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On 9 October 2022, the Large High Altitude Air Shower Observatory (LHAASO) reported the
observation of the very early TeV afterglow of the brightest-of-all-time gamma-ray burst 221009A,
recording the highest photon statistics in the TeV band ever obtained from a gamma-ray burst. We use this
unique observation to place stringent constraints on the energy dependence of the speed of light in vacuum,
a manifestation of Lorentz invariance violation (LIV) predicted by some quantum gravity (QG) theories.
Our results show that the 95% confidence level lower limits on the QG energy scales are Eqg; > 10 times
the Planck energy Ep; for the linear LIV effect, and Eqg, > 6 ¥ 108 Ey, for the quadratic LIV effect. Our
limits on the quadratic LIV case improve previous best bounds by factors of 5-7.

DOI: 10.1103/PhysRevLett.133.071501

Introduction—Lorentz invariance, the fundamental sym-
metry of Einstein’s relativity, has withstood strict
tests over the past century [1]. However, deviations from
Lorentz invariance at energies approaching the Planck

scale, Ep = \/hc’/G ~1.22x 10" GeV, are predicted
in many quantum gravity (QG) theories seeking to unify
quantum theory and general relativity [2—15]. Although any
signals of Lorentz invariance violation (LIV) are expected
to be very tiny at attainable energies < Ep;, they can
increase with energy and accumulate to detectable levels
over large propagation distances. Astrophysical observa-
tions involving high-energy radiation and long distances
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are therefore suitable for performing sensitive tests of
Lorentz invariance.

One of the manifestations of LIV can be characterized as
energy-dependent modifications to the photon dispersion
relation in vacuum [16]:

eorep-SGE)L o

n=1 EQG’”

where E and p are the energy and momentum of a photon;
s = %1 is the “sign” of the LIV effect, corresponding to the
“subluminal” or “superluminal” scenarios; and Eq ,, denotes
the hypothetical QG energy scale. Since the sum is dominated
by the lowest-order term of the series at small energies
E < Eqg ,,, only the first two leading terms (n = 1 orn = 2)
are of interest for independent LIV tests. They are usually
referred to as linear and quadratic LIV corrections, respec-
tively. Taking into account only the leading LIV modification
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of order n, the photon group velocity is then given by

Because of the energy dependence of v(E), two photons with
different energies (denoted by E, and E,;, where E;, > E)
emitted simultaneously from the same source at redshift z
would reach us at different times. The energy-dependent time
delay due to LIV effects can be expressed as [17]

n+1EZ—E’;/Z(1—|—z’)"
2 E6G,n 0 H<Z/)

AtLIV =S dZI’ (3)

where H(z) = Ho\/Qu(1 +2)° + Q,, assuming a flat
ACDM cosmology with Hubble constant Hj, =
67.36 kms~! Mpc~!, matter density parameter Q,,, = 0.315,
and vacuum energy density Q, = 1 — Q,, [18]. For conven-
ience, in Eq. (3) we introduce the dimensionless LIV
parameters

m= SEPl/EQG,l (4)

and
7, = 10715 x sElz,l/EéG.2 (5)

for linear (n = 1) and quadratic (n = 2) modifications,
respectively, to replace Eqg; and Eqg ».

It is obvious from Eq. (3) that the greatest sensitivities on
1, (or Eqg,) can be expected from those astrophysical
sources with rapid signal variability, large distances, and
high-energy emission. As the most violent explosions
occurring at cosmological distances, gamma-ray bursts
(GRBs) have been deemed as excellent probes for search-
ing for the LIV-induced vacuum dispersion [16,19-22].
Indeed, the most stringent limits to date on 7, (or Eqg ),
resulting from vacuum dispersion time-of-flight studies,
have been obtained using the GeV emission by GRB
090510 observed by the Fermi-LAT. The limits set for
the subluminal (superluminal) scenario are #; < 0.13,
or equivalently Eqgg; > 9.3 x 10 GeV (17, > —0.09,
or equivalently Eqg; > 1.3 X 10%° GeV) and #, < 8.8, or
equivalently Egg, > 1.3 x 10" GeV  (, > —16.8, or
equivalently Eqg, > 9.4 x 10" GeV) for linear and
quadratic LIV effects, respectively [21]. Based on the
detection of sub-TeV emission from GRB 190114C, the
MAGIC Collaboration (2020) [23] obtained competitive
lower limits on the quadratic LIV energy scale—i.e.,
1, < 37.0, or equivalently Eqg, > 6.3 x 1010 GeV (17, >
—48.0, or equivalently Eqg, > 5.6 x 10'° GeV) for the
subluminal (superluminal) case.

The Large High Altitude Air Shower Observatory
(LHAASO) detected more than 64,000 photons in the
energy range of 0.2-7 TeV from GRB 221009A within the
first 4000 s after the MeV burst trigger [24]. This object is
located at redshift z = 0.151 [25,26]. In this Letter, we
study Lorentz-violating effects using the time-of-flight

measurements of the unprecedentedly very high-energy
(VHE, > 100 GeV) photons from GRB 221009A.

LHAASO  observations of GRB 221009A—At
13:16:59.99 UTC on 9 October 2022 (denoted as Tj), a
long-duration GRB, numbered as GRB 221009A, triggered
the Gamma-ray Burst Monitor (GBM) on board the Fermi
satellite [27,28]. The subsequent detection with Fermi-LAT
made clear that it is an extraordinarily bright burst [29,30].
The gamma-ray emission of GRB 221009A was also
detected by several other space missions [31-45], and by
the ground-based air shower detector LHAASO [46].

LHAASO [47] is a new-generation gamma-ray and
cosmic-ray observatory situated in Daocheng, China, at
an elevation of ~4410 meters. Due to the large area, wide
field of view, and broad energy coverage, the LHAASO
detectors are meticulously designed to delve into new-
frontiers physics, including investigations into LIV, among
other scientific objectives.

At Ty, GRB 221009A was observed by LHAASO at a
zenith angle of 28.1°, and it remained within LHAASO’s
field of view for the next 6000 seconds. In the initial
4000 seconds, the Water Cherenkov Detector Array
(WCDA) of LHAASO captured over 64,000 photons in the
0.2-7 TeV energy range, and both the light curve and
energy spectrum of VHE photons were measured [24].
The intrinsic light curve reveals a rise to a peak from
231 to 244 seconds after T, followed by a decay lasting
650 seconds.

The light curve of energy flux in the specified time range,
as detected by LHAASO-WCDA, can be well described by
a smoothly broken power-law function [24],

s ()T e

where all time-related variables are relative to a reference
time 7% = Ty 4 226 s. Here, oy = 1.82 and a, = —1.115
denote the power-law indices before and after the
break time #, = 15.37 s, and @ = 1.07 represents the
sharpness of the break. The intrinsic time-resolved spec-
trum can be fitted with a power-law function, and the
positive power-law spectral index varies with time follow-
ing the expression [24]

y(t) = alog(t) + b, (7)

where the unit of ¢ is seconds, and a = —0.135 and
b =12.579. When a time delay due to LIV is introduced,
this A(7) will be modified to A[t — Aty v (E,1,)]-

The observed count rate light curve, characterizing the
probability of observing a photon in a range of the number
of hits ANy; and the arrival time ¢ from the GRB, can be
converted from the energy flux light curve with

+o0
F(6. AN ) = /0 M- Aty (Eny)]

X (1) E7"W Pygy (E)S(E.t, ANy )dE.  (8)
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Here, (1) =A/ fgz E'"7WdE serves as the conversion
factor from energy flux (within the energy range from
E, =0.3TeV to E, =5 TeV) to flux coefficient, where
y(r) represents the power-law index evolution as per
Eq. (7), and A is a constant to be determined. The term
Pggpi (E) denotes the survival probability of photons
subject to extragalactic background light (EBL) attenua-
tion, adopting the model of Ref. [48]. Lastly, S(E, t, ANy;)
accounts for the effective detection area of photons at
energy E and time ¢, with the number of fired cells in a
given segment ANy;,.

Analysis methods and results—We utilize two analysis
methods to examine the LIV lags in the VHE gamma-ray
signals from GRB 221009A. The cross-correlation function
(CCF) is employed to directly measure the time delays
between different energy bands, while the maximum
likelihood (ML) method is adopted to extract energy-
dependent arrival-time delays. These two methods are
widely employed in similar LIV studies.

Cross-correlation function method: We segment the
light curve of the count rate detected by LHAASO-WDA
from GRB 221009A into ten intervals, covering the time
span from 232 to 400 seconds after 7,. The segmentation is
based on the number of fired cells (Ny;), with approx-
imately the same number of events in each segment. The
Npir segments roughly correspond to different energy
ranges, and the median energies are 0.354, 0.375, 0.395,
0.419, 0.457, 0.486, 0.556, 0.658, 0.843, and 1.601 TeV,
respectively, considering the spectral index evolution
from [24] for the interested time span. The energy-
dependent light curves of GRB 221009A for the ten Ny;
segments (denoted by Seg0-Seg9) are displayed in Fig. 1.

In our analysis, we use the CCF method to calculate the
time lags At between the lowest-energy band (Seg0) and
any of the other nine high-energy bands (Seg1-Seg9) (see
Sec. A of the Supplemental Material for details [49]).
Assuming that the observed time lags Ar are primarily
caused by LIV effects, we can establish a conservative limit
on the LIV parameter 7, (n = 1 or 2). Utilizing the nine
pairs of CCF measurements, we conduct a global fit to
constrain 7, by minimizing

[Atj - AfLIV(’?n)]2

2 —

X (1711) - Z Gz(Atj> ’ (9)

J

where o(At;) is the uncertainty of At;, regarded as a

statistical origin. This uncertainty is obtained by a boot-

strapping method: mocking the data for this CCF pair 1000

times, and the rms of the obtained At is set to o(At;).
In Eq. (9), the median energy of photons is used to

calculate the LIV time delay At y(n,) for each Ny

segment. However, this method may introduce bias due

to several factors: spectral index evolution, wide dispersion

of photon energies within each Ny; segment (mainly

[0)
+J
o
2
c
>
o
)
o
9
©
O
n
200 300 400 500
Time since Ty (s)
FIG. 1. Count rate light curves of GRB 221009A, as detected

by LHAASO-WCDA, presented in ten Ny; segments. The time
binning of the light curves used for analysis is 0.1 s; however,
they are depicted here with 2 s intervals for clarity. The blue-
marked range 232400 s after the GBM trigger T, is selected for
calculating the time lags.

caused by air shower fluctuations), and significant overlap
in energy ranges among adjacent segments (see Sec. B of
the Supplemental Material).

The biases are estimated as follows: Assuming a LIV
parameter 77; or #,, the intrinsic light curve of energy flux
as in Eq. (6) can be simulated, and it can then translated
by Eq. (8) into ten count rate light curves. Employing
simulated light curves, the same procedure as with the data
is executed, leading to the determination of the measured
LIV parameters, as shown in Fig. 2. This involves iterating

0.25 0.5
0.20 A
: 0.4 WS
0.15
0.3
|-—< o~
< o.10 <
0.2
0.05
0.00 01
-0.05 0.0
-0.2 -0.1 0.0 01 02 -0.2-0.1 0.0 0.1 0.2 0.3 0.4
N1 N2

FIG. 2. Relationship between the induced LIV value of 77, (with
71 in the left panel and 7, in the right panel) and the input 7,
(denoted as n; and 7,, respectively), obtained through a simu-
lation procedure.
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%30 —015 000 015 030 208 —04 00 04 08
M n2

FIG. 3. 4? as a function of the dimensionless LIV parameter 7,
for the linear case (on the left) and the quadratic case (on the
right), utilizing the CCF method. The vertical dashed lines
indicate the best fits, and the shaded areas represent the 95%
confidence levels.

over various #; and 7, values as input, enabling a poly-
nomial fitting. Using the fitted function, the bias 77,, — 7,, for
the analysis results on experimental data can be evaluated
and subtracted.

The y»* distribution as a function of unbiased 7,
is calculated and depicted in Fig. 3. The MINUIT package
[52], along with its error estimation processor MINOS
[53], is used for fitting and constructing the 95% con-
fidence levels (by setting the y* value greater by 3.84 than
the minimum). MINOS accounts for parameter correlations
and nonlinearities, providing asymmetric error intervals
with correct probability coverage for both y> and like-
lihood fits. The best-fit values of #,, and their uncertain-
ties are translated into limits on the QG energy scale
Eqg at the 95% confidence level. These limits are detailed
in Table L.

Maximum likelihood method: Another approach for
inferring #,, is the ML method, using Eq. (8) as the function
to describe the count rate light curve. A binned Poissonian
likelihood method is employed for the analysis, with a time
binning set to 0.1 s and Ny split into ten segments,
as illustrated in Fig. 1. The background distribution, as a
function of time for each Ny; segment, is determined using
data from the same transit as the GRB, encompassing two

TABLE L.

sidereal days before and after the burst. The Poisson
probability is given by

e_(/‘b.[.j""/"s.i./’)(”b’i’j + Ms.i’j)Non.i.j
N ! '

on,i,j*

Pi,j - (10)

where the index i represents time bins, and j represents
Npii segments. The number of signals from the GRB g ; ;
is calculated using Eq. (8), the number of background
events uy,; ; is evaluated from the polynomial fitting of
the background as a function of time (see Sec. C of the
Supplemental Material), and N,,;; is the number of
observed events. The logarithmic likelihood ratio is
defined as

Ly
A=-2In—
L

Ho.ij T Hsij

Ei’j [ sij~ Msij on,i.j ﬂb,i,j‘f'//s,i,j

This ratio is utilized for minimization to determine the
LIV parameter 7, and all other light curve parameters.
The reference time [T*, see the context of Eq. (6)] and two
parameters for spectral index evolution [a and b, see
Eq. (7)] are fixed to the values provided in [24]. In this
equation, £ = [], ; P; ; is the likelihood function, and £,
is the one for a null hypothesis that no LIV delay exists,
where the number of signals corresponds to yg”- through
setting Aty v(E,1,) =0 in Eq. (8).

The MINUIT package and MINOS processor are utilized for
the likelihood fitting and calculating errors. The best-fit
values are n; = 0.066 and 7, = 0.20.

There could be biases in this approach for #; and 7,. For
instance, Eq. (8) does not fit the data well due to the
stochastic nature of the afterglow process and various
disruptive phenomena involved. To address this, we ana-
lyzed 1000 shuffled datasets by randomly exchanging
the time and Ny; information of events to decouple the
correlation between time and energy. To preserve the
behavior of the spectral index evolution, we locally shuffled

Values for the best fits (BF) and the 95% lower (LL) and upper (UL) limits, provided for the dimensionless LIV parameter

7, using both the CCF and ML methods. Additionally, the 95% confidence level (CL) lower limits on the quantum gravity (QG) energy
scale Eqg for the linear (n = 1) and quadratic (n = 2) cases are listed®.

Method CCF ML (MINOS) ML (Calibrated)
- 1BF IS o 1BF LS o L
m —-0.18 0.06 0.20 —0.11 0.003 0.12 —0.12 0.11
1 -0.47 0.25 0.66 -0.31 0.01 0.32 -0.30 0.29
Superluminal Subluminal ~ Superluminal Subluminal ~ Superluminal ~ Subluminal
Eq:.[10% GeV] 0.7 0.6 1.1 1.0 1.0 1.1
EQG,Z[IO“ GeV] 5.6 4.7 7.0 6.9 7.0 7.2

*Similar bounds were given in [54], which we received while working on this Letter.

071501-5



PHYSICAL REVIEW LETTERS 133, 071501 (2024)

0.2
0.2
0.15
& 0.151 o)
@ b
=] S 0.1
g o1 2
— —
w L
0.051 0.05 1
0.0+ T T T 0.0+ T T T
-0.1 0.0 0.1 0.2 -0.1 0.1 0.3 0.5
N1 N2

FIG. 4. Distribution of best-fit values of 7, from the shuffled
data, presented for both linear (on the left) and quadratic (on the
right) cases. The vertical lines indicate the means.

the events within each time bin of 6 seconds and reshuffled
them after shifting half of the time bin. The chosen time
binning for shuffling is sufficiently large, as the maximum
time delay is less than 6 seconds within the energy coverage
of the data for |57;| < 0.15 or |,| < 0.35. The means of the
1000 best-fit values of 7, from the shuffled data are
considered as the biases. As shown in Fig. 4, the mean
values are 7 pi,s = 0.063 and 7, ;s = 0.19. The profile
likelihood curves after subtracting these biases are depicted
in Fig. 5.

As no significant LIV time delay from GRB 221009A
was detected in this approach, we set limits for 7, by
constructing 95% confidence levels with the assistance of
MINOS. The obtained intervals are subsequently used to
compute the limits on the QG energy scale Eqgg. The
corresponding results are listed in Table L.

An alternative approach via bootstrapping and shuffling,
as developed in [21,23], is also employed to obtain the
so-called “calibrated” limits. As shown in the last rows of
Table I, the results appear to be very similar.

The EBL model could introduce systematic uncertainties
in our analysis. We conducted another two rounds of
analyses for the same data, considering two extreme cases
of the EBL models (corresponding to the upper and lower

6 6
5 5
a4 =4
S~ S~
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Z 31 Z 31
= =
Pt Y2
11 11
0 0

202 -01 00 01 02 —04 -02 00 02 04
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FIG. 5. Profile likelihood distributions resulting from the
analysis with the ML method, depicted for both linear (on the
left) and quadratic (on the right) cases. The vertical dashed lines
signify the best fits after bias subtraction, and the shaded areas
correspond to the 95% confidence levels.

boundaries of the uncertainty of the EBL model in [48]).
For the linear LIV effect, we observe that the EBL models
would enlarge the #; limits by 18% (12%) in the subluminal
(superluminal) scenario. In the quadratic case, the 7, limits
would be reduced by 6% (5%) in the subluminal (super-
luminal) scenario.

Summary—LHAASO observed an unprecedentedly large
number of VHE photon events from the brightest GRB
221009A at the earliest epoch, marking the identification of
the onset of a TeV GRB afterglow for the first time. These
characteristics render this signal a unique opportunity to
probe LIV in the photon sector. Utilizing both CCF and ML
methods, we searched for LIV-induced lags in the arrival
time of the energetic photons. In both methods, compatible
limits on the LIV energy scale Eqg are obtained.

Our limit on the linear modification of the photon
dispersion relation is Eqg; > 1.0 x 10 GeV (Eqg; >
1.1 x 10%° GeV), considering a subluminal (superluminal)
LIV effect. This is comparable to the most constraining
lower limit on Eqg ; obtained by the GeV emission of GRB
090510 [21]. In the quadratic case, our result on the energy
scale Egga > 6.9 x 10" GeV (Egg, > 7.0 x 10! GeV)
for a subluminal (superluminal) LIV effect represents the
best time-of-flight limit, improving previous bounds [21]
by a factor of 5 (7).

Moreover, we emphasize that, thanks to the adoption
of the true spectral time lags of bunches of high-energy
photons, our constraints on Egg, could be statistically
more robust compared to previous results of GRB 090510,
which were based on the rough time lags of sparse
GeV-scale photons.

Future observations of VHE prompt emission instead of
afterglow from GRBs would further enhance sensitivity to
LIV effects using vacuum dispersion (time-of-flight) tests.
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