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Recent astrophysical transient Swift J1913.1+1946 is possibly associated with the gamma-ray burst GRB
221009A at the redshift z = 0.151. The transient was accompanied by very high-energy gamma rays up to
18 TeV observed by LHAASO and a photon-like air shower of 251 TeV detected by Carpet-2. These energetic
gamma rays cannot reach us from the claimed distance of the source because of the pair production on cos-
mic background radiation. If the identification and redshift measurements are correct, one would require new
physics to explain the data. One possibility invokes axion-like particles (ALPs) which mix with photons but
do not attenuate on the background radiation. Here we explore the ALP parameter space and find that the
ALP—photon mixing in the Milky Way, and not in the intergalactic space, may help to explain the observa-
tions. However, given the low Galactic latitude of the event, misidentification with a Galactic transient

remains an undiscarded explanation.
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1. OBSERVATIONS

An unusual energetic astrophysical transient Swift
J1913.1+1946 was detected on October 9, 2022 [1] and
soon associated with a gamma-ray burst GRB
221009A detected by Fermi GBM [2]. The redshift of
the GRB was determined from absorption lines in the
afterglow [3, 4] and from emission lines in the host
galaxy [5] as z = 0.151. The main peculiarity of the
transient is the presence of extremely energetic gamma
rays, never detected from a GRB. In particular,
LHAASO reported the detection of thousands of pho-
tons with energies up to 18 TeV in the first 2000 s after
the GRB trigger [6], and Carpet-2 reported the detec-
tion of a 251-TeV photon-like air shower 4536 s after
the trigger [7]. We assume, for the main part of the
present Letter, that the photons observed by LHAASO
and Carpet-2 indeed arrived from the GRB at the
reported distance. Potential misidentifications will be
briefly addressed in Section 4.

2. PHOTON ATTENUATION
AND AXION-LIKE PARTICLES

The observations by both LHAASO and Carpet-2
challenge conventional understanding because
gamma rays of that high energies cannot reach us from

distant sources [8]. They should instead produce e'e”

pairs on the cosmic background radiation. The pre-
dicted mean free path for 18-TeV photons depends on
the assumed extragalactic infrared background which
is known with considerable uncertainties, so the opti-
cal depth for a source at z = 0.151 is estimated as
~15 £ 5. A photon with the energy of 251 TeV produce
pairs on much more abundant, and better known, cos-
mic microwave background (CMB), and its mean free
path is only of order 75 kpc, smaller than the virial
radius of the Milky Way; the optical depth for the dis-
tance of GRB 221009A is >3000 for this energy.

The problem of observations of energetic particles,
possibly photons, from very distant sources arose in
various contexts and always required non-standard
physics to be solved or relaxed. Here we concentrate
on mixing of photons with hypothetical axion-like
particles (ALPs) in the external magnetic field [9],
which was first invoked to solve an astrophysical prob-
lem of this kind in [10], and for the gamma-ray prop-
agation in [11]. For reviews and more references (see,
e.g., [12—14]).

A general ALP is characterized by two parameters,
mass m and photon coupling g. The latter appears in
the specific interaction term in the Lagrangian,

—(g /4)a11w1:“ " where a is the pseudoscalar ALP field,

F, is the electromagnetic stress tensor and
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v = (1/2)6“VPLFPX is its dual tensor. Compared to the
QCD axion, ALP is more general because m and g are
arbitrary independent parameters, but at the same
time is simpler because it does not necessarily interact
with gluons in the minimal version. The ALP/photon
mixing is described in [9], while a collection of equa-
tions relevant in the astrophysical context may be
found, e.g., in [15], but also in many other papers and
textbooks; we do not repeat them here.

Axion-like particles do not produce pairs and so
they propagate unattenuated through the Universe, so
the ALP/photon mixing makes the following scenario
possible: passing through sufficiently strong magnetic
fields, photons convert to ALPs and back, and hence
the mixed particle beam can travel longer than pure
photons. For extragalactic astrophysics, it is important
to distinguish two particular cases, see discussions in
[16]. In the first limit, ALP parameters allow for con-
version in the (rather weak) extragalactic magnetic
field, so the photon—ALP oscillations happen along
the entire path from the source to the observer [10, 11].
In the opposite case, stronger fields are required for
non-negligible mixing, so that the conversion happens
near the source, in the host galaxy, cluster or filament,
and again in the Local Supercluster or in the Milky
Way [15, 17]. For very distant sources, this difference
is crucial. In the case of intergalactic mixing, the
gamma-ray part of the mixed beam is constantly fed by
the ALP part and attenuates, so, in the limit of large

distance, all energy finally goes to e'e” pairs. This
means that the mean free path becomes effectively
longer by a certain factor. If the intergalactic mixing is
suppressed, then some part of photons may convert to
ALPs near the source and reconvert back to gamma
rays near the observer; the remaining gamma-ray part
of the beam attenuates as usual. In the limit of large
distances, larger photon fluxes are expected to be
observed in the latter case; see [16] for details. Here we
concentrate on this latter case only.

3. AXION-LIKE PARTICLES
AND GRB 221009A

In the last few days, immediately after the observa-
tions of high-energy photons possibly associated with
GRB 221009A had been reported, explanation of these
observations in terms of ALP/photon mixing was
addressed in [18, 19]. In [18], the scenario of interga-
lactic mixing was discussed, assuming rather strong
intergalactic magnetic field of 1 nG. The resulting
photon survival probability was low, ~1073, in agree-
ment with qualitative reasons explained above. In [19],
the opposite scenario was discussed, but for the
LHAASO 18-TeV photons only. Here we present a
joint analysis of both observations and determine the
favored range of ALP parameters.

At the time of this writing, little is known about the
source of GRB 221009A and its host galaxy, so we sim-
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ply assume the maximal mixing, that is equipartition
between two photon polarizations and ALP, in the
source. This assumption is backed up by the fact that
the magnetic fields in the host galaxy and in our Gal-
axy are expected to be similar, while we are looking for
the mixing close to maximal in the Milky Way. Mixing
smaller than maximal would result in shifting the rele-
vant parameter space to higher values of g. Next, we
neglect the mixing in the intergalactic space to avoid
the corresponding flux suppression discussed above.
As a result, we assume that the state arriving to the
Milky Way is pure ALP and the flux is 1/3 of the emit-
ted photon flux. For the propagation of the ALP-pho-
ton beam in the Milky Way, we solve numerically
the evolution equation in the density-matrix formal-
ism, as described, e.g., in [20]. We use the Galactic
magnetic field model of [21] for the line of sight corre-
sponding to celestial coordinates of GRB 221009A.

The initial condition for the density matrix is p(y,) =

diag(0, 0, 1/3) at the coordinate y, corresponding to
the distance of 20 kpc from the Galactic Center (the
magnetic field of the model we use is zero beyond this
point). We note that the direction to GRB 221009A

has supergalactic latitude by = 84°, hence the mag-
netic field of the Local Supercluster may be safely
neglected. The survival probability of the photon is

given by p,;(0) + p,,(0), where y = 0 corresponds to
the location of the observer.

Our main results are collected in Fig. 1, which
presents the ALP parameter space. Above the full blue
and dashed red lines, the surviving probability for pho-
tons of 18 and 251 TeV, respectively, exceeds 1%, so
that it makes sense to hope that the ALP-gamma con-
version could help to observe gamma rays from the
distant source. Note that a more quantitative study
should use estimated gamma-ray fluxes which have
not been published by LHAASO, nor by Carpet-2.
The acceptance of these surface arrays depends
strongly on selection cuts used in the analysis and on
the zenith angle under which the source is observed, so
it might be misleading to infer the exposure from other
publications or to use long-term exposure averaged
over zenith angles to estimate the flare flux.

To justify our approximation and to avoid strong
flux suppression, we need to guarantee that the mixing
in intergalactic magnetic field B, is suppressed. This
is reached for [15]:

—1 2 B
14 < E m (ﬁ) l‘
107" Gev! 1255 Tev) (10 ev) \nG

The regions where this condition is not satisfied are
shown in Fig. 1 for two values of E as shaded regions to
the left. Note that the value of 1 nG used for presenting
this estimate in the plot is close to the observational
upper bound on the intergalactic magnetic field [25],
while its actual value may be orders of magnitude
smaller; the lines would shift to smaller m in this case.
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The remaining white central part of the plot corre-
sponds to the values of m and g for which the observa-
tions by LHAASO and Carpet-2 may be explained by
photon-ALP mixing. These parameters are in fact
motivated in some ALP models, e.g., [26, 27].
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the polarization of a magnetic white dwarf SDSS
J135141 [24] and results in a m-dependent upper limit
on g shown in Fig. 1 as a gray dash-dotted line (fidu-
cial upper bound from Fig. 1 of [24]). Interestingly,
even with the account of this strict bound, there
remains an allowed part of the parameter space for the
explanation of the observed energetic photons.

4. DISCUSSION
4.1. Other Constraints on Axion-Like Particles

Among various experimental constraints on the
ALP parameters, the most relevant here are the upper
bounds on g from non-observation of solar axions by
the CAST experiment [22] and from the study of evo-
lution of helium-burning stars in globular clusters

[23], coincident numerically by chance. The shaded
area in the upper part of Fig. 1 represents these con-
straints. In addition, there exist constraints from vari-
ous astrophysical photon observations which probe
the part of the ALP parameter space we discuss here;
however, they depend on the assumptions about
poorly known magnetic fields in astrophysical sources.

This dependence may introduce huge systematic

uncertainties in the resulting constraints (see, e.g., [13,

20]). The strongest of these constraints comes from

4.2. Probability of the Background Event
Most of the events detected by surface air-shower

arrays, like LHAASO and Carpet-2, are caused by

charged cosmic rays, and only a small fraction of them
are photons. Even with strict selection cuts imposed,
there exists a nonzero probability of misidentification
of a cosmic-ray shower as a photon-induced one. For
LHAASO, [19] estimated the expected number of
background cosmic-ray events with ~18 TeV energies
during 2000 s observation time as 2.8, using published
results of a different LHAASO analysis as the input.
We note that, like the exposure, this background rate
depends strongly on the used selection cuts, which
may vary from one analysis to another, and on the
zenith angle, so the real value may differ significantly
from this estimate. It is hard to estimate the probability
of chance coincidence of background events with the
GRB without detailed knowledge of the selection pro-
cedure and of the energy distribution of observed

events.

On the other hand, Carpet-2 events similar to the
251-TeV photon-like shower are certainly rare. Car-
pet-2 is a relatively small installation, and even a huge
flare of a Galactic source resulted in the detection of
only several tens of events there [28]. For the observed
event associated with GRB 221009A, the probability

of the background coincidence of 1.2 x 10=* was
reported by the experiment [7].

4.3. Galactic Sources

Even for the reported temporal and directional
coincidence of detected photons with GRB 221009A,
there remains a possibility that the highest-energy

events came from a Galactic source, especially given
the low Galactic latitude, b = 4°, of the event [28].
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This would solve the attenuation problem automati-
cally, because the photons would not have time to pro-
duce pairs even on CMB. No particularly interesting,
or known as flaring, Galactic source coincides with

Fig. 1. (Color online) Mass m of the axion-like particle and
photon coupling g. Axion-like particles with parameters in
the white central part of the plot can explain both 18 and
251 TeV photons (1% of photons survive assuming maxi-
mal mixing in the source and reconversion in the Milky
Way, MV, for the direction of GRB 221009A, the Galactic
magnetic field model of [21]). The top band is disfavored
by the CAST search for solar axions [22] and by constraints
from the evolution of horizontal-branch (HB) stars [23].
In the shaded area to the left, strong mixing in the interga-
lactic space (assuming the magnetic field of 1 nG) results
in strong suppression of the photon flux. The upper limit
from magnetic white dwarf polarization [24] is shown by
the gray dash-dotted line. See the text for details and dis-

cussion.
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the GRB location, known with the arcsecond preci-
sion. For the Carpet-2 angular resolution of several
degrees, two previously reported, possibly coinciding
Galactic sources of photons above 100 TeV, namely
3HWC J1928 + 178 and LHAASO J1929 + 1745, are
located not far from the direction to GRB 221009A in
the sky [29]. It remains to be understood whether their
activity can be responsible for the observed events.
It can even be possible that a superposition of a
GRB and a Galactic flare was observed. To some
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extent this may even explain the unusual light curve of
the transient [30, 31]. All these possibilities remain to
be explored in future work, when more data will be
accumulated and analyzed jointly.

5. SUMMARY

To summarize, the ALP explanation of exotic very
energetic photons from GRB 221009A is viable: the
probability to detect such photons is considerable for
ALP mass and photon coupling in an allowed region
of the parameter space, see Fig. 1. The conversion
should happen in the host galaxy and in the Milky
Way. Because of a very short mean free path of
~250 TeV gamma rays, the observation of a photon of
this energy from a distant source disfavors the expla-
nation involving ALP/y mixing in intergalactic space.
Future careful work should be performed, however, to
test the possibility of misidentification of the GRB, or
of some of photons associated with it, with a flare of a
Galactic source.
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