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from all the stars and dust that has existed in the 
observational universe.

Finke et al. (2022), Astrophysical Journal, 941, 33

https://zenodo.org/record/7023073#.Y73cWi1h1N0

Measurement of SFR, dust extinction, for 90% of the 
universe

May be some light galaxy surveys have missed

g rays

https://zenodo.org/record/7023073


GRB 221009A
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Brightest of all time (BOAT) GRB

Closest long GRB, z=0.1505 (Castro-Tirado et al. 
2022; de Ugarte Postigo & Izzo (2022); Izzo et al. 
2022)

Detected by many instruments, including Fermi-
GBM, Fermi-LAT, and SIRI-2

Reported VHE photons by LHAASO and Carpet 2



GRB 221009A with SIRI-2
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SIRI-2 detected GRB 
221009A! (GCN 32746)

SIRI-2:  Seven SrI2 scintillators 
on STP mission at GEO.  400-
8000 keV.  PI:  Lee Mitchell 
(NRL)

Peaks aren’t saturated! 
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Spectral Energy Distribution
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• LAT spectrum 200-800 s after 
burst (GCN 32658)

• LHAASO (Chinese) detect. up to 18 
TeV within 2000 s (GCN 32677). 
Aeff , Implied 95% flux lower limit 
(Poisson statistics; Gehrels 1986):

• Carpet 2 (Russian) detect. of 251 
TeV photon 4536 s after trigger 
(Atel 15669).  Aeff = 25 m2.  Implied 
95% flux lower limit:
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LIV, the dispersion relation is modified as

E2 − p2c2 = ±E2

(

E

EQG

)n

(1)

where EQG is an energy, usually thought to be close to
the Planck energy, EPlanck = 1.2 × 1028 eV. Here n is
the order of the leading correction, and the “+” repre-
sents superluminal LIV, and the “−” represents sublumi-
nal LIV (e.g., Mart́ınez-Huerta et al. 2020). LIV effects
are difficult to measure due to the extremely high ener-
gies involved; however, nature can produce photons and
particles at energies unavailable to terrestrial accelera-
tors, and they propagate through extremely large dis-
tances in the universe. Thus, there are several effects
from LIV which are relevant to astrophysics. One is that
the speed of photons becomes energy-dependent. Time-
of-flight measurements from high-energy astrophysical
sources have constrained EGQ (e.g., Abdo et al. 2009;
Vasileiou et al. 2013). Another relevant effect is the mod-
ification of the threshold for the γγ pair production inter-
action (γ+γ → e++e−). This modification can decrease
the threshold, increasing the absorption optical depth in
the superluminal case, and increasing the threshold and
decreasing the absorption optical depth in the sublumi-
nal case. Here we are concerned with the subluminal
case, which allows the γ-ray absorption optical depth τγγ
at high energies to be lower than it otherwise would be
(e.g., Jacob & Piran 2008). It is the latter effect that is
relevant to the anamalous transparency of very high en-
ergy (VHE) photons from GRB 221009A that we explore
here.
In Section 2 we present the relevant preliminary obser-

vations of GRB 221009A, based on Astronomer’s Tele-
grams (Atels) and Gamma-ray Coordination Network
(GCN) circulars. In Section 3 we calculate the LIV ef-
fect on the γ-ray flux attenuation and compare with VHE
data. We discuss our results and conclude in Section 4.

2. OBSERVATIONS

2.1. Fermi-LAT

The Fermi-LAT detected GRB 221009A at 200 – 800
s after the burst, with a 0.1 – 1.0 GeV flux of ΦLAT,tot =
(6.2± 0.4) × 10−3 ph cm−2 s−1 and a spectral index of
Γ = 1.87 ± 0.04 (Pillera et al. 2022). The spectrum is
described by a power-law, given by

dN

dE
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where we take E0 = 1.0 GeV. The normalization con-
stant N0 can be determined from the integral

ΦLAT,tot =

∫ E2

E1

dE
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where E1 = 0.1 GeV and E2 = 1.0 GeV. The 0.1 – 1
GeV LAT spectrum for GRB 221009A can be seen in
the spectral energy distribution (SED) in Figure 1.

2.2. LHAASO

LHAASO reported the detection of a VHE source
within T0+2000 s of GRB 221009A, and consistent with
its location. It was detected by both LHAASO’s WCDA
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Fig. 1.— The SED for GRB 221009A with the Fermi-LAT spec-
trum and the LHAASO, and Carpet 2 95% lower limits. The
dashed curve indicates the extrapolation of the LAT spectrum to
higher energies without γγ absorption, and with γγ absorption as-
suming EQG/EPlanck = 49, as indicated. The absorption assuming
no LIV is identical to this curve at E < 3× 105 GeV, but does not
have the E > 105 GeV part shown on the plot.

and KM2A instruments, where the highest energy pho-
ton observed by KM2A was E = 18 TeV (Huang et al.
2022). The effective area of LHAASO-KM2A at 18 TeV
is Aeff ≈ 0.5 km2 (Cao et al. 2019). Since more photons
at these energies may have been detected, we take the im-
plied flux as a lower limit. The Poisson 95% lower limit
for 1 count is 5.13× 10−2 (Gehrels 1986). The observed
flux can then be estimated as
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obs

(18 TeV) !
5.13× 10−2

AefftE

! 2.9× 10−19 ph cm−2 s−1 GeV−1 .
(4)

Extrapolating the LAT spectrum out to 18 TeV, we
find a flux of 9.3 × 10−12 ph cm−2 s−1 GeV−1, much
higher than the estimated LHAASO-KM2A flux. The
LHAASO lower limit flux estimate and the LAT extrap-
olation are plotted in Figure 1.

2.3. Carpet 2

Carpet 2 reported the detection of a 251 TeV pho-
ton 4536 s after the GBM trigger, and 1336 s after the
Swift-BAT trigger for GRB 221009A, from a direction
consistent with that burst (Dzhappuev et al. 2022). The
effective area of Carpet 2 depends on source position
in the sky; at this energy, the average effective area
Aeff = 25 m2 (Dzhappuev et al. 2020). Using t = 4536 s
and the same procedure as above for LHAASO, for the
Carpet 2 detection,

dN

dE

∣

∣
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obs

(251 TeV) ! 1.8× 10−16 ph cm−2 s−1 GeV−1 .

(5)

The LAT spectrum, (Section 2.1), extrapolated to 251
TeV, is 6.7× 10−14 ph cm−2 s−1 GeV−1. The Carpet 2
lower limit flux estimate is also plotted in Figure 1.

3. GAMMA-RAY ABSORPTION AND LORENTZ
INVARIANCE VIOLATION
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Table 1. For a set of models for the extra-galactic background light (EBL; K&D2010: [10], Fi2010:
[11], Gi2012(f): [12], Do2011(±): [9], Fr2008: [13], SL2021: [14]) we list the resulting optical depth
values ⌧ for the nominal photon energy of 18 TeV (⌧18) and for a lower bound of 10 TeV (⌧10) within
the range of a relative energy resolution of ⇡ 40 %. Expected number of photons for ⇣ = 5, t1 = 200 s,
above 500 GeV (18 TeV): N�,0.5 (N�,18) and required coupling to ALPs ga� in units of 10�11 GeV�1, as
well as (maximum) energy for Lorentz invariance breaking (M1,2 for linear and quadratic modifications
of the dispersion relation) in units of Planck mass MPl = (~c5/G)1/2 ⇡ 1.22⇥ 1028 eV.

EBL Model ⌧18 ⌧10 N�,0.5 N�,18 ga� M1(M2)
K&D2010 9.4 4.5 6700 1 - - ( -)
Fi2010 10.0 6.0 4162 0.9 - - (-)
Gi2012 13.3 5.4 4500 2⇥ 10�2 0.58 10.4 ( 2.6⇥ 10�7)
Do2011- 13.5 4.4 5800 1⇥ 10�2 0.58 11.3 ( 2.8⇥ 10�7)
Gi2012f 13.9 5.6 5603 1⇥ 10�2 0.58 10.1 ( 2.6⇥ 10�7)
Fr2008 18.3 6.8 5000 9⇥ 10�5 0.59 8.4 ( 2.4⇥ 10�7)
SL2021 19.1 6.9 5200 4⇥ 10�5 0.59 8.4 ( 2.4⇥ 10�7)
Do2011 19.2 6.1 4600 3⇥ 10�5 0.59 9.1 ( 2.5⇥ 10�7)
Do2011+ 27.1 7.8 4000 7⇥ 10�9 0.59 7.5 ( 2.1⇥ 10�7)

the spectral energy distribution (SED) shown in Fig. 1. The effect of photon-photon pair-
production leads to a noticeable suppression of the apparent brightness at energies exceeding
⇠ 100 GeV. The observable flux at E� = 18 TeV is substantially attenuated (in the deep
exponential suppression). For the models for the EBL with smaller optical depth [10, 11], the
extrapolated and attenuated flux at 18 TeV reaches ⇡ 100 times the flux of the Crab Nebula.
For the model of Ref. [9], the flux at the same energy would be less than 10�4 of the Crab
Nebula flux.

2.2 Expected photon and background counts

In the following, we estimate the number of photons (N�) expected to be detected with
LHAASO KM2A within 2000 s after the trigger time. Instead of extrapolating the Fermi -
LAT flux, we assume that similar to previous GRBs with VHE afterglows, the VHE flux in
the afterglow phase is proportional to the soft X-ray flux. This way, we are only left with
two unknown parameters, the time of the onset of the afterglow emission (in the following:
t1) and the relative normalisation between the X-ray and VHE band (⇣).

Since the afterglows of GRB221009A and GRB190114C share similarities (e.g. the af-
terglow emission starts a few minutes after the trigger and the observed X-ray light curve
follows a power law), we use the time-dependent VHE afterglow spectrum measured with the
MAGIC Cherenkov telescopes as a template for GRB221009A [15, 16]. We therefore consider
the following assumptions based on observations to estimate the flux and spectral shape for
the VHE afterglow of GRB221009A:

1. The VHE-afterglow emission starts at a time t0 + t1 after the trigger time t0 with
t1 ⇡ 10 s . . . 200 s.

2. The ratio ⇣ = 0.1 . . . 5 of the VHE energy flux and the soft X-ray energy flux measured
remains constant during the afterglow phase.

– 3 –

Baktash et al. 2022 arXiv:2210.07172
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– 3 –

Baktash et al. 2022 arXiv:2210.07172
Are these EBL models ruled out?
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where n(c) is the differential photon number density 
of photons of energy E = hv, 

and a(s) is the total cross section for photon-pho- 
ton pair production [51] for a center of momentum 
frame energy squared given by 

s=2LE(l -cosf?) (25) 
where 0 is the angle between the directions of the 
energetic photon and the background photon, and 
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Fig. 5. Contributions of normal galaxies (dotted curves), radio 
galaxies (long dashed curve), and the cosmic microwave back- 
ground (short dashed curve) to the extragalactic radio background 
intensity (thick solid curves) for (a) no evolution and (b) with pure 
luminosity evolution as described in the text (upper curves), and 
with pure luminosity evolution only for radio galaxies (lower 
curves). Dotted band give an observational estimate of the total 
extragalactic radio background intensity [6] and the dot-dash curve 
gives an earlier theoretical estimate [71. 

-44 
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Fig. 6. ‘Ihe mean interaction length for pair production for r-rays 
in the radio background calculated in the present work (solid 
curves labelled R: upper curve - no evolution of normal galaxies; 
lower curve - pure luminosity evolution of normal galaxies) and 
in the radio background of Clark 161 (dotted line). Also shown are 
the mean interaction length for pair production in the microwave 
background (2.7 K), the infrared and optical background (IR), and 
muon pair production ( p+p- ) and double pair production (4e) in 
the microwave background [8]. 

(2m,c2)2 
Gin = 4E ’ (27) 

s,,,( E, E) = 4&E. (28) 
The interaction length for photon-photon pair 

production in the radio background is plotted in Fig. 
6 along with those for competing processes and other 
radiation fields [8]. We also show the mean interac- 
tion length for the radio spectrum based on direct 
observations together with attempts at subtraction of 
the effects of galactic absorption and background [6]. 

4. Conclusion 

Motivated by a new interest in electromagnetic 
cascades through the universe at extremely high 
energies, we have made a new calculation of the 
extragalactic radio background radiation down to 
kHz frequencies. The main contribution to the back- 
ground is from normal galaxies and is uncertain due 
to uncertainties in their evolution. The 60 micron 
source counts from IRAS above 0.3 Jy appear con- 
sistent with no evolution provided there is a new 
source population (possibly AGN) contributing be- 

Protheroe & Biermann (1996)

z=0.15
dL=700 Mpc
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• 40% energy uncertainty for 18 TeV
photons with LHAASO (Baktash et al. 
2022)

• 18 TeV photon could be mis-
identified cosmic ray (Baktash et al. 
2022)

• Excess absorption is still a problem 
for 251 TeV photon

• LHAASO and Carpet 2 photons’ 
positions on sky are consistent with 
direction of known HAWC source 
seen up to 140 TeV (Atel 15675)!
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pair

EBL 
photon

g-ray sourceNew physics possibilities!

1. VHE photons convert to axion like particles (ALPs) 
in B field to avoid γ-ray absorption (Baktash et al. 
2022; Carenza & Marsh 2022; Galanti et al. 2022; 
Nakagawa et al. 2022; Troitsky 2022; Zhang & Ma 
2022).

2. Lorentz invariance violation could modify γ + γ à
e+ + e- cross section (Dzhappuev et al. 2022; 
Baktash et al. 2022; Li & Ma 2022).

g rays

axion like 
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Violation of Lorentz invariance!

Predicted by some beyond Standard Model theories (e.g., 
Supersymmetry, String Theory)

Natural for EQG ~ EPlanck = 1.2 x 1028 eV

Two relevant, potentially observable effects:

1. variation of speed of light as a function of photon energy
2. modification of γγ -> e+e- cross section
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s after the burst, with a 0.1 – 1.0 GeV flux of ΦLAT,tot =
(6.2± 0.4) × 10−3 ph cm−2 s−1 and a spectral index of
Γ = 1.87 ± 0.04 (Pillera et al. 2022). The spectrum is
described by a power-law, given by
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where we take E0 = 1.0 GeV. The normalization con-
stant N0 can be determined from the integral
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, (3)

where E1 = 0.1 GeV and E2 = 1.0 GeV. The 0.1 – 1
GeV LAT spectrum for GRB 221009A can be seen in
the spectral energy distribution (SED) in Figure 1.

2.2. LHAASO

LHAASO reported the detection of a VHE source
within T0+2000 s of GRB 221009A, and consistent with
its location. It was detected by both LHAASO’s WCDA
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Fig. 1.— The SED for GRB 221009A with the Fermi-LAT spec-
trum and the LHAASO, and Carpet 2 95% lower limits. The
dashed curve indicates the extrapolation of the LAT spectrum to
higher energies without γγ absorption, and with γγ absorption as-
suming EQG/EPlanck = 49, as indicated. The absorption assuming
no LIV is identical to this curve at E < 3× 105 GeV, but does not
have the E > 105 GeV part shown on the plot.

and KM2A instruments, where the highest energy pho-
ton observed by KM2A was E = 18 TeV (Huang et al.
2022). The effective area of LHAASO-KM2A at 18 TeV
is Aeff ≈ 0.5 km2 (Cao et al. 2019). Since more photons
at these energies may have been detected, we take the im-
plied flux as a lower limit. The Poisson 95% lower limit
for 1 count is 5.13× 10−2 (Gehrels 1986). The observed
flux can then be estimated as
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∣

obs

(18 TeV) !
5.13× 10−2

AefftE

! 2.9× 10−19 ph cm−2 s−1 GeV−1 .
(4)

Extrapolating the LAT spectrum out to 18 TeV, we
find a flux of 9.3 × 10−12 ph cm−2 s−1 GeV−1, much
higher than the estimated LHAASO-KM2A flux. The
LHAASO lower limit flux estimate and the LAT extrap-
olation are plotted in Figure 1.

2.3. Carpet 2

Carpet 2 reported the detection of a 251 TeV pho-
ton 4536 s after the GBM trigger, and 1336 s after the
Swift-BAT trigger for GRB 221009A, from a direction
consistent with that burst (Dzhappuev et al. 2022). The
effective area of Carpet 2 depends on source position
in the sky; at this energy, the average effective area
Aeff = 25 m2 (Dzhappuev et al. 2020). Using t = 4536 s
and the same procedure as above for LHAASO, for the
Carpet 2 detection,
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(251 TeV) ! 1.8× 10−16 ph cm−2 s−1 GeV−1 .

(5)

The LAT spectrum, (Section 2.1), extrapolated to 251
TeV, is 6.7× 10−14 ph cm−2 s−1 GeV−1. The Carpet 2
lower limit flux estimate is also plotted in Figure 1.

3. GAMMA-RAY ABSORPTION AND LORENTZ
INVARIANCE VIOLATION

Lorentz Invariance Violation 3

3.1. Model Calculations

The γγ absorption optical depth for γ-rays from a
source at redshift z with observed dimensionless energy
ϵ1 = E1/(mec2) with background radiation photons of
proper frame energy density up(ϵp; z) is given by

τγγ(ϵ1, z) =
cπr2e

ϵ21mec2
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(6)

where re ≈ 2.82×1013 cm is the classical electron radius,
me is the electron mass, φ̄(s0) is a function given by
Gould & Schréder (1967); Brown et al. (1973),

dt

dz
=

−1

H0(1 + z)
√

Ωm(1 + z)3 + ΩΛ

, (7)

and we use a flat ΛCDM cosmology where (h,Ωm,ΩΛ) =
(0.7, 0.3, 0.7), with H0 = 100h km s−1 Mpc−1. Here
for up(ϵ′; z) we use the EBL model from Finke et al.
(2022) and the cosmic microwave background (CMB),
when appropriate. Following Jacob & Piran (2008);
Biteau & Williams (2015), to include the effects of LIV
on γγ opacity, we allow

ϵ1 →
ϵ1

1 + 1
4

(

ϵ1mec2

EQG

)n

ϵ21

(8)

in Equation (6).

3.2. Results for GRB 221009A

A common method for constraining EBL absorp-
tion is to take the observed spectrum in a region
where the EBL is unabsorbed, extrapolate that to
a region where it is absorbed, and take that as
the highest possible intrinsic flux dN/dE|int (e.g.,
Chen et al. 2004; Schroedter 2005; Mazin & Raue
2007; Finke & Razzaque 2009; Georganopoulos et al.
2010; Meyer et al. 2012; Domı́nguez et al. 2013;
Abdollahi et al. 2018; Desai et al. 2019). We note
that in the 0.1 – 1.0 GeV energy range, the EBL should
be completely transparent to γ rays in all EBL models.
At higher energies, the intrinsic flux is attenuated as
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exp[−τγγ(E)] , (9)

If one has an upper limit on dN/dE|int, as described
above, then it is possible to constrain the opacity as

τγγ(E) < ln

(

dN/dE|int
dN/dE|obs

)

. (10)

Using this technique with the LAT spectrum extrapo-
lated to 18 TeV and the LHAASO observation (Section
2.2), we get the constraint

τγγ(18 TeV) ! 17 (11)

We note that here, and all limits in this paper, are
95% constraints. For photons at 18 TeV from redshift
z = 0.15, this constraint is consistent with many, but

not all, recent EBL models (Baktash et al. 2022) with-
out the need for including LIV. The infrared EBL rele-
vant here is somewhat uncertain, as reflected in different
models. Our constraint on τγγ here is a bit higher than
that of Baktash et al. (2022), mainly because we esti-
mate the more conservative 95% lower limit on flux at
18 TeV. Following the same procedure for the Carpet 2
measurement, we get

τγγ(251 TeV) ! 5.9 . (12)

For the 251 TeV photon from redshift z = 0.15, the
relevant photon field for γγ interactions is the CMB
(e.g., Fazio & Stecker 1970; Protheroe & Biermann 1996;
Dermer & Menon 2009). Unlike the infrared EBL, the
CMB is known to very high degree precision. We show
the model calculation of τγγ (from Equation [6]) as a
function of EQG/EPlanck in Figure 2 for the Carpet 2
case. From this figure we can see that the 251 TeV pho-
ton from Carpet 2 gives the constraint

EQG/EPlanck ! 49 (n = 1)

EQG/EPlanck ! 1.0× 10−6 (n = 2) . (13)

4. DISCUSSION

We have made estimates, based on preliminary obser-
vations reported in Atels and GCNs, of γ-ray fluxes de-
tected by LHAASO and Carpet 2 from observations of
GRB 221009A. We compared these to the extrapolated
LAT spectrum (Pillera et al. 2022) and used these to
make estimated constraints on subluminal LIV, particu-
larly on EQG. We use LHAASO and Carpet 2 lower limit
flux estimates; if they are significantly larger, the con-
straints on EQG/EPlanck would be lower (and therefore
stronger). Of course, these results must be verified with
much more detailed analysis by the LHAASO and Car-
pet 2 collaborations. Our constraint on τγγ for LHAASO
is broadly consistent with the result of Baktash et al.
(2022), also derived from GRB 221009A.
If confirmed, this would be the first known upper

limit on EQG; however, there have been some previ-
ous lower limits. Lang et al. (2019) found 2σ lower lim-
its EQG/EPlanck > 10 (n = 1) and EQG/EPlanck >
1.9 × 10−7 (n = 2) using VHE γ-ray spectra of blazars
detected by imaging atmospheric Cherenkov telescopes.
Vasileiou et al. (2013) find EQG/EPlanck > 7.6 (n = 1)
and EQG/EPlanck > 10−9 (n = 2) from time-of-flight
measurements of photons from GRBs. Our results are
compatible with all previous EQG lower limits for sub-
luminal LIV. Our result could be the first observational
evidence for LIV.
However, it does come with a number of caveats. We

assume that the γ-ray spectrum of GRB 221009A is
well-behaved at VHEs, and that the spectrum does not
“curve up” above the LAT bandpass; although it is dif-
ficult to imagine a GRB being much brighter at these
energies. The results of Lang et al. (2019) make a sim-
ilar assumption about the spectra of blazars. There is
also the possibility that the VHE photons are not from
GRB 221009A at all, but from a nearby HAWC source
(Fraija et al. 2022). Another possibility is the anomalous
transparency could be explained by photon conversion to
ALPs, or another mechanism that has yet been proposed.
The Cherenkov Telescope Array (CTA) will be sensitive
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Lorentz invariance is a pillar of special relativity. It is the
principle that there are no preferred inertial reference frames,
and physical variables can be transferred from one frame to
another with Lorentz transformations. However, some theories
predict LIV, such as supersymmetry, string theory, and other
models of quantum gravity (e.g., Amelino-Camelia et al. 1998;
Amelino-Camelia & Piran 2001; Mattingly 2005; Christiansen
et al. 2006; Jacobson et al. 2006; Ellis et al. 2008; Jacob &
Piran 2008). Including LIV, the dispersion relation for photons
is modified as

⎜ ⎟⎛⎝ ⎞⎠ ( )- = oE p c E
E

E
, 1

n
2 2 2 2

QG

where EQG is an energy, usually thought to be close to the
Planck energy, EPlanck= 1.2× 1028 eV. Here n is the order of
the leading correction, and the “+” represents superluminal
LIV, and the “−” represents subluminal LIV (e.g., Martínez-
Huerta et al. 2020). LIV effects are difficult to measure due to
the extremely high energies involved; however, nature can
produce photons and particles at energies unavailable to
terrestrial accelerators, and they propagate through extremely
large distances in the universe. Thus, there are several effects
from LIV that are relevant to astrophysics. One is that the speed
of photons becomes energy dependent. Time-of-flight mea-
surements from high-energy astrophysical sources have con-
strained EGQ (e.g., Abdo et al. 2009; Vasileiou et al. 2013; Ellis
et al. 2019). Another relevant effect is the modification of the
threshold for the γγ pair production interaction (γ+
γ→ e++ e−). This modification can decrease the threshold,
increasing the absorption optical depth in the superluminal
case, and increasing the threshold and decreasing the absorp-
tion optical depth in the subluminal case. Here we are
concerned with the subluminal case, which allows the γ-ray
absorption optical depth τγγ at high energies to be lower than it
otherwise would be (e.g., Jacob & Piran 2008). It is the latter
effect that is relevant to the anomalous transparency of VHE
photons from GRB 221009A that we explore here.

In Section 2 we present the relevant preliminary observations
of GRB 221009A, based on Astronomer’s Telegrams (ATels)
and Gamma-ray Coordination Network (GCN) circulars. In
Section 3 we calculate the LIV effect on the γ-ray flux
attenuation and compare with VHE data. We discuss our results
and conclude in Section 4.

2. Observations

2.1. Fermi-LAT

The Fermi-LAT detected GRB 221009A at 200–800 s after
the burst, with a 0.1–1.0 GeV flux of ΦLAT,tot= (6.2±
0.4)× 10−3 ph cm−2 s−1 and a spectral index of Γ= 1.87±
0.04 (Pillera et al. 2022). The spectrum is described by a power
law, given by

⎜ ⎟⎛⎝ ⎞⎠ ( )=
-GdN

dE
N

E
E

, 2
LAT

0
0

where we take E0= 1.0 GeV. The normalization constant N0

can be determined from the integral

( )òF = dE
dN
dE

, 3
E

E

LAT,tot
LAT1

2

where E1= 0.1 GeV and E2= 1.0 GeV. The 0.1–1 GeV LAT
spectrum for GRB 221009A can be seen in the spectral energy
distribution (SED) in Figure 1. Since the brightness of this
GRB decays with time (Ren et al. 2022; Zhang et al. 2022;
Zheng et al. 2022), this spectrum can be considered an upper
limit for the GRB in this energy range at later times.

2.2. LHAASO

LHAASO reported the detection of a VHE source within
2000 s of T0 of GRB 221009A, and consistent with its location.
It was detected by both LHAASO’s WCDA and KM2A
instruments, where the highest-energy photon observed by
KM2A was E= 18 TeV (Huang et al. 2022). The effective area
of LHAASO-KM2A at 18 TeV is Aeff≈ 0.5 km2 (Cao et al.
2019). Since more photons at these energies may have been
detected, we take the implied flux as a lower limit. The Poisson
95% lower limit for 1 count is 5.13× 10−2 (Gehrels 1986). The
observed flux can then be estimated as

( )
( )´

´

- - - -

-
18 TeV

2.9 10 ph cm s GeV . 4

dN
dE A tEobs

5.13 10

19 2 1 1

2

eff
2
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Extrapolating the LAT spectrum out to 18 TeV, we find a
flux of 9.3× 10−12 ph cm−2 s−1 GeV−1, much higher than the
estimated LHAASO-KM2A flux. The LHAASO lower-limit
flux estimate and the LAT extrapolation are plotted in Figure 1.
The LAT observation (200–800 s after T0) is not completely
overlapping with the LHAASO one (0–2000 s after T0). This is
a caveat that should be kept in mind.

Figure 1. The SED for GRB 221009A with the Fermi-LAT spectrum and the
LHAASO, and Carpet 2 95% lower limits. The dashed curve indicates the
extrapolation of the LAT spectrum to higher energies without γγ absorption,
and with γγ absorption assuming EQG/EPlanck = 49, as indicated. The
absorption assuming no LIV is identical to this curve at E < 3 × 105 GeV,
but does not have the E > 105 GeV part shown on the plot. We have also
plotted the spectrum for the nearby HAWC source HWC3 J1928+178 and its
extrapolation to higher energies.
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measurement, we get

( ) ( )tgg 251 TeV 5.9. 121
For the 251 TeV photon from redshift z= 0.1505, the

relevant photon field for γγ interactions is the CMB (e.g., Fazio
& Stecker 1970; Protheroe & Biermann 1996; Dermer &
Menon 2009). Unlike the infrared EBL, the CMB is known to
very high precision. We show the model calculation of τγγ
(from Equation (6)) as a function of EQG/EPlanck in Figure 2 for
the Carpet 2 case. From this figure we can see that the 251 TeV
photon from Carpet 2 gives the constraint
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4. Discussion

We have made estimates, based on preliminary observations
reported in ATels and GCNs, of γ-ray fluxes detected by
LHAASO and Carpet 2 from observations of GRB 221009A.
We compared these to the extrapolated LAT spectrum (Pillera
et al. 2022) and used these to make estimated constraints on
subluminal LIV, particularly on EQG. We use LHAASO and
Carpet 2 lower limit flux estimates; if they are significantly
larger, the constraints on EQG/EPlanck would be lower (and
therefore stronger). Our results do not depend on the detailed
spectrum and analysis of the LHAASO and Carpet 2 results,
and our assumptions are quite conservative, taking robust 95%
lower limits for the implied flux from the reported photons.
Detailed analysis by the LHAASO and Carpet 2 collaborations
will likely strengthen these results, as long as they are not
retracted. Our constraints are broadly consistent with other
authors work on constraining τγγ and LIV from this burst (e.g.,
Baktash et al. 2022; Galanti et al. 2022b; Zhao et al. 2022;
Zheng et al. 2022).

If confirmed, this would be the first known upper limit on
EQG; however, there have been some previous lower limits.
Lang et al. (2019) found 2σ lower limits EQG/EPlanck> 10
(n= 1) and EQG/EPlanck> 1.9× 10−7 (n= 2) using VHE γ-ray
spectra of blazars detected by imaging atmospheric Cherenkov
telescopes. Vasileiou et al. (2013) find EQG/EPlanck> 7.6
(n= 1) and EQG/EPlanck> 10−9 (n= 2) from time-of-flight

measurements of photons from GRBs. Our results are
compatible with all previous EQG lower limits for subluminal
LIV. Our result could be the first observational evidence
for LIV.
However, it does come with a number of caveats. We

assume that the γ-ray spectrum of GRB 221009A is well
behaved at VHEs, and that the spectrum does not “curve up”
above the LAT bandpass; although it is difficult to imagine a
GRB being much brighter at these energies. The results of Lang
et al. (2019) make a similar assumption about the spectra of
blazars. Another possibility is the anomalous transparency
could be explained by photon conversion to ALPs, or another
mechanism that has yet been proposed. The Cherenkov
Telescope Array will be sensitive at 10 TeV and may be
able to marginally detect LIV effects in blazar spectra within
current LIV constraints, i.e., 10 EQG 50 for n= 1,
especially if the true value is on the lower end of this range
(Abdalla et al. 2021). It may also be able to confirm or rule out
our result with detections of future GRBs, if VHE emission out
to 100 s of TeV from these sources turns from out to be at all
common.
We are grateful to the referees for helpful comments that
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relevant photon field for γγ interactions is the CMB (e.g., Fazio
& Stecker 1970; Protheroe & Biermann 1996; Dermer &
Menon 2009). Unlike the infrared EBL, the CMB is known to
very high precision. We show the model calculation of τγγ
(from Equation (6)) as a function of EQG/EPlanck in Figure 2 for
the Carpet 2 case. From this figure we can see that the 251 TeV
photon from Carpet 2 gives the constraint
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4. Discussion

We have made estimates, based on preliminary observations
reported in ATels and GCNs, of γ-ray fluxes detected by
LHAASO and Carpet 2 from observations of GRB 221009A.
We compared these to the extrapolated LAT spectrum (Pillera
et al. 2022) and used these to make estimated constraints on
subluminal LIV, particularly on EQG. We use LHAASO and
Carpet 2 lower limit flux estimates; if they are significantly
larger, the constraints on EQG/EPlanck would be lower (and
therefore stronger). Our results do not depend on the detailed
spectrum and analysis of the LHAASO and Carpet 2 results,
and our assumptions are quite conservative, taking robust 95%
lower limits for the implied flux from the reported photons.
Detailed analysis by the LHAASO and Carpet 2 collaborations
will likely strengthen these results, as long as they are not
retracted. Our constraints are broadly consistent with other
authors work on constraining τγγ and LIV from this burst (e.g.,
Baktash et al. 2022; Galanti et al. 2022b; Zhao et al. 2022;
Zheng et al. 2022).

If confirmed, this would be the first known upper limit on
EQG; however, there have been some previous lower limits.
Lang et al. (2019) found 2σ lower limits EQG/EPlanck> 10
(n= 1) and EQG/EPlanck> 1.9× 10−7 (n= 2) using VHE γ-ray
spectra of blazars detected by imaging atmospheric Cherenkov
telescopes. Vasileiou et al. (2013) find EQG/EPlanck> 7.6
(n= 1) and EQG/EPlanck> 10−9 (n= 2) from time-of-flight

measurements of photons from GRBs. Our results are
compatible with all previous EQG lower limits for subluminal
LIV. Our result could be the first observational evidence
for LIV.
However, it does come with a number of caveats. We

assume that the γ-ray spectrum of GRB 221009A is well
behaved at VHEs, and that the spectrum does not “curve up”
above the LAT bandpass; although it is difficult to imagine a
GRB being much brighter at these energies. The results of Lang
et al. (2019) make a similar assumption about the spectra of
blazars. Another possibility is the anomalous transparency
could be explained by photon conversion to ALPs, or another
mechanism that has yet been proposed. The Cherenkov
Telescope Array will be sensitive at 10 TeV and may be
able to marginally detect LIV effects in blazar spectra within
current LIV constraints, i.e., 10 EQG 50 for n= 1,
especially if the true value is on the lower end of this range
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to 100 s of TeV from these sources turns from out to be at all
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Menon 2009). Unlike the infrared EBL, the CMB is known to
very high precision. We show the model calculation of τγγ
(from Equation (6)) as a function of EQG/EPlanck in Figure 2 for
the Carpet 2 case. From this figure we can see that the 251 TeV
photon from Carpet 2 gives the constraint
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4. Discussion

We have made estimates, based on preliminary observations
reported in ATels and GCNs, of γ-ray fluxes detected by
LHAASO and Carpet 2 from observations of GRB 221009A.
We compared these to the extrapolated LAT spectrum (Pillera
et al. 2022) and used these to make estimated constraints on
subluminal LIV, particularly on EQG. We use LHAASO and
Carpet 2 lower limit flux estimates; if they are significantly
larger, the constraints on EQG/EPlanck would be lower (and
therefore stronger). Our results do not depend on the detailed
spectrum and analysis of the LHAASO and Carpet 2 results,
and our assumptions are quite conservative, taking robust 95%
lower limits for the implied flux from the reported photons.
Detailed analysis by the LHAASO and Carpet 2 collaborations
will likely strengthen these results, as long as they are not
retracted. Our constraints are broadly consistent with other
authors work on constraining τγγ and LIV from this burst (e.g.,
Baktash et al. 2022; Galanti et al. 2022b; Zhao et al. 2022;
Zheng et al. 2022).

If confirmed, this would be the first known upper limit on
EQG; however, there have been some previous lower limits.
Lang et al. (2019) found 2σ lower limits EQG/EPlanck> 10
(n= 1) and EQG/EPlanck> 1.9× 10−7 (n= 2) using VHE γ-ray
spectra of blazars detected by imaging atmospheric Cherenkov
telescopes. Vasileiou et al. (2013) find EQG/EPlanck> 7.6
(n= 1) and EQG/EPlanck> 10−9 (n= 2) from time-of-flight

measurements of photons from GRBs. Our results are
compatible with all previous EQG lower limits for subluminal
LIV. Our result could be the first observational evidence
for LIV.
However, it does come with a number of caveats. We

assume that the γ-ray spectrum of GRB 221009A is well
behaved at VHEs, and that the spectrum does not “curve up”
above the LAT bandpass; although it is difficult to imagine a
GRB being much brighter at these energies. The results of Lang
et al. (2019) make a similar assumption about the spectra of
blazars. Another possibility is the anomalous transparency
could be explained by photon conversion to ALPs, or another
mechanism that has yet been proposed. The Cherenkov
Telescope Array will be sensitive at 10 TeV and may be
able to marginally detect LIV effects in blazar spectra within
current LIV constraints, i.e., 10 EQG 50 for n= 1,
especially if the true value is on the lower end of this range
(Abdalla et al. 2021). It may also be able to confirm or rule out
our result with detections of future GRBs, if VHE emission out
to 100 s of TeV from these sources turns from out to be at all
common.
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� An 18 TeV photon from GRB 221009A is consistent with some EBL models without 
resorting to post-Standard Model physics (ALPs, LIV) or from a nearby HAWC source.

� 251 TeV photon from GRB 221009A is consistent with EQG > 49 EPlanck and is very unlikely 
to be from a nearby HAWC source or flaring Galactic source.  Could be the first evidence 
for LIV!

� Consistent with all previous LIV constraints (n=1):
q 10<EQG/EPlanck (VHE spectra; Lang et al. 2019)
q 7.6<EQG/EPlanck (GRB time of flight; Vasileiou et al. 2013)

• But lots of caveats:
• Could be evidence for ALPs instead
• Could be mis-identified cosmic ray?
• More detailed analysis by LHAASO and Carpet 2 collaborations needed.
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Lorentz invariance is a pillar of special relativity. It is the
principle that there are no preferred inertial reference frames,
and physical variables can be transferred from one frame to
another with Lorentz transformations. However, some theories
predict LIV, such as supersymmetry, string theory, and other
models of quantum gravity (e.g., Amelino-Camelia et al. 1998;
Amelino-Camelia & Piran 2001; Mattingly 2005; Christiansen
et al. 2006; Jacobson et al. 2006; Ellis et al. 2008; Jacob &
Piran 2008). Including LIV, the dispersion relation for photons
is modified as

⎜ ⎟⎛⎝ ⎞⎠ ( )- = oE p c E
E

E
, 1

n
2 2 2 2

QG

where EQG is an energy, usually thought to be close to the
Planck energy, EPlanck= 1.2× 1028 eV. Here n is the order of
the leading correction, and the “+” represents superluminal
LIV, and the “−” represents subluminal LIV (e.g., Martínez-
Huerta et al. 2020). LIV effects are difficult to measure due to
the extremely high energies involved; however, nature can
produce photons and particles at energies unavailable to
terrestrial accelerators, and they propagate through extremely
large distances in the universe. Thus, there are several effects
from LIV that are relevant to astrophysics. One is that the speed
of photons becomes energy dependent. Time-of-flight mea-
surements from high-energy astrophysical sources have con-
strained EGQ (e.g., Abdo et al. 2009; Vasileiou et al. 2013; Ellis
et al. 2019). Another relevant effect is the modification of the
threshold for the γγ pair production interaction (γ+
γ→ e++ e−). This modification can decrease the threshold,
increasing the absorption optical depth in the superluminal
case, and increasing the threshold and decreasing the absorp-
tion optical depth in the subluminal case. Here we are
concerned with the subluminal case, which allows the γ-ray
absorption optical depth τγγ at high energies to be lower than it
otherwise would be (e.g., Jacob & Piran 2008). It is the latter
effect that is relevant to the anomalous transparency of VHE
photons from GRB 221009A that we explore here.

In Section 2 we present the relevant preliminary observations
of GRB 221009A, based on Astronomer’s Telegrams (ATels)
and Gamma-ray Coordination Network (GCN) circulars. In
Section 3 we calculate the LIV effect on the γ-ray flux
attenuation and compare with VHE data. We discuss our results
and conclude in Section 4.

2. Observations

2.1. Fermi-LAT

The Fermi-LAT detected GRB 221009A at 200–800 s after
the burst, with a 0.1–1.0 GeV flux of ΦLAT,tot= (6.2±
0.4)× 10−3 ph cm−2 s−1 and a spectral index of Γ= 1.87±
0.04 (Pillera et al. 2022). The spectrum is described by a power
law, given by

⎜ ⎟⎛⎝ ⎞⎠ ( )=
-GdN

dE
N

E
E

, 2
LAT

0
0

where we take E0= 1.0 GeV. The normalization constant N0

can be determined from the integral

( )òF = dE
dN
dE

, 3
E

E

LAT,tot
LAT1

2

where E1= 0.1 GeV and E2= 1.0 GeV. The 0.1–1 GeV LAT
spectrum for GRB 221009A can be seen in the spectral energy
distribution (SED) in Figure 1. Since the brightness of this
GRB decays with time (Ren et al. 2022; Zhang et al. 2022;
Zheng et al. 2022), this spectrum can be considered an upper
limit for the GRB in this energy range at later times.

2.2. LHAASO

LHAASO reported the detection of a VHE source within
2000 s of T0 of GRB 221009A, and consistent with its location.
It was detected by both LHAASO’s WCDA and KM2A
instruments, where the highest-energy photon observed by
KM2A was E= 18 TeV (Huang et al. 2022). The effective area
of LHAASO-KM2A at 18 TeV is Aeff≈ 0.5 km2 (Cao et al.
2019). Since more photons at these energies may have been
detected, we take the implied flux as a lower limit. The Poisson
95% lower limit for 1 count is 5.13× 10−2 (Gehrels 1986). The
observed flux can then be estimated as

( )
( )´

´

- - - -

-
18 TeV

2.9 10 ph cm s GeV . 4

dN
dE A tEobs

5.13 10

19 2 1 1

2

eff
2

2

Extrapolating the LAT spectrum out to 18 TeV, we find a
flux of 9.3× 10−12 ph cm−2 s−1 GeV−1, much higher than the
estimated LHAASO-KM2A flux. The LHAASO lower-limit
flux estimate and the LAT extrapolation are plotted in Figure 1.
The LAT observation (200–800 s after T0) is not completely
overlapping with the LHAASO one (0–2000 s after T0). This is
a caveat that should be kept in mind.

Figure 1. The SED for GRB 221009A with the Fermi-LAT spectrum and the
LHAASO, and Carpet 2 95% lower limits. The dashed curve indicates the
extrapolation of the LAT spectrum to higher energies without γγ absorption,
and with γγ absorption assuming EQG/EPlanck = 49, as indicated. The
absorption assuming no LIV is identical to this curve at E < 3 × 105 GeV,
but does not have the E > 105 GeV part shown on the plot. We have also
plotted the spectrum for the nearby HAWC source HWC3 J1928+178 and its
extrapolation to higher energies.
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