PHYSICAL REVIEW LETTERS 131, 251001 (2023)

Observability of the Very-High-Energy Emission from GRB 221009A

Giorgio Galanti 1 Lara Nava,2’3’T Marco Roncadelli,“’z’i Fabrizio Tavecchio ,2’§ and Giacomo Bonnoli*!
YINAF, Istituto di Astrofisica Spaziale e Fisica Cosmica di Milano, Via Alfonso Corti 12, I—20133 Milano, Italy

’INAF, Osservatorio Astronomico di Brera, Via Emilio Bianchi 46, I—23807 Merate, Italy
3INFN, Sezione di Trieste, Via Alfonso Valerio 2, [—34127 Trieste, Italy
4INFN, Sezione di Pavia, Via Agostino Bassi 6, 27100 Pavia, Italy

® (Received 23 October 2022; revised 3 April 2023; accepted 4 October 2023; published 18 December 2023)

The LHAASO Collaboration detected the gamma ray burst GRB 221009A at energies above 500 GeV
with a tail extending up to 18 TeV, whose spectral analysis has presently been performed up to 7 TeV for the
lower energy instrument LHAASO-WCDA only, with no indication of a cutoff. Soon thereafter, Carpet-2 at
Baksan Neutrino Observatory reported the observation of an air shower consistent with being caused by a
photon of energy 251 TeV from the same GRB. Given the source redshift z = 0.151, the expected
attenuation due to the extragalactic background light is very severe so that these detections have proven
very hard to explain. In this Letter, we show that the existence of axionlike particles with mass m, ~
(107''-1077) eV and two-photon coupling g, ~ (3 —=5) x 10712 GeV~! strongly reduce the optical
depth of TeV photons, thus explaining the observations. Our ALPs meet all available constraints, are
consistent with two previous hints at their existence, and are good candidates for cold dark matter.
Moreover, we show that Lorentz invariance violation can explain the Carpet-2 result but not the LHAASO

observations.
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Introduction.—On 2022/10/11, the LHAASO Collabora-
tion reported the detection of more than 5000 very-high-
energy [(VHE), £ > 100 GeV] photons from the gamma
ray burst GRB 221009A. Specifically, GRB 221009A was
detected by LHAASO-WCDA above 500 GeV within
2000 sec after the initial burst with significance over
1006, and by LHAASO-KM2A with significance about
100 with the highest photon energy reaching 18 TeV [1].
Absorption features in the optical spectrum allowed us to
measure the redshift, which is z = 0.151 [2]. Before this
discovery, the largest photon energy ever detected from a
GRB was about 3 TeV observed by H.E.S.S. from GRB
190829A at z = 0.079 [3].

On 2022/10/12, the Carpet-2 Collaboration at Baksan
Neutrino Observatory announced the detection of an air
shower consistent with being caused by a photon of energy
251 TeV from a position encompassing GRB 221009A and
observed 4536 sec after the Fermi-GBM trigger [4].

The detection of photons with energies £ > 10 TeV is a
very important discovery, as the flux of VHE photons from
extragalactic sources is strongly attenuated through e™ e~
pair production on the extragalactic background light
(EBL). As we shall see, at z = 0.151 the attenuation of
a photon flux with & =18 TeV is at least O(10°-108),
making it extremely difficult to explain the LHAASO and
even more the Carpet-2 detection (below we shall pay more
attention to the LHAASO events because of their higher
reliability). One possibility to solve the problem is to
invoke unconventional particle physics, such as axionlike
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particles (ALPs), a scenario which we have been deeply
investigating over the last several years [5].

In this Letter, we propose—for the first time—that ALPs
explain the detection of multi-TeV photons from any GRB,
and specifically from GRB 221009A [6]. As we shall show,
the gist of our strategy is that beam photons can convert into
ALPs whose propagation is unaffected by the EBL, so that
the effective optical depth 7,;p(€) is strongly reduced.
Furthermore, we analyze the implications at £ > 10 TeV of
the spectral data of GRB 221009A released so far by the
LHAASO Collaboration, which are limited to the low energy
instrument [LHAASO-WCDA, (0.2-7) TeV] and show
consistency with a power-law spectrum up to ~7 TeV with
no indication of a cutoff [12] (see also Appendix). We also
show that Lorentz invariance violation (LIV) can explain the
Carpet-2 result but not the LHAASO observations.

Cosmic photon extinction.—On their way to us from
extragalactic sources, VHE photons scatter off the EBL,
namely, the infrared-optical-ultraviolet photon background
emitted by the whole stellar population and possibly reproc-
essed by dust during the cosmic evolution (for a review, see
Ref. [13]). Several EBL models have been proposed so far
and they are discussed in the Supplemental Material [14].
Given an EBL model, the resulting optical depth z¢p(€) can
be computed, in terms of which the photon survival prob-
ability reads Pcp(E;7 — y) = e~"*(E). Here we employ the
Saldana-Lopez et al. EBL model [59]—to be referred to as
SL EBL—because of four different reasons: (i) it is the most
recent one; (ii) it is based on the deepest galaxy datasets ever

© 2023 American Physical Society
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obtained; (iii) it is derived by a satellite borne detector, which
minimizes foreground effects (like zodiacal light); (iv) it is
the one used by the LHAASO Collaboration to infer their
spectral results [ 12]. The corresponding values of the photon
survival probability for the nominal photon energies reported
by LHAASO and Carpet-2—and also at lower energies
to allow for an uncertainty of (15%-20%) [60] and
50%, respectively—are Pcp(15 TeV;y — y) =3 x 1075,
Pcp(18 TeV;y = ) = 1 x 1078, Pep(100 TeV;y — y) =
3x 107, and Pcp(251 TeV;y — y) ~0 (see also [7]).
Thus, within conventional physics alone, £ > 10 TeV pho-
tons are extremely unlikely to detect since their observation
would require a huge TeV luminosity which is in tension with
model predictions (see last section).

Axionlike particles (ALPs).—Many extensions of the
Standard Model of particle physics—especially superstring
and superbrane theories—predict the existence of ALPs
(see, e.g., [61-71] and references therein, and [5,72—74] for
reviews). Here, we provide only the minimal information
about ALPs needed to understand the proposed scenario
(details are reported in Supplemental Material [14]).

ALPs are very light pseudoscalar bosons of mass m, and
with two-photon coupling g,,, described by the Lagrangian

1

— Yy, FuF"a = g, E - Ba, (1)

L 4 gayy

ayy =

where a is the ALP field and F,, is the electromagnetic
tensor with electric and magnetic components E and B,
respectively, and F* is its dual [in Eq. (1) E is the photon
electric field]. In this context two additional effects should
be considered, namely, the QED vacuum polarization [75—
78] and the photon dispersion on the CMB [79] (see
Supplemental Material [14]). Other couplings to conven-
tional particles can exist but are irrelevant here, hence they
are discarded. Actually, Eq. (1) entails that in the presence
of an external magnetic field B y — a and a — y con-
versions take place, thereby implying that as a photon beam
propagates these conversions produce y <> a oscillations
[75,80]. Still, within this scenario ALPs do not effectively
interact either with single photons or with matter [81].
As a consequence 7,;p(E) gets reduced, but—since the
photon survival probability is presently Payp(E;y = 7) =
e ™€) _even a small decrease of 7, p(&) with respect to
7cp(€) gives rise to a large increase of P p(E;7 — 7) [82]
(see Supplemental Material [14]).

The photon-ALP interaction gives rise to several effects
both on the observed spectra (with possible hints at the
ALP existence, see, e.g., [82-91]) and on the final photon
polarization (see, e.g., [92—101]). Under the assumption
&€ > m,—which is presently satisfied—the beam propa-
gation equation obeys a Schrodinger-like equation with
time replaced with the beam propagation direction y, so that
a photon-ALP beam can be treated as a nonrelativistic
quantum system [75]. This fact entails that the pure states

of the beam are described by the wave function y(y) =
(A:(v),A:(y),a(y)) with A.(y), A.(y), a(y) denoting
the photon and ALP amplitudes, respectively (see
Supplemental Material [14]). Moreover, the transfer matrix
of the beam over the distance interval [y;, y;,] is denoted
by U;(E;yir1,yi), and the total transfer matrix over a
number N of intervals is

N

UE N1 0) = Hui(g;)’Hlvyi)‘ (2)

i=1

Assuming unpolarized emitted photons, we must employ
the polarization density matrix p(y) = [w(y))(w(y)|-
Therefore, the overall photon survival probability is

Pap(Esy = 7) = ZTTLU:U(S;YNH,M)

i=x,z

XpunpuT(g;yNJrlayl)]v (3)

where p, = diag(1.0,0), p, =diag(0,1,0) and py,, =
diag(0.5,0.5,0) [85]. The quantities 2, and g,,,, are totally
unrelated, and we take 1072 eV <m, <107 eV and
1071 GeV~' <g,,, <1071 GeV~! as starting ALP param-
eter space.

ALP scenario applied to GRB 221009A.—In order to
enhance the clarity of our investigation, we consider at once
the individual media crossed by the photon-ALP beam as it
travels from the source to us. Below, we outline the logic of
our calculations, which are reported in great detail in the
Supplemental Material [14].

(i) Conversion inside the source: The exact time when
photons above 10 TeV have been recorded is currently
unknown, but the timescale (within 2000 sec) suggests that
this detection is related to the afterglow emission, similarly
to all previous detections of TeV GRBs [3,102,103]. In this
scenario, photons are produced in the downstream region of
the forward shock. The path traveled by the photons in the
shocked region is of order R/T" (comoving frame), where R
is the distance from the central engine and I' the bulk
Lorentz factor. We take R ~ 2 x 107 c¢cm, I" = 45, comov-
ing electron density n’ = 450 cm™ and comoving mag-
netic field strength B’ = 2 G (see Supplemental Material
for justification [14]). Given these values and by following
a similar procedure as in [90], we compute the transfer
matrix U, (€; y,, y;) in the GRB jet, where y, and y; denote
the position of the border of the GRB and of the production
region, respectively. We find that photon-ALP conversions
in the source are negligible, whence U, (&;y,,y;) =~ 1.

(i1) Conversion inside the host galaxy: In [104] evidence
that the host galaxy of GRB 221009A is a disclike one
is presented. In the lack of any firm knowledge of its
nature, we consider the two most likely possibilities: a
typical spiral (see, e.g., [105,106]) and a starburst with
intermediate properties similar to MS82 [107,108].
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According to [104], the host galaxy has an edge-on
orientation—hence causing the photon-ALP beam to
propagate inside the disk—with the GRB located close
to the nuclear region. So, we place our GRB in the
neighborhood of the galactic center (see also [109,110]).
We take into account all components of the host magnetic
field By, with their stochastic properties [105,111,112]
and their radial profiles [113], which are relevant for the
photon-ALP conversion. The magnetic field strength
assumed for the spiral is Bpog spirat = O(5-10) pG, while
for the starburst is Bpog staburst = O(20-50) pG. Knowing
the behavior of By, and of the other relevant parameters
for either a spiral or a starburst hosting galaxy, we compute
the transfer matrix in the host U, (&;ys,y,), where yj3
denotes the position of the external luminous galaxy edge.

(iii) Conversion in extragalactic space: Unfortunately,
our knowledge of the extragalactic magnetic field B, is
still very poor. All we know is that B,,, lies in the range
1077 nG < Bey < 1.7 nG on the scale of O(1) Mpc [114—
116]. Nevertheless, it has become customary to model B,
as a domainlike network, wherein B.,; is assumed to be
homogeneous over a whole domain of size L equal to its
coherence length, with B, changing randomly its direc-
tion from one domain to the next, keeping approximately
the same strength [117,118]. Accordingly, the beam propa-
gation becomes a random process, and only a single
realization at once can be observed. We employ a recent
and physically accurate model to describe B with B =
O(1) nG and LG = O(1) Mpc [119,120]. The latter
possibility—our option 1—is suggested by several scenarios
[121-124]. Given the above uncertainty, we also consider the
very conservative value B.,, < 10715 G (option 2). In either
case, we take the photon dispersion on the CMB into account.
Having fixed the properties of B, and following [81] we
evaluate the transfer matrix 5 (&; y4, y3) in the extragalactic
space for both options, where y, denotes the position of the
outer luminous edge of the Milky Way.

(iv) Conversion in the Milky Way: The morphology of
the magnetic field By and of the electron number density
nvwe in the Galaxy are nowadays rather well known.
Concerning By, we adopt the model by Jansson and
Farrar [125-127], which is more complete with respect to
the one of Pshirkov et al. [128], even though we do not find
substantial differences by employing the latter. Regarding
nMw..» We use the model developed in [129]. The transfer
matrix in the Milky Way Uy (E; ys, y4)—where ys is the
position of the Earth—is evaluated as in Sec. 3.4 of [90].

Results within the ALP model.—Once all individual
transfer matrices are known, the total one from the photon
production region in GRB 221009A to the Earth is given by
Eq. (2) and the photon survival probability in the presence of
photon-ALP interaction Ppp(E;y — y) follows from
Eq. (3). Figure 1 shows Paip(Ey = y) at £ =15 TeV
for values of m, and g,, in the range 10~'? eV < m, <

10 eV and 107" GeV~! <g,, <1070 GeV~! (see
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FIG. 1. Photon survival probability P,;p(E;7 — y) at energy

& = 15 TeV as a function of the ALP mass m, and of the photon-
ALP coupling g,,, assuming the SL EBL model, B, = 1 nG
and a starburst hosting galaxy. The blue star with error bar
represents our choice for the ALP parameters: m, = 10710 eV
and g,,, = 4 x 10712 GeV~". The three bounds mentioned in the
text are also plotted.

Supplemental Material [14] for similar plots at different
energies). We assume B.,; = 1 nG and a starburst hosting
galaxy.

Our next step concerns the ALP parameter space. To date
the most reliable bounds are as follows: g,, < 0.66 x
10719 GeV~! for m, < 0.02 eV from the CAST experi-
ment [130], g,,, < 6.3 x 107" GeV~! for m, < 10712 eV
from observations of H1821 + 643 in the x-ray band [131]
and g, < 5.4 x 10712 GeV~! form, < 3 x 1077 eV from
the polarimetric analysis of magnetic white dwarfs (MWD)
[132]. Within these bounds, the values of m, and g,,
which maximize Pup(€ =15 TeV,y - y) are m, =~
(1071'-1077) eV and g,,, ~ (3 -5) x 10712 GeV~!. We
choose m, =107 eV and g,, =4 x 107> GeV~! as
benchmark values based on two previous hints at the ALP
existence [86,91]. We report both Pcp(E;y — y) and
Parp(E;7 — y) in Fig. 2 for the case of a starburst galaxy
hosting the GRB. As discussed in [81], above O(5) TeV the
photon-ALP conversion in the extragalactic space becomes
inefficient because of the photon dispersion on the CMB. In
Fig. 2 we consider both the case of an efficient (B, = 1 nG)
and negligible (B.,, < 1015 G) photon-ALP conversion in
the extragalactic space. Remarkably, even though the effect is
reduced for B, < 107!% G, we can still consistently explain
the photon observations of both LHAASO and Carpet-2 with
no substantial difference. Note that as m, approaches m, =
O(1077) eV the conversion in extragalactic space becomes
inefficient and we recover the case B,y < 10~ G, which
produces similar results (see Figs. 1 and 2).

The recent LHAASO spectral data analysis up to 7 TeV
shows the spectrum of GRB 221009A in different time
slices during the 2000 sec observational time [12]. In order
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FIG. 2. Photon survival probability P(E;y — y) versus energy
£ in conventional physics, taking into account LIV and ALP
effects in the case of a starburst hosting galaxy. We assume m, =
1071 eV and g, =4 x 1072 GeV~".

to evaluate its detectability at higher energies, we compute its
time averaged spectrum extended up to 18 TeV as discussed
in the Appendix. Hence, we exhibit in Fig. 3 the intrinsic
averaged spectrum and the observed one both in conven-
tional physics and when photon-ALP effects are at work,
along with the LHA ASO sensitivity (see Appendix). Figure 3
shows that conventional physics cannot account for the
detection of photons with £ > 10 TeV even in the best
scenario wherein the spectrum continues as a power law,
and in particular with energies even below the lower limit
of the uncertainty about the LHAASO event at 18 TeV,
while our ALP scenario with m, ~ (107''-1077) eV and
Gayy = (3—5)x 10712 GeV™" explains the LHAASO
observations (see Appendix).
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FIG. 3. Intrinsic average spectrum of GRB 221009A as
measured by LHAASO [12] extended up to ~20 TeV and the
corresponding observed one versus energy £ within conventional
physics and when ALP effects are taken into account. The
LHAASO sensitivity at 2000 sec is also shown (see Appendix).

The case of a spiral galaxy hosting the GRB is reported
in the Supplemental Material [14], and leads to results in
the same ballpark of those derived for a starburst galaxy
even if slightly smaller.

Lorentz invariance violation.—Extensions of the stan-
dard model of particle physics encompassing quantum
gravity predict a violation of Lorentz invariance (for a
review, see Ref. [133]). As far as the present analysis is
concerned, its main implication is the following modifi-
cation of the photon dispersion relation

5 5 5n+2
E—-pi=—-5—, (4)
ELIV

where £ and p are the photon energy and momentum,
respectively, while & ;v is the high-energy scale above
which LIV becomes important. As already demonstrated in
[134,135] for a redshift very close to that of GRB 221009A,
within the current LIV limits [136] LIV cannot explain a
reduced opacity at LHAASO energies [1] (see also [7] and
Fig. 2). On the contrary, at energies around the detection by
Carpet-2 [4], the photon survival probability Py v (€) in the
presence of LIV effects approaches the value Py (&) =1
(see Fig. 2), for both the cases of n =1 with &y ,—; =
3x10¥ eV and n=2 with &y, =5x10" eV
within the current LIV bounds [136].

Discussion and conclusions.—We restate that within
conventional physics alone & > 10 TeV photons are
extremely unlikely to detect since their observation would
require a huge TeV luminosity which is in tension with
model predictions. Specifically, among the theoretical
models proposed to explain the origin of & > 10 TeV
photons in GRB 221009A there are synchrotron self-
Compton (SSC) radiation and secondary emission from
ultrahigh energy protons [137-141]. In all these studies, the
predicted emission—once EBL attenuation and instrument
efficiency are considered—is found to have a low chance to
be detected, and only for contrived choices of the model
parameters [138], and/or peculiar choices on the location of
the GRB [137,139]. Thus, observations appear to be in
tension with the possibility to produce a & > 10 TeV
emission luminous enough to be detected by LHAASO
within conventional physics.

A most effective way to achieve the same goal is to invoke
photon-ALP oscillations, a mechanism which strongly
reduces the opacity of the Universe to VHE photons. This
possibility has been investigated in this Letter for the first
time concerning TeV GRBs in general and for GRB
221009A in particular. Taking uncertainties into account,
we have shown that ALPs with mass m, ~ (10~''-1077) eV
and two-photon coupling g,,, ~ (3 =5) x 107'? GeV~!
significantly increase the photon survival probability of
multi-TeV photons and explain the LHAASO detection
above 10 TeV in conjunction with the SL EBL model, which
is the best one available to date. We stress that the considered
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values of both m,, and g,,,, are in agreement with the strongest
bounds. Moreover, these values are consistent with two
previous hints at the ALP existence [86,91] and make them
good candidates for cold dark matter [142].

We also investigated the alternative LIV scenario, find-
ing that it is wunable to explain photon detection at
LHAASO energies within current limits, but can explain
that by Carpet-2.

The ALP parameter space employed here will be probed
with astrophysical data collected by several observatories
such as ASTRI [143], CTA [144], GAMMA-400 [145],
HAWC [146], HERD [147], LHAASO [148], and TAIGA-
HiSCORE [149], by laboratory experiments like ALPS II
[150], IAXO [151,152], and STAX [153], with the tech-
niques developed by Avignone and collaborators [ 154—156],
and possibly by the ABRACADABRA experiment [157].

Note added—After the acceptance of this Letter,
the LHAASO Collaboration released a preprint on a first
analysis of the GRB 221009A spectrum above 10 TeV [158].
Therein, the highest energy bin can be at £ ~ 13 TeV or at
& ~ 18 TeV, depending on the adopted fitting procedure.
According to the LHAASO Collaboration “Observations of
photons up to 13 TeV from a source with a measured redshift
of z =0.151 requires more transparency in intergalactic
space than previously expected, in order to avoid an unusual
pile-up at the end of the spectrum. Alternatively, one may
invoke new physics such as Lorentz Invariance Violation
(LIV) or assume an axion origin of very high energy (VHE)
signals”. This LHAASO conclusion makes our results
about ALPs solving the problem even more robust, while
we stress that, as shown in detail in our paper, LIV actually
provides no benefit in explaining this experimental evidence.

We thank Felix Aharonian, Patrizia Caraveo, Elisabete
de Gouveia Dal Pino, Giovanni Pareschi, Isabella Prandoni,
and Franco Vazza for discussions and useful information.
The work of G. G. is supported by a contribution from the
Grant ASI-INAF 2015-023-R.1. The work of M.R. is
supported by an INFN grant. This work was made possible
also by the funding by the INAF Mini Grant “High-energy
astrophysics and axion-like particles,” PI: G. G. The work
by L.N. is partially supported by the INAF Mini Grant
“Shock acceleration in Gamma Ray Bursts,” PI: L. N.

Appendix.—GRB 221009A spectrum: The spectrum
of GRB 221009A has recently been released by
LHAASO for energies 0.2 TeV <& <7 TeV [12]. The
LHAASO Collaboration fits the intrinsic spectrum F; in
the ith time interval once data are EBL deabsorbed by
means of the ‘“standard,” “high,” and “low” SL EBL

models with the power law
-7
al £\
TeV

_dN

fi(g)—gz

(A1)

where A is a normalization constant expressed in units of
1078 TeV~'ecm™2s~! and y is the spectral slope. Different
values of A and y are reported in Table S2 of [12] for 5
time intervals covering the full time range (231-2000) sec
of LHAASO detection after the Fermi-GBM trigger. The
LHAASO Collaboration does not find any curvature in the
intrinsic spectrum up to 7 TeV. Therefore, an extrapolation
of Eq. (A1) up to about 20 TeV looks justified.

In order to compare the observed spectrum of GRB
221009A with the LHAASO sensitivity (see below)
we compute the time averaged intrinsic spectrum JFj,
defined as

1 5
Fim =(Fi) = ?ZAtifiv (A2)
i1

where T = 1769 sec is the total duration of the LHAASO
detection, while A¢; is the duration of the ith time interval,
as reported in Table S2 of [12].

The observed spectrum F., can be evaluated by

means of

fobs(g) = P(g’}/ - },)fint(g)v (A3)
where P(E;y — y) = Pcp(E;y — y) in the case of conven-
tional physics and P(E;y — y) = Parp(E;7 = y) when
ALP effects are considered (see the main text and
Supplemental Material [14] for its derivation). We recall
that the spectral energy distribution (SED) reported in
Fig. 3 is related to F o, by vF, = E>F gps

The observed time-averaged spectrum integrated over
the energy error range of the instrument around the event at
& =18 TeV with an exposure time of 3600 sec and a
KM2A effective area of ~10° cm? [159] shows that
conventional physics is unable to justify such a detection,
while the ALP scenario considered in this Letter accom-
plishes the task.

We have checked the robustness of our results by
considering the standard, high, and low SL EBL models,
an efficient or negligible photon-ALP conversion in the
extragalactic space, and the cases of both a spiral and a
starburst galaxy hosting the GRB. Passing from a high to a
low SL EBL model and/or from an efficient to a negligible
photon-ALP conversion in the extragalactic space and/or
from a starburst to a spiral host galaxy, we progressively
need higher values of g,, inside the range (3-5) x
10712 GeV~! to explain the LHAASO detection above
10 TeV. The value of m,, is less constrained: the upper limit
m, < 1077 eV is necessary in order to have an efficient
photon-ALP conversion, while the lower limit m, >
107" eV is imposed by the ALP bound concerning
observations of H1821 + 643 in the x-ray band [131].

LHAASO sensitivity:  The LHAASO observatory is
composed of two instruments: LHAASO-WCDA more
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sensitive for £ < O(15) TeV and LHAASO-KM2A more
sensitive at higher energies. The sensitivity curve of the
entire LHAASO observatory for an exposure time of 1 yr is
reported in [148].

We rescale such a curve for our purposes at an exposure
time of 2000 sec taking into consideration that the yearly
sensitivity includes periods when the source is below the
horizon or the effective area drops significantly enough to
neglect the contribution. For the declination of the GRB,
LHAASO observes the position within 40° of zenith
distance for ~6 h per day, and we consider this daily time
effect for rescaling the sensitivity. This is motivated from
the published observation of Crab Nebula with the partial
KM2A Array, where especially below few tens of TeV the
effective area is negligible above 40° [159].
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