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Abstract

A prompt extra power-law (PL) spectral component that usually dominates the spectral energy distribution below tens of
keV or above ~10 MeV has been discovered in some brgghthma-ray bursts (GRBBlpoweverijts origin is still

unclear.In this paper,we presenta systemati@analysisof 13 Fermi short GRBs, as of 2020 August, with
contemporaneous keV-MeV and GeV detections during the prompt emission phase. We find that the extra PL component
is a ubiquitous spectral feature for short GRBs, showing up in all 13 analyzed GRBs. The PL indices are mostly harder
than -2.0, which may be well reproduced by considering the electromagnetic cascade induced by ultrarelativistic protons
or electrons accelerated in the prompt emission phase. The average flux of these extra PL components positively correlat
with that of the main spectral components, which implies they may share the same physical origin.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); High energy astrophysics (739); Astronomy data
analysis (1858)

1. Introduction resolved)]110920A,GRB 160107Aand GRB 160709A (Basak

Gamma-ray bursts (GRBs) are the most energetic explosiong‘(ﬁao 2013; Ryde et al. 2010; lyyani et al. 2015; Kawakubo et al.

. > . . 8; Tak et al. 2019).

the universeThey can be divided into two phenomenological .

categories based on their duration in the propfaisepamely, A-'rrhc?;?a?tnre)L?BFgrﬁn?fo'chzX?glén;?ear02%”1 g‘;"t]f;l:r?] (2%%89 after
long GRBs (LGRBs) and short GRBs (SGRBs), separated at akauhst to 29018 August amonJ which 169 are LGRBS and 17 are
2 s. Various physical models have been proposed to explain th%GgRBs In revio%s s,tudies %nl two SGRBs. namel

prompt emission,such as the photospherianodel (Rees & B 09.0510p d GRB 1607691A(y di d t, h ¥h
Mészaros 2005; Giannios & Spruit 2007; Pe’er 2008; Beloborogs an pre discovered fo show . ©
2011), the internal shock model (Rees & Mészaros 1994; €xtra PL componentn the spectrum (Ackermann efl. 2010;

Kobayashit al. 1997; Daigne & Mochkovitch 1998)and the Tak etal. 2019).In order to further search for and explore the
magneticreconnection mode(Spruit et al. 2001; Zhang & prOpegﬁZ;’Li\t/ge.o?ﬁ? Zlgtfaolrgﬁg;"z?;’Or}e;gr‘:’n?_geBrfﬁr;g Fermi
Yan 2011). Spectral analysis is thus the key to investigate the @ P data of sjelecteg SGRBs inythe 8 keV—10 GeV ener.
radiation mechanism andcan help us to understandtheir 9y
underlying physicalprocessesObservationallyGRB prompt range detected between 2008 August and 2020 August. The same

emission exhibits diverse spectral properties. Those spectra in?H‘?H:IS;;?;iIc_:gbRrigisnvgy tg: giggrg]f 2paen01r$g%r;ii:;igwh2§re'
ke\V-MeV energy range can generally be fitted by some empiri%al : . .
. ; tensively explored in the framework oboth internal
functionssuch as the Band function (BAND component) (Band een ex o ) .
; : dissipation models (Asano et al. 2009; BosSnjak et al. 2009; Corsi
et. al. 1993),a simple power-le}w function (PI.‘ componenfL. t al.p2010a' Asano(& Mészaros 2011; Arimojto ePar0) and
with a high-energy exponential qutoff function (CPL componen %ternakjiss’ipation models (Mészéros’& Rees 19€dmar &
and a smoothly broken FL- function (SBFL component), (tc’;agh‘jl‘)’ riol Duran 2009: Beloborodov et al. 2014: Fraija et al. 2017)
yr of observations by the Gamma-ray Burst Monitor ’ o N - ) ’
. . although the latter may have difficulty in explaining the correlated
board Fermi (Poolakkil et al. 2021), hereafter the GBM catalog,t ogr;al behavior of t%e GeV emissi)(/)n andpkeV—ﬁ/leV emission in
Combining these the observations of the Large Area Telesc&%&n@ GRBs (Tang ef. 2017).Even in the internatiissipation
(LAT) on board Fermi, it is in_teresting to note that the keV-Ge modelsjt is not clgar )'/etfrom.which mechanism the e?(tra PL
Z;P(Z(r:rt]:)alleog E‘X&%ﬁ?ﬁ;gﬁ Qﬁg,svtitﬁfamﬂecgh:,Bfnn:nﬁgrm Gpc&oéent, componentrises.As shown in previous literature either the
080916C. GRB 090510. GRB 0909026A. and GRB photopion production oithe Bethe-Heitlepair production of
110731A’(Ryde et 2010zAckermann etal 2(')10 2013);a relativistic protons can reproduce the additispattrum comp-
CPL component with a PL component for GRB 0’90902I:°> (time_onentat GeV band.Aside from the hadronic origin modehe
integrated), GRB 100414A, and GRB 160709A (Ackermann et 'gvérse Compton (IC) scattering of high-energy electrons can also
2013; Tak et al. 2019); and a blackbody component (BB or mlJl[‘t?_produce such a spectral feature (Wang et al. 2018). Therefore, it

; .may be difficult to reveal the origin of the extra component solely
BB) with a PL component for GRB 081221, GRB 0909028 (tim rom GeV observationés will also be discussed in this study,

—@ ® Original content from this work may be used under the terms ?hbesseervmaggzlssat lower energies may provide a clue to differentiate
BY of the Creative Commons Attribution 4.0 licence. Any further : . . .

distribution of this work must maintain attribution to the author(s) and the titte 1 he rest of the paper is organized as follows. In Sectioa 2

of the work, journal citation and DOI. perform the spectral analysis of selected GRBs. In Section 3, the
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Table 1
Durations and Positions of 13 GRBs in Our Sample
GRB GBM T,? GBM Tgo GBM Tos GBM Tgs LLE Detectior? LATR.A. LAT Decl.¢ LAT Ref.¢
(s) (s) (s)
081024B 246576161.864 0.640 -0.064 0.576 Yes 323.01 20.84 (1)
081102B 247308301.506 1.728 -0.064 1.664 L 212.95 30.33 L
090227B 257452263.407 0.304 -0.016 0.288 Yes 11.80 32.20 L
090228A 257489602.911 0.448 0 0.448 L 98.60 -28.79 L
090510 263607781.971 0.960 -0.048 0.912 Yes 333.57 -26.62 L
110728A 333508824.816 0.704 -0.128 0.576 L 173.57 4.34 L
120830A 368003226.533 0.896 0 0.896 L 88.59 -28.79 L
120915A 369360044.638 0.576 -0.320 0.256 L 240.95 57.04 L
140402A 418090209.998 0.320 -0.128 0.192 L 207.66 5.97 L
141113A 437559466.503 0.448 -0.064 0.384 L 182.32 77.38 L
171011C 529442792.946 0.480 -0.448 0.032 L 168.48 10.03 L
160709A 489786547.512 0.448 0.320 0.768 Yes 236.11 -28.51 (2)
190515A 579587588.135 1.264 -0.112 1.152 L 137.69 29.28 3)
Notes.

& GBM burst trigger time in the format of the Fermi Mission Elapsed Time.

b “Yes” indicates that Fermi-LAT Low-Energy (LLE) data are available.

¢ Central position employed for the Fermi-LAT detection.

d (1) Ajello et al. (2019); (2) Tak et al.(2019); (3) Kocevski et al(2019).

® For GRB 160709A the selected time range is the main prompt GRB emission phase reported in Tak @0d19).

spectral fitting results are presented and discussed. In Section dataare available in the High Energy Astrophysics Science
discuss the possible origin dhe PL spectralicomponentThe Archive Research Centér.

conclusions are presented in Section 5. GBM data.For each GRBwe selecthe three Nal detectors
closest to the GRB position and one BGO detector with the lowest
2. Methodology angle of incidence, which are presented in Table 2. We analyze Na
. time-tagged event (TTE) data with energy between 8 and 900 keV
2.1. Sample Selection as well as BGO TTE data with energy between 250 keV and

The main criterion employed to select our sample is that hight0 MeV, excluding the overflow channels. The GBM backgrounds
energy photons need to be detected by the Fermi—LAT instrumaet usually estimated by fitting the observed TTE data tens of
during the GBM Ty interval,during which 90% of the burst seconds before and after the source emission intervals. Because o
fluence (50-300 keVi$ accumulatedVith a contemporaneous  the short durations (<2 s) in our sample, we found that two time
detection by the LAT and the GBM, we thus can perform a intervals are reasonable to derive a good count-rate background fo
broadband spectrahalysis between GBMgE and GBM Tgs, the selected GRB detectors through autodetermined polynomial
which are the start and end of GBM, T order fitting, such as [-25, =10] and [15, 30] away from the GBM

Among the 17 shorbursts presented in the LAT catalogs trigger timelnstrumentesponse files are selected with the rsp2
exclude 5 GRBs with no high-energy photons detected above files; however, if no rsp2 files are included in the archived GBM

100 MeV during the GBMglintervals, i.e., GRB 090531B, GRB data for some GRBssuch as GRB 120830AGRB 120915A,
110529A,GRB 160829A,GRB 170127Cand GRB 180703B.  GRB 140402A,and GRB 141113A the rsp files are selected

Moreoverwe also exclude GRB 160702A as its GBM data are pgcayse ouspectrabnalysis is performed fothe GRBs with

not archived in the GBM catalog. Furthermore, we include in oyg|atively short durations (von Kienlin et al. 2014; Narayana Bhat
sample a short bur€<BRB 190515A (Kocevski et @019),that et al. 2016).

satisfies ouselection criterion and was detected aftes LAT LLE data. There are four GRBs in our sample with LLE
catalog time period,namely between 2018 Augusénd 2020 yotection as shown in Table 1such as GRB 081024BGRB
August. Finally, we also include the long GRB 160709A, althou 0227B. GRB 090510. and GRB 160709A. Events with

both catalogs classify it as a long burst. Indeed, Tak et al. (201 ergy bétween 20 and’ 100 MeV are selected in our spectral

classify it as a short hard GRB. In the spectral analysisnly : : .
consider the main bursting phase of GRB 160709A, ranging fr: anaggaTQ:tare\SEgEo:sgggﬁn;LﬁS?)?cfgggisgme as that of

0.32 to ~0.77 s post-trigger time, as discussed in Tak et al. (2019). 2 : : .
Our sample includes 13 SGRBs from 2008 August to 2020 AT datel. LAT-Transient020E events with a zenith angle
cut of 100° are selected for each burst, whose energy are

August, which are listed in Table 1, where the GBM trigger between 100 MeV and 10 Ge¥or GRB 090510the highest

time (Tp in Mission Elapsed Time, MET),of, Tos, and s are . . .
rted Positi rt the LAT catal | photon energy is abou80 GeV;thus the maximum energy is
reported Positions reported by the catalog are employed 100 GeV. Region of interest (ROI) is chosen within the radius

for the LAT data reductionas shown in Table 1. s g
of 12° from the localization report in Table 1.

After the eventselectionthe count-rate lightcurve is built
for each GRB. For example, the composite light curve for GRB
Fermi-GBM and Fermi-LAT data are used in our spectral 081024B is shown in Figure 1.
analysis. For four GRBs shown in Table 1, Fermi—-LAT Low-
Energy (LLE) data are also combined in the spectral fitting. All © https:/fermi.gsfc.nasa.gov/ssc/data/access/

2.2. Event Selection and Background Estimation

2
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Table 2
Information for the Selected GBM Detectors
GRB name First Na D? Second Na D? Third Na D? BGO D®
(degree) (degree) (degree) (degree)
081024B n0 30.98 n6 23.56 n9 27.67 b1 73.66
081102B n0 30.66 n1 18.99 n5 44.20 b0 45.46
090227B n1 27.27 n2 19.31 n5 51.05 b0 54.22
090228A n0 10.35 n1 24.73 n3 40.40 b0 67.17
090510 n0 34.17 n6 7.07 n7 32.68 b1 81.59
110728A n0 31.01 n1 33.34 n9 28.14 b1 87.21
120830A n0 22.98 n1 21.41 n3 39.17 b0 53.13
120915A n0 17.40 n3 36.17 n6 28.08 b0 79.00
140402A n0 28.28 n3 32.60 n6 20.26 b0 84.18
141113A n3 33.64 n6 38.46 n7 33.70 b1 89.78
160709A n3 13.06 n4 42.93 n6 44.79 b0 70.29
171011C n0 25.21 n1 23.77 n3 37.08 b0 51.29
190515A n0 38.36 n1 43.30 n9 18.98 b1 77.38
Note.
@ Angular separation between the pointing of the GBM detector and the GRB position in a unit of degree
et dN . .
2.3. Fitting Models where(ﬁ)BB is the same as Equation (1) ang 5 the photon
In order to test the existence of the additionaPL spectral index of the PL function.

component, six typical empirical functions are employed as the (v) The composite function of the BAND and a simple
fitting models to fit the broadband gamma-ray data oéach power-law function (BAND+PL),that is,
GRB, which are described below:

(i) The blackbody (BB) functionwhich is usually modified aN _ Ny, A [—E \C"L, 5)
by the Planck spectrum and given by the photon flux dE WE Jeanp {00 keV )
dN E2 dN . .
__ = - - where{ —= is the same as Equation (2) and thg fis the
T = o (1) (% )omno quation (2) and tha

photon index of the PL function.

where k is the Boltzmann’s constant, and the joint parameter kT (Vi) The composite function of the CPL and a simple power-

is an output parameter in common. It is found the peak energy law function (CPL+PL), that is

in the EAN gE  spectrum of the BB is about3.92 times the dN N E G

value of kT, that s, E, gs = 3.92KT. In all the functions here JE = &\ + ApL W\

and below,A is the normalization constant. JepL 00 keV)/
(ii) The Band function (BAND), which is written in the same

way as in Band et al(1993),

dN
JE AsAND

: (6)

where (Z—g)CPL is the same as Equation (3) and I'p__ is the
photon index of the PL function.

2.4. Spectral Fitting and the Best-fitting Model Selection

[(7100’5k V)ae[- E(2+ a)/Ed Epg 2~ 5E, In this work, we use the Markov Chain Monte Carlo (MCMC)
© ) fitting technique based on the Bayesian statistic by using the
i( (a- b )("' b o a)( E )b Eg 2_bF Multi-Mission Maximum Likelihood package (3MLVianello
(2+ 2)100 kev 100kev/ 2+ a et al. 2015) to carry out all spectralanalysesand parameter

h d the | hoton ind d hiah estimationwhich requires the corresponding informative priors
where a an Bare € low-energy photon Index and NIGN-energy, 4 e posterior sampling of the parameter space in each fitting
photon index respectivelygnd E, is the peak energy in the

model.
E2N gE spectrumwhich is reported in Section Resultsas

Ep,BAND 2.4.1.Informative Priors Selection
(iii) The cutoff power-law model (CPL)written as

The informative priors are adopted by using the typical
aNn A / E \ae EE, 3) spectralparametersfrom the Fermi-GBM catalog (Poolakkil
dE ~ " °Pt {00 keV ) ’ et al. 2021), hereafterwe call it typical priors (TP). For all

parametersn the TP scenario, we set the initial parameter

where a is the photon index and E is the cutoff energy,the values and the parameter range to be the same as the default
peak energy in theEZN gE  spectrum for the CPL (E cpy) value in the 3ML package exceptfor the normalization (TAé)
equals (2 + a)E, say,E, cpL= (2 + 0)E.. whose lower bound and uppebound are calculated as
(iv) The composite function of the BB and a simple power- and 16 times its initial value, respectively. The distribution of
law function (BB+PL), that is, the normalization (A) is the logarithm uniform distribution
dN N E Gy (LogU), the photon indices (a, B, and ') have a Gaussian
= L\ + Ao —\ (4) distribution (G), and parameters in units of kel B, and kT)
dE E Jgg 100 keV ) are distributed in a logarithm normatistribution (LogN).For



The Astrophysical Journal, 922:255 (15pp)2021 December 1

%]
(%]
I
T

Counts/bin

— Nal (8-50 keV)

Counts/bin

Tang et al.

|
|
|
|
|
|
|
|
| |
| |
[ |
| |
| |
| |
| |
1 1
120 ' 1 T
c 1101 ] l
'S 100+ : :
E 90 | | |
c 8ol | |
= | |
8 70 | |
60 | } }
50 1 ; = ‘. : l T
| | J— -
cal | | | LLE (20 -100 MeV) ||
Q \ [
£31 1 | 1
= | |
0 2 | | 1
o | |
1 | 5 ]| A A
c ; : | — LAT (> 100 MevV) i~
=24 P o 9
] ‘ { 10° =
2 ‘ ve | ° L4 ;
3 | b | 3
S e °* 107 8
14 [ 0 | o o _ w
-2 -1 0 1 2 3 a
Time |[since (GBM trigger|(s)
Figure 1. Composite light curve for GRB 081024B. The averagz unt rate of three Nal detectors (the|first two panels), BGO (the third panel), LLE (the fourth pane
and LAT transient-class events-abeve-1+00-MeV-within-a-12>-RO| (bettor panel)—TFhe-shadewed-region-is-the-selected-time interval to be analyzed. The filled circle
are events that have a probability >0.9 of being associated with the GRB.
Table 3
Prior Setting
Function Parameter Initial Value Parameter Range TP Scenarid
PL AT 107, -2.0 [10°°, 10], [-10.0, 10.0] logu, G
BB A, kT 1074, 30 [107°, 10], [0, 107] logU, LogN
BAND Aq B E 104, -1.0, -2.0, 500 [107°, 10], [-1.5, 3.0],[-5.0, -1.6], [0, 107] logV, G, G, LogN
CPL A a, E 107, -2.0, 30 [10°°, 10], [-10.0, 10.0], [0, 10] logU, G, LogN
Note.

@ For the typical priors (TP), LogU represents the logarithm uniform distributionG represents the Gaussian distributiorand LogN is the logarithm normal

distribution.

all Gaussian distributions (Gjhe central value (p) equals the
initial parametewalue and the one standard deviation (ais

conclusion thatthe resultanfparameters in both scenarios are
consistentwith each other; therefore,the results in the TP

fixed at 0.5. For all logarithm normal distributions (logN), both scenario are presented in the following sections.

M and o are at the initial parameter values. The TP scenario has
been used in several publications for the spectral analysis of the
Fermi-GBM GRBs (Li2019; Yu et al. 2019;Li et al. 2021).
The details of these priors are presented in Table For the
composite models (BB+PL,BAND+PL, and CPL+PL), we

2.4.2.Posterior Sampling and the Best-fitting Model Selection

We employ emceeg sampling method included in the 3ML
packageto sample the posteriomvhich is an extensivepure-

use the joint informative priors above. We also test the uniformPython implementation of Goodman & Weare’s Affine Invariant
priors (UP) for all spectral parameters, whose initial values andMICMC Ensemble sampler (Goodman & Weare 2016incee
parameter ranges are the same as those in the TP scenario butisesmultiple walkersto explore the parameteispace of the
with the uniform parameterdistributions.Results in the UP posterior.For each sampling,we set the number of chains
scenario are presentedin Appendix A, which draws the (walkers) to 20; the number of learning samples to 3000, which
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Table 4

ABIC and the Best-fitting Models
GRB BB BAND CPL BB+PL BAND+PL CPL+PL Best Modef
081024B >10° >10 >10 0 >10 >10 BB+PL
081102B >10 >10 >10 0 >10 >10 BB+PL
0902278 >10 >10 >10 >10 >10 0 CPL+PL
090228A >10 >10 >10 >10 3 0 CPL+PL
090510 >10 >10 >10 >10 0 >10 BAND+PL
110728A >10 >10 >10 0 >10 >10 BB+PL
120830A >10 >10 >10 >10 >10 0 CPL+PL
120915A >10 >10 >10 0 >10 >10 BB+PL
140402A >10 >10 >10 0 >10 >10 BB+PL
141113A >10 >10 >10 0 >10 >10 BB+PL
160709A >10 >10 >10 >10 3 0 CPL+PL
171011C >10 >10 >10 0 >10 >10 BB+PL
190515A >10 >10 >10 0 >10 >10 BB+PL
Notes.
@ Best-fitting model with ABIC = 0.
®>10 represents the best model against this candidate model.
we do not include in the final results; and the number of global 3.2. Parameter Distributions

samples to 15,000. MCMC fittings are performed twice, one with

the initial parameter values, and the other one with the resultan[ihe E2N dE  spectrumFor the standard BB componenthe
median parameter valges. . Sak energy is found to be about 3.92 timgg kilour sample,
In order to know which of a suite of models best represents t;ivat is, E ga= 3.92 KT, which is also employed in Zhang et al
» [9,.BB™ V- B .

data, two information criteria are usually presented to choose 5
T . . 020) and Tak et a(2019).For the CPL componerthe peak
best-fitting modéior our sampling SGRBsuch as the Akaike energy is calculated asci = (2 + ). The values of the peak

Information Criterion (AIC; Akaike 1974) and the Bayesian energy (Ess o cru and E gang are reported in Table As
7 : : ,BB —p,CPL ,BAN
Information Criterion (BICSchwarz 1978ere we prefer the shown in Figure 3F, ranges from ~200 keV to ~3 MeVWe

BIC for selecting a best-fitting model due to the large samplingflgund thatthe peak energies of the main components of GRBs

our MCMC fittings. Given any two estimated models, the ) .
preferred modes the one thaprovides the smaller BIC value. m?;daﬁtﬁe;gmted with CPL or BAND are larger than those best-

Here we use the d|fference In BIC value_ (ABIC - Rl 8- For the extra componenthe observed spectra are generally
BlCmodel A to describe the evidence agairstandidate model Psard with the spectral index(J ranging from ~-2.1 to 1.5

(model B) to the best model (model A) in the model compariso . :
' g . . €.9., 10 out of 13 GRBs in our sample with central valueg of I'
If ABIC is larger than 10, the evidence againghe candidate largerthan -2.0. Note thatit does notnecessarily mean the

model is very strong (Kass & Raftery 1995). absence of a softer PL component in reality, because GRBs with
softer PL components may not be detectable to Fermi—LAT.

For the main components, we calculate the peak engigy (E

3. Results
3.1. Best-fitting Models

Comparison results ofdifferent models of 13 SGRBs are
presented in Table 4. We identify three subclasses according t
the best-fit models: eight GRBs are best fitted by the BB+PL
model (Class A), four GRBs by the CPL+PL model (Class B),
and GRB 090510 by the BAND+PL model (Class C).The
spectralenergy distributions (SEDs¥or 3 GRBs from each
subclassnamely GRB 081024B, GRB 090227B, and GRB logFpL = M+ Nlog Fain, ()

29?53 Ot" are. pllc:>jrted tc2>gethr$lr V‘;'r:h S”é% mfargitnhal pt(:]ster1i<())r where m and n are the free parameters. This fitting is performed
é?{gsualrznssr:gw;git:]reA ,evr;/dilxeFi ?Jres BSZ :er BeBoInearII SEDs by the basic linear regression analysis in the popula©rigin
bp 9 ‘ ’ scientific package, which can give the coefficient of determina-

we calculated the residual values gy - f,)?/s%,, where §, . ) . .
st, are the binned observationdfermi data and ft/he corresp- tion (R%, 0 < R < 1). For the linear fit,two variables,such as

onding 10 errorsand f, are the fluxes calculated by the best- Fmain @nd Fp, in our work, are positively correlated if the

fitting models. All residuals in 13 GRBs are between 0 and 3.0,Pearson correlation coefficient (R} <R < 1) is close to 1.

which imply good spectrafittings for all GRBs. All resultant We found a moderate correlation betweep.fand Fp_for

parameters of the best-fitting models are presented in Table 5.2ll GRBs in our sample, with R = 0.62, m = -2.17 + 1.67, and
Hereafter, we categorize the BB, BAND, and CPL functions N = 0.80 £ 0.31.The best fit for the correlation is written as

as the main componentind the PL function as the extra PL F. — 2.170 1.67 [=

component.The extra PL component is presentinall 13 logFpL =10 + (0-800 0-3hlogFimain (8)

analyzed SGRBs, which might imply the common existence of where both Fo and Frain are in units of erg cm® s™'. This

an extra energy dissipation process in SGRBs. correlation is plotted in the left panel of Figure 4, in which two

3.3. Correlation between E.i, and Fo

Spectral fluxes between 8keV and E 5« (the maximum
%hoton energy detected by Fermi—LAT) are calculated by
tegrating the EONAE  spectrum,denoted by Fain for the
main componentind Fp, for the extra PL componentThen,
we test the correlation between them by a linear fit in logarithm
spacesuch as
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Figure 2. Best-fitting spectral energy distributions (SEDs) and the marginal posterior distributions for SGRBs in our sample. In each SED (a, c, €), gray points are ti
binned observational data by Fermi, the red dotted line is the modeled main component, the green dashed line is the modeled extra PL component, and the blue s
line represents the sum of both components.
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Table 5
Derived Parameters of the Best-fitting Model in the TP Scenario
Class Main Component Extra PL Component
BB+PL Agg® Ep, e’ Fgg® Ap® ML Fpl®
081024B 19.9+£15.0 301 £ 86 72+54 171.0 £ 51.3 -1.74 £ 0.06 9.1+27
081102B 13.1+£45 297 £ 32 44+15 161.0 £ 41.8 -1.85+0.12 5414
110728A 236+11.5 244 + 40 37+18 179177 -1.93 £ 0.42 0404
120915A 125+45 347 £ 42 8.0+29 9.9+96 -1.89 £ 0.42 0.2+0.2
140402A 38+14 588 £+ 79 20.0+75 19.8 £18.7 -2.13 +£0.52 0.3+0.2
141113A 30+1.6 539 + 111 11.3+£5.9 58.7 + 53.7 -1.87 £ 0.35 1.7+16
171011C 23.8+35 209 + 46 69.7 15 17.2+14.8 -1.90 + 0.46 04+04
190515A 24+06 679 £ 114 222+59 49.8 £40.3 -1.83+0.25 1.7+14
CPL+PL Acp® QcpL Ep, CPLb Fepl® APLd MpL Fpl®
090227B 10.8+0.5 -0.35+0.04 1915 £ 106 886.0 £ 37.7 813.0 £ 220.0 -1.48 £ 0.04 106.0 + 28.7
090228A 10.0+04 -0.27 £ 0.09 767 + 85 192.0 £ 8.7 438.0 £ 238.0 -2.06 £ 0.22 6.0+3.3
120830A 2.0+0.1 -0.16 £ 0.11 1005 £ 159 67.2+4.1 23.8+235 -2.02+£0.43 04+04
160709A 26+0.2 -0.13£0.08 1784 + 180 269.0 + 231 380.0 + 100.0 -1.66 £ 0.05 24.7+6.5
BAND+PL ABANDa QABAND Ep,BANDb I:BANDC AF’Ld rF’L FPLe
(Beanp)
090510 20+0.2 -0.68 £ 0.06 3322 + 316 241.0+£20.9 235.0 £ 103.0 -1.56 £ 0.05 229.0£101.0
(-3.02 £ 0.16)
Notes.

@ Normalizations for the main componentgg in units of 1077 ph keV'' cm™ s™', and Acp. and Asanp in units of 1072 ph keV'' cm™2 s7".

b peak energy of th&%IN 0E spectrum in units of keV.

€ Fluxes of the main components in units of Therg cm? s,

9 Normalization for the extra component in units of T0ph keV' cmi 2 s7*.
© Flux of the extra PL component in units of 10 ergcm? s™*.

GRBs, GRB 081024B and 081102B,are far from the best- prompt emission (Kumar & Barniol Duran 2009; Ghisellini et al.
fitting line compared with the other GRBs. Therefore, a similar 2010; Razzaque 2011). However, the high-energy emission in the
linear fit is performed by excluding GRBs 081024B and early stage presents a rapid variability and a temporal correlation
081102B.In this case,Frmainand Fp. have a stronger positive ~ With the keV/MeV emission, implying an internaldissipation
correlation than that in Equation (8), with R =0.80, origin (Maxham et al. 2011; Tang et al. 2017). The origin of the

- _ + - + P extra high-energy emissiavhich is usually detected by Fermi-
m 0.50 £1.55, and n = 1.15 £ 0.29, which is presented as LAT in the brightest GRBs, has been explained via various high-

logFp. = 10 0590 155+ (1,150 0.29logFmain 9) energy processes, such as Comptonized thermal, self-synchrotron
. . . , . Compton (SSC) (Rees & Mészaros 1994; Asano & Inoue 2007),

shown in the right panelof Figure 4. In this strong positive proton-induced cascade (Viet997; Dermer& Atoyan 2006;
correlationGRBs 081024B and 081102B deviate from the corr- Asang etal. 2009; Wang etal. 2018),and proton synchrotron
elation at about the 30 level, with an excessively high ratio of thenission (Totani 1998). Except for the one-zone model, multizone
PL component to the main component with respect to the ratiosgptonic models including the SSC scenario (Corsi &04I0b;
other GRBs. This requires an efficient conversion of the jet’s kibetigne et al2011),the external IC scenaridoma et al2011;
energy to nonthermal particles in the prompt emission phase ofPer et al. 2012), and the synchrotronradiation scenario
GRB or implies an important contribution from the early aftergldi@ka 2010) have been invoked as well.
In the latter case, it requires an early deceleration of the GRB jet Signerally.the extra PL componen{including high-energy

the interstellamedium,probably caused by a high initigbulk parf) implies the presence ohonthermalrelativistic particles
Lorentz factorly for the jet given the deceleration timescale accelerated during the prompt emission phase, which can arise

t n N3 (E 0 aral 3 88 when a multiplicative stochastic process (thataches lognor-
Of lyec = 0.5(hsm/1 cnt %)/ (B¢ /10°0 erg"® (Go/ 1000 S mal in equilibrium) is truncated before equilibrium is achieved

(Mészaros & Rees 1994). (Mitzenmacher2004; Reed & Jorgensen 2004;Fang et al.
2012),such as in Fermi-type acceleration processdsre we
consider two possible one-zone scenarios: one is the product of
In order to explore the possibleorigins of the extra PL hadronic interactions ofaccelerated protons (othe hadronic
componentswe need to understand two main features tfis model), and the other is the IC radiation of accelerated
spectral component, namely, the spectral slope, which is foundeiectrons (or the leptonic model)n either scenariothe high-
approximately range between [-2.0, -1.5] (see the middle pan&nergy photons produced will likely be absorbed by the
of Figure 3) and the flux amplitude relative to thaftthe main radiation from the main component as the GRB fireball is quite
spectral component (see the bottom panel of Figure 3). The origimpact. The secondary electron/positron pairs will be
of the extra high-energy emission (especially above 100 MeV) generated and radiate a new generation of photons via the IC
still underdebate.The late-time and long-lasting high-energy process in the radiation field and via the synchrotron process in
gamma-ray emission from GRBs, such as 080916C, 090510, ahé magnetic fieldThe new generation of photons will repeat
090902B,may arise from afterglow emission rathethan the the above process unless the energies of the newly generated

4. Possible Origin of the Extra PL Components
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photons drop below the threshold of the pair production 10

process.Such a process is called the electromagnetic (EM) —— Cascade from PM,£,=0.001

cascadelt will largely modify the spectrum of the initially — 105 [~ 7 ~Cascade from BH,e;=0 001 4
generatedhigh-energy gamma-raysand dominate the PL " 0.1y
componentTo deal with the EM cascade processye follow “'E 10 b . " ]
the treatment described by Wang et al. (2018). Note that we do e -

not aim to explain the main spectral component, so we simply & . Z Pt \,

treat it as a target photon field for yy annihilation and IC = UF A~ Mo
radiation.For the main spectratomponentalthough mostof ; =02 | =
GRB prompt emission spectra around keV-MeV are present  © 0% PR :?f’ml Cascads,s,=0.001
with a nonthermal shape and usually can be modeled as a = 7 NO,'("" —Total Cascﬂde,gzzo_()l
smoothly broken power law, i.e., the BAND function, thermal 10° g/ e —— Total Cascade,e;=0.1
emission originating from the photosphereis a natural a Total Cascade,gy=1
prediction of the generic fireball scenario (Paczynskil986; 101 "

Shemi & Piran 1990; Mészaros et al993; Pe’er etal. 2012; == Syn of Primayy electron, I';=-2|8

Hascoét et al. 2013). The relative strength of thermal emission _ s [~ — -Cascade emifsion, I=-2.8

and nonthermal emission should depend on the various " ‘
environments(Daigne & Mochkovitch 2002; Ryde 2005). "-'E 106 L ‘

For the SGRB samples in this paper, the main spectral ) " :

components of most of them can be described better by a BB %" I i f —_FE

emission. The detailed origin of the main spectral componentis &z 10" [ _—="—= g

beyond the scope of this paper; here we only approximate itto = F ’/.’/’ PR PEa

be a BB emission in the calculation although in some GRBs the % 10°F _~ - “1-- -

main spectral components are found to be best described with = ;’, 7.7

CPL or BAND. 10°

We considera GRB located atz = 1 with a bulk Lorentz
factor of I = 300 and a dissipation radius R = 1&*cm. The 10710 Dt oot it fod it o ool oo i
main spectral componentis assumed to be a diluted BB 10° 10" 102 kb 10* 10° 10° 107
distribution with a temperature of kT = 100(1 + z) keV and an E[keV]
isotropic-equivalent luminosity of 45 = 6 x 10%% erg §".

For the hadronic model,the radiation at GeV energies is Figure 5. The extra fompon¢nts forthe hadr.owllc model(top) and leptonic
dominated by the EM cascade initated by the hadronic ol botion).In s botof panel e soi e are nesur o b cascace
processesincluding the photomeson (PM) processand the primary electronsThe apprgximate slopes for Hifferent lines are presented in
Bethe—Heitler (BH) procesd2rotons can be accelerated at the the same colors.
dissipation radius by some processeasg., internal shocks or
magnetic reconnectionsln this case, we define a magnetic scattering on both tHe BB componen and the synchrotron
equipartition coefficient (g) as the ratio of the magnetic field radiation of tiiese uftrarelativistic eleg¢frons themselves can give
energy density U to the photon energy density of the BB rise to high-¢nergyfradiation Similar tf} that in the hadronic
componentUyy, i.e., €= ,U B/,U bb: _The proton spectrum is model, the high-engrgy radiation proquced will trigger an EM
amsasfimﬁgn tgrgfoﬁ :rl;edrlgsygbum: v(\)/l’;hSaGsésgzey I?; r; :16127 2{1;1 @8  cascade. The relafive contribution frqn the synchrotron process

p,max .
in order to have an efficient photomeson process. The isotropicg-gsig;?tiltic nrggg icgfgrszciist%e(\edseae Isvsg,nsiis\?: ?nst(r)]r; the

equaivaler_rg luminosity for protons is taken to be 6 x hadronic dcenarjtSo here we mainly fxplore the influence of
10°%erg §', corresponding to a baryon loading factor of 10.  the injection sp

The accelerated protons can generate high-energy gamma-raygnhile fixing & 9 0.01, the flux of syrjthrotron radiations of
and electronsthrough the PM and BH processes and then primary electr b maximum electron
initiate the EM cascade in the photon field and the magnetic | orentz factorg¢mitting a typical photoy energy of~1 MeV.
field. As shown in Wang etal. (2018),differentva|ues of & For re= -2.8, [the Spectra] Shape of the extra component isa
can lead to differentindexes of cascade emissiodue to the quite flat PL vfith photon index ~-1.9 fand for a largeg, lthe
different ratios between the contributions from the synchrotron spectra becofne harder with a larger fjhoton index.

radiation and that of the IC radiation. Indeed, as we can see in  \We have '
the top panel of Figure 5for a larger g, the photon index is assumed mg@deparameterse.g., the te
close to —2.0, while for a smallersg the photon index tends to  which spang two orders of magnitudgin Figure 3 and a

be larger. The photon index of the cascade emission in the  backgroung photon field with the BANP function distribution.

1-10 keV energy range is about —1.5 in all the cases because The BAND function distribution with t ke typical values of the

perature ofthe BB,

is mainly producedby the electrons cooled from higher low-energy photon index a = —1.0, th high-energy photon

energiesand hence an E2 spectrum is expected for these index B = -2.2, the peak energy 1 + : ) = 100 keV, and the

cooled electrons (Wang et 81018). peak flux of 107° erg cm? s, is adopfed to replace the BB
For the leptonic modelsome electrons in the GRB fireball, distribution. To explore the dependgnhceon the different

in addition to those responsible for the main spectral temperaturesand background photon fleld distributions the
component, are assumed to be accelerated up to ultrarelativistsame electron PL distribution dN dE | AEG (the detailed
energies with a PL distribution dNJE = AEG The IC origin of the BAND componentis beyfnd the scope ofthe
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Figure 6. The effects for different background photon distributions.The
hadronic model (solid lines) and the leptonic model (dashed lines) are shown
with two temperatures (black and blue) for the BB background photon
distribution and a BAND function (red) background photon distributioRor

the differenttemperatures of the BB componenthe peak flux has the same
value of 10°° erg cm? s™'. The parametersof the BAND component are
a=-1.0, a=-2.2, andthe same fluxof 10° ergcm? s’ as the BB
component.gs = 0.01 and I' = —2.8 are adopted for all lines. The other
parameters are the same as the red lines in Figure 5 for the hadronic model a
the leptonic modelrespectively (see text for details).

paper) and ' ;= -2.8 are assumed for simplicity for the
leptonic model,the same proton distribution as in Figure 5 is
assumed forthe hadronic model,and the same &= 0.01 is

Tang et al.

annihilation ratherthan by the electronscooled from higher
energies (the latter one usually shows a typical fast cooling photon
index, i.e., ~—1.5). The BAND function distribution provides
much more target photons with energies belgarid increases
the photon—photon annihilation opacity. Except for the flattening
at the eV-keV energy range forthe BAND function in the
hadronic model, the other characteristics of the spectral shapes for
either the hadronic model or leptonic model at different
temperatures adhe BB componentor even treating the back-
ground photon field as a BAND function do not change
significantly compared with those in Figurdrbaddition,even
when taking such flattening tte eV to keV energy range into
account, the spectra for a quite large energy range extending from
eV to GeV could be treated approximately as a PL component.

In summary, as shown in Figure 5, both models can produce an
approximate PL componeranging from keV to GeV energies
within a certain range of indices, which is consistent with our result
of extra PL componerfor the SGRBsHowever for a flat PL
componentvith a photon index close to —2.0the low-energy
excess up to 10 keV could be helptal tell us which models
preferred because for the former one the photon index of the low-
energy exces$s close to —1.5 while for the latterone it is
~(I ¢e— 1)/2. Nevertheless, the poor statistics at a few keV makes
it difficult to differentiate the two models with current observations.
Qn the otherhand,the cascade emissions bbth models can
extend down to the optical band, as shown in Figure 5, and the flux
difference athe opticalband between the two models becomes
distinct. Therefore, in the future, observations in the optical band of
the prompt emission of GRBs may tell us which model is
preferable. In addition, the hadronic model usually needs to invoke
a relatively larger kinetic luminosity than the leptonic model due to

adopted for both models. The final cascade emission depends e lower radiation efficiency of protons than electrons and maybe
whether the EM cascade is fully developed and on the total lonexceed the typical energy budgets of GRBs. The hadronic model

energy photon field including the initialphoton field (BB or

also naturally predictsneutrino production,which might be

BAND distribution) and the cascade emission in the keV to Me¥onstrained by the stacking observation lsleCube as itwas
energy range. In the GRB environment, the EM cascade is liketjone in the case of LGRBs (Aartsen et al. 2015, 2016, 2017).

fully developed due to the relatively high photon densityAs

shown in Figure 6, for the leptonic model, different temperatures

(black and blue solid lines) would produce similarradiations

5. Summary and Conclusion

because the EM cascade is fully developed and the low-energy In this paper, we looked into the extra PL spectral
photons from keV to MeV energies are approximately dominatemponentsof short GRBs. By analyzing the combined

by the high-flux cascadeemission.For the BAND function

Fermi-GBM and LAT data, we identified the PL component

distribution as the background photon filed, the cascade emissiarell 13 short GRBs in our sample, including GRB 090510 and
shows a similar spectral shape and the magnitude of the casca@&B 160709A, whose extra PL component was already

flux depends principally on the background photon field and thereviously reported in the literatureThe average flux of the
adopted electron distribution. For the hadronic model in Figure BL. components within the J, scale positively correlates with

becausedhe low-energy photonganging from keV to MeV

that of the main spectratomponentsThe slopes of the extra

energies from the cascade emission is weaker than those fromRhecomponents of short GRBs are distributed in the range

initial BB componentthe initial BB componeniwith the same
peak flux and a higher temperature provides lower photon

between -2.0 to —1.5, which may be well reproduced by
considering the EM cascade induced by ultrarelativistic protons

density, inducing lower cascade emission. When a BAND functiorelectrons accelerated in the prompinission phaseln the

distribution is involved in the hadronic modalhigher cascade
flux is expected becauswe fixed the flux of the BAND
component to be T0 erg cri? s™', the same as thatf the BB
componentand the low-energy photon index of the BAND
component, =1.0, is much smaller than that of the BB compon
so that the BAND component provides much more photons wi

future, observations with more statistics around the keV energy
band and observations othe prompt optical GRB emission

may tell us which modelis preferable.In addition, the next-
generation neutrino telescopesmight play a key role in
atgtermining which is the preferred one of these two models.
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Appendix A
Comparisons of Results between the Uniform Priors (UP)
Scenario and the Typical Priors (TP) Scenario

In this section, we test the uniform-distribution priors for all
parametersof six models, hereafternamed UP. In the UP

Tang et al.

scenarioall normalizations (A)photon indices (a8, and IN),
and parametersof the break energy (kT, E; and E,) are
distributed uniformly, employing the same range as that in the
typical priors (TP) scenario.

The best-fitting models are shown in Table A1. Of 13 GRBs
with ABIC equals 0 (Best Model), 10 GRBs prefer the one-
componentmodel and 3 GRBs the two-componentmodel.
There are severatandidate models with ABIC less than 10,
which cannotbe rejected by the best-model-selection method
described in Section 2.4.ZTherefore,in the UP scenariowe
divided the best-fitting models into the best-fitting one-
componenimodels (Best1C Model) and the best-fitting two-
component models (Best 2C Model).

Table A1
ABIC and the Best-fitting Models in the UP Scenario

GRB BB Band CPL BB+PL BAND+PL CPL+PL Best Modef Best 1C Mode? Best 2C Modef
081024B >10¢ 0 7 5 >10 7 BAND BAND BB+PL
081102B >10 6 0 6 >10 >10 CPL CPL BB+PL
090227B >10 >10 >10 >10 7 0 CPL+PL L CPL+PL
090228A >10 7 2 >10 5 0 CPL+PL CPL CPL+PL
090510 >10 6 >10 >10 0 >10 BAND+PL BAND BAND+PL
110728A 0 >10 6 8 >10 >10 BB BB BB+PL
120830A >10 6 0 >10 >10 8 CPL CPL CPL+PL
120915A 0 >10 4 9 >10 >10 BB BB BB+PL
140402A 0 >10 6 7 >10 >10 BB BB BB+PL
141113A 0 7 1 9 >10 >10 BB BB BB+PL
160709A >10 0 >10 >10 2 1 BAND BAND CPL+PL
171011C 0 >10 4 8 >10 >10 BB BB BB+PL
190515A 1 6 0 9 >10 >10 CPL CPL BB+PL
Notes.
@ Best-fitting model with ABIC = 0.
b Best-fitting model with the lowest ABIC among the BBBAND, and CPL models.
¢ Best-fitting model with the lowest ABIC among the BB+PLBAND+PL, and CPL+PL models.
910 represents the best model against this candidate model.
Table A2
Derived Parameter Values of the Best 2C Model in the UP Scenario
Class Main Component Extra PL component
BB+PL Agg?® Ep,BBb Ap° L
081024B 21.8+15.9 L 297 + 85 175.0 £ 50.1 -1.74 £ 0.06
081102B 13.3+46 L 295 + 32 162.0 £42.3 -1.85+0.12
110728A 21.9+16.8 L 231142 37.7+£30.8 -1.91+£0.38
120915A 127147 L 346 + 43 17.7 £ 16.3 -1.85+0.37
140402A 38+14 L 586 + 75 294 +258 -2.21 £ 0.61
141113A 3.0+17 L 535+ 116 76.8 + 58.7 -1.85+0.32
171011C 304 +17.1 L 212 +43 19.9+17.9 -1.89+0.43
190515A 24+0.6 L 674 + 110 57.3+39.8 -1.85+0.24
CPL+PL Acp® AdcpL Ep,CPLb Ap© MpL
090227B 10.8+0.5 -0.35+0.04 1915 + 106 824.0 £ 214.0 -1.48 £ 0.04
090228A 96+04 -0.34 £ 0.09 767 £ 79 452.0 £221.0 -2.02£0.20
120830A 1.9+0.1 -0.14 £ 0.11 1000 + 155 36.7 £ 32.6 -2.01£0.40
160709A 26+0.2 -0.14 £ 0.08 1794 + 182 386.0+ 955 -1.66 + 0.05
BAND+PL Aganp® ABAND Ep,BANDb Ap° =
(Bsanp)
090510 20+0.2 -0.68 £+ 0.06 3348 + 318 252.0£98.9 -1.56 £ 0.05
(-3.04 £ 0.17)
Notes.

@ Normalization for the main component8gg in units of 1077 ph keV’

b Peak energy of th&ZIN 0E spectrum in units of keV.

¢ Normalization for the extra components in units of Poph keV’

cm*~ s

cm?2st.

, and AcpL and Asanp in units of 1072 ph keV’

cm*=s .
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Figure A1. Derived parameters compared between the TP and UP scendhesied solid line indicates y = x.

In order to compare results in the UP scenario with those in  In summary, the results of the best2C models in the UP
the TP scenario, we thus selected the Best 2C model. As showscenario are consistemtith that of the bestmodels in the TP
in Table A1, the Best 2C model of each GRB in the UP scenario.Therefore,only the results in the TP scenario are
scenario is the same as the beshodel of the corresponding ~ presented in the main text.

GRB in the TP scenarioThe resultanparameters in the Best
2C model are reported in Table A2.

After all parameters are available in both the UP scenario ~ Appendix B o
and the TP scenariowe thus plotted the correlations ofthe Spectral Energy Distributions with the Best-fitting Model
same parametersin two scenarios,which are shown in for the Other 10 SGRBs
Figure A1. The parameters ofthe photon indices, the peak In this section, we plot the spectral energy distributions with
energies and the normalizations in both scenariase almost the best-fitting model for the other 10 SGRBs in Figure B2 and
lying at the equality (y = x) line. Figure B3.
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Figure B2. Same as the SEDs in Figure But for GRBs (a) 081102B(b) 090228A,(c) 110728A,(d) 120830A,(e) 120915A,and (f) 140402A.
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Figure B3. Same as the SEDs in Figure But for (a) GRBs 141113A(b) 160709A,(c) 171011C,and (d) 190515A.
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