
Lorentz invariance violation from GRB 221009A

Hao Lia, Bo-Qiang Maa,b,c,∗

aSchool of Physics, Peking University, Beijing 100871, China
bCenter for High Energy Physics, Peking University, Beijing 100871, China

cCollaborative Innovation Center of Quantum Matter, Beijing, China

Abstract

The Large High Altitude Air Shower Observatory (LHAASO) reported observation of photons with
energies above 10 TeV from gamma-ray burst GRB 221009A. A suggestion was proposed that this result
may contradict our knowledge of special relativity (SR) and the standard model (SM), according to
which photons of about 10 TeV from such a distant object should be severely suppressed because of
the absorption by extragalactic background light. As a result, a number of mechanisms have been
proposed to solve this potential puzzle, including Lorentz invariance violation (LIV). In this work, we
perform a detailed numerical calculation and show the feasibility to constrain LIV of photons from the
LHAASO observation of GRB 221009A quantitatively.
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On October 9, 2022, an extremely bright (long)
gamma-ray burst (GRB), dubbed GRB 221009A
was observed by several observatories, including
the Fermi Gamma-ray Space Telescope [1–4] and
the Large High Altitude Air Shower Observa-
tory (LHAASO) [5, 6]. As a long burst, GRB
221009A is rather close to the Earth, and located
at z = 0.1505 in redshift [7, 8]. What makes this
GRB deserve more attention is the observation
of photons with energies up to about 18 TeV by
LHAASO [5]. In the standard understanding, the
universe is not always transparent to photons due
to the background light absorption of high energy
photons propagating in the space, and therefore
it is natural to ask the question: why such high
energy photons from GRB 221009A are permis-
sible [9, 10]. Besides, another question follows
that if within the standard framework of physics
we cannot find an answer to this question, how
to understand this phenomenon, and whether it
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is necessary to invoke new mechanisms (see, e.g.,
discussions and references in Ref. [11]).

During the observation of LHAASO, the two
different detectors, the Water Cherenkov Detec-
tor Array (WCDA) and the Kilometer Square Ar-
ray (KM2A) both recorded GRB 221009A while
at very different energy bands [12, 13]. WCDA
reported more than 64000 photons with energies
between 0.2 TeV and 7 TeV [6], while the prelimi-
nary result from KM2A shows that there might be
more than 5000 photons from 0.5 TeV to around
18 TeV [5]. For convenience we may call the
WCDA result as RWCDA and the KM2A report
as RKM2A.

Recently a series of work has been devoted to
analyzing possibility of excesses in the observa-
tion of GRB 221009A mainly based on RKM2A.
It seems that considering the absorption of extra-
galactic background light (EBL), we could not ob-
serve about 18 TeV photons from GRB 221009A
with LHAASO [9, 10]. Consequently it is sug-
gested that there exists necessity for mechanisms
beyond the special relativity (SR) and the stan-
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dard model (SM) to explain the observed results.
Amongst the many attempts to understand this
possible excess, we mainly focus on Lorentz invari-
ance violation (LIV) induced threshold anoma-
lies [9, 10] in this work below. It is necessary to
mention that there are also studies [14–16] to con-
strain LIV parameters by analyzing LIV induced
time delays between photons with different ener-
gies, based on an alternative method to study the
LIV effect. Suggestions concerning non-standard
mechanisms are also widely discussed, including
utilizing axion-like particles (ALPs) [11, 17–21]
and heavy/sterile neutrinos [22–26] to understand
the LHAASO observations.
For our analysis, the relevant process in which

LIV induced threshold anomalies take effect is
the pair-production process γγb → e−e+ with the
background photons γb coming from EBL. In the
standard understanding of this process, the ab-
sorption can be calculated quantitatively by the
optical depth [27]:

τγγ(E, z) =

∫ z

0

dz′
∂l

∂z′
(z′)

∫ ∞

0

dε
∂n

∂ε
(ε, z′)

×
∫ +1

−1

dµ
1− µ

2
σ[β(E, z′, ε, µ)],

where E is the energy of a GRB photon and z is
the redshift of the GRB, ∂n/∂ε(ε, z′) is the num-
ber density of EBL photons of energy ε at redshift
z′, and

∂l

∂z′
=

1

H0

1

1 + z′
1√

ΩΛ + ΩM(1 + z′)3
(1)

is a factor from the Fried-
mann–Lemâıtre–Robertson–Walker metric
of the standard model of cosmology with
H0 = 70 kms−1Mpc−1, ΩΛ = 0.7 and ΩM = 0.3.
In Eq. (1) the pair-production process cross-
section is [28, 29]:

σ(β) =
3σT

16
(1− β2)

×
[
2β(β2 − 2) + (3− β4) ln

1 + β

1− β

]
,

where σT is the Thomson cross-section and

β(E, z, ε, µ) =

√
1− 2m2

e

Eε

1

1− µ

(
1

1 + z

)2

. (2)

It is noteworthy that Eq. (2) should be real so
that the threshold information in SR is already
encoded and hence the integration in Eq. (1) is
understood to be performed satisfying the condi-
tion β ∈ R, which indicates the ordinary thresh-
old condition:

Ethr =
2m2

e

ε

1

1− cos θ

(
1

1 + z

)
2. (3)

However, in certain models, LIV could cause
threshold anomalies in various reactions, includ-
ing the pair-production process [30]. The thresh-
old anomaly in the pair-production process is
suggested to modify the threshold condition in
Eq. (3), and it is possible that the ε-space in-
tegrated in Eq. (1) gets shrunk, resulting in a
smaller optical depth τLIVγγ . By considering the
intrinsic flux Fint, the observed flux Fobs and the
observed flux with LIV F LIV

obs , which are related
by

F LIV
obs := Fint × e−τLIV

γγ ,

Fobs := Fint × e−τγγ ,

from which we may have

F LIV
obs > Fobs, (4)

As a result, with a proper LIV parameter ξ we
might be able to interpret RKM2A. Here the pa-
rameter ξ is defined to be the deviation from the
photon dispersion relation:

ω(k)2 ≈ k2 − ξk3 + · · · (5)

with the photon energy ω not too large compared
to EPlanck. For later convenience, we also define
ξ−1 ≡ ELIV.

Now we concentrate on GRB 221009A, espe-
cially on the results RWCDA and RKM2A from
LHAASO. First we consider what we can learn
from RWCDA. For convenience we assume that
there are exactlyNWCDA = 64000 photons in total
in this data set. The distribution of these photons
is assumed to follow a simple power-law form:

dN

dE
= Aα × E−α, (6)
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where the index α is chosen to be 2.41+0.14
−0.13

1 and
Aα is left to be normalized by solving

NWCDA =

∫ 7 TeV

200 GeV

dE
dN

dE
× e−τ , (7)

in which τ could be either τγγ or τLIVγγ . Once the
normalization factor Aα is determined for each
case, we may extend the spectrum (6) to a higher
energy Emax and thus we can compare the the-
oretical calculation with RKM2A. The results of
this comparison then would provide us with more
clue of whether there is any unexpected excess in
the observation of GRB 221009A.
In this work, we choose Emax = 20 TeV and to

calculate the optical depth, we adopt the model
of Ref. [31]. Let us define a critical energy Ec,
which satisfies∫ Emax

Ec

dE
dN

dE
× e−τ = 1, (8)

which means that there should be at least one
event within Ec to Emax. By solving Ec we could
obtain the information about at most above which
energy can we observe one photon. If Ec ⪆
18 TeV, then observing photons around 18 TeV
is quite natural. However when Ec ≪ 18 TeV, it
is unlikely that we can do the same thing conclu-
sively. Replacing τγγ with τLIVγγ , we can perform
the similar analyses with the existence of LIV.
The results then could indicate whether we need
to invoke new mechanisms, and if so, whether LIV
is a good candidate.
We choose the LIV scales to be ELIV = 0.03 ×

EPlanck
2, ELIV = 0.1 × EPlanck, ELIV = EPlanck,

ELIV = 10 × EPlanck, and ELIV = +∞ which can
also be understood as the non-LIV case. In the
case of α = 2.41, we list the critical energies and
the total photon numbers for the extended spectra
in Tab. 1, and meanwhile we depict the results in
Fig. 1a, where the spectra are drawn and the po-
sitions of Ec are shown by vertical lines schemat-
ically. From Tab. 1, we learn that the photon

1The values are taken from Ref. [6] and its supplemen-
tary material, where time-dependent values α(t) are given
and here we use the time-averaged values.

2This is a phenomenological suggestion of the lower
bound of ELIV, see, e.g., Ref. [14] and references therein.

numbers only change mildly, since the suppres-
sion caused by EBL attenuation and the shape of
the spectrum turns stronger at high energies, and
as a result most photons still ‘accumulate’ at low
energies. Then we concentrate on the positions of
Ec for different LIV scales. Obviously from the
last three rows of Tab. 1 we may conclude that it
is quite unlikely that LHAASO could report pho-
tons around 18 TeV from GRB 221009A, since
there is only one photon above ∼ 8 TeV and be-
cause of the aforementioned ‘accumulation’ it is
not consistent with RKM2A. Indeed if we replace
with 10−6 the one in Eq. (8) and set ELIV = +∞,
we are able to obtain the corresponding Ec in
the second row of Tab. 4. It provides a more
strict limit that there is no more than 10−6 pho-
ton above 16.54 TeV, making it rather unusual to
observe photons about 18 TeV. However from the
first two rows of Tab. 1 we find that a LIV scale
ELIV ≲ 0.1 × EPlanck is enough for understand-
ing RKM2A, that is, there are photons observable
around 18 TeV.

To minimize the effects caused by choosing dif-
ferent spectrum indices, we also perform the same
analyses for α = 2.28 and α = 2.55, for which
the results are depicted in Tab. 2 and Tab. 3 re-
spectively. As we in Fig. 1b we depict the ef-
fects of changing the index schematically by the
filled regions. Meanwhile, in Tab. 4 the Ec for
finding 10−6 photon are also listed. Needless to
say, although with a larger index α = 2.55 it
would be more unlikely to observe photons around
18 TeV, LIV induced threshold anomalies still
provide an explanation for RKM2A so long as
ELIV ≲ 0.1× EPlanck. However even a smaller in-
dex α = 2.28 could not provide a reasonable inter-
pretation to RKM2A. As we can see from Tab. 2
and Fig. 1b, without LIV we might have only one
photon above 8.46 TeV, while above 16.76 TeV
only 10−6 photon is observable. In contrast, with
LIV, or more precisely, with ELIV ≲ 0.1×EPlanck,
RKM2A from LHAASO can be understood natu-
rally.

Other uncertainties may also originate from the
selection of the model of EBL, and have already
been analyzed in Ref. [32]. Here we give a brief de-
scription. Indeed the model we adopted [31] cap-
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Figure 1: The expected spectra with different LIV scales:
(a) with α = 2.41 and the vertical lines representing the
positions of Ec; (b) the same as in (a) with the filled re-
gions representing the uncertainties.

tures the main characteristics of other well-known
models, and the qualitative properties of the re-
sults are universal. Therefore the results would
not have any difference in the orders of magni-
tude, and even the EBL model we adopted is re-
placed by other models, the analyses in this work
are still valid.
Besides the observations of LHAASO, it is also

noteworthy that Carpet-2 reported a 251 TeV
photon possibly from GRB 221009A [33]. Since
the sensitivity of Carpet-2 is comparable to that
of LHAASO, what we can infer from this work is
that in the standard case, even a photon of about

Table 1: Ec and expected photon numbers with α = 2.41.

ELIV (EPlanck) Ec (TeV) Photon number

0.03 19.69 64060
0.1 19.01 64023
1 8.82 64003
10 8.05 64003
∞ 7.97 64002

Table 2: Ec and expected photon numbers with α = 2.28.

ELIV (EPlanck) Ec (TeV) Photon number

0.03 19.81 64098
0.1 19.48 64038
1 9.61 64005
10 8.55 64004
∞ 8.46 64004

Table 3: Ec and expected photon numbers with α = 2.55.

ELIV (EPlanck) Ec (TeV) Photon number

0.03 19.45 64036
0.1 18.43 64014
1 8.09 64002
10 7.53 64002
∞ 7.47 64002

Table 4: Ec for observing 10−6 photon without LIV for
different indices.

α Ec (TeV)

2.28 16.76
2.41 16.54
2.55 16.31
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20 TeV is not observable, therefore a 251 TeV
photon from GRB 221009A is not explicable for
Carpet-2. Thus from a standard viewpoint, the
Carpet-2 observation of a 251 TeV is not consis-
tent with the observations of LHAASO. However,
new physics effects might make this observation
possible, and we would like to demonstrate this
in the following. Let us assume that the LIV ef-
fect (or other scenarios such as axion-like parti-
cles) is maximal, such that no photon from GRB
221009A would be absorbed during its propaga-
tion. In other words, the spectrum we may ob-
serve is exactly the form of Eq. (6). Following the
same logic of this work, and extending Emax to
300 TeV, we are able to calculate the photon num-
ber Nexp between 200 TeV and 300 TeV. Here the
index α plays the role of a variable. For α = 2.28,
Nexp = 3.79, for α = 2.41, Nexp = 1.65, and for
α = 2.55, Nexp = 0.67. Furthermore, to make
Nexp = 1 we have α = 2.49. However, the index
of a higher energy band is normally larger than
that of a lower energy band, hence we find that,
for LHAASO, there is no more than a couple of
photons around 250 TeV even the LIV (or other)
effects are considered to be maximal. Indeed, for
α = 3 we have Nexp = 0.04 and α = 5 we have
Nexp = 5 × 10−8. Taking into consideration the
fact that the sensitivity for detecting photons of
Carpet-2 is comparable to that of LHAASO, it
suggests that only when the LIV (or other novel
mechanisms) effects are considerable can we inter-
pret the observation of Carpet-2, although there
do exist such options. As an alternative expla-
nation, it was suggested that the origin of this
photon could be galactic [33, 34]. We hope that
future release of the Carpet-2 data would shed
light on this problem, and here we only present
the possibilities.

In summary, we perform analyses of the obser-
vation results of GRB 221009A by LHAASO [5,
6]. We utilize the detailed result, which exhibit
no excess and no contradiction with the stan-
dard physics, from WCDA of LHAASO [6], to
construct models and extend these models to the
preliminary results from KM2A of LHAASO [5],
which is likely to contradict special relativity. Af-
ter comparing the theoretical predictions with the

observation, we find that around 18 TeV photons
from GRB 221009A by LHAASO are hardly un-
derstood from standard physics, and novel mech-
anisms are needed to provide reasonable expla-
nations. Furthermore we explore the possibility
of using Lorentz invariance violation to under-
stand this observation. We find that a LIV scale
ELIV ≲ 0.1 × EPlanck is enough to render about
18 TeV photons from GRB 221009A detectable
on the Earth. As a result, 10 TeV scale pho-
tons from GRB 221009A indicate the feasibility
to constrain LIV of photons from LHAASO ob-
servation. Of course, besides LIV, there are also
other approaches available, such as introducing
axion-like particles [11, 17–21] and heavy/sterile
neutrinos [22–26]. Therefore we expect that more
detailed analyses on the results of KM2A obser-
vation from LHAASO could provide more infor-
mation.
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