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Introduction

The axion is an hypothetical particle postulated by Wilczek and Winberg
in relation to the Peccei-Quinn (PQ) mechanism introduced to solve the so
called strong CP problem of Quantum Chromodynamics. Moreover, typically
Beyond Standard Model (BSM) theories, like four-dimensional ordinary and
supersymmetric models and the string theory, present particles, called axion-
like particles (ALPs), which are originated through a spontaneous simmetry
breaking and have properties similiar to the ones of the QCD axion. ALPs
can be either scalar or pseudoscalar and may interact with all the Standard
Model particles. Neverthless, in general the main interest is in the ALP-
photon interaction, since it is important for direct detection and for ALPs
signatures in astrophysics. While the QCD axion mass is expected to be re-
lated to the fundamental scale of the theory and then to the photon coupling,
for ALP there is no relation between the mass and the photon coupling. In
particular, the mass spectrum of ALPs can range from ultra-light (ma � eV)
to heavy (ma > keV). The ALP parameter space can be constrained through
experimental, astrophysical and cosmological arguments, setting bounds on
the value of the photon-ALP coupling in a wide mass range.
An important and well-studied astrophysical source of ALPs is represented
by the Sun, where they are mainly produced through the Primakoff effect,
consisting in the production of ALPs in a hot thermal plasma due to the
fluctuating electric and magnetic fields. The solar ALP flux, produced by
the Primakoff process, has been searched by the CAST experiment at CERN
setting the best direct limit on ALP-photon coupling for ma < 10−2 eV.
Moreover, in the Sun are also possible large magnetic fields that can catalyze
an ALP production via a coeherent conversion of thermal photons. This con-
tribution has been typically neglected in previous investigations and it is the
subject of the current Thesis. In order to characterize this flux, we will solve
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the kinetic equations of the photon-ALP system in large-scale solar B-fields.
Moreover, we will explore bounds and perspectives of this new ALP flux at
future helioscope experiments.
The Thesis is organized as follows:

• In Chapter 1 we introduce the QCD axion and axion-like particles
which emerge in theories beyond the Standard Model of particle physics.
We will present the current bounds on ALP parameter space.

• In Chapter 2 we discuss axion emission from the Sun through the Pri-
makoff effect and their possible detection through helioscope experi-
ments. In particular, we use the Standard Solar Model to characterize
the expected flux at Earth from the Primakoff effect and we discuss
the results obtained at the CAST experiment at CERN.

• In Chapter 3 we present the propagation of electromagnetic waves in
a plasma and the phenomenon of axion-photon mixing. We first dis-
cuss the magnetohydrodynamics equations and then we consider the
photon-ALP ensemble in a magnetized plasma, deriving the kinetic
equations for such a system.

• In Chapter 4 we discuss the ALPs production in the Sun from photon
conversions in the solar magnetic fields. We compute the expected ALP
flux expected at Earth from processes of photon conversions. Finally,
we set a bound on the ALP emissivity from the energy-loss argument
in the Sun and we discuss possible perspectives of detection of ALPs.
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Chapter 1

Axions and Axion Like
Particles

In this Chapter we introduce axions and axion-like particles which emerge
in theories beyond the Standard Model of particle physics. In Section 1.1
we discuss the Strong CP problem of QCD. In Section 1.2 we introduce a
possible solution of this puzzle in terms of the Peccei-Quinn mechanism, from
which axions emerge. In Section 1.3 axions and their different models are
introduced. In Section 1.4 we introduce axion-like particles that emerge in
some beyond the Standard Model theories. In Section 1.5 we present the
current bounds on the axion-like particles parameter space and discuss the
sensitivity of future experiments.

1.1 The Strong CP-Problem
The QCD is a SU(3)c gauge theory whose Lagrangian [Kak93]

LQCD =
∑
a

Q̄a(i /D −ma)Qa −
1

2
trGµνGµν ;

(Dµ)ij = δij∂µ − ig(Aµ)ij, ;

Aµ = Aa
µ

λa

2
;

(1.1)

where

Qa =

qa,1
qa,2
qa,3

 (1.2)
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is the Dirac spinor of the quark field, Dµ is the covariant derivative, /D =

Dµγ
µ, Aµ is the gluon field, Gµν is the colour field strength tensor and λa are

the Gell-Mann matrices. The quark have two indices: a is the flavor index,
while i and j are the colour indices.
If we take into account N flavors and we consider the limit of vanishing quark
masses the QCD action has a global simmetry U(N)V ⊗ U(N)A, where the
label V stands for vector and the label A stands for axial. If only the up and
down quarks are considered at low energy the limit of vanishing masses stands
since mu,md � ΛQCD, where ΛQCD ' 218± 24 MeV is the QCD scale which
determines the scale dependence of αs, i.e. the coupling of strong interactions.
Thus the QCD Lagrangian for these quarks has a global simmetry SU(2)V ⊗
U(1)V ⊗ SU(2)A ⊗U(1)A in the flavor space. Experimentally, one finds that
the vector simmetry U(2)V = SU(2)I ⊗U(1)B is a good simmetry of nature.
Indeed, it physically corresponds to the conservation of isospin and baryon
number and it is manifested by the existence of nucleon and pion multiplets
in the spectrum of hadrons.
Conversely, axial simmetry spontaneously breaks because of quark-antiquark
condensation, 〈qq̄〉 6= 0, which is favored by the attractive force between
these kind of pairs [Pec77a,Pec77b,Pec06]. Consequently from the Goldstone
theorem one expects to find four Nambu-Goldstone bosons (NGB) associated
with the dynamical breakdown of U(2)A = SU(2)A ⊗ U1(A), one for each
generator of the group. These NGB were supposed to be the three pions
π+, π−, π0 and the meson η. Pions are light enough, but η cannot be
considered the fourth NGM of the U(2)A spontaneous simmetry breaking as
its mass mη � mπ. This result forces us to conclude that U(1)A is not a
real simmetry of QCD, a problem that Weinberg dubbed the U(1)A problem.
A solution of the latter was provided by ’t Hooft assuming that the QCD
vacuum has a more complicated structure which involves a phase parameter
θQCD. Moreover, there is an anomalous axial current associated with U(1)A.
As a consequence of the anomaly, U(1)A is just an apparent QCD simmetry.
The resolution of the problem consists in adding an extra term to the QCD
Lagrangian

LθQCD
= θQCD

αs

8π
trGµνG̃µν ; (1.3)

where αs = g2/4π is the fine-structure constant of strong interactions, trGµνG̃µν =

GaµνG̃aµν and G̃µν = 1/2εµνρσGρσ is the dual tensor of Gµν . Definitely the
complex structure of the QCD vacuum acts as an extra self-interaction of
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the gluon field. We easily observe that Eq. (1.3) has the structure of the
scalar product of a polar with an axial vector, i.e. Ecolor ·Bcolor, which is CP-
odd. Thus if we combine the action of charge conjugation (C) and a parity
transormation (P) the Lagrangian Eq. (1.3) changes sign, that is the QCD
Lagrangian Eq. (1.1) is not CP invariant. Moreover, we need to make real
and diagonal the quark mass matrix Mq, which is actually complex because
quarks are not massless. This consists in a global chiral phase transformation
such that in the end the total CP-violating term is

θ̄QCD = θQCD + arg detMq . (1.4)

An experimental bound on the term in Eq. (1.4) comes from the constraint
on the electric dipole moment [Abe20]

|dn| < 2.9× 10−26 e cm ; (1.5)

since |dn| ≈ 4.5× 10−15θ̄ [Kim08]. Then

|θ̄QCD| < 0.7× 10−11 . (1.6)

The Eq. (1.6) is satisfied either both θQCD and arg detMq are small or they
cancel each other. Neverthless, these are unrelated quantities, thus the small-
ness of θQCD is known as the strong CP-Problem which can be elegantly ex-
plained by the Peccei-Quinn Mechanism that we will describe in the next
Section.

1.2 The Peccei-Quinn Mechanism and the QCD
axion

The most elegant and efficient explanation to the strong CP-problem is given
by the Peccei-Quinn Mechanism which consists in postulating a new simme-
try group, U(1)PQ [Pec77b,Pec77a,Wei78,Wil78]. This is a global simmetry
and it is not experienced, thus it must be spontaneously broken at the fun-
damental scale of axion physics fa, the so called Peccei-Quinn scale. From
Goldstone theorem one expects a massless NGB corresponding to this spon-
taneous simmetry breaking, introduced with the name of axion field a(x),
which under a U(1)PQ tranformations with parameter α transforms as

a(x) → a(x) + αfa. (1.7)
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Figure 1.1: On the left, Feynman diagram of axion interaction with photons. On
the right, Feynman diagram of axion interaction with gluons.

The Lagrangian of the Standard model LSM must be made U(1)PQ invariant.
To this end axions must be included in the total Lagrangian, which reads
[Pec77b,Pec77a]

Ltot = LSM − θ̄QCD
g2

32π2
G̃a

µνG
µνa − 1

2
(∂µa)

2 + Lint[a,Ψ]+

ξ
a

fa

g2

32π2
G̃a

µνG
µνa + ξγ

a

fa

e2

16π2
F̃µνF

µν

; (1.8)

where again Gµν is the gluon field strenght tensor, Fµν is the photon field
strenght tensor, Lint[a,Ψ] describes the interaction of the axion field with a
fermion field Ψ and the last two terms describes the coupling of axions with
gluons, through the coupling costant ξ, and photons, through the coupling
costant ξγ. These terms are represented by the Feynman diagrams shown in
Fig. (1.1). We note that the interaction of axions with gluons plays the role
of an effective potential for the axion field Veff whose minimum occurs for
< a >= −fa

ξ

<
∂Veff

∂a
>

∣∣∣∣
<a>=− fa

ξ

= − ξ

fa

g2

32π2
< GaµνG̃a

µν >

∣∣∣∣
<a>=− fa

ξ

= 0 . (1.9)

Therefore we can redefine the axion field as the physical field whose vacuum
expectation value is zero

aphys = a− < a > . (1.10)

The Lagrangian in Eq. (1.8) rewritten in terms of the field Eq. (1.10) is now
CP-invariant, because the θ̄QCD-dependent term is cancelled out.
Therefore the axion field dinamically solves the strong CP-problem.
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Figure 1.2: a− π0 mixing.

1.3 Axions Models
The complete lagrangian for the axion field can be written as [Ira18]

La =
1

2
∂µa∂

µa− ξ
αs

8π

a

fa
GaµνG̃a

µν − ξγ
αa

8π

a

fa
F µνF̃µν + Lint[a,Ψ] ; (1.11)

where we have used the notation introduced in Sec. 1.2 and

Lint[a,Ψ] =
∂µa

2fa

∑
Ψ

CaΨ(Ψ̄γµγ5Ψ); (1.12)

is the axion-fermion interaction. The axion interaction terms with photons
and gluons can be written as

Laγ = −ξγ
αa

8π

a

fa
F µνF̃µν = −1

4
gaγaF

µνF̃µν = gaγaE ·B ;

Lag = −ξγ
αa

8π

a

fa
F µνF̃µν = −1

4
gagaG

aµνG̃a
µν .

(1.13)

From Eq. (1.11) it is clear that axions are introduced as massless. Neverthe-
less, they interact with gluons thus they pick-up an effective mass which is
approximately given by [Raf96]

mafa ≈ mπfπ ; (1.14)

as can be seen from the expansion of the axion-gluon interaction potential
around its minimum. By virtue of the mass acquired by axions they can mix
with π0 as shown in Fig. 1.2. The properties of these interactions are model
dependent, i.e. they depend on the implementation of the PQ mechanism.
The most common axions models are summarized below.
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1.3.1 Peccei-Quinn-Weinberg-Wilczek model (PQWW)
In the PQWW model [Pec77a, Pec77b, Wei78, Wil78] the axion degree of
freedom emerges by introducing an extra doublet of Higgs, Hu, in addition
to that of the Standard Model, Hd. The former gives mass to the u-type
quarks and the latter to the d-type quarks and leptons. This model has
interactions related to the electroweak scale, i.e. fa ≈ 250 GeV, and was
excluded by a number of experimental constraints [Kim86]. For example,
the a − π0 oscillations allow the decay K+ → π+a, which is not observed
and thus gives a bound on the axion-up gau and axion down gad coupling
constants

BR(K+ → π+a) < 3.8× 10−8 ;

g2au, g
2
ad < 4× 10−10 .

(1.15)

Nevertheless, these experiments fail when fa grows, making impossible the
detection of axions through high energy physics.

1.3.2 Invisible axions models
The only working axions models seem to be those that provide light, weakly
interacting and long-lived axions, named invisible axions models. In this
context, two invisible axions models are analyzed.

Kim-Shifman-Vainsthein-Zakharow model (KSVZ)

In this model [Shi80] one introduces a new complex scalar field Φ which is
a SU(2) ⊗ U(1) singlet, described by a potential V (|Φ|), and a new heavy
quark doublet Q. The Lagrangian can be written [Raf96]

L = (
i

2
Q̄∂µγ

µQ+ h.c) + ∂µΦ
†∂µΦ− V(|Φ|)−GQ(Q̄LΦQL + h.c) ; (1.16)

where the first two are kinetic terms, the potential V (|Φ|) is chosen to be a
mexican hat and the last is the Yukawa interaction term.This Lagrangian is
invariant under the transformations

Φ → eiαΦ ;

QL → eiγ
5 α
2 QL ;

QR → e−iγ5 α
2 QR ;

(1.17)
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The potential V (|Φ|) exhibits spontaneous simmetry breaking, after which

Φ → fa + ρ√
2

ei
a
fa ; (1.18)

where ρ and a are respectivetly the radial and the angular excitations, and
the heavy quark gets a mass term

LmQ
= −GQ

fa√
2
ei

a
fa Q̄LQR . (1.19)

Thus the axion field a appears as a phase of the complex scalar field.
Since the quark mass mQ ∼ GQfa is very large, at low energy the only impor-
tant interaction is with two gluons and two photons. In this model axions do
not interact with leptons and quarks at tree level, while an interaction with
hadrons at the loop level is made possible by the two gluon vertex. Therefore
these axions are called hadronic axions.

Dine-Fischler-Srednicki-Zhitnitsky model (DFSZ)

The DFSZ model [Din81] introduces an electroweak scalar singlet Φ and two
Higgs doublets, Hu and Hd. The main difference with the KSVZ model is
that in this case at low energy a coupling between fermions and axions is
allowed. See [Dil20] for more details on specific axion models.

1.4 Axion-Like Particles
Axion-like particles (ALPs) are very light pseudo-scalar bosons with a two-
photon coupling gaγ which are predicted by several extensions of the Standard
Model like four-dimensional ordinary and supersymmetric models [Cor07,
Bae09], Kaluza-Klein theories [Tur96] and expecially superstring theories
[Svr06,Cic12].
In the minimal models ALPs only couple with photons via the two photons
vertex represented by the Lagrangian

L = −1

4
gaγaF

µνF̃µν = gaγaE ·B . (1.20)

However, differently from the QCD axion the mass and the coupling gaγ are
two unrelated quantities. Therefore one can express experimental bounds on
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the possible values of ma and gaγ in the plane (ma, gaγ).
The existence of ALPs could have many interesting consequences [Dol17].
For instance, light ALPs with ma ∼ O(µeV) could constitute cold dark
matter [Ari13]. ALPs with O(eV) < ma < O(MeV) have important cosmo-
logical and astrophysical implications, affecting the Big Bang Nucleosynthe-
sis (BBN), the Cosmic Microwave Background (CMB) and the evolution of
stars [Mil15]. Furthermore, ALPs with masses in the MeV to GeV range may
have implications in particle physics. For instance, they could explain the
muon magnetic moment [Baul17, Mar16] and play an important role in the
electroweak simmetry breaking [Ell16]. For these reasons detecting ALPs is
a challenging and well-motivated experimental effort.

1.5 ALP bounds
The ALPs parameter space (ma, gaγ) can be constrained by laboratory exper-
iments, cosmological and astrophysical arguments. It is useful to distinguish
between light ALPs, which have masses ma ≤ O(eV), and heavy ALPs, with
masses ma > O(eV), since they could be detected through different ways and
their could have different physical implications.

1.5.1 Light ALPs
In Fig. 1.3 all relevant constraints for the light ALPs-photon coupling are
shown. Laboratory constraints on light ALPs are mainly imposed by “light
shining through walls” (LSW) experiments and experiments dealing with
photon polarization. The formers exploit photon-ALP conversions in ex-
ternal electric and magnetic fields. Currently the best experimental limit,
gaγ < 3.5 × 10−8 GeV−1 at 95% CL for ma ≤ 0.3 eV, has been estabilished
by the OSQAR (Optical Search for QED Vacuum Birifrangence, Axions
and Photon Regeneration) experiment at CERN [Bal14]. The experiment
ALPS-II (Any Light Particle) at DESY is also based on the same concept of
OSQAR and has the aim to reach a bound of gaγ < 10−11 GeV−1 [Ehre20].
PVLAS (Polarization of the vacuum with laser) experiment exploits instead
magnetically induced vacuum polarization and it is sensitive to ALPs in the
mass range ma = 1− 1.5 meV and it provides additional bounds [Del15].
Low-mass weakly-interacting particles might be produced in hot stellar plas-
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Figure 1.3: Parameter space for light ALPs. Single exclusion regions are ex-
plained in the text. (Figure taken from Particle Data Group 2020,
in press).

mas and can transport energy out of stars. In particular, ALPs may be pro-
duced through Primakoff process in the Sun core and searched at helioscope
experiments, that exploit reverse conversion of axions coming from the Sun
in a magnet at Earth pointing towards the Sun. The most recent helioscope
is CAST at CERN (CERN Axion Solar Telescope) and it has estabilished
the best experimental limit of gaγ for ma < 0.02 eV, namely [Pat16]

gaγ < 6.6× 10−11 GeV−1 (95% C.L.) ; (1.21)

The next generation axion-helioscope currently under investigation is called
IAXO (International Axion Observatory) and it could improve the CAST
bound reaching a sensitivity down to gaγ ≤ 10−12 GeV−1 [Ira11,Arm19].
Other constraints are provided by the argument that stellar lifetimes and
their energy-loss rates must be not in conflict with experimental observa-
tions. For instance, globular-cluster (GC) stars, i.e. bound systems of stars
with nearly the same age and different just for their mass, allow tests of
stellar-evolution theory. Moreover, the reduction in lifetime arising from the
accelerated consuption of helium in stars on the horizontal branch (HB) could
give indication of energy-losses caused by axion-like particles emission. The
bound set is gaγ < 6.6× 10−11 GeV−1 and ma . 1 keV [Aya14], comparable
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with the one placed by CAST.
Other bounds are set by the Supernova SN 1987A, which would have emitted
a burst of ALPs due to Primakoff process in its core. These axions would
have partially converted again into γ-rays in the galactic B-field. There-
fore the lack of γ-rays provides an additional bound to the axion-photons
coupling [Pay14]

gaγ < 5.3× 10−12 GeV−1 , for ma ≤ 4.4× 10−10eV . (1.22)

The region of the parameter space gaγ ∼ 10−12 − 10−11 GeV−1 for ma ≤
10−14 eV could be probed by the already mentioned experiments IAXO and
ALPS-II.
This region of the parameter space can be also probed by searching for
the gamma ray spectrum of distant active galactic nuclei (AGN). Axion-
photon mixing in cosmic B-field would induce irregularities in the spectra
because of photon-ALP mixing in a certain energy range. In this regard,
the H.E.S.S. collaboration has set a bound gaγ ≤ 2.1 × 10−11 GeV−1, for
1.5 × 10−8 eV ≤ ma ≤ 6.0 × 10−8 eV, from the non-irregular gamma ray
spectrum of AGN PKS 2155-304 [Abra13]. The Fermi-LAT collaboration
has put a more stringent bound on the ALP-photon coupling from the ob-
servations of the gamma ray spectrum of NGC 1275 [Aje16].
For masses ma ≤ 10−12 eV galaxy clusters become very efficient at intercon-
verting ALPs and photons at X-rays energies. In this case bounds are set
on the ALP-photon coupling constant from the constraints on spectral irreg-
ularities in the spectra of luminous X-ray sources located in or behind the
galaxy clusters. Observations of the AGN NGC 1275 provided by Chandra’s
observations lead to the stringent bound [Rey19]

gaγ < 8× 10−14 GeV for ma ≤ 10−12 eV (99.7% C.L.) . (1.23)

Axions with mass ma ∼ 1−100 µeV would be in the cold dark matter (CDM)
regime. Galactic halo axions in the CDM regime could be detected through
microwave cavity experiments, which exploits their resonant conversion into a
quasi-monochromatic microwave signal into a cavity permeated with a strong
B-field. An example of microwave cavity experiment is ADMX [Asz03], that
has excluded the green area on the right in Fig. 1.3. In the intermediate re-
gion neV ≤ ma ≤ 0.1 µeV one may search for the oscillating electric current
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Figure 1.4: Parameter space for heavy axion-like particles. The blue region is
excluded by energy-loss in Helium Burning (HB) stars in Globular
Cluster systems, while the greenish zones are excluded exploiting
cosmological arguments discussed in the text. Figure taken from
[Cad11].

induced by DM axions in a strong magnetic field. For instance ABRA-
CADABRA [Oue18] followed this approach and excluded the green region
on the left in Fig. 1.3.

1.5.2 Heavy ALPs
Constraints on heavy ALPs can be set by astrophysical and cosmological
arguments. These are shown in Fig. 1.4. In particular, in this Thesis work
we are interested in ALPs with mass up to ma ∼ 102 eV, which can be
constrained by the ionization of primordial hydrogen (xion), the optical and
the extragalactic background light (EBL) regions in Fig. 1.4. These regions
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are excluded by exploiting cosmological arguments. ALPs with mass ma >

10 eV decay through the channel a → γ γ, with a lifetime less than the age
of the Universe. Thus, the xion region is excluded by the constraint that the
ionization of primordial hydrogen caused by the photons from decaying ALPs
must not contribute significantly to the optical depth after recombination
[Cad11]. The optical region is not allowed because if photons are produced in
ALP decays inside galaxies, they would show up as a peak in galactic spectra
that must not exceed the known backgrounds. Finally, photons produced
from ALP decays when the Universe is transparent must not exceed the
extragalactic background light (EBL).
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Chapter 2

Axions from the Sun:
Primakoff production

In this Chapter we discuss axions emission from the Sun through the Pri-
makoff effect and their possible detection through helioscope experiments. In
Section 2.1 we give an overview of the Standard Solar Model (SSM), used as
reference to calculate the expected solar ALP flux. In Section 2.2 we discuss
the Primakoff effect in the Sun and we calculate the ALP flux from such a
process. In Section 2.3 we present the possible way of detecting axions from
Primakoff process in the Sun at Earth and we discuss the direct detection of
ALPs in helioscope experiments, presenting in particular the recent results
of the CAST experiment at CERN.

2.1 Standard Solar Models
The Standard Solar Model (SSM) is an important reference in astrophysics,
as it reproduces the thermodynamical profiles of the Sun and all the useful
variables, i.e. temperature, electron density, chemical abundances and so
on. The model has been developed in the eighties and its predictions have
been compared with the different observations. The SSM is obtained by
solving the stellar evolution equations in several time steps up to the solar
age t� = 4.5× 109 yr [Raf96,Tur16]. As a first solar evolution equation one
uses the condition of hydrostatic equilibrium

dp

dr
= −GNMrρ

r2
; (2.1)
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where p and ρ are the pressure and mass density at the radial position r, GN

is Newton’s constant and Mr is the integrated mass up to the radius r. This
equation expresses the balance between pressure and gravitational force of
a spherical shell of the star, which prevents it from exploding or imploding.
The second equation is given by the constraint of energy conservation

dL(r)

dr
= 4περ ; (2.2)

where L(r) is the net flux of energy through a shell of radius r and ε is
the rate of energy production expressed in units of erg s−1. These two first
equations need an equation of state for the plasma p(T, ρ,Xi) to be solved,
where T is the temperature and Xi is the fraction of mass of each element in
it. Finally, one needs the equation for the energy transfer from the center to
the surface in the Sun. The transport of energy can be both radiative and
convective, depending on which one is more favorable for the star. In the
inner part of the Sun, i.e. the radiative part, the diffusion approximation is
appropriate and the transfer of energy is controlled by the radial temperature
gradient which is related to the energy flux through the equation

L(r) = −4πr2

3κρ

d(aT )4

dr
; (2.3)

where aT 4 is the energy stored in the radiation field, given by the Stephan
law, and κ is the opacity in units of cm2 g−1. The upper layers of the Sun are
instead featured by a convective transport of energy. A schematic overview
of the interior of the Sun is shown in Fig. 2.1. The inner part is the core and
it is surrounded by the radiative zone, whose name is related to the radiative
transport of energy in it. The intermediate region is a transition one and it is
called tachocline. Finally, the outer layers constitute the so called convective
zone. The equations Eqs. (2.1), (2.2), (2.3) must satisfy the constraint on
the present-day luminosity of the Sun L� = 3.85 × 1033 erg s−1 and on the
present-day solar radius R� = 6.96× 1010 cm.
In order to compute a Standard Solar Model one needs, in addition to the
luminosity, the age and the radius of the Sun, some input information [Raf96],
such as the photon opacity, the equation of state, nuclear cross sections,
diffusion coefficients, the abundances of metals. The gravitational settling of
helium and metals is a standard physical effect which has been included only
recently in the computation of the standard model. Because of this effect,
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Radiative zone
Tachocline

Convective zone

Figure 2.1: Schematic view of the solar interior. The red inner part is the core,
surrounded by the radiative zone. The intermediate orange region is
called tachochline and the outer yellow part is the convective zone.

the concentration of helium in the central region becomes higher that the
one obtained considering nuclear burning alone and this leads to a slightly
higher temperature. The settling of metal leads to a similiar effect and to
an increase of the neutrino fluxes. These settlings were included for the first
time by John Bachall and Pinsonneault [Bac92], who calculated the expected
solar neutrino fluxes. The discrepancy between the observed neutrino fluxes
and the predicted ones provides an evidence of neutrino oscillation. Actually,
some nonstandard effects as strong magnetic fields, fast rotation in the deep
interior and others are included in nonstandard solar models that we will
discuss in the next chapter. Nevertheless, the discussion of such effects is not
of interest in this context. The SSM is important to compute the expected
solar neutrino and axion fluxes at Earth. In the present thesis we will be
interested just in the axion flux.

2.2 Primakoff process in the Sun

2.2.1 Cross section and emission rate
The two-photon coupling of axions described by the Lagrangian

L = −1

4
gaγaF

µνF̃µν = gaγaE ·B ; (2.4)
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γ a

Xem

Figure 2.2: Primakoff conversion between axions and photon in an external elec-
tromagnetic field Xem.

allows for the conversion a ↔ γ in an external electric or magnetic field be-
cause of the amplitude shown in Fig. 2.2 [Raf96]. In stars, this process allows
for the production of pseudoscalar particles in the electric fields of nuclei and
electrons [Dic78]. Axions can be produced in a hot thermal plasma because
of the fluctuating electric and magnetic fields, namely through the fluctu-
ations of E · B caused both by the thermal electromagnetic radiation and
the collective and random motion of charged particles. The dominant contri-
bution to the emission rate is given by those fluctuations where the electric
field E is generated by charged particles and the magnetic field B by the
transverse electromagnetic radiations, i.e. by photons. Actually, also the so
called “electro Primakoff effect” may be allowed, where the magnetic field is
provided by moving particles in the plasma. Nevertheless, its contribution is
extremely small compared to the one given by the classical Primakoff effect,
as it can be shown by a direct computation [Raf86]. This can be intuitively
explained because in the Sun electrons are non-relativistic, so that the mag-
netic field B associated with them is very weak.
Axions also interact with other particles, such as the electrons and nuclei,
but since we are considering a minimal model in which ALPs only couple to
photons we can focus on the Primakoff flux. Moreover, most of the experi-
ments trying to detect axion fluxes exploit the axion-two photon vertex, thus
we can neglect all the other axions couplings in the Sun [And07]. On the
basis of the above considerations the Primakoff process is important when
the non relativistic condition T � me occurs, i.e. when both the electrons
and nuclei in the plasma can be regarded as heavy relative to typical energies
for the ambient photons. In this limit we can ignore recoil effects and recover
the differential cross section for a target with charge Ze [Raf86,Raf96]

dσγ→a

dΩ
=

g2aγZ
2α

8π

|k× ka|2

q4
; (2.5)
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where k is the photon momentum, ka is the axion momentum and q = k−ka

the momentum transfer. Due to the heaviness of the target the photon and
axion energies are the same. Actually, one must include the screening effects
that cut off the long-range Coulomb potential. In a nondegenerate medium
the screening scale is given by the Debye-Hückel formula

k2
s =

4πα

T
(ne +

∑
j

Z2
j nj) ; (2.6)

where ne is the electron number density, nj is the number density of the
j-th ion of charge Zj, T is the temperature and α is the electromagnetic fine
structure constant. With this prescription the differential cross section is
modified

dσγ→a

dΩ
=

g2aγZ
2α

8π

|k× ka|2

q4

q2

q2 + k2
s

. (2.7)

Summing over all target species one can compute the transition rate of a
photon of energy ω into an axion of the same energy

Γγ→a =
gaγTk

2
s

32π

[(
1 +

k2
s

4ω2

)
ln

(
1 +

4ω2

k2
s

)
− 1

]
; (2.8)

where the axion mass and the plasma mass of the initial-state photon were
neglected relative to the energy ω.
When propagation into a medium is considered, photons acquire an effective
mass which coincides with the plasma frequency in the case of a plasma, i.e.
in the Sun mγ = ωpl which is defined as

ω2
pl = 4πα

ne

me

; (2.9)

where me is the electron mass and ne is the electron number density. In this
work we consider the Primakoff process for axions with negligible mass and
photons with ωpl ∼ 1− 100 eV and energies ω ∼ keV. Thus we are allowed
to use the expression Eq. (2.8) for the transition rate.

2.2.2 Solar axion spectrum
The expected ALP flux at Earth produced by Primakoff process in the Sun
can be calculated as [And07]

Φa =
1

4πD2
�

ˆ R�

0

dr4πr2
ˆ ∞

ωpl

dω
4πk2

(2π)3
dk

dω
2fγΓγ→a ; (2.10)
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where fγ = (eω/T − 1)−1 is the Bose-Einstein distribution of the thermal
photon bath, D� = 1.521 × 1011 m is the solar distance from the Earth,
R� = 6.96× 108 m is the radius of the Sun and Γγ→a is the transition rate.
However, this approximation fails at energies near and below a typical solar
plasma frequency, i.e. at energies near and below ∼ 0.3 keV, because we have
neglected both recoil effects and collective motions, considering the charged
particles as static. The differential flux of axions expected at Earth in units
of cm−2 s−1 keV−1 is

dΦa

dω
=

R3
�

4πD2
�

ˆ 1

0

dr4πr2
4πω2

(2π)3
2fγΓγ→a ; (2.11)

where we have used the dispersion relation of photons ω2 = k2 + ω2
pl and

the approximation dk/dω = ω/k ≈ 1, which is justified because the plasma
frequencies are ∼ O(eV) while the energies ω ∼ O(keV). Moreover we have
introduced the dimensionless variable r → r/R�.
In general we do not need to treat the Sun as a point source, but we cas con-
sider it as a two-dimensional disk featured by an apparent surface luminosity
ϕ(ω, r), with 0 ≤ r ≤ 1 [And07]. The total ALP number flux at the Earth is

Φa = 2π

ˆ 1

0

dr

ˆ ∞

ωpl

dωϕ(ω, r) ; (2.12)

where ϕ(ω, r) is in units of cm−2 s−1 keV−1. Then we rewrite the integral
over the solar volume as

4π

ˆ 1

0

dr r2 −→ 2π

ˆ 1

0

dr r

ˆ
line of sight

dz ;

ˆ
line of sight

dz = 2

ˆ 1

r

dρ
ρ√

ρ2 − r2
;

(2.13)

where ρ is the dimensionless radial position in the Sun and we have assumed
that the Sun is a two-dimensional disk, i.e. we are neglecting parallax effects.
Finally we obtain

ϕ(ω, r) =
R3

�

2π3D3
�

ˆ 1

r

dρ
ρ√

ρ2 − r2
ωkfγΓγ→a ; (2.14)

where all the quantities in the integral are functions of the dimensionless
variable ρ and must be taken from a standard solar model.
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Figure 2.3: ALP flux expected at Earth in units of (cm−2 s−1 keV−1). An
axion-photon coupling gaγ = 5× 10−11 GeV−1 is assumed.

The differential ALP flux at Earth has been computed by the integration
of Eq. 2.11 over the Standard Solar Model AGSS09 [Ser09, Aud03]. The
expected ALP flux spectrum is shown in Fig. (2.3) where a coupling gaγ =

5 × 10−11GeV−1 is assumed. In order to compute the total flux one has to
integrate Eq. (2.11) over the axion energies. The ALP flux parameters are
found to be

Φa = 3.43× 1011 g210 cm
−2s−1 ; (2.15)

La = 1.72× 10−3 g210 L� ; (2.16)
〈ω〉 = 4.15 keV ; (2.17)

(2.18)

where g10 = gaγ/10
−10 GeV−1, 〈ω〉 is the average energy and La the ALP

luminosity expressed is terms of the Sun luminosity L�. The peak of the
distribution is found at ω = 3.00 keV.
An analytic approximation to the solar ALP flux spectrum is provided by a
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fit with the three-parameter function

dΦa

dω
= C

(
ω

ω0

)α

e
−(α+1) ω

ω0 ; (2.19)

where C is a normalization constant and the fit parameter ω0 is found to be
equal to the average energy 〈ω〉. If we match our numerical spectrum with
this fit we find

dΦa

dω
= 5.74× 1010 g210 e

−0.848ωω2.523 ; (2.20)

where g10 = gaγ/10
−10 GeV−1 and the energy is expressed in keV.

2.3 Detection of solar axions

2.3.1 Helioscope experiments
The most relevant technique to search for solar axions is the axion helioscope
[Sik83, Van88]. Axion helioscopes exploit the conversion of solar ALPs into
photons, in particular X-rays, in strong laboratory magnetic fields. Indeed,
by virtue of the the two-photon vertex solar axions can be converted back
into photons by passing through an electromagnetic field. If the background
field is static, the energy of the photons produced in the laboratory magnet
is equal to the one of the axions flux and a X-ray flux with energy of few keV

is expected at the detector [Ira18]. The basic layout of an axion helioscope
consists in a magnet with a strong field set in a cavity of length L. The
magnet is put on a moving platform with two X-ray detectors, one at each
end of the cavity, allowing it to track the Sun several hours per day. A
schematic picture of an axion helioscope setup is shown in Fig. 2.4.
The idea of axion helioscope was proposed by P. Sikivie [Sik83], who pointed
out that axions produced in conversions in the Sun and arriving at Earth
can convert back to photons in a strong and inhomogeneous magnetic field
in the laboratory. This idea was then refined by K. van Bibber, G. Raffelt
et al. [Van88] who proposed an helioscope that involved the use of a buffer
gas to restore the coherence between axion and photon over long distances
traveled in the laboratory magnetic field. The first generation helioscope has
been realised at Brookhaven National Laboratory (BNL) [Laz92], followed
by the Tokyo Axion helioscope SUMICO [Ino08, Mor98, Zio05], that used a
more powerful magnet than the BNL predecessor.
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Figure 2.4: Conceptual design of an axion helioscope. Axions passing through
the helioscope cavity filled with a transverse magnetic field (rep-
resented with the blue photon) are coverted to photons (X-rays).
These photons are then detected at a X-ray detector at the end of
the cavity and their spectrum is expected to be the one of axions
produced in the Sun. Figure taken from [Bat18].

2.3.2 CAST experiment
The third generation helioscope is the CERN Axion Solar Telescope (CAST)
at CERN. It is a solar axion search using a decommissioned LHC test magnet
with a field up to B = 9 T and a length L = 9.26 m [Zio99]. The magnet
tracks the Sun about 3 hours per day. A schematic layout of CAST is shown
in Fig. 2.5. CAST collected data between 2003 and 2011 and its observational
program was divided into three different phases. During the first phase (2003-
2004) the helioscope operated with the magnet bores in vacuum to probe
masses ma . 0.02 eV. The probability of axion-photon conversion over a
distance L traveled in a transverse magnetic field in vacuum is [Ana17]

P (a → γ) =

(
gaγB

q

)2

sin2

(
qL

2

)
; (2.21)

where q = k− ka ∼ m2
a/2ω is the photon-axion moment different in the rela-

tivistic limit. In order to detect photons a coherent axion-photon conversion
is needed, i.e. the photon and the axion must stay coherent over a distance L,
that is the condition qL . 1 must apply. This condition at CAST is satisfied
for ma . 0.2 eV, while for higher masses the sensitivity of the experiment
decreases until it is completely lost. In the case of coherent conversion the
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Figure 2.5: Schematic arrangement of CAST helioscope. Solar axions are con-
verted into a beam of photons of cross sectional area A in the cavity
filled with a magnetic field B. Subsequently, photons are detected at
one of the two X-ray detectors set at each end of the cavity. Figure
taken from [Bar04].

expected photon flux at the end of the magnet is

dΦγ

dω
=

dΦa

dω
P (a → γ) . (2.22)

with P (a → γ) given by Eq. (2.21). If we use the expression of dΦa/dω

found with our data in Eq. (2.20), from Eq. (2.22) we obtain the following
expected photon flux

dΦγ

dω
= 0.086 cm−2 day−1 keV−1 g410 ω

2.523e−0.848ω

(
L

9.26 m

)2(
B

9.0 T

)2

;

(2.23)
where g10 = gaγ/10

−10 GeV−1. Since the axion-photon conversion proba-
bility depends on g2aγ, the detection rate would scale as g4aγ. The expected
photon flux at the detector is shown in Fig. 2.6. In vacuum phase CAST
provided the first bound for ma . 0.02 eV [Zio04,And07]

gaγ < 8.8× 10−11 GeV−1, (95% C.L.) . (2.24)
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Figure 2.6: Expected photon flux at the detector on Earth in units of
(cm−2 day−1 keV−1). The flux show a peak at ω = 3 keV. A cou-
pling gaγ = 5× 10−11 GeV−1 is assumed.

CAST has recently (2017) revisited the vacuum phase improving the X-ray
optics, reaching the bound for ma < 0.02 eV [Ana17]

gaγ < 0.66× 10−10 GeV−1 . (2.25)

It is worth stressing that this final limit is consistent with the assumption
that the solar axion losses are a negligible perturbation of the standard solar
models. Indeed, the luminosity in Eq. (2.25) implies that the solar axion flux
is bounded La . 1.3 × 10−3 L� [And07]. Helioseismological measurments
of the sound-speed profile obtained in the context of standard solar models
which include axion losses allow values of gaγ < 1 × 10−9 GeV−1, i.e. allow
for La . 0.2L� [Sch98]. Therefore the axion flux corresponding to the CAST
limit does not lie in the range where it would affect helioseismology [Bac04].
A mismatch between the axion and photon momenta occurs if the coherence
condition qL . 1 fails. In this case one has to fill the pipes with a low-Z gas
whose pressure is adjusted in such a way that m2

a = ω2
pl to restore the coher-

ence. For a general axion-photon momentum difference q and in presence of
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Figure 2.7: Exclusion region in the (ma, gaγ) plane achieved by CAST in the
vacuum, 4He and 3He phase. “This work” refers to the bound set
by the 2017 study [Ana17].Other exclusion regions explained in Sec.
1.5 are also shown. Figure taken from [Ana17].

a gas filling the cavity the axion-photon conversion probability is [Van88]

P (a → γ) =
(gaγB/2)2

q2 + Γ2

4

[1 + e−ΓL − 2e−ΓL/2 cos(qL)] ; (2.26)

where Γ is the damping coefficient provided by the gas. After the vacuum
phase the cavity was first filled with 4He (2005-2006) and then with 3He gas
(2008-2011) to obtain a sensitivity up to ma = 1.17 eV. Data from these
phases provided the bounds [Ari08,Ari11,Au14]

gaγ . 2.3× 10−10 GeV−1 (95% C.L.) for 0.02 eV . ma . 0.64 eV ;

gaγ . 3.3× 10−10 GeV−1 (95% C.L.) for 0.64 eV . ma . 1.17 eV ;
(2.27)

with the mass value ma dependent on the pressure of the gas. The regions
of parameter space excluded by CAST are shown in Fig. 2.7. CAST has
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been the first axion helioscope to reach a sensitivity to gaγ values below
10−10 GeV−1. In the region of axion masses ma & 0.1 eV the experiment has
entered the region of QCD axion models and has excluded KSVZ axions for
masses ma ∼ 1 eV.

2.3.3 Next generation helioscope
The International Axion Observatory (IAXO) is the next generation helio-
scope, currently at the design state, and it aims at improving the CAST
signal-to-noise by more than a factor 104, that is to more than an order of
magnitude in gaγ [Arm19]. IAXO will use a X-ray focusing optics and will
have as a central component a superconducting magnet with a multibore con-
figuration, to produce an intense magnetic field over a large volume. IAXO
is expected to probe a large fraction of unexplored ALP parameter, as the
one of QCD axion models in the mass range ma ∼ 1 meV − 1 eV. As a first
step towards IAXO, the collaboration aims at building its precursor, Baby-
IAXO, which would allow to obtain results at an intermediate level between
CAST current best limit and the future IAXO. The conceptual arrangement
of IAXO is shown in Fig. 2.8.
Another axion helioscope at the design state is AMELIE, i.e. An Axion
Modulation hELIoscope Experiment, which is expected to be sensitive to the
higher axion masses provided by axion models [Gal15]. AMELIE would use
a low background large volume Time Projection Chamber (TPC) immersed
in an intense magnetic field. Therefore, contrary to the usual helioscopes
it may directly detect the photons converted into the buffer gas. Its strong
point is the flexibility of the TPC, which can be used with different gases
and pressures, making AMELIE sensitive to axion masses from few meV

to several eV. For a 5 T, m3 scale TPC AMELIE may reach sensitivities
gaγ ∼ 2× 10−10 GeV−1 in the mass range 0.01 eV . ma . 0.1 eV.

25



Figure 2.8: Conceptual arrangement of an enhanced axion helioscope with X-
ray focalization. Axions are converted into photons by the trans-
verse magnetic field in the bore and then focalized onto a small spot
thorugh X-ray optics. Figure taken from [Arm19].

Figure 2.9: Sensitivity prospects of BabyIAXO and IAXO (semitransparent re-
gion) in the context of previous experiments and bounds. Figure
taken from [Arm19].
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Chapter 3

Electromagnetic waves in
plasma and axion-photon
mixing

In this Chapter we discuss the propagation of electromagnetic waves in a
plasma and the phenomenon of axion-photon mixing. In Section 3.1 we
obtain Maxwell’s equations in a plasma and photon dispersion relations both
for transverse and longitudinal photon modes. In Section 3.2 we present
mixing equations of ALPs and photons in a plasma and we derive the photon-
ALP conversion probability.

3.1 Photon dispersion in Plasma
The Sun interior is a hot plasma which mostly consists of electrons, protons
and alpha particles at temperature that can reach T ∼ few keV. Moreover,
large scale magnetic fields might exist in the Sun, as we will discuss in Chap-
ter 4. Therefore, in order to characterize this plasma we have to deal with
a combined system of electromagnetic fields and a conducting fluid. In the
solar plasma only electrons partecipate to the motion and the ions provide
just a uniform background of charge. We closely follow the treatment given
in the classical textbook of Jackson [Jac75].
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3.1.1 Maxwell’s equations in a plasma
We start considering the behaviour of an electrically neutral, conducting
fluid immersed in electromagnetic fields and we assume that the fluid is
nonpermeable [Jac75]. Moreover, we describe it through a matter density
ρ(x, t), a velocity v(x, t), a pressure p(x, t) and a real conductivity σ. The
two hydrodynamics equations are

∂ρ

∂t
+∇ · (ρv) = 0 ; (3.1)

ρ
dv

dt
= −∇p+ (J × B) ; (3.2)

where the first represents the continuity equation and the second the force
equation, respectively. Moreover, ∇p is a pressure term, J × B is the
magnetic-force term and J is the current. In Eq. (3.2) we are neglecting
the viscous term Fv = η∇2v and the gravitational force ρg. In general, we
have radiation plus an external magnetic field thus the total magnetic field
is

B = Brad +Bext ; (3.3)

where Brad is the field provided by the photon radiation itself and Bext is a
possible external field. The derivative in Eq. (3.2) is the so called convective
derivative

d

dt
=

∂

∂t
+ v · ∇ . (3.4)

For the electromagnetic field we start from the usual Maxwell Lagrangian,
assuming that this is not coupled to any other field

Lem = −1

4
FµνF

µν − AµJ
µ
ext ; (3.5)

where Aµ is the potential vector and Jµ
ext is the source term. From Eq. (3.5)

we obtain the classical Maxwell equations in the explicitly covariant form as

∂µF
µν = Jν ; (3.6)

∂γFαβ + ∂αFβγ + ∂βFγα = 0 . (3.7)
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The Equations (3.6)–(3.7) can be written in a not explicitly covariant form

∇× E+
∂B

∂t
= 0 ; (3.8)

∇ · E = ρe ; (3.9)
∇ ·B = 0 ; (3.10)
∇×B = J ; (3.11)

where J is the current density, ρe is the electrical charge density and in
the last equation, i.e. in Ampère’s law, we have neglected the displacement
current. We can just consider Eqs. (3.8) and (3.11) since the others give
negligible corrections and set the initial conditions. Finally, we need to take
into account Ohm’s law to make the current density J explicit. In a simple
conducting medium this law is

Jre = σEre ; (3.12)

where Jre and Ere are the current density and the electric field measured in
the rest frame of the medium. If this is moving in the laboratory with a
velocity v the current density in the laboratory frame becomes

J = Jre + ρev . (3.13)

For a one-component conducting fluid ρe = 0 and Ohm’s law reads

J = σ(E+ v ×B) . (3.14)

Eqs. (3.1), (3.2), (3.8), (3.11), (3.14) are the equations of magnetohydrody-
namics.

3.1.2 High-frequency plasma oscillations
We now assume that the electrons are described by the density ne(x, t) and
they have an average velocity v(x, t). In the high-frequency limit the equa-
tions for the electron fluid are

∂ne

∂t
+∇ · (nev) = 0 ; (3.15)

∂v

∂t
+ (v · ∇)v =

e

m

(
E+ v ×B

)
− 1

mne

∇p (3.16)

ρe = e(ne − n0
e) ; (3.17)

J = env ; (3.18)
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where ∇p describes the effects of the thermal kinetic energy of the electrons,
ρe is the electron charge density, J is the electron current and −en0

e is the
equilibrium charge density of electrons. With this prescription Maxwell’s
equations can be written as

∇ · E = e(ne − n0
e) ; (3.19)

∇ ·B = 0 ; (3.20)

∇× E+
∂B

∂t
= 0 ; (3.21)

∇×B− ∂E

∂t
= enev . (3.22)

We now use a perturbative approach to linearize the equation of motions,
considering small deviations from the equilibrium values

ne = n0
e + δn(x, t) ; (3.23)

v = v(x, t) . (3.24)

The linearized equations of motion at the first order, assuming that there is
no external magnetic field but just the radiation field, i.e. B ≡ Brad, become

∂δn

∂t
+ n0

e∇ · v = 0 ; (3.25)

∂v

∂t
− e

m
E+

1

mn0
e

(
∂p

∂ne

)
0

∇δn = 0 ; (3.26)

∇ · E = eδn ; (3.27)

∇×Brad −
∂E

∂t
= en0

ev ; (3.28)

to which we should add the two homogeneous Maxwell’s equations. We
have neglected the term v×Brad because both the fluctuation field and the
velocity are of first order, thus their product is of second order. The equations
Eqs. (3.25)–(3.26) can be combined, leading to a wave equation plus a non
homogeneous term, i.e. the pressure one, for the density fluctuations δn(x, t)

∂2δn

∂t2
+

(
e2n0

e

m

)
δn− 1

m

(
∂p

∂ne

)
0

∇2δn = 0 . (3.29)

Moreover, we can obtain an equation for the electric field through the com-
bination of the time derivative of Eq. (3.28) and Eq. (3.26)

∂2E

∂t
+

(
e2n0

e

m

)
E− 1

m

(
∂p

∂ρ

)
0

∇(∇ · E) = ∇× ∂Brad

∂t
. (3.30)
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The structures of the left-hand sides of Eq. (3.29) and Eq. (3.30) are identical,
thus nothing prevents us from setting ∂Brad/∂t = 0, from which Faraday’s
law implies that ∇× E = 0. Thus the electric field E is a longitudinal field
which can be derived as the gradient of a scalar potential. It implies that
every component of the field E satisfies an equation of the form Eq. (3.29). If
we neglect the pressure term we obtain that the density, velocity and electric
field all oscillate with the plasma frequency ω = ωp, where

ω2
p =

4παn0
e

me

. (3.31)

In the case in which the pressure term is not negligible we obtain instead the
following dispersion relation

ω2 = ω2
p +

1

m

(
∂p

∂ne

)
0

k2 . (3.32)

We assume the adiabatic law

p = p0

(
ne

n0
e

)γ

; (3.33)

where γ = 3 because there is just one transitional degree of freedom. Thus

1

m

(
∂p

∂n

)
0

= 3
p0
mn0

e

. (3.34)

If we use the relation p0 = n0
eKT and the equipartition theorem m〈u2〉 = KT

to define the root-mean-square (rms) velocity, we can rewrite the dispersion
relation Eq. (3.32) as

ω2 = ω2
p + 3〈u2〉k2 . (3.35)

This dispersion relation is valid only in the limit of long wavelengths and
corresponds to a quantum called plasmon. In order to study the different
plasma oscillations we consider the plane wave approximation, i.e. we assume
that all the quantities vary as ei(k·x−ωt). Eqs. (3.25)–(3.28) and the two
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homogeneous Maxwell’s equations [Eqs. (3.19)–(3.20)] can be written as

δn =
k · v
ω

n0
e ; (3.36)

v =
ieE

mω
+

3〈u2〉
ω

δn

n0

k ; (3.37)

k · E = −ieδn ; (3.38)
k ·B = 0 ; (3.39)
k×B = −ωE− ien0

ev ; (3.40)
k× E = ωB . (3.41)

Maxwell’s equations can be solved for v. In particular, we can combine
Eqs. (3.40)–(3.41) to obtain

v =

(
ie

mω

)
1

ω2
p

[(ω2 − c2k2)E+ (k · E) · k] . (3.42)

Inserting Eq. (3.42) in Eq. (3.37) we obtain an equation for the electric field
E

(ω2 − ω2
p − k2)E+ (1− 3〈u2〉)(k · E)k = 0 . (3.43)

The two different types of plasma oscillations can be made explicit if we write
the field E in terms of its parallel and perpendicular components relative to
k

E = E‖ + E⊥ ; (3.44)

E‖ =

(
k · E
k2

)
k . (3.45)

Therefore, from Eq. (3.43) we obtain the two equations

(ω2 − ω2
p − 3〈u2〉k2)E‖ = 0 ; (3.46)

(ω − ω2
p − k2)E⊥ = 0 . (3.47)

The equation for E‖ Eq. (3.46) corresponds to longitudinal waves with the
dispersion relation expressed in Eq. (3.35), that is to the longitudinal plas-
mons (LP). The equation for E⊥ corresponds instead to two transverse waves,
i.e. to two photon states of polarization, propagating with the dispersion re-
lation

ω2 = ω2
p + k2 . (3.48)
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We will denote these as transverse photons (TP). In particular, Eq. (3.48)
corresponds to the classical dispersion relation for photons modified by the
addition of a “mass” term ω2

p. We can conclude that photons acquire an
effective mass m2

γ = ω2
p while propagating in a plasma and being massive

acquires also a third polarization state, i.e. the longitudinal plasmon. Let us
focus on the solar plasma. If we use values from the Standard Solar Model
AGS09 [Ser09] we can estimate the pressure term in Eq. (3.34) at every
position in the Sun interior. This term ranges in the interval ∼ [10−7, 10−3],
thus if we rewrite the dispersion relation in Eq. (3.46) as(

ω

ωp

)2

= 1 +
3p0
mn0

e

(
k

ωp

)2

; (3.49)

we obtain that the second term on the right hand side is negligible with
respect to the unity. Therefore in the Sun the dispersion relation for lon-
gitudinal modes simply reduces to ω2 = ω2

p. The dispersion relation for
longitudinal and transverse modes in a plasma is shown in Fig. 3.1.
The results obtained in this section are valid only if there is not any external
magnetic field. In this case we must modify Maxwell’s equations, as we will
discuss in the Section 3.1.3.

3.1.3 Plasma oscillations in presence of an external
magnetic field

Let we assume now that an external magnetic field Bext is present in the
plasma [Jac75]. This is the most interesting case for our discussion, since in
the Sun large scale and very strong B-field are present, as we will discuss in
Chapter 4. We neglect the pressure term and the collisions. The equations
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Figure 3.1: Dispersion relation in a plasma for longitudinal photon modes, i.e.
ω = ωp, and transverse modes, i.e. ω2 = k2 + ω2

p. As k increases,
the dispersion relation for transverse modes asymptotically tends to
ω2 = k2.

of motion and Maxwell’s equations are

∂ne

∂t
+∇ · (nev) = 0 ; (3.50)

∂v

∂t
+ (v · ∇)v =

e

m

(
E+ v ×B

)
− 1

mne

∇p (3.51)

∇ · E = e(ne − n0
e) ; (3.52)

∇ ·B = 0 ; (3.53)

∇× E+
∂B

∂t
= 0 ; (3.54)

∇×B− ∂E

∂t
= enev . (3.55)

where we are considering the total magnetic field expressed in Eq. (3.3). We
can write down the linearized equations of motion and Maxwell’s equations
if we assume that all variables vary as ei(k·x−ωt) and if we consider small
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deviations from the equilibrium values

ne = n0
e + δn(x, t) ; (3.56)

v = v(x, t) . (3.57)

We obtain at the first order in perturbations and neglecting the pressure
term

δn =
k · v
ω

n0
e ; (3.58)

v =
ie

mω
(E+ v ×Bext) ; (3.59)

k · E = −ieδn ; (3.60)
k ·B = 0 ; (3.61)
k×B = −ωE− ien0

ev ; (3.62)
k× E = ωB . (3.63)

where in Eq. (3.59) we are considering only the external field because v×Brad

is of second order in the perturbation, while v × Bext is of first order. We
assume that the external field has an amplitude B0 and direction identified
by the versor b̂, i.e. Bext = B0b̂. Solving this system and proceeding as
in the previous case without an external field ones recover the dispersion
relation

ω2(ω2−ω2
p)(ω

2−ω2
p−k2)2 = ω2

B(ω
2−k2)[ω2(ω2−ω2

p−k2)+ω2
p(k·b̂)2] ; (3.64)

where we have introduced the cyclotron frequency

ωB =
eB

m
. (3.65)

From Eq. (3.64) it is evident that the longitudinal and transverse modes are
coupled because of the external magnetic field. These become uncoupled if
the condition ωB � ωp stands. If we use the Standard Solar Model AGS09
[Ser09] we obtain that this situation is satisfied everywhere in the Sun. The
behaviour of ωB and ωp as a function of r/R� is shown in Fig. 3.2. If ωB � ωp

we can obtain two seperate dispersion relations for k ‖ b and k⊥b. In the
former case, (k ·b)2 = k2 and neglecting in Eq. (3.64) the terms proportional
to ωB/ωp we obtain

ω2 ≈ k2 + ω2
p . (3.66)
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Figure 3.2: Behaviour of the plasma frequency ωp and cyclotron frequency ωB

in different zones of the Sun interior. The condition ωB � ωp always
occurs. In the simulation only the maximum amplitudes of the B-
field in different regions have been used.

In the latter case (k · b)2 = 0 and from Eq. (3.64) in this limit we obtain

ω2 ≈ ω2
p . (3.67)

3.2 Photon-ALP mixing in a plasma
Let us now consider an ALP-photon system in a plasma [Raf96]. We start
from the Lagrangian of a photon coupled with the pseudoscalar field a, i.e.
the ALP field

L = −1

4
FµνF

µν +
1

2
(∂µa∂

µa−m2
aa

2)− 1

4
gaγaFµνF̃

µν + JµA
µ ; (3.68)

where gaγ is the axion-photon coupling, Jµ is the electromagnetic current,
Aµ is the vector potential, Fµν is the electromagnetic field tensor and F̃µν =
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1/2εµνρσF
ρσ its dual. From Eq. (3.68) one recovers Maxwell’s equations

∂µF
µν = Jν + gaγF̃

µν∂µa ; (3.69)

(�+m2
a)a = −1

4
gaγFµνF̃

µν ; (3.70)

∂µF̃
µν = 0 . (3.71)

In this context we consider a strong external magnetic field Bext such that the
total field in Eq. (3.3) is B ≈ Bext. The plasma equations Eqs. (3.15), (3.17)
stay unaffected by the presence of the ALP. We can make a distinction be-
tween transverse and longitudinal modes, since we are in the limit of high
plasma oscillation as we discussed in Section 3.1.3.

3.2.1 Transverse modes
Transverse modes are characterized by an electric field E transverse to the
photon momentum and a magnetic field B transverse to both. According to
the discussion of Section 3.1 the photon dispersion relation for TP is

ω2 = k2 + ω2
p ; (3.72)

where ω2
p = m2

γ. Actually, in vacuum transverse modes are the only ones
allowed, but in this case their dispersion relation is the common ω2 = k2.
For the purpose of our discussion we rewrite just three Maxwell’s equations
in a non-explictly covariant form

∇ · E = ρe − gaγBext · ∇a ; (3.73)
∇×Bext − ∂tE = −gaγBext∂ta+ J ; (3.74)
(�+m2

a)a = −gaγBext · ∂tA ; (3.75)

where ρ = −ene is the electron charge density, A is the time-varying part of
the vector potential for the external magnetic field and � = ∂2

t −∇2. Note
that we are considering only the electrons in plasma equations, because as
we discussed in Sections 3.1.2 we are assuming that ions provide a uniform
background which does not partecipate in plasma motion. For the transverse
mode k ·Bext = 0. Thus for clarity of notation we identify the magnetic field
Bext ≡ BT, to denote that it is a transverse field. Moreover, we make the
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assumption that E � BT. Therefore Eqs. (3.74)–(3.75) become

�A = gaγBT∂ta ; (3.76)
(�+m2

a)a = −gaγBT · ∂tA . (3.77)

Finally, the equations of motions for the plasma and Maxwell’s equations for
the transverse modes are

�A = gaγBT∂ta ; (3.78)
(�+m2

a)a = −gaγBT · ∂tA (3.79)
∂n

∂t
+∇ · (nv) = 0 ; (3.80)

∂v

∂t
+ (v · ∇)v =

e

m

(
E+ v ×BT

)
− 1

mne

∇p . (3.81)

The goal is computing the TP-ALP conversion probability, for which plasma
equations are not necessary, assuming that no photons absorption exists in
the plasma. We specialize to a wave of frequency ω propagating in the
z-direction and we denote with A⊥ and A‖ the components of the vector
potential A perpendicular and parallel to BT respectively. Thus the equation
of motion for the TP-ALP system becomes [Raf88,Ans88]

[
ω2 + ∂2

z + 2ω2

∆⊥/ω nR 0

nR ∆‖/ω gaγBT/2ω

0 gaγBT/2ω −m2
a/2ω

2

]
A⊥

A‖

a

 = 0 ; (3.82)

where nR corresponds to the so called Faraday effect, which denotes the
possibility of rotation of the plane of polarization in optically active media
with a consequent mixing of A⊥ and A‖. Moreover

∆⊥ = ∆p +∆CM
⊥ ; (3.83)

∆‖ = ∆p +∆CM
‖ ; (3.84)

∆p = −2παne

me

ω−1 . (3.85)

The terms ∆CM
⊥,‖ describe the Cotton-Mouton effect, i.e. the birifrangence of

fluids in the presence of a transverse magnetic field. The vacuum Cotton-
Mouton effect arises from QED one-loop corrections to the photon polar-
ization when an external magnetic field is present. In this case we define
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∆QED = |∆CM
⊥ −∆CM

‖ | and it is defined as

∆QED =
24α2

135

ρB
m4

e

ω . (3.86)

This QED correction is found to be negligible with respect to ∆p in the case
of solar plasma. For transverse modes only the component A‖ of the vector
potential couples to the ALP. Moreover, if we neglect the Faraday effect
(nR = 0) and we assume that the magnetic field is uniform, we can reduce
the general 3× 3 problem of Eq. (3.82) to the 2× 2 system consisting of A‖

and a. In the ultrarelativistic limit, i.e. for energies ω � ma and ω � ωp,
we can linearize Eq. (3.82). As a result of linearization we obtain a linear
Schrödinger like equation [Raf88,Ans88]

i∂z

(
A‖

a

)
= −ω1 +

(
ω2
p

2ω
gaγBT/2

gaγBT/2
m2

a

2ω

)(
A‖

a

)
; (3.87)

Thus the Hamiltonian for the transverse modes reads (up to an overall phase
diagonal term)

HT =

(
ω2
p

2ω
gaγBT/2

gaγBT/2
m2

a

2ω

)
. (3.88)

Finally, we obtain the TP-ALP conversion probability after traveling a dis-
tance z in a uniform magnetic field BT [Raf96]

P (γT → a) = (∆T
aγz)

2 sin
2(∆T

oscz/2)

(∆T
oscz/2)

2
; (3.89)

where we have introduced

∆T
aγ = gaγBT/2 ; (3.90)

∆T
osc =

√
4∆T

aγ
2 +

(
ω2
p −m2

a

2ω

)2

. (3.91)

It is important to stress that the TP-ALP conversion exhibits a resonant
behaviour, i.e. the TP-ALP conversion probability becomes maximal for a
particular condition. Indeed, from Eq. (3.89) we obtain that the probability
is maximal when m2

a = ω2
p, i.e. when ∆T

osc has its minimum, that is the only
case in which the axion dispersion relation crosses the transverse photon one,
as shown in Fig. 3.3.
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Figure 3.3: Dispersion relation for an ALP with mass ma, which was made large
enough to be distinguished from that of an ordinary photon (black
continuos line). The ALP dispersion crosses the one of the LP for
ω = ωp, where the resonance occurs. For the transverse modes, the
only possibility of crossing between the axion dispersion relation and
the transverse photon one is m2

a = ω2
p.

3.2.2 Longitudinal modes
Longitudinal modes are allowed only in presence of a medium, that is in our
discussion is the solar plasma. The photon dispersion relation for LP is

ω2 = ω2
p . (3.92)
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In this case ∇·B 6= 0, thus the plasma equations of motion and the relevant
Maxwell’s equations are [Ter18,Men19,Das04]

∂ne

∂t
+∇ · (nev) = 0 ; (3.93)

∂v

∂t
+ (v · ∇)v =

e

m

(
E+ v ×B

)
− 1

mne

∇p ; (3.94)

∇ · (E+ gaγBa) = e(ne − n0
e) ; (3.95)

(�+m2
a)a = gaγaE ·B . (3.96)

The goal is now compute the LP-ALP conversion probability, assuming that
no LP absorption exists in the plasma. In the case of longitudinal modes
we have to combine Eqs. (3.93) and (3.94) with Maxwell’s equations. We
consider a uniform external magnetic field along the z-direction B = BLuz

and we consider the plane wave approximation, i.e. we assume that all the
fields vary as ei(k·x−ωt). Moreover, we take into account a small perturbation
to the electron number density

ne = n0
e + δn ; (3.97)

where n0
e is the equilibrium value and δn � n0. If we finally take ω = ωp =

ωa, i.e. the photon energy coincident with the plasma frequency and with
the ALP energy, we can linearize Maxwell’s equations Eqs. (3.95)-(3.96) for
longitudinal modes. Thus we obtain [Ter18]

i∂t

(
AL

ak

)
=

(
ωp

gaγBL

2
gaγBL

2
ωa

)(
AL

ak

)
; (3.98)

where we have introduced the fields δn = ineAL and a = ωpmeak/ek. Thus
the Hamiltonian of the system is

HL =

(
ωp ∆L

aγ

∆L
aγ ωa

)
. (3.99)

The LP-ALP conversion probability is again

P (γLP → a) = (∆L
aγt)

2 sin
2(∆L

osct/2)

(∆L
osct/2)

2
; (3.100)
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where

∆L
aγ =

gaγBL

2
; (3.101)

∆L
osc =

√
4∆L

aγ
2 + (ωa − ωp)2 . (3.102)

The LP-ALP conversion is a resonant process and the resonance occurs for
ω = ωp, when the ALP dispersion relation crosses the LP one, as shown in
Fig. 3.3.
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Chapter 4

Axions from the Sun: Photon
conversions in magnetic field

In this Chapter we discuss the ALPs production in the Sun from photon con-
versions in the solar magnetic fields. In Section 4.1 we describe the models for
large-scale magnetic field in the Sun and we present simulations of the mag-
netic field profiles. In Section 4.2 we calculate the photon-ALP conversion
probability in the solar magnetic fields for both transvserse and longitudinal
photon modes. Moreover, we introduce a kinetic approach to compute the
ALP production rate, taking into account photon absorption in the solar
plasma. In Section 4.3 we compute the ALP flux expected at Earth from dif-
ferent conversion processes in the Sun and we present the expected spectra of
these fluxes. In Section 4.4 we derive a new bound on the coupling constant
gaγ based on ALP emissivity from production in solar B-fields and we discuss
the perspective of detection for ALPs produced through conversions in the
solar magnetic field.

4.1 Large scale magnetic field in the Sun
In this thesis work we are interested in the magnetic activity of the Sun, whose
dynamic magnetic field is responsible for all solar magnetic phenomena, such
as sunspots and the solar wind. The former are dark patches on the solar
surface which can be seen with the nacked eye and that many theories have
tried to explain without success. In 1908 Hale first introduced the solar
magnetic field to explain that the sunspots were the site of such a field
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Figure 4.1: Sunspots can be seen on the lower part of the Sun. The image is from
NASA’s Solar Dynamic Observatory and was captured on October
23th, 2004. Image credit: NASA/SDO.

which caused the splitting of spectral lines through the Zeeman effect [Hal08].
A picture of sunspots is shown in Fig. (4.1). Actually, the observation of
sunspots is not the only evidence of the precence of a magnetic field in the
Sun. Nevertheless, we just mention this one for its hystorical importance,
since solar magnetic field was first introduced on the basis of its observation.
Current theories that describe the Solar magnetic field involve the existence
of an hydromagnetic dynamo operating within the Sun (for more details
about the dynamo theory see [Mof78, Par79]). A dynamo process was first
proposed by Larmor in 1919 [Lar19] to explain how the magnetic field was
mantained in the Sun. He suggested that this was possible because of the
motion of an electrically conducting fluid, i.e. the ionized plasma in the Sun.
The motion of such a fluid induces electric currents that are needed to sustain
the field. However, the dynamo problem is much more complicated, but its
mathematical discussion goes beyond the purposes of this thesis.
Progress in this context was done by dividing the magnetic field in a toroidal
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(a) α-effect. (b) ω-effect.

Figure 4.2: In Fig. 4.2a α-effect is shown: toroidal lines of the magnetic field
are lifted and twisted by the turbolent motions. It results in the
conversion of toroidal field into poloidal one. In Fig. 4.2b ω-effect is
shown. Poloidal field is stretched into toroidal one by the differential
rotation around the Sun axis. Figures taken from [Hat14].

and poloidal component. These terms refer to the directions relative to a
torus reference: the former encircle the central part of the torus, the latter
follows a ring around the surface. It was in 1955 that Parker presented
his work about the hydromagnetic dynamo theory for the Sun [Par79] in
terms of the so called α − ω kynematic dynamo. This theory explains how
the two components of the magnetic field are sustained by the fluid flow.
Indeed, there are both a differential latitudinal rotation, corresponding to
the parameter ω, and turbolent movements, described by the parameter α.
The differential rotation causes for a stretching of the poloidal field into a
toroidal one (ω effect), while the turbolent motions are able to slow down
the lift and twist of the toroidal field, giving it enough time to be amplified
(α effect). These two effects allow to convert a toroidal field into a poloidal
one, thus the initial field is restored and the dynamo cycle is completed.
The α and ω effects are schematically shown in Fig. 4.2. Since the toroidal
field is believed to cause the sunspots on the surface of the Sun, the toroidal
component could be larger than the poloidal one in the convective zone.
In this thesis work we will consider only the toroidal part of the field. The
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magnetic field of the Sun is most important in three different regions, namely
the radiative zone (r . 0.7 R�), the exterior zone called the convective zone
(r & 0.9 R�) and the intermediate region between these two ones called the
tachocline (r ∼ 0.7 R�).
We describe toroidal magnetic field in the Sun as [Dzi95]

Bφ = a(r)
d

dθ
Pk(cos θ)eφ ; (4.1)

where Pk(cos θ) is the Legendre polynomial of degree k, eφ is the azimuthal
direction of the field and a(r) is its profile. We assume that k = 2, i.e.
that the field is quadrupolar, which is consistent with the surface-magnetism
manifestation [Cou03]. For a(r) two different profiles are considered [Gou90].
The radiative zone is simulated considering the following profile

a(r) =

{
Kλ

(
r
r0

)2(
1−

(
r
r0

)2)λ
if r ≤ r0

0 otherwhise
; (4.2)

where Kλ = (1 + λ)(1 + 1/λ)λBrad, r0 = 0.712R�, being λ = 10 r0 + 1 and
Brad the amplitude of the field, i.e. its highest value. In the radiative zone
1 × 107 G . Brad . 3 × 107 G. This range was determined by Couvidat et
al. [Cou03]. They used the precision on solar sound speed and density to rule
out field with intensity B0 ∼ 108 G and arguments on the solar oblateness to
set the upper value. The field profile in the tachocline is instead simulated
as

a(r) =

{
Btach

(
1−

(
r−r0
d

)2) if |r − r0| ≤ d

0 otherwhise
; (4.3)

where r0 is the center of the zone and d is its half-width. As benchmark
parameters in the tachocline we set d = 0.02 R� and r0 = 0.712 R�, while
3 × 105 G . Btach . 5 × 105 G. These bounds were set by Antia et al.
by the observation of the splittings of solar oscillation frequencies [Ant00].
Similiarly, the field profile in the upper layers is simulated as in Eq. (4.3)

a(r) =

{
Bconv

(
1−

(
r−r0
d

)2) if |r − r0| ≤ d

0 otherwhise
; (4.4)

with r0 = 0.96 R�, d = 0.035 R� and 2× 104 G . Bconv . 3× 104 G. These
bounds were set by Antia et al. from an analysis of the Global Oscillation
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Figure 4.3: Profile of solar magnetic field B(r) as a function of radius r/R�.
In each region we take the following ranges: Brad ∈ [1, 3] × 107 G

[Cou03], Btach ∈ [3, 5] × 105 G [Ant00] and Btach ∈ [2, 3] × 104 G

[Ant00].

Network Group (GONG). To summarize, we simulate magnetic fields with
the following ranges [Ant00]

Brad ∈ [1; 3]× 107 G ; (4.5)
Btach ∈ [3; 5]× 105 G ; (4.6)
Bconv ∈ [2; 3]× 104 G . (4.7)

The simulated magnetic fields with the amplitudes in the range of the pre-
vious three equations are shown in Fig. 4.3.

4.2 Photons conversions in solar magnetic fields
Conversions of solar thermal photons into ALPs in solar magnetic fields is
allowed because of the Lagrangian [Raf88]

L = −1

4
gaγaFµνF̃

µν = gaγaE ·B . (4.8)
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Let us consider a photon beam with energy ω propagating in the solar plasma
along the z direction. We assume that the magnetic B field is homogeneous.
As we discussed in Chapter 3 the cyclotron frequency ωB is always much less
than the plasma frequency ωp, i.e. the condition ωB � ωp always applies in
the Sun. Thus, in order to study conversions into ALPs, according to Sec.
3.1.3 we can decouple the photon transverse modes from the longitudinal
ones.

Photon transverse modes

For photon transverse modes, the TP-ALP conversion probability after the
beam has traveled a distance z in the B-field is Eq. (3.89) [Raf96]

P (γT → a) = (∆T
aγz)

2 sin
2(∆T

oscz/2)

(∆T
oscz/2)

2
; (4.9)

where in solar units

∆T
aγ =

gaγBT

2
' 1.2× 10−1

(
gaγ

10−11 GeV−1

)(
BT

3× 105 G

)
R−1

� ; (4.10)

∆p = −
ω2
p

2ω
' −2.46× 1017

(
ω

keV

)−1(
ne

1026cm−3

)
R−1

� ; (4.11)

ωp ' 1.31× 1018
√

ne

1026 cm−3
R−1

� ; ; (4.12)

∆a = −m2
a

2ω
' −1.76× 1014

(
ma

10 eV

)2(
ω

keV

)−1

R−1
� ; (4.13)

∆T
osc =

√
4∆T

aγ
2 + (∆p −∆a)2 ; (4.14)

BT is the component of the magnetic field transverse to the propagation di-
rection of the photon and ωp the plasma frequency. The plasma frequency
has been computed using the Solar Model AGSS09 [Ser09]. For the solar
B-field we used the model of the previous Section. The results are shown in
Fig. (4.4). The conversion probability in Eq. (4.9) is maximum at resonance,
when ∆p = ∆a, i.e. m2

a = ω2
p. From Fig. (4.4) we see that the resonance

occurs in the radiative zone at r ∼ 0.3R� for ma ∼ 100 eV. Instead, the
resonance in the tachocline occurs at r ∼ 0.7R� for ma ∼ 10 eV. Indeed,
for these values of ma the curve ∆a crosses ∆p.
Finally, we need to take into account the photon absorption coefficient rate
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Figure 4.4: Oscillation parameters of Eqs. (4.10)–(4.14)–(4.11)–(4.13) as a func-
tion of r/R�.

Γabs in the Sun interior. This is defined as the inverse of the photon mean
free path which is approximately linear with r/R� [Kri16]. The behaviour of
Γabs compared to the oscillation parameters of the photon transverse modes
is shown in Fig. (4.5). We see that the photon absorption coefficient Γabs in
the solar plasma is not negligible with respect to the other oscillation param-
eters, but rather is always larger than the parameter ∆aγ. This means we
need to include the photon absorption in our discussion and to use a kinetic
approach, as we will do in the next section.
We conclude this Section giving an estimation of the conversion probabil-
ity. First, we consider the resonant case and we assume that the distance
traveled by the photon in the B-field is equal to its mean free path Γ−1

abs.
For the photon transverse modes the resonance occurs when m2

a = ω2
p, thus

∆T
osc ≡ ∆T

aγ � Γabs as we see from Fig. (4.5). Therefore in Eq. (4.9) we have
that sin2(∆T

oscΓ
−1
abs)/(∆

T
oscΓ

−1
abs)

2 ≈ 1, since ∆T
osc(Γ

−1
abs) � 1. The TP-ALP
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Figure 4.5: Behaviour of photon absorption rate compared to the oscillation pa-
rameters of the photon transverse modes.

conversion probability is

P (γT → a) ≈
(
gaγBTΓ

−1
abs

2

)2

≈ 1.33× 10−22

(
gaγ

5× 10−11 GeV−1

)2(
BT

3× 105 G

)2(
0.4 cm

Γabs

)2

;

(4.15)

where we have normalized the expression considering the resonance at r ∼
0.7 R�. [Kri16].
Finally, we consider the off-resonance conversion probability. For the photon
transverse modes when the resonance condition does not apply we can take
ma ∼ 0, that is ∆T

osc ≈ ∆p. From Fig. 4.5 we see that ∆p � Γabs, thus
in Eq. (4.9) we can approximate sin2(∆T

oscΓ
−1
abs) ≈ 1/2, since there are many

photon oscillations within a mean free path Γ−1
abs and we can just consider

the average of the oscillatory term. In this case the TP-ALP conversion
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probability is

P (γT → a) ≈ 1

2

(
gaγBT/2

∆p

)2

≈ 2.14× 10−36

(
gaγ

5× 10−11 GeV−1

)2(
BT

3× 105 G

)2(
1026 cm−3

ne

)2(
ω

keV

)2

;

(4.16)

where we have normalized the quantities relatively to their values at r ∼
0.7 R�. Thus, at the same position in the Sun, where ne ≈ 10−23 cm−3 and
ω ∼ keV, the off-resonance TP-ALP conversion probability is ∼ 10−30, i.e.
it is about 8 order of magnitude smaller than the resonant one.

Photon longitudinal modes

For the longitudinal modes the LP-ALP conversion probability after the
beam has traveled a distance z in the homogeneous B-field is Eq. (3.100)
[Ter18]

P (γL → a) = (∆L
aγz)

2 sin
2(∆L

oscz/2)

(∆L
oscz/2)

2
; (4.17)

where in units of solar radius

∆L
aγ =

gaγBL

2
' 1.2× 10−1

(
gaγ

10−11 GeV−1

)(
BL

3× 105 G

)
R−1

� ; (4.18)

∆L
osc =

√
4∆L

aγ
2 + (ωa − ωp)2 . (4.19)

and ωp is defined in Eq. (4.12). BL is the component of the magnetic field
longitudinal to the propagation direction of the LP and ωa is the ALP energy.
The oscillation parameters for the longitudinal modes computed using the
Solar Model AGSS09 [Ser09] are shown in Fig. (4.6). Also for photon longi-
tudinal modes we need to take into account the photon absorption coefficient
Γabs in the Sun interior. The behaviour of Γabs compared to the oscillation
parameters of the photon longitudinal modes is shown in Fig. (4.7). Also in
this case the photon absorption coefficient Γabs in the solar plasma is not neg-
ligible with respect to the other oscillation parameters, but is always larger
than the parameter ∆aγ.
We can give an estimation of the LP-ALP conversion probability at the dis-
tance z = Γ−1

abs. In this case the resonance occurs for ω = ωp = ωa, i.e.
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Figure 4.6: Ocillation parameters for LP-ALP conversion in units of R−1
� .

for the LP energy equal to the plasma frequency and to the axion energy
and the condition ∆osc(Γ

−1
abs) � 1 stands Eq. (4.17). Thus, if we consider

the resonance at z = Γ−1
abs ∼ 0.4 cm we find the same result of photon-ALP

conversion probability expressed in Eq. (4.15)

P (γL → a) ≈
(
gaγBLΓ

−1
abs

2

)2

≈ 1.33× 10−22

(
gaγ

5× 10−11 GeV−1

)2(
BL

3× 105 G

)2(
0.4 cm

Γabs

)2

.

(4.20)

For the photon longitudinal modes we can not work off-resonance starting
from the equation of motion, since if ω is much different from ωp the lin-
earization is not valid anymore.

4.2.1 Kinetic approach
The photon absorption rate Γabs in the Sun is not negligible with respect to
the others oscillation parameters. Thus, TP-ALP and LP-ALP oscillations
are interrupted by collisions and we have to consider an ensemble of photons
rather than a single particle description. This kinetic approach is similiar to
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Figure 4.7: Behaviour of photon absorption rate compared to the oscillation pa-
rameters of the photon longitudinal modes.

the one used by G. Raffelt and G. Sigl for the relativistic mixed neutrinos
in presence of collisions [Sig92]. It has been applied to deal with different
mixing problems, such as the mixing of photons with hidden photons (HP)
in the Sun [Red13] which we closely follow in our derivation.
We present a completely general formalism, starting from two bosonic fields
A and S, which evolve according to the linearized equation of motion

i∂t

(
A

S

)
=

(
ωA µ

µ ωS

)(
A

S

)
; (4.21)

where ωA is the energy associated with the field A, ωS the one associated with
the field S and µ is a mixing term which we assume to be small relative to
the diagonal terms. Moreover, we consider the case in which collisions occur
for the A quanta (i.e. the photons in our case). In this case an adequate
description of the problem is given in terms of density matrices [Sig92]. For
a fixed momentum k, the free evolution is governed by the Hamiltonian of
two coupled harmonic oscillators

H =
∑

i,j=A,S

a†iΩijaj ; (4.22)
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where a†i is the creation operator for a quanta i, ai the annihilation one and

Ω =

(
ωA µ

µ ωS

)
=

ωA + ωS

2
1 +

(
1
2
∆ω µ

µ −1
2
∆ω

)
; (4.23)

where ∆ω = ωA−ωS. The term (ωA+ωS)/2 can be reabsorbed as an overall
diagonal phase. For such a system, we can define the oscillation frequency

∆osc =
√

4µ2 +∆ω2 . (4.24)

We assume that the field A interacts with the medium, namely with the
solar plasma, which can absorb a quantum with rate Γabs and produce one
with rate Γprod. Consequently, assuming that the interaction does not couple
different moment k, the equation of motion for a single momentum mode,
described by the density matrix ρ, is the Liouville equation [Sig92]

ρ̇ = −i[Ω, ρ] +
1

2
{Gprod, 1 + ρ} − 1

2
{Gabs, ρ} ; (4.25)

where

Gprod =

(
Γprod 0

0 0

)
;

Gabs =

(
Γabs 0

0 0

)
.

(4.26)

The density matrix ρ(k) for a single momentum state k can be written in
terms of the creation and annhilation operators of quanta i, j as

ρ(k) = 〈a†j(k)ai(k′)〉 = (2π)3δ(3)(k− k′)ρij(k) ; (4.27)

where (2π)3δ(3)(0) is expected to diverge, since it is related to the infinite
quantization volume necessary for continuous momentum variables. Nev-
erthless, this factor can be set equal to unity because it drops out of final
results in all pratical cases [Raf96]. Note that in Eq. (4.25) the coummutator
describes the dynamic evolution of the system while the anticommutators
correspond to the collisions. In thermal equilibrium Γprod = e−ω/TΓabs and
the S type particles are not excited, while we assume that the A type parti-
cles obey the Bose-Einstein statistics fBE = (eω/T − 1)−1. A non equilibrium
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situation is described with a small deviation δρ from the thermal equilibrium
state ρeq, thus

ρ = ρeq + δρ =

(
fBE 0

0 0

)
+ δρ . (4.28)

In Eq. (4.25) the collision terms, i.e. the anticommutators, vanish for ρeq,
thus the Liouville equation reduces to

ρ̇ = −i[Ω, ρ]− 1

2
{G, δρ} ; (4.29)

where we have introduced G = diag(Γ, 0), with Γ = (1 − e−ω/T )Γabs
1, i.e.

the total collisional rate. We can write δρ as

δρ =

(
nA g

g nS

)
; (4.30)

where nA is the occupation numbers of A quanta, nS the occupation numbers
of S quanta and g represents the mixing between the two levels. If we insert
Eqs. (4.28)–(4.30) into Eq. (4.29) we obtain the equations of motion

ṅA = −ΓnA − 2µIm(g) ; (4.31)
ṅS = 2µIm(g) ; (4.32)

ġ = −
(1
2
Γ + i∆ω

)
g + iµ(fBE + nA − nS) . (4.33)

The mixing µ is always small so basically we are never far from the thermal
equilibrium, i.e. fBE � nA and fBE � nS. In this limit Eq. (4.33) reads

ġ = −
(1
2
Γ + i∆ω

)
g + iµfBE . (4.34)

Assuming the initial condition g(0) = 0 the solution of Eq. (4.34) is then

g(t) =
1− e−(i∆ω+Γ/2)t

∆ω − iΓ
2

µfBE . (4.35)

After an initial transient, Eq. (4.35) approaches the steady-state solution

g∞ =
∆ω + iΓ/2

∆ω2 + Γ2/4
µfBE . (4.36)

1The total collisional rate Γ is different for transverse and longitudinal photons because
it depends on different processes. Thus, in principle we should define the two collisional
rates ΓT and ΓL for TP and LP, respectively.
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If we insert this latter in Eq. (4.32) we finally obtain the S quanta production
rate

Γprod
S ≡ ṅS =

Γµ2

(ωA − ωS)2 + Γ2/4

1

eω/T − 1
. (4.37)

From Eq. (4.37) we obtain that the A − S mixing process is resonant, i.e.
it is maximal for ωA = ωS. The result in Eq. (4.37) is completely general
and it is valid both at the resonance and off-resonance, since it has been
obtained on the only assumption that the mixing term µ is small relative
to the diagonal terms ∼ ∆ω. This condition always applies in the solar
plasma, both for photon transverse modes and longitudinal ones. Thus we
can specialize Eq. (4.37) to the cases of TP-ALP and LP-ALP conversion
rates.

Photon transverse modes

The linearized equations of motion for photon transverse modes read 2

i∂t

(
A‖

a

)
= HT

(
A‖

a

)
; (4.38)

where A‖ is the photon polarization state parallel to the transverse solar
B-field, a is the axion field and

HT =

(
ω2
p

2ω

gaγBT

2
gaγBT

2
m2

a

2ω

)
=

ω2
p −m2

a

2ω
1 +

(
1
2
q ∆T

aγ

∆T
aγ −1

2
q

)
; (4.39)

where here q = (ω2
p − m2

a)/2ω. Thus, with the substitutions µ → ∆aγ and
∆ω → q, we obtain from Eq. (4.37) the TP-ALP conversion rate

Γprod
a =

[
Γ∆T

aγ
2(ω2

p−m2
a

2ω

)2
+ Γ2/4

]
1

eω/T − 1
. (4.40)

The expression in Eq. (4.40) is valid both on resonance and off-resonance and
we will use it to estimate the ALP flux expected at Earth arising from these
conversion processes.

2If we assume relativistic states, i.e. states such that ω ≈ k, we can consider the
replacement i∂z → i∂t in the equation of motion.
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Photon longitudinal modes

The linearized equation of motion for the photon longitudinal modes is

i∂t

(
AL

ak

)
= HL

(
AL

ak

)
; (4.41)

where AL is the LP state, ak is the axion field redifined according to the
definitions given in Chapter 3 and

HL =

(
ωp

gaγBL

2
gaγBL

2
ωa

)
=

ωp + ωa

2
1 +

(
1
2
∆ω ∆L

aγ

∆L
aγ −1

2
∆ω

)
; (4.42)

where in this case ∆ω = ωp − ωa. If we insert this expression of ∆ω and we
replace µ → ∆aγ in Eq. (4.37) we obtain the LP-ALP conversion rate

Γprod
a =

[
Γ∆L

aγ
2

(ωp − ωa)2 + Γ2/4

]
1

eω/T − 1
. (4.43)

This expression has been recently obtained in [OH20] from a thermal field
theory calculation. Contrarily to the photon transverse modes, the expression
Eq. (4.43) is valid only on resonance, since it is based on the flavor evolution
of on-shell LPs, i.e. it is obtained assuming that ω ∼ ωp ∼ ωa and it is not
applicable for ω very different from ωp.

4.3 Solar ALP flux at Earth
The number of ALPs at Earth per unit of time in units of cm−2 s−1 is

dNa

dt
=

g

4πD2
�

ˆ
d3r

d3k

(2π)3
Γprod
a ; (4.44)

where D� ∼ 1.49 × 1011 m is the Earth-Sun distance, Γprod
a is the ALP

production rate expressed by Eq.(4.37), the factor g is the number of the
polarization states of photons (g = 1 for LPs and g = 2 for photon transverse
modes) and the integration is performed over all the photons energies k and
over the solar volume. From Eq. (4.44) we recover the differential ALP flux
expected at Earth in units of cm−2 s−1 keV−1

dΦa

dω
=

g

(2π)3D2
�

ˆ R�

0

drr2
ˆ

dΩk
dk

dω
k2Γprod

a ; (4.45)
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where R� ≈ 6.96×108 m is the solar radius and Ωk is the solid angle around
the direction of photon momentum k. If we assume relativistic states ω ≈ k

and dk/dω ≈ 1. With these assumptions Eq. (4.45) becomes

dΦa

dω
≈ g

(2π)3D2
�

ˆ R�

0

drr2
ˆ

dΩkω
2Γprod

a . (4.46)

We now focus on the estimation of the ALP flux at Earth from different
conversion processes in the solar magnetic fields.

4.3.1 Flux from TP-ALP conversions in the Sun
For TP-ALP conversions in the Sun the ALP production rate is expressed
by Eq. (4.40)

Γprod
a =

[
Γ∆T

aγ
2(ω2

p−m2
a

2ω

)2
+ Γ2/4

]
1

eω/T − 1
. (4.47)

This expression is valid both on resonance, i.e. when the condition ω2
p = m2

a

applies, and off-resonance, when ma 6= ωp. Therefore we can specialize our
discussion in these two different cases.

Resonant production

The TP-ALP conversion process is dominated by resonance, where the TP-
ALP conversion probability [Eq. (4.9)] is maximum. All over the solar interior
Γ � m2

a/2ω, as we see from Fig. 4.5, since for every fixed ma we have that
m2

a/2ω = ∆p. Thus, the ALPs production process is narrowly concentrated
around ω2

p = m2
a and we may approximate it [Eq. (4.47)] with a delta function

Γprod
a ≈ π2∆T

aγ

2
δ

(
ω2
p −m2

a

2ω

)
1

eω/T − 1
≈ π

2
(gaγBT )

2δ

(
ω2
p −m2

a

2ω

)
1

eω/T − 1
.

(4.48)
If we insert the last expression in Eq. (4.46), we note that the integration
over the volume gives

ˆ
drδ(q) ≈

∣∣∣∣dqdr
∣∣∣∣−1

res

= 2ω

∣∣∣∣dω2
p

dr

∣∣∣∣−1

res

; (4.49)

where we have denoted with q = (ω2
p −m2

a)/2ω. Finally∣∣∣∣dω2
pl

dr

∣∣∣∣−1

res

=
1

m2
a

∣∣∣∣d lnne

dr

∣∣∣∣−1

res

=
1

m2
a

Re ; (4.50)
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where Re is a parameter introduced assuming an exponential model for the
electron density

ne = n0
ee

−r/Re (4.51)
in the region r . 0.8 R�, with

Re = R�/9.89 (4.52)
n0
e = 1.11× 1026 cm−3 . (4.53)

If we consider the relation between the plasma frequency and the electron
number density

ω2
p = 4πα

ne

me

; (4.54)

we obtain that lnω2
p ∼ lnne ∼ r/Re.

Furthermore, we notice that in the case of resonance ∆T
osc � Γabs (see

Fig. 4.5). Therefore, during the resonance the photons are continuously re-
scattered such that information about their polarization is lost. The photon
trajectories can form any angle with the magnetic field B. Since the photon
trajectories are not straight, this angle is not correlated with the magnetic
field direction and the photon polarization. Therefore, we have to perform
a local angular average in the resonance shell before performing the integral
in dΩk of Eq. (4.46). For a generic photon polarization, the BT strength
entering the conversion probability is

BT = |B(x) · ε̂| = |B(x) sinϑ(x) cosϕ| , (4.55)

where x is the position vector of the resonance region in a particular direction
x̂, ε̂ is the photon polarization vector (|ε̂| = 1, ε̂ × x̂ = 0), ϑ is the angle
between the magnetic field B(x) and the photon propagation direction x̂ and
ϕ the angle between BT (the component of the magnetic field perpendicular
to x) and ε̂. We define

〈B2
T 〉 = |B|2

ˆ
dϕ

2π

dΩϑ

4π
sin2 ϑ cos2 ϕ =

1

3
|B|2 . (4.56)

Therefore, in Eq. (4.48) we should substitute B2
T → 〈B2

T 〉 = |B|2/3.
Finally, we obtain the ALP flux spectrum from resonant conversions in the
solar magnetic field expected at Earth inserting Eqs. (4.48)–(4.50)–(4.56) in
Eq. (4.46)

dΦa

dω
=

1

3πD2
�

(
gaγ|B(Rres)|

ma

)2

R2
resRe

ω3

e
ω

Tres − 1
; (4.57)
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Figure 4.8: The plasma frequency ωp as a function of r/R� (blue line) and the
exponential fit (orange line) are shown. Resonance occurs at r ∼
0.25 R� and at r ∼ 0.75 R� for ma = 130 eV and ma = 10 eV,
respectively.

where Rres is the position in the Sun where the resonance condition occurs
for the fixed value of ma and Tres is the temperature at the same position.
From Fig. 4.8 we obtain that a resonance occurs for ma = 10 eV and for
ma = 130 eV at r ∼ 0.7 R� and r ∼ 0.25 R�, respectively in the tachocline
and in the radiative zone, where the condition ma = ωp is satisfied. First,
let us consider the ALP spectrum for the resonance in the tachocline at
r ∼ 0.7 R�, where ma ∼ 10 eV and B ∼ 3 × 105 G. This one occurs at
a position where the homogeneous B-field in the tachocline has its peaks,
as shown in Fig. 4.3. We can obtain the total ALP flux Φa from resonant
conversion in the solar magnetic fields expected at Earth by the integration
of Eq. (4.57) over the energies ω. The flux parameter for ma = 10 eV are
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Table 4.1: Parameters of the solar ALP spectrum for different values of ma.

ma(eV) C ω0 (keV) α

10 9.4 ×1011 0.61 2.46
130 1.36 ×1015 2.80 2.47
0 8.3 ×1010 3.15 3.16

found to be

Φa = 2.48× 1010 g210 cm−2 s−1 ; (4.58)
〈ω〉 = 0.6 keV ; (4.59)
La = 1.51× 10−5 g210 L� ; (4.60)

where La is the ALP luminosity, L� is the Sun luminosity, 〈ω〉 is the average
energy of the ALP flux spectrum and g10 = gaγ/10

−10 GeV−1. An analytic
approximation to the solar ALP flux spectrum is provided by a fit with the
three-parameter function [And07]

dΦa

dω
= g210C

(
ω

ω0

)α

e
−(α+1) ω

ω0 ; (4.61)

where C is a normalization constant and the energy ω is expressed in keV.
If we match this fit with our numerical data we obtain the parameters C,
α and ω0 shown in Table 4.1. In Fig. 4.9 we show a comparison between
our numerical data and the fit function in Eq. (4.61) and their respective
ratio. We find that the fit function reproduces well our numerical data in the
central part of the spectrum, but in the tails at ω < 0.2 keV and ω > 1 keV

there are larger discrepancies.
Let us focus now on the resonance at r ∼ 0.25 R�, i.e. the one with ma =

130 eV. This occurs in the radiative zone, at a position where the B-field
assumes its peak value, as shown in Fig. 4.3. Here we present results obtained
assuming B = 3× 107 G. For the resonant flux with mass ma = 130 eV we
find the following flux parameters

Φa = 1.63× 1014 g210 cm−2 s−1 keV−1 ; (4.62)
〈ω〉 = 2.76 keV ; (4.63)
La = 0.2 g210 L� . (4.64)
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We resport in Table 4.1 the fitting parameters of the energy spectrum of
Eq. (4.61). In Fig. 4.10 we show a comparison between our numerical data
and the fit function in Eq. (4.61) and their respective ratio. Also in this case
we find that the fit is accurate around the peak of the spectrum, while there
are larger discrepancies for ω < 1 keV and ω > 5 keV.
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Figure 4.9: In Fig. 4.9a the numerical data for the resonant flux from reso-
nant conversions in the tachocline is compared to the fit function
of Eq. (4.61). The flux was computed assuming B = 30 × 104 G

and gaγ = 5× 10−11 GeV−1. Fig. 4.9b shows the ratio between the
numerical data and our fit.
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Figure 4.10: In Fig. 4.10a the numerical data for the resonant flux from resonant
conversion in the radiative zone is compared to the fit function of
Eq. (4.61). The flux was computed assuming B = 3 × 107 G and
gaγ = 5 × 10−11 GeV−1. Fig. 4.10b shows the ratio between the
numerical data and our fit.
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Non-resonant production

If we are far from resonance we can assume ma ≈ 0. In this case ∆T
osc ≈

∆p � Γabs, as shown in Fig. 4.5. Thus, the rate in Eq. (4.40) reduces to

Γprod
a ≈ Γ

∆T
aγ

2

(ω2
pl/2ω)

2

1

eω/T − 1
= Γabs(1− e−ω/T )

∆T
aγ

2

(ω2
pl/2ω)

2

1

eω/T − 1
. (4.65)

If we insert Eq. (4.65) in Eq. (4.45) and we integrate over the Standard
Solar Model AGSS09 [Ser09] we obtain the ALP flux spectrum at Earth
from off-resonance production in the solar magnetic fields. In this case the
direction ϑ between the field B and the photon direction of propagation
does not change during the conversions, since many oscillations occur into
a single photon mean free path. However, the azimuthal angle ϕ between
the transverse field BT and the photon polarization ε̂ would change. Thus,
we perform an average over ϕ before the integral over dΩk in Eq. (4.45) is
performed, i.e.

ˆ
dΩk

ˆ 2π

0

dϕ

2π
|B|2 sin2 ϑ(x) cos2 ϕ = π

4

3
|B|2 . (4.66)

The dominant contribution comes from the radiative zone, since here the
B-field amplitude reaches the highest value. The off-resonance contributions
from the tachocline and the convective zone are negligible. Thus, for the
radiative zone we use the B-field profile in Eq. (4.2) and we fix the peak
value B = 3 × 107 G. For the non-resonant ALP spectrum flux we find the
following flux parameters

Φa = 5.2× 109g210 cm−2 s−1 ; (4.67)
〈ω〉 = 3.24 keV ; (4.68)
La = 1.92× 10−8 g210 L� . (4.69)

In Table 4.1 we present the fitting parameters of the energy spectrum of
Eq. (4.61). The errors are shown in Fig. 4.11 where we compare the numerical
data with our fit and we show their ratio.
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Figure 4.11: In Fig. 4.11a the numerical data for the non-resonant flux from
conversions in the radiative zone is compared to the fit function of
Eq. (4.61). The flux was computed assuming B = 3 × 107 G and
gaγ = 5 × 10−11 GeV−1. Fig. 4.10b shows the ratio between the
numerical data and our fit.
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Figure 4.12: Comparison between the fluxes from TP-ALP conversions in solar
magnetic field. The largest contribution is given by the resonant
production.

In Fig. (4.12) we compare the fluxes from TP-ALP conversions in solar
magnetic fields. We see that the non-resonant contribution is always smaller
than the resonant one. Thus, we can neglect it in our discussion, since the
major correction to the Primakoff flux will be given just by the fluxes from
resonant conversions.

4.3.2 Flux from LP-ALP conversions in the Sun
The ALP production rate for LP-ALP conversions in the solar magnetic fields
is Eq. (4.43)

Γprod
a =

[
Γ∆L

aγ
2

(ωp − ωa)2 + Γ2/4

]
1

eω/T − 1
. (4.70)

This expression is valid only on resonance, i.e. when ωp = ωa, since we
are working on-shell and the result is not true for energies much different
from ωp. This result has been recently obtained in [OH20]. Neverthless, in
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their work they obtained a more general result using a thermal field theory
approach. On resonance our rate [Eq. (4.70)] perfectly reproduces their one.
Since the largest contribution arises from conversions in the radiative zone,
we will present results just for the largest value of the B-field in this region,
i.e. B = 3 × 107 G. Also in the case of LP-ALP conversions the process is
extremely peaked around the resonance, thus we can approximate Γprod

a with
a delta function

Γprod
a ≈ 2π∆L

aγ

2
δ(ωp − ωa) . (4.71)

In the case of LP there is just one projection of the magnetic field which is
longitudinal to the photon propagation direction, i.e. BL = |B cosϑ|. Then,
in the resonant shell we should consider the average

〈B2
L〉 =

ˆ
dϕ

2π

ˆ
dΩϑ

4π
|B|2 cos2 ϑ =

1

3
|B|2 . (4.72)

If we insert this expression in Eq. (4.71) and then in Eq. (4.45) we obtain
the ALP flux from LP-ALP conversion in the Sun

dΦLP

dω
=

1

4πD2
�

ˆ
�
d3r

ω2

(2π)3
g2aγ|B(r)|2

eω/T − 1

2π2

3
δ(ω − ωp(r))

=
1

12πD2
�

ˆ R�

0

drr2
ω2g2aγ|B(r)|2

eω/T − 1
δ(ω − ωp(r))

=
1

12πD2
�
r20
ω2g2aγ|B(r0)|2

eω/T − 1

1

|ω′(r0)|
;

(4.73)

where r0 is the position in the Sun where the resonance ω = ωp occurs,
|ω′(r0)| = |dωp/dr| computed at r = r0 and we have denoted with ω ≈ ωa ≈
ωp the ALP and photon energies. The result in Eq. (4.73) has been recently
obtained in [OH20]. The derivative in Eq. (4.73) can be expressed as∣∣∣∣dωp

dr

∣∣∣∣−1

r=r0

=

∣∣∣∣dωp

dω2
p

dω2
p

dr

∣∣∣∣−1

r=r0

=
2Re

ωp

; (4.74)

where the result in Eq. (4.50) was used. If we use the Standard Solar Model
AGSS09 [Ser09] to compute the plasma frequencies we obtain the ALP flux
spectrum shown in Fig. 4.13.
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Figure 4.13: ALP flux expected at Earth from LP-ALP conversions in the
Solar magnetic field. The flux was computed assuming gaγ =

5× 10−11 GeV−1 and B = 3× 107 G.

The flux shows a peak at ω ∼ 0.12 keV. The flux parameters are found
to be

Φa = 2.18× 1010 g210 cm−2 s−1 ; (4.75)
〈ω〉 = 0.13 keV ; (4.76)
La = 3.34× 10−6 g210 L�; . (4.77)

4.4 Bounds and detection perspectives
Let us focus on the contribute to the flux arising from all the conversion
processes in the Sun shown in Fig. (4.14).
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Figure 4.14: Contributions from all ALP fluxes from the Sun. The dotted line
is the Primakoff flux. The continuous and the dashed blue lines are
the flux from the resonant conversion in the solar magnetic field for
an axion mass ma = 10 eV and ma = 130 eV, respectively. The
dot-dashed blue line is the flux from the LP-ALP conversions. The
vertical black line is the CAST energy threshold.

Both the flux from LP-ALP conversions and the one from TP-ALP res-
onant conversions for ma ∼ 10 eV are dominant at energies ω < keV, below
the CAST threshold [And07] (ω < 2 keV). Unfortunately, the flux at Earth
from TP-ALP conversions in large scale solar magnetic fields for ALPs with
mass ma ∼ 10 eV is not detectable with CAST, since the helioscope looses
its sensitivities as the mass becomes larger than fews eV, as discussed in
Chapter 2 (Sec. 2.3). In principle, as shown in Sec. 2.3, the proposed helio-
scope –AMELIE (An Axion Modulation hELIoscope Experiment)– could be
sensitive to ALPs with masses from fews meV to several eV thanks to the use
of a Time Projection Chamber [Gal15]. However, a dedicated investigation is
necessary to assess the potential of such a detector to reach the ma ∼ 10 eV

range in a range of energy lower than CAST.
The flux from LP-ALP conversions has been recently discussed by O’Hare
et al. [OH20]. In their work they suggest the possibility of detecting ALPs
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from LP conversions in the energy range 10−2 keV . ω . 10−1 keV through
an upgraded version of IAXO. They forecast to have a sensitivity down to
ma ' 10−2 eV.
Concerning the flux coming from resonant transverse photons-ALP conver-
sions in the radiative zone of the Sun, corresponding to an axion mass
ma ∼ 130 eV, the flux would be much larger than the Primakoff one
above the CAST threshold. However, CAST cannot detect it due to the
loss of coherence of ALP-photon conversions in the detector. In princi-
ple, axions with mass ma ∼ 100 eV could be detected with a dark mat-
ter detector like the Cryogenic Underground Observatory for Rare Events
(CUORE), which exploits the inverse Bragg-Primakoff effect to detect solar
axions [Li15]. CUORE is expected to cover a mass range ma . 100 eV.
Neverthless, as discussed in Sec. 1.5, for ma ≥ 10 eV there are some cosmo-
logical constraints to be taken into account in our discussion. Indeed, the
ionization of primordial hydrogen (xion), discussed in Section 1.5, sets the
bound gaγ . 5 × 10−13 GeV−1 for ma ∼ 102 eV. However, in cosmological
models with low-reheating temperature these bounds can be easily evaded
(see, e.g. [Jae17], for a discussion). On the contrary, our ALP signal from the
Sun is not affected by the cosmological model. Therefore, its possible detec-
tion would also point towards a nonstandard cosmological scenario. Thus,
this constraint seems to prevent the possibility of detecting axions with mass
ma ∼ 100 eV coming from conversions in the solar radiative zone.
We conclude our discussion setting a new bound on gaγ considering the solar
ALP flux from magnetic conversions. From the flux for ma ∼ 130 eV we
obtain an ALP luminosity

La = 0.2 g210 L� . (4.78)

Starting from this luminosity we can set an upper limit on gaγ requiring
that the ALPs luminosity from the Sun cannot exceeds the solar photon
luminosity L�. If this happened we would see the Sun lose too much energy
thorugh ALPs emission, which would have shortened the lifetime of the Sun.
On the basis of this loss energy argument one can set a bound on the coupling
gaγ imposing the condition [Vin15]

La . 0.03 L� ; (4.79)

which is obtained from helioseismology.
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Matching Eq. (4.79) with our data we find

gaγ . 3.8× 10−11 GeV−1 for 100 eV . ma . 140 eV ; (4.80)

where we have considered the largest range of masses where the condition
Eq. (4.79) occurs in the radiative region as we see from Fig. 4.15. The result
Eq. (4.80) is obtained assuming the highest value for the amplitude of the B-
field, i.e. B = 3× 107 G, and it is the best bound we can set on the coupling
from energy loss arguments in the Sun. It is comparable or even better than
the bound from Helium burning stars in GCs (gaγ < 6.6 × 10−11 GeV−1)
[Aya14]. If we take for the B-field the smallest amplitude in the radiative
region, i.e. we assume B = 1× 107 G, we obtain the following bound in the
same range of masses

gaγ . 1.15× 10−10 GeV−1 for 100 eV . ma . 140 eV . (4.81)

If we consider smaller values of ma, corresponding to resonant conversions
at positions in the radiative zone r & 0.236 R�, we obtain smaller ALP
luminosities, then less stringent constraints. For instance, for ma ∼ 30 eV

we obtain
gaγ . 2.32× 10−10 GeV−1 for ma = 30 eV . (4.82)
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Figure 4.15: The blue region is the excluded one in the parameter space (ma, gaγ)

by resonant processes in the Sun assuming a field with amplitude
B = 3 × 107 G. The orange region is the excluded one by the
same process, assuming a field with amplitude B = 1 × 107 G.
The lower horizontal black line represents the bound set by the
Helium Burning stars (HB) in the ALPs parameter space. The
upper horizontal black line represents the bound set by energy-loss
arguments from the Primakoff process in the Sun.
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Conclusions

In this thesis Thesis we have characterized the ALP production in the large-
scale solar magnetic fields and characterized the perspectives for their detec-
tion in helioscope experiments and dark matter detectors. In particular, we
have considered both the resonant and non-resonant conversion of transverse
photons, which had not been taken into account so far. At this regard, we
considered realistic models for the solar B-field in the radiative zone, in the
tachcoline and in the convective zone of the Sun. Thus, we first studied the
problem from a theoretical point of view using a kinetic approach based on
the evolution of the density matrix for the photon-ALP ensemble. With this
approach, we estimated the production rate of ALPs in the Sun and we used
it to estimate the ALP flux expected at Earth. The expression of the axion
production rate obtained in this way is completely general and has been spe-
cialized to study both the resonant and non-resonant ALPs production. We
found that the flux from longitudinal plasmon-ALP conversions is dominant
at very low energies and it may be detected with an upgraded version of
IAXO, as suggested by O’Hare et al. in their recent paper [OH20]. The non-
resonant flux from transverse photon-ALPs conversion results to be always
smaller than the Primakoff contribution. The resonant flux from transverse
photon-ALP conversions for ALPs with mass ma ∼ 10 eV, associated to
resonant conversions in the tachochline, is found to be dominant below the
CAST threshold. A dedicate investigation is necessary to assess the exper-
imental possibility to dectect such a low-energy flux. Conversely, the ALP
flux arising from transverse photon-ALP conversions for ALPs with mass
ma ∼ 100 eV in the radiative zone, is dominant above the CAST threshold
and it is larger that the Primakoff one. In principle, this flux might be de-
tected using the dark matter detector CUORE, however in a region where
other astrophysical and cosmological constraints from decaying ALPs seem
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to exlude this possibility.
Finally, we set a bound on the coupling gaγ arising from energy-loss argument
in the Sun

gaγ . 3.81× 10−11 GeV−1 for 100 eV . ma . 140 eV ; (4.83)

which exceeds the one placed with the Helium-burning stars in Globular
Clusters (gaγ < 6.6× 10−11 GeV−1) [Aya14].
Our work completes the recent one of O’Hare et al. [OH20] about the pro-
duction of ALPs in the solar magnetic fields via longitudinal plasmons, since
it includes also the photon transverse mode. Despite the challenges in mea-
suring this flux, it is intriguing to realize that the Sun can be the source of
an additional ALP flux on top of the well-studied one from Primakoff con-
versions. Of course, in the case a positive detection of this flux, one would
shed new light not only on ALPs, but also on the magnetism in the Sun.
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