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The newly observed gamma ray burst GRB221009A exhibits the existence of 10 TeV-scale photons, and
the axion-photon conversion has been suggested as a candidate to explain such energetic features of
GRB221009A. In this work we adopt a model to calculate the conversion probability of the energetic
photons from GRB221009A to the Earth. The result shows that the penetration probability of photons with
energy above 101 TeV can be up to 10−2 to 10−4 depending on the coupling constant gaγ and the axion
mass ma, together on the magnetic field parameters of the source galaxy of GRB221009A. We show that
the parameters of the source galaxy, with the magnetic field handled by a cellular model, contribute a lot of
uncertainties to the penetration probability, so we have more freedom to reconcile a variety of axionlike
particle parameters from other observations with the Large High Altitude Air Shower Observatory
observation. By comparing the results in this article with the data from Large High Altitude Air Shower
Observatory, we can obtain more precise constraints on the ranges of these parameters.
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I. INTRODUCTION

During the propagation of very-high-energy (VHE,
Eγ ≥ 0.1 TeV) photons in the Universe, the photon flux
should be significantly attenuated by the interaction of
these photons with background photons to annihilate into
electron-positron pairs [1–3]. This mechanism is supposed
to strongly suppress the VHE spectra from distant sources
and thus to forbid the detection of VHE photons. However,
with the oscillation of photons into axionlike particles
(ALPs), such suppression can be avoided [4].
ALP is a sort of generalization of the axion, the pseudo-

Goldstone boson associated with Peccei-Quinn symmetry
to solve the strong-CP problem [5]. ALPs are very light
pseudoscalar bosons represented by a. Numerous ALP
couplings to the standard model particles can be consid-
ered, including the case where ALPs couple to two photons.
The axions that we consider in this work are characterized
by their coupling with two photons. In the presence of a
transverse magnetic field, photons can translate into axions,
and vice visa [6,7]. For VHE photons from extragalactic
sources, the photons can transition into photon-ALP mixed
flux in the source galaxy and the axion part can propagate
unimpeded through the intergalactic medium, while the
VHE photons are absorbed by the extragalactic background
photons. When passing through the Galaxy magnetic field,
the back conversion of axions to photons can then bring

back a fraction of VHE photons. Thus, the conclusions
from QED are significantly modified in the presence of
ALPs. The above scenario was first proposed to explain the
excess of very-high-energy gamma ray that should undergo
attenuation by the extragalactic background photons [8],
later with source B field or the intergalactic magnetic fields
considered [9–12] and then with the Milky Way magnetic
field also included [13].
On October 9, 2022, an extremely powerful gamma-ray

burst named GRB221009A, located at RA ¼ 288.282 and
Dec ¼ 19.495 with z ¼ 0.1505, was detected by several
observatories. The Large High Altitude Air Shower
Observatory (LHAASO) detected 64000 of very high
energy photons above 0.2 TeV, with the maximum of
energy from above 10 TeVup to 18 TeV [14,15]. Assuming
that the photons observed by LHAASO indeed came from
GRB221009A, the detection of such energetic photons is
forbidden under standard models [16,17], but it is reason-
able under the hypothesis of the photon-ALP oscillation
[4,18–21]. Alternative explanations, such as the Lorentz
invariance violation of cosmic high-energy photons
[16,17,22–24], photonic decay of heavy neutrinos from
the GRB source [25–28] or large uncertainty in the energy
reconstruction of the observed events [16,17], are also
proposed to explain the LHAASO observation of above
10 TeV photon events.
In this paper, we analyze the penetration probability of

TeV-scale photons from GRB221009A in the presence
of ALPs. The result shows that the penetration probability
of photons with energy above 101 TeV can be up to 10−2
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to 10−4, indicating the viability for using the hypothetical
axions to explain the energetic features of GRB221009A.
What is more, this paper gives the quantitative effects of the
source galaxy magnetic field and the choice of the axion-
photon coupling constant gaγ and the axion mass ma on
photons with different energy, and calculates the penetra-
tion probability for different parameters. For gaγ ∈
½0.5; 2.1� × 10−11 GeV−1 and ma ∈ ½0.01; 20� × 10−8 eV,
the maximum of total penetration probability for 18 TeV
photons is 10−2–10−4, based on the magnetic field param-
eters chosen at the source galaxy with a cellular model. The
maximum saturation back conversion probability in the
Milky Way is 3.6 × 10−2, for gaγ around 2 × 10−11 GeV−1.
By comparing the result in this article to the data from
LHAASO, we can give more precise constraints on the
ranges of the coupling constant gaγ and the mass of axions
ma, together on the magnetic field parameters of the source
galaxy of GRB221009A.

II. THE PROPAGATION OF HIGH-ENERGY
PHOTONS UNDER THE STANDARD MODEL

A. Absorption of VHE photons by background photons

The cosmic microwave background (CMB) lights and
extragalactic background lights (EBL) are two significant
background radiations in the Universe. According to the
standard model, there exists an interaction that creates an
electron-positron pair from two photons. Suppose that a
high-energy photon collides with a low-energy background
photon and produces an electron-positron pair γγ → eþe−.
Setting c ¼ ℏ ¼ kB ¼ 1 in the natural unit, we have

pμpμ ≥ 4m2
e; ð1Þ

where pμ ¼ pμ
γ þ pμ

bg, with pμ
γ and pμ

bg being the four-
momentum of the gamma ray photon and the background
photon. Therefore, the threshold energy of the reaction is

Ethr ¼
2m2

e

ϵð1 − cos θÞ ; ð2Þ

where ϵ is the energy of background photons and θ is the
colliding angle between the three momentum of two
photons.
The cross section for the reaction of γγ → eþe− is [29]

σγγðvÞ¼
π

2

α2

m2
e
ð1−v2Þ

�
ð3−v4Þ ln1þv

1−v
−2vð2−v2Þ

�
; ð3Þ

where vðE; ϵ; θÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2m2

e
Eϵð1−cos θÞ

q
is the speed of gener-

ated electron-positron pair in the center-of-momentum
frame.

The optical depth for EBL absorption is

τγðEγÞ¼
Z

z0

0

dx
dz

dz
Z

1

−1

1−cosθ
2

dcosθ

Z
∞

ϵthrðEγð1þzÞ;θÞ
dϵσγγðvðEγð1þzÞ; ϵ; θÞÞdnðϵÞ

dϵ
; ð4Þ

where Eγ is the observed energy of gamma-ray photons,
nðϵÞ is the number density of EBL photons and ϵthr ¼
2m2

e=Eγð1þ zÞð1 − cos θÞ denotes the threshold energy of
background photons reacting with gamma photons of
observed energy Eγ at redshift z, and

dx
dz

¼ c

H0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ωmð1þ tÞ3 þ ΩΛ

p ; ð5Þ

where H0 ¼ 73 km · Mpc−1 · s−1 is the Hubble constant,
Ωm ¼ 0.24 is the energy density and ΩΛ ¼ 1 −Ωm is the
dark energy density (in flat cosmology).
Hence, without the assumption of ALPs, the observed

energy intensity is IobðEγÞ ¼ I0ðE0Þe−τγðEγÞ, where I0
is the emitted spectrum with initial photon energy
E0 ¼ Eγð1þ zÞ.

B. Interaction with EBL photons

For CMB photons, the mean energy is ϵ≈
6.35 × 10−4 eV. Therefore, the corresponding threshold
energy is ECMB

thr ≈ 411 TeV, which is not in our consid-
eration since the VHE photons detected by LHAASO in
GRB221009A have the energy of the order around 10 TeV.
EBL photons have the energy between 10−3 to 1 eV.
Consequently, the corresponding threshold energies for
collision with EBL photons are between 261 GeV to
261 TeV. Thus, EBL is the dominant contribution to the
suppression of 10 TeV-scale photons. The solid curve in
Fig. 1 is the EBL penetration probability ðe−τγ Þ for TeV-
scale photons from z ¼ 0.1505, which is the redshift of
GRB221009A. Apparently, VHE photons are strongly
suppressed by EBL, and photons with high energy can
hardly survive, as already shown in Refs. [16,17].
The EBL model picked for the above calculation has

been compared with other EBL models in the original EBL
model paper in Ref. [30] and discussed in Refs. [16,17],
from which we know that the background EBL photons
with larger energy are more suppressed than other EBL
models, so the EBL model we adopted predicts a larger
penetration ability for high energy photons to reach the
Earth than other EBL models. Choice of other model
calculations would offer more strong conflict between the
observation of 18 TeV photons with predictions from the
standard model [16,17].
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III. AXIONS COUPLING WITH PHOTONS

In this section we introduce the principle for the γγa
coupling process and give the method of calculating
conversion probability.

A. General theory

The axions are characterized by their coupling with two
photons, which plays a key role in most searches. The
Lagrangian of the interaction is

L ¼ −
gaγ
4

FμνF̃μνa ¼ gaγE⃗ · B⃗a; ð6Þ

where F is the electromagnetic field-strength tensor and
F̃μν ¼ 1

2
ϵμνρσFρσ is its dual, and gaγ is the coupling constant

of the axion-photon oscillation.
By considering very relativistic axions (ma ≪ ω), the

equation of the photon and axion amplitudes reduces to a
first-order propagation equation. If a beam of polarized
monochromatic light with energy E travels along the z
direction, then we have

ðE − i∂z þMÞ

0
B@

Ax

Ay

a

1
CA ¼ 0; ð7Þ

where E is the energy of gamma ray photons, Ax and Ay are
the photon polarization amplitudes along the x axis and the
y axis, a is the ALP amplitude, andM denotes the photon-
axion mixing matrix. The mixing matrix is

M ¼

0
B@

Δxx Δxy Δaγ cos θ

Δyx Δyy Δaγ sin θ

Δaγ cos θ Δaγ sin θ Δa

1
CA; ð8Þ

whereΔa ¼ −m2
a=2E,Δaγ ¼ gaγBT=2, BT is the transverse

magnetic field perpendicular to the z direction, and θ is
the angle between BT and x axis, i.e., Bx ¼ BT cos θ;
By ¼ BT cos θ. The term Δij mixing Ax and Ay is deter-
mined both by the properties of the medium and the QED
vacuum polarization effect.
If we set the y axis along the direction of BT , then we can

decouple the x component, and Eq. (8) reduces to

M ¼

0
B@

Δ⊥ ΔR 0

ΔR Δk Δaγ

0 Δaγ Δa

1
CA; ð9Þ

where Δ⊥;k ¼ Δpl þ ΔCM⊥;k. In a plasma, the photons acquire

an effective mass given by ω2
pl ¼ 4παne=me, leading to

Δpl ¼ −ω2
pl=2E. me is the mass of electron, ne is the

electron density in the medium, and α is the fine structure
constant. The ΔCM⊥;k term describes the Cotton-Mouton

effect, i.e., the birefringence of fluids in the presence of
a transverse magnetic field where jΔCM⊥ − ΔCM

k j ∝ B2
T .

These terms are of little importance to the following topics
and can be neglected [31]. ΔR is the Faraday rotation term.
It depends on the energy and the longitudinal component
Bz and causes the coupling between Ax and Ay. Since
Faraday rotation angle is proportion toE−2 and is negligible
for VHE photons, ΔR can be omitted.
For the relevant parameters, we can numerically

calculate

Δaγ ≃ 3.1 × 10−2
�

gaγ
2 × 10−11 GeV−1

��
BT

μG

�
kpc−1; ð10Þ

Δa ≃ −7.8 × 10−3
�

ma

10−8 eV

�
2
�

E
TeV

�
−1

kpc−1; ð11Þ

Δpl ≃ −1.1 × 10−10
�

ne
10−3 cm3

��
E

TeV

�
−1

kpc−1: ð12Þ

The coupling constant gaγ ≤ 2.1 × 10−11 GeV−1 for
ma ≤ 2 × 10−7 eV is based on the result in Ref. [32].
Reference [20] also gives the condition for gaγ and ma to
detect 18 TeV photons. In this paper, we use the combi-
nation of conditions from the two articles. In the following
section, we take gaγ ¼2×10−11GeV−1 and ma ¼ 10−8 eV
as an approximation for the parameters.

FIG. 1. The EBL penetration probability ðe−τγðEγÞÞ as a function
of observed gamma-ray energy of TeV photons from z ¼ 0.1505
under the standard model. The EBL model is taken from Ref. [30]
and http://side.iaa.es/EBL/. One sees that 10 TeV scale photons
are strongly suppressed by EBL, as already shown in
Refs. [16,17].
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B. Conversion of γγ → a in the source galaxy

The gamma ray burst is possibly generated by the
collapsing of an extremely massive stellar or a newly born,
very rapidly rotating, and highly magnetized neutron
stars [33,34]. However, in both models, collimated rela-
tivistic jets pummel through the surface of its progenitor
and radiate as gamma rays. The jet of gamma rays is
strongly centered and propagates through the Universe as a
narrow focused beam. The process of γ → a → γ has three
steps. First, after going out of the compact region of the
source, the photon flux translates into photon-axion mix-
ture due to the interaction with the magnetic filed in the
source galaxy. Then the flux propagates through interga-
lactic area, while VHE photons are absorbed by back-
ground photons and the corresponding axions are left
undisturbed. Finally, the beam arrived at the Milky Way,
and the high energy axions can converse back into VHE
photons. The analyses for the second and third steps are in
Secs. III C and III D. In this section, we focus on the
conversion of γ → a in the source galaxy.
Due to the poor knowledge we have about the magnetic

field near the GRB source, for simplicity, we can assume
that the magnetic field in the source galaxy is composed of
many small regions with the same scale s. The direction of
B⃗ is the same in each region and changes randomly from
one region to another. Such a model can be called the
cellular model (see Ref. [35]). In fact, we will show that the
structure of the cellular model is an analogy to our Galaxy
magnetic field, so it is reasonable to assume that the source
galaxy magnetic field has a cellular structure.
The magnetic field of our Galaxy (i.e., the MilkyWay) is

relatively well known and can be handled by the Jansson
model (see Ref. [36]). The Galactic magnetic field consists
of a regular component and a turbulent component. The
regular component maintains its strength and direction
within several kpc, and the direction of the magnetic field
can change abruptly at the interface between different
regions, as described in the Jansson model. From the
viewpoint of the cellular model, we can treat the
Galactic magnetic field as a composition of many small
regions with the direction and strength of each region
magnetic field adjusted by the Jansson model. If we are
only concerned about an averaged effect such as the
propagation of a particle through a number of small
regions, then we can also adopt the cellular model to treat
the magnetic field of each region with random arranged
direction and fixed strength. We will show that the regular
component of the Milky Way magnetic field can be
effectively treated by the cellular model with a scale of
s ¼ 4 kpc to handle the back conversion of axion to photon
in Sec. III D. The turbulent component, with the scale of
10−2 pc, which dominates on small scale, however, is
proved to be irrelevant to the conversion based on the
discussion at the end of Sec. III B. Therefore, if we assume
that the magnetic field of the source galaxy holds similar

properties to the Galactic magnetic field, the assumption of
a cellular model is reasonable.
Therefore, in each small region, we can decouple the x

component by setting the y axis parallel to the transverse
magnetic component BT , and Eq. (7) reduces to a two-
dimensional equation consequently,

ðE − i∂z þM2Þ
�
A2

a

�
; ð13Þ

with

M2 ¼
� Δpl Δaγ

Δaγ Δa

�
: ð14Þ

We can diagonalize M2 by a rotation angle

θ ¼ 1

2
arctan

�
2Δaγ

Δpl − Δa

�
: ð15Þ

Then we can arrive at the conversion probability (γ to a) in
each small region

P0ðγ → aÞ ¼ jhA2ð0ÞaðsÞij2; ð16Þ

¼ sin2ð2θÞ sin2
�
Δoscs
2

�
; ð17Þ

¼ ðΔaγsÞ2
sin2

�
Δoscs
2

�
�
Δoscs
2

�
2

; ð18Þ

where the oscillation wave number is

Δ2
osc ¼ ðΔpl − ΔaÞ2 þ 4Δ2

aγ: ð19Þ

If the flux passes through a magnetic field with length L
composed of n randomly arranged small regions, then the
total conversion probability is

Pγ→a ¼
1

3

�
1 −

�
1 −

3

2
P0

�
n
�
; ð20Þ

¼ 1

3
ð1 − e−

3P0n
2 Þ; ðP0 is smallÞ; ð21Þ

the detailed derivation can be seen in Refs. [31,35].
Apparently, Pγ→a reaches its maximum of 1=3 when
P0n is big enough.
If 2Δaγ ≪ jΔpl − Δaj, i.e., when E is of GeV scale, then

P0 is proportional to
�
gaγBT

m2
a

�
2
sin2

�
m2

a
4E

�
E2, but is relatively

small. We can thereby define a critical energy Ec satisfying

jΔaðE ¼ EcÞ − ΔplðE ¼ EcÞj≡ 2Δaγ; ð22Þ
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below which P0 is negligible. Then P0 can be written as

P0 ¼ ðΔaγsÞ2
sin2

�
Δaγs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðEc=EÞ2

p �
�
Δaγs

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ ðEc=EÞ2

p �
2

: ð23Þ

Note that Ec ∝ m2
a=gaγBT since Δpl is negligible compared

with Δaγ and Δa. For the parameters from Eq. (12), and
gaγ ∼ 10−11 GeV−1, ma ∼ 10−8 eV; Ec is around 0.1 TeV.
Since we expect γ → a conversion in the source galaxy and
back conversion in the Milky Way for VHE photons, Ec is
expected to be less than 1 TeV, therefore we have the
relation

�
ma

10−8 eV

�
2
�

gaγ
10−11 GeV

�
−1
�

B
μG

�
−1

≤ 2 × 102: ð24Þ

When 2Δaγ ≫ jΔpl − Δaj (i.e., E ≫ Ec) or in any case
Δoscs → 0, the conversion probability P0 is independent of
energy, which is just the case in this article. What is more,
based on the parameter chosen in this article, the oscillation
length 2π=Δosc is much larger than the domain size s. This
means the discontinuity at the interface of two adjacent
domains is not felt by the oscillation [37]. In this case, the
application of the cellular model is successful despite the
abrupt change of BT .
The cosmic accelerators producing photons may

host strong magnetic fields B ∼Oð1 → 10Þ μG (see
Refs. [38,39]). Suppose that the regular component of
magnetic field has s ≃ 3 kpc, L ≃ 30 kpc, and that
ne ≃ 1.0 × 10−3 cm3. We can plot the conversion proba-
bility of γ to a in the source galaxy by the regular
component as functions of photon energy E as shown
in Fig. 2.
The conversion probability of γ to a for VHE photons is

between 0.05 and 0.33 for BT from 1 μG to 10 μG. We will
take BT ¼ 5 μG as an average field strength [40] in the
analysis below. We also take s ≃ 1 kpc, L ≃ 10 kpc as the
minimum typical lengths of the source galaxy, which are
actually small parameters for most galaxies.
As to the turbulent component, s ≃ 0.01 pc, causing

P0 ∼ sin2ðΔaγsÞ ∼ ðΔaγsÞ2 to vanish for the chosen param-
eters. For example, in the case where BT ¼ 10 μG,
s ¼ 0.01 pc, L ¼ 30 kpc, the conversion probability is
10−5. Therefore, the regular component of magnetic field
is the dominant factor in the photon-axion oscillation.

C. Propagation in the intergalactic area

As has been discussed in Ref. [4], the suggestion of
adopting the axion-photon conversion as a mechanism to
explain the high energy features of GRB 221009A requires
the following conditions: (i) photon-to-axion conversion
upon leaving the source galaxy or cluster; (ii) nonsignificant
reconversion along the intergalactic medium (IG) in the

path to observer; (iii) axion-to-photon conversion upon
entry into the Milky Way.
The intergalactic magnetic field is very weak and has

an order of magnitude varying from 10−11 to several nG.
Assume that the strength of magnetic field in intergalactic
area is BT ∼ 1 nG. Therefore, the critical energy Ec ∼
128 TeV based on the chosen parameters, is far above the
detection feasibility. In fact, we expect Ec to be larger than
18 TeV, which is the highest energy for photons detected by
LHAASO, and there is

�
ma

10−8 eV

�
2
�

gaγ
10−11GeV

�
−1
�

B
nG

�
−1

≥3.5×10−2: ð25Þ

As a consequence, the photon-axion conversion process for
photons with energy E < Ec is negligible in the interga-
lactic area.
Using the combination of Eqs. (24) and (25), we can

arrive at the same range of axion parameters required by
the detection of a 18 TeV photon as shown in Fig. 1
in Ref. [20].
During the propagation in the intergalactic area, the

intensity of flux is suppressed as shown in Fig. 3. The
intensity of the flux arriving at the Galaxy is

Iγ ¼ ð1 − Pγ→aÞe−τγ I0; ð26Þ

Ia ¼ Pγ→aI0; ð27Þ

where I0 is the initial flux intensity at the source.

FIG. 2. The conversion probability of γ to a in the source
galaxy caused by the regular component with different strength.
BT ≃OðμGÞ. For photons with energy above 0.1 TeV, P is a
constant. For photons with energy below 0.1 TeV, P is an
oscillation term dominated by a small coefficient.
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By ignoring the polarization of photons, the probability
amplitude of the mixed flux at the edge of the Milky Way is

0
B@

Ax

Ay

a

1
CA ¼

0
BBBBB@

ffiffiffi
Iγ
2

q
ffiffiffi
Iγ
2

q
ffiffiffiffiffi
Ia

p

1
CCCCCA
: ð28Þ

D. Back conversion in the Milky Way

As shown in Sec. III B, we can neglect the turbulent
component in the Galaxy and discuss the effect of the
regular component specifically.
Measurements from Faraday rotation show that the

regular component is basically parallel to the disk, with
a small vertical component. By choosing the Jansson model
(see Ref. [36]) as the Galaxy magnetic field model, the
regular component can be split into a disk part, a toroidal
halo part and a X-shaped part.
The disk component is composed of eight logarithmic

spirals located on the Galaxy disk, and the field
strength falls off as r−1 in each spiral. In the vertical
direction, the field strength falls off as a function of z, with
typical length h ≃ 0.4 kpc. The electron density inside
the Milky Way disk is ne ≃ 1.1 × 10−3 cm3, resulting in
ωpl ≃ 4.1 × 10−12 eV. The toroidal halo component is
completely azimuthal. It functions mainly in the area
slightly above the disk, and has a typical size of

9.22 kpc (z > 0) or 16.7 kpc (z < 0). The X-shaped
component has a “X” shape on the r − z plane, and the
detailed properties can be seen in Ref. [36].
In the Galaxy center, there is a possible dipole compo-

nent with stronger B. However, since photons from
GRB221009A do not pass through that area, we can focus
on the outer regions. What is more, we suppose that the
magnetic field strength is zero for r > 20 kpc.
The propagation of photons in the Milky Way is actually

a three-dimensional problem, which is more complicated in
calculation than simply estimated by the cellular model as
we have done in Sec. III B. However, we can still reduceM
to the following expression, which is similar to Eq. (9)

M ¼

0
BB@

Δpl 0
gaγ
2
Bx

0 Δpl
gaγ
2
By

gaγ
2
Bx

gaγ
2
By Δa

1
CCA: ð29Þ

Since E ∼ 1012 eV ≫ gaγB ∼ 10−28 eV, we can take M
as a perturbation of E, A ¼ Að0Þ þ Að1Þ, where Að0Þ is the
zero order term and Að1Þ is the first order term. The zero
order term of Eq. (7) is

i∂zAð0Þ ¼ EAð0Þ: ð30Þ

Therefore, Að0ÞðzÞ ¼ U0ðzÞAð0Þð0Þ, where

U0ðzÞ ¼ exp

�
−i

Z
z

0

dz0E
�
:

In the interaction representation, we have Aint ¼ U†
0A,

Mint ¼ U†
0MU0 ¼ M, where M from Eqs. (29) and (7)

can be written as

i
∂Aint

∂z
¼ MintAint; ð31Þ

and

AintðzÞ ¼ Aintð0Þ − i
Z

z

0

dz0Mintðz0ÞAintðz0Þ; ð32Þ

where Að0Þ
int ðzÞ ¼ U†

0A
ð0ÞðzÞ ¼ U†

0U0Að0Þð0Þ ¼ Að0Þð0Þ.
Preserving the zero order term of Aint, we have Aintð0Þ ¼

Að0Þ
int ð0Þ ¼ Að0Þð0Þ. We can numerically calculate Eq. (32)

based on the Jansson and Farrar model, with mixing matrix
given in Eq. (29) along the galactic line of sight of
GRB221009A. The initial probability amplitude is given
in Eq. (28) and the location of GRB221009A is given
in Ref. [41].
Since there is only a phase shift between AðzÞ and

AintðzÞ, the total penetration probability for photons from
GRB221009A to the Earth is jAint;xðlÞj2 þ jAint;yðlÞj2,

FIG. 3. The total penetration probability with gaγ ¼
2 × 10−11 GeV−1; ma ¼ 10−8 eV for different parameters at the
source galaxy. For s ≤ 1 kpc, n ¼ L=s ¼ 10, Bs ∈ ½1; 10� μG,
the error is shown in the figure. The dot-dashed line is the
penetration probability for BT ¼ 5 μG, s ¼ 3 kpc, L ¼ 30 kpc,
while the dotted line is the penetration probability for BT ¼ 1 μG,
s ¼ 1 kpc, L ¼ 10 kpc.
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where l ≃ 23.95 kpc is the distance from the edge of the
MilkyWay magnetic field to the Earth. We can plot the total
penetration probability as a function of Eγ . For example,
assuming that gaγ ¼ 2 × 10−11 GeV−1, ma ¼ 10−8 eV,
with varying B, L, s at the source, we have Fig. 3.
The upper limit of the probability does not grow with

s > 3 kpc since Eq. (21) has converged to the value of 1=3.
For different parameters given in the source, the penetration
probability ranges from 10−4 to 10−2, depending on the
properties of magnetic field at the source galaxy.
Apparently, the existence of axion-photon oscillations
can strongly enlarge the penetration probability of VHE
photons.
The back conversion probability in the Milky Way

also converges to a constant as Eγ → ∞, which can
be seen intuitively in Fig. 4, where p denotes the
back conversion probability at Eγ ¼ 18 TeV. Defining
g11 ¼ gaγ=10−11 GeV−1, we take g11 ≥ 0.5 so that the back
conversion in theMilkyWay is not tooweak. However, note
that the real penetration probability for photons with energy
aboveEc in the intergalactic magnetic field is not a constant,
since these axionsmay convert into photons and be absorbed
by EBL. The correction to the standard model will
only be significant for photons with energy between
maxðEc;source; Ec;MWÞ and Ec;IG, where Ec;source, Ec;MW,
and Ec;IG denote the critical energy in the source galaxy,
the Milky Way, and the intergalactic area, respectively.
What is more, we can calculate the penetration proba-

bility with varying gaγ and ma for photons with energy of
18 TeVas shown in Fig. 5. We take the values of gaγ andma

from the combined limit of Refs. [18–21] to explain
the LHAASO observation and Refs. [42–44] to meet

constraints from other astrophysical observations: gaγ ∈
½0.5; 2.1� × 10−11 GeV−1 and ma ∈ ½0.01; 20� × 10−8 eV.
From Fig. 5, we notice that the calculated penetration
probability is sensible to the axion-photon coupling gaγ but
not so sensitive to the axion mass ma.
If we restrict ma < 2 × 10−8 eV, in the range given in

Ref. [32], then the penetration probability for 18 TeV
photons from GRB221009A is 10−2 for g11 ¼ 2.1.
We still need the detected data for LHAASO to determine

the specific values of gaγ and ma, however, the analysis in
this article shows that the existence of axions gives the
penetration probability ofVHEphotonswithin 10−2 to 10−4,
which does explain the detection of VHE photons, and gives
the criterion to judge the ranges of gaγ and ma.
According to Fig. 5, if we know the order of magnitude

of the penetration probability, we can basically constrain
the parameters at the source, and focus on the choice of gaγ
andma. Then we can limit the values of gaγ andma to more
narrow ranges.
TheALPparameters can explain theLHAASOobservation

variances with significant differences in literature [18–21]:
gaγ ∈ ½0.5; 1� × 10−11 GeV−1 and ma ∈ ½0.01; 20�×
10−8 eV. There are also constraints from other astrophysical
observations, such as these from the analysis of cosmic sub-
PeV gamma rays from the Crab Nebula with gaγ ≤ 1.8 ×
10−10 GeV−1 and ma ≤ 2 × 10−7–6 × 10−7 eV [45], from

FIG. 4. The back conversion probability in the Milky Way with
different axion parameters gaγ and ma. In the figure g11 denotes
gaγ=ð10−11 GeV−1Þ and p denotes the corresponding probability
at Eγ ¼ 18 TeV. The maximum of back conversion probability is
3.6 × 10−2.

FIG. 5. The penetration probability for a 18 TeV photon with
varying axion parameters gaγ ∈ ½0.5; 2.1� × 10−11 GeV−1 and
ma ∈ ½0.01; 20� × 10−8 eV. The picture above has BT ¼ 10 μG,
L ¼ 30 kpc, s ¼ 3 kpc corresponding to the maximum of penetra-
tion, while the lower picture has BT ¼ 1 μG, L ¼ 10 kpc,
s ¼ 1 kpc corresponding to the minimum of penetration.
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galactic sub-PeV gamma rays [42] with gaγ ≤ 2.1 ×
10−11 GeV−1 for ma ≤ 2 × 10−7 eV, from optical polarisa-
tion measurements of magnetic white dwarfs [43] with gaγ ≤
5.4 × 10−12 GeV−1 and ma ≤ 3 × 10−7 eV, and from
gamma-ray spectra of flat-spectrum radio quasars [44] with
gaγ ≤ 5 × 10−12 GeV−1. We show that by adjusting the
parameters of the sourcegalaxy,we can reproduce the required
magnitude to explain the LHAASO observation of above
10 TeV photons with a variety of gaγ ∈ ½0.5; 2.1� ×
10−11 GeV−1 and ma ∈ ½0.01; 20� × 10−8 eV, as shown in
Figs. 4 and 5. The novelty of the present work, in comparison
with previous literature [18–21], reveals the large uncertainties
introduced by the parameters of the source galaxy to reconcile
a variety of axion parameters with the LHAASO observation.
The parameters of the cellular model about the source galaxy
can be further constrained to narrower ranges when there will
bemore information about the source and themagnetic field of
the source galaxy.
In our above calculations, the results are obtained by

adopting the realistic Jansson model to treat the magnetic
field of the Milky Way. If we adopt the cellular model to
calculate the back conversion of axion to photon conversion,
then we find that we need effective parameters s ¼ 4 kpc,
BT ¼ 1 μG, L ¼ 20 kpc for getting the same results
obtained with the Jansson model. This proves the efficiency
of adopting the cellularmodel to handle themagnetic field of
the Milky Way. Therefore we can use the simple cellular
model of galactic magnetic field to handle both the source
galaxy and our local Galaxy flexibly.

IV. CONCLUSIONS

In this work, we use axionlike particles, which appear in
many extensions of the standard model, to explain the

energetic features of the newly detected GRB221009A. In
the presence of the axion-photon conversion process
γ → a → γ, we calculate the conversion probability, back
conversion probability and the total penetration probability
of VHE photons with varying parameters at the source
galaxy, the coupling constant ggγ, and the mass of axions
gaγ . The presence of axions can significantly increase the
penetration probability of VHE photons, with a maximum
of 10−2. Even with the smallest conversion probability
assumed in the source galaxy, the penetration probability
can reach 10−4.
Though we have given the penetration probability for

different gaγ and ma, however, as shown in Fig. 5, the
parameters in the source galaxy, with the magnetic field
handled by a cellular model, contribute a lot of uncertainties
to the penetration probability. This provides us more free-
dom to reconcile a variety of axionlike paricle parameters
from other observations with the LHAASO observation of
above 10 TeV photons. More precise ranges of the param-
eters can be obtained by confronting our theoretical pre-
diction with the data from LHAASO. Further studies should
be based on more experimental results, especially VHE
photons from galaxy clusters or other extragalactic sources,
in order to reach more precise constraints on gaγ and ma,
together on the parameter space of the source galaxy.
Alternative possibilities, such as the Lorentz invariance
violation or heavy neutrino decay, should be also checked
by confronting various features of experimental observa-
tions with theoretical predictions comprehensively.
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