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Polarization measurements as a probe of axion-photon coupling:
A study of GRB 221009A

Boris Betancourt Kamenetskaia ,1’2’ Nissim Fraija®, T and Gonzalo Herrera

4.%

"Technical University of Munich, TUM School of Natural Sciences, Physics Department, Professorship
T30d Elementary Particle Physics, James-Franck-Strasse 1, 85748 Garching, Germany,
’Max-Planck-Institut fiir Physik (Werner-Heisenberg-Institut),

Boltzmannstrafle 8, 85748 Garching, Germany
Instituto de Astronomia, Universidad Nacional Autonoma de México, Circuito Exterior,
Ciudad Universitaria, Apartado Postal 70-264, 04510 Ciudad México, México
4Centerfor Neutrino Physics, Department of Physics, Virginia Tech, Blacksburg, Virginia 24061, USA

® (Received 13 August 2024; accepted 22 May 2025; published 10 June 2025)

Axionlike particles (ALPs) can be produced in gamma ray bursts, altering the polarization of the
electromagnetic emission in these events. For the first time, we derive bounds on the axion-photon
coupling from polarization measurements of GRB 221009A, performing a full calculation of the Stokes
parameters, as it is typically done in the astrophysics community. Within astrophysical uncertainties, our
limits on the axion-photon coupling are competitive with complementary probes in the axion mass range
107 eV <m, <1078 eV, further allowing to probe motivated parameter space of ALP dark matter.
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I. INTRODUCTION

Pseudo Nambu-Goldstone bosons of a global U(1)
symmetry, called “axions,” constitute a solution to the
strong CP problem [1-4]. Generalized “axionlike par-
ticles” (ALPs) with similar features to axions but unable to
solve the strong CP problem appear in multiple extensions
of the Standard Model, and can account for the dark
matter of the Universe under certain conditions [5-9].
Axions can mix with photons in the presence of an
electromagnetic field, and axion-photon conversion can
occur [10-12]. Astrophysical searches for axions often
focus on such conversions, making stars, supernovae, and
galaxy clusters natural laboratories for these investiga-
tions. For instance, the Sun is a prominent target in axion
searches, as axions produced in the solar core via the
Primakoff effect [11,13] might convert into x-ray photons
within the magnetic fields surrounding detectors on Earth
[14]. Supernovae, particularly SN 1987A, have also been
studied for axion emissions, where the cooling rates of
neutron stars provide constraints on the axion mass [15,16].
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Additionally, galaxy clusters are prime candidates for axion
searches due to their large-scale magnetic fields, where
axion-photon conversion could be detected as x-ray excesses
or anomalies [17], offering a unique observational window
into axion properties.

The starburst galaxy M82 is also of interest in these
searches due to its intense star formation and associated
magnetic activity. Observations targeting x-ray or gamma-
ray emissions from M82 can therefore provide constraints
on ALP properties [18]. Similarly, neutron stars, especially
magnetars with their extremely strong magnetic fields (up
to 105 G), offer another promising environment for axion
searches. Axions produced in the dense core of a neutron
star could convert into photons in the star’s magnetosphere,
leading to observable x-ray or radio signals [19-21].

Axion-photon conversions also induce a change in the
polarization degree of the electromagnetic emission. A
schematic representation of this effect in the context of
gamma-ray burst (GRB) emission is shown in Fig. 1. This
effect has been discussed in various works [22-25],
however, the impact of the axion field on the polarization
of the emitted light has not been quantified using Stokes
parameters, as it is commonly done in the astrophysics
community [26]. In order to assess the impact of the axion
on the polarization of the emitted radiation and properly
compare it with current measurements from sources, a
detailed calculation of the Stokes parameters is required.

GRBs are the most radiant explosions in the Universe
and are considered to be highly captivating astrophysical
events. These represent great potential as sources for
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GRB 221009A  zreq ~ 0.15

1

' ~ 500 — 1000, B ~ 10" — 10° G, n, ~ 10* — 10* cm™®

FIG. 1. Schematic about gamma-ray burst polarized electro-
magnetic emission and its subsequent depolarization due to the
axion field a mixing with the electromagnetic field with strength
Jay- The axion field may also alter the frequency and amplitude of
the electromagnetic emission. Representative ranges of the
astrophysical parameters from GRB 221009A are shown for
reference.

multimessenger detection of nonelectromagnetic signals,
including very high-energy (VHE) neutrinos, cosmic rays,
and gravitational waves [for a review, see [27,28] ]. Within
an interval ranging from milliseconds to a few hours, events
of this nature have the capability to discharge an enormous
amount of energy, reaching up to 10% erg in the keV-MeV
energy range [29,30]. Typically, this emission is mainly
described by the empirical Band function [30] or synchro-
tron radiation [31,32], which is expected from shock-
accelerated electrons submerged in a magnetic field.
Although the origin of magnetic fields remains a subject
of debate [e.g., see [33—37] |, one method to investigate their
structure and origin is by analyzing the polarization proper-
ties. For the purpose of gathering data associated with GRB
sources, a number of authors have employed polarization
scenarios [e.g., see [38—44]] to discuss the polarization
degree found in GRB 090102 [45], GRB 120308A [46],
GRB 171205A [47], GRB 190114C [48], GRB 190829A
[49], and GRB 191221B [50] among others.

Detecting TeV photons from bursts would offer vital
insights into the GRB physics, particularly the potential
involvement of hadronic, or leptonic processes [51,52]. It is
thought that the nearest and most intense bursts would
release photons with energies above TeV [52,53], although
due to the attenuation with low-energy photons from the
extragalactic background light [EBL; [54] ], these photons
can hardly reach the Earth.

The gamma-ray burst monitor (GBM) instrument on
board the Fermi satellite detected the extremely bright burst
GRB 221009A at 13:16:59 UTon October 9, 2022 [55,56].
Hundreds of seconds later, a variety of instruments also
detected the immediate release of radiation called “prompt
episode” [57-61]. Itinvolved, for the first time, the detection
of VHE photons above 10 TeV by the Large High Altitude
Air Shower Observatory [LHAASO; [62,63]]. GRB
221009A had several bright episodes that are detailed in
[56]. In particular, the episodes associated with the intervals
between 219 and 278 s, and 517 and 520 s after the trigger
time, provided more than 90% of the entire flux. The fluence
of this extremely bright burst with ~10~! ergcm™ in the

10-1000 keV range, surpassed by more than twice the total
amount of gamma-ray fluences from all bursts detected by
Fermi-GBM; [for details, see [64] ]. Based on the absorption
characteristic lines of Call, Cal, and NaID, GRB 221009A
was located at a redshift of z.4 = 0.151, with its corre-
sponding luminosity distance of D; = 2.2 x 10>’ ¢cm [65].

This GRB attracted particular attention of the astrophys-
ics and astroparticle physics communities, due to the
unexpected detection from this source of energetic photons
higher than 10 TeV, which are above the maximum photon
energy able to surpass the EBL, and some beyond the
Standard Model explanations involving axion-photon con-
version were proposed [66—-68]. Here we focus solely on
the polarization measurement of this GRB performed by
the Imaging X-ray Polarimetry Explorer (IXPE) in the soft
x-ray energy band, and use this information for the first
time to set bounds on the photon-ALP coupling. For this
purpose, we will use the polarization degree of GRB
221009A from one of the two-rings of prompt emission
[69], which reads T1,_g .y = 0.172 £ 0.088.

The paper is organized as follows: In Sec. II we describe
both the standard polarization formalism in the GRB
scenario and the changes due to the addition of a pho-
ton-ALP coupling. In Sec. III we present the bounds on the
photon-ALP coupling and discussion of our results. Finally,
in Sec. IV, we provide the relevant conclusions. Henceforth,
we will work with natural units ¢ = 2 = kz = 1 and use
the cosmological parameters Q, =1 —Q,, = 0.685, H =
67.4 kms~' Mpc~! [70]. In the context of our discussion,
we write unprimed and primed terms to denote quantities in
the observer and comoving frames, respectively.

II. GRB POLARIZATION

A. Standard scenario

The expected polarization degree from a GRB can be
obtained from its synchroton emission. The synchrotron
power emitted per unit frequency from a single electron
with Lorentz factor y,, gyrating in a magnetic field B’ can
be separated into a parallel and a perpendicular compo-
nent as [71,72]

&V?B sin @
P =0 [y 00 P
e e
eV?B sin @
PLW ) = [ g e ()
e e

where A and A are the photon polarization components
perpendicular and parallel to the projection of B in the x—y
plane, respectively. Here, primed symbols denote quan-
tities in the GRB jet comoving frame, m, is the electron
mass, e is the elementary charge and @), is the pitch angle
between the electron’s velocity and the magnetic field.
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The angle @, is the angle between the line of sight and the
plane containing the electron trajectory. The integration is
performed from —z to z. However, the amplitude squared
of the polarization components is negligible outside
|6.| ~ 1/7,, so the integral may be extended to the region
(—o0, o), in which case analytic solutions can be found as

V3e3B'sin 8’

P (V.ye) = TP[F(X/) - G(¥)].
V3e3B'sin 8,

P (V.y.) = Tp [F(x') + G(x')], (2)

where x’ =/ /v, with the characteristic synchrotron fre-
quency v, = 3eB'sin0,y?/(4zm,) and

F(x) = xlm K%(u)du,
G(x) = xK%(x), (3)

are in terms of the modified Bessel functions of the second
kind K,(z). The total emitted power per unit frequency
P'(.y.) = P|(V'.y.) + P'L(V.7.) is then readily found
as the addition of the parallel and perpendicular
components.

The synchrotron linear polarization degree for particles
of a single energy y/, can then be readily calculated as [72]

P/L(l/vy/e) _Ph(’/v y/e)
P\ (V.ye) + (V7).

Myn (Vs ve) = (4)

where we take y/, to be the minimum Lorentz factor y), of
the electron energy distribution given by

v~ 42 % 10* (%) (06—1) (%)’ (5)

with T" the bulk Lorentz factor, ¢, the fraction of the
emitted thermal energy that goes into the accelerated
electrons, g(p) = (ﬁ%f) and p the spectral index of the
electron distribution.

The synchrotron polarization for a given observed
frequency v can be derived by calculating the Stokes

parameters [73-75]

0, 1+ Zped cos2y
— re d. d 055, P' (V .,y )T, ,
{UU 4zD? / 4’/ cos 05 P(¢/,1e ) yn sin2y

(6)

and the spectral fluence [74]

I + Zpea
I, = >
4nDy

/dd)/d cos 065,P'(V,v,).  (7)

Here, angular quantities are measured in the spherical
coordinate system (r, 0, ¢) in the lab frame, where § = 0O1is
the line of sight. The variable y is the polarization position
angle in the observer frame (see Refs. [74,75] for the

explicit expression), 5, = m is the Doppler factor,

V= %u is the comoving frequency, z,.q is the redshift,
Dy is the luminosity distance to the source and e € {2, 3} is
an index that represents instantaneous emission (¢ = 3,
relevant for the afterglow) or time-integrated emission
(¢ = 2, relevant for the prompt emission when integrated
over a time larger than the duration of a single pulse and
the value we use in the following) [73].

We assume a GRB jet with half opening angle 6; with
bulk Lorentz factor I' and a toroidal magnetic field. In this

case, it is convenient to follow [74,75] and define the
variables y = (I'0)2, y; = (I'9;)? and g = g_
the viewing angle. We also consider small angles
(cos@~1—46%) and a relativistic jet (1 —f~55). We
then have the Stokes parameters and spectral fluence

0, 11+ 2q (20) 3107 ‘
[ d ] —€
{Uy} 247D T2 A y(1+7)

Ag(y)
</ d¢P'<u,y;,¢>n;yn<uay;,¢>{
—Ag(y)

114z (2I)¢ /)7j(1+q)2 ,
_-—— dv(1 €
YT 40 17 ), y(1+y)

Ad(y)
x / " doP (W 1), (8)
—Ad(y)

where 6, is

cos2y }
sin2y '

where Ag¢(y) is provided in Eq. (13) of [74]. The
dependence of the emitted power per frequency
P'(V,y,,¢) on the angle ¢ is due to its dependence on
the sine of pitch, which is given by [74,75]

sind),(y.¢)

i 2 :
]
U +y (1+y)? ¥y v/, ‘
1+7—ZTCOS¢

©)

Finally, for a given observation band [v,, 1], the observed
linear degree of polarization is

/Q2+ U2
I 9
where S = f:lz dvs, for S€e{Q,U,1I}.

Hul,u2 (}//e) = (10)
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B. Polarization effects due to axion coupling to
electromagnetic field in GRB

The polarization components are modified by the
addition of an interaction between the photon and
the axion. The photon-ALP interaction Lagrangian
reads [11]

1 ]
Loy == 9aFuwt"a=g,E B, (11)
Ay arp(z) A cos’E + Aysin’é
7 | Arae(@) | =i| cosésing(ay—a,)
a(z) A, siné

We assume that the magnetic field B makes an angle
£€0,2z] with the y axis in a fixed coordinate system. The
polarization components A orp and Ajarp are defined
with respect to the magnetic field, where A | 5;p is the
component perpendicular to the direction of the magnetic
field and Aj srp is the component parallel to it. These
components align with the x and y axes of the coordinate
system when & = 0, i.e., when the magnetic field aligns
with the y-axis.

Following [23], the elements in the system of equations
can be expressed as

7
AL = 2AQED + Ap], AH = EAQED + Apl’

aw' [ B'\?2 (1)51
s =5, () B o
1 m?
Aay EigayB/’ Au = _260/’ (13)

where « is the fine structure constant and B,, = m2/e is
defined as the critical magnetic field. In this scenario, the
photon beam propagates in a magnetized cold plasma,
which gives rise to an effective photon mass set by the

plasma frequency wp, = \/4zan,/m,, where n, is the
electron number density.

The initial conditions of the system given by Eq. (12) are
given by the polarization components of the no-ALP
scenario

V3720,
Aﬁ?ALp _ A” (l//, 7., 62) = 2] y/H;,K%(TI’),
3y,
AP s =ALWV,7..0.) = ZFI/:U/H;ZK%(W)’ (14)

where F,, is the electromagnetic field tensor, F w =
%ew/mFﬂ” is its dual, E and B are the electric and
magnetic fields, respectively. The ALP field with a mass
m, is denoted by a and g,, is the photon-ALP coupling.

The two photon polarization components are modified
by the addition of this interaction as a function of the
length of propagation from the GRB, which we assume
propagates in the direction z. The evolution equations for a
monoenergetic photon/ALP beam with energy w are given
by the system [11,23,24]

cosEsiné(Aj—A;) A, siné Al arp(2)
A sin*é + Ajcos’E A, cosé Ajae(z) |- (12)
A,y cosé A, a(z)

[
27/ a0} B3y
where @, = \/1+y267, n' = 35 G = %—gjw/c, and
e

v = 1—%2. In the case of the axion field, we have

a* = (0. We solve these equations [with the definitions
from Eq. (13)] up to z = R where R =~ 2I"?(1 + z,04) !5t is
the shock radius with variability timescale ot. Here, we
have assumed that the photons are produced via
the synchrotron process during the prompt episode of
the burst [32,76,77]. It has been shown that synchrotron
emission could occur at in internal shocks at a significant
distance from the source, typically in the range
10'-10' ¢m [78-80]. It is worth noting that some
photospheric models have considered synchrotron emis-
sion at even smaller radii, around 10° cm. However, in
the internal shock scenario, where multiple layers with
different Lorentz factors collide, emission is expected to
occur much farther away from the central engine [81].
These collisions generate the observed variability in
the GRB light curves and set the characteristic emission
radius.

In our case, we assume that the synchrotron emission
originates between R, = zo = 10'® cm and R, which
corresponds to a realistic internal shock model. This range
accounts for interactions between shells with varying
Lorentz factors, producing a small variability timescale
consistent with observational constraints.

From here, we can obtain the power per unit frequency
according to Eq. (1) and follow the formalism detailed in
Sec. I A to calculate the observed linear degree of
polarization with effects from the photon-ALP interac-
tion. In order to find the modified polarization angle y
due to the ALP-photon coupling, we diagonalize
Eq. (12). We focus on the reduced system in the basis
aligned with the external magnetic field B, where only
the perpendicular photon polarization mode A mixes
with the ALP field a
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d (A Ay A, A
_( J_.ALP):l.< [ r)( J_,ALP>. (15)
dz a A, A, a
This system has eigenvalues
Ay+A4A, 1
1:“Ti5Am, (16)
with oscillation wave number [23,24,82]
Aosc = \/(Aa - A||)2 + 4A§y, (17)
and ALP-photon mixing angle
2A
tan(20,,) = ——~—. 18
an(20) = 5% (18)
The perpendicular photon mode evolves as
2 i(AHJrAa)z
Aj are(2) =AALpe 2
Aose Ay
X {cos <L°Z> +icos(26,,)sin (chﬂ
2 2
(19)

while the parallel mode evolves trivially as A a1p(z) =
Aﬁ(,]ALPe
tion angle y, in the observer frame, and define ¢ as the
projected angle of the transverse magnetic field on the
plane of the sky. The polarization vector is then decom-

posed into components parallel and perpendicular to B as

ALz 'We now consider a general initial polariza-

() (o) o

The modified polarization angle y(z) is related to the
relative phase between Aj o p(z) and A 51p(z), and is
given by

2RC(A]<, aLpA LALP)

A ALl = AL AL

tan [2(y = ¢)] (21)

Substituting the expressions for A(z) and A, (z), we
obtain the exact result

Aoscz

sin 2(){0 - 5) COS(29ay) tan( 2 )
1-— Sinz(){o - 5)[] - COS(AOSCZ)] ‘

1
x=<E+ 3 arctan (22)

This expression explicitly vanishes when the initial
polarization is aligned or orthogonal to the magnetic
field, i.e., yo = & or yg = &+ x/2. In the weak-mixing
limit, 6,, < 1, we can expand Eq. (22) to leading order in
A /(A, = A4), yielding

A,

A, -4y

X=Xo+ Sin(AoscR> sin [2()(0 - 5)]’ (23)

where y is the original polarization position angle in the
observer frame in the standard astrophysical scenario
(see Refs. [74,75]).

III. BOUNDS ON PHOTON-ALP COUPLING

In this section we detail the procedure we performed to
obtain bounds on the photon-ALP coupling via polarization
measurements of GRB 221009A.

We use the measurement of the linear polarization degree
of GRB 221009A from one ring of prompt emission
I g v = 0.172 £ 0.088 obtained with IXPE in the soft
x-ray energy band (2-8 keV) [69]. The authors were also
able to measure the x-ray polarization of the GRB after-
glow, however the prompt emission has more relevance to
us as the magnetic field strength of the afterglow is much
weaker compared to the one of the prompt.

We can observe from Egs. (8) and (10) that the linear
degree of polarization depends explicitly on the product of the
Jet opening angle and the bulk Lorentz factor y;, and the ratio
of the viewing angle to the jet opening angle ¢ = 6,/0;.
These parameters are, however, not determined which is why
we have allowed some freedom in the choice of the bulk
Lorentz factor and have worked with the benchmark values
I' =500, 700, and 1000. These are consistent with the
afterglow modeling for the observed GeV, TeV and neutrino
emission and the constraints derived on the minimum Lorentz
factor [83,84]. In the case of the jet opening angle, we take the
base value of 6; = 1.5° that gives a polarization consistent
with the IXPE spectropolarimetric measurement [69].

In order to fix 8, or alternatively ¢, we calculate the
linear polarization degree with no axion contribution
according to Eq. (10) as a function of ¢ and pick the value
that reproduces the IXPE measurement. This procedure is
exemplified in Fig. 2 for the three benchmark values of the
bulk Lorentz factor. As we can observe, there are two or
three possible solutions for g € [0, 1] depending on I, so we
choose the one closest to ¢ = 2/3, which corresponds to
the most likely configuration [85].

To obtain the aforementioned curves, we must also
account for the electron number density surrounding the
shock front. We assume that the forward shock propagates
in a wind medium with number density n,(R) = AR™? with
A =3.02 x 10¥A, cm™!, where we set A, = 0.3 accord-
ing to the estimate performed by [69]. As mentioned
previously, the shock radius is calculated as R = 2I'%5t,
where we take the variability timescale value to be 6t =
0.082 s [86]. Finally, we calculate the magnetic field
strength as B’ ~ 10°(555)~'. We summarize the values of
all the parameters for the benchmark cases in Table 1.

Once all parameters for each of the benchmark cases
have been fixed, we are able to test how the linear degree of
polarization is modified by the addition of the ALP. We
show this effect in Fig. 3, where we present the polarization
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Polarization degree (no ALP)

0.2

Iy _gkev

0.1

r=500 [ TI'=700
g=061| ¢=078

= 1000
q=0386

0.0 ‘ ‘ : ‘
00 02 04 06 08 1.0

q= GV/BJ'

FIG. 2. Linear polarization degree in the 2-8 keV band as a
function of ¢ = 6,/0;, where 0, is the observer’s viewing angle
and 6; is the jet opening angle, for the three benchmark values of
the bulk Lorentz factor I' = 500, 700, 1000. The horizontal black
line and the gray region correspond to the IXPE measurement
Iy g ey = 0.172 £+ 0.088. The colored dots show the value of ¢
for which the measurement can be explained by the GRB
polarization model with no axion.

degree measured from GRB 221009A with a horizontal
black line and the uncertainty with the corresponding gray
region. As explained previously, the expected polarization
degree induced by synchroton emission lies well within the
experimental uncertainties and can be explained with the
standard, no-ALP model.

In addition, we show how the polarization degree induced
by an axion field with masses m, = 107 eV (red), m, =
3x107%eV (green), m, = 6 x 107 eV (blue), and m, =
9x 10~ eV (purple) evolves for different values of the
photon-ALP coupling, and GRB parameters according to
benchmark 2. We fix the angle & = /2, which corresponds
to the magnetic field aligned in such a way that it results in
maximal parallel polarization, corresponding to the highest
degree of polarization. It can be appreciated in the figure
that, for an axion mass of m, = 6 x 107 eV, values of the

TABLE 1. Parameter values for the benchmark cases.

Benchmark 1 Benchmark 2 Benchmark 3
Zrea = 0.151, 0, = 1.5°

r 500 700 1000

7 171.35 335.84 685.39

q=20,/9; 0.61 0.78 0.86

B’ [G] 1.4 x 10 10° 7% 10%

n, [em™] 6.0 x 10* 1.6 x 10* 3.7 x 103

R [cm] 1.23 x 1013 2.41 x 10" 4.92 x 101

w1 [eV] 9.08 x 10~ 4.63 x 107° 2.27 x 1070

Polarization degree (with ALP)

0.25

0.20

0.05

— my=6x10"eV
— my=9x10"eV

No ALP, g =0.78
my=1x10""eV

— my=3x10"%eV

000l

10—I2 10—11 10—]0

Lay (GeV‘l)

FIG. 3. Polarization degree of GRB 21009A as a function of the
ALP-photon coupling strength, for four values of the axion mass
and parameters according to benchmark 2. For comparison, we
show the measured value of the polarization degree with a
horizontal black line and uncertainty represented by the gray
region. The dashed black curve corresponds to the application of
a one-dimensional Gaussian filter on the blue solution and the
black dot represents the point when the dashed curve crosses past
the uncertainty. It can be clearly appreciated that at sufficiently
large couplings, the electromagnetic emission can be depolarized
below current experimental uncertainty.

axion-photon  coupling above g,, 27 x 107'? GeV~!
would depolarize the electromagnetic emission below the
experimental uncertainty.

The oscillations in the polarization degree stem from the
oscillating nature of the axion field itself and more
precisely from the form of the probability that a polarized
photon converts into an ALP after a distance d, which
scales as a quadratic sinusoidal function whose amplitude,
minima and maxima depend on the value of the photon-
ALP coupling [23,24,82]

A.d
P,, = sin?(20,,)sin? <%> (24)

Further analysis of the conversion probability allows one to
define the critical energies [23,87]

o' | Aa - Apll
24,,

2 2
~25x10°2eV Mo \"_ (2l
1079 eV 1079 eV
L (10°GY (107 Gev-"!
B Gay ’

907g,, B2 10°G Ya
wly :TB}:’%m keV 5 o Ger‘l . (25)

/
Wy,
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In the energy range @, < @' < ), the photon-ALP mixing
is maximal (0,, ~ #/4) and the conversion probability
becomes energy-independent. This is the so-called strong-
mixing regime. Outside of this energy range, the conversion
probability becomes energy-dependent and very small, so
that ) and w}, can be understood as the low- and high-
energy energy cutoff, respectively.

These two critical energies are fundamental to under-
stand the behavior of the polarization degree shown in
Fig. 3. First, we recall that this quantity is calculated
according to Egs. (8) and (10), as integrals of the Stokes
parameters and spectral fluence over the observed energies;
in the case of the IXPE observations w;= 2 keV and
w,= 8 keV. However, the Stokes parameters depend on
P" and Iy, which themselves are functions of the energy
measured in the GRB jet comoving frame, which trans-
forms according to

W~ (1 +Zred)(1 +y)
! 2

1"i_zred 1+y
= 0.49 keV
9 ke (1+o.151> (1+300>

W) e

For a fixed ALP mass, we notice from Eq. (25) that ]
decreases and @), increases as the coupling g,, becomes
larger. This effectively means the strong-mixing regime
broadens with the strength of the interaction, in line with
the physical expectation. The broader this regime, the
broader is the region of y=T16 values satisfying
) < @} < wh < wy, so the contribution of the ALP effect
increases in the Stokes parameters dy integral. This
explains why as g,, grows, the oscillations and amplitude
in each of the colored curves of Fig. 3 do as well. Following
the same argument, as the coupling drops, the frequency of
the oscillations and the amplitude do too and we approach
the no-ALP scenario for g,, <1073 GeV~.

We further notice that if the ALP mass is equal to the
plasma frequency (m, = w,), then by Eq. (25) @} = 0 and
the strong-mixing regime reaches its maximum width. This
corresponds to a resonance; the mass for which the ALP
effect on the polarization is maximal. We can also appre-
ciate this in Fig. 3. We recall that the plasma frequency for
the parameters used in this figure is @ ~ 4.6 X 1070 eV.
For m, < w, we have the blue curve, whose oscillation
amplitude and frequency are smaller than those of the
green curve, which satisfies m, > @, and also has a mass
closer to @y

We would also like to draw attention to the purple curve,
which has the smallest oscillation amplitude compared to
all the others. This is because this solution has the largest
ALP mass, which increases the value of @} and decreases
the width of the strong-mixing regime. This effectively

means that the ALP contribution decreases, as we have
discussed previously.

We will now describe the criteria for deriving a bound on
the ALP-photon coupling for a given ALP mass. The
observed GRB light curves constrain the possible range of
bulk Lorentz factors [88,89], which agree with our bench-
mark values from Table I. Using this information, we
compute the expected polarization degree in the standard
(no-ALP) scenario and find that the viewing angle ratio that
best fits the observations is g ~ 2/3, consistent with the
theoretical prediction from standard astrophysical models.
Given these constraints, it is reasonable to assume that the
initial polarization degree in the absence of ALPs corre-
sponds to the measurement from IXPE, as the standard
model expectation should match the observed polarization.
At very small values of the ALP-photon coupling g,,, the
polarization degree is expected to be that of the no-ALP
scenario, as the ALP-induced effects become negligible. As
the coupling strength increases, the polarization degree
deviates more significantly from the no-ALP scenario, and
we set a bound only when the polarization degree first
exceeds the experimental uncertainty.

However, due to the oscillating nature of the ALP-
photon system, the polarization degree exhibits oscilla-
tions, as shown in Fig. 3. For large enough ALP-photon
coupling strengths (e.g., g,, 2 4 x 10712 GeV ™), the oscil-
lation length 7. = 27/A,s [see Eq. (17)] becomes much
smaller than the propagation distance R, resulting in a high-
frequency oscillation in the polarization degree. In this
regime, small changes in the coupling strength g,, lead to
significant differences in the polarization degree, with one
value potentially exceeding the experimental uncertainty
while a nearby value does not.

To address this sensitivity and the rapid oscillations, we
apply a one-dimensional Gaussian filter to average the
polarization degree over the oscillation length. This
approach reflects the fact that the resolution of the
measurement is not fine enough to resolve such rapid
oscillations, effectively smoothing out these variations, as
would be observed in the data. The dashed black curve in
the figure illustrates the result of this averaging procedure,
which allows us to set not so restrictive constraints on the
coupling strength despite the oscillatory behavior.

Finally, we would also like to mention that, in order to
take into account the uncertainty on the angle &, we perform
the procedure detailed above for a random sample of &.
Then, we set the bounds as an average over this sample.

In Fig. 4, we present the result of applying our criteria to
derive bounds in the g,, —m, plane on the ALP-photon
coupling for the three benchmark cases we consider. For
comparison, we show the combination of bounds from a
variety of complementary searches: stellar axion produc-
tion in the MS82 starburst galaxy [18], invisible neutrino
decay into ALPs from NGC 1068 [90], ALP-photon
oscillation effect in the spectra of the blazar Markarian
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10-9 Bounds on g,y from GRB 221009A
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FIG. 4. Bounds on ALP-photon coupling as a function of the
ALP mass from GRB 221009A for three benchmark cases. The
gray region shows previous bounds from a variety of comple-
mentary searches [18,90-96]. We also plot the region favored by
ALP dark matter below the dashed black line [97].

421 (Mrk 421) [91], conversion of extragalactic gamma-
rays into ALPs and subsequent reconversion in the
Milky Way’s magnetic field with sub-PeV gamma-
ray observations [92], axion-photon conversion on the
magnetic field of the progenitor star of SN1987A [93],
magnetic white dwarf polarization —measurements
[94], axion production in neutron star magnetospheres [95]
and the impact of axion star decays on the reionization of
the intergalactic medium during the dark ages, comparing
this effect with Planck measurements of the CMB optical
depth [96]. We also present, below the dashed line, the
region of parameter space that is favored by ALP dark
matter and could account for all the DM produced either
thermally in the big bang or nonthermally by the misalign-
ment mechanism [97].

There are several points to note in this figure. First, for
small ALP masses we can see that the limits become
constant. This is readily explained by the ) expression in
Eq. (25). For m, < wy,, the dependence on the ALP mass
of the critical frequency disappears and it is instead
determined by the plasma frequency. This effectively
means that the strong-mixing regime is independent of
the ALP mass and so is the polarization degree, which
translates into constant limits.

On the other hand, we note that the bounds are the
strongest for m, = w,, which are represented by the
minima of the curves at g,, ~ 10™'* GeV~!. As mentioned
previously, this corresponds to the resonant case when the
ALP effect on the polarization is maximal, so this behavior
was to be expected. This also leads to the conclusion that
our methodology will provide the best constraints around
the region where m, ~ wp,. This means that the determi-
nation of the circumburst electron number density of the

GRB 17, is incredibly important, as this determines the
plasma frequency. While in this work, we have focused on
the polarization from the prompt emission, it is possible to
apply our formalism to afterglow polarization, where n,
might be as small as ~10~® cm™3 [98], which would allow
to set limits down to m, ~ 1071% eV.

On the other hand, in the case when m, > @, we see that
the limits worsen as m, increases. The reason goes back
once again to @/ . For large ALP masses, this lower critical
frequency increases, which reduces the strong-mixing
region quadratically, effectively making the ALP effect
smaller. In fact, the limits shown in Fig. 4 also worsen
quadratically in this region.

Regarding the differences between each benchmark, we
notice that the bounds improve as the bulk Lorentz factor
increases. We know that the magnetic field B’ decreases as
I' increases and according to Eq. (25), as both critical
frequencies are proportional to B'~!, this would imply a
strong-mixing region of the same width, but shifted to
higher energies. This is in line with the physical intuition
that if the magnetic field becomes weaker, the beam
energy must be larger in order to have strong conversion.
Furthermore, from the energy transformation Eq. (26) and
the definition of y o I'?, we see that the dependence of the
energy measured from the jet comoving frame scales as
o’ « ', which means this one also is shifted to higher
energies. Then, the reason why the bounds improve as the
bulk Lorentz factor increases is independent from the
strong-mixing regime. Rather, it is simply from the Stokes
parameters, where the integration region in dy grows
quadratically thanks to the dependence of the upper limit
on y; «I'2

From Fig. 4 we can observe that our method allows us to
probe and set competitive limits close to the resonance
region m, ~ w,y, reaching limits of the order 10~'* GeV~!
at resonance. However, we must also notice that the
determination of GRB parameters such as the bulk
Lorentz factor and the magnetic field strength are crucial
for our method. By presenting our results for the three
benchmark cases we consider, we highlight that uncertainty
on any of the GRB parameters leads to uncertainty on the
strength of our bounds and the location of the resonance, so
in order to make any conclusions we require accurate
information on the GRB.

IV. CONCLUSIONS

In this work we have improved the formalism for the
calculation of the linear degree of polarization from GRBs
due to photon-ALP interactions, and derived bounds from
polarization measurements of GRB 221009A. For the first
time, we have calculated the expected polarization induced
by axion-photon coupling accounting for the Stokes
parameters and spectral fluence, as it is typically done in
the astrophysics literature.
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We have shown how the polarization degree changes due
to the introduction of this novel interaction and discussed
its behavior based on the photon-ALP probability con-
version and the strong-mixing regime. Further, we com-
pared our expected polarization degree from synchroton
radiation models including an ALP field with that observed
from the IXPE instrument from GRB 221009A, accounting
for the uncertainty in the measurement.

Based on IXPE observations of polarization from the
prompt emission of GRB 221009A, we have introduced a
method that allows us to set limits on the ALP-photon
coupling. This method is strongest for ALP masses in the
range m, € [107,107%] eV. However, we note that uncer-
tainties in the GRB jet parameters such as the bulk Lorentz
factor and magnetic field strength translate into uncertain-
ties in our limits. Our method is well suited for observation
of small polarization degree (< 25%). In order to obtain the
best possible constraints, the measurement should be as
precise as possible, i.e., smallest uncertainty. To exemplify
this point, we note that, if the IXPE observations, which
have an uncertainty of ~50%, improved to ~25%, we
would be able to set limits an order of magnitude stronger.

Considering a population of sources may also allow to
enhance the sensitivity. In this work we have restricted
ourselves to a single source as a proof of concept; an
analysis including a population of sources will be com-
pleted in future work. Furthermore, such an analysis may
be extended to other astrophysical objects from which
polarization measurements have been obtained, such as
active galactic nuclei, supernovae or neutron stars. The

polarization measurements from these sources correspond
to different wavelengths, thus allowing to probe different
values of the ALP mass. Future GRB polarization mea-
surements will reduce the uncertainties in the observed
polarization degree, and the bounds will become stronger
correspondingly. Given the uncertainties on the emitted
electromagnetic spectrum and initial polarization degrees,
time-dependent information on the polarization degree may
be particularly useful. An afterglow polarization consistent
with synchroton radiation and no axion field, but incon-
sistent with the prompt emission polarization may be an
indication of new physics.
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