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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 7TeV 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 axion-like-particles (ALPs) with mass m, ~ (107 —1077) eV and two-photon coupling
Gayy = (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 (LIV) can explain the Carpet-2 result but not the LHAASO observations.

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 seconds after the initial burst with significance over
1000, and by LHAASO-KM2A with significance about
100 with the highest photon energy reaching 18 TeV [1].
Absorption features in the optical spectrum allowed 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 Bak-
san 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 seconds after the Fermi-
GBM trigger [].

The detection of photons with energies £ > 10TeV is
a very important discovery, as the flux of VHE photons
from extragalactic sources is strongly attenuated through
ete™ 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(106—10%),
making 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 axion-
like 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 pho-
tons can convert into ALPs whose propagation is unaf-
fected by the EBL, so that the effective optical depth
7aLp(€) is strongly reduced. Furthermore, we analyze
the implications at & > 10TeV of the spectral data of
GRB 221009A released so far by the LHAASO Collab-
oration, 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 indi-
cation 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 eztinction — On their way to us from ex-
tragalactic sources, VHE photons scatter off the EBL,
namely the infrared-optical-ultraviolet photon back-
ground emitted by the whole stellar population and pos-
sibly reprocessed by dust during the cosmic evolution (for
a review, see [I3]). Several EBL models have been pro-
posed so far and they are discussed in the Supplemental
Material (SM [14]). Given an EBL model, the resulting
optical depth 7¢p(€) can be computed, in terms of which
the photon survival probability reads Pcp(E;y — ) =
e~ ™cr(£). Here we employ the Saldana-Lopez et al. EBL
model [42] — to be referred to as SL EBL — because of
four different reasons: 1) it is the most recent one; 2) it is
based on the deepest galaxy data sets ever obtained; 3) it
is derived by a satellite borne detector, which minimizes
foreground effects (like zodiacal light); 4) it is the one
used by the LHAASO Collaboration to infer their spec-
tral results [I2]. The corresponding values of the photon
survival probability for the nominal photon energies re-
ported by LHAASO and Carpet-2 — and also at lower en-
ergies to allow for an uncertainty of (15 - 20) % [43] and
50 %, respectively — are: Pcp(15TeV;y — v) = 3x 1076,
Pcp(18 TeV;y — ) = 1 x 1078, Pop(100 TeV;y — 7) =



3 x 1079 and Pcp(251TeV;y — 7) ~ 0 (see also [7]).
Thus, within conventional physics alone, £ > 10TeV
photons are extremely unlikely to detect since their ob-
servation would require a huge TeV luminosity which is
in tension with model predictions (see last Section).

Azion-like particles (ALPs) — Many extensions of the
Standard Model of particle physics — especially super-
string and superbrane theories — predict the existence of
ALPs (see e.g. [44H54] and references therein, and [5] G5+
57 for reviews). Here, we provide only the minimal infor-
mation about ALPs needed to understand the proposed
scenario (details are reported in SM [58]).

ALPs are very light pseudo-scalar bosons of mass m,
and with two-photon coupling g, described by the La-
grangian

1 [y
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where a is the ALP field and F},, is the electromag-
netic tensor with electric and magnetic components E
and B, respectively, and F* is its dual (in Eq. E
is the photon electric field). In this context two addi-
tional effects should be considered, namely the QED vac-
uum polarization [72H75] and the photon dispersion on
the CMB [76] (see SM). Other couplings to conventional
particles can exist but are irrelevant here, hence they are
discarded. Actually, Eq. entails that in the presence
of an external magnetic field B v — a and a — v con-
versions take place, thereby implying that as a photon
beam propagates these conversions produce v < a 0s-
cillations [12, [T7]. Still, within this scenario ALPs do
not effectively interact either with single photons or with
matter [78]. As a consequence TaoLp(E) gets reduced,
but — since the photon survival probability is presently
Parp(E;y = ) = e~ TaLp(€) _ even a small decrease
of Tarp(€) with respect to 7cp(€) gives rise to a large
increase of Parp(E;y — ) [19] (see SM).

The photon-ALP interaction gives rise to several ef-
fects both on the observed spectra (with possible hints
at the ALP existence, see e.g. [T9H88]) and on the final
photon polarization (see e.g. [89H98]). Under the assump-
tion £ > m, — which is presently satisfied — the beam
propagation equation obeys a Schrodinger-like equation
with time replaced with the beam propagation direction
Yy, so that a photon/ALP beam can be treated as a non-
relativistic quantum system [72]. This fact entails that
the pure states of the beam are described by the wave
function ¢ (y) = (Aw(y), A, (y), a(y)) with A (y), A.(y),
a(y) denoting the photon and ALP amplitudes, respec-
tively (see SM). Moreover, the transfer matriz of the
beam over the distance interval [y;,y;+1] is denoted by
U;(E;Yi+1,Yi), and the total transfer matrix over a num-
ber N of intervals is

N
UEyni1,m) = [[U(E v, v) - (2)

i=1

Assuming unpolarized emitted photons, we must em-
ploy the polarization density matrix p(y) = |¥(y)){(¥(y)|-
Therefore, the overall photon survival probability is

Parp(&Ey — ) = Z Tr[pi U(E;yn+1, 1) X

X Punp uT(g;yN+1ay1)} ) (3)

where p, = diag(1,0,0), p, = diag(0,1,0) and pynp =
diag(0.5,0.5,0) [82]. The quantities m, and g, are to-
tally unrelated, and we take 10712eV < m, < 107 %eV
and 1073 GeV™ < gupy < 10719GeV ™! as starting
ALP parameter space.

ALP scenario applied to GRB 221009A — In order to en-
hance 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 SM.

1) Conversion inside the source: The exact time when
photons above 10TeV have been recorded is currently
unknown, but the timescale (within 2000 s) suggests that
this detection is related to the afterglow emission, simi-
larly to all previous detections of TeV GRBs [3] 99, [100].
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 cm,
I' = 45, comoving electron density n’ = 450cm~3 and
comoving magnetic field strength B’ = 2G (see SM for
justification [I0T]). Given these values and by following
a similar procedure as in [87], we compute the transfer
matrix Ui (€;y2,y1) in the GRB jet, where yo and y; de-
note 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
Ui(Eya,yn) = 1.

2) Conversion inside the host galaxy: In [106] evidence
that the host galaxy of GRB 221009A is a disc-like 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. [107, [108]) and a starburst with
intermediate properties similar to M82 [109, 110]. Ac-
cording to [I06], the host galaxy has an edge-on orienta-
tion — hence causing the photon/ALP beam to propagate
inside the disk — with the GRB located close to the nu-
clear region. So, we place our GRB in the neighborhood
of the galactic center (see also [I11], 112]). We take into
account all components of the host magnetic field Bygt
with their stochastic properties [107, 113} 114] and their
radial profiles [IT15], which are relevant for the photon-
ALP conversion. The magnetic field strength assumed
for the spiral is Bhost spiral = O(5 — 10) G, while for the
starburst is Bhost starburst = O(20—50) uG. Knowing the



behavior of Byt and of the other relevant parameters
for either a spiral or a starburst hosting galaxy, we com-
pute the transfer matrix in the host Us(&; y3, y2), where
y3 denotes the position of the external luminous galaxy
edge.

3) Conversion in extragalactic space: Unfortunately, our
knowledge of the extragalactic magnetic field Beyt is still
very poor. All we know is that Bey lies in the range
107" nG < Bexwt S 1.70G on the scale of O(1) Mpe [116+
[IT8]. Nevertheless, it has become customary to model
Byt as a domain-like network, wherein Bey; is assumed
to be homogeneous over a whole domain of size LGt
equal to its coherence length, with Beyt changing ran-
domly its direction from one domain to the next, keep-
ing approximately the same strength [119, [120]. Ac-
cordingly, the beam propagation becomes a random pro-
cess, and only a single realization at once can be ob-
served. We employ a recent and physically accurate
model to describe Bey with Bexy = O(1) nG and L =
O(1) Mpc [121], 122]. The latter possibility — our option
1 —is suggested by several scenarios [123H126]. Given the
above uncertainty, we also consider the very conservative
value Beyy < 10715 G (option 2). In either case, we take
the photon dispersion on the CMB into account. Having
fixed the properties of By and following [78] we evalu-
ate the transfer matrix Us(E;y4,ys3) in the extragalactic
space for both options, where y4 denotes the position of
the outer luminous edge of the Milky Way.

4) Conversion in the Milky Way: The morphology of the
magnetic field Byw and of the electron number density
nmw,e in the Galaxy are nowadays rather well known.
Concerning Byw, we adopt the model by Jansson and
Farrar [127H129], which is more complete with respect to
the one of Pshirkov et al. [I30], even though we do not
find substantial differences by employing the latter. Re-
garding nyrw ., we use the model developed in [I31]. The
transfer matrix in the Milky Way Uy (€; 5, y4) — where ys5
is the position of the Earth — is evaluated as in Section

3.4 of [87].

Results within the ALP model— Once all individual trans-
fer matrices are known, the total one from the photon
production region in GRB 221009A to the Earth is given
by Eq. and the photon survival probability in the
presence of photon-ALP interaction Parp(E;y — =) fol-
lows from Eq. . Fig. [1] shows Parp(€;v — 7) at
£ = 15TeV for values of m, and g.yy in the range
10712eV < m, < 107%eV and 10~13 GeV! < Gayy <
10~ GeV ™! (see SM for similar plots at different ener-
gies). We assume Beyy = 1nG and a starburst hosting
galaxy.

Our next step concerns the ALP parameter space. To
date the most reliable bounds are as follows: guy, <
0.66 x 10710 GeV~! for m, < 0.02eV from the CAST
experiment [132], goyy < 6.3 x 10712 GeV ™! for m, <
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FIG. 1. Photon survival probability Parp(E;7 — ) at

energy £ = 15TeV as a function of the ALP mass m, and of
the photon-ALP coupling gay~ assuming the SL EBL model,
Bext = 1nG and a starburst hosting galaxy. The blue star
with error bar represents our choice for the ALP parameters:
me = 107%eV and Jayy = 4 X 1072 GeV~'. The three
bounds mentioned in the text are also plotted.

107'2eV from observations of H1821+643 in the X-
ray band [[33] and g,,, < 5.4 x 107'2GeV™' for
mge < 3x 1077 eV from the polarimetric analysis of mag-
netic white dwarfs (MWD) [134]. Within these bounds,
the values of m, and g,y which maximize Parp(€ =
15TeV;y — ) are m, ~ (1071 —1077) eV and ggyy =~
(3—5) x 10712 GeV~t. We choose m, = 1071%eV and
Gayy = 4 x 10712 GeV ™! as benchmark values based on
two previous hints at the ALP existence [83] [88]. We re-
port both Pep(€;v — ) and Parp(€;v — 7) in Fig.
for the case of a starburst galaxy hosting the GRB. As
discussed in [78], above O(5) TeV the photon-ALP con-
version in the extragalactic space becomes inefficient be-
cause of the photon dispersion on the CMB. In Fig.
we consider both the case of an efficient (Bext = 11nG)
and negligible (Bey; < 1071° G) photon-ALP conversion
in the extragalactic space. Remarkably, even though the
effect is reduced for Bext < 10715 G, we can still consis-
tently 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 ex-
tragalactic space becomes inefficient and we recover the
case Bexs < 1071° G, which produces similar results (see
Figs. 1) and .

The recent LHAASO spectral data analysis up to
7TeV shows the spectrum of GRB 221009A in differ-
ent time slices during the 2000 s observational time [12].
In order 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
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energy £ in conventional physics, taking into account LIV
and ALP effects in the case of a starburst hosting galaxy. We
assume mq = 107 eV and Jayy =4 X 10712 GeV L.

the observed one both in conventional physics and when
photon-ALP effects are at work, along with the LHAASO
sensitivity (see Appendix). Fig. |3| shows that conven-
tional physics cannot account for the detection of pho-
tons with & > 10TeV even in the best scenario wherein
the spectrum continues as a power law, and in particu-
lar with energies even below the lower limit of the un-
certainty about the LHAASO event at 18 TeV, while
our ALP scenario with m, ~ (107! — 1077)eV and
Gary = (3 —5) x 10712 GeV~! explains the LHAASO
observations (see Appendix).

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

Lorentz Invariance Violation (LIV) — Extensions of the
standard model of particle physics encompassing quan-
tum gravity predict a violation of Lorentz invariance (for
a review, see [135]). As far as the present analysis is con-
cerned, its main implication is the following modification
of the photon dispersion relation

gn+2

82 - p2 = ) (4)

Ely
where £ and p are the photon energy and momentum,
respectively, while &1y is the high-energy scale above
which LIV becomes important. As already demonstrated
in [I36] I37] for a redshift very close to that of GRB
221009A, within the current LIV limits [I38] LIV can-
not explain a reduced opacity at LHAASO energies [1]
(see also [7] and Fig. . On the contrary, at energies
around the detection by Carpet-2 [4], the photon sur-
vival probability Prrv(€) in the presence of LIV effects
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FIG. 3. Intrinsic average spectrum of GRB 221009A as mea-

sured by LHAASO [12] extended up to ~ 20TeV and corre-
sponding observed one versus energy £ within conventional
physics and when ALP effects are taken into account. The
LHAASO sensitivity at 2000s is also shown (see Appendix).

approaches the value Ppiv(€) = 1 (see Fig. [LT)), for both
the cases of n = 1 with &y p=1 = 3 X 10%° eV and
n = 2 with &Ly p=e = 5 % 102! eV within the current
LIV bounds [I38].

Discussion and Conclusions — We restate that within
conventional physics alone & > 10TeV photons are ex-
tremely 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 pho-
tons in GRB 221009A there are synchrotron self Comp-
ton (SSC) radiation and secondary emission from ultra-
high energy protons [I39HI43]. In all these studies, the
predicted emission — once EBL attenuation and instru-
ment efficiency are considered — is found to have a low
chance to be detected, and only for contrived choices of
the model parameters [140], and/or peculiar choices on
the location of the GRB [I39, 141]. 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 gen-
eral and for GRB 221009A in particular. Taking un-
certainties into account, we have shown that ALPs with
mass m, ~ (107 —1077) eV and two-photon coupling
Gary =~ (3 —5) x 10712 GeV ! significantly increase the
photon survival probability of multi-TeV photons and ex-



plain the LHAASO detection above 10 TeV in conjunc-
tion with the SL EBL model, which is the best one avail-
able to date. We stress that the considered values of both
Mg and gq~ are in agreement with the strongest bounds.
Moreover, these values are consistent with two previous
hints at the ALP existence [83] [88] and make them good
candidates for cold dark matter [144].

We also investigated the alternative LIV scenario, find-
ing that it is wnable 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 ob-
servatories such as ASTRI [145], CTA [146], GAMMA-
400 [147], HAWC [148], HERD [149], LHAASO [I50]
and TAIGA-HiSCORE [I51], by laboratory experiments
like ALPS II [152], TAXO [I53] [154] and STAX [I55],
with the techniques developed by Avignone and collabo-
rators [I56HI58], and possibly by the ABRACADABRA
experiment [159].

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 [160]. Therein, the highest energy bin can be at
E ~13TeV or at £ ~ 18 TeV, depending on the adopted
fitting procedure. According to the LHAASO Collab-
oration “Observations of photons up to 13TeV 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 as-
sume 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 pro-
vides no benefit in explaining this experimental evidence.
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Appendix
GRB 221009A spectrum — The spectrum of GRB

221009A has recently been released by LHAASO for ener-
gies 0.2TeV S € S 7TeV [12]. The LHAASO Collabora-

tion fits the intrinsic spectrum JF; in the i-th time interval
once data are EBL-deabsorbed by means of the ‘stan-
dard’, ‘high’ and ‘low’ SL. EBL models with the power

law
(&)

where A is a normalization constant expressed in units of
1078 TeV ' em~2s ! and # is the spectral slope. Differ-
ent values of A and «y are reported in Table S2 of [12] for
5 time intervals covering the full time range (231—2000) s
of LHAASO detection after the Fermi-GBM trigger. The
LHAASO Collaboration does not find any curvature in
the intrinsic spectrum up to 7TeV. Therefore, an ex-
trapolation of Eq. 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 Fi,; de-
fined as

AN

Fi(&) = W&

5
1
}-int5<-7:i>zf E At F; (6)
i—1

where T' = 1769s is the total duration of the LHAASO
detection, while At; is the duration of the i-th time in-
terval, as reported in Table S2 of [12].

The observed spectrum Fons can be evaluated by
means of

Fobs(E) = P(E;y = 7) Fine(€) (7)

where P(€;v — v) = Pop(€;7 — ) in the case of con-
ventional physics and P(E;y — ) = Parp(&;7 — 7)
when ALP effects are considered (see the main text and
SM for its derivation). We recall that the spectral energy
distribution (SED) reported in Fig. 3] is related to Fops
by vF, = E2Fops.

The observed time-averaged spectrum integrated over
the energy error range of the instrument around the event
at &€ = 18TeV with an exposure time of 3600s and a
KM2A effective area of ~ 10° cm? [161] shows that con-
ventional 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 con-
sidering the ‘standard’, ‘high’ and ‘low’ SL EBL mod-
els, 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 1072 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
mg > 1071 eV is imposed by the ALP bound concerning
observations of H1821+643 in the X-ray band [133].

LHAASO sensitivity — The LHAASO observatory is com-
posed of two instruments: LHAASO-WCDA more sensi-
tive for £ < O(15) TeV and LHAASO-KM2A more sen-
sitive at higher energies. The sensitivity curve of the
entire LHAASO observatory for an exposure time of 1yr
is reported in [I50].

We rescale such a curve for our purposes at an exposure
time of 2000s 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 degrees
of zenith distance for ~ 6h 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
degrees [161].
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SUPPLEMENTAL MATERIAL

DETAILS ON THE EXTRAGALACTIC BACKGROUND LIGHT (EBL)

The optical depth of the EBL has first been computed by Nishikov [15], Gould and Schreder [16], and Fazio and

Zs 1 1 _ [e'e]
TEBL(E0, Zs) :/ dz %/ d(cos@)ﬂ/ de(z) x
0 z J_1 2

Stecker [I7]. It reads

€thrs (S(Z),Q)

x ngr (€(2), 2) 0(£(2),€(2),0) , (8)

where o (€(z), €(2),0) is the Breit Wheeler cross section [I8, [19]. Moreover, €uns(E(2),0) is the threshold energy for
emitted photons of energy & = (1 + 2)&p at generic redshift z, & is their observed energy, z; is the source redshift
and 6 is the scattering angle, while the distance traveled by a photon per unit redshift at redshift z is given by

dl(z) ¢

1

dz Ho(1+2) [ + Qu (1 + 2)3]"?

(9)

with Hubble constant Hy ~ 70kms~! Mpc ™!, whereas Q4 ~ 0.7 and Q5 ~ 0.3 represent the average cosmic density
of matter and dark energy, respectively, in units of the critical density po, = 0.97 x 10729 gcm™3.

Determining the spectral number density ngpr, (e(z)7 z) of the EBL is very difficult. It is affected by large uncertain-
ties, arising mainly from foreground effects. Among them is the zodiacal light, which is various orders of magnitude
larger than the EBL itself [20]. For this reason the most reliable EBL determination is derived from satellite borne

detectors (more about this, later). Below, we briefly summarize seven basic strategies which has been pursued.

Forward evolution: This is the most ambitious approach, since it relies upon first principles, namely from semi-
analytic models of galaxy formation in order to predict the time evolution of the galaxy luminosity function [2TH25].
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EBL| 15TeV 18 TeV 100 TeV 251 TeV
tcp  FPcp |Tcp Pcp |Tcp  Pcp Tcp  Pcp
D [12.7 3x107%|19.4 4x107°|350 2x107152| 9654 ~0
G 9.4 8x107°[13.1 2x107%(246 2x107197| 9502 ~0
FR |10.1 4x107%]14.1 7x1077|333 2x1071%5| 15411 ~0
SL |12.8 3x107%]18.3 10™% |220 3x107%% |>9251 ~0

TABLE 1. Values of the optical depth 7cp and corresponding attenuation factor Pcp at different energies for the EBL models of
Dominguez et al. (D) [34], Gilmore et al. (G) [24], Franceschini and Rodighiero (FR) [27] and Saldana-Lopez et al. (SL) [42].

Backward evolution from the ground: This starts from observations from the ground of the present galaxy
population and extrapolates the galaxy luminosity function backward in time. Among others, this strategy has been
followed by [26, 27].

Backward evolution from the sky: The logic is the same as the previous one but observations are performed
with telescopes in space. Satellite-based observations have the great advantage to get rid of foreground effects and in
particular of the zodiacal light, since different directions can easily be probed, thereby allowing the zodiacal light to be
subtracted. Two recent implementations of this strategy are due to the CIBER, Collaboration [28] and Saldana-Lopez
et al. to be referred to as SL EBL model [42]. The latter work gives by now the most robust determination of the
EBL, since it is based on a sample of 150000 galaxies in five HST fields, and traces the EBL evolutionary history from
the first galaxies at z = 6 until the present. Because of this reason it is employed in the present Letter.

Inferred evolution: This models the EBL by using quantities like the star formation rate, the initial mass function,
and the dust extinction as inferred from observations [29H31].

Minimal EBL: This relies upon the same strategy underlying the previous item but with the parameters tuned in
order to reproduce the EBL lower limits from galaxy counts. Note that population III stars cannot be accommodate
within this model [32]. Moreover, a lower limit to the EBL level has previously been derived from integrated galaxy
counts [33].

Observed evolution: This method has the advantage to rely only upon observations by using a very rich sample of
galaxies extending over the redshift range 0 < z <1 [34].

Compared observations: This technique has been implemented in two ways. One consists in comparing obser-
vations of the EBL itself with blazar observations with Imaging Atmospheric Cherenkov Telescopes (IACTs) and
deducing the EBL level from the VHE photon dimming [35H39]. The other starts from some gamma-ray observations
of a given blazar below 100 GeV where EBL absorption is negligible and infers the EBL level by comparing the
TACT observations of the same blazar with the source spectrum as extrapolated from the former observations [40].
In the latter case the main assumption is that the emission mechanism is presumed to be known with great accuracy.
Anyway the crucial unstated assumption is that photon propagation in the VHE band is governed by conventional
physics. As a consequence, this method prevents — just by definition — the discovery of ALPs.

The values of the optical depth 7cp according to conventional physics (CP) for various EBL models and at some
relevant energies £ are reported in Table along with the corresponding photon survival probability Pep(E;v — ) =
e~ 7or(€) (see also [7]).

FORMALISM OF AXION-LIKE PARTICLES (ALPS)

For the reader’s convenience, In this Section we provide a self-consistent discussion of the aspects of ALPs which
are relevant for the main text.

The standard Lagrangian for the photon-ALP system is
1 5 45 1 - 1
3 m, a” — Zga,w E, F'a = 5 0"a0,a —
where a represents the ALP field, F),, is the electromagnetic tensor, whose electric and magnetic components are E
and B, respectively, F'*” is the dual of F),,,, m, denotes the ALP mass while g, the two-photon coupling. From the
E - B a term in Eq. , we see that a couples only with the component Bt of the external magnetic field B which
is transverse to the photon momentum k (whereas E is the electric field of the propagating photon, see also [82]).

1
fm§a2+ga,y,yE~Ba,

5 (10)

1
L:ALP = ia“aaﬂa —
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In the presence of a strong external magnetic field, photon one-loop vacuum polarization effects should be taken
into account and are described by the Heisenberg-Euler-Weisskopf (HEW) effective Lagrangian

Loy — 22 [(B2 —B2)? 4 7(E - B)? 11
HEW—m[(—)+(')a (11)
where « is the fine-structure constant and m, is the electron mass [73H75]. We stress that at variance with the
axion [59], m, and gq~ are totally unrelated parameters.

Let consider a photon-ALP beam of energy £ propagating along the y-direction in a magnetized medium described
by the vector B entering Eq. , while E pertains to a propagating photon. As shown long ago [72], in the regime
&€ > m, — which is manifestly satisfied in the present Letter — the beam propagation is governed by a Schrodinger-like

equation of the form

d
(14, +&+ MED) v =0, (12)
where M(&,y) is the mixing matrix and the wave function is
Az (y)
bly) = | A:(v) | (13)
a(y)

with A, (y), A.(y), a(y) denoting the two photon linear polarization amplitudes along the x and z axis, respectively
and a(y) stands for the ALP amplitude. Letting U(E;y, yo) be the transfer matriz of Eq. —namely the particular
solution obeying the condition U(&;yo,yo) = 1 — a generic solution of that equation can be represented as

Y(y) =UE; Y, 90)Y (Yo) - (14)

Much in the same way as wave functions describe pure states in quantum mechanics, here they represent polarized
beams, but in analogy with quantum mechanics an unpolarized beam is represented by the polarization density matrix
p(y) satisfying the Von Neumann-like equation associated with Eq.

D — ) MIE L)~ M(E0) o) (15)

whose solutions can be expressed in terms of U (5 Y, yo) as

p(y) =U(E: v, y0) poUT (E: 1, 10) - (16)

This is important for us, since we consider an unpolarized photon beam. Hence, the probability describing a beam in
the initial state py at position yy and in the final state p at position y is given by

Poyesp(€,y) = Te[pU(Esy,50) po UT (€3 0)] (17)

with Trpg = Trp =1 [82).
Let us next address the mixing matrix M(&,y) entering Eq. . By defining the angle ¢ between Br and the z
axis, M(&,y) has the form

M(f,’,y) = Azx(gay) Azz(
Auy(y)sing Ags(y

The various terms entering M(&,y) are as follows

&, y) Aa'y (y) sin ¢
E,y) Agy(y)coso | . (18)
cos¢d  Aga(€)

~—

Apa(E,y) = AL(E,y) cos® o+ A (E,y) sin® ¢, (19)
Arz(E,y) = Ase(E,y) = (A)(E,y) — AL(E,y))singcos ¢, (20)

AL (E,y) = AL(E y)sin® ¢+ A(E,y)cos® ¢, (21)
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and
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B i _ wi(y)  2a (Br(y)
AL (Ey) = 20 (€, 9) 58 r < B.. E+pemBE (24)
2 2
_ [ ~wnly) | Ta (Br(y)
MEY =555 2g T oom ( B, ) &trommé. (25)

where B, ~ 4.41 x 1013 G is the critical magnetic field and povp = 0.522 x 10742, Eq. (22)) accounts for the photon-
ALP interaction, while Eq. describes the ALP mass effect. The first term in Eqs. (24]) and accounts for
photon absorption due to the EBL — as explained above we employ the SL EBL model [42] — and A, is the vy — eTe™
mean free path [162]. In the second term of Egs. and wpl is the plasma frequency, which is related to
the electron number density n. by wp = (4drane /me)l/ 2. The third term in Egs. and accounts for the
photon one-loop vacuum polarization coming from Lygw of Eq. — which produces polarization variation and
birifrangence on the beam — while the fourth term represents the contribution from photon dispersion on the cosmic
microwave background (CMB) [76] which gives rise to sizable effects in the extragalactic space [7§].

Thus, we see that for £ > m, the relativistic photon-ALP beam is formally described as a three-level non-relativistic
unstable quantum system. Moreover, since the mixing matrix is off-diagonal, the propagation eigenstates differ
from the interaction eigenstates, thereby leading to v <+ @ oscillations quite similar to oscillations of massive neutrinos
with different flavors: the only difference is that in the present case an external B field is necessary in order to
compensate for the spin mismatch between photons and ALPs [72], [77].

In order to understand the different regimes defined by the relative importance of the A terms in Eq. , we
consider four assumptions (but we contemplate the complete and general case concerning calculations about the ALP
model of the GRB).

1. Fully polarized photons.
. No photon absorption, namely A, — oo.

. Homogeneous medium.

- W N

. Homogeneus B field, so that B(y) = B. Thus we have the freedom to choose the z axis along the direction of
By (this fact translates into ¢ = 0 in Eq. (18)).

With these assumptions the v — a conversion probability reads

Pro(Eey) = (gB;f(g)) sin’ (W) ’ 0
where
e = 2 _ (27)

[(822(8) = Aaa(€))* + 422, /

is the photon-ALP oscillation length. It is very useful to define the low-energy threshold £ and the high-energy
threshold Eg as
Im2 — w§1|

&L =
k 29(1"/7 BT

; (28)

and

1
To BT 2
EH = Yayy Br 90 (Bcr> + PCMB] , (29)
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respectively. For &, S € S €y the strong-mizing regime takes place and the plasma contribution, the ALP mass
term, the QED one-loop effect and the photon dispersion on the CMB are negligible. In such a situation the Py_,,(y)
is maximal, energy independent and takes the form

Prosal) =sin® (P20 ) ) (30)
For £ < £, the plasma contribution and/or the ALP mass term dominate and the same is true for £ 2 €5 concerning
the QED one-loop effect and/or the photon dispersion on the CMB: in either case we are in the weak-mizing regime
and P,_,,(€,y) becomes energy dependent and progressively vanishes.

A final remark is important. To the extent that ALP effects are larger than those of the EBL — which is indeed
our case — the choice of a specific EBL model is totally irrelevant, and we have taken the S EBL model merely as an
example (see Table I above).

BOUNDS ON THE ALP PARAMETERS

The only laboratory upper bound on g4~ is provided by the CAST experiment at CERN, which is ggy, < 0.66 X
10710 GeV™! for m, < 0.02eV at the 20 level [I32]. Coincidentally, just the same bound has been derived from
stellar evolution in globular clusters [60]. Other bounds from no ALP detection have been set from astrophysical
observations [61H66] [133]. Type II supernovae have repeatedly been used to put bounds on the ALP parameters. In
2015 Payez et al., using the lack of detection of reconverted photons in the Milky Way — presumably originating from
the SN1987A — put the bound go, < 5.3 x 10712 GeV ™" for m, < 4.4 x 1071%eV (no confidence level is quoted) [67].
This result has been severely criticized by Bar, Blum and D’Amico [68]. In 2020 Meyer et al. published a bound [69]
which was subsequently corrected as ‘Under the assumption that at least one SN was contained within the LAT field
of view, we exclude photon-ALP couplings g4, 2 2.6 x 10711 GeV ™" for ALP masses m, < 3 x 10719V, within a
factor of ~ 5 within previous limits from SN1987A’ (no confidence level is quoted) [69]. The strongest bounds are
quite recent. One comes from the polarization measurement of the emission from magnetic white dwarfs (MWD),
and reads gu,, < 5.4 x 10712GeV ™! for m, < 3 x 10~7eV at the 20 level [I34]. Others arise from the analysis
of blazar and/or cluster spectra in the X-ray band concerning extremely light ALPs with m, < O(10712?)eV for
Gy < O(10712) GeV ™ [62166, 133)].

PHOTON-ALP BEAM PROPAGATION IN DIFFERENT REGIONS

Here, our aim is to investigate the photon-ALP beam propagation in each considered crossed medium: the source,
the host galaxy, the extragalactic space and the Milky Way. In the following, we will skematically describe the most
important properties of these media affecting the photon-ALP beam propagation, referring the reader for more details
to the quoted papers which treat each specific topic.

Gamma-ray bursts

We address the case in which multi-TeV photons are produced in the external forward shock driven by the GRB
jet into the surrounding medium (afterglow emission), in analogy with all the other GRBs detected at ~TeV energies.
Before leaving the source, photons must cross the downstream region, which has a comoving length given by AR’ ~
R/T, where R is the distance from the central engine and T" is the bulk Lorentz factor. For the surrounding medium
we consider both an ISM-like constant number density n(R) = ng and a wind-like density n(R) = AR~? shaped by the
wind of the progenitor star. In the latter case, A is related to the mass loss rate of the progenitor’s star M and to the
velocity of the wind v, by A = M /(47 My Vy) Where my, is the proton mass. We normalize the value of A to a mass
loss rate of 107° solar masses per year and a wind velocity of 102 kms™!. Accordingly we get A =3 x 10%° A, cm™!.
Therefore, we finally obtain n(R) = 3 x 10%° A, R~ cm~!. In the comoving frame (namely the frame at rest with the
shocked fluid) the density is given by n’ ~ nT" and the magnetic field strength is B’ = /32wegm,c?n(R)T, where ep
is the fraction of shock-dissipated energy gained by the magnetic field, and ¢ the speed of light.

Since we are interested in understanding whether or not the conversion probability in the emitting region can be
important, we adopt parameters that maximize the photon survival probability, and verify that even in this optimistic
case the conversion within the emitting region can be neglected.
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TeV emission was detected in the first 2000 s from the initial burst, but the exact time when the 18 TeV photon was
detected is unknown at the time of writing. Since an important term entering the calculations is B'AR ~ B’R/T’, we
choose a time that maximizes its value within the first 2000 seconds. As we will show later, this term is maximized
at 2000 seconds, when the blast-wave is in the deceleration phase. We then adopt for the bulk Lorentz factor the
equation provided in [I02] and valid during the deceleration phase. Its value at a given time depends only on the
kinetic energy of the jet & and on the density n(R) of the external unshocked medium. For simplicity, the relation
between time in the observer frame and radius where the emission is produced is approximated using the equation
R ~ 4¢T?(1 + z), since more detailed equations (see e.g. [L03HI05]) do not change our results. Denoting by tobs the

time in the observer frame, we find that B’R/I" is proportional to 5;/ “ng/te? t(lﬂ/)j

6}3/ 2A1/ ? in a wind medium (note that in the latter case it is constant in time). We then assume large — but still
reasonable — values for the jet energy, the medium density and the fraction eg of shock-dissipated energy gained by
the magnetic field, and consider the value of B’ R/T at tops = 2000s. In particular, calculations provided in the Letter
are given for an homogeneous medium and & = 10°* erg, ng = 10cm™3, A, = 10 and eg = 1073. We find that
the value of B’R/T is much larger for the case of constant density and is maximal at 2000 seconds, when B’ ~ 2G,
R~2x107cm, I' =45, and n/ ~ 450 cm 3.

By using these values, we compute the transfer matrix for the photon-ALP beam propagation in the source region
U1 (€; y2,y1), where y2 and y; denote the position of the border of the GRB and of the production region, respectively.
Because of the above-discussed values assumed by R and T, the relevant propagation length of photon-ALP beam
in the source is AR’ ~ R/T' ~ 5 x 10*® cm. Following a similar calculation scheme as the one reported in [87], we
have found that AR’ turns out to be too small to produce an efficient photon-ALP conversion inside the source.
As a result, we obtain U;(E;y2,y1) =~ 1, where y2 and y; denote the position of the border of the GRB and of the
production region, respectively.

in a constant medium, and to

Host galaxy

Although no detailed information about the nature of the galaxy hosting GRB 221009A is available in the literature,
currently we know that it should be a disc-like galaxy seen edge-on — so that the photon/ALP beam travels inside the
disk — with the GRB located close to the nuclear region [I06]. The latter fact is in agreement with the observations
that long GRBs are normally hosted in the central region of their host galaxy, as suggested by [1111 112]. Accordingly,
we place GRB 221009A in the neighborhood of the galactic center.

The two most obvious possibilities about the nature of the host are represented by spirals and starburst galaxies.
For both a spiral and a starburst galaxy hosting the GRB we assume a luminous radius y3 = 20 kpc. Moreover, rather
conservatively with respect to an efficient photon-ALP mixing, we assume an electron number density npest e = 1 cm™3
for spirals [107] and npest, e = 1000 cm ™2 for starbursts [110].

The overall magnetic field Byt consists of three contributions.

1. The regular component Byeg.
2. The large-scale anisotropic turbulent component Bpiso.
3. The small-scale isotropic turbulent component Bis,.

Below, we shall discuss them separately (for a review see [107]).

Concerning the behavior along the y direction — which is a radial direction with respect to the host — of any magnetic
component B, we assume an exponential profile [I15] and we model the magnetic field coherence by employing a
Kolmogorov-type turbulence power spectrum M (k) x k%, with k the wave number in the range [kr, ky] and index
g = —11/3. The lower and upper limits of the latter interval k;, = 27/Anax and kg = 27/Apin represent the
minimal and maximal turbulence scales, respectively. As a result, by taking the appropriate values of the parameters
concerning strength and coherence, each generic component B of Byos; can be modeled by

B(y) = B(Bo, k,q,y) exp (—y/r0) , (31)

where B represents the spectral function accounting for the Kolmogorov-type turbulence of the host magnetic field
(see e.g. [70] for more details), while By and ro represent the central magnetic field strength and the radial scale
length, respectively, of every magnetic field component.

Spiral galaxies: In these galaxies Byc, gives the most relevant contribution to the magnetic field, as far as photon-
ALP interaction is concerned. Spirals are characterized by a lower star formation and consequently smaller supernova
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FIG. 4. Component along the z-axis of a realization of the spiral galaxy magnetic field Bhost,» With respect to the galactic
distance y.

explosion rate — as compared to starburst galaxies — which is the most important source for the other two magnetic
components. As a result, the turbulent components of By — although present — contribute less to the photon-ALP
interaction with respect to Biee: therefore, in order to be conservative we take only Bic; into account. Often, a
coherence length of ng;ﬁ ~ 10kpe with Bpest ~ 5 uG is assumed for spirals in the literature [I08]. However, we
model Byt more accurately by varying ng;ﬁ within a more physical smaller range (see e.g. [I07]) by assuming
a Kolmogorov type turbulence power spectrum. In particular, in order to describe the coherence structure, we
accordingly take Apin = 2kpc and Apax = 4kpce, and concerning the radial profile of By we employ Eq. with
B — Breg = Bhost, Bo — Breg,0 = 20 uG and, conservatively 19 — 7reg,0 = 15kpc. Specifically, rreq, 0 can be ~ 6 kpc
in the halo and up to ~ 20kpc when the host is seen edge-on [107], which is indeed our case. The value chosen for
Bieg,0 is in agreement with that of typical spirals, and the one for e, ¢ is consistent with a galaxy observed close
to the edge-on direction (see e.g. [107, [115]). In Fig. [4] we report a particular realization of the component along the
z-axis of Byt for a spiral galaxy with the above properties.

Starburst galaxies: As far as these galaxies are concerned, all the above-defined magnetic field components are in
principal relevant. The choice of the benchmark parameters is inspired by M82 [I10], which is considered the prototype
and also an example of an average starburst galaxy [109]. In analogy with spirals we employ a Kolmogorov spectrum
to describe the coherence of B,e; and we assume A, = 1.5kpc and Anax = 3kpc, which are values lower than
those taken for the spiral galaxies, in order to be more conservative. As in the case of spirals, we assume to observe
the starburst galaxy along the edge-on direction, again in agreement with the case of GRB 221009A. Therefore, we
describe the radial profile of B,.s by using Eq. with B — Bieg, Bo — Breg,0 = 50 uG and, conservatively,
To — Treg,0 = 10kpc (see e.g. [107, 115] for the parameter choice). Concerning Baniso and Big,, it is important to
define the average turbulent coherence length § ~ 70 pc driven by supernova explosions, which take place at scales
of (50 — 100) pc in nearby galaxies (see e.g. [I13, 114]). In order to model Ba,iso, we describe its coherence by
assuming a Kolmogorov type turbulence power spectrum in a similar way as considered above but with A, = 70 pc
and Apax = 150pc, since Bapiso is believed to be generated by the galactic winds on scales equal or larger than
0 [110]. Even for the radial profile of Baniso we employ Eq. with B — Baniso, Bo — Baniso,0 = 700 uG and
70 = Taniso,0 = L kpc (see e.g. [I10] for the parameter choice). Instead, the typical coherence length of Big, is smaller
than ¢ [I10]. Therefore, the contribution of Bis, is much less important for the photon-ALP interaction with respect
to that of Bapjso: for this reason and in order to be conservative, we do not take the contribution of By, into account.
As a consequence, the total magnetic field Bygst relevant for the photon-ALP conversion in the starburst galaxy is
represented by the sum of B¢y and of Baniso. A particular realization of the component along the x-axis of Bost
in a starburst galaxy with the above-described properties is reported in Fig. [5| from which we see that the turbulent
nature of Baniso dominates for galactic distances smaller than ~ 3kpc, while the influence of B,cs is prominent on
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FIG. 5. Component along the z-axis of a realization of the starburst galaxy magnetic field Bhost, » With respect to the galactic
distance y.

larger scales.

Following the same strategy developed in [96] concerning photon-ALP conversion inside galaxy clusters, we can
compute the transfer matrix in the host galaxy Us(E;ys,y2) in the case of either a spiral or a starburst, where ys
denotes the position of the external luminous galaxy radius.

Extragalactic space

Unfortunately, our knowledge of the extragalactic magnetic field By is very poor. All we know is that Bey; has
to lie in the range 107" nG < Bexy S 1.71nG on the scale of O(1) Mpc [I16HITS].

Nevertheless, according to the current wisdom By can be modeled as a domain-like network, wherein By is
assumed to be homogeneous over a whole domain of size LS equal to its coherence length, with Beyy changing
randomly its direction from one domain to the next, keeping approximately the same strength [119, [120]. Accordingly,
the beam propagation becomes a random process, and only a single realization at once can be observed. Moreover, it
is generally assumed that such a change of direction is abrupt, because then the beam propagation equation is easy
to solve. The physics behind this scenario — called domain-like sharp-edges (DLSHE) — relies upon outflows from
primeval galaxies, further amplified by turbulence [123H126]. Common benchmark values are Bexy = O(1)nG on a
coherence length O(1) Mpc, whereas LS = O(1) Mpc (for more details, see [I2I]). In order to be definite, we choose
Bext = 1nG and L in the range (0.2 — 10) Mpc and with (L§! ) = 2 Mpe.

However, the abrupt change in direction at the interface of two adjacent domains leads to a failure of the DLSHE
model at the energies considered here, owing to photon dispersion on the CMB [76]. A way out of this difficulty is to
smooth out the sharp edges of the domains, in such a way that the components of Beyt change continuously across
the interface, thereby leading to the domain-like smooth-edges (DLSME) model, built up in [121], [122].

Coming back to the propagation of a photon-ALP beam in extragalactic space within the DLSME model, v < a
oscillations imply that the photons behave in two-fold fashion. When they are true photons, they undergo EBL
absorption, but when they are ALPs they do not. So, the effective optical depth ToLp(€) gets reduced. The crux of
the argument is that the photon survival probability now becomes

Parp(E;y — ) = e~ e ) (32)

and so even a small decrease of Tarp(€) gives rise to a large increases of Parp(€;vy — ) [19]. Moreover, photon
dispersion on the CMB induces small energy oscillations in the beam. This analysis has been done in [78], and yields
Us(E; ya, y3), where y4 denotes the position of the outer luminous edge of the Milky Way.
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Thus — given the uncertainty about Bexs — we shall consider also the alternatively and extremely conservative case
of Bexy < 10715 G,

Milky Way

Clearly, the beam propagation in the Milky Way — as triggered by v < a oscillations — depends both on the
morphology of the magnetic field Byrw and on the electron number density naw, e, which fixes in turn the plasma
frequency wmw, pl-

We believe that the best model for Byw is the one developed by Jansson and Farrar [127H129]. It includes a
disc and a halo — in both cases Byw is parallel to the Galactic plane — and a poloidal ‘X-shaped’ component at the
Galactic centre. Even though this model contains a regular and a turbulent components, only the former is relevant
for the present needs [163]. We have tested the robustness of our results by considering also the alternative model of
Pshirkov et al. [I30]. Even with some little modifications our findings are basically unchanged.

As far as nyw, e is concerned, its overall best estimate is nyw, e >~ 1.1 X 1072 ¢cm 3 [131], which results in wyw, p1
3.9 x 10712 eV. Correspondingly, Us(E; s, ya) — where ys is the position of the Earth — can be evaluated as in Section
3.4 of [87].

Total photon-ALP beam propagation

As explained in the text — and according to quantum mechanics — the total transfer matrix is

4
UEys,y1) = Hui(ngi—O—layi) (33)
i=1
and the total survival probability is given by
PaLp(&;y — ) = Z Tr[pi U(E; Y5, y1) punp U (€55, 91)] (34)
with
100 000
pz=10001], p.=1010], (35)
000 000

accounting for pure photon states with polarization along the x and z directions, respectively, and

OO =
O = O
o O O
—
w
(=)
=

Punp = 5

describing initially unpolarized photons.
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EXTENDED RESULTS

Spiral galaxy
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FIG. 6. Photon survival probability Parp(€;y — ) at energies £ = 15TeV (upper-left panel), £ = 18 TeV (lower-left
panel), & = 100 TeV (upper-right panel) and £ = 251 TeV (lower-right panel), as a function of the ALP mass m, and of the
photon-ALP coupling gav~ by assuming the SL EBL model, Bext = 111G and a spiral hosting galaxy. The blue star with error
bar represents our choice for the ALP parameters: mq = 107%eV and gov = 4 x 1072 GeV ™!, The CAST bound [I32], that
coming from magnetic white dwarf (MWD) polarization [134] and the one derived from H1821+643 [I33] are also plotted.
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mg = 107%eV and gy =4 x 10712 GeV 1.



1077

| =—Intrinsic

===« Observed no ALPs
—= Observed with ALPs

mm LHAASO sensitivity 2000 s

10°

& [TeV]

19

FIG.9. Intrinsic average spectrum of GRB 221009A as measured by LHAASO [I2] extended up to ~ 20 TeV and corresponding
observed one versus energy £ within conventional physics and when ALP effects are taken into account by assuming the SL
EBL model, Bext = 1nG, a spiral hosting galaxy, mq = 107'°eV and gayy = 4 x 10712 GeV™'. The LHAASO sensitivity at

2000 is also shown.
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FIG. 10. Photon survival probability Parp(E;y — «) at energies £ = 15TeV (upper-left panel), & = 18 TeV (lower-left
panel), & = 100TeV (upper-right panel) and & = 251 TeV (lower-right panel), as a function of the ALP mass m, and of
the photon-ALP coupling ga~v by assuming the SL EBL model, Bext = 1nG and a starburst hosting galaxy. The blue star
with error bar represents our choice for the ALP parameter space: m, = 107'%¢eV and gury = 4 x 1072 GeV~'. The CAST
bound [132], that coming from magnetic white dwarf (MWD) polarization [I34] and the one derived from H1821+643 [133] are
also plotted.
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FIG. 11. Photon survival probability P(£;~y — ) versus energy £ in conventional physics and when ALPs (for Bext = 1nG
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me = 107%eV and Jayy =4 X 10712 GeV L.
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FIG. 12. Oscillation length los versus energy £ in the different crossed regions: the starburst galaxy hosting the GRB (1225,

upper panel), the extragalactic space (IXF with Bex, = 11nG, central panel) and the Milky Way (I3, lower panel). We assume

me = 107"V and goyy = 4 x 1072 GeV ™.
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