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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 gaγγ ≲ 1 × 10−11GeV−1 for ALP masses in the range
10−10eV ≲ ma ≲ 10−6eV.
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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
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particles (ALPs) are a kind of generalizations of QCD axions and can be a candidate of
dark matters. ALPs mass ma and its coupling to photons gaγγ 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 −1

4gaγγaFµνF̃
µν where a is the

axion field, Fµν is the strength tensor of electromagnetic fields, and F̃ µν 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 gaγγ < 6.5 × 10−11 GeV−1 [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 3.1µeV. 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 ma and the axion-photon coupling
gaγγ. 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 ma and gaγγ. Finally, we obtain new con-
straints reaching down to gaγγ ≲ 1 × 10−11 GeV−1 at ma ≃ 10−8 eV and exceeding the
constraints by CAST in the axion mass range 10−10 eV ≲ ma ≲ 10−6 eV.

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 Ekin and potential energy Epot of a dynamical system
have a relation

⟨Ekin⟩ = −1
2⟨Epot⟩. (2.1)

This is applicable to a galaxy cluster with mass M and radius R. Ekin and Epot are then
written as

⟨Ekin⟩ = 1
2M⟨v2⟩, (2.2)

⟨Epot⟩ = −3
5
GM2

R
, (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

M = 5
3

⟨v2⟩R
G

. (2.4)

Substituting observational values ⟨v2⟩1/2 ∼ 1000 km/s, R ∼ 1024 cm and G = 6.67 ×
10−8 cm3g−1s−2 into Eq. (2.4) find

M ∼ 1.3 × 1014M⊙ (2.5)

where M⊙ ≃ 2 × 1033g is the mass of the Sun. We can also estimate the galaxy cluster’s
mass Mlum under an assumption that it only includes shining galaxies. Averaged luminos-
ity of galaxies in the galaxy cluster is Lgal ∼ 109L⊙ from observations. If the luminosity
is composed of stars as massive as the Sun, a ratio of galaxy mass Mgal and luminosity
becomes (Mgal/M⊙)/(Lgal/L⊙) ∼ 1, and Mlum is given by

Mlum ∼ 800M⊙

(
Lgal

L⊙

)(
Mgal/M⊙

Lgal/L⊙

)
∼ 8 × 1011M⊙.

(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 ∼ 8.5 kpc from the center of the MW. Stars and gas
extend to a distance ∼ 10 kpc and are rotating around the MW. Their rotational speed
v(r) is roughly described as

v(r) =
√
GM(r)

r
(2.7)

where r 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 r−1/2 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) ∝ r and dominant compared to visible components for r ≳ 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 ρ(r)
satisfies

dp
dr = −GM(r)ρ(r)

r2 (2.8)

where M(r) is the total mass within a radius r. This equation is used to infer the total
mass M of the cluster as follows. With the following equation of state

p(r) = kBT (r)ρ(r)
µmp

, (2.9)

Eq. (2.8) becomes

kBT (r)ρ(r)
µmp

(
1
ρ(r)

dρ
dr + 1

T (r)
dT
dr

)
= −GM(r)ρ(r)

r2 (2.10)

where T (r) is the temperature profile of the gas, µ is the average molecular weight, and
mp is the proton mass. The total mass of the cluster is estimated as

M(r) = kBT (r)r
Gµmp

(
−d ln ρ

d ln r − d lnT
d ln r

)
, (2.11)

indicating that profiles of the gas temperature T (r) and density ρ(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 10 keV, the total mass is given by

M(r) ∼ 1015M⊙

(
r

Mpc

)(
T

keV

)
. (2.12)
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Figure 2.1: Rotation curves of several galaxies. The dashed (dotted) curves show the
visible (gas) components while the dash-dotted curves correspond to the dark matter
halo. Figure from [160].
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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

δT (θ, ϕ) = T (θ, ϕ) − T̄ (2.13)

in a position (θ, ϕ) on the sky. It can be expanded as

δT

T
(θ, ϕ) =

∑
l,m

al,mYl,m(θ, ϕ) (2.14)

with spherical harmonic functions Yl,m. The spherical harmonic coefficients al,m define
angular power spectrum

Cl = ⟨|al,m|2⟩ = 1
2l + 1

∑
|al,m|2. (2.15)

We can theoretically calculate the angular power spectrum Cl. The resulting predic-
tion depends on cosmological parameters such as the baryon density Ωb, the dark matter
density ΩDM, 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

ΩDMh
2 = 0.120 ± 0.001 (2.16)

Ωbh
2 = 0.0224 ± 0.0001 (2.17)

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

h ≡ H0

100 km/s/Mpc = 0.674 ± 0.005 (2.18)

with observational value of the Hubble parameter

H0 = (67.4 ± 0.5) km/s/Mpc. (2.19)

It is found that ΩDM ≃ 0.26 and Ωb ≃ 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 10−22 eV to solar
mass scales. From the next section, we will discuss several dark matter candidates.

Mass scale of dark matter

10-22 eV keV GeV

WIMP``Ultralight” DM

non-thermal  
bosonic fields

``Light” DM

dark sectors
sterile ν

can be thermal

Primordial
black holes 

10 M�
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential

7

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 χ into photons γ where χ+χ → γ+γ. Naively, we expect
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line emission of gamma rays at WIMP’s mass mχ. However, gamma-ray signals originated
from pair annihilation can appear as gamma-ray spectra with a cutoff Ec ∼ mχ because
they can also be produced as secondary particles from hadrons and leptons produced
primally by WIMPs. Gamma-ray flux is given by

Φγ(Eγ) = ⟨σv⟩
m2

χ

dNγ

dEγ

· J , (2.20)

J =
∫
dΩ

∫
l.o.s.

ds ρ2
χ (2.21)

where ⟨σv⟩ is the average of the cross section for pair annihilation process σ times relative
velocity v, dNγ/dEγ 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 dΩ 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

ρDM(r) = 4ρs

(r/rs)(1 + r/rs)2 (2.22)

where rs ∼ 20 kpc for the MW and ρs is the density at rs. We can obtain ρs by matching
ρDM(r) with the observed density around the Sun ρ⊙ ∼ 0.3 GeV cm−3. 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 ⟨σv⟩ as a function
of the dark matter mass for seven annihilation channels.
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Figure 2. Upper limits at 95% confidence level on →ωv↑ as a function of the DM mass for seven
annihilation channels, using the set of J-factors from [53] (GS set in Table 2). The black solid
line represents the observed combined limits obtained for the 20 dSphs included in this work,
the blue dashed line is the median of the null hypothesis (H0) corresponding to the expected
limits with no DM signal (→ωv↑ = 0), while the green and yellow bands show the 68% and 95%
containment bands. Upper limits for each individual instrument are also indicated. The value of
the thermal relic cross section as a function of the DM mass is given as the gray dotted-dashed
line [9]. – 17 –

Figure 2.3: Upper limits at 95% confidence level (C.L.) on ⟨σv⟩ for seven annihilation
channels. The black solid line represents the observed combined results obtained for 20
dwarf spheroidal galaxies. The green and yellow bands are the 68% and 95% containment
bands. The blue dashed line shows the median of the null hypothesis. This figure includes
individual upper limits set by each gamma-ray experiments. The horizontal gray dotted-
dashed line corresponds to the value of the thermal relic cross section. Figure taken
from [162].
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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 p̄
can be produced secondly by a process p+ p → p+ p+ p+ p̄ where cosmic-ray protons p
collide with interstellar medium. WIMPs can also produce protons p and anti-protons p̄
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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FIG. 5. Limits on the spin-dependent DM-proton cross
section. Since no excess of neutrinos was observed from the
direction of the Sun, limits on the spin-dependent WIMP-
proton cross section are obtained. These new limits are com-
pared to existing limits on this cross section from other ex-
periments. Direct detection experiments are shown with solid
lines, whereas indirect detection experiments are shown with
line styles corresponding to the annihilation channel. This
analysis achieves world-leading limits for most annihilation
channels for WIMPs above 200 GeV. Additionally, this anal-
ysis improves on the high-mass bb̄ limits by more than an
order of magnitude, highlighting the importance of the elec-
troweak correction for hadronic annihilation channels. These
limits are compared to the previous limits from PICO [26],
ANTARES [53], XENONnT [54], LUX-ZEPLIN [55], and
Super-Kamiokande [56].
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End Matter

NOMINAL SOLAR ATMOSPHERIC NEUTRINO
MODEL

To calculate IceCube’s sensitivity to the solar atmo-
spheric neutrinos, the present work uses a recent calcula-
tion by Argüelles et al. [7]. This calculation uses the MCEq
software to compute the neutrino yield from primary
hadrons and secondary muons resulting from cosmic-ray
interactions as a function of the impact parameter. The
final neutrino flux is then integrated over the radius of
the Sun, and the emerging neutrino flux is propagated
to Earth’s surface. The propagation is averaged over a
whole year to account for the non-constant Earth-Sun
distance. The year-averaged flux is then propagated to
the detector using the same propagation framework used
for the Earth-Sun propagation.

This work computes the flux for several primary
cosmic-ray fluxes and hadronic interaction models. One
reason the nominal solar atmospheric model—that arises
from the combined Gaisser-Honda with Hillas-Gaisser
H4a primary cosmic-ray flux [42] and Sibyll-2.3c hadronic
interaction model [43, 44]—was chosen is that it is an
optimistic scenario. Since the di#erent models di#er pri-
marily by a normalization, limits on one model can be

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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9

FIG. 6. Comparison of solar atmospheric fluxes. The
nominal model is shown as a thick red line. This model had
to be extrapolated beyond the limits of the initial calculation
between 1 GeV and 10 GeV. This was done using a quartic
spline, and the result is shown as a dashed red line. The un-
certainty region from the Argüelles et al. [7] work—resulting
from the di!erent primary cosmic-ray fluxes and hadronic in-
teraction models—is shown as the shaded red region. The
uncertainty region from Ng et al. [8] results from uncertain-
ties on the impact of the solar magnetic field on the primary
cosmic-ray flux. The coral line shows the limit set by this
analysis at 2.48 times the nominal model.

converted to limits on another.
In addition to the nominal calculations, two other stud-

ies of solar atmospheric neutrinos were published nearly
simultaneously. The work by Ng et al. [8] focused pri-
marily on the implications of solar atmospheric neutri-
nos on the sensitivity floor for indirect DM searches due
to these neutrinos and did not recompute a solar atmo-
spheric spectrum. The work by Edsjö et al. [9], performs
a similar calculation to that of the nominal model, al-
beit within a di!erent framework. The calculated flux
agrees relatively well with the nominal flux from this
work. Thus, the limits obtained in this work should be
comparable to limits on the Edsjö et al. flux, highlight-
ing another reason for selecting the nominal model. See
Fig. 6 for a comparison of the solar atmospheric fluxes in
these recent works.

LIMITS ON SPIN-INDEPENDENT AND
ELECTRON-DM SCATTERINGS

The limits shown in the main text can be reinterpreted
as limits on di!erent scattering cross sections by rescaling
by the ratio of the annihilation rates for each cross sec-
tion. Under the assumption that the distribution in the
Sun has equilibrated, this is given by the ratio of the cap-
ture rates. In this section, we present limits on the spin-
independent cross section in Fig. 7 and compare them to
the limits on this same quantity from other direct- and
indirect-detection experiments. As in the main text, we
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FIG. 7. Limits on the spin-independent DM-proton
cross section. These new limits are compared to ex-
isting limits on this cross section from other experiments.
Direct detection experiments are shown with solid lines,
whereas indirect detection experiments are shown with line
styles corresponding to the annihilation channel. These lim-
its are compared to the previous limits from PICO [26],
ANTARES [53], XENONnT [54], LUX-ZEPLIN [55], and
Super-Kamiokande [56]

use the calculation in Ref [22] to compute the capture
rate for this cross section.

Additionally, we show the limits on the DM-electron
cross section in Fig. 8. The capture rate has been com-
puted using the calculation from Ref. [63]. As this figure
shows, this phase space has been much less explored. The
limits from this work are the first collaboration results in
the mass range this analysis explores. It is worth noting
that there have been several theoretical reinterpretations
of previous results in Refs. [64–66].

Figure 2.5: Same as Fig. 2.4 but on the spin-independent WIMP-proton cross section.
Figure taken from [164].
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Fig. 9 Upper limits at 90% C.L. on the ωSI
ωN as a func-

tion of the →ωAv↑ (on the x-axis) for the εε ↓ ϑ+ϑ→ (top),
εε ↓ W+W→ (middle), and εε ↓ bb̄ (bottom) annihilation
channels. The color scale indicates DM particle mass. The
two vertical lines indicate the canonical thermal annihilation
cross section (dotted red) and the averaged combined Ice-
Cube/ANTARES limit (90% C. L.) on the annihilation cross
section from the Galactic Halo (dotted blue).

Fig. 10 Upper limits on the spin independent nucleon dark
matter cross section for this analysis (blue) for the εε ↓
ϑ+ϑ→ annihilation channel compared to direct detection up-
per limits from the crystal experiments DAMA/LIBRA [64]
(grey areas) and COSINE100 [60] (green). Also shown are the
results from LUX [62] (red), XENON1T [61] (black), and first
results from LUX-ZEPLIN (LZ) experiment [63] (orange).

8 Conclusion

We conducted a search for dark matter annihilating at
center of the Earth with IceCube. The peculiar posi-

tion of the source required extensive use of Monte Carlo
simulations and the development of a dedicated event
selection, which was split into a low-energy and a high-
energy selection, both of which achieve a → 90% neu-

trino purity. We found no excess over background for
the neutrino flux from the center of the Earth. The
most significant result is for DM mass mω = 250 GeV

and ωω ↑ bb̄ annihilation channel, which had a post-
trial significance of 1.06ε. Therefore, we place upper
limits on the spin-independent DM-nucleon cross sec-

tion which are currently the best limits set by a neutrino
telescope for mω > 100 GeV. A significant improvement
in sensitivity is expected for lower masses following the
installation of the upcoming IceCube Upgrade.

Acknowledgements The IceCube collaboration acknowl-
edges the significant contributions to this manuscript from
J. A. Aguilar and G. Renzi. The authors gratefully acknowl-
edge the support from the following agencies and institu-
tions: USA – U.S. National Science Foundation-O!ce of Po-
lar Programs, U.S. National Science Foundation-Physics Di-
vision, U.S. National Science Foundation-EPSCoR, U.S. Na-
tional Science Foundation-O!ce of Advanced Cyberinfras-
tructure, Wisconsin Alumni Research Foundation, Center for
High Throughput Computing (CHTC) at the University of
Wisconsin–Madison, Open Science Grid (OSG), Partnership
to Advance Throughput Computing (PATh), Advanced Cy-
berinfrastructure Coordination Ecosystem: Services & Sup-
port (ACCESS), Frontera computing project at the Texas
Advanced Computing Center, U.S. Department of Energy-
National Energy Research Scientific Computing Center, Par-
ticle astrophysics research computing center at the Univer-

Figure 2.6: Limits on the spin-independent WIMP-nucleon cross section. Ten-years Ice-
Cube observations of the Earth put upper bounds (blue) for χ + χ → τ+ + τ− channel.
Other lines show upper limits obtained from direct experiments. Figure taken from [163].
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The AMS results on the electron spectrum together with
earlier measurements [24,29–34] are shown in Fig. 2(a).
The AMS results significantly improve the precision and
extend the measurements to the uncharted high energy
region. The positron fraction results together with earlier
measurements [24,29–34] are presented in Fig. 2(b). The
sum of the electron and positron [4] spectra is compared to
the recent measurements of the combined electron and
positron spectrum [35–39] in Fig. 2(c).
To examine the energy dependence of the electron flux in

a model-independent way, the flux spectral index γ is
calculated from

γ ¼ d½logðΦÞ%=d½logðEÞ%; ð2Þ

over nonoverlapping energy intervals which are chosen to
have sufficient sensitivity to the spectral index. The energy
interval boundaries are 3.36, 5.00, 7.10, 10.32, 17.98,
27.25, 55.58, 90.19, 148.81, 370, and 1400 GeV. The
results are presented in Fig. 3(a) together with the positron
results [4]. They are stable against the variation of energy
range boundaries as verified by shifting the boundaries to
higher and lower values by one or two energy bins (see
Fig. S8 of the Supplemental Material [21]). As seen in
Fig. 3(a), both the electron and positron indices decrease
(soften) rapidly with energy below ∼10 GeV, and then they
both start increasing (harden) at > 20 GeV. In particular,
the electron spectral index increases from γ ¼ −3.295&
0.026 in the energy range [17.98–27.25] GeV to an average
γ ¼ −3.180& 0.008 in the range [55.58–1400] GeV, where
it is nearly energy independent. As seen in Fig. 3(a), the
behavior of the electron and positron spectral indices is
distinctly different.

To determine the transition energy E0 where the change
of the electron spectral index occurs, we use a double
power law approximation:

Φe−ðEÞ ¼
!
CðE=20.04 GeVÞγ E ≤ E0

CðE=20.04 GeVÞγ ðE=E0ÞΔγE > E0:
ð3Þ
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FIG. 2. (a) The AMS electron spectrum (Ẽ3Φe− , red data points,
placed at Ẽ) and (b) the AMS positron fraction (red data points,
placed at the bin center). Also shown are earlier measurements
from PAMELA [29], Fermi-LAT [30], MASS [31], CAPRICE
[32], AMS-01 [24,33], and HEAT [34]. (c) The sum of AMS
electron and positron [4] spectra (red data points, placed at Ẽ).
Also shown are recent measurements of the combined ðeþ þ e−Þ
flux from ATIC [35], HESS [36], Fermi-LAT [37], DAMPE [38],
and CALET [39].

PHYSICAL REVIEW LETTERS 122, 101101 (2019)
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Figure 2.7: The top panel shows the electron spectrum observed by the AMS, the PAM-
ERA, the Fermi-LAT, and so on ([165] and references therein). The middle panel repre-
sents positron fraction and the bottom one is the sum of electron and positron spectra.
The Figure taken from [165].
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02 [21], the proton spectrum by AMS-02 [19] and the time-
dependent proton fluxes by PAMELA [27]. The 10Be/9Be ra-
tio is not well measured yet. We use some old data in the
fitting (see Ref. [26]).

The numerical tool GALPROP [32, 33] is adopted to calcu-
late the propagation of CRs. We have developed a global fit-
ting tool, CosRayMC, which incorporates GALPROP into the
MCMC sampler [34], enabling efficient survey of the high-
dimensional parameter space of the CR propagation [35, 36].
Once the background parameters are obtained, the secondary
production of antiprotons can be obtained, as shown in Fig.
1. Note that there are uncertainties from the antiproton pro-
duction cross section [37–41]. Especially it has been found
that an asymmetry exists between the antineutron and antipro-
ton production for pp collisions, which tends to give more
antineutrons [43]. An energy-independent rescaling factor of
κ ! 1.3 ± 0.2 has been suggested to approximate the ratio of
antineutron-to-antiproton production cross sections [39]. The
energy-dependence of κ is unclear at present [39, 40]. We ex-
pect that a constant factor is a simple and reasonable assump-
tion. For the results shown in Fig. 1 we adopt κ = 1.2.
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FIG. 1: Secondary and DM annihilation antiproton fluxes calculated
for 2σ ranges of the background parameters determined in the fitting
to the B/C, 10Be/9Be, and proton data. As an illustration, the mass of
the DM particle is 47 GeV, the cross section is 10−26 cm3s−1, and the
annihilation channel is bb̄.

DM annihilation — Antiprotons can also be produced
via the DM annihilation or decay. In this work we focus
on the discussion of DM annihilation. The density pro-
file of DM is adopted to be NFW profile [44], ρ(r) =
ρs

[
(r/rs)(1 + r/rs)2

]−1
, where rs = 20 kpc and ρs = 0.26 GeV

cm−3. The production spectrum of antiprotons is calculated
using the tables given in [45]. Fig. 1 shows the results of DM
induced antiproton fluxes, for mχ = 47 GeV and 〈σv〉 = 10−26

cm3s−1 (for illustration), and various background parameters
which lie in the 2σ ranges derived in the background fitting.
Due to the improved constraints on the propagation parame-
ters (e.g., the half height of the propagation halo zh = 5.9±1.1
kpc [28]), the DM annihilation induced antiproton fluxes are
constrained in a range of a factor of ∼ 2, which improve much
compared with previous studies (e.g., [15, 23]).

Results of DM constraints — From the Bayesian theorem,
one can always update the prior from independent measure-
ments. The posterior probability density of the parameter 〈σv〉
for given mass of the DM particle mχ can be written as

P(〈σv〉)|mχ ∝
∫
L(mχ, 〈σv〉, θbkg, κ) p(θbkg) p(κ) dθbkg dκ,

where L is the likelihood function of model parameters
(mχ, 〈σv〉, θbkg, κ) calculated from the AMS-02 antiproton
data, p(θbkg) is the prior of background parameters θbkg which
is obtained via the MCMC fitting to the B/C, 10Be/9Be,
and proton data, and p(κ) is the prior of the antineutron-to-
antiproton production ratio, which is assumed to be Gaussian
distribution N(1.3, 0.22) [39, 43].

We find that the AMS-02 data favor a DM component with
a mass of a few tens GeV and an annihilation cross section of
the thermal production level for quark final state. This conclu-
sion holds for different antiproton production cross sections
given in Refs. [37–39], as well as different source distribu-
tions of CRs [46]. The logarithmic Bayes factor value (2 ln K)
of the DM component is found to be about 11 − 54 for the
three cross section parameterizations used. The best fit DM
mass is about 40 − 60 GeV, and the annihilation cross sec-
tion is about (1 − 3) ≃ 10−26 cm3s−1 for bb̄ channel. Fig. 2
shows the favored parameter regions on the mχ − 〈σv〉 plane.
For DM annihilation into W+W−, similar results can be found
with slightly heavier masses (due to the mass threshold to pro-
duce W bosons). Using the PAMELA data, Ref. [17] obtained
similar results, although in a suggestive way with significantly
larger uncertainties.
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FIG. 2: Shaded regions and contours are the 68% and 95% credible
regions of parameters mχ − 〈σv〉 to fit the antiproton data, for three
parameterations of the antiproton production cross sections [37–39].
The annihilation channel is assumed to be bb̄. Also shown are the
Fermi-LAT exclusion limits from observations of dwarf spheroidal
galaxies [52], and the best-fit parameters (with a re-scaling of the
local density) through fitting to the Galactic center GeV excess [53].

It is interesting to note that such a favored parameter re-
gion is consistent with that to fit the GeV γ-ray excess in
the Galactic center region [54, 55], as well as the tentative γ-
ray excesses in the directions of two dwarf galaxies [56, 57].

Figure 2.8: Anti-proton fluxes produced dark matter annihilation and its background
with 2σ ranges of various background parameters derived in the background fitting. For
illustration, the mass of the dark matter is set to be 47 GeV and the cross section is
10−26 cm3s−1 for bb̄ annihilation channel. Figure taken from [167].
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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 δ(= ρ(x)/ρ̄−1) ex-
ceeding a threshold value δc and then matters and radiations in the horizon gravitationally
collapse into black holes. Here, ρ(x) is the density fluctuations in co-moving coordinates
x and ρ̄ is spatially averaged density fluctuations. Considering Fourier-transformed den-
sity fluctuations δ(k) with the wavenumber k, the Fourier mode enters the horizon when
its wavelength 2π(a/a0)k−1 becomes comparable with the horizon scale. At the horizon
entering, the wavenumber (k = |k|) is given by

k = a

a0
H = g1

s∗0/3T 3
0

g1
s∗/3T 3 H = g1

s∗0/3T 3
0

g1
s∗/3T 3

(
1

3Mpl
π2

30g∗T 4

) 1
2

= g
1/3
s∗0g

1/6
s∗

(
π2

90

) 1
2 TT0

Mpl

(2.23)

where we have used gs∗T
3a3 = gs∗0T

3
0 a

3
0.

The PBH mass M correspond to a mass of radiations in the horizon called a horizon
mass MH . The horizon mass MH is given by

MH = 4π
3 ρRH

−3 = 4π
3 ρR

(8πG
3 ρR

)−3
= 4π3g∗T

4

90

(
π2g∗T

4

90M2
pl

)− 3
2

(2.24)

where H is the Hubble parameter, ρR is the density of radiations and g∗ is the degrees
of freedom of relativistic particles. With a parameter γ describing the difference between
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the PBH mass and horizon mass, the PBH mass is expressed as

M = γMH ≃ 6 × 1035 g
(
γ

0.2

)(
g∗

10.75

)− 1
2
(

T

10 MeV

)−2
(2.25)

≃ 8 × 1035 g
(
γ

0.2

)(
g∗

10.75

)− 1
6
(

k

105 Mpc−1

)−2

(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 TBH is important for discussing the evaporation of black holes and given by

TBH = 1
8πGM ≃ 100 eV

(
M

1020 g

)−1

. (2.27)

Approximating that black holes radiate particles as black bodies at TBH, radiated energy
follow Stefan-Boltzmann law

dE
dt = π2

120g(M)T 4(4πr2
s) = π

480g(M) 1
(8πGM)2 (2.28)

where g 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

τ ≃ 10240πg−1(M)G2M3 = 1.7 × 1020g−1(M)
(

M

1015 g

)3

. (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 β(M) which is constraints on the fraction of
the Universe collapsing into PBHs at their formation epoch. In the mass range 109 g ≲

M ≲ 1017 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, 4He 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 4He and increases D, T, 3He, 6Li and 7Li.
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 4He 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

dṄγ

dEγ

(Eγ,M) = d ˙Npri
γ

dEγ

(Eγ,M) +
d ˙N sec

γ

dEγ

(Eγ,M) (2.30)

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.

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 1017 g ≲ M ≲ 1023 g is open under an assumption that PBH
mass spectrum is quasi-monochromatic. Its extension still remains a possibility.

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

Lθ = θ
g2

32π2G
a
µνG̃

a,µν (2.31)

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

gauge field strength, and G̃a,µν is its dual. Let us consider the following Lagrangian

L = −1
4G

a
µνG

a,µν + Lθ + Ψ̄i(iγµDµ)Ψi − Ψ̄iMijΨj + h.c. (2.32)

where Ψi(i = 1, . . . , N) are the N -flavor fermions, Ψ̄i is their Dirac conjugate, and h.c.
denotes the Hermitian conjugate. Mij(i, j = 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

Ψi = exp
(

−iarg(Mii)γ5

2

)
Ψi (2.33)

Ψ̄i = Ψ̄i exp
(

−iarg(Mii)γ5

2

)
(2.34)

where γ5 ≡ iγ0γ1γ2γ3 can be expressed as

γ5 =
−1 0

0 1


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under the following representation for γµ

γ0 =
0 1

1 0

 γi =
 0 σi

−σi 0

 .
Under U(1) axial transformations, a measure of a path integral transform

DΨiDΨ̄i → DΨiDΨ̄i exp
[
−i
∫
d4x arg(Mii)

g2

32π2G
a
µνG̃

a,µν

]
(2.35)

and the Lagrangian becomes

L = −1
4G

a
µνG

a,µν +
(
θ +

∑
i

arg(Mii)
)

g2

32π2G
a
µνG̃

a,µν +
∑

i

Ψ̄i(iγµDµ − M̃ii)Ψi (2.36)

where M̃ii is the real diagonal matrix. We now find that not θ but θ̄

θ̄ = θ +
∑

i

arg(Mii) = θ + arg(detM) (2.37)

is a physical parameter. The discussion implies that the theta term violating CP symmetry
appears in the Lagrangian and the physical parameter θ̄ is responsible for how much the
theta term is violating CP symmetry. The CP violation can induce a neutron electronic
dipole moment (EDM) dn which is calculated as

dn = 4.5 × 10−15θ̄ e cm, (2.38)

and experiments have given an upper bound

|dn| < 1.8 × 10−26 e cm. (2.39)

This bound can be translated into

|θ̄| < 0.4 × 10−11 (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 θ̄ is regarded as a dynamical field and θ̄ = 0 is realized in the minimum
of its potential V (θ̄) as follows. Let us consider 1-flavor case

L = −1
4G

a
µνG

a,µν + θ̄
g2

32π2G
a
µνG̃

a,µν + Ψ̄(iγµDµ −m)Ψ. (2.41)

Euclidean action is

SE =
∫
d4xE

[
1
4G

Ea
µνG

Ea
µν + iθ̄

g2

32π2G
Ea
µν G̃

Ea
µν + Ψ̄E(γE

µ D
E
µ +m)ΨE

]
(2.42)

where DE
µ = ∂µ − igAE

µ . Euclidean gamma matrices are given by γ4
E = γ0, γi

E = −iγi

which satisfies γµ
E, γ

ν
E = 2δµν , (γµ

E)† = γµ
E. The effective potential V (θ̄) is given by

exp
[
−
∫
d4xEV (θ̄)

]
=
∫

DAEa
µ DΨEDΨ̄E exp[−SE]

=
∫

DAEa
µ det

(
γE

µ D
E
µ +m

)
× exp

[
−
∫
d4xE

(
1
4G

Ea
µνG

Ea
µν + iθ̄

g2

32π2G
Ea
µν G̃

Ea
µν

)]
. (2.43)

Using the fact that det
(
γE

µ D
E
µ +m

)
= ∏

n(λ2
n + m2) > 0 with the eigen values λn for

γE
µ D

E
µ , it is shown that

exp
[
−
∫
d4xEV (θ̄)

]
≦
∫

DAEa
µ det

(
γE

µ D
E
µ +m

)
exp

[∫
d4xE

(
−1

4G
Ea
µνG

Ea
µν

)]
= exp

[
−
∫
d4xEV (0)

]
(2.44)

and that the potential takes its minimum at θ̄ = 0.
In order to make θ̄ a dynamical variable and solve the strong CP problem, U(1)PQ

symmetry and a PQ scalar ϕ with U(1)PQ charge are introduced. Lagrangian additionally
with the PQ scalar is given by

L = −1
4G

a
µνG

a,µν + θ̄
g2

32π2G
a
µνG̃

a,µν + Ψ̄iγµDµΨ + LYukawa + LPQ (2.45)
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where the kinetic and potential terms for the PQ scalar LPQ is given by

LPQ = | ∂µϕ|2 − 1
4

(
|ϕ|2 − v2

2

)2

, (2.46)

and LYukawa represents the Yukawa terms

LYukawa = yΨ̄(ϕPR + ϕ∗PL)Ψ = y(ϕ∗χξ + ϕξ†χ†) (2.47)

Here, PL = (1 − γ5)/2 and PR = (1 + γ5)/2 are the chiral projection operators, and
Ψ = (χ, ξ†)T . The potential term for ϕ and LYukawa are invariant under the following
U(1)PQ transformations

χ → eiαχ, ξ → eiαξ, ϕ → e2iαϕ. (2.48)

The PQ scalar potential takes minimum at |ϕ| = v/
√

2 and U(1)PQ is spontaneously
broken. The PQ scalar is written as ϕ = vei a

v /
√

2 where a is the dynamical variable
corresponding to phase direction of ϕ. It is the Nambu-Goldstone boson associated with
U(1)PQ breaking and called QCD axion. Now the Yukawa term becomes

LYukawa = y
v√
2

(e−i a
vχξ + ei a

v ξ†χ†). (2.49)

The phase factors can be removed by transformations of fermions

χ → ei a
2vχ, (2.50)

ξ → ei a
2v ξ, (2.51)

and then θ̄ becomes
θ̄ → θ̄ − a

v
. (2.52)

When the QCD axion takes vacuum expectation value ⟨a⟩ = θ̄v, 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 PQ mechanism where QCD
axion appeared after spontaneous symmetry breaking of the U(1)PQ. This subsection
introduces examples to realize the PQ mechanism, such as KSVZ model [7, 8] and DFSZ



Chapter 2. Dark Matter 31

model [9, 10].

KSVZ axion

In the KSVZ model, a PQ scalar Φ and heavy quarks Qi (i = 1, . . . , NQ) are addition-
ally introduced in addition to the particles in the SM. The PQ scalar is a singlet under
SU(3)C × SU(2)L × U(1)Y . Its potential V (Φ) is given by

V (Φ) = −µ2
Φ|Φ|2 + 1

4λΦ|Φ|4. (2.53)

The heavy quarks have Yukawa interaction with the PQ scalar as

LYukawa = −yijQ̄LiΦQRi − y∗
ijQ̄RjΦ∗QLj (2.54)

where QL = PLQ and QR = PRQ are defined with projection operators PL and PR,
respectively. These interactions are invariant the following transformations under U(1)PQ

Φ → e2iqαΦ (2.55)
QLi → eiqαQLi (2.56)
QRi → e−iqαQRi. (2.57)

V (Φ) has its minimum at |Φ| =
√

2µΦ/
√
λΦ. Φ can be written as

Φ = η√
2

exp
(
i
a

η

)
(2.58)

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

Lagg = − g2

32π2
a

fa

Ga
µνG̃

a µν (2.59)

where fa = η/NQ 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 Hu = (H0

u, H
−
u ), Hd = (H+

d , H
0
d) are introduced in addition to a

PQ scalar Φ. They are SU(2)L doublets. Their Yukawa interactions are given by

LYukawa = −yu
ij q̄LiHuuRj − yd

ij q̄LiHddRj + h.c. (2.60)
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where qL = (uL, dL) is the left-handed quark, and uR, dR are the right-handed up-type and
down-type quarks, respectively. yij is the Yukawa coupling and i, j denotes the indices
describing generations. Potential terms for scalar fields are

V (Hu, Hd,Φ) =λu

(
H†

uHu − v2
u

2

)2

+ λd

(
H†

dHd − v2
d

2

)2

+ λΦ

(
|Φ|2 − v2

Φ
2

)2

+ (aH†
uHu + bH†

dHd)|Φ|2 − c(Hu ·Hd|Φ|2 + h.c.) + d|Hu ·Hd|2 + e|H∗
u ·Hd|2

(2.61)
where the couplings are denoted by λu, λd, λΦ, a, b, c, d, e. The Yukawa interaction is
invariant under the following U(1)PQ transformations

Hu → exp(iXuα)Hu (2.62)
Hd → exp(iXdα)Hd (2.63)
Φ → exp(iXΦα)Φ (2.64)
qL → qL (2.65)
uR → exp(−iXuα)uR (2.66)
dR → exp(−Xdα)dR (2.67)

with U(1)PQ charges Xu, Xd, XΦ. The scalar potential terms are also U(1)PQ if Xu +Xd =
−2XΦ.

Scalar fields take their vacuum expectation values

⟨Hu⟩ = vu√
2

exp
(
i
ϕu

vu

)1
0

 (2.68)

⟨Hd⟩ = vd√
2

exp
(
i
ϕd

vd

)0
1

 (2.69)

⟨Φ⟩ = vΦ√
2

exp
(
i
ϕΦ

vΦ

)
(2.70)

with the three phases

ϕu = −vu

v
h+ vdvΦ

vη
H − vd

η

2x
1 + x2a (2.71)

ϕd = vd

v
h+ vuvΦ

vη
H − vu

η

2x
1 + x2a (2.72)

ϕΦ = v

η

2x
1 + x2H + vΦ

η
a (2.73)
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where v =
√
v2

u + v2
d, x = vd/vu, and η is given by

η2 = v2
Φ + 4v2

uv
2
d

v2 = v2
Φ + 4

(
x+ 1

x

)−2
v2. (2.74)

When η ≫ v ∼ vd ∼ vu, we get ϕΦ ≃ a. Considering the QCD axion a, the Yukawa
interaction is

LYukawa =
yu

ij√
2
vuūLi exp

(
−i 2x2

1 + x2
a

η

)
uRj

−
yd

ij√
2
vdd̄Li exp

(
−i 2

1 + x2
a

η

)
dRj.

(2.75)

With transformation of quarks, axion-gluon coupling becomes

Lagg = g2

32π2
a

fa

Ga
µνG̃

a µν (2.76)

where fa = η/(2Ng) is the axion decay constant, and Ng 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 mN and
electrons e with its mass me are given by

LaNN = gaNN

2mN

∂µa(N̄γµγ5N) (2.77)

Laee = gaee

2me

∂µa(ēγµγ5e) (2.78)

where gaNN is the axion-nucleon coupling, gaee is the axion-electron coupling, and they are
proportional to 1/fa. Their numerical factors depend on models. Especially, gaee 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

Laγγ = −1
4gaγγaFµνF̃

µν (2.79)

where gaγγ = αC/(2πfa) is the axion-photon coupling, α is the fine structure constant,
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and C is given by
C = E

N
− 2(4 +mu/md)

3(1 +mu/md) (2.80)

with anomaly coefficients E and N . With mu/md = 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 PQ 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.

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 ma matches the frequency
corresponding to the system, resonance effects enhance the sensitivity to axion parameters.
The efficiency is characterized by a cavity quality factor Q. In a set of typical parameter
values for an axion haloscope, the signal power deposited to the cavity is given by

P = 5.0 × 10−23 W
(
V

30 L

)(
B

10 T

)2 ( C
0.5

)
×
(
cγ

0.97

)2
(

ρa

0.45 GeV/cm3

)(
ν

1 GHz

)(
Q

10000

)
(2.81)

where V is the volume of the cavity, B is the magnitude of the external magnetic field,
cγ is the model dependent coefficient of the axion-photon coupling, whose value is -1.92
(0.75) for the KSVZ (DFSZ) model, ρa is the local dark matter density, ν is the frequency
of the photon, Q 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/δPs is important to get better
sensitivity by experiments. Here, δPs is fluctuations in the system noise power Ps =
kBTsδν (the Johnson-Nyquist formula) with the Boltzmann constant kB and the system
noise temperature. When we survey axion parameter space in a mass range, its scan rate
is important and given by

dν
dt = 1.2 GHz/year

( 5
SNR

)2 (0.15 K
TS

)2 (
P

5.0 × 10−23 W

)2 (10000
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

g2
aγγ ∝ TS

B2V
(2.83)

This motivates us to reduce TS for scanning lower axion-photon coupling gaγγ 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 ≃ 7.0 T). 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.

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 γ+Q → a+Q
where thermal photons γ inside the core of the Sun can be converted into axions a by
electric fields induced by charged particles Q. Primakoff process is characterized by the
axion-photon coupling gaγγ. The transition rate for a photon to an axion in a stellar
plasma with temperature T is given by [33]

Γγ→a =
g2

aγγTκ
2
s

32π

[(
1 + κ2

s

4E2

)
ln
(

1 + 4E2

κ2
s

)
− 1

]
(2.84)

where E is the photon energy and κs represents the screening scale

κ2
s = 4πα

T

ne +
∑

j

Z2
j nj

 (2.85)

with the electron number density ne, the number density of the j-th ion nj with charge
Zj, and the fine structure constant α. One can get total axion number flux at the Earth

Φa = R3
⊙

4πD2
⊙

∫ 1

0
dr4πr2

∫ ∞

ωpl
dE

4πk2

(2π)3
dk
dE 2fbΓγ→a (2.86)

where D⊙ is the average solar distance, R⊙ is the solar radius, r is a solar radial variable
normalized by R⊙, fb = (eE/T − 1)−1 is the Bose-Einstein distribution of the thermal
photon bath in the Sun, and ω2

pl = 4παne/me 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

dΦa

dE = 6.02 × 1010 cm−2s−1keV−1
(

gaγγ

10−10 GeV−1

)2
E2.481e−E/1.205 (2.87)

where the energy E 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 8: Solar axion flux spectra at Earth by di↵erent production mechanisms. On the left,
the most generic situation in which only the Primako↵ conversion of plasma photons into
axions is assumed. On the right the spectrum originating from the ABC processes [82, 203].
The illustrative values of the coupling constants chosen are ga� = 10�12 GeV�1 and gae =
10�13. Plots from [204].

convert, leading to di↵erent detectable populations at sub-keV energies, with a dependence
on the particular magnetic field profile of the Sun (and, for the case of transverse plasmons,
on the ALP mass) [200–202].

In non-hadronic models axions couple with electrons at tree level. This coupling allows for
additional mechanisms of axion production in the Sun [82]: the ABC axions already introduced
in section 2.7. Figure 3 shows the Feynman diagrams of all these processes, namely, atomic
axio-recombination and axion-deexcitation, axio-Bremsstrahlung in electron-ion or electron-
electron collisions and Compton scattering with emission of an axion.

The spectral distribution of ABC solar axions is shown on the right of Figure 8. Although
the relative strength of ABC and Primako↵ fluxes depends on the particular values of the
gae and ga� couplings, and therefore on the details of the axion model being considered, for
non-hadronic models the ABC flux tends to dominate. Although all processes contribute sub-
stantially, free-free processes (bremsstrahlung) constitute the most important component, and
are responsible for the fact that ABC axions are of somewhat lower energies than Primako↵
axions, with a spectral maximum around ⇠1 keV. This is because the axio-bremsstrahlung
cross-section increases for lower energies and, in the hot solar core, electrons are more abun-
dant than photons, and their energies are high with respect to atomic orbitals. In addition,
the axio-deexcitation process is responsible for the presence of several narrow peaks, each one
associated with di↵erent atomic transitions of the species present in the solar core. These two
features would be of crucial importance in the case of a positive detection to confirm an axion
discovery.

In spite of the above, due to the fact that gae is more strongly bounded from astrophysical
considerations than ga� (see section 4) the sensitivity of experiments to ABC axions has not
been su�cient so far to reach and study unconstrained values of gae. This may change with
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Figure 2.14: Solar axion flux spectra at the Earth. The axion-photon coupling gaγγ =
10−12 GeV−1 for illustration. Figure taken from [30].
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Figure 9: Conceptual arrangement of an enhancged axion helioscope with X-ray focussing.
Solar axions are converted into photons by the transverse magnetic field inside the bore of a
powerful magnet. The resulting quasi-parallel beam of photons of cross sectional area A is
concentrated by an appropriate X-ray optics onto a small spot area a in a low background
detector. Figure taken from [212].

hints mentioned in section 4 seem to point at precisely this range of parameters. CAST
has also searched for solar axions produced via the axion-electron coupling [203] (and axion-
nucleon in [213,214]) although the very stringent astrophysical bound on this coupling remains
so far unchallenged by experiments.

The successor of CAST is the International Axion Observatory (IAXO) [215], a new gen-
eration axion helioscope, aiming at the detection of solar axions with sensitivities to ga� down
to a few 10�12 GeV�1, a factor of 20 better than the current best limit from CAST (a factor
of more than 104 in signal-to-noise ratio). This leap forward in sensitivity is achieved by the
realization of a large-scale magnet, as well as by extensive use of X-ray focusing optics and
low background detectors.

The main element of IAXO is thus a new dedicated large superconducting magnet [216],
designed to maximize the helioscope figure of merit. The IAXO magnet will be a supercon-
ducting magnet following a large multi-bore toroidal configuration, to e�ciently produce an
intense magnetic field over a large volume. The design is inspired by the ATLAS barrel and
end-cap toroids, the largest superconducting toroids ever built and presently in operation at
CERN. Indeed the experience of CERN in the design, construction and operation of large
superconducting magnets is a key aspect of the project.

As already mentioned, X-ray focalization relies on the fact that, at grazing incident angles,
it is possible to realize X-ray mirrors with high reflectivity. IAXO envisions newly-built
optics similar to those used onboard NASA’s NuSTAR satellite mission, but optimized for
the energies of the solar axion spectrum. Each of the eight ⇠60 cm diameter magnet bores
will be equipped with such optics. At the focal plane of each of the optics, IAXO will have
low-background X-ray detectors. Several detection technologies are under consideration, but
the most developed ones are small gaseous chambers read by pixelised microbulk Micromegas
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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

Pa→γ =
(
gaγγB

q

)2

sin2
(
qL

2

)
(2.88)

with q = m2
a/(2Ea), 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

dΦγ

dE = dΦa

dE Pa→γ (2.89)

= 0.088 cm−2day−1keV−1E2.481e−E/1.205
(

gaγγ

10−10 GeV−1

)4 ( L

9.26 m

)2 ( B

9.0 T

)2
.

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
gaγγ. 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 9 T. The CAST has given upper bounds on the axion-photon
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coupling gaγγ < 6.6 × 10−11 GeV−1 for axions with the mass ma ≲ 0.01 eV, 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 gaγγ shown by purple shaded area
in Fig. 2.16.

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 babyI-
AXO, IAXO, 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 gaγγ < 1.8 × 10−9 GeV−1 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 4: The principle of photon regeneration. The laser on the left injects a large number of
photons to the production region. Some of them convert into axions that traverse the opaque
wall in the middle into the regeneration region on the right. Photon produced by the back
conversion of these axions in this second region are detected by appropiate low-noise sensors.
The resonantly enhanced version includes Fabry-Perot cavities to increase the probability of
conversion. The cavities in both the production and regeneration regions must be actively
locked in order to gain in sensitivity. Figure from [2].

being the energy of the axion/photon. If qL ⌧ 1, i.e. when the length L is much smaller than
the characteristic oscillation length, the probability becomes proportional to L2:

P(� ! a)(L) ⇠
✓

ga�BL

2

◆2

. (29)

In a LSW experiment the double conversion � ! a ! � must take place to produce a
signal in the detector, and therefore the double conversion probability is what is relevant for
the figure of merit of the experiment:

P(� ! a ! �) = P(� ! a)P(a ! �) ⇠
✓

ga�BL

2

◆4

�P�R (30)

where now we have added the factors �P and �R, that are the power built-up factors of the
production and regeneration cavities respectively, only relevant in the resonantly enhanced
version of the experiment. They account for the quality of the resonators, and can be under-
stood as the times the laser bounces back and forth between the mirrors increasing the chance
of conversion11. Expression (30) assumes equal length L for both production and regeneration
regions. As in previous expressions, coherent conversion is assumed, which means that the
sensitivity of these experiments is independent of the axion mass until qL ⌧ 1 is not true
anymore. Above this point the sensitivity drops, determining the characteristic shape of LSW
exclusion lines in the (ga� , ma) plane, which are flat in ma until a value above which the line
quickly goes up.

11Note that the power build up of the regeneration cavity also contributes even if obviously there is no axion
bouncing back and forth the mirrors. This can be understood noting that the axion drives the reconversion
cavity at the resonant frequency. This is known as “resonant regeneration” and is also similar to the Purcell
e↵ect, as noted in [113].
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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 γ → a → γ is proportional to the
fourth power of the axion-photon coupling gaγγ as

Pγ→a→γ = 6 × 10−34
(

gaγγ

10−10 GeV−1

)4 ( B0

10 T

)4 ( L

10 m

)4
FP FR (2.90)

where FP and FR 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 axions1 [54]. The ALPS
II is expected to finally achieve sensitivity denoted by black dashed line in Fig. 2.16.

1The 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 20µeV ≲ ma ≲ 60µeV with the ADMX
experiment, for instance (Fig. 2.13). The helioscopes cannot search µeV 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 10−10 eV ≲ ma ≲ 10−6 eV. We will see how
we can constrain the axion mass ma and the axion-photon coupling gaγγ 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
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Lagrangian for axions and photons are described by

L = −1
4FµνF

µν + 1
2 ∂µa ∂

µa− 1
2m

2
aa

2 − 1
4gaγγaFµνF̃

µν (3.1)

where Fµν is the field strength tensor for photons, F̃ µν is its dual, a is the axion field with
its mass ma and coupling to photons gaγγ. The last term can be rewritten as gaγγaE · 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 E, 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

Pγ→a(E,L) =
(
gaγγB0L

2

)2 sin2(∆oscL/2)
(∆oscL/2)2 (3.2)

where L is the propagation distance of the axion-photon beam, and ∆osc =
√

∆2
a + (2∆aγ)2 =

2∆aγ

√
1 + (Ecr/E)2. Here, ∆a = −m2

a/(2E), ∆aγγ = gaγγB0/2, and Ecr is a critical energy

Ecr =
|m2

a − ω2
pl|

2gaγγB0
(3.3)

≃ 2.5 × 107 eV
|m2

a − ω2
pl|

(10−10 eV)2

(
µG
B0

)(
10−11 GeV−1

gaγγ

)
. (3.4)

with ∆pl = −ω2
pl/(2E) and the plasma frequency ω2

pl = 4παne/me in an astrophysical
environment with α = e2/(4π), the electron density ne, the electron mass me 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 E

and the propagation length L respectively satisfy

E ≳ Ecr, L ≳ Lcr (3.5)

with Lcr = 2/(gaγγB0). In some suitable units, these conditions can be expressed as [108]

Ecr ∼
10 GeVm2

a, neV

g11B10 µG
∼

100 TeVm2
a, neV

g11BnG
∼

10 keVm2
a, neV

g11B10 G
, (3.6)
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Lcr ∼ 10 kpc
g11B10 µG

∼ 103 Mpc
g11BnG

∼ 0.1 pc
g11B10 G

. (3.7)

Here, these expressions based on the following notation

ma, neV ≡ ma

1 neV (3.8)

for the axion mass ma,
g11 ≡ gaγγ

10−11 GeV−1 (3.9)

for the axion-photon coupling gaγγ, and

B10 µG ≡ B0

10µG , BnG ≡ B0

1 nG , B10 G ≡ B0

10 G (3.10)

for the strength of a magnetic field B0. Three sets of values in Eqs. (3.6) and (3.7)
correspond to typical scale for the size L and the magnetic field strength B0 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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6 of 31

Figure 2. Illustration of gamma-ray propagation from a blazar at luminosity distance d = 1 Gpc (z ⇡ 0.2)
to the Milky Way. Left: The inner part of a blazar (here an FSRQ) with a black hole of mass M• = 109 M�
and a radius equal to the Schwarzschild radius 2 rg with rg = GM•/c2 ⇡ 1.5 ⇥ 1014 cm ⇡ 4.8 ⇥ 10�5 pc.
The inner and outer radii of the accretion disk, broad line region (BLR), and dusty torus are based on
typical values from the literature with Rdisk, in = 6 rg, Rdisk, out = 200 rg, RBLR, in = 0.01 pc, RBLR, out =

0.1 pc, Rtorus, in = 5 pc, Rtorus, out = 23 pc (e.g., Ref. [34]). The jet is assumed to have a parabolic base with
a transition into a conical shape at 2⇥ 105 rg (see Eq. (13) and Figure 1 in Ref. [35]). Not shown here is the
possibility of internal absorption of gamma-rays on the photon fields within the source (e.g., on photons
originating from the BLR or the dusty torus). Several observations of FSRQs indicate that gamma-rays
are produced outside the BLR (see, e.g., Refs. [36,37] and references therein). Center: Once produced, the
gamma-rays propagate through the host galaxy (rhost = 20 kpc [38]) and potentially through a Galaxy
cluster (with rcluster = 1 Mpc here) before entering cosmic voids. The upper gamma-ray propagates
all the way towards the observer whereas the central gamma-ray interacts with an EBL photon to
form an electron-positron pair at a distance equal to the mean free path, Ggg ⇡ 250 Mpc, of a 1 TeV
gamma-ray. The electron and positron gyrate in the IGMF with rgyro ⇡ 540 kpc (g/106)(B/10�15 G)�1

and inverse-Compton scatter off CMB photons after a mean free path of Geg ⇡ 730 kpc (g/106)�1. The
lower gamma-ray converts into an ALP in the magnetic field of the galaxy cluster. Right: The surviving
gamma-ray enters the Milky Way and the ALP converts back to a gamma-ray in the magnetic field of
our Galaxy.

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 ma and the axion-
photon coupling gaγγ. 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 10−2 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 − 4.4µG.

For extragalactic sources, the axion-photon beam passes thorough the intergalactic
space where the magnetic field strength is currently bounded above ≲ 10−9 G. The lower
limits locate at 10−8 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 Pγγ. It will be multiplied
with an intrinsic spectrum Φint 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
Φint(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.

• Power law spectrum

Φint(E) = N0

(
E

E0

)−Γ
(3.11)

• Exponential cutoff power law

Φint(E) = N0

(
E

E0

)−Γ1

exp
[
−
(
E

Ecut

)Γ2
]

(3.12)

• Log parabola spectrum

Φint(E) = N0

(
E

E0

)−α−β log(E/E0)
(3.13)

Here, N0 is the normalization of the spectrum, and the indices are denoted by Γ, Γ1,
Γ2, α, and β. E0 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 Φmodel = PγγΦint.
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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 (ma, gaγγ) in scanned param-
eter space. This finally allows us to constrain the axion mass ma and the axion-photon
coupling gaγγ 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.

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 B0 ∼ 10 G 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 ∼ 75 Mpc (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 0.1µG to a few µG. 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 σB. The profile of the magnetic field is given
by

B(r) = B0

(
ne(r)

ne(r = 0)

)η

(3.14)
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where ne(r) is the electron density of the intra-cluster medium (ICM). The energy density
M(k) is considered to follow

M(k) ∝ kqΘ(k − kL)Θ(kH − k) (3.15)

where kL = 2π/Λmax and kH = 2π/Λmin are the minimum and maximum turbulence
scales, respectively.

The authors [132] used ne(r) derived from X-ray observations within the inner rmax =
500 kpc for the Perseus galaxy cluster. They assume a zero magnetic field beyond rmax.
There are rotation measurements to explore only within tens of pc around the NGC 1275.
These measurements estimated that the magnetic field strength was 25µG ([132] and
references therein). There is an independent lower limit ofB0 ≳ 2−13µG for 0.3 ≲ η ≲ 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
σB 10µG
rmax 500 kpc
η 0.5
q -2.8

Λmin 0.7 kpc
Λmax 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



52 3.2. Examples: extragalactic sources

magnetic field Bjet(r) and the electron density njet
e (r) whose profiles are

Bjet(r) = B0

(
r

rVHE

)−1
, (3.16)

njet
e (r) = n0

(
r

rVHE

)−2
(3.17)

where rVHE is the distance of the emission site to the black hole at the center. B0 and n0 are
the magnetic field strength and the electron density at rVHE, respectively. Best-fit values of
some parameters including B0 and n0 are obtained from fitting of the electromagnetic wave
spectrum to the data. However, the precise value of rVHE is difficult to be derived from the
observations and it has large uncertainty with an order of magnitude. Optimistic values
for rVHE 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(1µG)
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 4211 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.

1In [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 E0 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 4.2σ for IC443. However, the best-fit parameter
(ma = 6.6 neV and gaγγ = 13.4 × 10−11 GeV−1) 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 (IC443 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 E0 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
ma ∼ 10−7 eV, the resulting constraint is exceeding the CAST one [38].

4

FIG. 2: Comparisons of the current limits on the ALP parameters.
The red and green areas are obtained by Fermi-LAT observations of
NGC 1275 [22] and PKS 2155-304 [24], respectively. The H.E.S.S.
observation of PKS 2155-304 leads to the exclusion region shown as
purple [18]. The dashed line labeled ✓1N = 1 (✓1N = 3, ✓1N = 9)
denotes the parameter space where the ALP dark matter accounts
for all (1/9,1/81) of the dark matter. The light blue region is the
parameter space where the low gamma-ray opacity of the universe
can be explained by the ALPs [34]. The result derived in this work is
shown as yellow. In the plot, we also present the projected exclusion
region assuming 50-hour observations of the 10 Galactic sources by
future CTA mission.

are shown in Figure 2. The yellow region is excluded by
the combined analysis at 95% confidence level. In compar-
ison with the previous constraints by other targets and instru-
ments [18, 22, 24], our results restrict the ALP properties at
higher ma and significantly improve the current limits around
ma ⇠ 150 neV. Intriguingly, our exclusion region covers the
high ALP mass space to interpret the TeV transparency (see
the light blue region in Figure 2).

The above results are based on the Galactic magnetic field
model of Jansson & Farrar [36] that has been widely adopted
in relevant investigations [22, 23, 26]. We have estimated the
e↵ect of the magnetic field models on the final constraints.
With the models of Sun et al. [51] and Pshirkov et al. [52], the
exclusion regions have been tightened and loosened, respec-
tively (see Appendix B). We thus conclude that the constraints
reported in Figure 2 are reasonable and representative. In ad-
dition to the uncertainty related to the choice of magnetic field
model, some other systematic uncertainties have also been
discussed in Appendix B. Among the discussed systematic
e↵ects, the flux measurement uncertainty has relatively large
e↵ect on the final constraints. But all the limits presented in
Figure 2 are taken at face value [18, 22, 24, 34], so the influ-
ence by such an uncertainty is ignored in the comparisons of
Figure 2.

Our results demonstrate that the very high energy gamma-
ray observations of the bright Galactic sources also play im-
portant roles in probing ALP properties. The upcoming next
generation Cherenkov telescope, CTA [53], has significantly
enhanced detection sensitivity in the energy range from 50

GeV to 100 TeV, which would remarkably advance the ALP
searches. Here we present the projected exclusion region of
the CTA based on Monte-Carlo simulations (see Appendix C
for details of the simulation). We find that 50-hour CTA ob-
servations of the 10 sources studied in this work will constrain
ALP parameters in a much wider region (see gray region in
Figure 2). It will probe the ALPs with 10�7 eV < ma <
10�6 eV and ✓1N  3, where ALPs could make up 1/9 of the
DM content of the Universe. It is also reasonable to speculate
that the CTA observation of some extragalactic sources, such
as PKS 2155-304, would notably improve the current limits
around the ALP masses of m ⇠ 10�8 � 10�7 eV.

V. SUMMARY

ALP is one promising type of cold dark matter candidate,
which can also solve the issue of the TeV transparency of
the Universe. In this work, we constrain the ALP parameters
with H.E.S.S. observations of bright TeV sources within the
Milky Way. Through our analysis, we suggest that the Galac-
tic TeV �-ray sources, which are usually observed by ground
based Cherenkov telescope, can provide insights into the ALP
physics as well. Specifically, by analyzing the H.E.S.S. ob-
servations of 10 Galactic sources, the high-mass part of the
parameter space of explaining the TeV transparency is con-
strained. Moreover, Monte-Carlo simulations show that the
next generation Cherenkov telescope, CTA, can probe a wider
region of the parameter space. We therefore expect that the
ALP interpretation of the low opacity of the universe will be
unambiguously tested in the near future.

Note that some on-orbit/future space-borne instruments,
such as the Dark Matter Particle Explorer (DAMPE) [54,
55] and High Energy cosmic-Radiation Detection Facility
(HERD) [56], are also sensitive to the photons in TeV en-
ergy range. Though with much smaller e↵ective area, they
have significantly higher energy resolution, thus may also be
able to help us better understand the ALP properties. Together
with the upcoming ALP-II [57] and IAXO [58] experiments,
significant progresses on revealing the ALP properties are ex-
pected in the next decade.
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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.

Xiao-Jun Bi et al. (2021)

In [142], the authors have taken the Crab Nebula as the main target for their axion
search with gamma rays2. 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 E0 is set to be 10 TeV. As a result, their combined analysis
of the four sources set a limit on the axion-photon coupling gaγγ ≲ 7.2 × 10−11 GeV−1 at
the axion mass ma ∼ 4 × 10−7 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.



Chapter 3. Axion search with gamma-ray observations 57
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FIG. 3: The constraints at the 95% C.L. in the ma → gaω plane
resulting from the LHAASO observations of the Crab

Nebula, LHAASO J2226+6057, LHAASO J1908+0621, and
LHAASO J1825-1326. The black dashed line represents the

constraints obtained from CAST observations, indicating
gaω < 6.6 ↑ 10→11GeV→1 [80].

in the Crab spectrum at lower energies. Secondly, the highest
energy bin of the Crab spectrum reaches 1 PeV, surpassing
that of the other sources. As previously mentioned, the com-
pensation of the ALP-photon oscillation to the absorption ef-
fect may be much more significant for higher energy photons.
These characteristics enable the Crab Nebula to provide more
stringent constraints.

Given that the constraints from the individual sources com-
plement each other in the parameter space, we present the
combined analysis result in FIG. 3. The green region repre-
sents the combined constraint of these sources. This improves
the constraints from a single source for the ALP masses above
10→6 eV.

As the observation of the Crab Nebula provides the most
stringent constraints among the four sources, we conduct an
analysis combing the observations from LHAASO and other
experiments, including HAWC [64], ASω [65], HEGRA [66],
MAGIC [67], HESS [68], and VERITAS [69] for the Crab
Nebula. The ε2 for this analysis is defined as [31]

ε2 =
∑

k

∑

i

(Φ̃k,i → f n→1
k · Φk,i)2

( f n→1
k · ϑΦk,i)2

+
∑

k

( fk → 1)2

ϑ f 2
k

, (16)

where the subscript k denotes the k-th experimental data, i de-
notes the i-th energy bin, and Φ̃, Φ and ϑΦ are the expected
value, observed value, and uncertainty of the photon flux, re-
spectively. As the high-energy gamma-ray experiments under
consideration typically have an energy resolution of approx-
imately O(10) percent, the spectra measured by different ex-
periments may not precisely match. To derive consistent re-
sults for all experiments while accounting for this effect, we
introduce additional free parameters f to scale the energies of
all the experiments, except for LHAASO, and add their Gaus-
sian contributions in the ε2 function. As experimental data is
often presented in the form of En dN

dE , Φ and ϑΦ are also scaled

by a factor of f n→1, with n=2 in this work. We take the de-
viations of scale factors ϑ f according to experimental energy
resolutions, with values of 0.15 for HEGRA, MAGIC, HESS,
and VERITAS, 0.14 for HAWC, and 0.12 for ASω. This ap-
proach enables us to accommodate the uncertainties arising
from energy reconstruction and conduct a more comprehen-
sive analysis incorporating data from multiple experiments.

FIG. 4: The best-fit photon spectra for the Crab Nebula. The
solid and dashed lines represent the spectra under the null and
alternative hypotheses, respectively. The data points represent
observations from LHAASO [52], HAWC [64], ASω [65],
HEGRA [66], MAGIC [67], HESS [68], and VERITAS [69].

10�8 10�7 10�6 10�5

ma [eV]

10�11

10�10

10�9

g a
�

[G
eV

�
1 ]

AS�+HAWC+HEGRA+MAGICThis work

CAST

FIG. 5: The constraints derived from observations of the Crab
Nebula, combining the data from seven experiments, includ-
ing LHAASO [52], HAWC [64], ASω [65], HEGRA [66],
MAGIC [67], HESS [68], and VERITAS [69], are depicted
in the blue shaded region. For comparison, constraints from
the observations of ASω, HAWC, HEGRA, and MAGIC, as
reported in Ref. [31], are depicted in the red shaded region.

We achieve the best-fit ε2/nd f of 1.39 under the null hy-
pothesis, with the corresponding spectrum illustrated in FIG.
4. Furthermore, the best-fit spectra for three ALP parame-
ter points and the observational data of the Crab Nebula from

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.



Chapter 3. Axion search with gamma-ray observations 59

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 ma and the axion-photon coupling gaγγ. 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 Earth, 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 ma and the axion-photon coupling gaγγ, 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 Aµ is described by the following Lagrangian

L = −1
4FµνF

µν + 1
2 ∂µa ∂

µa− 1
2m

2
aa

2 − 1
4gaγaFµνF̃

µν , (4.1)

where a is the axion field, ma denotes the axion mass, and gaγ is the axion-photon coupling.
Here, Fµν and F̃µν 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 gaγaE · B in terms of the electric field E and magnetic field B. Axion-
photon beams with a monochromatic energy E are propagating along x3-direction under
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magnetic fields. The propagation can be described by the equation [172]
(
i

d
dx3

+ E + M
)

Ψ(x3) = 0 (4.2)

where M is the mixing matrix and Ψ(x3) = (A1(x3), A2(x3), a(x3))T . Neglecting Faraday
rotation effects, the mixing matrix M

M =


∆⊥ 0 0
0 ∆∥ ∆aγ

0 ∆aγ ∆a

 . (4.3)

has several components such as ∆⊥ = ∆pl + 2∆QED − iΓ/2, ∆∥ = ∆pl + 7∆QED/2 − iΓ/2,
∆a = −m2

a/(2E) corresponding to the kinetic term of axions, and ∆aγ = gaγB/2 resulting
in the axion-photon conversion. The plasma term ∆pl = −ω2

pl/(2E) is arising from the
effective photon mass in plasma of astrophysical environments where ωpl =

√
4πnee2/me

with the electron density ne, the electric charge e, and the electron mass me. QED
vacuum polarization effects appear in ∆QED = αE/(45π)(B/Bcr)2 where α is the fine
structure constant and Bcr = m2

e/|e| ∼ 4.4 × 1013 G. Γ 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

Eth ∼ 4m2
e

ϵ
∼ 0.5 TeV

(
ϵ

1 eV

)−1
(4.4)

with the energy of background photons ϵ. The absorption effect is characterized by

Γ =
∫
dϵ

dnbg

dϵ

∫ 2

0
d cos θ1 − cos θ

2 σγγ (4.5)

where dnbg/dϵ is the spectrum of the background photons, θ is the collision angle between
the high-energy gamma rays and the background photons. The cross section σγγ is written
as

σγγ = 3
16σT (1 − β2)

[
2β(β2 − 2) + (3 − β4) ln

(
1 + β

1 − β

)]
(4.6)

where σT is the Thomson cross section and β = 1 − 4m2
e/s with the Mandelstam variable
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s = 2Eϵ(1 − cos θ).
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
dρ
dx3

= [ρ,M] (4.7)

in terms of the density matrix ρ(x3) = Ψ(x3)Ψ(x3)†. Its solution

ρ(z) = T (x3, 0;E)ρ(0)T †(x3, 0;E) (4.8)

can be obtained with the transfer matrix T which is the solution of Eq. (4.2) under
initial condition T (0, 0;E) = 1. Transfer matrices can be calculated for each environment
corresponding to the Crab Nebula T1 and the MW T2. 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 Ni (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

Ttotal =
2∏

i=1

Ni∏
n=1

Ti(x3, [Ni−n+1], x3, [Ni−n];E) (4.9)

where x3,0 is the x3 coordinate closest to the Crab Nebula. We then obtain an expression
for the photon survival probability

Pγγ = Tr
(
(ρ11 + ρ22)Ttotalρ(0)T †

total

)
(4.10)

where ρ11 = diag(1, 0, 0), ρ22 = diag(0, 1, 0), and ρ(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
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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 ne(γ, r) is characterized as

ne(γ, r) = nradio(γ, r) + nwind(γ, r). (4.11)

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

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

nradio(γ, r) = nr,0

ρ3
r

γ−sr exp
−

(
γ

γr,max

)βmin
Θ(γ − γr,min)Fradio(r), (4.12)

Fradio(r) = exp
(

− r2

2ρ2
r

)
Θ(r − rs), (4.13)

where nr,0 is the normalization, sr is the index, βmin is responsible for the super-exponential
cutoff, and Θ(x) is the Heaviside step function. Fradio(r) shows the radial dependence of
the electron spectrum and follows a Gaussian function with constant width ρr.

Wind electron spectrum nwind(γ, r) is modeled as

nwind(γ, r) = nw,0

ρw(γ)3G(γ) exp
−

(
γw,min

γ

)βmin
 exp

−
(

γ

γw,max

)βmax
Fwind(γ, r),

(4.14)

G(γ) =
(

γ

γw,1

)−sw,1 (γw,1

γw,2

)−sw,2

(1 − Θ(γ − γw,1)) (4.15)

+
(

γ

γw,2

)−sw,2

(Θ(γ − γw,1) − Θ(γ − γw,2)) (4.16)

+
(

γ

γw,2

)−sw,3

Θ(γ − γw,2), (4.17)

Fwind(γ, r) = exp
(

− r2

2ρw(γ)2

)
Θ(r − rs). (4.18)

The spectrum has super-exponential cutoffs at γw,min and γw,max. G(γ) denotes a double
broken power law of the spectrum with the indexes sw,1, sw,2 and sw,3. The spatial distri-
bution Fwind(γ, r) 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

ρw(γ) = ρw,0

[(
γ

9 × 105

)2
]−αw

. (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) = B0

(
r

rs

)−α

(4.20)

where α (≥ 0) is the index, rs is a shock radius, and B0 is the magnetic field strength at
rs.

4.2.2 Emission mechanism of the Crab Nebula

Using the expressions for the distribution of electrons ne(γ, r) [Eq. (4.11)] and magnetic
fields B(r) [Eq. (4.20)], we can write down the spectral volume emissivity jν(ν, r) ≡
dE/dt dV dν dΩ. For the synchrotron process, its spectral volume emissivity is expressed
as

jsync
ν (ν, r) = 1

4π

√
3e3B(r)
mec2

∫ ∞

1
dγ ne(γ, r)fsync

(
ν

νc

)
(4.21)

where c is the speed of light and νc = 3eBγ2/(4πmec) is the critical frequency. Note that
we do not use the natural unit in this Section 4.2. The function fsync(x) is given by

fsync(x) = x

20

[
(8 + 3x2)

(
K1/3(x/2)

)2
+ xK2/3(x/2)

(
2K1/3(x/2) − 3xK2/3(x/2)

)]
(4.22)

where Kξ is the modified Bessel function of kind ξ.
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

jIC
ν (ν, r) = 3σThc

4
hν

4π

∫ ∞

1
dγ

ne(γ, r)
γ2

∫ ∞

0
dϵ fIC(ν, ϵ, γ)nseed(ϵ, r)

ϵ
(4.23)
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can be calculated with the IC kernel function

fIC(x) = 2q ln q + (1 + 2q)(1 − q) + 1
2

(Γϵq)2

1 + Γϵq
(1 − q) (4.24)

where σT is the Thomson cross section, h is the Planck constant, Γϵ = 4ϵγ/(mec
2) and

q = hν/(Γϵ(γmec
2 − hν)). nseed(ϵ, r) denotes seed photon’s density where ϵ 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

nCMB
seed = 4π

hc

Bν(TCMB)
hν

. (4.25)

where Bν(T ) is the intensity of the black body at temperature T . 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 Ti (i = 1, 2) and
their masses Mi (i = 1, 2). The dust populations are within a shell whose inner and outer
radii are rin and rout, respectively. The emissivity of the dust is given by

jdust
ν (ν, r) = 3κ[Θ(r − rin) − Θ(r − rout)]

4π(r3
out − r3

in)
∑

i=1,2
MiBν(Ti) (4.26)

where κ is the absorption coefficient dependent on the wavelength λ

κ = 2.15 × 10−4 cm2g−1
(
λ

µm

)−1.3

. (4.27)

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

nj
seed(ϵ, r) = r0

2hc
4π
ϵ

∫ 1

rs/r0
dy

y

x
ln x+ y

|x+ y|
jt

ν(ν, r0y), (j = sync, dust). (4.28)

where r0 = 2.0 pc is the radius of the Crab Nebula. The total density of seed photons is
expressed by

nseed(ϵ, r) =
∑

k

nk
seed(ϵ, r), (k = sync, dust,CMB) (4.29)



66 4.2. Modeling the Crab Nebula

and used to calculate the IC emissivity in Eq. (4.23). The total luminosity Lν can be
calculated by integrating the emissivity in the SSC process over volume dV and solid
angle dΩ as

Lν =
∮
dΩ

∫
dV jν(ν, r) = (4π)2

∫ r0

rs

dr r2
[
jsync

ν (ν, r) + jIC
ν (ν, r)

]
, (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 α = 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]

Φint = N0
sync

(
E

100 MeV

)−Γsync

+N0
IC

(
E

1 GeV

)−α−β ln(E/1 GeV)
(4.31)

where E = hν is the energy of gamma rays. A power-law spectrum with the index Γsync

was used for the synchrotron part [179] while IC emission was explained by using a log-
parabola spectrum whose shape is characterized by α and β [156, 179]. N0

sync and N0
IC are

the normalization constants for synchrotron and IC emissions, respectively.

Parameter variable B-field model
B [µG] 256.4
α 0.4691
rs [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 Φint 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 Φmodel as

Φmodel = Pγγ Φint. (4.32)

The photon survival probability Pγγ 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 ma and the coupling to photons
gaγγ 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 gaγγ.
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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 ma,
the parameter set for the bottom panel is allowed.
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4.3 Analysis and Results

We minimize chi-squared function

χ2 =
∑

i

(Φi
model − Φi

data)2

σ2
i

(4.33)

to get the best-fit spectrum where Φi
model, Φi

data and σi are the predicted flux, the observed
one and its error bar, respectively. Each i corresponds to a data point from experiments.
The test statistic (TS) are defined as TS = χ2

w/ axion − χ2
w/o axion. We cannot apply the

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
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 ∆TS95% = 11.41. We can exclude the parameter region where the best-fit chi-
square under the axion hypothesis χ̂2

w/o axion exceeds χ̂2
min + ∆TS95% at 95% confidence

level (C.L.). Here, χ̂2
min is the global best-fit chi-square for the observational data in the

scanned parameter space spanning ma ∈ [10−11, 10−5] eV, gaγ ∈ [10−12, 5 × 10−10] GeV−1.
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 ma and gaγγ. 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
gaγγ in Fig. 4.1 or the axion mass ma in Fig. 4.2. Taking into account the effects of
the magnetic field in the Crab Nebula, the resulting constraint reaches up to gaγγ ≲

1 × 10−11 GeV−1 at ma ≃ 10−8 eV, and is exceeding the constraints by CAST in the
mass range 10−10 eV ≲ ma ≲ 10−6 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

E ≳ E∗ = m2
a

2gaγγB
(4.34)

L ≳ L∗ = 2
gaγγB

. (4.35)

E∗ and L∗ can be written in a suitable unit as [108]

E∗ ∼
10 GeVm2

a,neV

g11B10 µG
(4.36)

L∗ ∼ 10 kpc
g11B10 µG

(4.37)

with the following notation ma,neV ≡ ma/neV, g11 ≡ gaγγ/10−11 GeV−1 and B10 µG ≡
B/10µG. 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 gaγγ ≲

1 × 10−11 GeV−1. The right region around ma,neV ∼ 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 ma,neV ≲ 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 ≲ ma,neV ≲ 1000).
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Here, let us put a comment on statistical analyses. We did not use so-called CLs

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, CLs 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 CLs 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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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
obtain new constraints reaching down to gaγγ ≲ 1 × 10−11 GeV−1 at ma ≃ 10−8 eV and
exceeding the constraints by CAST in the axion mass range 10−10 eV ≲ ma ≲ 10−6 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 CLs 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 CLs method. However,
we may have a possibility to obtain more conservative results based on the CLs 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.
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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 ma and coupling gaγγ 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 gaγγaE · 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 gaγγ ≲ 1 × 10−11 GeV−1 at ma ≃ 10−8 eV and
exceeding the constraints by CAST in the axion mass range 10−10 eV ≲ ma ≲ 10−6 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 c 2.99792458 × 1010 cm s−1

Planck’s constant ℏ 1.0546 × 10−27 cm2 g−1 s−1

Newton’s constant G 6.673 × 10−8 cm3 g−1 s−2

Electron mass me 511 keV
Solar mass M⊙ 1.989 × 1033g

Thomson cross section σT 6.6524 × 10−25 cm2

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

• Minkowski metric
gµν = diag(+1,−1,−1,−1) (A.1)

• Pauli matrices

σ1 =
 0 1

1 0

 , σ2 =
 0 −i
i 0

 , σ3 =
 1 0

0 −1

 . (A.2)

• Gamma matrices

γµ =
 0 σµ

σ̄µ 0

 , γ5 = iγ0γ1γ2γ3 =
 −I2 0

0 I2

 (A.3)

with σµ = (1, σi), σ̄µ = (1,−σi) (i = 1, 2, 3), and I2 is 2×2 unit matrix. Also, the gamma
matrices satisfy the following relations:

{γµ, γν} = 2gµν , {γµ, γ5} = 0, (γ5)2 = I4 (A.4)

(γ0)T = γ0, (γ1)T = −γ1, (γ2)T = γ2, (γ3)T = −γ3,

(γ0)∗ = γ0, (γ1)∗ = γ1, (γ2)∗ = −γ2, (γ3)∗ = γ3,

(γ0)† = γ0, (γ1)† = −γ1, (γ2)† = −γ2, (γ3)† = −γ3.

(A.5)

Here, I4 is 4 × 4 unit matrix, and T, ∗, † represent transfer, complex conjugate and Her-
mitian conjugate, respectively.
• chiral projection operators

PL = I4 − γ5

2 =
 I2 0

0 0

 , PR = I4 + γ5

2 =
 0 0

0 I2

 . (A.6)

The chiral projection operators and the gamma matrices satisfy

γµPL = PRγ
µ, γµPR = PLγ

µ, (A.7)
γ5PL = −PL, γ5PR = PR. (A.8)



Appendix B

The Standard Model

In this chapter, we briefly review the standard model (SM) SU(3)C × SU(2)L × U(1)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

Lgauge is Lagrangian for gauge fields

Lgauge = −1
4G

a µνGa
µν − 1

4W
b µνW b

µν − 1
4B

µνBµν (B.1)

where
Ga

µν = ∂µG
a
ν − ∂νG

a
µ + g3f

abcGb
µG

c
ν ,

W a
µν = ∂µW

a
ν − ∂νW

a
µ + g2f

abcW b
µW

c
ν ,

Bµν = ∂µBν − ∂νBµ.

(B.2)

Here, Ga
µ, W a

µ , Bµ are the gauge fields associated with SU(3)C , SU(2)L, U(1)Y gauge
symmetries, respectively. g3 and g2 are the gauge coupling constants for SU(3)C and
SU(2)L, respectively.

The SM fermions consist of quarks (SU(3)C fundamental representations) and leptons
(SU(3)C trivial representations). Using chiral projection operators PL,R,

{
ψL = PLψ

ψR = PRψ
(B.3)

we can project a fermion ψ into ψL and ψR which are eigen states of γ5 = iγ0γ1γ2γ3.
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ψ = ψ†γ0 is the Dirac conjugate

ψR ≡ (ψR)†γ0 =

(
I4 + γ5

2 ψ

)†

γ0 = ψ†PRγ
0 = ψPL

ψL ≡ (ψL)†γ0 =
(
I4 − γ5

2 ψ

)†

γ0 = ψ†PLγ
0 = ψPR

(B.4)

where I4 is 4 × 4 unit matrix.
The quarks can be decomposed into up-type and down-type quarks. Left-handed

up-type quarks uL and down-type quarks dL consist of quark doublets qL

qL =
 uL

dL

 = PL

 u

d

 (B.5)

transforming as 2 representation under SU(2)L. Right-handed up-type quarks uR and
down-type quarks dR 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 Lquark is given by

Lquark = qL /DqL + uR /DuR + dR /DdR (B.6)

where /D is the contraction of the gamma matrices γµ with covariant derivatives Dµ which
is expressed as

DµqL =
[
∂µ + ig3Gµ + ig2Wµ + ig1

(1
6

)
Bµ

]
qL,

DµuR =
[
∂µ + ig3Gµ + ig1

(2
3

)
Bµ

]
uR,

DµdR =
[
∂µ + ig3Gµ + ig1

(
−1

3

)
Bµ

]
dR

(B.7)

with the U(1)Y gauge coupling constant g1.
The leptons can be classified into neutrinos and charged leptons. Left-handed neutri-

nos νL and charged leptons eL are components of lepton doublets lL

lL =
 νL

eL

 = PL

 ν

e

 (B.8)

which transform as SU(2)L fundamental representations. Right-handed charged leptons
eR correspond to trivial representations under SU(2)L. U(1)Y charges of the lepton dou-
blets and right-handed charged leptons are −1

2 and −1, respectively. The kinetic term for
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quarks (r1, r2)a leptons (r1, r2)a

qL =
(
uL

dL

)
(3, 2)1/6 lL =

(
νL

eL

)
(1, 2)1/2

uR (3, 1)2/3 (νR) (1, 1)0
dR (3, 1)−1/3 eR (1, 1)−1

Figure B.1: Representations of the SM quarks and leptons under SU(3)C × SU(2)L ×
U(1)Y . In (r1, r2)a, r1 and r2 means the representations for SU(3)C and SU(2)L, respec-
tively. a is the U(1)Y charge.

leptons Llepton is given by

Llepton = lL /DlL + eR /DeR (B.9)

where their covariant derivatives are

DµlL =
{
∂µ + ig2Wµ + ig1

(
−1

2

)
Bµ

}
lL,

DµeR = {∂µ + ig1 (−1)Bµ} 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 = (ϕ+, ϕ0)T is a complex and two-component scalar. It transforms as a
trivial representation under SU(3)C and a fundamental representation 2 under SU(2)L,
and has 1/2 U(1)Y charge. A kinetic and potential terms for the Higgs field LHiggs are
given by

LHiggs = |DµH|2 −m2|H|2 − λ|H|4 (B.11)

where the covariant derivative DµH is

DµH =
{
∂µ + ig2Wµ + ig1

(1
2

)
Bµ

}
H (B.12)

with the Higgs potential V (H) = m2|H|2 +λ|H|4. Yukawa interaction between the Higgs
field and the SM fermions LYukawa is described as

LYukawa = −
3∑

i,j=1

[
yu

ijqiLH̃ujR + yd
ijqiLHdjR + ye

ijliLHejR + h.c.
]

(B.13)
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where H̃ ≡ iσ2H∗ transform as a SU(2)L doublet as H. yij are the Yukawa couplings and
the indices i, j = 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

L = −1
4FµνF

µν + 1
2 ∂µa ∂

µa− 1
2m

2
aa

2 − 1
4gaγγaFµνF̃

µν (C.1)

where a is the axion field, ma is its mass, gaγγ is the axion-photon coupling. Fµν =
∂µAν − ∂νAµ is the field strength tensor for photons Aµ, and F̃ µν is 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

∂L
∂a

= −1
4gaγγFµνF̃

µν −m2
aa, (C.2)

∂L
∂(∂µa) = − ∂µa. (C.3)

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

(□ +m2
a)a = −gaγγE · B (C.4)
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where E 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 x3-direction under a homogeneous and static magnetic field
B0 = (B0, 0, 0)T . The propagating wave can be seen as a perturbation of the background
magnetic fields:

a(x3, t) = δa(x3, t),
B(x3, t) = B0 + δB(x3, t),
E(x3, t) = δE(x3, t).

(C.5)

We can describe dynamics of the axion field perturbation as

(□ +m2
a)δa = −gaγγδE · (B0 + δB) (C.6)

= −gaγγB0 · δE (C.7)

where we have dropped terms quadratic and higher in the perturbations. By substituting
the electric field E = −∇ϕ − ∂tA and magnetic field B = ∇ × A in terms of electric
potential ϕ and vector potential A, we obtain

(□ +m2
a)δa = gaγγB0 · ∂tδA

= gaγγB0 ∂tδA∥ (C.8)

in Weyl gauge (δA0 = δϕ = 0, ∇ · δA = 0). The modified Maxwell’s equation lead to

0 = gaγγ(∇δa) · B0, (C.9)

after dropping terms quadratic in the perturbations, and it is obvious because δa only
depends on x3. We can also obtain

□δA = gaγγ(∂tδa)B0 (C.10)

which can be decomposed as

□δA∥ = gaγγ(∂tδa)B0, (C.11)
□δA⊥ = 0. (C.12)

Eq. (C.12) implies that δA⊥ decouples and does not mix with the axion field.
Under the plane-wave ansatz where δa(x3, t) = eiω(x3−t)a(x3), δA∥(x3, t) = eiω(x3−t)A∥,
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spatial double derivative with respect to x3(= z) becomes

∂2
zδa(x3, t) = ∂2

ze
iω(x3−t)a(x3)

= ∂z

[
iωeiω(x3−t) + eiω(x3−t) ∂3a(x3)

]
= eiω(x3−t)

[
−ω2 + 2iω ∂z + ∂2

z

]
a(x3)

≃ eiω(x3−t)
[
−ω2 + 2iω ∂z

]
a(x3) (C.13)

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

i
da(x3)

dx3
= m2

a

2ω a(x3) − 1
2B0A∥(x3). (C.14)

Eq. (C.11) can be similarly linearized

i
dA∥(x3)

dx3
= −1

2gaγγB0a(x3). (C.15)

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

d
dx3

+ M
)

Ψ(x3) = 0 (C.16)

with Ψ(x3) = (A∥(x3), a(x3))T and the mixing matrix

M =
 0 ∆aγ

∆aγ ∆a

 (C.17)

whose components are ∆a = −m2
a/(2ω) and ∆aγ = gaγγB0/2.

The solution of Eq. (C.16) is given by

a(x3) = (cos2 θe−iλ+x3 + sin2 θe−iλ−x3)a(0) + cos θ sin θ(e−iλ+x3 − e−iλ−x3)A∥(0), (C.18)
A(x3) = cos θ sin θ(e−iλ+x3 − e−iλ−x3)a(0) + (cos2 θe−iλ+x3 + sin2 θ e−iλ−x3)A∥(0) (C.19)

where λ± = (∆a ±
√

∆2
a + (2∆aγ)2)/2 (the signs correspond) are eigenvalues of the mixing

matrix M which is diagonalized by an orthogonal matrix

O =
cos θ − sin θ

sin θ cos θ

 . (C.20)



88 C.1. Conversion in a homogeneous magnetic field

Considering an initial state Ψ(0) = (A∥(0), a(0)) = (1, 0) propagating for a distance L,
for instance, a probability for photons converted into axions Pγ→a is given by

Pγ→a(L) = cos2 θ sin2 θ|e−iλ+L − e−iλ−L|2

= 2 cos2 θ sin2 θ(1 − cos[(λ+ − λ−)L])
= sin2 2θ sin2[(λ+ − λ−)L]

=
(
gaγγB0L

2

)2 sin2(∆oscL/2)
(∆oscL/2)2 (C.21)

with ∆osc =
√

∆2
a + (2∆aγ)2 = 2∆aγ

√
1 + (Ecr/E)2. Here, Ecr is a critical energy

Ecr = E
|∆a − ∆pl|

2∆aγ

(C.22)

≃ 2.5 × 107 |m2
a − ω2

pl|
(10−10 eV)2

(
µG
B0

)(
10−11 GeV−1

gaγγ

)
eV (C.23)

In high-energy limit E ≫ Ecr, the oscillation wavenumber becomes ∆osc ≃ 2∆aγ 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 Pγ→a =

(
gaγγB0L

2

)2
when ∆oscL ≪ 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.





References

[1] F. Zwicky. “On the Masses of Nebulae and of Clusters of Nebulae”. In: Astrophys.
J. 86 (1937), pp. 217–246. doi: 10.1086/143864.

[2] Benjamin R. Safdi. “TASI Lectures on the Particle Physics and Astrophysics of
Dark Matter”. In: PoS TASI2022 (2024), p. 009. doi: 10.22323/1.439.0009.
arXiv: 2303.02169 [hep-ph].

[3] R. D. Peccei and Helen R. Quinn. “CP Conservation in the Presence of Instantons”.
In: Phys. Rev. Lett. 38 (1977), pp. 1440–1443. doi: 10.1103/PhysRevLett.38.
1440.

[4] R. D. Peccei and Helen R. Quinn. “Constraints Imposed by CP Conservation in
the Presence of Instantons”. In: Phys. Rev. D 16 (1977), pp. 1791–1797. doi:
10.1103/PhysRevD.16.1791.

[5] Steven Weinberg. “A New Light Boson?” In: Phys. Rev. Lett. 40 (1978), pp. 223–
226. doi: 10.1103/PhysRevLett.40.223.

[6] Frank Wilczek. “Problem of Strong P and T Invariance in the Presence of Instan-
tons”. In: Phys. Rev. Lett. 40 (1978), pp. 279–282. doi: 10.1103/PhysRevLett.
40.279.

[7] Jihn E. Kim. “Weak Interaction Singlet and Strong CP Invariance”. In: Phys. Rev.
Lett. 43 (1979), p. 103. doi: 10.1103/PhysRevLett.43.103.

[8] Mikhail A. Shifman, A. I. Vainshtein, and Valentin I. Zakharov. “Can Confinement
Ensure Natural CP Invariance of Strong Interactions?” In: Nucl. Phys. B 166
(1980), pp. 493–506. doi: 10.1016/0550-3213(80)90209-6.

[9] Michael Dine, Willy Fischler, and Mark Srednicki. “A Simple Solution to the Strong
CP Problem with a Harmless Axion”. In: Phys. Lett. B 104 (1981), pp. 199–202.
doi: 10.1016/0370-2693(81)90590-6.

[10] A. R. Zhitnitsky. “On Possible Suppression of the Axion Hadron Interactions. (In
Russian)”. In: Sov. J. Nucl. Phys. 31 (1980), p. 260.

90

https://doi.org/10.1086/143864
https://doi.org/10.22323/1.439.0009
https://arxiv.org/abs/2303.02169
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1103/PhysRevD.16.1791
https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0370-2693(81)90590-6


References 91

[11] David J. E. Marsh. “Axion Cosmology”. In: Phys. Rept. 643 (2016), pp. 1–79. doi:
10.1016/j.physrep.2016.06.005. arXiv: 1510.07633 [astro-ph.CO].

[12] David J. E. Marsh. “Axions for amateurs”. In: Contemp. Phys. 64.1 (2023), pp. 1–
18. doi: 10.1080/00107514.2023.2256085. arXiv: 2308.16003 [physics.pop-ph].

[13] Masha Baryakhtar, Leslie Rosenberg, and Gray Rybka. “Searching for the QCD
Dark Matter Axion”. In: (Apr. 2025). arXiv: 2504.10607 [hep-ex].

[14] Peter Svrcek and Edward Witten. “Axions In String Theory”. In: JHEP 06 (2006),
p. 051. doi: 10.1088/1126-6708/2006/06/051. arXiv: hep-th/0605206.

[15] Asimina Arvanitaki et al. “String Axiverse”. In: Phys. Rev. D 81 (2010), p. 123530.
doi: 10.1103/PhysRevD.81.123530. arXiv: 0905.4720 [hep-th].

[16] Asimina Arvanitaki and Sergei Dubovsky. “Exploring the String Axiverse with
Precision Black Hole Physics”. In: Phys. Rev. D 83 (2011), p. 044026. doi: 10.
1103/PhysRevD.83.044026. arXiv: 1004.3558 [hep-th].

[17] Hiroyuki Tashiro, Joseph Silk, and David J. E. Marsh. “Constraints on primor-
dial magnetic fields from CMB distortions in the axiverse”. In: Phys. Rev. D
88.12 (2013), p. 125024. doi: 10.1103/PhysRevD.88.125024. arXiv: 1308.0314
[astro-ph.CO].

[18] Joshua W. Foster et al. “Dark Grand Unification in the axiverse: decaying axion
dark matter and spontaneous baryogenesis”. In: JHEP 12 (2022), p. 119. doi:
10.1007/JHEP12(2022)119. arXiv: 2208.10504 [hep-ph].

[19] Naomi Gendler et al. “Glimmers from the axiverse”. In: JCAP 09 (2024), p. 071.
doi: 10.1088/1475-7516/2024/09/071. arXiv: 2309.13145 [hep-th].

[20] Stephon Alexander, Tucker Manton, and Evan McDonough. “Field theory axi-
verse”. In: Phys. Rev. D 109.11 (2024), p. 116019. doi: 10.1103/PhysRevD.109.
116019. arXiv: 2404.11642 [hep-ph].

[21] Joseph P. Conlon. “Out of the Dark: WISPs in String Theory and the Early Uni-
verse”. In: PoS COSMICWISPers (2024), p. 001. doi: 10.22323/1.454.0001.
arXiv: 2402.04725 [hep-th].

[22] Matthew Reece. “Extra-dimensional axion expectations”. In: JHEP 07 (2025),
p. 130. doi: 10.1007/JHEP07(2025)130. arXiv: 2406.08543 [hep-ph].

https://doi.org/10.1016/j.physrep.2016.06.005
https://arxiv.org/abs/1510.07633
https://doi.org/10.1080/00107514.2023.2256085
https://arxiv.org/abs/2308.16003
https://arxiv.org/abs/2504.10607
https://doi.org/10.1088/1126-6708/2006/06/051
https://arxiv.org/abs/hep-th/0605206
https://doi.org/10.1103/PhysRevD.81.123530
https://arxiv.org/abs/0905.4720
https://doi.org/10.1103/PhysRevD.83.044026
https://doi.org/10.1103/PhysRevD.83.044026
https://arxiv.org/abs/1004.3558
https://doi.org/10.1103/PhysRevD.88.125024
https://arxiv.org/abs/1308.0314
https://arxiv.org/abs/1308.0314
https://doi.org/10.1007/JHEP12(2022)119
https://arxiv.org/abs/2208.10504
https://doi.org/10.1088/1475-7516/2024/09/071
https://arxiv.org/abs/2309.13145
https://doi.org/10.1103/PhysRevD.109.116019
https://doi.org/10.1103/PhysRevD.109.116019
https://arxiv.org/abs/2404.11642
https://doi.org/10.22323/1.454.0001
https://arxiv.org/abs/2402.04725
https://doi.org/10.1007/JHEP07(2025)130
https://arxiv.org/abs/2406.08543


92 References

[23] Naomi Gendler and David J. E. Marsh. “Possible Implications of QCD Axion Dark
Matter Constraints from Helioscopes and Haloscopes for the String Theory Land-
scape”. In: Phys. Rev. Lett. 134.8 (2025), p. 081602. doi: 10.1103/PhysRevLett.
134.081602. arXiv: 2407.07143 [hep-th].

[24] Prateek Agrawal, Michael Nee, and Mario Reig. “Axion couplings in heterotic
string theory”. In: JHEP 02 (2025), p. 188. doi: 10.1007/JHEP02(2025)188.
arXiv: 2410.03820 [hep-ph].

[25] Andreas Ringwald. “Searching for axions and ALPs from string theory”. In: J.
Phys. Conf. Ser. 485 (2014). Ed. by Myriam Mondragón et al., p. 012013. doi:
10.1088/1742-6596/485/1/012013. arXiv: 1209.2299 [hep-ph].

[26] Francesca Chadha-Day, John Ellis, and David J. E. Marsh. “Axion dark matter:
What is it and why now?” In: Sci. Adv. 8.8 (2022), abj3618. doi: 10.1126/sciadv.
abj3618. arXiv: 2105.01406 [hep-ph].

[27] Matthew Reece. “TASI Lectures: (No) Global Symmetries to Axion Physics”. In:
PoS TASI2022 (2024), p. 008. doi: 10.22323/1.439.0008. arXiv: 2304.08512
[hep-ph].

[28] Kiwoon Choi and Nicole Righi. “Axion theory and model building”. In: PoS COS-
MICWISPers (2024), p. 039. doi: 10.22323/1.454.0039. arXiv: 2401.17354
[hep-th].

[29] Peter W. Graham et al. “Experimental Searches for the Axion and Axion-Like
Particles”. In: Ann. Rev. Nucl. Part. Sci. 65 (2015), pp. 485–514. doi: 10.1146/
annurev-nucl-102014-022120. arXiv: 1602.00039 [hep-ex].

[30] Igor G. Irastorza and Javier Redondo. “New experimental approaches in the search
for axion-like particles”. In: Prog. Part. Nucl. Phys. 102 (2018), pp. 89–159. doi:
10.1016/j.ppnp.2018.05.003. arXiv: 1801.08127 [hep-ph].

[31] P. Sikivie. “Experimental Tests of the Invisible Axion”. In: Phys. Rev. Lett. 51
(1983). Ed. by M. A. Srednicki. [Erratum: Phys.Rev.Lett. 52, 695 (1984)], pp. 1415–
1417. doi: 10.1103/PhysRevLett.51.1415.

[32] K. Zioutas et al. “First results from the CERN Axion Solar Telescope (CAST)”.
In: Phys. Rev. Lett. 94 (2005), p. 121301. doi: 10.1103/PhysRevLett.94.121301.
arXiv: hep-ex/0411033.

https://doi.org/10.1103/PhysRevLett.134.081602
https://doi.org/10.1103/PhysRevLett.134.081602
https://arxiv.org/abs/2407.07143
https://doi.org/10.1007/JHEP02(2025)188
https://arxiv.org/abs/2410.03820
https://doi.org/10.1088/1742-6596/485/1/012013
https://arxiv.org/abs/1209.2299
https://doi.org/10.1126/sciadv.abj3618
https://doi.org/10.1126/sciadv.abj3618
https://arxiv.org/abs/2105.01406
https://doi.org/10.22323/1.439.0008
https://arxiv.org/abs/2304.08512
https://arxiv.org/abs/2304.08512
https://doi.org/10.22323/1.454.0039
https://arxiv.org/abs/2401.17354
https://arxiv.org/abs/2401.17354
https://doi.org/10.1146/annurev-nucl-102014-022120
https://doi.org/10.1146/annurev-nucl-102014-022120
https://arxiv.org/abs/1602.00039
https://doi.org/10.1016/j.ppnp.2018.05.003
https://arxiv.org/abs/1801.08127
https://doi.org/10.1103/PhysRevLett.51.1415
https://doi.org/10.1103/PhysRevLett.94.121301
https://arxiv.org/abs/hep-ex/0411033


References 93

[33] S. Andriamonje et al. “An Improved limit on the axion-photon coupling from the
CAST experiment”. In: JCAP 04 (2007), p. 010. doi: 10.1088/1475-7516/2007/
04/010. arXiv: hep-ex/0702006.

[34] E. Arik et al. “Probing eV-scale axions with CAST”. In: JCAP 02 (2009), p. 008.
doi: 10.1088/1475-7516/2009/02/008. arXiv: 0810.4482 [hep-ex].

[35] S. Aune et al. “CAST search for sub-eV mass solar axions with 3He buffer gas”. In:
Phys. Rev. Lett. 107 (2011), p. 261302. doi: 10.1103/PhysRevLett.107.261302.
arXiv: 1106.3919 [hep-ex].

[36] M. Arik et al. “Search for Solar Axions by the CERN Axion Solar Telescope with
3He Buffer Gas: Closing the Hot Dark Matter Gap”. In: Phys. Rev. Lett. 112.9
(2014), p. 091302. doi: 10.1103/PhysRevLett.112.091302. arXiv: 1307.1985
[hep-ex].

[37] M. Arik et al. “New solar axion search using the CERN Axion Solar Telescope with
4He filling”. In: Phys. Rev. D 92.2 (2015), p. 021101. doi: 10.1103/PhysRevD.92.
021101. arXiv: 1503.00610 [hep-ex].

[38] V. Anastassopoulos et al. “New CAST Limit on the Axion-Photon Interaction”. In:
Nature Phys. 13 (2017), pp. 584–590. doi: 10.1038/nphys4109. arXiv: 1705.02290
[hep-ex].

[39] K. Altenmüller et al. “New Upper Limit on the Axion-Photon Coupling with an
Extended CAST Run with a Xe-Based Micromegas Detector”. In: Phys. Rev. Lett.
133.22 (2024), p. 221005. doi: 10.1103/PhysRevLett.133.221005. arXiv: 2406.
16840 [hep-ex].

[40] E. Armengaud et al. “Physics potential of the International Axion Observatory
(IAXO)”. In: JCAP 06 (2019), p. 047. doi: 10.1088/1475-7516/2019/06/047.
arXiv: 1904.09155 [hep-ph].

[41] A. Abeln et al. “Conceptual design of BabyIAXO, the intermediate stage towards
the International Axion Observatory”. In: JHEP 05 (2021), p. 137. doi: 10.1007/
JHEP05(2021)137. arXiv: 2010.12076 [physics.ins-det].

[42] D. Basilico et al. “Search for high energy 5.5 MeV solar axions with the complete
Borexino dataset”. In: Eur. Phys. J. C 85.10 (2025), p. 1182. doi: 10.1140/epjc/
s10052-025-14811-9. arXiv: 2504.19135 [hep-ex].

https://doi.org/10.1088/1475-7516/2007/04/010
https://doi.org/10.1088/1475-7516/2007/04/010
https://arxiv.org/abs/hep-ex/0702006
https://doi.org/10.1088/1475-7516/2009/02/008
https://arxiv.org/abs/0810.4482
https://doi.org/10.1103/PhysRevLett.107.261302
https://arxiv.org/abs/1106.3919
https://doi.org/10.1103/PhysRevLett.112.091302
https://arxiv.org/abs/1307.1985
https://arxiv.org/abs/1307.1985
https://doi.org/10.1103/PhysRevD.92.021101
https://doi.org/10.1103/PhysRevD.92.021101
https://arxiv.org/abs/1503.00610
https://doi.org/10.1038/nphys4109
https://arxiv.org/abs/1705.02290
https://arxiv.org/abs/1705.02290
https://doi.org/10.1103/PhysRevLett.133.221005
https://arxiv.org/abs/2406.16840
https://arxiv.org/abs/2406.16840
https://doi.org/10.1088/1475-7516/2019/06/047
https://arxiv.org/abs/1904.09155
https://doi.org/10.1007/JHEP05(2021)137
https://doi.org/10.1007/JHEP05(2021)137
https://arxiv.org/abs/2010.12076
https://doi.org/10.1140/epjc/s10052-025-14811-9
https://doi.org/10.1140/epjc/s10052-025-14811-9
https://arxiv.org/abs/2504.19135


94 References

[43] Stephen J. Asztalos et al. “Large scale microwave cavity search for dark matter
axions”. In: Phys. Rev. D 64 (2001), p. 092003. doi: 10.1103/PhysRevD.64.
092003.

[44] S. J. Asztalos et al. “An Improved RF cavity search for halo axions”. In: Phys.
Rev. D 69 (2004), p. 011101. doi: 10.1103/PhysRevD.69.011101. arXiv: astro-
ph/0310042.

[45] Leanne D. Duffy et al. “A high resolution search for dark-matter axions”. In: Phys.
Rev. D 74 (2006), p. 012006. doi: 10.1103/PhysRevD.74.012006. arXiv: astro-
ph/0603108.

[46] S. J. Asztalos et al. “A SQUID-based microwave cavity search for dark-matter
axions”. In: Phys. Rev. Lett. 104 (2010), p. 041301. doi: 10.1103/PhysRevLett.
104.041301. arXiv: 0910.5914 [astro-ph.CO].

[47] J. Hoskins et al. “Modulation sensitive search for nonvirialized dark-matter ax-
ions”. In: Phys. Rev. D 94.8 (2016), p. 082001. doi: 10.1103/PhysRevD.94.
082001. arXiv: 1804.08770 [astro-ph.CO].

[48] N. Du et al. “A Search for Invisible Axion Dark Matter with the Axion Dark
Matter Experiment”. In: Phys. Rev. Lett. 120.15 (2018), p. 151301. doi: 10.1103/
PhysRevLett.120.151301. arXiv: 1804.05750 [hep-ex].

[49] T. Braine et al. “Extended Search for the Invisible Axion with the Axion Dark
Matter Experiment”. In: Phys. Rev. Lett. 124.10 (2020), p. 101303. doi: 10.1103/
PhysRevLett.124.101303. arXiv: 1910.08638 [hep-ex].

[50] R. Khatiwada et al. “Axion Dark Matter Experiment: Detailed design and opera-
tions”. In: Rev. Sci. Instrum. 92.12 (2021), p. 124502. doi: 10.1063/5.0037857.
arXiv: 2010.00169 [astro-ph.IM].

[51] C. M. Adair et al. “Search for Dark Matter Axions with CAST-CAPP”. In: Nature
Commun. 13.1 (2022), p. 6180. doi: 10 . 1038 / s41467 - 022 - 33913 - 6. arXiv:
2211.02902 [hep-ex].

[52] Klaus Ehret et al. “New ALPS Results on Hidden-Sector Lightweights”. In: Phys.
Lett. B 689 (2010), pp. 149–155. doi: 10.1016/j.physletb.2010.04.066. arXiv:
1004.1313 [hep-ex].

[53] Katharina-Sophie Isleif. “The Any Light Particle Search Experiment at DESY”. In:
Moscow Univ. Phys. Bull. 77.2 (2022), pp. 120–125. doi: 10.3103/S002713492202045X.
arXiv: 2202.07306 [hep-ex].

https://doi.org/10.1103/PhysRevD.64.092003
https://doi.org/10.1103/PhysRevD.64.092003
https://doi.org/10.1103/PhysRevD.69.011101
https://arxiv.org/abs/astro-ph/0310042
https://arxiv.org/abs/astro-ph/0310042
https://doi.org/10.1103/PhysRevD.74.012006
https://arxiv.org/abs/astro-ph/0603108
https://arxiv.org/abs/astro-ph/0603108
https://doi.org/10.1103/PhysRevLett.104.041301
https://doi.org/10.1103/PhysRevLett.104.041301
https://arxiv.org/abs/0910.5914
https://doi.org/10.1103/PhysRevD.94.082001
https://doi.org/10.1103/PhysRevD.94.082001
https://arxiv.org/abs/1804.08770
https://doi.org/10.1103/PhysRevLett.120.151301
https://doi.org/10.1103/PhysRevLett.120.151301
https://arxiv.org/abs/1804.05750
https://doi.org/10.1103/PhysRevLett.124.101303
https://doi.org/10.1103/PhysRevLett.124.101303
https://arxiv.org/abs/1910.08638
https://doi.org/10.1063/5.0037857
https://arxiv.org/abs/2010.00169
https://doi.org/10.1038/s41467-022-33913-6
https://arxiv.org/abs/2211.02902
https://doi.org/10.1016/j.physletb.2010.04.066
https://arxiv.org/abs/1004.1313
https://doi.org/10.3103/S002713492202045X
https://arxiv.org/abs/2202.07306


References 95

[54] Daniel C. Brotherton et al. “Any Light Particle Searches with ALPS II: first science
results”. In: (Dec. 2025). arXiv: 2512.14110 [hep-ex].

[55] R. Ballou et al. “New exclusion limits on scalar and pseudoscalar axionlike particles
from light shining through a wall”. In: Phys. Rev. D 92.9 (2015), p. 092002. doi:
10.1103/PhysRevD.92.092002. arXiv: 1506.08082 [hep-ex].

[56] Alessandro Mirizzi, Javier Redondo, and Gunter Sigl. “Constraining resonant photon-
axion conversions in the Early Universe”. In: JCAP 08 (2009), p. 001. doi: 10.
1088/1475-7516/2009/08/001. arXiv: 0905.4865 [hep-ph].

[57] Nicola Bassan, Alessandro Mirizzi, and Marco Roncadelli. “Axion-like particle ef-
fects on the polarization of cosmic high-energy gamma sources”. In: JCAP 05
(2010), p. 010. doi: 10 . 1088 / 1475 - 7516 / 2010 / 05 / 010. arXiv: 1001 . 5267
[astro-ph.HE].

[58] Denis Wouters and Pierre Brun. “Constraints on Axion-like Particles from X-Ray
Observations of the Hydra Galaxy Cluster”. In: Astrophys. J. 772 (2013), p. 44.
doi: 10.1088/0004-637X/772/1/44. arXiv: 1304.0989 [astro-ph.HE].

[59] Alexandre Payez et al. “Revisiting the SN1987A gamma-ray limit on ultralight
axion-like particles”. In: JCAP 02 (2015), p. 006. doi: 10.1088/1475- 7516/
2015/02/006. arXiv: 1410.3747 [astro-ph.HE].

[60] M. Meyer et al. “Fermi Large Area Telescope as a Galactic Supernovae Axion-
scope”. In: Phys. Rev. Lett. 118.1 (2017), p. 011103. doi: 10.1103/PhysRevLett.
118.011103. arXiv: 1609.02350 [astro-ph.HE].

[61] Maurizio Giannotti et al. “Stellar Recipes for Axion Hunters”. In: JCAP 10 (2017),
p. 010. doi: 10.1088/1475-7516/2017/10/010. arXiv: 1708.02111 [hep-ph].

[62] M. C. David Marsh et al. “A New Bound on Axion-Like Particles”. In: JCAP 12
(2017), p. 036. doi: 10.1088/1475- 7516/2017/12/036. arXiv: 1703.07354
[hep-ph].

[63] Christopher S. Reynolds et al. “Astrophysical limits on very light axion-like par-
ticles from Chandra grating spectroscopy of NGC 1275”. In: Astrophys. J. 890
(2020), p. 59. doi: 10.3847/1538-4357/ab6a0c. arXiv: 1907.05475 [hep-ph].

[64] Júlia Sisk Reynés et al. “New constraints on light axion-like particles using Chandra
transmission grating spectroscopy of the powerful cluster-hosted quasar H1821+643”.
In: Mon. Not. Roy. Astron. Soc. 510.1 (2021), pp. 1264–1277. doi: 10.1093/mnras/
stab3464. arXiv: 2109.03261 [astro-ph.HE].

https://arxiv.org/abs/2512.14110
https://doi.org/10.1103/PhysRevD.92.092002
https://arxiv.org/abs/1506.08082
https://doi.org/10.1088/1475-7516/2009/08/001
https://doi.org/10.1088/1475-7516/2009/08/001
https://arxiv.org/abs/0905.4865
https://doi.org/10.1088/1475-7516/2010/05/010
https://arxiv.org/abs/1001.5267
https://arxiv.org/abs/1001.5267
https://doi.org/10.1088/0004-637X/772/1/44
https://arxiv.org/abs/1304.0989
https://doi.org/10.1088/1475-7516/2015/02/006
https://doi.org/10.1088/1475-7516/2015/02/006
https://arxiv.org/abs/1410.3747
https://doi.org/10.1103/PhysRevLett.118.011103
https://doi.org/10.1103/PhysRevLett.118.011103
https://arxiv.org/abs/1609.02350
https://doi.org/10.1088/1475-7516/2017/10/010
https://arxiv.org/abs/1708.02111
https://doi.org/10.1088/1475-7516/2017/12/036
https://arxiv.org/abs/1703.07354
https://arxiv.org/abs/1703.07354
https://doi.org/10.3847/1538-4357/ab6a0c
https://arxiv.org/abs/1907.05475
https://doi.org/10.1093/mnras/stab3464
https://doi.org/10.1093/mnras/stab3464
https://arxiv.org/abs/2109.03261


96 References

[65] Francesca Calore et al. “Bounds on axionlike particles from the diffuse supernova
flux”. In: Phys. Rev. D 102.12 (2020), p. 123005. doi: 10.1103/PhysRevD.102.
123005. arXiv: 2008.11741 [hep-ph].

[66] Pierluca Carenza et al. “Enhanced Supernova Axion Emission and its Implica-
tions”. In: Phys. Rev. Lett. 126.7 (2021), p. 071102. doi: 10.1103/PhysRevLett.
126.071102. arXiv: 2010.02943 [hep-ph].

[67] Melissa Diamond et al. “Axion-sourced fireballs from supernovae”. In: Phys. Rev.
D 107.10 (2023). [Erratum: Phys.Rev.D 108, 049902 (2023)], p. 103029. doi: 10.
1103/PhysRevD.107.103029. arXiv: 2303.11395 [hep-ph].

[68] Dion Noordhuis et al. “Novel Constraints on Axions Produced in Pulsar Polar-
Cap Cascades”. In: Phys. Rev. Lett. 131.11 (2023), p. 111004. doi: 10 . 1103 /
PhysRevLett.131.111004. arXiv: 2209.09917 [hep-ph].

[69] Sebastian Hoof and Lena Schulz. “Updated constraints on axion-like particles
from temporal information in supernova SN1987A gamma-ray data”. In: JCAP
03 (2023), p. 054. doi: 10.1088/1475-7516/2023/03/054. arXiv: 2212.09764
[hep-ph].

[70] Konstantin Springmann et al. “Universal bound on QCD axions from supernovae”.
In: Phys. Rev. D 112.7 (2025), p. 075009. doi: 10.1103/18t2-1w3b. arXiv: 2410.
19902 [hep-ph].

[71] Zixuan Xu and Sibo Zheng. “Lyman-α limit on axionlike cold dark matter”. In:
Phys. Rev. D 111.6 (2025), p. 063525. doi: 10.1103/PhysRevD.111.063525.
arXiv: 2410.15675 [hep-ph].

[72] Bryce Cyr, Jens Chluba, and Pranav Bharadwaj Gangrekalve Manoj. “Revisiting
Constraints on Resonant Axion-Photon Conversions from CMB Spectral Distor-
tions”. In: (Nov. 2024). arXiv: 2411.13701 [astro-ph.CO].

[73] Alessandro Lella et al. “Protoneutron stars as cosmic factories for massive axionlike
particles”. In: Phys. Rev. D 107.10 (2023), p. 103017. doi: 10.1103/PhysRevD.
107.103017. arXiv: 2211.13760 [hep-ph].

[74] Alessandro Lella et al. “Getting the most on supernova axions”. In: Phys. Rev. D
109.2 (2024), p. 023001. doi: 10.1103/PhysRevD.109.023001. arXiv: 2306.01048
[hep-ph].

https://doi.org/10.1103/PhysRevD.102.123005
https://doi.org/10.1103/PhysRevD.102.123005
https://arxiv.org/abs/2008.11741
https://doi.org/10.1103/PhysRevLett.126.071102
https://doi.org/10.1103/PhysRevLett.126.071102
https://arxiv.org/abs/2010.02943
https://doi.org/10.1103/PhysRevD.107.103029
https://doi.org/10.1103/PhysRevD.107.103029
https://arxiv.org/abs/2303.11395
https://doi.org/10.1103/PhysRevLett.131.111004
https://doi.org/10.1103/PhysRevLett.131.111004
https://arxiv.org/abs/2209.09917
https://doi.org/10.1088/1475-7516/2023/03/054
https://arxiv.org/abs/2212.09764
https://arxiv.org/abs/2212.09764
https://doi.org/10.1103/18t2-1w3b
https://arxiv.org/abs/2410.19902
https://arxiv.org/abs/2410.19902
https://doi.org/10.1103/PhysRevD.111.063525
https://arxiv.org/abs/2410.15675
https://arxiv.org/abs/2411.13701
https://doi.org/10.1103/PhysRevD.107.103017
https://doi.org/10.1103/PhysRevD.107.103017
https://arxiv.org/abs/2211.13760
https://doi.org/10.1103/PhysRevD.109.023001
https://arxiv.org/abs/2306.01048
https://arxiv.org/abs/2306.01048


References 97

[75] Alessandro Lella et al. “Supernova limits on QCD axionlike particles”. In: Phys.
Rev. D 110.4 (2024), p. 043019. doi: 10.1103/PhysRevD.110.043019. arXiv:
2405.00153 [hep-ph].

[76] Alessandro Lella et al. “Probing protoneutron stars with gamma-ray axionscopes”.
In: JCAP 11 (2024), p. 009. doi: 10.1088/1475- 7516/2024/11/009. arXiv:
2405.02395 [hep-ph].

[77] Claudio Andrea Manzari et al. “Supernova Axions Convert to Gamma Rays in
Magnetic Fields of Progenitor Stars”. In: Phys. Rev. Lett. 133.21 (2024), p. 211002.
doi: 10.1103/PhysRevLett.133.211002. arXiv: 2405.19393 [hep-ph].

[78] Pierluca Carenza et al. “Improved axion emissivity from a supernova via nucleon-
nucleon bremsstrahlung”. In: JCAP 10.10 (2019). [Erratum: JCAP 05, E01 (2020)],
p. 016. doi: 10.1088/1475-7516/2019/10/016. arXiv: 1906.11844 [hep-ph].

[79] Gautham Adamane Pallathadka et al. “Reconciling hints on axion-like-particles
from high-energy gamma rays with stellar bounds”. In: JCAP 11 (2021), p. 036.
doi: 10.1088/1475-7516/2021/11/036. arXiv: 2008.08100 [hep-ph].

[80] Pierluca Carenza. “Axion emission from supernovae: a cheatsheet”. In: Eur. Phys.
J. Plus 138.9 (2023), p. 836. doi: 10.1140/epjp/s13360-023-04484-2. arXiv:
2309.14798 [hep-ph].

[81] P. Carenza et al. “Detecting supernova axions with IAXO”. In: JCAP 07 (2025),
p. 075. doi: 10.1088/1475-7516/2025/07/075. arXiv: 2502.19476 [hep-ph].

[82] Júlia Sisk-Reynés et al. “Physics Beyond the Standard Model with Future X-
Ray Observatories: Projected Constraints on Very-light Axion-like Particles with
Athena and AXIS”. In: Astrophys. J. 951.1 (2023), p. 5. doi: 10.3847/1538-
4357/acd116. arXiv: 2211.05136 [astro-ph.HE].

[83] Giorgio Galanti et al. “ALP induced polarization effects on photons from galaxy
clusters”. In: Phys. Rev. D 107.10 (2023), p. 103007. doi: 10.1103/PhysRevD.
107.103007. arXiv: 2202.12286 [astro-ph.HE].

[84] Giorgio Galanti. “Photon-ALP oscillations inducing modifications to photon po-
larization”. In: Phys. Rev. D 107.4 (2023), p. 043006. doi: 10.1103/PhysRevD.
107.043006. arXiv: 2202.11675 [astro-ph.HE].

[85] Andrea Caputo and Georg Raffelt. “Astrophysical Axion Bounds: The 2024 Edi-
tion”. In: PoS COSMICWISPers (2024), p. 041. doi: 10.22323/1.454.0041.
arXiv: 2401.13728 [hep-ph].

https://doi.org/10.1103/PhysRevD.110.043019
https://arxiv.org/abs/2405.00153
https://doi.org/10.1088/1475-7516/2024/11/009
https://arxiv.org/abs/2405.02395
https://doi.org/10.1103/PhysRevLett.133.211002
https://arxiv.org/abs/2405.19393
https://doi.org/10.1088/1475-7516/2019/10/016
https://arxiv.org/abs/1906.11844
https://doi.org/10.1088/1475-7516/2021/11/036
https://arxiv.org/abs/2008.08100
https://doi.org/10.1140/epjp/s13360-023-04484-2
https://arxiv.org/abs/2309.14798
https://doi.org/10.1088/1475-7516/2025/07/075
https://arxiv.org/abs/2502.19476
https://doi.org/10.3847/1538-4357/acd116
https://doi.org/10.3847/1538-4357/acd116
https://arxiv.org/abs/2211.05136
https://doi.org/10.1103/PhysRevD.107.103007
https://doi.org/10.1103/PhysRevD.107.103007
https://arxiv.org/abs/2202.12286
https://doi.org/10.1103/PhysRevD.107.043006
https://doi.org/10.1103/PhysRevD.107.043006
https://arxiv.org/abs/2202.11675
https://doi.org/10.22323/1.454.0041
https://arxiv.org/abs/2401.13728


98 References

[86] Pierluca Carenza et al. “Axion astrophysics”. In: Phys. Rept. 1117 (2025), pp. 1–
102. doi: 10.1016/j.physrep.2025.02.002. arXiv: 2411.02492 [hep-ph].

[87] Alessandro Mirizzi, Georg G. Raffelt, and Pasquale D. Serpico. “Signatures of
Axion-Like Particles in the Spectra of TeV Gamma-Ray Sources”. In: Phys. Rev.
D 76 (2007), p. 023001. doi: 10.1103/PhysRevD.76.023001. arXiv: 0704.3044
[astro-ph].

[88] Dan Hooper and Pasquale D. Serpico. “Detecting Axion-Like Particles With Gamma
Ray Telescopes”. In: Phys. Rev. Lett. 99 (2007), p. 231102. doi: 10.1103/PhysRevLett.
99.231102. arXiv: 0706.3203 [hep-ph].

[89] Alessandro De Angelis, Marco Roncadelli, and Oriana Mansutti. “Evidence for a
new light spin-zero boson from cosmological gamma-ray propagation?” In: Phys.
Rev. D 76 (2007), p. 121301. doi: 10.1103/PhysRevD.76.121301. arXiv: 0707.
4312 [astro-ph].

[90] Alessandro De Angelis, Oriana Mansutti, and Marco Roncadelli. “Axion-Like Par-
ticles, Cosmic Magnetic Fields and Gamma-Ray Astrophysics”. In: Phys. Lett.
B 659 (2008), pp. 847–855. doi: 10.1016/j.physletb.2007.12.012. arXiv:
0707.2695 [astro-ph].

[91] Kathrin A. Hochmuth and Guenter Sigl. “Effects of Axion-Photon Mixing on
Gamma-Ray Spectra from Magnetized Astrophysical Sources”. In: Phys. Rev. D
76 (2007), p. 123011. doi: 10.1103/PhysRevD.76.123011. arXiv: 0708.1144
[astro-ph].

[92] Melanie Simet, Dan Hooper, and Pasquale D. Serpico. “The Milky Way as a
Kiloparsec-Scale Axionscope”. In: Phys. Rev. D 77 (2008), p. 063001. doi: 10.
1103/PhysRevD.77.063001. arXiv: 0712.2825 [astro-ph].

[93] M. A. Sanchez-Conde et al. “Hints of the existence of Axion-Like-Particles from the
gamma-ray spectra of cosmological sources”. In: Phys. Rev. D 79 (2009), p. 123511.
doi: 10.1103/PhysRevD.79.123511. arXiv: 0905.3270 [astro-ph.CO].

[94] Nicola Bassan and Marco Roncadelli. “Photon-axion conversion in Active Galactic
Nuclei?” In: (May 2009). arXiv: 0905.3752 [astro-ph.HE].

[95] Alessandro Mirizzi and Daniele Montanino. “Stochastic conversions of TeV pho-
tons into axion-like particles in extragalactic magnetic fields”. In: JCAP 12 (2009),
p. 004. doi: 10.1088/1475-7516/2009/12/004. arXiv: 0911.0015 [astro-ph.HE].

https://doi.org/10.1016/j.physrep.2025.02.002
https://arxiv.org/abs/2411.02492
https://doi.org/10.1103/PhysRevD.76.023001
https://arxiv.org/abs/0704.3044
https://arxiv.org/abs/0704.3044
https://doi.org/10.1103/PhysRevLett.99.231102
https://doi.org/10.1103/PhysRevLett.99.231102
https://arxiv.org/abs/0706.3203
https://doi.org/10.1103/PhysRevD.76.121301
https://arxiv.org/abs/0707.4312
https://arxiv.org/abs/0707.4312
https://doi.org/10.1016/j.physletb.2007.12.012
https://arxiv.org/abs/0707.2695
https://doi.org/10.1103/PhysRevD.76.123011
https://arxiv.org/abs/0708.1144
https://arxiv.org/abs/0708.1144
https://doi.org/10.1103/PhysRevD.77.063001
https://doi.org/10.1103/PhysRevD.77.063001
https://arxiv.org/abs/0712.2825
https://doi.org/10.1103/PhysRevD.79.123511
https://arxiv.org/abs/0905.3270
https://arxiv.org/abs/0905.3752
https://doi.org/10.1088/1475-7516/2009/12/004
https://arxiv.org/abs/0911.0015


References 99

[96] Alexander V. Belikov, Lisa Goodenough, and Dan Hooper. “No Indications of
Axion-Like Particles From Fermi”. In: Phys. Rev. D 83 (2011), p. 063005. doi:
10.1103/PhysRevD.83.063005. arXiv: 1007.4862 [astro-ph.HE].

[97] Alessandro De Angelis, Giorgio Galanti, and Marco Roncadelli. “Relevance of
axion-like particles for very-high-energy astrophysics”. In: Phys. Rev. D 84 (2011).
[Erratum: Phys.Rev.D 87, 109903 (2013)], p. 105030. doi: 10.1103/PhysRevD.
84.105030. arXiv: 1106.1132 [astro-ph.HE].

[98] Fabrizio Tavecchio et al. “Evidence for an axion-like particle from PKS 1222+216?”
In: Phys. Rev. D 86 (2012), p. 085036. doi: 10.1103/PhysRevD.86.085036. arXiv:
1202.6529 [astro-ph.HE].

[99] Dieter Horns et al. “Hardening of TeV gamma spectrum of AGNs in galaxy clus-
ters by conversions of photons into axion-like particles”. In: Phys. Rev. D 86
(2012), p. 075024. doi: 10 . 1103 / PhysRevD . 86 . 075024. arXiv: 1207 . 0776
[astro-ph.HE].

[100] Manuel Meyer, Dieter Horns, and Martin Raue. “First lower limits on the photon-
axion-like particle coupling from very high energy gamma-ray observations”. In:
Phys. Rev. D 87.3 (2013), p. 035027. doi: 10.1103/PhysRevD.87.035027. arXiv:
1302.1208 [astro-ph.HE].

[101] A. Abramowski et al. “Constraints on axionlike particles with H.E.S.S. from the
irregularity of the PKS 2155-304 energy spectrum”. In: Phys. Rev. D 88.10 (2013),
p. 102003. doi: 10.1103/PhysRevD.88.102003. arXiv: 1311.3148 [astro-ph.HE].

[102] Manuel Meyer, Daniele Montanino, and Jan Conrad. “On detecting oscillations of
gamma rays into axion-like particles in turbulent and coherent magnetic fields”.
In: JCAP 09 (2014), p. 003. doi: 10.1088/1475- 7516/2014/09/003. arXiv:
1406.5972 [astro-ph.HE].

[103] Manuel Meyer and J. Conrad. “Sensitivity of the Cherenkov Telescope Array to
the detection of axion-like particles at high gamma-ray opacities”. In: JCAP 12
(2014), p. 016. doi: 10 . 1088 / 1475 - 7516 / 2014 / 12 / 016. arXiv: 1410 . 1556
[astro-ph.HE].

[104] Alexandra Dobrynina, Alexander Kartavtsev, and Georg Raffelt. “Photon-photon
dispersion of TeV gamma rays and its role for photon-ALP conversion”. In: Phys.
Rev. D 91 (2015). [Erratum: Phys.Rev.D 95, 109905 (2017)], p. 083003. doi: 10.
1103/PhysRevD.91.083003. arXiv: 1412.4777 [astro-ph.HE].

https://doi.org/10.1103/PhysRevD.83.063005
https://arxiv.org/abs/1007.4862
https://doi.org/10.1103/PhysRevD.84.105030
https://doi.org/10.1103/PhysRevD.84.105030
https://arxiv.org/abs/1106.1132
https://doi.org/10.1103/PhysRevD.86.085036
https://arxiv.org/abs/1202.6529
https://doi.org/10.1103/PhysRevD.86.075024
https://arxiv.org/abs/1207.0776
https://arxiv.org/abs/1207.0776
https://doi.org/10.1103/PhysRevD.87.035027
https://arxiv.org/abs/1302.1208
https://doi.org/10.1103/PhysRevD.88.102003
https://arxiv.org/abs/1311.3148
https://doi.org/10.1088/1475-7516/2014/09/003
https://arxiv.org/abs/1406.5972
https://doi.org/10.1088/1475-7516/2014/12/016
https://arxiv.org/abs/1410.1556
https://arxiv.org/abs/1410.1556
https://doi.org/10.1103/PhysRevD.91.083003
https://doi.org/10.1103/PhysRevD.91.083003
https://arxiv.org/abs/1412.4777


100 References

[105] A. Kartavtsev, G. Raffelt, and H. Vogel. “Extragalactic photon-ALP conversion at
CTA energies”. In: JCAP 01 (2017), p. 024. doi: 10.1088/1475-7516/2017/01/
024. arXiv: 1611.04526 [astro-ph.HE].

[106] Manuel Meyer. “Searches for Axionlike Particles Using γ-Ray Observations”. In:
12th Patras Workshop on Axions, WIMPs and WISPs. 2017, pp. 102–111. doi: 10.
3204/DESY-PROC-2009-03/Meyer_Manuel. arXiv: 1611.07784 [astro-ph.HE].

[107] Hendrik Vogel, Ranjan Laha, and Manuel Meyer. “Diffuse axion-like particle searches”.
In: PoS NOW2018 (2019). Ed. by Antonio Marrone, Alessandro Mirizzi, and
Daniele Montanino, p. 091. doi: 10.22323/1.337.0091. arXiv: 1712.01839
[hep-ph].

[108] Kazunori Kohri and Hideo Kodama. “Axion-Like Particles and Recent Observa-
tions of the Cosmic Infrared Background Radiation”. In: Phys. Rev. D 96.5 (2017),
p. 051701. doi: 10.1103/PhysRevD.96.051701. arXiv: 1704.05189 [hep-ph].

[109] Jhilik Majumdar, Francesca Calore, and Dieter Horns. “Search for gamma-ray
spectral modulations in Galactic pulsars”. In: JCAP 04 (2018), p. 048. doi: 10.
1088/1475-7516/2018/04/048. arXiv: 1801.08813 [hep-ph].

[110] Cun Zhang et al. “New bounds on axionlike particles from the Fermi Large Area
Telescope observation of PKS 2155-304”. In: Phys. Rev. D 97.6 (2018), p. 063009.
doi: 10.1103/PhysRevD.97.063009. arXiv: 1802.08420 [hep-ph].

[111] Giorgio Galanti et al. “Blazar VHE spectral alterations induced by photon–ALP
oscillations”. In: Mon. Not. Roy. Astron. Soc. 487.1 (2019), pp. 123–132. doi:
10.1093/mnras/stz1144. arXiv: 1811.03548 [astro-ph.HE].

[112] G. B. Long et al. “Testing the CIBER cosmic infrared background measurements
and axionlike particles with observations of TeV blazars”. In: Phys. Rev. D 101.6
(2020), p. 063004. doi: 10.1103/PhysRevD.101.063004. arXiv: 1912.05309
[astro-ph.HE].

[113] R. Buehler et al. “Search for the imprint of axion-like particles in the highest-energy
photons of hard γ-ray blazars”. In: JCAP 09 (2020), p. 027. doi: 10.1088/1475-
7516/2020/09/027. arXiv: 2004.09396 [astro-ph.HE].

[114] Leonardo Mastrototaro et al. “Constraining axion-like particles with the diffuse
gamma-ray flux measured by the Large High Altitude Air Shower Observatory”.
In: Eur. Phys. J. C 82.11 (2022), p. 1012. doi: 10.1140/epjc/s10052- 022-
10979-6. arXiv: 2206.08945 [hep-ph].

https://doi.org/10.1088/1475-7516/2017/01/024
https://doi.org/10.1088/1475-7516/2017/01/024
https://arxiv.org/abs/1611.04526
https://doi.org/10.3204/DESY-PROC-2009-03/Meyer_Manuel
https://doi.org/10.3204/DESY-PROC-2009-03/Meyer_Manuel
https://arxiv.org/abs/1611.07784
https://doi.org/10.22323/1.337.0091
https://arxiv.org/abs/1712.01839
https://arxiv.org/abs/1712.01839
https://doi.org/10.1103/PhysRevD.96.051701
https://arxiv.org/abs/1704.05189
https://doi.org/10.1088/1475-7516/2018/04/048
https://doi.org/10.1088/1475-7516/2018/04/048
https://arxiv.org/abs/1801.08813
https://doi.org/10.1103/PhysRevD.97.063009
https://arxiv.org/abs/1802.08420
https://doi.org/10.1093/mnras/stz1144
https://arxiv.org/abs/1811.03548
https://doi.org/10.1103/PhysRevD.101.063004
https://arxiv.org/abs/1912.05309
https://arxiv.org/abs/1912.05309
https://doi.org/10.1088/1475-7516/2020/09/027
https://doi.org/10.1088/1475-7516/2020/09/027
https://arxiv.org/abs/2004.09396
https://doi.org/10.1140/epjc/s10052-022-10979-6
https://doi.org/10.1140/epjc/s10052-022-10979-6
https://arxiv.org/abs/2206.08945


References 101

[115] L. J. Dong et al. “Photon-ALP beam propagation from Mrk 501”. In: Phys. Rev. D
111.6 (2025), p. 063073. doi: 10.1103/PhysRevD.111.063073. arXiv: 2502.20804
[astro-ph.HE].

[116] Ji-Gui Cheng et al. “Revisiting the analysis of axion-like particles with the Fermi-
LAT gamma-ray observation of NGC1275”. In: Phys. Lett. B 821 (2021), p. 136611.
doi: 10.1016/j.physletb.2021.136611. arXiv: 2010.12396 [astro-ph.HE].

[117] James Davies, Manuel Meyer, and Garret Cotter. “Relevance of jet magnetic field
structure for blazar axionlike particle searches”. In: Phys. Rev. D 103.2 (2021),
p. 023008. doi: 10.1103/PhysRevD.103.023008. arXiv: 2011.08123 [astro-ph.HE].

[118] Junguang Guo et al. “Implications of axion-like particles from the Fermi-LAT and
H.E.S.S. observations of PG 1553+113 and PKS 2155−304”. In: Chin. Phys. C
45.2 (2021), p. 025105. doi: 10.1088/1674-1137/abcd2e. arXiv: 2002.07571
[astro-ph.HE].

[119] Christopher Eckner and Francesca Calore. “First constraints on axionlike particles
from Galactic sub-PeV gamma rays”. In: Phys. Rev. D 106.8 (2022), p. 083020.
doi: 10.1103/PhysRevD.106.083020. arXiv: 2204.12487 [astro-ph.HE].

[120] Lin-Qing Gao et al. “Constraints on axionlike particles from observations of Mrk
421 using the CLs method”. In: Phys. Rev. D 109.6 (2024), p. 063003. doi: 10.
1103/PhysRevD.109.063003. arXiv: 2309.02166 [astro-ph.HE].

[121] Bhanu Prakash Pant et al. “Implications of photon-ALP oscillations in the ex-
tragalactic neutrino source TXS 0506+056 at sub-PeV energies”. In: Phys. Rev. D
108.2 (2023), p. 023016. doi: 10.1103/PhysRevD.108.023016. arXiv: 2210.12652
[astro-ph.HE].

[122] Bhanu Prakash Pant. “Constraining axionlike particles with invisible neutrino
decay using the IceCube observations of NGC 1068”. In: Phys. Rev. D 109.6
(2024), p. 063002. doi: 10.1103/PhysRevD.109.063002. arXiv: 2311.14597
[astro-ph.HE].

[123] Bhanu Prakash Pant. “Probing photon-ALP oscillations from the MAGIC obser-
vations of FSRQ QSO B1420+326”. In: Phys. Rev. D 109.2 (2024), p. 023011. doi:
10.1103/PhysRevD.109.023011. arXiv: 2310.16634 [astro-ph.HE].

[124] Yu-Chong Chen et al. “Constraining axionlike particles from observations of AGN
B2 2234+28A and 3C 454.3”. In: Phys. Rev. D 111.8 (2025), p. 083002. doi:
10.1103/PhysRevD.111.083002. arXiv: 2411.08577 [astro-ph.HE].

https://doi.org/10.1103/PhysRevD.111.063073
https://arxiv.org/abs/2502.20804
https://arxiv.org/abs/2502.20804
https://doi.org/10.1016/j.physletb.2021.136611
https://arxiv.org/abs/2010.12396
https://doi.org/10.1103/PhysRevD.103.023008
https://arxiv.org/abs/2011.08123
https://doi.org/10.1088/1674-1137/abcd2e
https://arxiv.org/abs/2002.07571
https://arxiv.org/abs/2002.07571
https://doi.org/10.1103/PhysRevD.106.083020
https://arxiv.org/abs/2204.12487
https://doi.org/10.1103/PhysRevD.109.063003
https://doi.org/10.1103/PhysRevD.109.063003
https://arxiv.org/abs/2309.02166
https://doi.org/10.1103/PhysRevD.108.023016
https://arxiv.org/abs/2210.12652
https://arxiv.org/abs/2210.12652
https://doi.org/10.1103/PhysRevD.109.063002
https://arxiv.org/abs/2311.14597
https://arxiv.org/abs/2311.14597
https://doi.org/10.1103/PhysRevD.109.023011
https://arxiv.org/abs/2310.16634
https://doi.org/10.1103/PhysRevD.111.083002
https://arxiv.org/abs/2411.08577


102 References

[125] Francisco R. Candón et al. “Probing the Axion-Nucleon Coupling with Supergiant
Stars”. In: (Apr. 2025). arXiv: 2504.21107 [hep-ph].

[126] A. Pratts et al. “Axion-like Particles and their Possible Impact on the Very High-
Energy Spectrum of M87 Observed by LHAASO”. In: (July 2025). arXiv: 2507.
05637 [astro-ph.HE].

[127] M. Kachelriess and J. Tjemsland. “Detecting ALP wiggles at TeV energies”. In:
JCAP 01 (2024), p. 044. doi: 10.1088/1475-7516/2024/01/044. arXiv: 2305.
03604 [hep-ph].

[128] Sunniva Jacobsen, Tim Linden, and Katherine Freese. “Constraining axion-like
particles with HAWC observations of TeV blazars”. In: JCAP 10 (2023), p. 009.
doi: 10.1088/1475-7516/2023/10/009. arXiv: 2203.04332 [hep-ph].

[129] Rahul Cecil and Manuel Meyer. “Modeling the Magnetic Field of the Virgo Cluster
For Axion Like Particle Search in Gamma Ray Energies”. In: PoS Gamma2022
(2023), p. 182. doi: 10.22323/1.417.0182.

[130] Rahul Cecil et al. “Probing Gamma-Ray Propagation at Very-High Energies with
H.E.S.S. Observations of M87”. In: PoS ICRC2023 (2024), p. 908. doi: 10.22323/
1.444.0908.

[131] James Davies, Manuel Meyer, and Garret Cotter. “Constraints on axionlike parti-
cles from a combined analysis of three flaring Fermi flat-spectrum radio quasars”.
In: Phys. Rev. D 107.8 (2023), p. 083027. doi: 10.1103/PhysRevD.107.083027.
arXiv: 2211.03414 [astro-ph.HE].

[132] M. Ajello et al. “Search for Spectral Irregularities due to Photon–Axionlike-Particle
Oscillations with the Fermi Large Area Telescope”. In: Phys. Rev. Lett. 116.16
(2016), p. 161101. doi: 10.1103/PhysRevLett.116.161101. arXiv: 1603.06978
[astro-ph.HE].

[133] H. Abe et al. “Constraints on axion-like particles with the Perseus Galaxy Cluster
with MAGIC”. In: Phys. Dark Univ. 44 (2024), p. 101425. doi: 10.1016/j.dark.
2024.101425. arXiv: 2401.07798 [astro-ph.HE].

[134] C. B. Adams et al. “Constraints on axionlike particles from VERITAS observations
of a flaring radio galaxy in the Perseus cluster”. In: Phys. Rev. D 112.10 (2025),
p. 103044. doi: 10.1103/jydc-npy6. arXiv: 2510.19010 [astro-ph.HE].

https://arxiv.org/abs/2504.21107
https://arxiv.org/abs/2507.05637
https://arxiv.org/abs/2507.05637
https://doi.org/10.1088/1475-7516/2024/01/044
https://arxiv.org/abs/2305.03604
https://arxiv.org/abs/2305.03604
https://doi.org/10.1088/1475-7516/2023/10/009
https://arxiv.org/abs/2203.04332
https://doi.org/10.22323/1.417.0182
https://doi.org/10.22323/1.444.0908
https://doi.org/10.22323/1.444.0908
https://doi.org/10.1103/PhysRevD.107.083027
https://arxiv.org/abs/2211.03414
https://doi.org/10.1103/PhysRevLett.116.161101
https://arxiv.org/abs/1603.06978
https://arxiv.org/abs/1603.06978
https://doi.org/10.1016/j.dark.2024.101425
https://doi.org/10.1016/j.dark.2024.101425
https://arxiv.org/abs/2401.07798
https://doi.org/10.1103/jydc-npy6
https://arxiv.org/abs/2510.19010


References 103

[135] Hai-Jun Li et al. “Limits on axion-like particles from Mrk 421 with 4.5-year
period observations by ARGO-YBJ and Fermi-LAT”. In: Phys. Rev. D 103.8
(2021), p. 083003. doi: 10.1103/PhysRevD.103.083003. arXiv: 2008.09464
[astro-ph.HE].

[136] Hai-Jun Li, Xiao-Jun Bi, and Peng-Fei Yin. “Searching for axion-like particles
with the blazar observations of MAGIC and Fermi-LAT *”. In: Chin. Phys. C
46.8 (2022), p. 085105. doi: 10.1088/1674-1137/ac6d4f. arXiv: 2110.13636
[astro-ph.HE].

[137] Hai-Jun Li, Wei Chao, and Yu-Feng Zhou. “Upper limit on the axion-photon cou-
pling from Markarian 421”. In: Phys. Lett. B 858 (2024), p. 139075. doi: 10.1016/
j.physletb.2024.139075. arXiv: 2406.00387 [hep-ph].

[138] Lin-Qing Gao et al. “Impact of Parameters in the Blazar Jet Magnetic Field
Model on Axion-Like Particle Constraints”. In: (July 2024). arXiv: 2407.20118
[astro-ph.HE].

[139] Zi-Qing Xia et al. “Searching for spectral oscillations due to photon-axionlike par-
ticle conversion using the Fermi-LAT observations of bright supernova remnants”.
In: Phys. Rev. D 97.6 (2018), p. 063003. doi: 10.1103/PhysRevD.97.063003.
arXiv: 1801.01646 [astro-ph.HE].

[140] Yun-Feng Liang et al. “Constraints on axion-like particle properties with TeV
gamma-ray observations of Galactic sources”. In: JCAP 06 (2019), p. 042. doi:
10.1088/1475-7516/2019/06/042. arXiv: 1804.07186 [hep-ph].

[141] Zi-Qing Xia et al. “Searching for the possible signal of the photon-axionlike particle
oscillation in the combined GeV and TeV spectra of supernova remnants”. In: Phys.
Rev. D 100.12 (2019), p. 123004. doi: 10.1103/PhysRevD.100.123004. arXiv:
1911.08096 [astro-ph.HE].

[142] Xiao-Jun Bi et al. “Axion and dark photon limits from Crab Nebula high energy
gamma-rays”. In: Phys. Rev. D 103.4 (2021), p. 043018. doi: 10.1103/PhysRevD.
103.043018. arXiv: 2002.01796 [astro-ph.HE].

[143] Jun Li et al. “Constraints on Axion-like Particles from the Observation of Galactic
Sources by LHAASO”. In: (Jan. 2024). arXiv: 2401.01829 [astro-ph.HE].

[144] Kazunori Kohri and Haruki Takahashi. “New constraints on axion with gamma-ray
observations of the Crab Nebula”. In: (Nov. 2025). arXiv: 2511.19848 [hep-ph].

https://doi.org/10.1103/PhysRevD.103.083003
https://arxiv.org/abs/2008.09464
https://arxiv.org/abs/2008.09464
https://doi.org/10.1088/1674-1137/ac6d4f
https://arxiv.org/abs/2110.13636
https://arxiv.org/abs/2110.13636
https://doi.org/10.1016/j.physletb.2024.139075
https://doi.org/10.1016/j.physletb.2024.139075
https://arxiv.org/abs/2406.00387
https://arxiv.org/abs/2407.20118
https://arxiv.org/abs/2407.20118
https://doi.org/10.1103/PhysRevD.97.063003
https://arxiv.org/abs/1801.01646
https://doi.org/10.1088/1475-7516/2019/06/042
https://arxiv.org/abs/1804.07186
https://doi.org/10.1103/PhysRevD.100.123004
https://arxiv.org/abs/1911.08096
https://doi.org/10.1103/PhysRevD.103.043018
https://doi.org/10.1103/PhysRevD.103.043018
https://arxiv.org/abs/2002.01796
https://arxiv.org/abs/2401.01829
https://arxiv.org/abs/2511.19848


104 References

[145] Jonathan Biteau and Manuel Meyer. “Gamma-Ray Cosmology and Tests of Funda-
mental Physics”. In: Galaxies 10.2 (2022), p. 39. doi: 10.3390/galaxies10020039.
arXiv: 2202.00523 [astro-ph.CO].

[146] Giorgio Galanti and Marco Roncadelli. “Axion-like Particles Implications for High-
Energy Astrophysics”. In: Universe 8.5 (2022), p. 253. doi: 10.3390/universe8050253.
arXiv: 2205.00940 [hep-ph].

[147] Francesca Calore and Christopher Eckner. “Lecture Notes: WISPs in gamma-ray
astrophysics”. In: May 2025. arXiv: 2505.12905 [astro-ph.HE].

[148] Juan Francisco Macias-Perez et al. “Global spectral energy distribution of the
Crab Nebula in the prospect of the Planck satellite polarisation calibration”. In:
Astrophys. J. 711 (2010), pp. 417–423. doi: 10.1088/0004-637X/711/1/417.
arXiv: 0802.0412 [astro-ph].

[149] I. De Looze et al. “The dust content of the Crab Nebula”. In: Mon. Not. Roy.
Astron. Soc. 488.1 (2019), pp. 164–182. doi: 10.1093/mnras/stz1533. arXiv:
1906.02203 [astro-ph.HE].

[150] J. Aumont et al. “Measurement of the Crab nebula polarization at 90 GHz as a
calibrator for CMB experiments”. In: Astron. Astrophys. 514 (2010), A70. doi:
10.1051/0004-6361/200913834. arXiv: 0912.1751 [astro-ph.CO].

[151] A. A. Abdo et al. “Fermi Large Area Telescope Observations of the Crab Pulsar
and Nebula”. In: Astrophys. J. 708 (2010), pp. 1254–1267. doi: 10.1088/0004-
637X/708/2/1254. arXiv: 0911.2412 [astro-ph.HE].

[152] A. U. Abeysekara et al. “Measurement of the Crab Nebula at the Highest Energies
with HAWC”. In: Astrophys. J. 881 (2019), p. 134. doi: 10.3847/1538-4357/
ab2f7d. arXiv: 1905.12518 [astro-ph.HE].

[153] E. Aliu et al. “A Search for Enhanced Very High Energy Gamma-Ray Emission
from the 2013 March Crab Nebula Flare”. In: Astrophys. J. Lett. 781.1 (2014),
p. L11. doi: 10.1088/2041-8205/781/1/L11. arXiv: 1309.5949 [astro-ph.HE].

[154] J. Aleksić et al. “Measurement of the Crab Nebula spectrum over three decades
in energy with the MAGIC telescopes”. In: JHEA 5-6 (2015), pp. 30–38. doi:
10.1016/j.jheap.2015.01.002. arXiv: 1406.6892 [astro-ph.HE].

[155] M. Amenomori et al. “First Detection of Photons with Energy Beyond 100 TeV
from an Astrophysical Source”. In: Phys. Rev. Lett. 123.5 (2019), p. 051101. doi:
10.1103/PhysRevLett.123.051101. arXiv: 1906.05521 [astro-ph.HE].

https://doi.org/10.3390/galaxies10020039
https://arxiv.org/abs/2202.00523
https://doi.org/10.3390/universe8050253
https://arxiv.org/abs/2205.00940
https://arxiv.org/abs/2505.12905
https://doi.org/10.1088/0004-637X/711/1/417
https://arxiv.org/abs/0802.0412
https://doi.org/10.1093/mnras/stz1533
https://arxiv.org/abs/1906.02203
https://doi.org/10.1051/0004-6361/200913834
https://arxiv.org/abs/0912.1751
https://doi.org/10.1088/0004-637X/708/2/1254
https://doi.org/10.1088/0004-637X/708/2/1254
https://arxiv.org/abs/0911.2412
https://doi.org/10.3847/1538-4357/ab2f7d
https://doi.org/10.3847/1538-4357/ab2f7d
https://arxiv.org/abs/1905.12518
https://doi.org/10.1088/2041-8205/781/1/L11
https://arxiv.org/abs/1309.5949
https://doi.org/10.1016/j.jheap.2015.01.002
https://arxiv.org/abs/1406.6892
https://doi.org/10.1103/PhysRevLett.123.051101
https://arxiv.org/abs/1906.05521


References 105

[156] Zhen Cao et al. “Peta–electron volt gamma-ray emission from the Crab Nebula”.
In: Science 373.6553 (2021), pp. 425–430. doi: 10.1126/science.abg5137. arXiv:
2111.06545 [astro-ph.HE].

[157] M. Meyer, D. Horns, and H. -S. Zechlin. “The Crab Nebula as a standard candle
in very high-energy astrophysics”. In: Astron. Astrophys. 523 (2010), A2. doi:
10.1051/0004-6361/201014108. arXiv: 1008.4524 [astro-ph.HE].

[158] Ludmilla Dirson and Dieter Horns. “Phenomenological modelling of the Crab Neb-
ula’s broadband energy spectrum and its apparent extension”. In: Astron. Astro-
phys. 671 (2023), A67. doi: 10.1051/0004-6361/202243578. arXiv: 2203.11502
[astro-ph.HE].

[159] F. Aharonian et al. “Spectrum and extension of the inverse-Compton emission of
the Crab Nebula from a combined Fermi-LAT and H.E.S.S. analysis”. In: Astron.
Astrophys. 686 (2024), A308. doi: 10.1051/0004-6361/202348651. arXiv: 2403.
12608 [astro-ph.HE].

[160] K. G. Begeman, A. H. Broeils, and R. H. Sanders. “Extended rotation curves of
spiral galaxies: Dark haloes and modified dynamics”. In: Mon. Not. Roy. Astron.
Soc. 249 (1991), p. 523. doi: 10.1093/mnras/249.3.523.

[161] Tongyan Lin. “Dark matter models and direct detection”. In: PoS 333 (2019),
p. 009. doi: 10.22323/1.333.0009. arXiv: 1904.07915 [hep-ph].

[162] S. Abdollahi et al. “Combined dark matter search towards dwarf spheroidal galaxies
with Fermi-LAT, HAWC, H.E.S.S., MAGIC, and VERITAS”. In: (Aug. 2025).
arXiv: 2508.20229 [astro-ph.HE].

[163] R. Abbasi et al. “Search for dark matter from the center of the Earth with 10 years
of IceCube data”. In: Eur. Phys. J. C 85.5 (2025), p. 490. doi: 10.1140/epjc/
s10052-025-14144-7. arXiv: 2412.12972 [astro-ph.HE].

[164] R. Abbasi et al. “Search for High-Energy Neutrinos From the Sun Using Ten Years
of IceCube Data”. In: (July 2025). arXiv: 2507.08457 [hep-ex].

[165] M. Aguilar et al. “Towards Understanding the Origin of Cosmic-Ray Electrons”.
In: Phys. Rev. Lett. 122.10 (2019), p. 101101. doi: 10.1103/PhysRevLett.122.
101101.

[166] M. Aguilar et al. “Towards Understanding the Origin of Cosmic-Ray Positrons”. In:
Phys. Rev. Lett. 122.4 (2019), p. 041102. doi: 10.1103/PhysRevLett.122.041102.

https://doi.org/10.1126/science.abg5137
https://arxiv.org/abs/2111.06545
https://doi.org/10.1051/0004-6361/201014108
https://arxiv.org/abs/1008.4524
https://doi.org/10.1051/0004-6361/202243578
https://arxiv.org/abs/2203.11502
https://arxiv.org/abs/2203.11502
https://doi.org/10.1051/0004-6361/202348651
https://arxiv.org/abs/2403.12608
https://arxiv.org/abs/2403.12608
https://doi.org/10.1093/mnras/249.3.523
https://doi.org/10.22323/1.333.0009
https://arxiv.org/abs/1904.07915
https://arxiv.org/abs/2508.20229
https://doi.org/10.1140/epjc/s10052-025-14144-7
https://doi.org/10.1140/epjc/s10052-025-14144-7
https://arxiv.org/abs/2412.12972
https://arxiv.org/abs/2507.08457
https://doi.org/10.1103/PhysRevLett.122.101101
https://doi.org/10.1103/PhysRevLett.122.101101
https://doi.org/10.1103/PhysRevLett.122.041102


106 References

[167] Ming-Yang Cui et al. “Possible dark matter annihilation signal in the AMS-02
antiproton data”. In: Phys. Rev. Lett. 118.19 (2017), p. 191101. doi: 10.1103/
PhysRevLett.118.191101. arXiv: 1610.03840 [astro-ph.HE].

[168] Bernard Carr et al. “Constraints on primordial black holes”. In: Rept. Prog. Phys.
84.11 (2021), p. 116902. doi: 10.1088/1361-6633/ac1e31. arXiv: 2002.12778
[astro-ph.CO].

[169] Ciaran O’Hare. cajohare/AxionLimits: AxionLimits. https://cajohare.github.
io/AxionLimits/. Version v1.0. July 2020. doi: 10.5281/zenodo.3932430.

[170] Ronnie Jansson and Glennys R. Farrar. “A New Model of the Galactic Magnetic
Field”. In: Astrophys. J. 757 (2012), p. 14. doi: 10.1088/0004-637X/757/1/14.
arXiv: 1204.3662 [astro-ph.GA].

[171] Zhen Cao et al. “Ultrahigh-energy photons up to 1.4 petaelectronvolts from 12
γ-ray Galactic sources”. In: Nature 594.7861 (2021), pp. 33–36. doi: 10.1038/
s41586-021-03498-z.

[172] Georg Raffelt and Leo Stodolsky. “Mixing of the Photon with Low Mass Particles”.
In: Phys. Rev. D 37 (1988), p. 1237. doi: 10.1103/PhysRevD.37.1237.

[173] Igor V. Moskalenko, Troy A. Porter, and Andrew W. Strong. “Attenuation of vhe
gamma rays by the milky way interstellar radiation field”. In: Astrophys. J. Lett.
640 (2006), pp. L155–L158. doi: 10.1086/503524. arXiv: astro-ph/0511149.

[174] Silvia Vernetto and Paolo Lipari. “Absorption of very high energy gamma rays in
the Milky Way”. In: Phys. Rev. D 94.6 (2016), p. 063009. doi: 10.1103/PhysRevD.
94.063009. arXiv: 1608.01587 [astro-ph.HE].

[175] Troy A. Porter et al. “Galactic PeVatrons and helping to find them: Effects of
Galactic absorption on the observed spectra of very high energy γ-ray sources”.
In: Phys. Rev. D 98.4 (2018), p. 041302. doi: 10.1103/PhysRevD.98.041302.
arXiv: 1808.07596 [astro-ph.HE].

[176] Manuel Meyer, James Davies, and Julian Kuhlmann. “gammaALPs: An open-
source python package for computing photon-axion-like-particle oscillations in as-
trophysical environments”. In: PoS ICRC2021 (2021), p. 557. doi: 10.22323/1.
395.0557. arXiv: 2108.02061 [astro-ph.HE].

https://doi.org/10.1103/PhysRevLett.118.191101
https://doi.org/10.1103/PhysRevLett.118.191101
https://arxiv.org/abs/1610.03840
https://doi.org/10.1088/1361-6633/ac1e31
https://arxiv.org/abs/2002.12778
https://arxiv.org/abs/2002.12778
https://cajohare.github.io/AxionLimits/
https://cajohare.github.io/AxionLimits/
https://doi.org/10.5281/zenodo.3932430
https://doi.org/10.1088/0004-637X/757/1/14
https://arxiv.org/abs/1204.3662
https://doi.org/10.1038/s41586-021-03498-z
https://doi.org/10.1038/s41586-021-03498-z
https://doi.org/10.1103/PhysRevD.37.1237
https://doi.org/10.1086/503524
https://arxiv.org/abs/astro-ph/0511149
https://doi.org/10.1103/PhysRevD.94.063009
https://doi.org/10.1103/PhysRevD.94.063009
https://arxiv.org/abs/1608.01587
https://doi.org/10.1103/PhysRevD.98.041302
https://arxiv.org/abs/1808.07596
https://doi.org/10.22323/1.395.0557
https://doi.org/10.22323/1.395.0557
https://arxiv.org/abs/2108.02061


References 107

[177] Kazunori Kohri, Yutaka Ohira, and Kunihito Ioka. “Gamma-ray flare and absorp-
tion in Crab Nebula: Lovely TeV–PeV astrophysics”. In: Mon. Not. Roy. Astron.
Soc. 424 (2012), p. 2249. doi: 10.1111/j.1365- 2966.2012.21388.x. arXiv:
1202.6439 [astro-ph.HE].

[178] R. Buehler et al. “Gamma-ray Activity in the Crab Nebula: The Exceptional Flare
of April 2011”. In: Astrophys. J. 749 (2012), p. 26. doi: 10.1088/0004-637X/749/
1/26. arXiv: 1112.1979 [astro-ph.HE].

[179] Masanori Arakawa et al. “Detection of Small Flares from the Crab Nebula with
Fermi-LAT”. In: Astrophys. J. 897.1 (2020), p. 33. doi: 10.3847/1538- 4357/
ab9368. arXiv: 2005.07958 [astro-ph.HE].

[180] S. S. Wilks. “The Large-Sample Distribution of the Likelihood Ratio for Testing
Composite Hypotheses”. In: Annals Math. Statist. 9.1 (1938), pp. 60–62. doi: 10.
1214/aoms/1177732360.

[181] Thomas Junk. “Confidence level computation for combining searches with small
statistics”. In: Nucl. Instrum. Meth. A 434 (1999), pp. 435–443. doi: 10.1016/
S0168-9002(99)00498-2. arXiv: hep-ex/9902006.

[182] Alexander L. Read. “Presentation of search results: The CLs technique”. In: J.
Phys. G 28 (2002). Ed. by M. R. Whalley and L. Lyons, pp. 2693–2704. doi:
10.1088/0954-3899/28/10/313.

[183] Luca Lista. “Practical Statistics for Particle Physicists”. In: 2016 European School
of High-Energy Physics. 2017, pp. 213–258. doi: 10.23730/CYRSP-2017-005.213.
arXiv: 1609.04150 [physics.data-an].

[184] Samuel T. Spencer, Alison M. W. Mitchell, and Brian Reville. “Hadronic emission
from the environment of the Crab Pulsar Wind Nebula by re-accelerated particles”.
In: (Apr. 2025). arXiv: 2504.08432 [astro-ph.HE].

https://doi.org/10.1111/j.1365-2966.2012.21388.x
https://arxiv.org/abs/1202.6439
https://doi.org/10.1088/0004-637X/749/1/26
https://doi.org/10.1088/0004-637X/749/1/26
https://arxiv.org/abs/1112.1979
https://doi.org/10.3847/1538-4357/ab9368
https://doi.org/10.3847/1538-4357/ab9368
https://arxiv.org/abs/2005.07958
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1214/aoms/1177732360
https://doi.org/10.1016/S0168-9002(99)00498-2
https://doi.org/10.1016/S0168-9002(99)00498-2
https://arxiv.org/abs/hep-ex/9902006
https://doi.org/10.1088/0954-3899/28/10/313
https://doi.org/10.23730/CYRSP-2017-005.213
https://arxiv.org/abs/1609.04150
https://arxiv.org/abs/2504.08432

	Introduction
	Dark Matter
	Dark matter properties
	Observational evidences

	Dark matter candidates
	Weakly interacting massive particles
	Primordial black holes

	Axions
	Strong CP problem
	Peccei-Quinn mechanism
	Axion models

	Axion searches
	Axion haloscopes
	Axion helioscopes
	Light shining through a wall

	Summary

	Axion search with gamma-ray observations
	Light shining through the Universe
	Overview
	Workflow

	Examples: extragalactic sources
	Active galactic nuclei

	Examples: galactic sources
	Supernova remnants and pulsar wind nebulae
	Crab Nebula

	Summary

	New constraints on axions with gamma rays from the Crab Nebula
	Axion-photon conversion
	Modeling the Crab Nebula
	Electrons and magnetic fields in the Crab Nebula
	Emission mechanism of the Crab Nebula
	Axion-photon conversion in the Crab Nebula

	Analysis and Results
	Summary

	Conclusion
	Symbols, Acronyms and Conventions
	Symbols
	Acronyms
	Conventions

	The Standard Model
	Particles in the standard model

	Axion-Photon Conversion
	Conversion in a homogeneous magnetic field


