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Abstract

Many gamma-ray bursts (GRBs) have been observed from radio wavelengths, and a few at very high energies
(VHEs, >100 GeV). The High Altitude Water Cherenkov (HAWC) gamma-ray observatory is well suited to study
transient phenomena at VHEs owing to its large field of view and duty cycle. These features allow for searches of
VHE emission and can probe different model assumptions of duration and spectra. In this paper, we use data
collected by HAWC between 2014 December and 2020 May to search for emission in the energy range from 80 to
800 GeV coming from a sample of 47 short GRBs that triggered the Fermi, Swift, and Konus satellites during this
period. This analysis is optimized to search for delayed and extended VHE emission within the first 20 s of each
burst. We find no evidence of VHE emission, either simultaneous or delayed, with respect to the prompt emission.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
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Upper limits (90% confidence level) derived on the GRB fluence are used to constrain the synchrotron self-

Compton forward-shock model. Constraints for the interstellar density as low as 10~*cm

73 .
are obtained when

assuming z = 0.3 for bursts with the highest keV fluences such as GRB 170206A and GRB 181222841. Such a low
density makes observing VHE emission mainly from the fast-cooling regime challenging.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Gamma-ray detectors (630); High energy
astrophysics (739); Gamma-ray transient sources (1853); Theoretical models (2107); Extragalactic astron-

omy (506)

1. Introduction

Gamma-ray bursts (GRBs), the most luminous events in the
universe, are characterized by nonrepeating flashes with a wide
range of spectral and temporal features. They are classified in
two groups based on the hardness ratio®' (Qin et al.
2000, 2001) and the duration® of their prompt emission
(Kouveliotou et al. 1993). Bursts with duration longer and
shorter than 2s are defined as long and short bursts,
respectively. Short GRBs typically present a higher hardness
ratio with respect to the long class. The two classes are
associated with different types of progenitors. Long GRBs are
directly connected to the final phases of the life of massive stars
(Woosley 1993; MacFadyen & Woosley 1999), and short
GRBs are related to compact-object mergers (black hole—
neutron star or neutron star—neutron star; Eichler et al. 1989;
Narayan et al. 1992) and detection of gravitational-wave events
(Abbott et al. 2017a).

GRB emission exhibits early and late phases. The early
phase, so-called prompt emission, is usually detected in the
energy range of a few keV to a few MeV, with a range of light-
curve morphologies and variabilities. The late phase, referred to
as afterglow, observed at multiple wavelengths, from radio to
~-rays, appears after and lasts longer than the prompt emission.

The theory most usually invoked to describe GRBs is the
fireball model (Cavallo & Rees 1978; Paczynski 1986; Goodman
1986). It explains the prompt emission as dissipation of
kinetic energy in internal shocks and the afterglow by the
collision of the expanding blast wave with the external
medium (see Piran 2004, for a complete review). Synchrotron
radiation is considered as the cooling mechanism for both
prompt and afterglow emissions. However, for prompt
emission some discrepancies between observations and theory
remain. High-energy emission (>10GeV) and very high
energy (VHE, >100 GeV) emission are described (for high-
energy emission) and predicted (for VHE emission) by either
leptonic or hadronic models.

For leptonic models, VHE emission is predicted to appear
delayed with respect to the prompt emission as a result of
synchrotron self-Compton (SSC) emission in external forward
shocks (Wang et al. 2001b; Sari & Esin 2001; Zhang &
Meészaros 2001; Veres & Mészaros 2012; Fraija et al. 2019a,
2019b, 2021) and external reverse shocks (Wang et al.
2001a, 2001b; Granot & Guetta 2003). The delay is understood
as the time for the shock to approach the deceleration radius
(Meszaros & Rees 1994) and as a consequence of ~yy-opacity
effects (see, e.g., Baring 2006).

For hadronic models, +-ray emission has been explained
through photohadronic interactions between high-energy
hadrons accelerated in the jet and internal synchrotron photons

3! Defined as the ratio of the flux in two separated energy bands.

32 Defined as Too, the time during which the cumulative number of detected
counts above background increases from 5% to 95%.

(Dermer et al. 2000; Asano et al. 2009), inelastic proton—
neutron collisions (Mészaros & Rees 2000), and interactions of
high-energy neutrons with photons from the jet (Dermer &
Atoyan 2004; Alvarez-Muiiiz et al. 2004). Even though GRBs
are among the most plausible candidates to accelerate cosmic
rays up to ultrahigh energies ( ZIO18 eV; Vietri 1995; Waxman
1995), and thus potential candidates for neutrino detection, the
IceCube Collaboration reported no coincidences between
neutrinos and GRBs after analyzing years of data (Abbasi
et al. 2012, 2022; Aartsen et al. 2015, 2016). Therefore, we
conclude that the number of hadrons is low enough that
hadronic interactions are inefficient at producing detectable
~-ray signals in GRBs, and we accordingly exclude hadronic
models from the interpretation of our results.

High-energy emission has been reported for more than 186
GRBs™ (from over 1000 bursts observed at keV energies) by
the Large Area Telescope instrument on board the Fermi
satellite (Fermi-LAT; Atwood et al. 2009; Ajello et al. 2019).
In some cases such high-energy emission is consistent with an
extrapolation of the prompt component observed at keV-MeV
(Ackermann et al. 2013b), and in others it also exhibits a
spectral component from hundreds of MeV to a few GeV with
different evolution with respect to the prompt emission (e.g.,
Abdo et al. 2009a; Ackermann et al. 2010). Furthermore,
Fermi-LAT observes an offset with respect to the beginning of
the keV prompt phase and a long MeV-GeV emission lasting
from hundreds to thousands of seconds after the trigger (e.g.,
Abdo et al. 2009a, 2009b; Kumar & Barniol Duran 2010).
Because of its temporal features, this MeV-GeV component
seems strongly correlated to the X-ray afterglow (Ackermann
et al. 2016), in agreement with synchrotron external-shock
emission. However, photons with energies higher than 10 GeV
were observed in several long GRBs (e.g., GRB 130427A,
GRB 090926A, GRB 110731A; Ackermann et al. 2011,
2013a, 2014) and in a short GRB (GRB 090510; Ackermann
et al. 2010) and may be evidence for inverse Compton (IC)
scattering. If so, extrapolations of this IC component could lead
to VHE photons that may be observable depending on the burst
redshift and brightness.

There have been several attempts to detect GRB counterparts
at very high energies in the past 20 yr. However, most
observations yielded upper limits on the VHE flux (Abdo et al.
2007; Albert et al. 2007; Aharonian et al. 2009a, 2009b;
Acciari et al. 2011; H.E.S.S. Collaboration et al. 2014; Aleksi¢
et al. 2014; Abeysekara et al. 2015, 2018; Bartoli et al. 2017;
Alfaro et al. 2017). The first claim of possible VHE emission
was associated with GRB 970217A (with marginal signifi-
cance) reported by the extensive air shower array Milagrito
(Atkins et al. 2000). In the past 4 yr, the striking detections of
GRB 180720B, GRB 190829A, and GRB 190114C above
energies of 100, 200, and 300 GeV by the H.E.S.S. and

3 https:/ /heasarc.gsfc.nasa.gov/W3Browse/fermi/fermilgrb.html
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MAGIC observatories (Acciari et al. 2019; Abdalla et al.
2019), respectively, strengthen the expectations of emission at
VHE energies. H.E.S.S observed GRB 180720B 10 hr after the
end of the prompt emission phase, which lasted 48.9 £0.4s.
MAGIC observed GRB 190114C for ~40 minutes, much
longer than the prompt emission (799 ~~25s). The H.E.S.S.
telescopes reported the detection of VHE gamma rays above
>200 GeV with statistical significance of 21.7¢ during first
night in the direction of GRB 190829A (H.E.S.S. Collaboration
2021).

The High Altitude Water Cherenkov (HAWC) gamma-ray
observatory is an extensive air shower array located at Sierra
Negra, in the state of Puebla, Mexico. Thanks to its wide field
of view (~2 sr) and its continuous operation (~95% duty
cycle), HAWC constantly searches for VHE emission from
bursts detected by satellite instruments in its field of view.
Since it does not need to be repointed to the GRB position, data
before and after the GRB trigger are available, making it
possible to probe different model predictions for duration and
spectra of VHE emission. Previously, VHE emission simulta-
neous to the prompt keV phase has been searched by HAWC
(Alfaro et al. 2017) for bursts between 2014 December and
2016 June. Positive detection was not claimed, and upper limits
for prompt VHE emission were placed. In this paper we take
into account that if GeV and VHE emissions come from
interactions with the interstellar medium (ISM), then they
should show the same temporal behavior. This has to be
delayed and last longer than the keV prompt phase. Thus, in
this paper we search for VHE emission with a strategy
optimized for delayed and extended®* signals longer than the
duration of the prompt emission.

We focus our analysis on short bursts for three reasons. First,
VHE observations are challenging for long GRBs, usually
observed at z > 1 (Berger et al. 2005; Jakobsson et al. 2000),
because of the spectral attenuation at energies above ~100
GeV by the extragalactic background light (EBL) absorption
(as described by Dominguez et al. 2011; Gilmore et al. 2012;
Franceschini & Rodighiero 2017). However, for short GRBs
the average redshift is ~0.48 (Berger 2014). Second, HAWC is
more sensitive to short GRBs than to long GRBs (Taboada &
Gilmore 2014) because the shorter duration of the search
window results in a lower number of background events.
Interestingly, two of the brightest short GRBs detected by
Fermi-GBM, GRB 170206A and GRB 181222841, are within
our set of short GRBs to study. Upper limits to the prompt
emission of GRB 170206A were presented by Alfaro et al.
(2017). Third, the explicit expressions for light curves of the
afterglow emission in the SSC model described in Section 3 are
developed under the assumption of a homogeneous medium,
which is unlikely for long GRBs (Kumar & Zhang 2015) but
probably the case for short bursts.

The paper is organized as follows. In Section 2, we present
details of the analysis and results of the VHE emission search.
In Section 3, we present the basis of the SSC forward-shock
model used for the interpretation of our results. In Section 4,
we discuss the HAWC flux upper limits in the SSC framework
for the most relevant GRBs. Finally, conclusions are reported
in Section 5.

34 Meaning that they last longer than the duration of the prompt emission.
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2. Search for VHE Emission with HAWC

As a first step, we look for VHE emission from our sample
of 47 short GRBs, listed in Table 1, detected by the Swift and/
or the Fermi satellite in HAWC’s field of view between 2014
December 1 and 2020 May 14. Table 1 summarizes the GRB
information of all bursts analyzed in this paper. Since the
positional uncertainty for bursts detected by the Gamma-ray
Burst Monitor on board Fermi (Fermi-GBM) is larger than the
HAWC point-spread function, the approach described in Alfaro
et al. (2017) is adopted. The remaining bursts are detected by
the Fermi-LAT and Swift Burst Area Telescope (BAT), which
provide localizations smaller than the HAWC point-spread
function.

It is worth noting three VHE gamma-ray observations. The
long burst GRB 190114C showed emission starting ~60 s after
the trigger burst and lasted ~40 minutes (Abdalla et al. 2019).
In the case of GRB 180720B and GRB 190829A, the VHE
emission was detected by the MAGIC and H.E.S.S. observa-
tories 10 and 4 hr after the trigger, respectively. In all three
cases, the detection was interpreted in the SSC forward-shock
scenario and did not always come during the prompt emission
(Acciari et al. 2019). Inspired by long bursts, we implement a
modified strategy to the search presented by Alfaro et al. (2017)
for prompt emission. We keep the methodology of searching
on one-degree multiple circles, each of them offset by 073 in R.
A. or decl. until covering the uncertainty of the burst position.
The background is estimated by scaling the all-sky event rate
for a one-degree circle. When this is not possible, the mean of
at least 10 independent off-observations™ is taken.

The search is optimized for delayed “afterglow” emission
from short GRBs, considering the expected light curves (see
Section 3). Instead of searching for VHE prompt emission
starting on the trigger burst and with a duration of Tog, 3 X Ty,
and 10 x Tyy, we search for VHE afterglow emission, which
could come late and last from 1 to 20 s. We use 10 consecutive
time windows, each with a duration of 2s. The sensitivity of
this search was tested with Monte Carlo simulations by
considering different starting times, duration values, and
intensities of the bursts. We find an improvement of a factor
of 4 in the sensitivity of the search, when looking for afterglow
emission, compared to Alfaro et al. (2017), assuming a type II
error probability of 10%.

Only relevant details of the adopted analysis are given here;
for a full description see Alfaro et al. (2017). When a minimum
number of photomultiplier tubes (PMTs) trigger within a given
time window, a HAWC event is recorded. The events are
classified in nine different size bins (from 1 to 9) defined by the
fraction of available PMTs triggered by the event (see
Abeysekara et al. 2017, for details). The Gamma/Hadron
separation criteria summarized in Abeysekara et al. (2017) are
applied from bins 1 to 9. The search for signal is performed in
10 consecutive time windows of 2s to preserve a minimum
number of counts (e.g., the background rate is 0.54 events per
second for GRB 150423A; see Alfaro et al. 2017). The
significance is calculated applying the search in one-degree
circles as described in Alfaro et al. (2017) and assuming a
Poisson distribution of the background rate. It is expressed in
terms of standard deviations of Gaussian distribution equiva-
lent to the corresponding p-value. When no events are

35 The search circle is offset in R.A. and time covering the same zenith angles
as the search on the GRB position but at different times.
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Table 1

Short GRBs Detected in the Field of View of HAWC

GRB Name Detection Time R.A. J2000 Decl. J2000 Error Box Zenith Angle Too RA Decl. HAWC Upper Limit Significance
(uT) (deg) (deg) (deg) ¢)  (dep)  (deg) [0-2 5] (erg em™?s™") ©
Fermi-
GBM

GRB 141202470 11:17:05.606 145.01 59.87 3732 40.83 1.34  142.89 60.7 1.603e—05 0.43
GRB 150201040 00:56:54.289 5.63 19.75 13°92 39.53 0.51 11.28 8.13 8.420e—06 —1.82
GRB 150522944 22:38:44.068 130.86 58.58 10°47 40.02 1.02 11249 5582 8.517e—06 —0.52
GRB 150705588 14:07:11.608 66.54 —6.62 12°60 38.34 0.70  63.12 331 2.767e—06 0.57
GRB 150811849 20:22:13.749 186.35 —14.11 0°99 37.77 0.64 2.512e—06
GRB 150906944 22:38:47.307 212.04 1.09 5°19 23.76 032 209.83 5.52 1.333e—06 0.34
GRB 150923297 07:07:36.184 316.80 31.82 10°76 50.29 0.19 327.262 38.1856 2.926e—05 —0.49
GRB 151022577 13:51:02.089 110.37 40.23 21236 33.64 032 12027  49.19 6.415e—06 —0.86
GRB 160211119 02:50:48.276 123.20 53.43 4297 44.87 096 12157 5157 2.921e—-05 0.02
GRB 160406503 12:04:36.798 261.80 32.26 11°80 20.28 043  266.8 22.05 7.265e—07 —0.03
GRB 160820496 11:54:10.646 6.82 21.85 4°52 40.67 0.38 2.542e—06
GRB 161026373 08:57:16.281 67.70 41.85 11°68 23.16 0.11 54.67 37.98 1.968e—06 0.65
GRB 170203486 11:40:25.855 245.09 —0.51 14°06 38.39 034 23497 —-9.55 1.157e—05 1.85
GRB 170219002 00:03:07.123 54.84 50.07 1°41 31.20 0.10  54.19 51.32 2.179e—06 —1.03
GRB 170403583 13:59:17.798 267.08 14.53 7°16 35.96 0.48 1.133e—-05
GRB 170604603 14:28:05.086 340.44 40.67 4°10 35.12 032 3443 42.56 4.005e—06 0.03
GRB 170709334 08:00:23.979 310.04 2.20 7°49 16.73 1.86 311.76  5.563 6.360e—07 —1.65
GRB 170818137 03:17:19.979 297.22 6.35 11°54 22.16 0.58  287.11 9.09 8.255e—07 0.18
GRB 170826369 08:51:07.514 64.34 21.07 0°86 50.83 0.26 2.355e—04
GRB 171011810 19:26:27.946 177.04 26.93 15296 35.39 0.48  187.80 14.53 2.150e—06 -0.75
GRB 171207055 01:18:42.452 314.39 51.67 9°54 4733 0.18 319.53  48.74 2.935e—05 —0.49
GRB 180103090 02:09:12.118 25.40 28.01 6°97 14.26 0.02 3251 28.99 7.235e—07 0.59
GRB 180128881 21:09:19.457 323.18 —13.55 9722 40.56 1.79 31486 —11.37 6.350e—05 1.14
GRB 181222841 20:11:37.438 311.15 22.86 1°60 14.03 0.576 311.68  22.63 4.935e—07 —0.782
GRB 190226515 12:21:45.676 224.43 —8.61 5°11 33.71 0.192 221914 —12.88 3.397e—06 —1.083
GRB 190630257 06:09:58.319 306.98 -1.33 7°65 39.07 0.224 312.63 —0.36 1.231e—-05 —0.824
GRB 190724031 00:43:56.792 170.35 15.15 13%62 42.66 0.08  166.99 5.44 6.350e—05 —0.177
GRB 190905985 23:38:28.489 234.48 3.12 362 17.49 0.704 232.32 0.36 7.925e—07 —1.577
GRB 191031891 21:23:31.128 283.27 47.64 0°05 32.94 0.256 1.138e—06
GRB 191117637 15:17:38.361 157.42 7.23 13°07 32.21 1.28 15256 —3.97 3.697e—05 —0.105
GRB 200221162 03:52:58.711 157.10 33.14 5°04 43.20 1.728 153.69  35.74 1.605e—05 —0.4236
GRB 200224416 09:58:44.567 187.02 —19.55 12°52 42.85 0.064 187.28 —13.06 8.470e—06 —0.865
GRB 200423579 13:54:11.373 325.02 66.78 11220 47.88 0.032 312924 57.27 9.970e—06 —1.635
GRB 200514380 09:07:37.124 238.32 37.22 13°12 34.52 1.664 24286  34.16 3.245e—06 —-1.077

Swift-BAT
GRB 141205A 08:05:17 92.86 37.88 0°03 19.36 1.1 4.829e—07
GRB 150423A 06:28:04 221.58 12.28 020004 12.63 0.22 2.163e—07
GRB 150710A 00:28:02 194.47 14.32 0°0008 5.40 0.15 4.630e—07
GRB 160714A 02:19:15 234.49 63.81 0°045 44.88 0.35 2.041e—05
GRB 170112A 02:02:00 15.23 -17.23 0°042 46.34 0.06 4.66e—05

Fermi-LAT
GRB 170206A 10:51:57.696 212.79 14.48 0°85 11.10 1.168 4.736e—07
GRB 180225417 10:00:54.175 180.98 —-9.49 7°47 39.01 0.896 17844 —13.19 3.710e—05 1.111
GRB 180402406 09:44:59.367 251.90 —14.96 0°05 36.16 0.448 2.470e—06
GRB 180511364 08:43:35.786 250.42 —8.18 15°07 29.67 0.128 26.68  247.96 2.156e—06 —0.769
GRB 180511437 10:29:52.606 257.78 9.07 10°16 31.91 1.984 260.16 14.15 2.745e—06 0.378
GRB 180617872 20:55:23.463 106.89 24.87 824 15.45 1.920 106.50  25.74 1.052e—06 0.868
GRB 180626392 09:23:50.648 285.06 44.82 821 37.59 0.960 29437  46.65 4.691e—06 0.575
GRB 180803590 14:09:49.734 71.63 57.65 17237 38.84 0.384 68.736  56.7804 8.505e—06 —1.83

Note. Observational information for bursts detected in the field of view of HAWC from 2014 December to 2020 May by Fermi-GBM, Swift/BAT, and Fermi-LAT.
The third and fourth columns show the GRB position as reported by Fermi-GBM, Swift/BAT, or Fermi-LAT. The sixth column gives the angle between the GRB
position and the HAWC zenith. The eighth and ninth columns state the position of the one-degree circle where the maximum significance is observed for the first 2 s
after the trigger. We do not report the uncertainty for GRBs with an X-ray or optical counterpart. The HAWC upper limits to the flux are given assuming a spectral

index of —0.5 as in Alfaro et al. (2017).

observed, the significance is not calculated. This is the case for
bursts GRB 150811849, GRB 160714A, GRB 170826369, and
GRB 191031891: none of these are within 20° of zenith, where
HAWC is most sensitive.

The distribution of the significances extracted for the
analyzed sample of GRBs in all time windows is shown in

Figure 1, individual values for the first time window are stated
in Table 1, and only those time windows with significance
greater than 20 are given in Table 2. In both cases, the position
of the corresponding one-degree circle is given. To complete
the results in Alfaro et al. (2017), HAWC upper limits for a
spectral index of —0.5 in the energy range of 80—800 GeV are
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Figure 1. Distribution of the significances after trial correction extracted for
each GRB of the total sample on the 10 consecutive time windows. It is
consistent with a normal distribution. The solid line represents a normal
distribution with a mean of O and a standard deviation of 1. The normal
distribution that fits the significance distribution has a mean of 0.09 + 0.05 and
a standard deviation of 0.95 + 0.03, shown as a dashed line.

also given. The highest-significance post-trial of 3.150 (4.78
pre-trials) is obtained for GRB 200514380 in the time window
from 14 to 16 s after the trigger time. The significance during
the Ty of each GRB is also calculated, finding a maximum
significance of 2.39¢ for GRB 170604603.

The given significance is after trial correction. Considering
the 399 time windows, we expect ~0.52 fluctuations above
3.00, meaning that we find no evidence for a positive detection
at either early or late times. Then, event upper limits are
derived as the upper edge of frequentist confidence intervals of
90% and converted to flux limits as described in Alfaro et al.
(2017) under the spectral assumptions described in Section 3 to
constrain the parameters of the theoretical model. Flux upper
limits for the first time window of each burst are given in
Table 1.

3. SSC Forward-shock Model

The dynamics of the afterglow emission is generally
modeled as a spherical ultrarelativistic and adiabatic shell
propagating into a homogeneous density (Sari & Piran 1995,
1999; Sari et al. 1998; Kumar & Piran 2000). In particular,
Sari et al. (1998) describe the spectrum and light curves for
the synchrotron radiation, and the IC model is treated in
detail by Panaitescu & Mészaros (2000) and later extended
for the slow-cooling regime by Kumar & Piran (2000).
Therefore, here we show explicitly the spectral breaks, the
maximum flux, and the light curves for the fast- and slow-
cooling regimes as follows.

Accelerated electrons can up-scatter photons from low to
high energies proportionally to the square of the electron
Lorentz factor, 'yg. Considering the electron Lorentz factors, the
synchrotron spectral breaks, and the maximum flux given by
Sari et al. (1998), the characteristic (EJ7,) and cooling (EJ
break energies in the SSC emission can be written as

“ 5 Lo 1.3 9
E;ffn’:Aﬁ,‘m (1 + 2)% 63 epn s Evt s

7
2

ESS A (I+ 231+ ) epn s Eirs, (1)
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and the maximum flux is given as
3 1 5 _ 5
F’\isfcnax = V,max(l + Z)4 5123 n4 DZ 2 E4 [1/4. (2)

The coefficients of the break energies (A,,, and A, ) and the
maximum flux (£, ) are given explicitly in the Appendix.
Here E is the isotropic kinetic energy of the blast wave, n is the
density of the surrounding medium, z is the redshift, p is the
electron spectral index, D, is the luminosity distance from the
burst to Earth, Y is the Compton parameter (Sari & Esin 2001),
and €, and ep are the microphysical parameters related to the
total energy given to accelerate electrons and to amplify the
magnetic field, respectively, with the constraint of €, + e < 1.

The light curves in the fast (f) and slow (s) cooling regimes™°
are given by

An 13 (E))A, E, <Ey
E = AfZ [é(Eﬁ/)ié’ E%C < Ew < Eq/,mv (3)
9p—10

At s (E))7%, Eyp < Ey < Eqpa

and

Aat(E,)3,

911

E,={Agr s (B) "7,

E, < Eqp
Eom<E <E. (4
9p—10 | p-2 P
Agt 3 T (Eq/)_i» E’y,c < E~,/ < E’y,max:

respectively. The coefficients Ay, Ap, Ags, Ay, Agp, and Agz are
given explicitly in the Appendix.

The Klein—Nishina (KN) correction in the spectrum must be
considered at very high energies, where SSC emission
decreases drastically. The break energy in the KN regime is
given by

EXN o AN+ 7' A+ V) egin TS E S 71/4, (5)

where I' is the bulk Lorentz factor given by

1/8
I = ; (1 + Z)3/8 n71/8 E1/8 t—3/8_ (6)
327 m,

The SSC light curves for fast- and slow-cooling regimes are
derived assuming that the scattering occurs in a nonrelativistic
regime (below the KN limit). The term m,, is the proton mass.
Specifically, we require the KN energy break (quff) to be
higher than 1 TeV.

We do not take into account the intrinsic attenuation by e*
pair production because the outflow is in the deceleration
phase. We introduce the attenuation produced by EBL
absorption in accordance with the model presented in Gilmore
et al. (2012). We impose the restriction of €, > € to assure that
the IC mechanism is efficient.

Theoretical light curves are calculated from Equations (3)
and (4) varying the parameters e, €,, and n within the ranges of
(1077, 10%, [107% 10°) (Santana et al. 2014), and [10 %,
10°] cm ™ (Soderberg et al. 2006; Berger 2014), respectively.
The kinetic energy is obtained from the isotropic energy
assuming a kinetic energy efficiency of 20% (Kumar &
Zhang 2015). The isotropic energy in gamma rays is given by

36 The difference between the two regimes is associated with the radiative
timescale of this emission (see, e.g., Sari & Esin 2001)
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Figure 2. For illustrative purposes, the flux as a function of time predicted by the SSC model as described in Section 3 is shown for arbitrary values of microphysical
parameters for GRB 170206A. Red dashed—dotted, blue dotted, and green dashed lines show the theoretical light curves in the fast-cooling regime assuming different
combinations of microphysical parameters ([eg=1.4 x 1072, £, =2.6 x 107%], [e5=6.5x 107>, ¢, =13 x 1072] and [e5=5.7 x 107*, e,=7.1 x 1077,
respectively) and different start times (fqare = 0, 3, and 11 s, respectively). Slow-cooling regime light curves, plotted with orange solid and black dashed—dotted lines,
are derived assuming [z = 1.9 X 1074, €, =8.0x 1073] and [eg=T7.8 x 1079, e, =45 X% 1077, respectively. For all the cases we assume a redshift of z = 0.3,
n=1cm 7, and the isotropic energy of Ei,, = 3.6 x 10°! erg. Symbols represent flux upper limits at observation energy of 500 GeV derived from HAWC upper

limits for fluences in the energy range of 80—800 GeV. The colors of symbols correspond to different spectral index assumptions: red for 0.7, green for 1.5, blue for
1.7, and violet for 2.2.

Table 2
Information of Time Windows with Significance Greater than 20
GRB Name One-degree Circle Position Time Bin Significance HAWC Upper Limit
(R.A., Decl.) (deg) (s) o (ergem 2s7h
GRB 161026373 (74.24, 43.98) 2-4 2.53 1.926e-06
GRB 171207055 (327.95, 52.94) 18-20 2.09 2.375e-05
GRB 180803590 (67.91, 48.98) 4-6 2.31 3.527e-06
GRB 181222841 (311.68, 21.43) 14-16 2.13 8.259e-07
GRB 200423579 (330.62, 60.57) 8-10 2.03 2.379e-05
GRB 200514380 (225.24, 33.26) 14-16 3.16 8.583e-05

Note. The HAWC upper limits to the flux are given assuming a spectral index of —0.5 as in Alfaro et al. (2017).

the expression

_ 47D}F,
(1+2)°

where D, is the luminosity distance, F, is the fluence in ~-rays
detected by Fermi-GBM, and z is the redshift. We assume for
the cosmological constants a spatially flat universe ACDM
model with Hy=67.4kms ' Mpc ™', Q,,=0.315, and Q, =
0.714 (Planck Collaboration et al. 2016).

Figure 2 shows theoretical light curves for different start
times and microphysical parameter values. The observed
emission can be as short as the green light curve or as long
as the red light curve. Moreover, the peak of the emission can
appear along the 20s search period. The analysis presented
here takes into account all possible light-curve profiles within
the model. It is more restrictive to constrain the spectral time
evolution than using a unique time window that only contains
information on the total fluence. Therefore, for each time

iso

)

window, HAWC upper limits for fluences in the energy range
of 80-800GeV are calculated for the spectral indices
corresponding to the theoretical light curves. Then, fluxes at
observation energy of 500 GeV are obtained (symbols in
Figure 2) and compared with fluxes expected of the theoretical
light curves (lines in Figure 2) at the midpoint of the time
interval of each time window and the same observation energy
as shown in Figure 2. This allows us to constrain physical
parameter values such as the ISM density or microphysical

parameters. For a more detailed analysis, see Pérez Araujo et al.
(2021).

4. Results and Discussion

For theoretical fluences, we consider a typical value of the
electron spectral index for forward shocks p =2.4 (see, e.g.,
Kumar & Zhang 2015). In addition, since there are no
measurements of redshifts for the GRBs considered in this
analysis, we assume a value of z = 0.3 to derive the theoretical
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Figure 3. HAWC upper limits of the fluence extracted in the energy range 80-800 GeV for the GRB 170206A for different spectral indices and redshifts. The limits
are calculated for spectral indices of —0.7 (triangles) and —2.2 (squares) and for redshifts of O (black), 0.3 (red), and 1 (blue). The dashed black line is the average flux

measured by Fermi-GBM during the prompt emission.

fluences and the HAWC upper limits. However, the depen-
dency of HAWC upper limits on the assumed redshift is
discussed later. The assumption is motivated by the observed
distribution of redshifts (see Berger 2014, for a review) and the
previous work of Alfaro et al. (2017), where it is shown that
90% of the photons expected from the source would have an
energy between 80 and 800 GeV as an effect, mainly, of the
EBL. For z=0.3 a 50% attenuation on the spectra is expected
at energies of ~400 GeV, while for z=0.5 and z = 1, the same
attenuation is expected at energies <150 GeV and <100 GeV
(Gilmore et al. 2012; Franceschini & Rodighiero 2017),
respectively. Then, a choice of z = 0.5 will give results similar
to the ones for z = 1, where the EBL would absorb most of the
emission detectable by HAWC. The chosen value of redshift is
a good compromise between EBL, the mean redshift observed
for short bursts, and the loss of HAWC sensitivity (best above
1 TeV).

HAWC upper limits are calculated to be compared to the
theoretical fluences considering the theoretical spectral indices
and the energy breaks determined by the parameter values.
Figure 3 shows HAWC upper limits of the fluence as a function
of redshift and the assumed intrinsic spectral index. The
variation of the upper-limit values with time (for the same
redshift) is due to signal fluctuations over the background level.
As expected, the limits can vary up to four orders of magnitude
when the redshift goes from O to 1. The smallest and largest
variations of the HAWC upper limits are for redshifts of 0.3
and O, respectively. This variation decreases as redshift
increases. However, the most substantial attenuation of the
spectra is over the observational energy range. As a result, for
z=1, the HAWC upper limit for the spectral index of —0.7 is
below the ones for the spectral index of —2.2. As the redshift
increases from z = 0.1 to z =1, the optical depth, due to EBL,
takes a value of 1 at energies of 900—90 GeV, respectively.

To show the dependence of the upper limits on the zenith
angle, the fluence upper limits for the first time window of each

burst as a function of the zenith angle for the spectral index of
—0.5 and z = 0.3 are shown in Figure 4. The value used for the
spectral index corresponds to the fast-cooling regime when the
observation energy is between the cooling and characteristic
break energies (second power law). For our analysis, the spectral
index was varied to calculate the upper limits as mentioned
above and explained later in Section 4. As observed, there is a
strong dependency on the zenith angle reflected in a variation of
three orders of magnitude in the limits. This effect is expected
and discussed in detail in Abeysekara et al. (2012). Therefore,
here we have only considered bursts with zenith angles less than
21°, where the HAWC sensitivity is best. These bursts are GRB
141205A, GRB 150423A, GRB 160406503, GRB 150710A,
GRB 170206A, GRB 170709334, GRB 180103090, GRB
180617872, GRB 181222841, and GRB 190905985. In the case
of GBM-detected bursts, the tiling search method described by
Alfaro et al. (2017) is used. Thus, we take the most conservative
selection by choosing the fluence upper limit derived in the
position inside the GBM error box with the highest significance.
This selection contributes to the spread observed in Figure 4.
In Figure 5, we compare, for the bursts selected by zenith
angle, the fluence upper limits derived by HAWC over a time
interval of Tgy and a spectral index of —0.5 with the fluence
measured”’ by Swift-BAT, Fermi-GBM, and Konus-Wind in
the energy ranges of 15-150keV, 10-1000keV, and 20—
2000 keV, respectively. GRB 170206A and GRB 181222841
clearly stand out because the HAWC upper limits, assuming
z=0.3, are one order of magnitude lower than the fluence
measured by Fermi-GBM. Since the redshift is assumed to be
the same for all bursts and HAWC upper limits are of the same
magnitude, the results, burst to burst, depend mainly on the
kinetic energy available, i.e., on the fluence in the prompt phase

37 We use the data reported in the official Fermi-GBM catalog and GCNs to
derive the prompt emission fluences (Ukwatta et al. 2015; Golenetskii et al.
2015; Lien et al. 2017).
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Bursts considered in this work and included in this figure are reported in Table 1.
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Figure 5. The 90% upper limits derived by HAWC for the sample of bursts with zenith angle less than 21° vs. the fluence observed during the prompt emission. The
corresponding energy ranges are 15-150 keV (Swift-BAT; green), 10-1000 keV (Fermi-GBM; red), and 20-2000 keV (Konus-Wind; blue). HAWC upper limits are
derived using a time window of T (the same as referred to the fluence provided by the satellite) and assuming a power-law spectrum with index —0.5 and z = 0.3.
The identity function is shown as a black dotted line. We show, from left to right, GRB 150423A, GRB 180103090, GRB 200514380, GRB 150710A, GRB
180617872, GRB 160406503, GRB 190905985, GRB 170709334, GRB 141205A, GRB 170206A, and GRB 181222841.

measured by Swift-BAT, Fermi-GBM, or Konus-Wind, as seen
in Equation (7). Thus, we select four representative bursts that
sample the entire range of keV fluences. These are GRB
170206A and GRB 181222841 (with the highest keV fluence)
and GRB 170709334 and GRB 180103090 (with the lowest
Fermi-GBM fluence). Table 3 summarizes their relevant
information for this analysis.

We consider different regimes and transitions between power-
law spectra (see Equations (3) and (4)). The emission begins in
the fast-cooling regime, and the spectral breaks are extremely
high at the onset of the afterglow. As the spectrum evolves,
several transitions take place, modifying the spectrum and the

light curve. Three different scenarios are possible. If the transition
from the fast- to the slow-cooling regime occurs before the time 7,
(the time when the spectral break EJ crosses below the
considered energy range (in this case the HAWC energy range),
when the transition occurs after the time #,, (when EJY, crosses
below HAWC energy range) and, when the transition occurs after
t. but before #,,. Therefore, for the analysis, three cases associated
with these scenarios are defined: cases in the fast-cooling regime
during the first 20 s, cases in the transition regime where the flux
evolves from the fast- to slow-cooling regime after 2 s and before
20s of the trigger time, and cases in the slow-cooling regime
from 2 to 20 s after the trigger time (since the afterglow starts in
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the text. Colors correspond to the keV fluences of 3.62 x 10~ erg cm ™2 for GRB 181222A (purple), 1.02 x 107> erg cm 2 for GRB 170206A (blue), 6.83 x 10~
erg cm 2 for GRB 170709A (green), and 8.88 x 10~% erg cm 2 for GRB 180103A (red). Solid lines correspond to the cases considered for the given regime and keV
fluences, while dashed lines correspond to the cases consistent with a hypothetical flux upper limit of 10~'° erg cm ™2 at 500 GeV.

the fast-cooling regime, the change to the slow-cooling regime
must happen in the first 2 s).

As mentioned before, our analysis considers two main
ingredients, the HAWC upper limits on the flux and the
theoretical light curves. It has been discussed how the flux
upper limits depend on the zenith angle of observation, the
assumed or measured redshift of the burst, and the spectral
index assumptions (in this analysis, set to match the SSC
forward-shock model). In the case of the theoretical light
curves, the set of parameters n, €p, ¢, and the measured keV
fluence (through the apparent isotropic kinetic energy; see
Equation (7)) define the cooling case (see Equations (3) and (4)
and the Appendix). In other words, the duration and intensity of
the theoretical light curves are different from burst to burst

because of their different keV fluence. In order to understand
this, we consider the keV fluences for the four bursts mentioned
above. The percentages®® of the parameter space in each
cooling or transition case as a function of the model parameters
are shown as solid lines in Figure 6. As observed, the slow-
cooling regime (middle panels) dominates the parameter space.
For instance, for the highest (lowest) keV fluence, shown as a
purple (red) solid line, 27% (5%) of the parameter space is in
the fast-cooling case (top panels), 13% (7%) in the transition
case (middle panels), while 59% (88%) of the parameter space
is in the slow-cooling case (bottom panels). These values are

38 Calculated as the number of cases in a given cooling regime over the total
number of cases, for the range of parameters to be considered.
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Figure 7. Allowed density of the surrounding medium as a function of microphysical parameters related to the energy given to amplify the magnetic field (top panels)
and to accelerate electrons (middle panels) and the energy given to accelerate electrons as a function of the energy to amplify the magnetic field (bottom panels), from
left to right columns for GRB 181222A and GRB 170206A. Color scale indicates the percentage of cases remaining from the total cases per bin in the fast-cooling
regime.

calculated as the total number of cases in a cooling case over effect is negligible for the lowest keV fluence independent of
the total number of cases considered. the cooling case. In summary, this analysis will yield a stronger
Furthermore, values of e and &, greater than>10"2 restriction of the parameter space for close GRBs (z <0.3;
and >10"", respectively, are strongly preferred for the fast- Berger 2014) with high keV fluence. However, since the
cooling and transition cases, while values less than <102 parameter space in the transition case is similar or smaller
and 510_1, respectively, correspond to slow-cooling cases. In compared to the fast-cooling case and the results are similar,
fast-cooling and transition cases, the initial parameter space hereafter we only present the results for the fast- and slow-
(without considering the VHE flux upper limit) is reduced as cooling cases. Furthermore, we exclude results from the two
the keV fluence decreases, and the opposite happens for the bursts (GRB 170709334 and GRB 180103090) with keV
slow-cooling regime. Dashed lines in Figure 6 assume a VHE fluence below 1 x 10 ®ergem 2 since this methodology
flux upper limit at 500 GeV of 10~ ' erg cm 2. The parameter restricts poorly the parameter space.
space remaining (dashed lines) after requiring consistency of Figure 7 shows results for GRB 181222841 and GRB
the light curves with the VHE flux upper limits for each time 170206A for the fast-cooling case, considering the corresp-
window is strongly reduced for higher keV fluences, while the onding observed keV fluence, assuming a redshift of 0.3 and

10
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Figure 8. Same as Figure 7, but for the slow-cooling regime.
Table 3
Relevant Information of Analyzed Bursts
GRB Name Detection Time Ei, Zenith Angle References
(UT) (erg) (deg)
GRB 181222A 20:11:37.438 8.199 x 10°! 14.0 Veres & Bissaldi (2018)
GRB 170206A 10:51:57.696 2297 x 10°! 11.1 von Kienlin & Roberts (2017)
GRB 170709A 08:00:23.979 1.55 x 10% 16.73 von Kienlin et al. (2020)
GRB 180103A 02:09:12.118 2.010 x 10% 14.3 Beardmore et al. (2018)

requiring consistency of the theoretical light curves with
HAWC flux upper limits at 800 GeV in every time window. As
discussed before, the considered parameter space reduces as the
keV fluence decreases. This is observed as a smaller colored
area from highest (left panels) to lowest (right panels) keV
fluences. As the density of the surrounding medium decreases,

11

a higher amount of energy to amplify the magnetic field is
required and a dependency is observed (top panels). Thus, for a
given value of €5 a value of log,(n) < 0.5log,(eg) — 3 is
allowed. As consistency with the HAWC upper limits is
required, and cases with n > 10" cm > are strongly excluded:;
see the bluish area in the two middle panels of Figure 7. Those
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cases with n > 10 2cm™3 prefer low values of ¢z < 107",
However, as observed from the third line of Figure 7, higher
values of €z and €, are strongly preferred in the fast-cooling
case. Lower limits for the value of the Lorentz factor are
calculated using Equation (6). In particular, for bursts GRB
170206A and GRB 181222841, the bulk Lorentz factors must
be larger than 1080 and 1266, respectively. These values are a
consequence of requiring that the VHE emission appears within
the first 20 s after the trigger time and stays for that long period
in a fast-cooling regime. For instance, to model the emission
observed above 100 MeV up to 100s in the bright and hard
short burst GRB 090510 (Ackermann et al. 2010), large values
between 1900 and 9000 for the bulk Lorentz factor were found,
accompanied bg values of the medium density as low as
n~107%— 107 cm . These values for n are even lower than
the ones reported in this work (He et al. 2011).

Figure 8 is the same as Figure 7 but for the slow-cooling case.
Opposite to the fast-cooling case, the considered parameter
space reduces as the keV fluence increases. Again, as the density
of the surrounding medium decreases, a higher amount of
energy to amplify the magnetic field is required and a depen-
dency is observed, log,,(n) < —0.4log,,(cg) — 3.4. For GRB
181222841 and GRB 170206A, as consistency with the HAWC
upper limits is required, cases with 7 < 107>cm > are generally
preferred, with the upper bound dropping toward 10> cm > as €5
increases. Those cases with n>10"2cm™> prefer values of
.2 10" and therefore £5 < 10>, The corresponding minimum
values of the bulk Lorentz factors for bursts GRB 170206A and
GRB 181222841 are the same as for the fast-cooling case when
the preferred values of n <10 2cm > are considered. These
values are unexpectedly large for the slow-cooling regime.

The maximum value of n obtained from this analysis is
consistent with the evidence that short bursts explode in very
low densities, even lower than those reported before by
Soderberg et al. (2006) and Berger (2014). However, the
maximum value of n <10 >cm > could be rejecting the
possibility of VHE emission mainly in the fast-cooling regime
for high keV fluence bursts since almost no short burst has been
observed with such a low density value. However, the joint
detection and modeling of two messengers, gravitational and
electromagnetic waves (von Kienlin et al. 2017; Abbott et al.
2017c), of a fusion of two neutron stars (Abbott et al. 2017b)
and its associated short burst provided values of circumburst
densities even lower than the limit obtained here.

5. Conclusions

We use data collected by the HAWC gamma-ray observatory to
search for VHE emission from a sample of 47 short GRBs
detected inside its field of view from 2014 December 1 and 2020
May 14. Our analysis is oriented to the search for possible delayed
or extended VHE emission, inspecting the signal up to 10 times the
duration of the prompt emission. Although no evidence of transient
signal is found, we derive fluence upper limits assuming a spectral
hypothesis and the theoretical model described by Sari & Esin
(2001). We show that by restricting the flux predicted for the SSC
emission in the framework of the external-shock model, for close
and short GRBs with high fluence this analysis could extract
information about the ISM density, the bulk Lorentz factor of the
expanding blast wave, and the microphysical parameters of the
fireball.

The most constraining results, assuming a redshift of 0.3, are
obtained for bursts with the highest keV fluences, GRB 170206A
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Albert et al.

and GRB 181222841. For the fast-cooling case, we have found
that n <10 2em >, e5>107"°, €, 1079, and '~ 1080 are
required to observe VHE emission for high keV fluence bursts.
These low values of n are consistent with those obtained after
modeling high-energy emission in other bursts (e.g., GRB
090510). Furthermore, there is some evidence of such a low n,
in particular, interestingly, for the gravitational wave GW1700817
associated with GRB 170817A. Similar low values for n are
preferred for the slow-coolin% case, although higher values are not
totally excluded if e5 <10 and €, > 10", We show that it is
possible to restrict the microphysical parameters of the SSC
forward-shock model even when considering a conservative value
of z =0.3.

Two interesting events are coming that may be convenient
for an analysis similar to the one presented here: (1) the new
HAWC analysis framework, which is more sensitive to photons
with energy below a few TeVs; and (2) the operation of LIGO
and VIRGO, which may give us exciting candidates of close
GRBs, possibly with interstellar density values convenient for
VHE emission in the fast-cooling regime.

We acknowledge support from the US National Science
Foundation (NSF); the US Department of Energy Office of High-
Energy Physics; the Laboratory Directed Research and Develop-
ment (LDRD) program of Los Alamos National Laboratory;
Consejo Nacional de Ciencia y Tecnologia (CONACyT), México,
grants 271051, 232656, 260378, 179588, 254964, 258865,
243290, 132197, A1-S-46288, A1-S-22784, céitedras 873, 1563,
341, 323, Red HAWC, Meéxico, DGAPA-UNAM grants
1G101320, IN106521, INI111716-3, IN111419, IA102019,
IN110621, IN110521; VIEP-BUAP; PIFI 2012, 2013, PROFO-
CIE 2014, 2015; the University of Wisconsin Alumni Research
Foundation; the Institute of Geophysics, Planetary Physics, and
Signatures at Los Alamos National Laboratory; Polish Science
Centre grant, DEC-2017/27/B/ST9/02272; Coordinacién de la
Investigacién Cientifica de la Universidad Michoacana; Royal
Society—Newton Advanced Fellowship 180385; Generalitat
Valenciana, grant CIDEGENT /2018 /034; The Program Manage-
ment Unit for Human Resources; Institutional Development,
Research and Innovation, NXPO (grant number B16F630069);
Coordinaciéon General Académica e Innovacién (CGAI-UdeG),
PRODEP-SEP UDG-CA-499; Institute of Cosmic Ray Research
(ICRR), University of Tokyo. H.F. acknowledges support by
NASA under award No. 80GSFC21M0002. We also acknowl-
edge the significant contributions over many years of Stefan
Westerhoff, Gaurang Yodh, and Amulfo Zepeda Dominguez, all
deceased members of the HAWC Collaboration. Thanks to Scott
Delay, Luciano Diaz, and Eduardo Murrieta for technical support.

Appendix
Coefficients of the Synchrotron Self-Compton Light Curves
The coefficients for the break energies are
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and for the light curves in fast- and slow-cooling regimes are
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where m, is the proton mass, m, is the electron mass, g, is the
elementary charge, and ot is the Thompson cross section. The
subindices f and s refer to the fast- and slow-cooling regime,
respectively, and A, m, and [ to high, medium, and low power
laws, respectively.
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