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ABSTRACT

The detection of the hyper-bright gamma-ray burst (GRB) 221009A enables us to explore the nature

of the GRB emission and the origin of very-high-energy (VHE) gamma-rays. We analyze the Fermi-

LAT data of this burst and investigate the GeV-TeV emission in the framework of the external

reverse shock model. We show that the early ∼ 1− 10 GeV emission can be explained by the external

inverse-Compton mechanism via upscattering MeV gamma-rays by electrons accelerated at the reverse

shock, in addition to the synchrotron self-Compton component. The predicted early optical flux could

have been brighter than that of the naked-eye GRB 080319B. We also show that proton synchrotron

emission from accelerated ultra-high-energy cosmic rays (UHECRs) is detectable, and could potentially

explain ∼> TeV photons detected by LHAASO or constrain the UHECR acceleration mechanism. Our

model suggests that the detection of O(10 TeV) photons with energies up to ∼ 18 TeV is possible for

reasonable models of the extragalactic background light without invoking new physics, and predicts

anti-correlations between MeV photons and TeV photons, which can be tested with the LHAASO

data.

1. INTRODUCTION

Gamma-ray bursts (GRBs) are among the most lu-

minous explosions in the Universe (Mészáros 2006;

Kumar & Zhang 2014). In 2019, the detection of

two TeV bursts, GRB 190114C (MAGIC Collabora-

tion 2019; MAGIC Collaboration et al. 2019) and GRB

180720B (Abdalla et al. 2019), has opened a new win-

dow in the VHE (∼> 0.1 TeV) band for studying GRBs,

providing us with new opportunities to investigate the

nature of GRBs (see Miceli & Nava 2022; Gill & Granot

2022, for reviews).

On October 9 2022, GRB 221009A was triggered by

the Fermi Gamma-Ray Burst Monitor (GBM) at T0 =

13:16:59.99 UT (Veres et al. 2022). The Swift Burst

Alert Telescope (BAT) also triggered GRB 221009A

around one hour later (Dichiara et al. 2022). GRB

221009A is an extraordinarily bright and energetic GRB

with isotropic-equivalent energy Ek ∼ 3 × 1055 erg for

a radiative efficiency of 10% (Frederiks et al. 2022) at

a redshift z = 0.15 (de Ugarte Postigo et al. 2022).

The Fermi -LAT reported the detection of > 100 MeV

gamma-rays with the maximum photon energy reach-

ing 99.3 GeV (Pillera et al. 2022). Remarkably, it was

reported by the Large High Altitude Air Shower Ob-

servatory (LHAASO) that there are more than 5000

gamma-rays with energy beyond 500 GeV from GRB

221009A detected, and the highest-energy gamma-ray

energy reaches 18 TeV (Huang et al. 2022).

The production of VHE gamma-rays from GRB up to

∼ TeV has been widely discussed in the standard af-

terglow model via synchrotron self-Compton (SSC) pro-

cess (e.g., Mészáros & Rees 1994; Dermer et al. 2000;

Sari & Esin 2001; Zhang & Mészáros 2001; Ren et al.

2022) or external inverse-Compton (EIC) process (e.g.,

Wang et al. 2006; He et al. 2012; Toma et al. 2011;

Murase et al. 2011; Veres & Mészáros 2014; Kimura

et al. 2019; Zhang et al. 2021a,b). Proton synchrotron

emission has been proposed as one alternative mecha-

nism to generate VHE gamma-rays from GRBs (e.g.,

Totani 1998; Zhang & Mészáros 2001; Murase et al.
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2008; Asano et al. 2009; Isravel et al. 2022), which usu-

ally requires protons to be accelerated to the ultra-high-

energy (UHE) range. The proton synchrotron emission

has an advantage in the generation of ∼> 10 TeV gamma-

rays, which is usually difficult for SSC and EIC processes

due to the limitation of the Klein-Nishina effect. Moti-

vated by the detection of O(10 TeV) gamma-rays from

GRB 221009A by the LHAASO observatory, it is reason-

able to study the proton synchrotron radiation process

of GRB 221009A in detail.

It has been proposed that the acceleration of UHECRs

is possible in the internal shock model (e.g., Waxman

1995; Vietri 1996) or reverse shock model of GRBs (e.g.,

Waxman & Bahcall 2000; Murase 2007; Murase et al.

2008; Zhang et al. 2018), while the acceleration of UHE-

CRs in the forward shock region via the diffusive shock

acceleration mechanism is difficult due to the low mag-

netic field strength of the external medium (Gallant &

Achterberg 1999; Murase et al. 2008; Sironi et al. 2015).

GRB internal shocks may occur at much smaller radii,

where the escape of O(10 TeV) gamma-rays is difficult

unless the Lorentz factor is extremely large (e.g., Murase

et al. 2022). One of the possibilities is UHECR pro-

ton synchrotron emission process in the reverse shock

model. The observed prompt emission in the MeV

band indicates that GRB 221009A is a long-lasting GRB

with T90 of at least ∼ 600 seconds, implying a thick

ejecta shell case where the long-lasting reverse shock

can be expected. Also, during the early phase of the

reverse shock, the extraordinary bright prompt photons

can be upscattered by the high-energy electrons acceler-

ated in the reverse shock region to produce high-energy

gamma-rays which may be related to Fermi -LAT obser-

vations (e.g., Beloborodov 2005).

Throughout this work, we use Qx/Q = 10x in CGS

units.

2. GEV-TEV GAMMA-RAYS FROM A REVERSE

SHOCK MODEL

We analyze the Fermi -LAT data collected between

203 s and 1000 s after the Fermi GBM trigger time of

T0 = 13:16:59.99 UT (Veres et al. 2022; Pillera et al.

2022). Our region of interest (ROI) is a 10◦ by 10◦ region

centered around the location of the GRB as reported

by Pillera et al. 2022 (RA = 288.28◦, DEC = 19.49◦).

We select the events from the P8R3 TRANSIENT020 class

with energies between 0.1 GeV and 10 GeV. We con-

sider 3 time intervals after T0: 203 s - 294 s, 294 s

- 410 s, and 410 s - 1000 s. In each time inter-

val, we perform unbinned likelihood analysis by vary-

ing a point source placed at the center of the ROI.

We also include the Galactic interstellar emission model

gll iem v07.fits and the isotropic diffuse emission

model iso P8R3 TRANSIENT020 V3 v1.txt, and their
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Figure 1. The flux light curve observed by the Fermi-LAT
between T0 + 203 s and T0 + 1000 s. The first time interval
overlaps with the LAT Bad Time Interval due to photon pile-
up, and therefore is only included for the reference purpose.
The black-dashed lines indicate the three peak time of the
prompt emission observed by the Konus-Wind.

normalizations are allowed to vary freely. The first time

interval overlaps with the LAT Band Time Interval due

to photon pile-up (Omodei et al. 2022a,b). We only in-

clude it for reference purposes. The LAT photons were

detected in the time interval T0 + 294s to T0 + 410 s,

and the integrated photon flux between 0.1 GeV and

10 GeV is (4.0 ± 0.4) × 10−3 ph cm−2 s−1 with a pho-

ton index of 1.76 ± 0.09. We do not find photons from

the direction of the GRB during the time interval T0 +

410 s to T0 + 1000 s. The 95% upper limit of the flux is

3.5 × 10−3 ph cm−2 s−1. The flux light curve is shown

in Fig. 1.

In Fig. 1, we also show the peak time of the observed

pulse of GRB prompt emission detected by Konus-Wind

at 13:17:01.648 UT (Frederiks et al. 2022). We can see

there was active prompt emission during the Fermi -LAT

observations within the time interval T − T0 ∼ 200 −
400 s, while the prompt emission becomes weaker at

later time up to ∼ 1000 s. Considering the long-lasting

prompt emission of GRB 221009A, it is reasonable to

assume that the GRB ejecta is thick with duration time

T = 1000 s (e.g., Ioka et al. 2005).

We consider two episodes, where the first episode

(Episode I) is strongly affected by the active prompt

emission phase, while the second episode (Episode II)

is much less affected by the prompt emission until the

reverse shock finishes crossing the ejecta. However, the

detailed modeling of the dynamical evolution of the re-

verse shock can be complicated (Sari & Piran 1995; Sari

1997). For the purpose of this work, we analytically
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derive the characteristic radius and time of the reverse

shock at the shock crossing time t× (Panaitescu & Ku-

mar 2004; Murase 2007), where the reverse shock fin-

ishes crossing the ejecta.

When the ultrarelativistic thick ejecta propagate into

the external medium, two types of shocks are formed:

a reverse shock (RS), which propagates back into the

ejecta shell increasing the internal energy, and a for-

ward shock (FS), which propagates into the external

medium and energizes the swept-up matter. The typi-

cal crossing time t× for the RS to complete its crossing

through the ejecta depends on the width of the ultrarel-

ativistic ejecta shell ∆ that represents the geometrical

thickness measured in the stellar frame. In the thick

ejecta shell regime, the ejecta width can be estimated

as ∆ ≈ cT ' 3.0× 1013 T3 cm, where T is the duration

of the GRB ejecta released by their source measured in

the GRB frame. Then the crossing radius of the reverse

shock is r× ' 4.3 × 1017 E1/4
k,55n

−1/4T
1/4
3 cm where Ek

is the isotropic-equivalent kinetic energy and n is the

constant density of the external medium. The cross-

ing time is t× ≈ 0.71 T (1 + z) ' 710 T3 s, and here-

after the dependence on z is neglected for simplicity.

The Lorentz factor of the shocked ejecta at the cross-

ing radii r× can be written as Γ× ' 70 E1/8
k,55n

−1/8T
−3/8
3

and Γrel ≈ 0.5(Γ×/Γ0 + Γ0/Γ×) ' 7.2Γ0,3 when mea-

sured in the stellar frame and in the frame of unshocked

ejecta, respectively. Here Γ0 is the initial Lorentz fac-

tor of GRB ejecta. The reverse shock is relativistic be-

fore it crosses the shell. The contribution to the shell

width due to the velocity spread can be estimated as

r×/2Γ2
0 ' 2.2 × 1011E1/4

k,55n
−1/4T

1/4
3 Γ−2

0,3 cm < ∆ as ex-

pected in the thick ejecta shell regime (Sari & Piran

1995).

For the earlier evolution phase of the reverse shock,

especially for Episode I, we assume that only a fraction

of the total ejecta energy Ek,I ≈ (δT/T )Ek carried by

the outer edge of the ejecta shell is transferred to the

external medium during δT < t×. Thus, we can use the

same method to estimate the characteristic radius and

Lorentz factor of the shocked ejecta after the reverse

shock crosses.

Now we proceed to derive the emission proper-

ties of the shocked ejecta at the shock crossing ra-

dius for both episodes. For Episode II, the magnetic

field strength in the the comoving frame is estimated

as B× = [32πεBnejmpc
2(Γrel − 1)(Γrel + 3/4)]1/2 '

8.4 G ε
1/2
B,−1E

1/4
k,55Γ−1

0,3T
−3/4
3 n1/4(g(Γrel)/50)1/2, where εB

is the energy fraction of internal energy that is con-

verted into the magnetic energy, the proton num-

ber density of the unshocked ejecta is nej ' 1.0 ×
102 E1/2

k,55Γ−2
0,3T

−3/2
3 n1/2 cm−3 and g(Γrel) ≡ (Γrel −

1)(Γrel + 3/4). The total number of electrons en-

ergiezed by the reverse shock is Nr
e = Ek/Γ0mpc

2 '
6.9 × 1054 Ek,55Γ−1

0,3. The minimum electron Lorentz

factor after shock acceleration can be estimated as

γm ≈ (εe/fe)[(se − 2)/(se − 1)](mp/me)(Γrel − 1) '
3.8 × 103εe,−1f

−1
e,−1 for se = 2.6 and Γrel = 7.2, where

the energy fraction εe of the post-shock internal energy

is converted into electron non-thermal energy, fe is the

number fraction of accelerated electrons and se is the

electron spectral index. We then derive the steady-state

electron energy distribution considering various cooling

processes, including adiabatic cooling, synchrotron cool-

ing, SSC cooling and EIC cooling, using the iteration

method described in Murase et al. (2011); Zhang et al.

(2021a). The comoving frame non-thermal proton en-

ergy density is determined by Up ≈ εpEk/(4πr2
×Γ2

×∆),

where εp is the fraction of downstream energy trans-

ferred to the non-thermal protons. The comoving frame

minimum proton energy is εp,min ≈ Γrelmpc
2. The maxi-

mum proton energy achieved under the confinement con-

dition tacc < tdyn is Emax,dyn ≈ η−1eB×r× ' 1.1 ×
1021 eV η−1E1/2

k,55Γ−1
0,3T

−1/2
3 ε

1/2
B,−1(g(Γrel)/50)1/2, where

η represents a prefactor, which is ∼a few in the Bohm

limit (e.g., Sironi et al. 2015). The production of UHE-

CRs at the GRB reverse shock is possible (e.g., Murase

et al. 2008; Zhang et al. 2018), where the maximum pro-

ton energy can be limited by various cooling processes,

e.g., for synchrotron cooling we have Emax,syn ' 4.7 ×
1020 eV Z−3/2η−1/2ε

−1/4
B,−1Γ

1/2
0,3 n

−1/4(g(Γrel)/0.3)−1/4.

We also include the effect of photomeson cooling on

the maximum energy of protons which depends on the

energy density of the target photon fields. The ef-

fect of overlapping of the prompt emission in the re-

verse shocked region is considered, where the comoving

prompt photon energy density measured in the reverse

shocked region is UGRBγ ≈ Liso
GRBγ/4πr

2
×Γ2

×c. The Band

function is used for modeling the energy spectra of the

prompt photons, where the low energy power law index

is α = 1.1, the high-energy power law index is β = 2.6

and the observed peak energy is Epk = 1 MeV (Frederiks

et al. 2022).

3. RESULTS

The predicted multi-wavelength energy spectra for the

two episodes are shown in Fig. 2, where the correspond-

ing parameters are summarized in Table 1.

3.1. Episode I - Upscattered prompt emission?

In the upper panel of Fig. 2, we show the multi-

wavelength energy spectrum from various processes for

Episode I. The orange dashed region represents the av-

erage energy spectrum observed by Fermi -LAT within
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Table 1. Physical parameters used in the re-
verse shock model.

Parameter Episode I Episode II

Γ0 250 250

Ek [erg] 2× 1055a 2× 1055

T [s] 1000 1000

nex [cm−3] 1 1

δT 0.2 T b T

εB 0.05 0.5

εe 0.35 0.02

fe 0.8 0.01

se 2.6 2.6

εp 0.1 0.08

sp 2.0 2.0

L iso
γ [erg s−1] 2× 1052 2× 1050

a The dissipated energy during Episode I is
only a fraction of the total kinetic energy
∼ (δT/T )Ek as explained in the main text.

b This is the duration of the GRB ejecta during
Episode I.

T−T0 = 294−410 s1, extrapolated to 300 GeV. The dot-

dashed curve is the upscattered prompt emission by the

non-thermal electrons accelerated in the reverse shock

region in Episode I which dominates energy flux beyond

∼ 1 GeV, while the dashed curve is the SSC compo-

nent, which dominates the energy flux from 0.1 GeV

to 1 GeV. The synchrotron component is indicated as

the blue solid curve, while the proton synchrotron com-

ponent is marked as the brown solid curve. We also

overlay the prompt emission assuming Band function

with an exponential cutoff at Eγ,max = 20 MeV. The

corresponding parameters are summarized in Table. 1.

At Episode I, the microphysical parameters satisfy

εe > εB and the inverse-Compton component domi-

nates the gamma-ray emission. We find that the EIC

spectra can explain the hard energy spectrum observed

by Fermi -LAT above ∼ 1 GeV. Note that the detected

∼ 99.3 GeV photon by Fermi -LAT at T − T0 = 240 s

may be explained by the EIC component considering

the enhancement of the prompt photons during the first

time interval mentioned in Fig. 1. However, the pro-

ton synchrotron component is not important in Episode

I because the dominance of prompt MeV gamma-rays

in the energy density limits the emission power of the

synchrotron component. WE note that the predicted

early optical flux could have been brighter than that

the naked-eye GRB 080319B (Racusin et al. 2008).

1 We do not consider gamma-rays detected in the first time
interval T − T0 = 203 − 294 s which overlaps with the LAT Bad
Time Interval.
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Figure 2. Multi-wavelength energy spectra up to the VHE
energy range in our reverse shock model in Episode I (upper
panel) and Episode II (lower panel), respectively. The black
dashed line in the upper panel is the prompt spectrum with
an exponential cutoff at Eγ,max = 20 MeV. The orange line
in the upper panel indicates the averaged energy spectrum
observed by Fermi-LAT within T −T0 = 294−410 s, extrap-
olated to the energy of 300 GeV. The black line in the low
panel is the Fermi-LAT 95% UL within T−T0 = 410−1000 s.

3.2. Episode II - Proton synchrotron emission?

In the lower panel of Fig. 2, we show the energy spec-

trum from various processes for Episode II. Due to the

decrease of the prompt luminosity by at least two or-

ders of magnitude, the EIC component is no longer im-

portant, while the proton synchrotron emission is more

prominent at Episode II given that the magnetic fields

are strong. As shown in Table 1, we assume that the

microphysical parameter εB = 0.5 is larger than the

value adopted in Episode I. Such a change of εB is pos-

sible for long-lasting magnetic energy dominated GRB

ejecta. Initially, the value of εB is very high for mag-

netic energy dominated GRB ejecta. During Episode I,

most of the GRB ejecta energy is released in the form of

the extraordinarily strong prompt emission pulse with

abundant pair production, which may effectively sup-
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press εB especially if the prompt gamma-rays are pro-

duced by magnetic dissipation, and the reverse shock is

stronger due to the weak magnetic energy in the GRB

ejecta. Thus, we could expect strong inverse-Compton

emission at Episode I. Later, the reverse shock contin-

ues to cross the inner region of the GRB ejecta, which is

still magnetic energy dominated, and it becomes weak,

consistent with the observations. We can expect higher

values of εB in Episode II, and the proton synchrotron

emission is very efficient. The above physical process

could also explain the decrease of εe and εp in Episode

II.

The peak energy from proton synchrotron emission

can reach ∼ 10 TeV without EBL absorption. Remark-

ably, the corresponding spectral index of the energy flux

from proton synchrotron emission is (3 − sp)/2 = 1/2

for sp = 2, which is larger than the spectral index

inferred from Fermi -LAT observations in Episode I ∼
0.2. The harder spectral index enhances the fraction of

O(10 TeV) photons in the total observed gamma-rays,

even though it is undergoing EBL-induced attenuation

during the propagation from the source to Earth (e.g.,

Baktash et al. 2022; Zhao et al. 2022).

3.3. High-energy neutrino production
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Figure 3. Neutrino fluences emitted during the time window
T = 200 s (Episode I) and T = 1000 s (Episode II).

In Fig. 3, we show the predicted neutrino fluences from

Episode I and Episode II, respectively. The neutrino

energy spectrum predicted in Episode I has two bumps,

where the low-energy bump with peak energy at ∼ PeV

energy range is due to the photomeson production inter-

action between high-energy protons with prompt target

photon fields, while the high-energy bump with peak

energy at ∼ 10 EeV is the results between the interac-

tion of UHE protons with the lower-energy synchrotron

photons from the reverse shock. The neutrino energy

spectrum predicted in Episode II only shows one bump,

which is consistent with the assumption that the effect

of prompt emission is no longer important in Episode II.

The maximum proton energy is also higher in Episode

II due to the strong magnetic fields, which is consis-

tent with the neutrino spectrum where the neutrino has

higher energy in Episode II. Note that the cooling of

secondary muons and pions is neglected when calculat-

ing the neutrino flux in our model, which will reduce the

flux of the higher energy part of the observed neutrino

spectrum, especially for Episode II (Murase 2007). The

predicted neutrino fluence is consistent with the upper

limits reported by IceCube (The IceCube Collaboration

2022; Murase et al. 2022; Ai & Gao 2022).

4. DISCUSSION AND IMPLICATIONS

4.1. Anti-correlation

The γγ optical depth τγγ due to the interaction with

prompt photons at the shocked ejecta region can be esti-

mated with following formula (e.g., Murase et al. 2022),

τprompt
γγ ' 1.5

ηγγ,−1L
iso
GRBγ,52.5

r17Γ2
×,2Epk,MeV

(Eγ/Eγ,b)
β−1, Eγ < Eγ,b

(Eγ/Eγ,b)
α−1, Eγ > Eγ,b

,

(1)

where ηγγ ∼ 0.1 (Svensson 1987), Eγ,b ≈
Γ2
×m

2
ec

4/Epk,MeV ' 2.6Γ2
×,2 GeV and the bolometric

correction in the Konus-Wind is taken into account. The

optical depth at 1 TeV is τγγ(1 TeV) ∼ 3 for α = 1.1.

In addition, the synchrotron photons becomes dominant

in the energy range below ∼ keV in Episode I compared

to the prompt target photons as shown in Fig. 2. Then

the optical depth can be estimated as

τ syn
γγ ' 450

ηγγ,−1L
syn
γ,50

r17Γ2
×,2E

syn
γ,10 eV

(Eγ/Eγ,b)
se−1

2 , Eγ < Eγ,b

(Eγ/Eγ,b)
−1/3, Eγ > Eγ,b

,

(2)

where L syn
γ is the luminosity of synchrotron emission at

the synchrotron peak energy of the reverse shock compo-

nent, Eγ,10eV is the synchrotron peak energy in the ob-

server frame, Eγ,b ≈ Γ2
×m

2
ec

4/Esyn
γ,10 eV ' 260Γ2

×,2 TeV.

Then the optical depth at 1 TeV is τγγ(1 TeV) ∼ 4.5

for se = 2.6. Thus, in our model, we predict the anti-

correlation of the ∼> TeV photons with the prompt GRB

emission, with the former escaping at later times, espe-

cially due to the effect of synchrotron photons at Episode

I. For Episode II, due to the lower luminosity of prompt

emission and the synchrotron photons, we can expect

the escape of ∼> TeV photons simultaneously with low-

energy photons.

4.2. Implications for LHAASO detection
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Figure 4. The predicted detection (cumulative) number for
LHAASO detector with the energy spectrum predicted from
our model using three different EBL models during the time
window T = 1000 s. The vertical lines indicate the observed
photon energy, and the shaded region is the 1σ uncertainty.

In Fig. 4, we show the number of photons predicted

in our model that can be detected by LHAASO. Con-

sidering the uncertainties on the measured extragalactic

background light (EBL) models, we adopt three repre-

sentative EBL models, namely Franceschini08 (Frances-

chini et al. 2008), Gilmore12 (Gilmore et al. 2012) and

Finke10 (Finke et al. 2010). We adopt the effective area

of the LHAASO-WCDA for photons provided in Wang

et al. (2022) for zenith window 15◦ < θ < 30◦ and the

effective area from LHAASO-KM2A (Ma et al. 2022).

The integrated number of events can be estimated as

N(> E) =

∫ Emax

E

dEF (E)Aγeff(E, θ)T, (3)

where F (E) is the predicted energy spectrum, Aγeff(E, θ)

is the effective area including both LHAASO-WCDA

and LHAASO-KM2A, and T is the integration time.

Even though the LHAASO-WCDA dominates the effec-

tive area at low energy, the effective area of LHAASO-

KM2A is comparable to LHAASO-WCDA above ∼
10 TeV (Ma et al. 2022).

In Episode II, the number of photons detected is

N(> 0.5 TeV) ∼ 7000 for photons with energy larger

than 500 GeV, N(> 0.5 TeV) ∼ 3000 for photons with

energy larger than 1 TeV, and N(> 10 TeV) ∼ 10 for

photons with energy larger than 10 TeV. The expected

cosmic ray background for LHAASO-WCDA can be esti-

mated with the same method used in Wang et al. (2022).

We found that the photons with energy larger than 500

GeV can be detected with LHAASO-WCDA with the

significance level around ∼ 10 s.d. estimated through

Eq. 17 of Li & Ma (1983) using fitted cosmic ray spec-

trum in Particle Data Group et al. (2020). We find that

photons with energies larger than 500 GeV (1 TeV) can

be detected with LHAASO-WCDA with a significance

level around ∼ 25 s.d. (∼ 15 s.d.).

Even though we expect N(> 0.5 TeV) ∼< 600 pho-

tons detected in Episode I, the detection of photons with

energy above 1 TeV may be challenging for LHAASO-

WCDA in Episode I, where the significance level is ex-

pected to be less than ∼ 2 s.d. in our fiducial case.

TeV photons during Episode I mainly come from SSC

emission in our model. However, there is significant un-

certainty in the SSC component, and if more ∼> TeV

gamma-rays have been detected by LHAASO in Episode

I, it would indicate that the SSC component becomes

more important than the fiducial case shown in this

work.

The LHAASO-KM2A is extremely effective for sup-

pressing the cosmic ray background (Ma et al. 2022),

so the detection of dozens of photons with energy

O(10 TeV) is reasonable considering the energy reso-

lution. Note that the energy resolution at O(10 TeV)

is ∆E/E ∼ 45% for LHAASO-KM2A and ∆E/E ∼
60% for LHAASO-WCDA. Our results indicate that

even without considering the effect of new physics on

the propagation of VHE gamma-rays, e.g., photon-ALP

mixing (Galanti et al. 2022; Baktash et al. 2022; Naka-

gawa et al. 2022; Troitsky 2022) and Lorentz invariance

violation (LIV) (Li & Ma 2022; Zhu & Ma 2022; Finke &

Razzaque 2022), the detection of ∼ 18 TeV photons by

LHAASO-KM2A can be explained for reasonable EBL

models. Another possible explanation for the detection

of ∼ 18 TeV is the intergalactic electromagnetic cascade

due to the propagation of UHECRs (Batista 2022; Das

& Razzaque 2022; Mirabal 2022). Both models also re-

quire the efficient production of UHECRs from GRBs.

But in the intergalactic cascade scenario, the time delay

of the photon arrival during the propagation of UHECRs

and the development of the electromagnetic cascade de-
pends strongly on the magnetic field structure of the

host galaxy, the host galaxy cluster and the intergalac-

tic medium, and the time delay is longer given that the

magnetic field strength is larger than 10−17 G (Murase

et al. 2012; Takahashi et al. 2008; Murase et al. 2009;

Mirabal 2022).

The default value of the acceleration efficiency

adopted in this work is η = 1, which may be optimistic.

If we adopt a larger value of η = 10, then the proton

synchrotron component would be reduced, which makes

the detection of ∼> TeV gamma-rays more challenging in

Episode II as shown in Fig. 4. Thus, our results imply

that the reverse shock of the long-lasting GRB 221009A

should be a very efficient accelerator of non-thermal par-

ticles. If most of the ∼> TeV gamma-rays are detected

after Episode II, which is T ∼ 1000 s in this work, then

this would means that the GRB ejecta duration is a bit

longer and the reverse shock finishes crossing the GRB
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ejecta at later times.

5. SUMMARY

The detection of GRB 221009A in the VHE gamma-

ray band up to O(10 TeV) by LHAASO provides us with

an opportunity to study the radiative processes of GRBs

in the highest energy range. In this work, we studied

the origin of VHE gamma-rays from GRB 221009A in

the framework of the reverse shock model where non-

thermal electrons and protons are expected to be accel-

erated. The reverse shock could last up to thousands of

seconds after the start of GRB, which is consistent with

the long-lasting prompt emission observed from GRB

221009A.

We considered two episodes, where the emission from

the reverse shock in the first episode (Episode I) is

strongly affected by the strong prompt emission, while

the effect of prompt emission becomes weak in the sec-

ond episode (Episode II). In addition, the microphysi-

cal parameters, e.g., εB and εe, could be different from

Episode I to Episode II causing different behavior on the

emission processes.

Our results show that the upscattered prompt MeV

photons by the non-thermal electrons accelerated in the

reverse shock region in Episode I mainly contribute to

the energy flux observed by Fermi -LAT above∼ GeV, in

addition to the SSC component. The emission from the

proton synchrotron process is not important in Episode

I because of the presence of MeV gamma-rays and weak

magnetic field strength.

We found that the proton synchrotron process can

dominate the output in the VHE band in Episode II,

where the magnetic field strength is strong enough to

increase the proton synchrotron emission significantly.

Our rough estimates show that ∼ 7000 photons with en-

ergy larger than 0.5 TeV can be detected by LHAASO

in Episode II, which may be consistent with the number

of photons detected by LHAASO within 2000 seconds.

Due to the hard spectral index of the proton synchrotron

emission compared to the inverse-Compton process as

inferred from Fermi -LAT data, it is plausible to de-

tect dozens of O(10 TeV) photons using reasonable EBL

models without invoking new physics.

Note that the forward shock has a similar energy to

the reverse shock, and it may also contribute to the VHE

emission. The forward shock could enhance the number

of ∼ TeV gamma-rays detected by LHAASO, but not

for O(10 TeV) gamma-rays, which emphasizes the role

of proton synchrotron emission from the reverse shock

as proposed in this work.

In the future, we can expect more GRBs to be de-

tected in the VHE gamma-ray band, especially with the

Cherenkov Telescope Array (Inoue et al. 2013; Kakuwa

et al. 2012). Our work suggests that the observation

of GRB in the VHE gamma-ray band can be used for

constraining the particle acceleration and radiative pro-

cesses of non-thermal electrons and protons in the re-

verse shock model.
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