for instance (Fig. 2.13). The helioscopes cannot search peV mass axions
better than the haloscopes but, in sub eV mass scale, axions were explored using buffer
gas techniques (Fig. 2.16). Future-planed helioscopes are expected to access QCD axion
models more sensitive than existing ones. The LSW experiments have also constrained
axions but their current sensitivity is weaker than other axion searches for now. With
upgraded LSW experiments, one may explore competitively lighter axions as well as
the helioscopes. Fig. 2.12 shows very simplified summary of existing constraints with
experiments and observations including the haloscopes, the helioscopes, and the LSW
experiments. Different experimental setups are responsible for axion searches in different
axion mass scale and complementary with each other.

Axion searches are not limited within these experimental frameworks. We can actually
have possibilities to get some information of axions with astrophysics. The green region in
Fig. 2.12 have been excluded with astrophysics which gives constraints complementary to
the helioscopes and the experiments in laboratories for the ALPs. For example, gamma-
ray observations of high-energy astrophysical objects in the Universe are helpful for us
to explore the ALPs typically in the mass 1071%eV < m, < 107%eV. We will see how
we can constrain the axion mass m, and the axion-photon coupling g,,, with gamma-ray

observations in the next chapter. Hereafter, we do not distinguish two words, axion and
ALP.



Chapter 3

Axion search with gamma-ray

observations

In Chapter 3, we try to grasp an idea using gamma-ray observations as a search for
axions. Starting with an overview of gamma-ray propagation without and with axions,
we show a workflow commonly used to constrain axions with gamma-ray observations in
Section 3.1. In Section 3.2, some specific examples of such axion searches are discussed
first focusing on ones with gamma rays coming from extragalactic sources, based on the
workflow with some additional discussions dependent to sources we consider. Then, we
find that observations of galactic sources have also constrained axions but there is still

room to be improved in Section 3.3. This chapter is summarized in Section 3.4.

3.1 Light shining through the Universe

3.1.1 Overview

Before starting to discuss axion search with gamma rays, we first have to see how gamma
rays propagate thorough the Universe without axions. An emission mechanism of gamma
rays will be discussed in Chapter 4. After gamma rays start to propagate thorough the
Universe, they interact with low-energy background photons such as star emissions, dust
re-emissions and the cosmic microwave background (CMB) in the Universe, and annihilate
into electrons and positrons if the gamma-ray energy is exceeding the threshold value of
the process. This absorption effect makes it difficult for gamma rays to reach at the Earth
from distant sources. The details of the gamma-ray absorption will be given in Chapter 4.

If there exist axions in the Universe, this story changes significantly as follows. The

43
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Lagrangian for axions and photons are described by

L= _éllFWFW + ;8ua 0Ma — ;m§a2 — igawaFWF“” (3.1)
where F),,, is the field strength tensor for photons, Fr is its dual, a is the axion field with
its mass m, and coupling to photons g,,. The last term can be rewritten as g, aE - B
in terms of the electric field E and the magnetic field B. This allows gamma rays to be
converted into axions and vise versa under an external magnetic field. Since axions do
not experience the same absorption process as photons, the conversion (or often called
oscillation) between axions and photons can change the observed flux of the gamma rays.

After a celestial object emit an initially polarized photon beam with an energy F, its
propagation can be expressed by the equations of motion derived from Eq. (3.1). In a
homogeneous magnetic field, the solution for these equations provide us with a simple

analytical expression for the conversion probability

ga'y'yBUL>2 Sinz(AOSCL/Q) (32)

Pfy—m(Ea L) = < 2 (AoscL/2)2

where L is the propagation distance of the axion-photon beam, and Agge = \/AZ 4 (24,,)% =
2041/ 1 4 (Eo/E)?. Here, A, = —m2/(2E), Aoy = gayy Bo/2, and E,, is a critical energy
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vV \ B Gorr (3:4)
with Ap = —w?/(2E) and the plasma frequency w? = 4mwan./m. in an astrophysical

environment with o = €?/(4r), the electron density n., the electron mass m, and the
electric charge e. The derivation is shown in Section C.1.
The axion-photon conversion becomes more efficient when the gamma-ray energy F

and the propagation length L respectively satisfy
E Z Ecr7 L Z LCr (3-5)

with Ley = 2/(gayyBo). In some suitable units, these conditions can be expressed as [108]

10 GeVm? | N 100 TeVm? | N 10keVmy oy (3.6)
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Here, these expressions based on the following notation

My,
a,ne = 3-8
Ma,neV 1neV (38)
for the axion mass m,,
_ Yary
=—7 3.9
I = 101 Gev T (39)
for the axion-photon coupling g4+, and
By By By
B =——, Byg= ., Big=—x 3.10
RS =10 G = 1nG YE= 06 (3.10)

for the strength of a magnetic field By. Three sets of values in Egs. (3.6) and (3.7)
correspond to typical scale for the size L and the magnetic field strength Bj associated
with blazar jets, inter galactic medium, and the MW, respectively.

Fig. 3.1 shows the propagation of gamma rays passing thorough these astrophysical
environments. As an example, an extragalactic blazar is considered as a source. From
left to right in Fig. 3.1, we have a blazar as a gamma-ray source, its host galaxy (dark
pink), its galaxy cluster (light pink), intergalactic space (white), the MW (blue), and
the Earth. Gamma-rays (black wavy lines) are first produced in the blazar jet and then
start its journey to the Earth. The upper black wavy line corresponds to gamma rays
surviving the gamma-ray absorption and finally arriving at the Earth. The middle one
shows that most of gamma rays are attenuated with the interaction with low-energy
background photons such as extragalactic background lights (EBL) which is denoted by
the orange wavy line. If axions in the Universe, this story can change. Since gamma-rays
pass through the host galaxy and potentially through a galaxy cluster, the magnetic fields
in these astrophysical environments can induce the axion-photon conversion. The lower
gamma ray is converted into axions (black dashed line) with the magnetic field in the
galaxy cluster, for instance. The axions can continue to propagate thorough the galaxy
cluster and then the intergalactic space without the absorption process. The magnetic
field in the MW can convert the axions back to gamma rays observed at the Earth. Based

on this framework, gamma-ray observations have been used for axion searches as follows.
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Figure 3.1: Gamma-ray propagation from a blazar to the Earth. Figure taken from [145].
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3.1.2 Workflow

Now that we have briefly seen how gamma-ray spectra can be distorted by the gamma-ray
absorption and the axion-photon conversion, let us next summarize common parts in a
workflow for axion searches using data sets of gamma-ray observations. The workflow is
applicable for the observations of both extragalactic sources (Section 3.2) and galactic

ones (Section 3.3) although some differences, of course, should be taken into account.

Modeling relevant magnetic fields

It is important to consider the axion-photon conversion effect induced by magnetic fields
in several astrophysical environments since it highly change the corresponding conversion
probability Eq. (3.2) and then results constraining the axion mass m, and the axion-
photon coupling g.,,. This urges us to take into account the profile of the magnetic
field relevant to high-energy objects as precisely as possible in axion searches. Here,
we show information of magnetic fields in intergalactic space and the MW. Magnetic
fields associated with gamma-ray emission place in a source should be cared one by one
depending what kind of sources we consider. In Sections 3.2 and 3.3, we will see some
examples.

A magnetic field of the MW is commonly efficient for those examples in Sections 3.2
and 3.3. It is known that the magnetic field in the MW is described by the model
developed by Jansson and Farrar [170] which are used in axion searches not only with
galactic sources but also extragalactic ones. It consists of a large-scale regular component
and a small-scale random one. The coherence length of the latter is about 1072 pc much
smaller than the former, and the latter is neglected in the axion-conversion. The magnetic
field strength of regular component varies between 1.4 — 4.4 uG.

For extragalactic sources, the axion-photon beam passes thorough the intergalactic
space where the magnetic field strength is currently bounded above < 107° G. The lower
limits locate at 1078 nG scale. When a source redshift is relatively small, one did not
expect strong irregularities in gamma-ray spectra induced by the axion-photon conversion
by the intergalactic magnetic field, as discussed in e.g. [132-134] where the authors have

neglected the effect of the axion-photon conversion in the intergalactic space.

Calculation of survival probability

The conversion probability Eq. (3.2) determines how many gamma rays from a source

convert into axions which are not attenuated with the low-energy background photons as
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we have discussed. The expression Eq. (3.2) was obtained under the homogeneous mag-
netic field but axion-photon beams actually travel in inhomogeneous magnetic fields in a
realistic astrophysical environment. In order to consider such environments as precisely
as possible, we can solve the equations of motion using a transfer-matrix formalism which
will be explained in Section 4.1. The numerical calculations give us the probability cor-
responding how much gamma-ray flux will survive after the gamma-ray absorption and
axion-photon conversion. We denote the survival probability by P,,. It will be multiplied

with an intrinsic spectrum ®;,; to compute an expected spectrum.

Calculation of expected spectra

Intrinsic gamma-ray spectra depend on sources and the corresponding datasets. For
axion searches, one have usually used an expression to model the intrinsic spectrum
@, (E) which fit well with observed gamma-ray data. Here, E is the gamma-ray energy.
The following expressions are some examples and listed for references later. We will see
cases where those are used in axion searches with gamma-ray observations in Sections 3.2
and 3.3.

e Power law spectrum
E -
Dun(E) = No (1) (3.11)

e Exponential cutoff power law

B(B) = Ny () e (2 )] (312

e Log parabola spectrum

E —a—pflog(E/Ep)
) (3.13)

Oy (E) = Ny (=
(B) =N (5

Here, Ny is the normalization of the spectrum, and the indices are denoted by I, T'y,
I's, a, and (. Ej is the reference scale. Other expressions are occasionally used for some
sources but we do not list all of them here. We can then calculate the expected spectrum

as q)model - Pfy'yq)int-
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Statistical analysis

We then address a statistical analysis where we optimize the expected spectrum to some
datasets and calculate a test statistic for each parameter set (mg, gqaq4) in scanned param-
eter space. This finally allows us to constrain the axion mass m, and the axion-photon
coupling ¢, after getting the threshold corresponding to a confidence level. In Sec-
tion 4.3, we will introduce a method for the statistical analysis used in this thesis.

The workflow introduced in this subsection is summarized in Fig. 3.2. It is applied
to specific examples of axion searches with gamma rays from extragalactic sources in

Section 3.2 and galactic sources in Section 3.3 unless otherwise stated.

Resembling datasets of gamma-ray spectra from a source

v

Modeling magnetic fields relevant to the source considered
WP  Numerical calculations

Survival probability P, Intrinsic gamma-ray spectra ®;,,

v

Expected gamma-ray spectra ®,,4e1

v

Statistical analysis (e.g. chi-square function x?2)

v

Resulting constraints

Figure 3.2: Workflow used in axion searches with gamma-ray observations.
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3.2 Examples: extragalactic sources

In this section, we see some specific examples of existing constraints on axions ob-
tained from gamma-ray observations of extragalactic sources such as active galactic nuclei
(AGN). Since we have already showed the workflow common in these examples in Sec-
tion 3.1, let us next focus on differences between them. Models of magnetic fields are the

most important difference depending on what kind of celestial objects we consider.

3.2.1 Active galactic nuclei

Super massive black holes power AGN with matter accreted around their surroundings.
The accretion disc formed surrounding the black hole is one of main contributions to the
total luminosity of an AGN for its non-thermal emissions. Highly collimated relativistic
jets extend from sub-parsec to kilo-parsec scales and also play a key role of the non-thermal
emission. Magnetic fields within AGN jets tend to be By ~ 10G and are essential for
the axion-photon conversion. For example, NGC 1275 [132-134] and Markarian 421 (Mrk

421) [135-138] have been used to impose limits on the axion parameters.

NGC 1275 in the Perseus Galaxy Cluster

The NGC 1275 is the radio galaxy located in the center of the Perseus Galaxy Cluster at a
distance of ~ 75Mpc (z = 0.01756). As mentioned in Section 2.1, galaxy clusters are the
largest gravitationally bound structures in the Universe. Their intra-cluster medium is
composed of hot, highly ionized gas with temperatures T ~ 107 to 108 K. Faraday rotation
measurements and magneto-hydrodynamical simulations imply that galaxy clusters have
a turbulent magnetic field whose strength is ranging from 0.1 4G to a few pG. The
magnetic field can induce the axion-photon conversions for gamma rays propagating for
cosmological distance from the NGC 1275.

For example, Fermi-LAT [132], Major Atmospheric Gamma Imaging Cherenkov tele-
scopes (MAGIC) [133] and Very Energetic Radiation Imaging Telescope Array System
(VERITAS) [134] collaborations have used their datasets of the observed gamma rays to
constrain axions, for which modeling of the magnetic field is important. They modeled the
turbulent component as a divergence-free homogeneous and isotropic field with Gaussian

turbulence with zero mean and a variance og. The profile of the magnetic field is given

! B(r) = B, (717(;(30))” (3.14)
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where n.(r) is the electron density of the intra-cluster medium (ICM). The energy density
M (k) is considered to follow

M(k) x kO (k — k)0 (ky — k) (3.15)

where k;, = 27/Apax and kg = 27/An, are the minimum and maximum turbulence
scales, respectively.

The authors [132] used n.(r) derived from X-ray observations within the inner ry,,, =
500 kpc for the Perseus galaxy cluster. They assume a zero magnetic field beyond 7.
There are rotation measurements to explore only within tens of pc around the NGC 1275.
These measurements estimated that the magnetic field strength was 25 uG ([132] and
references therein). There is an independent lower limit of By 2 2—13 uG for 0.3 <71 < 0.7
derived by MAGIC observations of the Perseus galaxy cluster. The authors [132] applied
values of parameters obtained from rotation measurements of other galaxy cluster (A
2199). They finally assume model parameters take the values in Table 3.1 and set their
constraints denoted by "NGC 1275 (Fermi)" in Fig. 3.3.

parameter  value

op 10 /LG
T max 500 kpc
n 0.5
q -2.8

Ain 0.7kpc
Aax 35 kpc

Table 3.1: Model parameters for the magnetic field in Perseus galaxy cluster used in [132].

Markarian 421

Several works used gamma-ray observations of the Mrk 421 for axion searches [135-138].
The Mrk 421 is one of the brightest blazars (z = 0.031) in TeV gamma rays and widely
studied.

Magnetic field in the blazar jet can induce the axion-photon conversion and its effect

have been investigated. The astrophysical environment of the Mrk 421 is modeled by the
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magnetic field B**(r) and the electron density ni®(r) whose profiles are

B*(r) = B, <7"\;E>_1’ (3.16)
ni(r) = ng (T\;E>2 (3.17)

where rvug is the distance of the emission site to the black hole at the center. By and ng are
the magnetic field strength and the electron density at rvug, respectively. Best-fit values of
some parameters including By and ng are obtained from fitting of the electromagnetic wave
spectrum to the data. However, the precise value of ryyg is difficult to be derived from the
observations and it has large uncertainty with an order of magnitude. Optimistic values
for ryyg were sometimes chosen within this uncertainty. This can give a less conservative
limits on the axion parameters. More details of the blazar jet magnetic field are discussed
in [135-138] and references therein.

The axion-photon beam starts to feel magnetic field in the host galaxy cluster of the
Mrk 421 after it passes thorough the blazar jet region, as sketched in Fig. 3.1. In the
case of the NGC 1275, [133] considered the axion-photon conversion induced by O(1 uG)
magnetic field in the Perseus Galaxy Cluster. However, the authors of [135] did not
consider the axion-photon conversion in the inter-cluster region because it has not to be
confirmed that the Mrk 421 is located on such a galaxy cluster with magnetic fields strong
enough to cause the axion-photon conversion. Magnetic fields in the intergalactic space
and the MW are treated in the same way discussed in Section 3.1.

Based on the modeling of these magnetic field environments, the survival probability
was calculated in the case of the Mrk 421 [135-138]. In [135, 136], the authors used the
observational data of the Mrk 421' associated with each observation phase a day and
finally combined them to get stronger constraints on the axion parameters. For example,
15 phases of the gamma-ray observation were used and then combined in [136]. For each
observation phase, a function was chosen among Eqs. (3.11) to (3.13) etc. as an intrinsic
gamma-ray spectrum. Datasets in some phases could not individually set limits exceeding
the upper bounds by the CAST [38]. In [137], the authors utilized different datasets of the
Mrk 421 observed for three years by the Fermi-LAT and High Altitude Water Cherenkov
(HAWC) Gamma-Ray Observatory. The datasets were fitted by the exponential cutoff
power law Eq. (3.12) which was used as the intrinsic gamma-ray spectrum. Resulting
constraints on axions are summarized in Fig. 3.3. Colored region with "Mrk 421" has

been excluded by its gamma-ray observations.

n [136], some datasets of a blazar (PG 1553+113) were also used in addition to ones of the Mrk 421.
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Figure 3.3: Constraints on axions with astrophysics denoted by green area including
gamma-ray search. The observations of extragalactic sources introduce above have con-
strained green region, e.g. the NGC 1275 within the Perseus galaxy cluster [132, 133], the
Mrk 421 [135-138] and quasars [131]. The red space shows the existing constraints with
the CAST [39] and haloscopes including the ADMX [50]. Other constraints are listed
in [169] from which the figure are taken.
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3.3 Examples: galactic sources

In addition to extragalactic sources, galactic gamma-ray sources have also been used
for axion searches [139-144]. In this section, we will see that gamma-ray observations
of supernova remnants (SNRs) and pulsar wind nebulae (PWNe) in the MW have given
constraints on axions [139-141]. Especially, the Crab Nebula [142-144] is the most relevant
to the contents in Chapter 4.

3.3.1 Supernova remnants and pulsar wind nebulae
Zi-Qing Xia et al. (2018/2019)

Three SNRs (IC443, W44 and W51C) were used to see oscillation effects induced by
axions [139] with gamma-ray spectra observed by the Fermi-LAT. Intrinsic spectra of
these SNRs were modeled by the log-parabola type functions Eq. (3.13) where Ej is fixed
to the default value in the Third Fermi-LAT catalog (3FGL). The expected spectra were
fitted to the gamma-ray spectra, and the fitting result was improved by the axion-photon
conversion with a statistical significance of 4.2¢0 for IC443. However, the best-fit parameter
(mg = 6.6neV and g, = 13.4 x 1071 GeV™!) contradicted with the upper bound given
by the CAST [38].

The same group has then considered three SNRs [141] to constrain axions. The two
of them (1C443 and W51C) were the same as [139] while W49B was newly chosen in
their analysis. In addition, they have also used gamma-ray data observed by several
Imaging Atmospheric Cherenkov Telescopes (IACTs) such as the MAGIC, VERITAS and
High Energy Stereoscopic System (H.E.S.S.). The intrinsic spectra were modeled by a
log-parabola function Eq. (3.13) following the Fourth Fermi-LAT catalog (4FGL). As
opposed to their previous analysis [139], the spectral parameter Fy was unfixed for their
optimizations. The authors have set constraints on axion parameters with the combined
analysis of all the three SNRs they have chosen. However, their constraint was not able
to exceed one by the CAST [38].

Yun-Feng Liang et al. (2019)

They have also tried to constrain axions with other 10 gamma-ray sources [140] including
three SNRs, five PWNe, one high-mass X-ray binary, and another is unidentified. They all
have been observed by the H.E.S.S. experiment. We do not list them here but available
in Table 1 of [140]. Intrinsic spectra for these gamma-ray sources were characterized

by two types of functions, a power-law Eq. (3.11) or an exponential cutoff power law
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Eq. (3.12). The specific function type was chosen for each source as that in the literature.
Their constraint combined with the 10 sources is shown in Fig. 3.4. The yellow region
was excluded by the combined analysis at 95% confidence level. At the axion mass

mg ~ 1077 eV, the resulting constraint is exceeding the CAST one [38].
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Figure 3.4: The yellow area corresponds to constraint by [140]. The red region is excluded
by the observation of the NGC 1275 by the Fermi-LAT [132]. Figure taken from [140].
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3.3.2 Crab Nebula

The Crab Nebula is one of the famous PWNe in our galaxy. Astrophysicists have studied
well the Crab Nebula for long time based on observations from radio to gamma rays. The
maximum energy of the observed gamma rays tend to PeV scale which have been detected
by the LHAASO [156]. Such observed data sets allowed us to develop more precise
emission models of the Crab Nebula [158, 159] which will be discussed in Chapter 4. In
this subsection, we show the existing results to impose constraints on axions with gamma

rays from the Crab Nebula [142; 143] and then point out a missing piece in these analyses.

Xijao-Jun Bi et al. (2021)

In [142], the authors have taken the Crab Nebula as the main target for their axion
search with gamma rays?. They considered the gamma-ray absorption and the axion-
photon conversion in the magnetic field of the MW since the Crab Nebula is a galactic
source. After numerically calculating the survival probability and then expected gamma-
ray spectrum, the authors compare it with the observed data sets given by several gamma-
ray observation groups. Their analysis revealed that their resulting constraint on axions
could not exceed one with CAST as a benchmark result. In Fig. 3.5, the red region shows
their constraint [142] and the black-dashed line is the upper bound by the CAST [38].

Jun Li et al. (2024)

The LHAASO released their reports of detections of the Crab Nebula [156] and twelve
ultra-high-energy gamma-ray sources [171]. In order to set constraints on axions, the
authors of [143] have used datasets of gamma rays from four of them (the Crab Nebula,
LHAASO J2226+6057, LHAASO J1908+0621, and LHAASO J1825-1326). For these
energetic sources, they have modeled intrinsic gamma-ray spectra with a log-parabola
function Eq. (3.13) where Ej is set to be 10TeV. As a result, their combined analysis
of the four sources set a limit on the axion-photon coupling g, < 7.2 x 1071 GeV ! at
the axion mass m, ~ 4 x 1077 eV, as shown by blue region in Fig. 3.5. However, their
constraint was weaker than the CAST result (black-dashed line) [38] even if they tried
to get stronger constraints by combining datasets from other six gamma-ray facilities in

addition to the LHAASO.

2[142] has also tried to set dark photon limits with gamma rays from the Crab Nebula.
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Figure 3.5: Constraints on axions with gamma-ray observations of the Crab Nebula with-
out [142] and with the LHAASO observation [143], corresponding to red and blue re-
gion, respectively. The black-dashed line is the CAST upper bound [38]. Figure taken
from [143].
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Kazunori Kohri and Haruki Takahashi (2025)

There actually exists a missing piece in these kind of analyses: magnetic field in the Crab
Nebula. It is known that the magnetic field in the Crab Nebula is important to explain
broad emissions of electromagnetic waves from the Crab Nebula through the so-called
synchrotron self-Compton (SSC) mechanism as explained in Chapter 4. Considering the
magnetic field in the Crab Nebula can affect the axion-photon conversion and then alter
constraints on axions. In fact, it actually does [144]. This point has been missed so far
but should be taken into account, as pointed out in [144]. In Chapter 4, we will discuss
importance of the magnetic field in the Crab Nebula not only for broad-band spectrum

of photons but also for axion search with gamma-ray observations of the Crab Nebula.
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3.4 Summary

The gamma-ray observations are an alternative way to get information for axions in
addition to other axion searches such as the axion helioscopes, the axion haloscopes, the
LSW experiments and so on. From celestial objects, gamma rays propagate through
several magnetic field environments in the Universe and can experience the axion-photon
conversion. This can alter the gamma-ray spectra and can be used to constrain the axion
mass m, and the axion-photon coupling gq,,. When we take this kind of approach for
axion search, it is important to take into account magnetic fields for analyses as precisely
as possible.

On the one hand, for extragalactic sources such as blazars, we saw that one could
consider magnetic fields in their jet and in the galaxy cluster to put constraints on axions
in Section 3.2. Since extragalactic sources are located far from the FEarth, constraints ob-
tained with extragalactic sources are naively expected to be generally stronger than ones
with galactic sources. Fig. 3.3 includes the constraints with gamma rays from some extra-
galactic sources such as the NGC 1275 [132, 133], the Mrk 421 [135-138], quasars [131] and
so on. However, such analyses have still uncertainties coming from modeling of emission
mechanisms and magnetic fields.

On the other hand, galactic sources (e.g. SNRs and PWNe) have also been used for
axion searches with gamma-ray observations and some of them are well-studied using
broadband emissions from radio to gamma rays. The Crab Nebula is a good example
and its emission mechanism is understood well as explained in Chapter 4. Nevertheless,
the magnetic field in the Crab Nebula have not been taken into account in the context of
axion searches so far. In the next chapter, we discuss effects of the magnetic fields of the
Crab Nebula and in fact reveal that this consideration gives us new constraints on axions

with gamma rays from the Crab Nebula.



Chapter 4

New constraints on axions with

gamma rays from the Crab Nebula

In Chapter 4, we discuss effects of the magnetic field around the Crab Nebula on ax-
ion search with gamma rays based on [144]. In Section 4.1, we first show how we can
characterize the effects of the gamma-ray absorption and the axion-photon conversion.
Section 4.2 introduces emission models of electromagnetic waves from the Crab Nebula
including the model for the magnetic field around the source, which is important not only
for the intrinsic gamma-ray emission but also for the axion-photon conversion. In Sec-
tion 4.3, we perform statistical analyses based on the developed model and constrain the
axion mass m, and the axion-photon coupling g,~, and show that the magnetic field in
the Crab Nebula also contribute to the axion-photon conversion and give new constraints

on the axion parameters. Section 4.4 is devoted to summarize this chapter.

4.1 Axion-photon conversion

The system of axions a and photons A, is described by the following Lagrangian

1 1 1 1 -

L= _ZF’“/FW + 5 0,a 0"a — §m§a2 - Zg(waFWFW, (4.1)
where a is the axion field, m, denotes the axion mass, and g, is the axion-photon coupling.
Here, ), and F, w are the electromagnetic field strength tensor and its dual, respectively.
Axions and photons are mixing with each other through the axion-photon coupling, which
can be written as g, aF - B in terms of the electric field ' and magnetic field B. Axion-

photon beams with a monochromatic energy E are propagating along x3-direction under

60
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magnetic fields. The propagation can be described by the equation [172]

<zd+E+M> U(z3) =0 (4.2)

dI‘g

where M is the mixing matrix and U(z3) = (A (z3), Aa(x3), a(x3))?. Neglecting Faraday

rotation effects, the mixing matrix M

AL 00
M=|0 A Ayl (4.3)
0 Au A,

has several components such as A; = Ay +2Aqep — i1'/2, A = Ap 4+ TAqen/2 —iI'/2,
A, = —m?2/(2F) corresponding to the kinetic term of axions, and A, = gu, B/2 resulting
in the axion-photon conversion. The plasma term Ay = —w?/(2E) is arising from the
effective photon mass in plasma of astrophysical environments where wy, = \/4mn.€2/m.
with the electron density n., the electric charge e, and the electron mass m.. QED
vacuum polarization effects appear in Aqep = «F/(45m)(B/Be)? where « is the fine
structure constant and B, = m?/|e| ~ 4.4 x 10" G. T characterizes the absorption effect
of high-energy gamma rays as explained below.

As briefly mentioned in Section 3.1, high-energy gamma rays are absorbed through
the pair production process where they interact with low-energy background photons and
annihilate into electrons and positrons. CMB and interstellar radiational fields including
star light emission and its dust re-emission [173-175] act as the low-energy background

photons. This process occurs when gamma-ray energy is exceeding its threshold value

4m? e \ !
By~ —% ~ T 4.4
th 0.5 1eV <1 eV> (44)

€

with the energy of background photons e. The absorption effect is characterized by
d 1 —cosf
r= / deSe / deosO— 274 (4.5)

where dnypg/de is the spectrum of the background photons, 6 is the collision angle between
the high-energy gamma rays and the background photons. The cross section o, is written

i o = sporlt = 7 |20 -2+ 6= (125 (1.6)

where o7 is the Thomson cross section and 3 = 1 —4m?/s with the Mandelstam variable
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s = 2FEe(1 — cosh).
The axion-photon conversion and the gamma-ray absorption affect on the gamma-ray
spectrum. We can numerically calculate these effects with a public code gammaALPs [176]

based on an equation of transfer matrices as follows. We first rewrite Eq. (4.2) as
i =[nM] (4.7)
in terms of the density matrix p(x3) = ¥ (z3)¥(x3)!. Its solution
p(z) = T (x3,0; B)p(0)T" (23, 0; ) (4.8)

can be obtained with the transfer matrix 7 which is the solution of Eq. (4.2) under
initial condition 7(0,0; F') = 1. Transfer matrices can be calculated for each environment
corresponding to the Crab Nebula 7; and the MW 7T;. For the environment in MW, we
use Jansson & Farrar model [170] which have been used in axion searches with gamma-
ray observations. Models for the Crab Nebula are taken from [159] and explained in
Section 4.2. In each environment, we assume that the propagation path can be divided
into N; (i = 1,2) domains where astrophysical quantities such as the magnetic field and
electron density are constant [176]. The transfer matrix in total path of axion-photon
beams is given by
2 N
Tiotal = H H 7;(333, [N;—n+1], L3, [N;—n]; E) (4-9)
i=1n=1
where x3 ¢ is the x5 coordinate closest to the Crab Nebula. We then obtain an expression

for the photon survival probability

Py =Tr ((/)11 + p22)7;0ta1p<0)7;:r)tal) (4~10)

where py; = diag(1,0,0), pa2 = diag(0,1,0), and p(0) = diag(1/2,1/2,0) for unpolarized

gamma rays.

4.2 Modeling the Crab Nebula

4.2.1 Electrons and magnetic fields in the Crab Nebula

We explain the model for the broadband emission of the Crab Nebula [159]. Electrons
and positrons are distributed around the Crab Nebula. These spectra are characterized

with a power-law by the first-order Fermi acceleration. We refer to both electrons and



Chapter 4. New constraints on axions with gamma rays from the Crab Nebula 63

positrons as electrons below. The accelerated electron distribution in the Crab Nebula is
radially symmetric and steady in this model, and assumed to have two components: radio
electrons and wind electrons. Radio electrons are contributing as synchrotron emission
from radio to optical regime. At higher energy, synchrotron emission from the wind

electrons is dominant. The total electron spectrum n(,r) is characterized as

ne(r% T) = nradio(’% T) + nwind(Vy T)- (411)

with the electron’s Lorentz factor v and distance from the center of the Crab Nebula 7.
For the radio electrons, [159] assumed that their spectrum 7,,qi0(7, ) follows a power

law from 7, min and has a super-exponential cutoff around 7, max,

Bmin
7,0 Y
nradlo(/yu ) - 3 7 eXp (7 ) ] 6(7 - 7T,min>Fradio(T)7 (412>
Fragio(r) = exp ( ) r—7s), (4.13)

where n, o is the normalization, s, is the index, [y is responsible for the super-exponential
cutoff, and ©(z) is the Heaviside step function. Fi.q0(r) shows the radial dependence of
the electron spectrum and follows a Gaussian function with constant width p,.

Wind electron spectrum nying(7y, ) is modeled as

Bmin Bmax
— fwo exp |— [ Jwomin exp | — 7 na (7, T

(07) = -85 Gi ) [ ( : ) ] b { (%’m) Fama(1:7),
(4.14)
Gy) = (j) - (j) T — 6t - ) (4.15)
" (j) 001 = 7u1) = O = Yu2)) (4.16)
- <VZQ> o Oy — Yw2), (4.17)
Fyina(7,7) = exp (—W) O(r —ry). (4.18)

The spectrum has super-exponential cutoffs at v, min and 7y, max. G(7y) denotes a double
broken power law of the spectrum with the indexes s, 1, 5,2 and s, 3. The spatial distri-

bution Fying(7, ) is assumed to follow a Gaussian and also depend on the energy of the
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wind electrons. Its dependence is given by

—

Pu(Y) = Puo [(9:105)2] : (4.19)

The radio and wind electrons radiate low-energy photons through synchrotron process
under magnetic fields around the Crab Nebula. For a model of magnetic fields near the
Crab Nebula, we consider a variable B-field model developed in [158, 159]. In the variable
B-field model, the magnetic field has a power-law profile with respect to r

B(r) = By (T) h (4.20)

Ts

where a (> 0) is the index, r is a shock radius, and By is the magnetic field strength at

Ts.

4.2.2 Emission mechanism of the Crab Nebula

Using the expressions for the distribution of electrons n.(vy,r) [Eq. (4.11)] and magnetic
fields B(r) [Eq. (4.20)], we can write down the spectral volume emissivity j,(v,r) =

dE/dt dV dv d). For the synchrotron process, its spectral volume emissivity is expressed

) = o= B 1 e () (421)

4T mec? ¢

as

where c is the speed of light and v, = 3eBy?/(4mm.c) is the critical frequency. Note that
we do not use the natural unit in this Section 4.2. The function finc(z) is given by

X

. [(8 +30%) (Kujs(w/2))” + 2Kas(2/2) (2K a(w/2) - SxKQ/g(x/mﬂ

(4.22)

fsync (ZE) -

where K¢ is the modified Bessel function of kind §.

Low-energy photons radiated through the synchrotron process can be kicked up by
high-energy electrons and become high-energy gamma rays by inverse-Compton (IC) scat-
tering. This is called a synchrotron self-Compton (SSC) process. The emissivity of the
IC scattering

) Nseed (€,T)

_ 3orhchy / * gy Rl (4.23)
1

1C >
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can be calculated with the IC kernel function

(Teq)?

T Feq(l —q) (4.24)

fic(x) = 2qIng + (1 +2¢)(1 — q) +

N —

where o is the Thomson cross section, h is the Planck constant, ' = 4ey/(m.c?) and
q=hv/(T(ymec® — hv)). Neeea(€, ) denotes seed photon’s density where € is the energy
of seed photons.

While synchrotron photons are important as seed photons of the SSC process, CMB
and dust emissions are also components of seed photons. CMB photons act as not only
one of seed photons but also prevent especially PeV gamma rays from propagating for

long distance in the Universe [177] as explained in Section 4.1, and its density is

CMB __ 4m B, (Toms)

= — 4.2
seed he hv ( 5)

where B, (7)) is the intensity of the black body at temperature 7. Dust emission was intro-
duced to explain the observational data in the radio and optical ranges (e.g. [149]). [159]
used a model where the dust emission is originated from a mixture of two populations
consisting of amorphous carbon dust grains with different temperatures 7; (i = 1,2) and
their masses M; (i = 1,2). The dust populations are within a shell whose inner and outer

radii are ry, and o, respectively. The emissivity of the dust is given by

3[O(r — 1in) — O(r — Tous

(2 — 1)

in

IS~ wmm) (4.26)

i=1,2

) =
where k is the absorption coefficient dependent on the wavelength A

—1.3
k=215 x 10"* cm?®g ™" (A> . (4.27)
pm

We can calculate the density of synchrotron and dust emissions as seed photons of

SSC process

- ro 4m 1 Y r+y . .
Nleeq(€,7) = She e /TS/TO dy . In P y,]ﬁ(u, roy), (j = sync,dust). (4.28)
where 1y = 2.0 pc is the radius of the Crab Nebula. The total density of seed photons is
expressed by
Nseed(€,7) = Y_nlq(e, ), (k= sync, dust, CMB) (4.29)
i
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and used to calculate the IC emissivity in Eq. (4.23). The total luminosity L, can be
calculated by integrating the emissivity in the SSC process over volume dV and solid

angle d) as
L, = }{ 4o / Vi, (v, 1) = (4m)? / Cdre? [ )+ 5m)] . (4.30)

using Eq. (4.21) and Eq. (4.23).

4.2.3 Axion-photon conversion in the Crab Nebula

This model [159] enables us to numerically calculate high-energy gamma-ray flux. We
can obtain parameters for the magnetic field based on this model shown in Table 4.1. In
the model of the variable magnetic field, we adopt the best-fit value o = 0.4691 to fit the
full multi-wavelength spectrum without the axions, which gives the conservative upper
bound on the model parameters of the axions. However, the numerical calculations are
consuming a lot of time and computer resources to fit the broad emission from radio to
gamma rays. Since we would like to see how axions affect the spectrum of high-energy
gamma rays only, we focus on the gamma-ray spectrum in GeV ~ PeV energy range.
A similar approach was taken in the case of an axion search using gamma rays from a
blazar [138]. Fermi-LAT has observed the gamma rays consisted of synchrotron and IC
emissions around GeV scale [178, 179], and LHAASO reported TeV and PeV gamma rays
in IC part [156]. It is known that the gamma-ray spectrum in the energy scale can be
well described by the following function [156, 179]

0 E _Fsync 0 E —a—0 ln(E/l GeV)
Diye = N, —_— Nig | —— 4.31
v syne <1oo Me\/) + Mo (1 GeV> (4.31)

where E' = hv is the energy of gamma rays. A power-law spectrum with the index I'syne
was used for the synchrotron part [179] while IC emission was explained by using a log-
parabola spectrum whose shape is characterized by « and 3 [156, 179]. nync and Ny, are

the normalization constants for synchrotron and IC emissions, respectively.

Parameter ‘ variable B-field model
B [uG] 256.4

o 0.4691

s [pc] 0.13

Table 4.1: Parameters of the magnetic field in the variable B-field model taken from [159].
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As explained in Section 4.1, the intrinsic spectrum of gamma rays ®;,; emitted from
the source undergoes the axion-photon conversion and the gamma-ray absorption during

its propagation to the Earth. We can numerically calculate the model flux @540 as
Drodel = Pyy Pine- (4.32)

The photon survival probability P, determines how the gamma-ray spectrum can be
distorted by the effects of the axion-photon conversion and gamma-ray absorption. Note
that we took into account the effects of the magnetic field of the Crab Nebula on the
axion-photon conversions. Since we have considered the model for magnetic fields in the
Crab Nebula, this can alter constraints on the axion mass m, and the coupling to photons

Jayy as discussed in Section 4.3.
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Figure 4.1: Spectral energy distribution without and with axions in some parameter sets.
While the parameter set for the top panel is excluded in Fig. 4.3, the bottom one is
allowed with decreasing the axion-photon coupling g, .
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Figure 4.2: Same as Fig. 4.1 but in different parameter sets. The parameter set corre-
sponding to the top panel is excluded in Fig. 4.3. With decreasing the axion mass m,,
the parameter set for the bottom panel is allowed.
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4.3 Analysis and Results

We minimize chi-squared function

(I)fno e _Cbiaa 2
X2 — Z( d 10-‘2 dat ) (433)

i

todels Phaia and o are the predicted flux, the observed

to get the best-fit spectrum where ®
one and its error bar, respectively. Each ¢ corresponds to a data point from experiments.
The test statistic (TS) are defined as TS = X7 /. ion
Wilks’ theorem [180] because of non-linear effects on the gamma-ray spectrum in the
axion-photon system [132], and should get a TS distribution with Monte Carlo (MC)

simulations as performed in [120, 135-137]. 500 mock data sets of the photon flux are

We cannot apply the

_ A2
Xw/o axion®

randomly produced with Gaussian sampling. Each data point has the mean value and
error bar which are set to be the predicted flux based on the best-fit spectrum and the
experimental error, respectively. Optimizing the model flux to these mock data sets
reproduces the TS distribution under null hypothesis. This distribution is considered
to be the approximation of the TS distribution under the axion hypothesis [132] and it
turns out to follow a non-central chi-square distribution. Its non-centrality and effective
degree of freedom (d.o.f.) are found to be 0.82 and 4.06, respectively. The 95% quantile
value is ATSg50, = 11.41. We can exclude the parameter region where the best-fit chi-
square under the axion hypothesis {2 Joaxion €Xceeds Loin + ATSgs9 at 95% confidence
level (C.L.). Here, X2, is the global best-fit chi-square for the observational data in the
scanned parameter space spanning m, € [1071,107°] eV, g,, € [10712, 5 x 1071] GeV .

Following the statistical analysis described above, we use the observational data of
the Crab Nebula with the Fermi-LAT [178] and the LHAASO [156] to get constraints
on axion parameters m, and gq,,. In Figs. 4.1 and 4.2, we show these observational
datasets and the best-fit spectrum with and without axions in some parameter sets,
for instance. Fig. 4.3 represents excluded region (95% C.L.) with high-energy gamma
rays from the Crab Nebula as green. CAST has excluded red region [39]. As shown
in in Fig. 4.3, the parameter sets for the top panel in Figs. 4.1 and 4.2 are excluded
while ones for the bottom panel are allowed with decreasing the axion-photon coupling
Jayy in Fig. 4.1 or the axion mass m, in Fig. 4.2. Taking into account the effects of
the magnetic field in the Crab Nebula, the resulting constraint reaches up to gy, S
1 x 10711 GeV™! at m, ~ 10786V, and is exceeding the constraints by CAST in the
mass range 1071%e¢V < m, < 107%eV. The shown parameter space which is excluded

by the Crab Nebula in [144] might be milder than other gamma-ray observations (e.g.
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NGC 1275 in the Perseus galaxy cluster [132, 133], Mrk 421 [135-138], quasars [131],
and other constraints in [169] and references therein.). However, a reliable constraint on
the parameters from observations should be the one derived under the most conservative
assumptions. One should avoid obtaining overly stringent constraints under intentionally-
strong assumptions. Our constraints arise from the fact that the magnetic-field effect
appears twice in the SSC process: once in synchrotron radiation and again in the scattering
of that radiation via the inverse Compton process. This aspect was overlooked in the
previous works. Consequently, even with the most conservative treatment, we obtained
unavoidably more stringent constraints. Then, our limit can be regarded to be newly
compliment to those other limits.

We can roughly understand the shape of the excluded region as follows. For sizable
conversions from axions to photons, the gamma-ray energy E and propagation distance
L should satisfy

2

E>E =_ o 4.34
290 B (4.34)
2
L> L= . (4.35
ga'y'yB )
E* and L* can be written in a suitable unit as [108§]
10 GeV m?
B* ~ —— e (4.36)
911B1oua
10k
i (4.37)
gllBlouG

with the following notation mgney = mq/nev, gn = gaw/IO*11 GeV™! and Biuc =
B/10 uG. The region below the green area in Fig. 4.3 is allowed since Eq. (4.35) is
not satisfied for galactic sources in the MW, corresponding to the upper bounds g,y <
1x 107" GeV™!. The right region around mg yev ~ 1000 is not excluded by the condition
Eq. (4.34) meaning that this condition Eq. (4.34) necessitates ultra high-energy gamma
rays with energy above PeV scale. We could not conservatively exclude the left region by
the following reason. E* becomes smaller than 1 GeV in the parameter space mg, ey S 0.1
and 1 < g11 < 50 and then the axion-photon conversion is efficient for the energy range
observed by Fermi-LAT [178] and LHAASO [156]. However, this effect is compensated
by the parameters for the intrinsic spectrum and we cannot distinguish the case with
and without axions. These imply that, roughly speaking, the observed gamma-ray energy

correspond to the mass range excluded in this analysis (0.1 < mgnev < 1000).
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Here, let us put a comment on statistical analyses. We did not use so-called CLg
method, which was used in axion searches with gamma-ray observations (e.g. [120, 134,
138, 143]) as well as high-energy experiments [181-183]. It is known that this method
allows us to get less optimistic constraints on considered parameters than the traditional
frequentist approach when it is difficult to distinguish the null and alternative hypothesis
with experiments. However, CLgs method requires high computational resources because
one needs to optimize the model flux with mock data sets for each point in the broad
parameter space. [120] compared the CLgs method with the one used in [132, 135-137],
and the authors concluded that the latter is also consistent with the former. This is why

we took the latter approach to reduce time for numerical calculations.
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the Crab Nebula
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Figure 4.3: Excluded region at 95% C.L. is shown as green based on the observations of
gamma rays from the Crab Nebula. Red region is excluded by the CAST experiment [39].
This figure is produced with AxionLimits [169].
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4.4 Summary

In Chapter 4, we have investigated the importance of the magnetic fields in the Crab
Nebula for the axion search with gamma rays. The axion-photon beams experience the
gamma-ray absorption and the axion-photon conversion in their journey from the source.
For the model of magnetic fields around the Crab Nebula, we considered the variable
B-field model [159]. It turned out that the magnetic fields in the Crab Nebula affected
on how the gamma-ray spectrum is distorted by the axion-photon conversion (Figs. 4.1
and 4.2). This effect has not been taken into account in axion searches with gamma rays
from the Crab Nebula before. By considering the magnetic fields of the Crab Nebula, we
< 1x 107" GeV! at m, ~ 10786V and

[

obtain new constraints reaching down to gg~
exceeding the constraints by CAST in the axion mass range 107%eV < m, < 107 %eV.
This consideration can be applicable to other galactic sources. The analysis in this paper
will be a step forward to more precise constraints on the axion parameters as briefly
mentioned below.

Let us give a comment on the statistical analysis and other model uncertainties. As
explained in Section 4.3, we have not used the CLg method for saving times for numerical
calculations. Although it was shown in [120] that the statistical analysis used in [132,
135-137] and this paper gave consistent results compared to the CLg method. However,
we may have a possibility to obtain more conservative results based on the CLg method
after increasing computer resources. We have also a comment on model uncertainties
of the Crab Nebula. Although the Crab Nebula has been observed for long time and in
broad energy range allowing for developing SSC emission models, there still is a little room
for adding other contributions to the spectrum of the Crab Nebula. For example, [184]
considered a hadronic contribution such as neutral pion decay in addition to the leptonic
component in order to fit the gamma-ray spectrum with LHAASO data [156] at PeV scale.
If we take this possibility into account, we could extend our analysis performed in this

paper. These remain as future works.



Chapter 5
Conclusion

In this thesis, we discussed the axion search with the gamma-ray observations of the Crab
Nebula. In Chapter 2, we have first reviewed the observational evidences of dark matter at
several scales and then summarized the general properties which dark matter candidates
should have. Although dark matter is account for 26% energy of the Universe, we have
not known what it really is. Several dark matter candidates have been discussed for a long
time, including the WIMPs, the PBHs and the axions. They have been investigated in
cosmology, astrophysics, and particle physics. Especially, the QCD axion is a dark matter
candidate motivated as a solution to the so-called strong CP problem. ALPs are a kind
of its generalization. The ALP mass m, and coupling g.,, have no relation as opposed
to the QCD axion. Models beyond the SM often predict the existence of the ALPs. The
axions have been explored in several ways. Photons are one of the important probes and
have the interaction with axions as g,y aF - B where a is the axion field, E is the electric
field, and B is the magnetic field. This motivated us to search axions with magnetic field
in the laboratory and in the Universe.

For example, the helioscopes are trying to detect solar axions produced by the Pri-
makoff process by imposing magnetic fields in laboratories [39]. The haloscopes are search-
ing axion dark matter with cavities [50]. The light shining through a wall experiments are
on-going although their constraints are generically weaker than those by the helioscopes
and the haloscopes. Observations of celestial objects are also one of ways to search axions,
as discussed in Chapter 3. If there exist axions in the Universe, gamma-ray spectra can be
distorted through the axion-photon conversion under magnetic fields in the Universe. As-
trophysical sources have magnetic fields stronger than ones on the ground and are distant
from the Earth, meaning that we naively expect relatively strong signatures from their

observations. Actually, astrophysics have given us stronger constraints for lighter axions
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than the helioscopes. For example, we have seen that gamma rays from extragalactic
sources can indicate axion-induced signals in their spectra which gave us the constraints
exceeding ones by the CAST [39] in some axion mass range. However, we should carefully
take into account uncertainties arising from modeling of sources in astrophysics. Oth-
erwise, such uncertainties can change significantly resulting constraints and make these
results too optimistic or unreliable.

Axions have also been explored with gamma rays emitted by galactic sources such as
SNRs and PWNe. For example, the Crab Nebula was used to constrain axions but an
important piece was missing in references: the magnetic field in the Crab Nebula. In
Chapter 4, we considered the effects of models for magnetic fields in the Crab Nebula on
axion search, and investigated possibilities that modeling of the magnetic fields should be
cared [144]. In reference (e.g. [159]), models of electromagnetic wave’s emission have been
developed for the Crab Nebula thanks to observational data sets from radio to gamma
rays. The emission can be explained well using SSC emission model where synchrotron
photons are radiated under magnetic fields of the Crab Nebula and kicked up by high-
energy electrons in the Crab Nebula. We considered the model of the variable magnetic
field around the Crab Nebula. The magnetic fields are important not only for the SSC pro-
cess but also the axion-photon conversion when axion-photon beams propagate through
the Universe. This effect has not been taken into account in axion searches with gamma
rays from the Crab Nebula so far. By considering the magnetic fields of the Crab Nebula,
we obtain new constraints reaching down to ge, < 1x 107" GeV ™" at m, ~ 107% eV and
exceeding the constraints by CAST in the axion mass range 107%eV < m, < 107%eV.
This consideration can be applicable to other galactic sources. The analysis in this thesis

will be a step forward to more precise constraints on axions with gamma rays.
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Appendix A

Symbols, Acronyms and Conventions

A.1 Symbols

Symbols used in this thesis are listed in Table A.1.

speed of light ¢ 2.99792458 x 10 cm st
Planck’s constant A 1.0546 x 1072"cm? g~ ts!
Newton’s constant G 6.673 x 108 cm®g~1s72
Electron mass m, 511 keV
Solar mass M, 1.989 x 10%3g
Thomson cross section op 6.6524 x 107%° cm?

Table A.1: Physical constants.
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A.2 Acronyms

The following acronyms are used in this thesis.

AGN Active galactic nucleus (source type)

ALP Axion-like particle (dark matter candidate)
CAST CERN axion solar telescope (instrument)
CMB Cosmic microwave backgrounds

EBL Extragalactic background light

Fermi-LAT | Fermi large area telescope (instrument)
FSRQ Flat-spectrum radio quasar (source type)

H.E.S.S. High Energy Stereoscopic System (instrument)
LHAASO | Large high altitude air shower observatory (instrument)

PBH Primordial black hole (dark matter candidate)

PWN Pulsar wind nebula (source type)

MAGIC Major atmospheric gamma imaging Cherenkov telescopes (instrument)
MW the Milky Way

QCD Quantum chromodynamics

SN Supernova (source type)

SNR Supernova remnant (source type)

SSC Synchrotron self-Compton

VERITAS | Very energetic radiation imaging telescope array system (instrument)
WIMP Weakly interacting massive particle (dark matter candidate)

Table A.2: Acronyms used in this thesis.
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A.3 Conventions

e Minkowski metric
g = diag(+1,—-1,—1,-1) (A.1)

e Pauli matrices

. (o1 , [0 —i s, (10
0—(10),0—<i 0),0—<0_1). (A.2)

e Gamma matrices

0 on ~I, 0
= ( i ) , P =0y = ( 02 ; ) (A.3)
2

with o = (1,0%), " = (1, —0") (i = 1,2,3), and I, is 2 X 2 unit matrix. Also, the gamma

matrices satisfy the following relations:

{7} =2¢", {#7°}=0, (*)’=1L (A4)
()" =" (M= (T =77 ()T =",
() =7 (Y)r=A", (72)* == () =9 (A.5)

()= (WMi==" (ADT==2 ()=~

Here, I, is 4 x 4 unit matrix, and 7T, %, T represent transfer, complex conjugate and Her-
mitian conjugate, respectively.

e chiral projection operators

[4 — ’)/5 [2 0 I4 -+ ’)/5 0 0
Py = = , Pr= = . A6
T2 ( 0 0 T 0 I (4.6)
The chiral projection operators and the gamma matrices satisfy
’YMPL = PR7M7 ’YMPR = PL7M> (A7)

VP =—Py, 7°Pr= Pg. (A.8)



Appendix B

The Standard Model

In this chapter, we briefly review the standard model (SM) SU(3)c x SU(2), x U(1l)y
describing strong, weak and electromagnetic interactions. In Appendix B.1, we introduce

gauge fields, fermions and a Higgs field in the SM.

B.1 Particles in the standard model

Lgange is Lagrangian for gauge fields

1 a pv ya 1 v 1 v
Egauge - _ZG s G/“/ — ZWb” WZZV — ZBM Bl“’ (Bl)
where
a a a abc b e
G, = 0,Gy, — 0.G, + g3 f*°G G,
wg, =0,W; —0,W; + ggf“bCW3W1f, (B.2)

B, = 0,8, — 0,B,.
Here, G, W, B, are the gauge fields associated with SU(3)c, SU(2)r, U(1)y gauge

symmetries, respectively. g3 and go are the gauge coupling constants for SU(3)c and
SU(2)r, respectively.
The SM fermions consist of quarks (SU(3)¢ fundamental representations) and leptons

(SU(3)¢ trivial representations). Using chiral projection operators Py g,

{ Y = Py (B.3)

Yr = Pry

we can project a fermion v into v; and r which are eigen states of v° = i70y1~243.
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1 = 1T is the Dirac conjugate

5 T
Yr = (Yr)"° = <I4 —g ! w> V0 =YiPpy® =y P,
VRS (B.4)
U = ()" = <I4 5 ! 1/1) V0 =TPy° = ¢ Pg

where [, is 4 X 4 unit matrix.
The quarks can be decomposed into up-type and down-type quarks. Left-handed
up-type quarks u; and down-type quarks dy, consist of quark doublets ¢y,

QL:(dL):PL<d> (B.5)

transforming as 2 representation under SU(2).. Right-handed up-type quarks ug and
down-type quarks dgr transform as trivial representations. U(1)y charges of the quark
doublets, right-handed up-type quarks and down-type quarks are 1/6, 2/3 and —1/3,

respectively. A kinetic term for the quarks Lqyark is given by

/Cquark = quQL + WJDUR + %@d}{ (B6)

where ) is the contraction of the gamma matrices v* with covariant derivatives D,, which

is expressed as

[ . : /1
DuQL = au + ZgBGu + ZgZW,u + 191 <6) Bu:| qL,

I 2
DuuR = au + ig3Gu + Z-gl <3> B,u:| UR, (B7)

dr

I 1
Dde = 3u + iggGH + Zgl (-3) BH

with the U(1)y gauge coupling constant g¢;.
The leptons can be classified into neutrinos and charged leptons. Left-handed neutri-

nos vy, and charged leptons ey, are components of lepton doublets I,

sz(”L)ZPL(”) (B.8)

which transform as SU(2), fundamental representations. Right-handed charged leptons
er correspond to trivial representations under SU(2),. U(1)y charges of the lepton dou-

blets and right-handed charged leptons are —% and —1, respectively. The kinetic term for
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quarks (r1,72)q leptons (r1,72)a
u v
qr = ( di ) (3, 2)1/6 Il = ( €§ ) (172)1/2
UR (3,1)2/3 (vr) (1, 1o
dr (3,1)-1/3 €R (L, 1)

Figure B.1: Representations of the SM quarks and leptons under SU(3)c x SU(2) X
U(1)y. In (ry,73),, r1 and ry means the representations for SU(3)¢ and SU(2)r, respec-
tively. a is the U(1)y charge.

leptons Liepton 1S given by
'Clepton - E@lL + @peR (Bg)
where their covariant derivatives are

1
Dy = {aﬂ +igaW, +igy (—2) BH} I,
DueR = {(% + Zgl (—1) BN} dR

(B.10)

Fig. B.1 shows the representations of the SM quarks and leptons.

There exist three-type quarks and leptons with same representations but different
masses, called "generation" in the SM. For example, the SM includes up, charm and top
quarks as the up-type quarks.

Higgs field H = (¢T, ¢°)T is a complex and two-component scalar. It transforms as a
trivial representation under SU(3)s and a fundamental representation 2 under SU(2),
and has 1/2 U(1)y charge. A kinetic and potential terms for the Higgs field Lyjgqs are
given by

Lot = | D, H? = m?[H? = A HJ (B.11)
where the covariant derivative D, H is
1
D,H = {Gu +ig2 W, +ign <2> Bu} H (B.12)

with the Higgs potential V (H) = m?|H|*+ A\|H|*. Yukawa interaction between the Higgs

field and the SM fermions Lyvykawa 1S described as

3
»CYukawa = — Z [quZTHUJR + yfl]qTLdeR + yfjliLHejR + hC} <B13)

i,j=1
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where H = ioc? H* transform as a SU (2)r, doublet as H. y;; are the Yukawa couplings and
the indices 7,7 = 1, 2, 3 denote generations. The Yukawa-interactions become mass terms

for the quarks and leptons after the Higgs field get a vacuum expectation value (VEV).



Appendix C

Axion-Photon Conversion

In Chapter C, we first derive modified Maxwell’s equations with axions which allow for

calculating axion-photon conversion probability in a homogeneous magnetic field.

C.1 Conversion in a homogeneous magnetic field

We consider in this thesis axion-photon system described by the following Lagrangian

1

£:4

F . F" + ;@La 0"a — ;mzcﬂ — igawaFm,F“” (C.1)
where a is the axion field, m, is its mass, g,y is the axion-photon coupling. F,, =
0,A, — 0,A, is the field strength tensor for photons A,, and Fr ig its dual. The first
term describes the kinetic term for photons, corresponding to ordinary the Maxwell’s
equations. The second and the third term are the kinetic and mass terms for axions,
respectively. The last term is responsible for mixing between axions and photons.

We calculate the conversion probability between axions and photons, starting with

solving the Euler-Lagrange equation for the axion field a

oL 1

P _ZgawFuVFW — mZa, (C.2)
oL
o) —d,a. (C.3)

This leads to an inhomogeneuous Klein-Gordon equation for the axion field a

(O+m2)a= g, E B (C.4)
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where FE is the electric field, B is the magnetic field, and we used the fact that the
last term in Eq. (C.1) can be written in terms of E and B. We consider a propagation
of axion-photon beams in xs-direction under a homogeneous and static magnetic field
By = (By,0,0)T. The propagating wave can be seen as a perturbation of the background

magnetic fields:
a(xs, t) = da(ws,t),

B(.Tg,t) = BO + (5B(.Z'3,t>, (05)
E(z3,t) = 0E(x3,1).

We can describe dynamics of the axion field perturbation as

(O+m2)da = —gay 0E - (By + 0B) (C.6)
= _ga'y'yBO 0E (C7>

where we have dropped terms quadratic and higher in the perturbations. By substituting
the electric field E = —V¢ — 0;A and magnetic field B = V x A in terms of electric

potential ¢ and vector potential A, we obtain

(O +m?)éa = GayyBo - 010 A
= JayyBo 0104 (C.8)

in Weyl gauge (0A4° = ¢ =0, V- §A = 0). The modified Maxwell’s equation lead to
0 = gar(Vda) - By, (C.9)

after dropping terms quadratic in the perturbations, and it is obvious because da only

depends on x3. We can also obtain

O6A = g4y (0:0a) By (C.10)
which can be decomposed as

DdAH = gaw(atéa)Bo, (C.ll)

C6A, = 0. (C.12)

Eq. (C.12) implies that A, decouples and does not mix with the axion field.

Under the plane-wave ansatz where da(xs, t) = €@ q(z3), 0A| (w3, t) = ei“(”B_t)A||,
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spatial double derivative with respect to x3(= z) becomes

9 6a(rs 1) = azeiw(lg—t)a(l'g)
= 0, [iwe™(®37) 4 (370 Oaq ()|
_ piwlms—t) [_oﬂ + 2iw 0, + 82} a(xs)
~ piw(@a—t) [—w2 + 2w 82} a(rs3) (C-13)

Then, the equation for axions Eq. (C.8) is linearized as

da(xs)  m 1
i e, —Za(l’g) §BOA||(x3). (C.14)

Eq. (C.11) can be similarly linearized

Zdnixg = —égawBoa(xg). (C.15)

Eq. (C.14) and Eq. (C.15) are coupled as a Schrodinger-like equation

G(1+w0w@@:o (C.16)

d[L’g

with U(23) = (4)(23), a(xs))” and the mixing matrix

A,
M= ( 0 ”) (C.17)
ay Aa

whose components are A, = —m?2/(2w) and Ay = oy, Bo/2.
The solution of Eq. (C.16) is given by

a(z3) = (cos® fe %3  sin? fe~ ") a(0) + cos O sin (e~ — e~A=*3) 4, (0), (C.18)
A(zs) = cosOsin (e — e7=73)q(0) + (cos® e~ "% 4 sin? e~ ") 4 (0) (C.19)

where Ay = (A, £/A2Z 4 (2A,,)?)/2 (the signs correspond) are eigenvalues of the mixing
matrix M which is diagonalized by an orthogonal matrix

o (C089 —sm@) ' (C.20)

sinf cosf
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Considering an initial state W(0) = (A4;(0), a(0)) = (1,0) propagating for a distance L,

for instance, a probability for photons converted into axions P,_,, is given by

P, (L) = cos? @ sin® 9|e*i/\+L _ e—z’,\_LP
= 2 cos? A sin® O(1 — cos[(Ay — A\_)L))
= sin? 20 sin?[(A\y — A_)L]

B (gangL>2 sin?(Agsc L/2) (C.21)

N 2 (AgscL/2)? '

with Agse = /A2 + (2A,4,)% = 2A,,4/1 + (E/E)?. Here, E,, is a critical energy
|Aa - Apll
B, = p'—¢ Pl (C.22)
20,
Im2 — w2 (uGY (1071 GeV !

~25x10" 2 P [T ) [ ————— | eV C.23
oy \ B G )" (628)

In high-energy limit £ > E,, the oscillation wavenumber becomes Ay ~ 2A,, and this
makes the axion-photon conversion maximally efficient and energy-independent. This en-
ergy range is called strong-mixing regime. The conversion probability is further simplified
as Py, = (%)2 when Ay L < 1. Although actual magnetic field environments are
more complicated and the conversion probability is numerically calculated, Eq. (C.21) is

still useful to briefly understand behavior of the axion-photon conversion.
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