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The 7y-ray bursts (GRBs) are the most violent explosion events in the universe ever since the
Big Bang and can be served as the high redshift probes for cosmological study. Particularly, the
observations on the GeV emission have had fruitful application, Such examples include the deter-
mination of the extra-galactic background light and stringent constraint on the Lorentz Invariance
Violation effect. Owing to the advantages in very large effective area, the low threshold energy,
the wide field of view and high duty cycle, the LHAASO-WCDA will have potential sensitivity
in discovering the GRBs in 100 GeV energy region. In this work, a sample of GRBs has been
generated and examined according to the observation of Fermi experiment. We extrapolate the
Fermi spectra to high energy by taking into account the absorption due to the pair production
process happening between gamma ray and extragalactic background light. With an assump-
tion that ultra high energy component accounts for 10% of the total luminosity, we find that the
LHAASO-WCDA has a GRB detection rate of ~ 1/yr.
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1. Introduction

The GRBs are the most violent explosion events in the universe ever since the Big Bang. While
the long GRBs are most likely associated with the massive stellar collapsing, the short GRBs are
usually attributed to the merger of two neutron stars, or one neutron star with one black hole. They
are also potential sources responsible for the emission of ultra-high energy cosmic rays, high-
energy neutrinos, and gravitational waves. The study of GRBs has been prolific over the past
decades. Particularly, the observation of the high energy emission above 10 GeV are important in
the study of the extra-galactic background light (EBL) and the fundamental physics like Lorentz
invariance violation (LIV). GRBs have opened an unique window to connect the field of stellar,
interstellar, and intergalactic astronomy as well as cosmology.

With the new generation of space-borne experiment of Ferimi-L AT, the observation of the high
energy of GRBs has been stepping into an new era in study the EBL and search for the Lorentz
invariance violation. Fermi-LAT has observed more than 20 GRBs which have the highest photon
energy being larger than 10 GeV. As one example, GRB130427A was able to produce photons up
to 94 GeV at the observation (126 GeV at source after making redshift correction) [M]. It is un-
known up to what energy the spectrum extends, as present-day observations are limited by effective
area, in the case of space-based instruments. Ground based detectors are important compensator
for the GRB observation when gamma ray energy is above about 30 GeV. Two type of techniques
are available for this purpose: Air Cherenkov Telescopes (IACTs) and Extended Air Shower arrays
(EAS). IACTs have better sensitivity in observing stable point sources for their higher angular res-
olution and better background rejection power. However IACTs have limited field of view,which
makes it possible only for follow up observations and they have to slew very fast to response a real
time alert. Even when slew time is not an issue, small field of view requires it an accurate pointing
to the GRB direction. Another disadvantage is that IACTs operate only in good weather, at moon-
less night which makes the duty cycle of IACTs only 10-15%. Small field of view and low duty
cycle make TACTs an inconvenient and inefficient instrument for GRB observation. While EAS
arrays have lower sensitivity in observing stable point sources, they have the advantage of very
high duty cycle (over 95%) and very large instantaneous field of view (nominally 2 sr) so they are
most suitable for observing GRBs which explode at unexpected time and from unexpected direc-
tion. The most powerful EAS arrays in operation is the HAWC experiment using Water Cherenkov
technology. However, after taking data for more than 5 years, none GRB has been observed until
now. The Large High Altitude Air Shower Observatory (LHAASO), which is currently under con-
struction, is 3.5 time larger and 300 m higher than HAWC [[]. The effective area is an order of
magnitude higher than HAWC at energy of 30 GeV [B, B]. Moreover, to improve the sensitivity at
low threshold energy, a larger PMT with a diameter of 20 inch will be instrumented in the 70% of
LHAASO-WCDA pools.

In this work, we calculate the annual detection rate of GRBs under a conservative assumption
that all LHAASO-WCDA is equipped with 8 inches PMTs. The paper is organized in the following
way. In Sec. 2, we describe LHAASO experiment in details. Sec. 3 describes the details of GRBs
simulation and Sec. 4 describes the significance calculation for each simulated GRB event which
involves atmospheric and detector effects. Accordingly, annual detection rate is obtained. Lastly
the conclusions are presented in Sec. 5.
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2. LHAASO Experiment

LHAASO, locating at DaoCheng, in Sichuan Province of China, is under construction. It
is composed of three components: KM2A, WCDA and WFCTA [B] as shown in Fig.l. Their
performances are described as follows.
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Figure 1: Layout of LHAASO experiment.

2.1 LHAASO-KM2A

Covering an area of 1 km?, KM2A is composed of 5195 Scintillator Electron Detectors (EDs)
and 1221 Muon Detectors (MDs). The ED array serves to determine the shower direction and
energy by recording the arrival time and the density of the secondary electromagnetic particles
from air showers. The MD array is used to distinguish between the hadronic and electromagnetic
showers via employing their different muon numbers.

2.2 LHAASO-WCDA

WCDA is constructed at the center of KM2A and consist of three water ponds with the effec-
tive area of 78,000 m? and water depth of 4.4 m. Each pond is subdivided into 5 m x 5 m units,
partitioned by black plastic curtains to prevent the light from penetrating to the adjacent units. An
8 inches photomultiplier is faced up and anchored to the floor center to collect Cherenkov lights
produced by charged particles in the water. Taking 0.5 TeV energy gamma rays as an example, the
effective area is as high as 3000 m?, the angular resolution is 0.6 degree and the energy resolution
is 95%. The correspondent values are 10000 m?, 0.4°, 90% for 1 TeV gamma rays, and 50000 m?,
0.2°, 60% for 10 TeV gamma rays. For a Crab Nebula like source, the most sensitive energy is
around 3 TeV, one year 5 sigma sensitivity is about 1% of the Crab Nebula flux.

2.3 LHAASO-WFCTA

WECTA consists of 12 telescopes to measure the cherenkov or fluorescent lights induced by
secondary shower particles. It is mainly designed to study the cosmic ray energy spectrum and
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chemical composition by measuring the event based shower energy and X, parameter. The latter
one characterize the shower depth and is sensitive to the nature of primary cosmic rays.

3. Modeling of GRB parameters and distributions

A simulation method is adopted to estimate the detection rate of GRBs. Firstly, a set of GRB
events is generated according to the distributions of red shift and spectrum of GRBs obtained from
past observations. Secondarily, we extrapolate the spectra to multi-TeV energy and subject it to the
EBL absorption calculation.

3.1 The Redshift Distribution

In literature [B], the space density of GRBs in the comoving reference frame is usually assumed
to be a function of redshift Rggp(z). The validation of this assumption is verified after comparing
with GRBs observation. After considering the time dilation, the GRBs rate observed today can be
described by following formula,

- 40

(3.1

where dV(z)/dz is the derivative of the volume element, the factor (1 +z)~! reflects the cosmolog-
ical time dilation, and the Rgrp(z) is the the comoving space density of GRBs in the interval z to
z+dz. According to [B], we adopt the empirical broken power law.

(I4z)m z< 21,

3.2
(I4+z)" (1422 z>7z, ©-2)

Rara(z) = po {
where py is the local rate with the value 1.3 Gpc3yr~! and the empirical parameters ny, ny, z; are
fixed to 2.1, -1.4 and 3.1 respectively.

After the redshift distribution is ready, we are about to determine the intrinsic property of each
GRB.

3.2 Intrinsic parameters of GRB

The phenomenological GRB generator used in this work is responsible for the generation of
the spectral and temporal behaviours for each GRB event. While in the sub-GeV energies, GRBs
spectrum can well be described by the so-called Band function, an extra harder component is
usually necessary to take care of the higher energy region. Though this extra component actually
exhibits a different temporal behaviour, no exact knowledge is available and this work will simply
assume it has the same light curve as that for the low energy components. The temporal property
is approximately pictured by Too, which is the time needed to accumulate from 5% to 95% of the
observed photon counts.

Overall gamma rays intensity of an GRB is mainly governed by its isotropic peak luminosity
L,. By assuming that Lp distribution is independent of red shift, ®y(L,) which stand for the
fraction of GRBs in an interval between log(L,) and log(L,) + dlog(L,) can be parameterized
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from observations. In this work, a form of broken power law distribution is adopted [0, B, B],

(L,,/L;;)Yl, Liower < Lp <L,

. . (3.3)
(L,,/Lp)ﬁ, Ly, <Ly < Lupper-

(I)()(Lp) =da {

here a is the normalization constant, the other parameters take fixed values as follows, Ljyer =
IOSOerg/s, Lupper = 1054erg/s, L}k, = 10°2°%0:2 ergs/s, ¥y = —0.17f8:é, and p = —1.44f8:§ as in [B].

Empirically, the intrinsic spectrum is well described by the Band function in sub GeV energy
(=],

E® _efE(ZJrOC)/E],, E<E,

EP.E..P~* ESE. 34)

Mm—m{

here the critical energy E. = %E »» No is the normalization constant, & and 3 are the low and
high energy photon indices and E), is the peak energy of the spectrum. The E, is constrained by
the E, — L, empirical relationship [[0, [T].

Besides the Band spectrum, an extra hard component has been found necessary for a few
multi-GeV GRBs discovered by Fermi-LAT [[3, [3, M]. This extra component is the dominant
contribution to the high energy emission beyond tens of GeV. In our work, an parameter R, 1S

introduced to described the relative luminosity from this extra component [[4, I3, [4],
Rext = Lext /Lave 3.5

here L., is the luminosity of the extra component in the 0.1 GeV to 100 GeV energy range, Ly,
is the avarage luminosity with the value 0.3-L,. Limited by the effective area, statistics of GeV
photons and GeV GRBs so far detected by Fermi-LAT are rare, both parameters, i.e., the spectral
index and luminosity, bear rather high uncertainty. As a result R, also has large uncertainty. In
this work, a value of 0.1 is adopted in the simulation calculation [Id]. The spectral index () in
this energy region is assumed to be -2 to -1.5 [[4, [0, [3].

Another intrinsic property of GRB is the temporal information, characterized by Tog which is
the time window that GRB allocates its 90% energy release. Following the work [[4, [d], Ty is
simply related to isotropic energy Ejs, and average luminosity L, by the following formula,

E.
Too=(1+2)- = (3.6)
Lave
Ejy, can be determined by L, according to the following formula [[8, IT],
logEis, = 1.1-logL,+0.56 3.7)

At this stage, all parameters needed to generate the in-situ GRB flux, in-situ spectrum annd
light curve are available. To obtain the spectrum at observation, one has to consider the EBL
absorption effect accumulated in the long journey from its sources to the earth.
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3.3 EBL attenuation

The cosmos is not transparent to very high energy y-rays. The dominant contribution to the
attenuation comes from e e~ pair production by the target EBL photons, which leads to the soften-
ing of the y-ray spectrum. The energy-dependent absorption of y-ray can be described as e~ 7(£:3),
where T(E,z) is the optical depth for y-ray in energy E. 7(E,z) can be calculated by integrating the
pair production probability with EBL photons coming from all directions and in all energy along

the line of sight,

1(E,z) = [dl [dcos(6)1=58 [ &I (3.8)
X Oyy(E,€,cos0)de,

where dl is the differential path traversed by the y-ray and o,y(E, €,cos 0) is the pair production

cross section. Here d! is related to the changing of red shift in an expanding universe by the
following way,

Jl— c-dz ’

Hy (1+2) /Qu(1+2)3 +Qp

here Hy, Q,, and Q, are the current Hubble constant, the fraction of matter and dark energy. In

3.9

this work, we adopt the values of 67.8, 0.308 and 0.692 for each of them respectively. According
to [8], oy, (E,€,cos 0) is calculated as

o(E,e,co8(0)) = or- S"f‘z’ . {— b (1 + 4';15)
+ (14 (12 )) (3.10)

X
/~
P
Q
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—

here o7 = 6.65 x 10~2cm? the Thomson cross section, s = 2E€(1 —cos(8))(1 +z)? is the center-
of-mass frame energy square, E, = \/s/2 and p, = \/E? — m? are the center-of-mass frame energy
and momentum of the electron.

In formula BB, n(g,z) is the photon number density of EBL at redshift z with energy €. In the
calculation, we adopted a distribution from the work [[9].

3.4 Consistency check by the Fermi observations

Firstly, the redshift z and Tyo distributions are compared between model and observation as
shown in Fig. D. We can see that the model calculations are consistent with the observations within
the experimental uncertainties.

The parameters of Band functions, a, 3, fluence and E, are shown in Fig. B, which are
generally consistent with the experimental results.

4. The Results

Given the fact that GRB model is well validated by observations, a set of GRBs sample can be
generated by according to the assumption on these two parameters and can be used to obtain the
detection rate of LHAASO-WCDA experiment.
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Figure 2: Model calculation of the redshift z (left panel) and Tgy (right panel) compared with the experi-
mental results.
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Figure 3: Model calculation of & (left upper panel), 8 (right upper panel), E, and fluence compared with
the experimental results.

In the calculation, the signal photons from GRB can be obtained as

Epax
Ns=Ton [ Fora(E)As(E. O)E, @.1)
here Ty and F (E) has been described in sectoin 3; A.¢¢(E, 0) is the effective area for y-rays at the
zenith angle 6 and energy E adopted from the work [H]. The zenith angle 6 of the burst are uni-
formly distributed over the sky and can be randomly generated. The backgrounds Ng, coming from
the CRs, can be calculated similarly as Ny by replace the burst flux Fggrg(E) with background flux
Fers(E, 0) and replace the effective area by that of cosmic rays. The significane can be calculated
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based on the signal number of y-rays Ns and background number of CRs Ng. A 5 o is required to
claim the discovery of a GRB by LHAASO-WCDA.

As aresult, Fig. @ shows the model calculation of the detection rate for LHAASO-WCDA. The
left plot is the differential detection number of GRBs as a function of the number of detected y-rays.
The integral detection rate as a function of the detected y-rays number is plotted in the right panel.
The black, green, blue and red lines are calculated with Band spectrum, Band spectrum for f§ < —2,
R.»=0.1 and B,,; = —2,—1.5 respectively. It is obvious that the detection rate of LHAASO-WCDA
is only 0.38 and 0.31 for Band spectrum and Band spectrum with B < —2. When we adopt the
extra component with R,,=0.1 B = —2 and 8 = —1.5, the detection rate of LHAASO-WCDA is
improved to be 0.84 and 2.63 per year. Therefore, the detection rate of LHAASO-WCDA should
be around 1 per year.

T 10 g
10t = — Band Spectrum — E
. E Band Spectrum wiith <20 E
> = m— R,,=0.1, B, =20 B = [
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Figure 4: The model calculation of the differential (left panel) and integral (right panel) detection rate for
LHAASO-WCDA experiment.

5. Conclusion

The high energy emissions of GRBs play important roles in understanding the remaining GRB
mysterious, such as the mechanism of their central engine, the ultrahigh lorentz factor I" and the
origin of ultra-high-energy CRs. They also have pratical application including the EBL measure-
ment and the test of LIV. In view of this, the observation of the high energy emissions from GRBs
becomes great importance. In this work, we perform a simulation calculation to estimate the annual
detection rate of GRBs for LHAASO-WCDA experiment. In the simulation, the generated sample
of GRBs is firstly examined by Fermi resutls. By doing so, we think that an adequate sample is
ready to estimate the detection rate of LHAASO-WCDA experiment. As a result, an encouraging
value, i.e., ~1 GRB per year, is obtained for LHAASO-WCDA under the assumption that extra
high energy component accounts 10% of that of total luminosity.
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