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ABSTRACT. Axion-like particles (ALPs) emerge as
predictions from various extensions of the Standard
Model, standing out as plausible candidates for dark
matter. Axions are thought to be produced when light
passes through regions of magnetic fields. This positi-
ons astrophysical environments as prime sites for their
production and subsequent detection. However, establi-
shing precise constraints on axion parameters remains
challenging, primarily due to the limited understandi-
ng of astrophysical magnetic fields. The Coma cluster
is notable for being the sole cluster where the profile of
magnetic field strength has been relatively accurately
determined using Faraday Rotation Measures. We
examined the X-ray spectrum of the Coma galaxy
cluster using data from the XMM-Newton observatory.
We combined data from eight XMM-Newton observati-
ons conducted between 2000 and 2005, spanning a 40′×
40′ area centered on the Coma cluster, totaling 343.8
ks. The X-ray spectrum of the ICM was characteri-
zed by modeling it with emissions from a single-
temperature hot plasma. Furthermore, we explored
the potential impact of photon-to-ALP conversion on
the spectrum of the Coma cluster. Our investigati-
on encompassed a range of parameters – the coupli-
ng constant and the axion mass, focusing on regions
that have not yet been excluded. For the selected axion
parameters, the primary impact on the spectrum could
occur at high energies exceeding 5 keV. Analysis of the
limited statistics gathered in this study indicates that
the excluded parameter space for ALPs, based on X-ray
observations of the Coma cluster, lies above the followi-
ng values: gaγ < 5 · 10−13 GeV−1, ma < 1 · 10−12 eV
with 95% probability.

Keywords: axion, clusters of galaxies, intergalactic
plasma, X-ray radiation.

АНОТАЦIЯ. Аксiоноподiбнi частинки виникають
як передбачення розширень Стандартної моделi,
виокремлюючись як потенцiйнi кандидати на роль
темної матерiї. Вважається, що аксiони формую-
ться пiд час проходження свiтла через магнiтнi
поля, що робить астрофiзичне середовище ключо-
вим мiсцем для їхнього утворення та можливого
виявлення. Однак точне встановлення обмежень на
параметри аксiонiв залишається складною задачею,
переважно через обмежене розумiння астрофiзи-
чних магнiтних полiв. Скупчення Кома привертає
увагу тим, що воно єдине, де профiль напруже-
ностi магнiтного поля вiдносно точно визначений
за допомогою вимiрювань обертання Фарадея.
Ми дослiдили рентгенiвський спектр скупчення
галактик Кома, використовуючи данi обсерваторiї
XMM-Newton. Для цього об’єднали данi 8 спосте-
режень XMM-Newton з областi розмiром 40′ × 40′

iз центром у скупченнi Кома, проведених у перiод
з 2000 по 2005 рiк, iз загальною тривалiстю 343,8
кс. Рентгенiвський спектр внутрiшньокластерного
середовища був змодельований як випромiнюваня
однотемпературної гарячої плазми. Ми вивча-
ли можливий вплив фотон-аксiонної конверсiї на
спектр кластера Кома. Ми розглянули параметри —
константу зв’язку та масу аксiону, зосереджуючись
зокрема на тих їх величинах, якi досi залишалися
невиключенi. Для вибраних параметрiв аксiонiв
їхнiй основний внесок у спектр може спостерiгатися
при високих енергiях, що перевищують 5 кеВ.
Аналiз обмеженої статистики, зiбраної у цьому
дослiдженнi, показує, що простiр параметрiв для
аксiоноподiбних частинок, який є виключеним
на пiдставi рентгенiвських спостережень скупче-
ння Коми, лежить вище за наступнi значення:
gaγ < 5 ·10−13 ГеВ−1, ma < 1 ·10−12 еВ з ймовiрнiстю
95%.
Ключовi слова: аксiон, скупчення галактик, мiж-
галактична плазма, рентгенiвське випромiнювання
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1. Introduction

1.1. Exploring ALPs in astrophysics

Axions are hypothetical particles originally proposed
as a solution to the strong CP-problem (Peccei, 1977a;
Peccei, 1977b). Almost immediately, these particles
were identified as prime candidates for dark mat-
ter (Weinberg, 1978; Wilczek, 1978). Today, we dis-
cuss a wider family of axion-like particles (ALPs) that
share the main properties of axions: they are very light
(much lighter than even a neutrino) and interact with
photons when traversing regions of magnetic fields, via
the term (Malyshev, 2018; Raffelt, 1988):

Lγa = −1

4
gγaFµν F̃

µν a = gγaE ·B a , (1)

where a is a pseudo-scalar axion field, Fµν is the

electromagnetic field strength, F̃µν ≡ 1
2εµνρσF

ρσ is
the electromagnetic dual, E and B are the electric
and magnetic field strengths, respectively, and gγa is
the photon-axion coupling. Natural Lorentz-Heaviside
units with ~ = c = 1 are used throughout this article.

A variety of search strategies can be used depending
on the ALP mass. ALPs can be detected through
astrophysical observations or laboratory experiments,
where photon-ALP oscillations occur in the presence
of a magnetic field. These oscillations generate
distinct features in the spectra of astrophysical ob-
jects. Photon-to-ALP conversion is expected to cause
detectable energy-dependent distortions in the X-ray
or γ-ray spectra of sources within or behind galaxy
clusters (Conlon, 2016; Davies, 2023; Hochmuth,
2007; Malyshev, 2018; Meyer, 2013; Mirizzi, 2008;
Reynolds, 2020). The absence of ALP imprints on
photon signals from astronomical sources has been
crucial in establishing constraints on the axion mass
and coupling constant (O’Hare, 2020).

1.2. X-ray-ALP conversion in the cluster magnetic
field

The propagation of a photon (Ax, Ay) with energy
E along z-axis is described by (Hochmuth, 2007; Maly-
shev, 2018)

[E − i∂z −M(ma, gγa, B⊥)] A = 0, (2)

where

A ≡

 Ax
Ay
a

 ,

and M(ma, gaγ , B⊥) is the mixing matrix. The pri-
mary components of the mixing matrix, concerning
keV photons traveling through the galaxy cluster envi-
ronment are:

M =

 ∆pl 0 ∆aγ cosφ
0 ∆pl ∆aγ sinφ

∆aγ cosφ ∆aγ sinφ ∆a

 , (3)

where cosφ = B⊥ · ex/B⊥ =
√

1− sin2 φ. Elements of
the matrix Eq. (3) are given by:

∆aγ =
1

2
gaγB⊥ '

' 7.6 · 10−7
(

gaγ

5 · 10−13GeV−1

)(
B⊥
µG

)
pc−1,

∆a = −m
2
a

2E
'

' −1.95 · 10−3
( ma

5 · 10−12eV

)2( E

keV

)−1
pc−1,

∆pl = −
ω2
pl

2E
'

' −1.1 · 10−4
(

E

keV

)−1 ( ne
10−3 cm−3

)
pc−1,

where ω2
pl = 4παne/me is the plasma frequency of the

medium, ne is the electron density and α ≡ e2/(4π) =
1/137 the fine-structure constant with e the electron
charge.

ωpl = e

(
ne
me

)1/2

= 1.17 · 10−12
( ne

10−3cm−3

)1/2
eV.

If axions exist, magnetic fields cause photons to con-
vert into them with the strength of the interaction,
controlled by gaγ .

The probability of the photon-axion conversion is
proportional to the magnetic field, perpendicular to
the line of sight:

Pγa ≈ 3 · 10−5
(
B⊥
µG

L

10 kpc

gaγ

5 · 10−13 GeV−1

)2

,

where L is the magnetic field coherent length. Here we
have normalized the quantities to typical parameters
relevant to the galaxy cluster.

1.3. Coma cluster

The Coma cluster (Abell 1656) has been extensively
studied across various wavelengths as a galaxy clus-
ter with a hot gas composition. Located approxi-
mately 99 Mpc from the observer, with a redshift of
z = 0.0231, the Coma cluster consists of over 103

galaxies. This virialized structure possesses a mass
ranging from 1014 to 1015 M� and extends over spa-
tial scales of more than 1 Mpc (Bower, 2013). The
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intracluster medium (ICM) within the Coma cluster
emits diffuse X-ray radiation primarily through ther-
mal bremsstrahlung, with a typical temperature of
T ∼ 108 K and a number density in the range of
ne ∼ 10−1 − 10−3 cm−3 (Chen, 2007).

The celestial size of the Coma cluster extends over
more than 2◦ in the sky, with its ICM being an ex-
tended X-ray source larger than 45′.

Both radio and X-ray observations suggest tur-
bulence and disruption within the intergalactic
plasma (Churazov, 2012; Schuecker, 2004). Moreover,
the behavior of transport processes is closely linked to
the configuration of local magnetic field. The presence
of substructures within the Coma ICM, particularly
gas fluctuations arising from galaxy cluster collisions,
highlights the intricate nature of the ICM.

The Coma cluster stands out as one of the few
clusters whose magnetic field strength profile has been
measured. The primary method for probing a cluster’s
magnetic fields is through Faraday rotation measure
(RM). These fields are intimately connected with the
plasma and can pervade its internal structure. Their
properties often indicate a stochastic and turbulent
nature. Generally, the beta-profile is employed for gas
density, with a corresponding profile for the magnetic
field. The radial distribution of electrons in the Coma
cluster is described by ne(r) = n0[1 + (r/rc)

2]−3β/2,
where n0 = 3.44 · 10−3 cm−3, rc = 291 kpc, and
β = 0.75 (Bonafede, 2010;  Lokas, 2003), while the
magnetic field profile follows B(r) = B0[ne(r)/n0]η,
where B0 = 5.2µG and η = 0.67 (Bonafede, 2010).

2. Data analysis

2.1. XMM-Newton X-ray spectrum

We analyzed observation data files for the Coma
cluster from the XMM-Newton X-ray observatory.
The observations included the following ObsIDs:
0124711401, 0153750101, 0300530101, 0300530301,
0300530401, 0300530501, 0300530601, and 0300530701,
with a total exposure time of 343.8 ksec. We studied
the combined MOS1/MOS2 spectra from the central
region 40′ × 40′ using the Xspec package. In our spec-
tral analysis, we did not perform background subtrac-
tion because the object’s size exceeds the field of view,
making it impossible to select an appropriate region
for background spectrum estimation. To account for
residual calibration uncertainties in XMM-Newton ob-
servations, we added 1% systematic error.

The resulting base model fit (see Table 1) consists
of the thermal radiation from the plasma apec 3

within the Coma cluster, along with various astro-
physical components such as Solar System plasma
apec 1, hot interstellar plasma apec 2, and the
cosmic X-ray background powerlaw 1. Additionally,

it includes the hydrogen column density for absorption
phabs, as well as instrumental backgrounds featuring
a smooth continuum powerlaw and line-like gaussian

features. Refs. (Malyshev, 2022; Zadorozhna, 2023)
provide comprehensive lists of the most significant
instrumental and astrophysical lines essential for
modeling the XMM-Newton background.

2.2. Photon-to-ALP conversion simulation

We used the publicly available AlPro (Axion-Like
PROpagation) (Matthews, 2022) code in Python de-
signed to solve the equations of motion for a photon-
ALP beam, accounting for the mixing between photon
and ALP states.

We assumed that most of the X-ray photons that
travel a sufficient distance and in a strong enough mag-
netic field to oscillate into axions are born in the central
region of the cluster. The initial parameters for run-
ning the code were chosen as follows: the magnetic field
profile and amplitude as described in subsection 1.3,
and the cluster radius was set to 1.5 Mpc. We divided
the cluster into 50 randomly distributed domains, with
sizes ranging from 2 to 32 kpc. The magnetic field’s
orientation varied randomly in the photon polarization
plane within each domain, while the magnetic field am-
plitude remained constant in each domain. Each run
of the code generated a curve depicting the probability
of photon survival as it travels from the center of the
Coma cluster (see Figures 1, 2). Significant contribu-
tions from conversions at the given ALP parameters
occur at energies higher than 5 keV.

For the ALP parameters gaγ = 5 · 10−13 GeV−1 and
ma = 5 · 10−12 eV, the conversion probability does not
exceed 1% as can be seen from Figure 1. Each curve
was transformed into a multiplicative ALPs model and
then multiplied by the base model (see Table 1).
The fitting results for curves with these parameters
are summarized in Table 2. In Table 1, the columns
fit 1, fit 3, fit 5, and fit 11 present the detailed
fitting results as examples. For the ALP parameters
gaγ = 6 · 10−13 GeV−1 and ma = 3 · 10−12 eV, the con-
version probability remains below 10%, as illustrated
in Figure 2.

Figure 3 presents the spectrum with various model
fits. The line colors in Figure 3 match the curve
colors in Figure 2. These colored curves were used
as a multiplicative ALPs model to fit the data and
construct the correspondingly colored lines in Figure 3.

2.3. Bounds on ALPs

Detecting photon-axion oscillations in the X-ray
thermal spectrum of a cluster is challenging due to
the presence of spectral lines and complexities in back-
ground modeling. Our analysis found no significant
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Table 2: Summary of the fitting results. The Fit col-
umn denotes the number of attempts made to approx-
imate the spectrum using the complex model with the
previously generated ALP model incorporated, corre-
sponding to the curves in Figure 1. Columns labeled
χ2/d.o.f. and P(H0) show the chi-squared test results
and the null hypothesis probability, respectively.

Fit χ2/d.o.f. P(H0)
1 1928.97/1936 28.8%
2 1925.07/1939 31.0%
3 1924.78/1939 31.1%
4 1926.44/1939 30.2%
5 1921.19/1939 33.2%
6 1924.68/1939 31.2%
7 1927.34/1939 29.7%
8 1927.82/1939 29.4%
9 1928.08/1939 29.3%
10 1924.03/1939 31.6%

11-19 1926.78/1939 30.0%
20 1924.35/1939 31.1%

Figure 1: The photon survival probability when
traversing the Coma cluster is shown for 20 different re-
alizations of the cluster’s magnetic field in gray lines.
All realizations maintain the same amplitude and ra-
dial profile of the magnetic field. They differ only in
the random orientation of the magnetic field to the
photon polarization plane and the sizes of the domains
in which the field remains constant. The gray curves
fluctuate to such an extent that they nearly merge into
a continuous area. The blue line illustrates the con-
version probability averaged over these 20 realizations.
The ALP parameters used are gaγ = 5 · 10−13 GeV−1

and ma = 5 · 10−12 eV for all curves.

deviations from the thermal spectrum, thus constrain-
ing the ALP parameter space. We scanned the pa-
rameter area for the axion-photon coupling constant
gaγ ∈ [5 · 10−13 GeV−1; 3 · 10−12 GeV−1] and ALPs
mass ma ∈ [1 · 10−12 eV; 5 · 10−12 eV] with a 10% step
for each parameter and conducted 20 trials for each

Figure 2: The photon survival probability through the
Coma cluster is shown for 20 magnetic field realiza-
tions (gray lines, green line, red line), which dif-
fer in magnetic field orientation and domain sizes but
share the same amplitude and radial profile. The aver-
age over these 20 realizations conversion probability is
depicted by the blue line. The ALP parameters used
are gaγ = 6 · 10−13 GeV−1 and ma = 3 · 10−12 eV for
all curves.

parameter pair. The results are represented by a color
gradient in Figure 4: white indicates a 0% probability
of exclusion, while blue indicates a 100% probability
of exclusion. A parameter pair is excluded with 95%
probability if 19 out of 20 tests show degradation of
the baseline spectrum.

Our assessment is limited by a 1% systematic er-
ror from residual calibration uncertainties in XMM-
Newton observations. We did not take into account
statistical errors due to limited observation time. Addi-
tionally, our limits may be overestimated because of the
modest attempts for each pair of parameters, which we
plan to address in future work. Nonetheless, our results
are consistent with existing bounds and even improve
upon them. It is important to note, however, that ex-
isting analyses are not optimized for ALP searches.

Notably, within the above parameter range, a
significant increase in the null hypothesis probability
was observed in one of the random realizations
of the magnetic field for the ALP parameters
gaγ = 6 · 10−13 GeV−1 and ma = 3 · 10−12 eV. The
probability rose to 88% from the base model’s 30%.
The photon survival probability curve corresponding
to this fit is shown in Figure 2 as a red line. Addition-
ally, Figure 2 also includes a green line representing
the photon survival curve for which the fit has the
lowest null hypothesis probability of just 0.08%.
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Figure 3: XMM-Newtom/MOS spectrum extracted from Coma cluster central region. The fitting using the
base model is represented by a black line. The base model + ALPs with parameters gaγ = 6 ·10−13 GeV−1 and
ma = 3 · 10−12 eV, and the magnetic field realization that yields the highest null hypothesis probability 88%
from our trials, is shown in red. The fit using the base model + ALPs with the same parameters, but with
the realization that gives the lowest null hypothesis probability 0.08%, is depicted in green. The instrumental
backgrounds (smooth continuum powerlaw and line-like gaussian features) is illustrated by the yellow line.

Figure 4: χ2 change and ALP exclusion regions. The colors illustrate the difference between the best-fit χ2 for
the base model and the base + ALPs model for the Coma cluster XMM-Newton/MOS spectrum fit.
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3. Conclusion

Based on X-ray observations of the Coma cluster,
the excluded parameter space for ALPs is constrained
to gaγ < 5 · 10−13 GeV−1 for ma < 1 · 10−12 eV.

The study of X-ray emission from clusters and its
connection to axions is promising, as data from space
missions continue to improve. The first observational
data from XRISM (The X-Ray Imaging and Spec-
troscopy Mission) has been published, offering greater
precision with the Resolve Soft X-ray Spectrometer’s
7 eV resolution. Additionally, new radio observations
and the increased number of radio sources will en-
hance Faraday rotation measurements of galaxy clus-
ters’ magnetic fields, providing better constraints on
ALP parameters.
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