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ALP induced polarization effects on photons from galaxy clusters
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Many extensions of the Standard Model of particle physics and in particular superstring and superbrane
theories predict the existence of axionlike particles (ALPs). ALPs are very elusive, extremely light and
interact primarily with photons. In the presence of an external magnetic field two effects show up:
(i) photon-ALP oscillations and (ii) a change of the photon polarization state. The astrophysical context
represents the best opportunity to get indirect evidence for the ALP existence thanks to various effects that
the photon-ALP interaction produces in the sky. Great attention has been paid so far to photon-ALP
oscillations, since they modify the transparency of the crossed media at very high energies and so the final
spectra of faraway sources exhibit a flux excess and a characteristic oscillatory behavior. Two hints at the
ALP existence have hitherto been discovered. But less interest has been attracted by the modification of the
photon polarization. In this paper we address it in the x-ray and in the high energy (HE) bands. Specifically,
we analyze the photon degree of linear polarization and the polarization angle induced by the photon-ALP
interaction for photons generated in the central region of two galaxy clusters: Perseus and Coma. We find
a substantial departure from conventional physics in both considered bands. We conclude that the
ALP-induced polarization effects are more likely detectable with the proposed missions like COSI
(approved to launch), e-ASTROGAM and AMEGO in the HE range. Still, possible ALP-induced effects
on photon polarization could also be detected by IXPE (already operative) and by the proposed eXTP,

XL-Calibur, NGXP, and XPP in the x-ray band.

DOI: 10.1103/PhysRevD.107.103007

I. INTRODUCTION

Astroparticle physics is nowadays a very exciting and
promising research field. Just to quote two key achieve-
ments, think of the detection of the right neutrinos flux
from the Sun [1] and more recently the discovery of very-
high-energy (VHE) neutrinos from blazars (a class of active
galactic nuclei, AGN) [2].

More specifically, axionlike particles (ALPs, see, e.g.,
[3,4]) are nowadays in the limelight since they are a generic
prediction of many extensions of the Standard Model of
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particle physics including superstring and superbrane theo-
ries [5—14]. Besides, they are among the best candidates for
the dark matter [15-20]. Actually, ALPs are very similar to
the axion—the pseudo-Goldsone boson arising from the
breakdown of the global Peccei-Quinn symmetry U(1)po—
proposed to solve the strong CP problem (for a review,
see [21-24]). But while axion mass and two-photon coupling
are tightly related and axions couple to fermions and gluons,
the ALP mass m, and the ALP two-photon coupling g,
are independent parameters, and other possible ALP
interactions are subdominant. In the presence of an
external magnetic field two effects arise (for a review,
see [25-27]):
(i) Photon-ALP oscillations [28,29], which are analo-
gous to the oscillations of massive neutrinos of
different flavors.

© 2023 American Physical Society
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(ii) The change of the polarization state of a photon
beam [28,29].

Effect (i) has in turn two main implications. One consists
of an enhanced photon transparency of the sky at VHE, say
above 100-1000 GeV (see [30,31]). The other amounts to
an oscillatory behavior in the observed spectra of VHE
blazars [32-37]. Very remarkably, two hints at the existence
of an ALP have been found. The first one is that ALPs
naturally explain why flat spectrum radio quasars (a class of
blazars) can emit photons with energies up to 400 GeV as
observed—without invoking ad hoc solutions—while con-
ventional physics prevents any photon emission above
30 GeV [38]. The second is that ALPs solve the anomalous
redshift dependence of the spectra of BL Lacs (another
class of blazars) [39]. The gamma-ray burst GRB 221009A
detected at 18 TeV by LHAASO [40] or even at 251 TeV by
Carpet-2 [41] would represent a firm indication for the
ALP existence with the properties employed in the previous
two hints [42].

Effect (ii) has been already studied but with less interest:
ALP-induced implications for the polarization of photons
from gamma-ray bursts have been analyzed in [43] and the
polarization of photons produced in the central region of a
galaxy cluster or in the blazar jet in the presence of ALPs
has been considered in [44]. Photon-ALP conversion
effects on photon polarization from other astrophysical
sources have been addressed in [45-50]. In addition,
photon-ALP interaction has recently been discovered as
a means to measure emitted photon polarization [51]. All
these studies are quite instrumental to find new hints at the
ALP existence and they are timely, since new observatories
measuring photon polarization have been launched or
proposed in the x-ray band like IXPE [52], eXTP [53],
XL-Calibur [54], NGXP [55], and XPP [56], and in the
high-energy (HE) band such as COSI [57], e-ASTROGAM
[58,59], and AMEGO [60].

In this paper we compute the photon survival probability
in the presence of ALPs P,_,,, the related degree of linear
polarization I1; and the polarization angle y of a photon-
ALP beam produced in the central region of two iconic
galaxy clusters: Perseus and Coma. We follow the analysis
developed in [44]. We use parameters within physically
consistent bounds concerning both the astrophysical con-
text and the photon-ALP system. Moreover, we investigate
the propagation of the photon-ALP beam in all the crossed
regions (galaxy cluster, extragalactic space, Milky Way)
by using the state-of-the-art knowledge. In the considered
scenarios ALPs manifestly induce photon polarization
effects that are expected to be detectable by current and
planned satellite missions [52-60]. We conclude that
the HE range is the most promising window to search for
ALP-induced polarization effects in galaxy clusters, but we
cannot exclude the x-ray band.

The paper is organized as follows. In Sec. II we recall the
main properties of ALPs and of the photon-ALP system,

stressing polarization effects. In Sec. III we review the
main properties of the astrophysical environments crossed
by the photon-ALP beam, in Sec. IV we present our
results about the Perseus and Coma clusters, while in
Sec. V we draw our conclusions.

II. AXIONLIKE PARTICLES AND POLARIZATION

ALPs denoted by a are very light neutral pseudoscalar
bosons interacting primarily with two photons and
described by the Lagrangian

1 1 2.2 1 Uy
‘CALP = Eaﬂaa”(l —Emaa —Zga},},F,wF a,

= %O”aaﬂa - %mgaz + 94y, E - Ba, (1)
where E and B are the electric and magnetic components
of the electromagnetic tensor F,, with F™ representing its
dual. While many limits on the photon-ALP coupling g,,,
and ALP mass m, are present in the literature [61-72],
the only firm bound is represented by g,, < 0.66 x
10719 Gev~! for m, < 0.02 eV at the 20 level from no
detection of ALPs from the Sun by CAST [61].

In the VHE range we should consider also the
Heisenberg-Euler-Weisskopf (HEW) effective Lagrangian

Liw = 1o (B2 =B +7(E-BY), ()

e

which takes into account the photon one-loop vacuum
polarization effects with a and m, denoting the fine-
structure constant and the electron mass, respectively
[73-75]. However, the effects of Lygw turn out to be
totally irrelevant in the x-ray and HE bands for the systems
we are dealing with [35,76]. The same conclusion remains
true concerning the photon dispersion on the cosmic
microwave background [77] (see also [35,76]).

We consider in the following a photon-ALP beam [E in
Eq. (1) pertains to a propagating photon] of energy E,
propagating from a galaxy cluster towards us along the y
direction and crossing several magnetized media (galaxy
cluster, extragalactic space, Milky Way, see Sec. III for
more details). Note that the presence of an external
magnetic field is crucial in order for photon-ALP oscil-
lations to take place so as to compensate the spin mismatch
between photons and ALPs. Photon-ALP oscillations can
show up since the propagation eigenstates differ from the
interaction eigenstates for the off diagonality of the mass
matrix of the y — a system. Because of the structure of the
interaction term in £,y p, only the transverse component of
B and denoted by B couples to a.

By successfully employing the short-wavelength
approximation [29]—since we have E > m,—the propa-
gation equation along the y direction of a nonpolarized
photon-ALP beam arising from L, p reads
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id[:i(yy) =p()M(E.y) = M(E.y)p(y).  (3)

where M(E,y) is the mixing matrix of the photon-ALP
system and accounts for the photon-ALP interaction
strength, the ALP and effective photon mass, the magneti-
zation and absorption properties of the crossed medium
(for more details see [76]). In Eq. (3) p(y) represents the
polarization density matrix of the photon-ALP system,
which reads

where A, (y) and A_(y) are the photon linear polarization
amplitudes along the x and z axis, respectively, and a(y) is
the ALP amplitude. The solutions of Eq. (3) can be
expressed in terms of the transfer matrix of the photon-
ALP system U(E;y, y,) as

p(y) = U(E:y. yo)pod  (E:y. yo). (5)

where p, is the density matrix at position y,. Now, the
probability that a photon-ALP beam initially in the state p
at position y, will be found at position y in the state p reads

P, ,(E.y) = Tr[pU(E;y, yo)pold' (E;y.v0)].  (6)

with Trpy = Trp = 1 [31].
Equation (4) can be specialized to describe pure photon
states in the x and z direction as

1 00 0 0 O
=10 0 01|, p,=10 1 0}, (7)
0 0 0 0 0 O
respectively, and the ALP state as
0 0 O
pa=10 0 0], (8)
0 0 1
while unpolarized photons are represented by
. 1 00
Punpol = 5 0 1 0 (9)
0 0 O

Partially polarized photons can be described by a polari-
zation density matrix with an intermediate functional
expression between Egs. (7) and (9).

We can now write down the photonic part of the
polarization density matrix in Eq. (4) in terms of the
Stokes parameters as [78]

1 1+0 U-iv
p72<U+iV 1—Q>’ (10)

while the definition of the photon degree of linear polari-
zation I1; and of the polarization angle y read [79]

24 22
HLE@, (11)

1 U
;(:Eatan<§>, (12)

which in terms of the photon polarizaton density matrix
elements p;; with i, j = 1, 2 can be expressed as

[(p11 = p2)* + (P12 + p2r)H]"?

I1, = , 13
g P11+ Pn (13)
and
1
y = —atan P12t pa , (14)
2 P11 — P2
respectively.

In the absence of photon absorption, there exists a strict
relationship between the emitted photon degree of linear
polarization II; , and the photon survival probability P,_,,
as the theorems stated and demonstrated in [51] show. For
the specific physical cases in question, since II; o =0
(more about this in Sec. III), the theorems in [51] ensure
that P,_,, > 1/2, as the following figures show.

III. PHOTON-ALP BEAM PROPAGATION

We now cursorily describe the astrophysical media
crossed by the photon-ALP beam (galaxy cluster, extra-
galactic space, Milky Way) by stressing their fundamental
properties which are important for the photon-ALP con-
version. We develop a strategy similar to the analysis
performed in [44] and we refer the reader to the publica-
tions cited below about the specific topic for more details.
As benchmark cases, the photon-ALP system is assumed
to possess g,,, = 0.5 x 107" GeV~!, while for the ALP
mass we take (i) m, < 107'% eV and (ii) m, = 10710 eV,
which allow us to satisfy the most solid bound present in
the literature [61].

A. Galaxy cluster

Galaxy clusters are the largest gravitationally bound
structures in the Universe and consist of 30 to about
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1000 galaxies, with a total mass in the range (10'4-10'°)M .
Clusters can be divided into three main classes: (i) regular
clusters, (i) intermediate clusters, and (iii) irregular clusters.
Many properties are associated with the class to which the
cluster belongs, such as shape, symmetry, concentration,
density profile, galactic content [80]. We will concentrate
in this paper on regular clusters since their approximate
spherical symmetry and density profile provide us the
possibility to model them in a rather accurate way. In
particular, we are concerned with the strength and morphol-
ogy of the cluster magnetic field BM, which is linked to the
cluster electron number density n<". And a precise modeling
of BN is crucial in order to estimate in an accurate fashion
the photon-ALP conversion in the cluster.

It is nowadays well established from Faraday rotation
measurements and synchrotron radio emission that B =
O(1 - 10) pG [81,82] and that it possesses an isotropic
Gaussian turbulent nature with a Kolmogorov-type turbu-
lence power spectrum M (k) « k7, with k as the wave
number in the range [k;, ky| and index ¢ = —11/3 [83].
The lower and upper limits of the latter interval k; =
27/ Aax and ky = 27/ Ay, are the minimal and maximal
turbulence scales, respectively. Thus, the behavior of B is
modeled as [83,84]

n(e;lu Melu
Be(y) = BBk gy (")) L (1)
n

e,0

where B is the spectral function describing the Kolmogorov-
type turbulence of the cluster magnetic field (for more details,
see, e.g., [85]), B§" and n} are the central cluster magnetic
field strength and the central electron number density,
respectively, while 7, is a cluster parameter.

Concerning the profile of n¢"®, various models exist in the
literature, such as the single # model, the double  model or
a modified version of them [86]. Usually, the single f
model is used to describe non-cool-core (NCC) clusters,
while the double f model fits better cool-core (CC) clusters.
However, this distinction is not sharp and the single f
model is often employed for both CC and NCC clusters
[86]. Yet, we do not need to choose a theoretical model in
the following as we will consider two specific clusters—
Perseus and Coma—for which specific models exist in the
literature. We describe the employed models of n< for
Perseus and Coma in the dedicated subsections of
Sec. IV below.

Photons are produced in the cluster central region via
different processes, such as thermal Bremsstrahlung show-
ing up in the x-ray band [87], and likely synchrotron
radiation in the cluster turbulent magnetic field of electrons
produced by the cascade of VHE photons, inverse Compton
scattering and neutral pion decay generated in several ways
in the HE band (see, e.g., [88-91]). In all these cases the
emitted photons are effectively unpolarized [92,93]—in the

case of synchrotron radiation because of the turbulent
nature of B" (see also note [94]). We shall keep in mind
that, while cluster emission in the x-ray band is corrobo-
rated by many observations, photon production in the HE
range is less solid from an observational point of view for
the lack of substantial detection.

By studying the propagation of the photon-ALP beam
starting from the cluster central region out to its virial radius
we compute the transfer matrix U, of the photon-ALP
system in the cluster.

B. Extragalactic space

Because we are concerned with the photon-ALP beam
propagation in the x-ray and HE bands for energies
Ey, <10 GeV, photon absorption by the extragalactic
background light is totally negligible [95-97].

The strength and morphology of the extragalactic mag-
netic field B, is nowadays poorly known: current bounds
restrict By to the range 1077 nG < B, < 1.7 nG on the
scale of O(1) Mpc [98-100]. The shape of B, is modeled
by means of a domainlike structure: in each domain of size
LSS, which is equal to the magnetic field coherence length,
B..,; possesses a constant strength and the same orientation,
which changes randomly and discontinuously from one
domain to the next [101,102]. Concerning the strength
and coherence of B.,,, quite high values are predicted by
outflows from primeval galaxies with B.,, = O(1) nG for
L = O(1) Mpc [103-106]. Thus, we take B, = 1 nG
and L randomly varying with a power-law distribution
function oc (L )71 in the range (0.2-10) Mpc and with
(Lm) =2 Mpc.

We want to stress that the simple above-described domain-
like model is not always appropriate to describe B.,,: when
the oscillation length /. of the photon-ALP beam turns out
to be smaller than Lﬁ’étm’ the system becomes sensitive to the
B, substructure, so that the standard discontinuous model
produces unphysical results. Therefore, we employ a new
model developed in [76] that preserves the features of
the domainlike model but continuously connects the B,
components crossing the boundary between any two adja-
cent domains. As a consequence, the photon-ALP beam
propagation can still be analytically computed, leading to
physically consistent results despite an increase of computa-
tional complexity (for more details see [76]).

By means of the procedure developed in [35,76], we can
calculate the transfer matrix of the photon-ALP system in
the extragalactic space U y;.

C. Milky Way

The study of the photon-ALP conversion in the
Milky Way is facilitated by the existence of quite accurate
maps of both the electron number density nM"V and the
magnetic field Byny. Concerning nMV we use the model

developed in [107]. The structure of Byw is quite complex,
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presenting both a regular and a turbulent part. The regular
component of By with strength of O(1) pG is respon-
sible for the dominant effect on the photon-ALP beam
propagation. Instead, the effect produced by the turbulent
part is negligible, since the photon-ALP beam oscillation
length is much larger than the coherence length of the
turbulent component of Byw.

Yet, we accurately model both the regular and the
turbulent part of By by employing the model by
Jansson and Farrar [108—110], which includes a disk and
a halo component, both parallel to the Galactic plane, and
poloidal “X-shaped” component at the galactic center. In
the literature there exists also the By model of Pshirkov
etal. [111], but it fails to accurately account for the Galactic
halo component. Therefore, since we have checked that
our results are not qualitatively modified by employing
the model by Pshirkov et al. [111], we use the model by
Jansson and Farrar [108-110] to evaluate the transfer
matrix Uyw of the photon-ALP system inside the
Milky Way by following the strategy developed in [36].

D. Overall photon-ALP beam propagation

We can now calculate the total transfer matrix ¢/ of the
photon-ALP system by multiplying U, Uy, and Uy in
the correct order as

U = Unllexors- (16)

By specializing Eq. (6), the photon survival probability of
photons produced in the cluster central zone and oscillating
into ALPs reads

Py—»y = ZTrLoiupinZ/F]’ (17)

i=x,z

where p, and p, are expressed by Eq. (7), while p;,
represents the beam initial polarization density matrix.
As we have discussed in Sec. Il A, since photons are
expected to be produced unpolarized in the cluster central
zone, py, reads from Eq. (9) and in particular pi, = pynpor-
The final photon degree of linear polarization I1; and the
polarization angle y are obtained from Egs. (13) and (14),
respectively, by recalling Eq. (5) with py = pin = pynpol-

IV. RESULTS

We are now in a position to study the final photon
survival probability P,_,,, the corresponding photon degree
of linear polarization I1; and the polarization angle y of
the photon-ALP beam, after propagation in the regions
considered in Sec. III (galaxy cluster, extragalactic space,
and Milky Way). We address two real cases, namely the
photons produced in the central region of the Perseus and
Coma clusters.

For the parameters of the photon-ALP system we take
Gayy = 0.5x 107" GeV~! and two values for the ALP
mass: (i) m, <1071 eV and (i) m, = 1071 eV. The ALP
mass term is smaller than the plasma frequency for
m, <107'% eV, while the opposite is true in the case
m, = 10710 eVv.

Besides P,_,,, II; and y, we compute the probability
density function fp; associated with II; when many
realizations of the photon-ALP beam propagation are
considered. We deal with photons produced at redshift z
with energy E and observed energy E, = E/(1 + z) in the
two ranges: (i) UV-x-ray band (10~* keV-10? keV) and
(ii) HE band (10~! MeV-10* MeV).

In order to see whether the ALP-induced features of I1;,
and y can be detected by real observatories, we have binned
our final results with the appropriate energy resolution
derived by current instrument capabilities (more about this
below). But then it is mandatory to investigate whether
or not the ALP-induced features are washed out by the
binning procedure. Therefore, we bin our theoretical results
about the Stokes parameters by computing the mean y and
the variance o of our energy points by assuming the realistic
energy resolution of current observatories. In particular,
we perform the following procedure: once the energy bin
width is selected based on the instrument capabilities, we
simply collect all the theoretical data within the bin and we
directly calculate both u and ¢ without any weighting for
the heuristic nature of our calculation. This procedure is
performed for each bin. We next evaluate the error bars for the
derived quantities I'; and y by following the standard theory
of the propagation of uncertainty (see [112] for a very
detailed analysis about the realistic variance of the Stokes
parameters).

Actually, since in the x-ray band the polarization
measurements are more involved than the spectral ones,
the energy resolution ought to be worsened by a factor of
4-5. By considering the energy resolution of spectrum-
measuring observatories in the x-ray band (see, e.g., the
energy resolution of SWIFT [113]), we expect that the
energy resolution for polarization studies should likely be
of 15-20 bins per decade in the x-ray band. Instead, in the
HE range a similar resolution for spectral and polarimetric
measurements is expected since they derive from the same
data. By considering the energy resolution of future HE
observatories [58-60], we conservatively assume a lower
resolution of 8-10 bins per decade. In the following, a
signal of II; > 0 is assumed as detectable if the 1o lower
bounds of the data points are above zero (see also [114]).
Note that also I1; = O represents a detection, namely of
unpolarized photons.

A. Perseus cluster

Perseus is a beautiful example of CC rich regular cluster.
It is located at redshift z = 0.01756 and represents the
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brightest cluster in the x-ray sky. We describe the Perseus
electron number density n<" with the model [115]

2 -3
lu clu y 2Pclu.l
ng'(y) = neo |\ 1+—=—

core, 1

clu y2 _%ﬂc]ul
+rgp(l+— : (18)

r core,2

where n% =3.9 x 1072 cm™, reoe; = 80 kpe, foy; =
1.2, n, =4.05x 107 em™, reer = 280 kpe, and
ﬂclu,Z = 058

As far as the Perseus magnetic field B is concerned,
we use Eq. (15) with B{"= 16 pG. This choice represents
an average value between that derived in [116] of
(2-13) pG and the maximal estimate of 25 pG as reported
in [117]. The stochastic properties of the Perseus magnetic
field are taken from the study of the Coma cluster [83].
This assumption is justified since the two clusters possess
similar stochastic properties. Thus, we consider g =—11/3,
Amin = 2 kpe, and A, = 34 kpc [83]. Finally, we take
the average value 7, = 0.5 entering Eq. (15). As discussed
in Sec. III.A, photons emitted in the central region of a
galaxy cluster (see also note [118]) are unpolarized both in
the x-ray and in the HE bands: thus, we accordingly assume
an initial degree of linear polarization I, , = 0.

We start with the case m, < 107'* eV. Our results in the
UV-x-ray band (1073 keV — 10? keV) are shown in Figs. 1
and 2. We plot P,_,, in the top panel of Fig. 1 and the
corresponding final I1; and y in the central and lower panel
of Fig. 1, respectively. From Fig. 1 we see that the photon-
ALP interaction starts to become efficient for E; 2
1072 keV, where P,.,# 1 and the corresponding Il
begins to increase showing that IT; > 0. We note that
P,_,, and the corresponding II; show an energy oscillatory
behavior because the photon-ALP system is in the weak-
mixing regime, as a consequence of the non-negligible
plasma term (see also [76]). As already noted in [44] for an
analogous physical system, the weak-mixing regime extends
for almost four energy decades (1072 keV-10? keV)
because of the high variation of B™ and n¢" as expressed
by Egs. (15) and (18), respectively, in addition to the
properties of the other crossed media. The behavior of y
confirms an high-energy dependence of the system for
Ey <10 keV. While a detection of II; > 0 appears as
prohibitive for £, < 1 keV, as the binned data in Fig. 1 show,
we expect not only to be able to detect a possible signal
of Il; >0 for Eyz2keV but also to measure its
energy dependence with observatories such as IXPE [52],
eXTP [53], XL-Calibur [54], and especially NGXP [55] and
XPP [56] at the highest energies.

In Fig. 1 we have exhibited a particular realization of the
photon-ALP beam propagation process, which depends on
the particular choice of the orientation and coherence

1 t t t t
— 1
0.8 |+ binned data

0.6 |

1153

04+

0.2+

mF—x
3+ binned data

3 /4

X [rad]

1073 102 102

FIG. 1. Perseus cluster: photon survival probability P,_,
(upper panel), corresponding final degree of linear polarization
I1; (central panel) and final polarization angle y (lower panel)
in the energy range (107°-10?) keV. We take g,, =
0.5 x 107" GeV~!, m, < 107! eV. The initial degree of linear
polarization is II; o = 0.

Hro=0 Ey=1lkeV |
2.5+ E

E15} ]

0.5 g

3 } ; ; ; ; ; ; ; ;
Mo=0 Ey=10keV
25+ E

E15} 1
1} i
0.5 F E

0 1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1
I

FIG. 2. Perseus cluster: probability density function fp; arising
from the plotted histogram for the final degree of linear
polarization I1; at 1 keV (upper panel) and 10 keV (lower panel)
by considering the system in Fig. 1. The initial photon degree of
linear polarization is II; ; = 0.
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0.8 +
& 0.6
—P,,
4t "
0.2
1 t
J—
0.8+ &+ binned data
0.6 |
=
0.4+t
0.2 /’P’W
T —X 1
o+ binned data
3m/4t
k=)
= s
/4 /ﬁ
0 1 1 1 |A
10! 10° 10! 102 10 10
E() [MeV]
FIG. 3. Perseus cluster: same as Fig. 1 but in the energy range

(107'-10*) MeV. We take g,, =0.5x 107" GeV~!, m,<
104 eV. The initial degree of linear polarization is I, ,=0.

length of B™ and B.,,. The exact behavior of the latter
quantities is unknown but only their statistical properties
are known: thus, the propagation of the photon-ALP beam
becomes a stochastic process. Therefore, by computing
several realizations of the photon-ALP beam propagation,
we can infer its statistical properties. While only one
realization can be experienced by the photon-ALP beam
at once and thus it represents the only physical possibility,
the study of several realizations gives us information on the
robustness of our results, as we vary the magnetic proper-
ties of the media within reasonable limits. Therefore, in
Fig. 2 we show the probability density function fp for the
final II; of all realizations. We consider two benchmark
energies £y = 1 keV and E, = 10 keV. Because the final
value I1; = 0 is never the most probable result in Fig. 2, we
conclude that our previous discussion about a possible
detection of IT; > 0 is robust.

In the HE band (10~' MeV-10* MeV) we proceed by
following the same strategy described above. In Fig. 3
we show P,_,,—and the corresponding II; and y—for a
specific realization of the photon-ALP beam propagation
process, while we exhibit the statistical properties of the
system in Fig. 4 by plotting f1;. From Fig. 3 we see that the
photon-ALP system is in the strong-mixing regime for
almost all the HE range, which means that the plasma term
and the mass term are now negligible with respect to the

3
25 ¢
21

E15}

1 _/\_\_
0.5 F

HMo=0 Eo=300keV

Ho=0 Eo=3MeV

O 1 1 1 1 1 1 1 1 1
0O 01 02 03 04 05 06 07 08 09 1
11y,

FIG. 4. Perseus cluster: same as Fig. 2 but for the energies
300 keV (upper panel) and 3 MeV (lower panel) by considering
the system in Fig. 3. The initial photon degree of linear
polarization is II; o = 0.

photon-ALP mixing term (see also [76]). The binned
data in Fig. 3 show that the stability of the I1; value with
respect to the energy in the HE range makes its detectability
easier than in the x-ray band with observatories such as
COSI [57], e-ASTROGAM [58,59], and Amego [60].
From Fig. 4 we conclude that for the two benchmark
energies Ey = 300 keV and Ey = 3 MeV the final value
IT; = 0 is never the most probable value. In particular, the
case £y = 3 MeV shows that the most probable value for
I1; in the strong-mixing regime is II; = 0.8, which con-
firms the robustness of the previous discussion.

We now move to the case m, = 107! eV. In the x-ray
band the ALP mass term strongly dominates over the
mixing term, so that photon-ALP conversion is totally
inefficient and negligible. As a result P,, and the
corresponding II; are not modified by the photon-ALP
interaction in the present situation.

Instead, in the HE range the photon-ALP system turns
out to be in the weak-mixing regime for m, = 10710 eV,
and the situation is totally similar to the previous case
m, <107'* eV in the x-ray band. Accordingly, we note
from Fig. 5 that the photon-ALP conversion is efficient
for E; 2300 keV and II; increases from the initial
value Il; y =0. Both P,,, and II; show an energy
oscillatory behavior in almost all the considered range.
As discussed in [44], the extremely wide energy range,
where the system is in the weak-mixing is due to the large
variability of the properties of the media wherein the
photon-ALP beam propagates (galaxy cluster, extragalactic
space, Milky Way). The strong energy dependence is
confirmed by the behavior of y. The binned data in
Fig. 5 suggest that we can expect a detectability of the
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FIG. 5. Perseus cluster: same as Fig. 3. We take g, =
0.5 x 107! GeV~!, m, = 10710 V. The initial degree of linear
polarization is IT, ; = 0.

above features for E,; 2 3 MeV with observatories like
COSI [57], e-ASTROGAM [58,59], and AMEGO [60].

Figure 6 confirms that the best energy range where
to search for ALP-induced effects on I1; is E, = 3 MeV.
For lower energies f; shows that the most probable
value for I1; is I1; < 0.2, while at £, = 3 MeV it reads
I, ~0.3.

B. Coma cluster

Coma is a NCC rich regular cluster located at a redshift
z=0.0234. It is a source of strong x-ray emission. We
describe the Coma electron number density n<" with the
model [119]

clu clu y2 _%ﬁdu

nSt(y) = ne’()(l + r2—> , (19)
where n§ =3.44 x 1073 ecm™, ree =291 kpe, and
Pau = 0.75. Regarding the Coma magnetic field, we
employ the model derived in [83]. Correspondingly, we
take the best fit values B{" =4.7 uG and 7y, = 0.5
entering Eq. (15). Concerning the stochastic properties
of B, we take ¢ = —11/3, Apin = 2 kpc, and Ay =
34 kpc following [83].

= 0\  Eo=300keV

Hp=0 Ey=3MeV

0 1 1 1 1 1 1 1 1 1
0 01 02 03 04 05 06 07 08 09 1
153

FIG. 6. Perseus cluster: same as Fig. 4 by considering the
system in Fig. 5. The initial photon degree of linear polarization is
HL,O = 0.

As argued in Sec. III. A, photons in the central region of
a galaxy cluster are expected to be emitted unpolarized both
in the x-ray and in the HE bands. For this reason, we take an
initial degree of linear polarization II; ; = 0.

What we have discussed for the Perseus cluster in the
x-ray and in the HE bands—and in the cases m, <
10~'* eV and m, = 107! eV—is not very different from
what happens for the Coma cluster. This is the reason why
we prefer to highlight the few differences in the results for
the two clusters instead of discussing Coma separately.

We start with the case m, < 107'% eV. For a particular
realization of the photon-ALP beam propagation in the
UV-x-ray band (10~ keV-10* keV), we report P,_,, II;
and y in Fig. 7, while the probability density function fp
associated with I1; for several realizations is reported in
Fig. 8. Note that Figs. 7 and 1 are qualitatively similar: the
photon-ALP beam produced in the central region of the
Coma cluster is in the weak-mixing regime in the energy
range (1072-10%) keV for the same reasons explained for
Perseus, while photon-ALP conversion is negligible for
E, <1072 keV. At higher energies, we find that IT,
increases from the initial value Il; ; = 0 and shows an
energy oscillatory behavior, as expected from the Perseus
case. A firm detectability of Il; > 0 is expected for
Ey = 2 keV and also its energy dependence seems observ-
able with IXPE [52], eXTP [53], XL-Calibur [54], and
especially with NGXP [55] and XPP [56] at the highest
energies.

Figure 8 shows that for lower energies (see the upper
panel where E, = 1 keV) the most probable value of I1; is
I1; ~ 0.3, while at higher energies (see the lower panel
where E, = 10 keV) the most probable result turns out to
be II; < 0.2. The latter fact differentiates Coma from
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FIG. 7. Coma cluster: photon survival probability P,_,, (upper
panel), corresponding final degree of linear polarization II;
(central panel) and final polarization angle y (lower panel)
in the energy range (107°-10?) keV. We take g,, =
0.5 x 107" GeV~!, m, < 107! eV. The initial degree of linear
polarization is II; o = 0.

Hro=0 Ey=1lkeV |

0 1

0 01 02 03 04 05 06 07 08 09 1
1153

FIG. 8. Coma cluster: probability density function fp; arising
from the plotted histogram for the final degree of linear
polarization I1; at 1 keV (upper panel) and 10 keV (lower panel)
by considering the system in Fig. 7. The initial photon degree of
linear polarization is II; o = 0.

Perseus. Thus, for Coma the best energies to search for
signals of II; > 0 appear to be in the range 2 keV <
Ey <10 keV. The reason behind the different behavior of
the two clusters lies in the different strength of B§U. In
particular, the behavior of fy is similar at lower energies
(1 keV, see upper panels of Figs. 2 and 8), since the photon-
ALP beam propagates well inside the weak mixing regime
(see also Figs. 1 and 7, respectively) and the energy
dependence allows I1; to assume a wide range of values.
Instead, with the photon-ALP system approaching to the
strong mixing regime at higher energies (10 keV, see lower
panels of Figs. 2 and 8), the higher strength of B§" for
Perseus produces a larger modification in the final values
of I1;, while for Coma the final II; generally settles
down to lower values because of the smaller B (see also
Figs. 1 and 7, respectively).

From Fig. 9 we find that the photon-ALP beam coming
from Coma propagates in the strong-mixing regime in the
HE band (10~! MeV-10* MeV), as it happens for Perseus.
The stability of the binned data concerning the I1; value—
as the energy increases—suggests that observatories like
COSI [57], e-ASTROGAM [58,59], and AMEGO [60]
may detect this signal.

However, fr in Fig. 10 shows that in the strong-mixing
regime the most probable value for I1; is II; < 0.4, so that
even if a signal is surely detectable the configuration of
B and B, should be favorable in order to produce IT;
sensibly larger than zero. The reason for the different
behavior of f; concerning Perseus and Coma (see Figs. 4
and 10, respectively) is the same expressed for the x-ray
band: in the strong mixing regime the higher strength of
B of Perseus is more efficient in producing a larger
modification to the final II; than in the case of Coma.

We now turn our attention to the case m, = 107!% eV.
What we have discussed for Perseus in the x-ray band
retains its validity for Coma: ALP effects are negligible.
Hence, P,_,, and the corresponding II; are unchanged.

In the HE range the behavior of Coma is similar to that of
Perseus. In particular, Fig. 11 shows that the photon-ALP
interaction starts to be efficient for £, = 300 keV and the
photon-ALP beam propagates in the weak-mixing regime
in almost all the energy range under consideration for the
same reasons discussed for Perseus. As a consequence,
P,_,, and the corresponding I1; show an energy oscillatory
behavior. From the binned data in Fig. 11 we expect that
observatories like COSI [57], e-ASTROGAM [58,59], and
AMEGQO can detect ALP features for E, = 3 MeV. Again,
we find the same conclusions derived for Perseus.

The analysis of fr in Fig. 12 demonstrates that Ej 2
3 MeV is the best energy range where to search for ALP
effects on photon polarization, since the most probable
value for I1; at £y = 3 MeV is around 0.3, while for lower
energies (see the case £y = 300 keV in the upper panel of
Fig. 12) the most probable value for I1; is smaller than 0.2.
The latter findings are still in agreement with the results
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FIG. 9. Coma cluster: same as Fig. 7 but in the energy range
(107'-10*) MeV. We take g,, =0.5x 107" GeV~!, m,<
10~'* eV. The initial degree of linear polarization is I, ,=0.

derived for the Perseus cluster. At lower energies (300 keV,
see upper panels of Figs. 6 and 12) the photon-ALP
conversion is quite inefficient for both Perseus and
Coma (see also Figs. 5 and 11, respectively) producing

"By = 300keV

06 07 08 09 1

0 0.1 02 03 04 05
I

FIG. 10. Coma cluster: same as Fig. 8 but for the energies
300 keV (upper panel) and 3 MeV (lower panel) by considering
the system in Fig. 9. The initial photon degree of linear
polarization is IT; ; = 0.

1 t } } }
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0.8+ 3+ binned data
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FIG. 11. Coma cluster: same as Fig. 9. We take g,, =
0.5x 107" GeV~!, m, = 10719 eV. The initial degree of linear
polarization is IT, ; = 0.

in either case a small modification in the values of the final
I1;. But at higher energies (3 MeV, see lower panels of
Figs. 6 and 12) the photon-ALP beam propagates more
efficiently inside the weak mixing regime for both Perseus

o=V  Eo=300keV

3 } } } } } } } } }
=0 Eo=3MeV

02 03 04 05 06 07 08 09 1
155
FIG. 12. Coma cluster: same as Fig. 10 by considering the

system in Fig. 11. The initial photon degree of linear polarization
is HL,O =0.

103007-10



ALP INDUCED POLARIZATION EFFECTS ON PHOTONS FROM ...

PHYS. REV. D 107, 103007 (2023)

and Coma (see also Figs. 5 and 11, respectively), so that
the final I1; gets effectively more modified for both the
clusters.

C. Polarization detectability

Both the Perseus and Coma clusters represent very
promising targets for polarization studies both in the x-ray
and in the HE bands as far as the detectability of the
features produced by the photon-ALP interaction is
concerned. These effects are primarily produced by
photon-ALP interaction inside the cluster, while its con-
tribution in the other crossed regions is less important. In
particular, although a rather high extragalactic magnetic
field strength B.,; = 1 nG producing an effective photon-
ALP conversion is the most probable scenario (see
Sec. III B), we have checked that an inefficient photon-
ALP conversion in the extragalactic space—arising by
taking B.,, < 10715 G—does not substantially affect our
previous results. We find only a slight and negligible
dimming of the broadening of fr; in all the previous
figures. At low energies, where the photon-ALP system
lies in the weak-mixing regime, the ALP-induced oscil-
lations of I1; and y with respect to the energy are very
quick, as shown by Fig. 1 for Perseus and by Fig. 7 for
Coma especially in the (0.1-1) keV decade. Since within
a single bin we expect many oscillations with respect to
the energy in the latter situation, the high dispersion in the
values assumed by II; and y provokes a larger error bar
in the binned data at lower energies. The latter effect
decreases as the energy increases until it becomes neg-
ligible in the strong-mixing regime, as shown by Fig. 3 for
Perseus and by Fig. 9 for Coma.

As already mentioned in Sec. II, the only firm constraint
about the ALP parameter space derives from the CAST
experiment [61]. However, new bounds about the photon-
ALP system parameters (m,, g,,,) have recently appeared
in the literature and suggest us a preference for a specific
model [68-71]. In particular, the case [m, <107'*eV,g,,, =
0.5x107""GeV~] is disfavored by [68-71] with respect
to the other considered in this paper [m, = 10710 eV,
Jayy = 0.5 x 107" GeV~!], which is within all current
bounds. Therefore, while we cannot exclude the case
[m, <107 eV, g,,, = 0.5 x 107" GeV~'], we consider
the case [m, =10"""¢eV, g,, =05x 107" GeV™'] as
more probable. In addition, note that the case [m, =
1079 eV, g,,, = 0.5 x 107" GeV~!] is compatible with
the two hints at ALP existence [38,39] and with the
explanation of the GRB 221009A detection at 18 TeV
by LHAASO and at 251 TeV by Carpet-2 [42]. As a result,
since the case [m, = 107'" eV, g,,, = 0.5 x 107! GeV™']
produces polarization effects in the HE range but not in the
x-ray band, we conclude that the best observatories that can
detect ALP-induced polarization effects in galaxy clusters
are COSI [57], e-ASTROGAM [58,59], and AMEGO [60].

Still, we cannot exclude a detection in the x-ray band
similar to what we have reported in the figures above.
Obviously, many other possibilities remain to be explored.
An ALP with a mass m, =2 x 1072 eV and the same
coupling g,,, = 0.5 x 107" GeV~'—which is within the
above-mentioned bounds [68—71]—would exhibit an inter-
mediate behavior between the two situations considered
above, namely m, <107* eV and m, = 107" eV. In
particular, both the region where photon-ALP conversion
is efficient and the strong-mixing regime would start at
higher energies with respect to the case [m, < 107 eV,
Gayy = 0.5 x 107" GeV~'] and lower with respect to the
case [m, =107 eV, g,,, = 0.5 x 107" GeV~'].

V. CONCLUSIONS

In this paper, we have investigated the effects of the
photon-ALP interaction on both the final degree of linear
polarization Il; and the polarization angle y of photons
produced in the central region of two regular clusters. We
have chosen Perseus and Coma, and we have addressed
both the x-ray and the HE bands. In either case, photons
are expected to be emitted as unpolarized (II; ; = 0). Our
findings are consistent with those obtained in [44] for
generic galaxy clusters. We have employed the state-of-the-
art knowledge about the astrophysical media (galaxy
cluster, extragalactic space, Milky Way) crossed by the
photon-ALP beam. We have considered ALP parameters
within the firm bound derived by CAST [61], we have
taken g,,, = 0.5 x 107" GeV~! and the two values for
the ALP mass: (i) m, < 107'% eV, (ii) m, = 10710 eV. We
have found features in the final I1; induced by the photon-
ALP interaction and we have performed a first estimate of
their detectability with observatories like IXPE [52], eXTP
[53], XL-Calibur [54], NGXP [55], and XPP [56] in the
x-ray band, and COSI [57], e-ASTROGAM [58,59], and
AMEGQO [60] in the HE band. We have also investigated
the probability density function frj of I1; associated with
many realizations of the photon-ALP beam propagation
process. Our conclusions can be summarized as follows:

(i) In the x-ray band only the case m, <1074 eV

produces observable effects on II;. Instead, for
m, = 1071° eV the ALP mass effect is so large that
photon-ALP conversion is totally negligible and
gives rise to no features on the final I1;. Results
for Perseus and Coma are qualitatively similar. In the
case m, < 107'* eV the photon-ALP beam propa-
gates in the weak-mixing regime so that the final I},
shows an energy-dependent behavior. From an
estimate of the energy resolution of observatories
like IXPE [52], eXTP [53], XL-Calibur [54], NGXP
[55], and XPP [56], we expect that an ALP-induced
signal about I; > 0 can be detected for E, = 2 keV.
The analysis of f;—associated with many realiza-
tions of the photon-ALP beam propagation—shows
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that we can expect a more probable signal of IT; > 0
for E, around 10 keV for Perseus rather than for
Coma. Instead, for both clusters IT; > 0 is the most
likely result at lower energies. Thus, the detection of
a possible signal of II; > 0 appears as rather robust.
(i) In the HE range both the case m, < 107'% eV and
m, = 10712 eV lead to an efficient photon-ALP
conversion and features in II;. Also in the HE
range the behavior of Perseus and Coma are similar.
In the case m, <1074 eV the photon-ALP beam
propagates in the strong-mixing regime and the
behavior of I1; turns out to be energy independent.
For this reason, a signal with II; > 0 can very
well be observed by detectors like COSI [57],
e-ASTROGAM [58,59], and AMEGO [60]. The
probability of getting a signal with IT; > 0 is greater
for Perseus than for Coma, as shown by the study
of fr. In the case m, = 10710 eV the qualitative
behaviors of Perseus and Coma are almost identical.
The photon-ALP beam propagates in the weak-
mixing regime and I1; shows an energy oscillatory
behavior. The analysis of both the binned data about
I1; and of fp; suggests that the range E, 2 3 MeV
represents the best energy region where to expect
the highest probability of measuring a signal with
II; > 0 from observatories such as COSI [57],
e-ASTROGAM [58,59], and AMEGO [60].

As discussed above, we cannot exclude a detection of
ALP-induced polarization effects in the x-ray band
since the only firm bound on ALP parameters is that from
CAST [61], but we believe the HE band to be the best
window to search for these effects.

In conclusion, both Perseus and Coma represent good
targets for the study of ALP-induced effects on I1; with
some preference for Perseus. Instead, for a detailed study of

the behavior of I1; as the energy varies, Coma appears as a
slightly better candidate.

Different physically consistent models concerning the
behavior of BM and n$" do not produce a strong modi-
fication of our final results, as already noted in [44]. A
higher impact would be produced by a large modification
of the strength of BJ" and of the central value of nS, but
these quantities are reasonably quite well known for both
Perseus and Coma.

Since the ALP-induced polarization effects considered in
the present paper can only increase the initial degree of
linear polarization II;, = 0, the same features cannot
instead be produced by Lorentz invariance violation, since
the Lorentz invariance violation trend is to reduce I1; [120].

ALPs with the properties investigated in this paper can
also be detected by the new generation of VHE gamma-ray
observatories like CTA [121], HAWC [122], GAMMA-400
[123], LHAASO [124], TAIGA-HiSCORE [125], and
HERD [126]. In addition, these ALPs can be directly
detected by laboratory experiments like the upgrade of
ALPS II at DESY [127], the planned TAXO [128,129]
and STAX [130], and with the techniques developed by
Avignone and collaborators [131-133]. Moreover, if ALPs
turn out to constitute of the bulk of the dark matter,
then they can be detected also by the planned
ABRACADABRA experiment [134].
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