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Abstract

When a gamma-ray burst (GRB) emitter stops emission abruptly, the observer receives rapidly fading emission
from high latitudes with respect to the line of sight, known as the “curvature effect.” Identifying such emission
from GRB prompt-emission lightcurves would constrain the radius of prompt emission from the central engine
and the composition of GRB jets. We perform a dedicated search othigh-latitude emission (HLE) through
spectral and temporal analyses of a sample of single-pulse bursts detected by the Gamma-ray Burst Monitor on
board the Fermi satellite. We identify HLE from a subsample of bursts and constrain the emission radius to be
Rere ~ (10'°-10'%) cm from the centralengine. Some bursts have the HLE decay faster than predicted by a
constantLorentz factor jet, suggesting thatthe emission region is undergoing acceleration during prompt
emission. This supports the Poynting-flux-dominated jet composition for these bursts. The conclusion is
consistentwith previous results drawn from spectral-lag modeling of promptemission and HLE analysis of

X-ray flares.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Relativistic jets (1390); Astronomy data

analysis (1858)

1. Introduction

Gamma-ray bursts (GRBsjgre the most luminous explo-
sions in the universe. While it is well established thatthe

y-ray emission originates from an internal site in a relativistic
jet beaming toward Earth, the composition of the jet as well as

the origin of y-rays (energy-dissipationmechanism and
radiation mechanism)are subject to intense debate (Zhang
2018). The simplest model is the “fireball” model, which
invokes a thermally accelerated, matter-dominated ejecta
(Goodman 1986; Paczynski1986). Within this framework,
the outflow initially undergoes a rapid acceleration phase as
the thermal energy of the fireball is quickly converted into
the kinetic energy of the baryons atthe coasting radius ~I"
(Clouisd = 3 x 10" cmlatyuse (Shemi & Piran 1990; Mes-
zaros etal. 1993; Piran etal. 1993; Kobayashiet al. 1999),
where I is the Lorentz factor, and,tseis the duration of the
GRB pulse in the source frame (the observed duration
divided by the (1 + z) time dilation factor, where z is the
source redshift), and the convention Q = 1Q, is adopted in
cgs units throughoutthe text. Within this model, the y-ray
emission is released atthe internal shock radius (Rees &
Meszaros 1994)and the photospheric radius (Mészaros &
Rees 2000);both are typically smaller than ~10"*cm from
the central engine. The fireball is decelerated at ~f@&m by

a pair of external shocks (Rees & Meszaros 1992; Meszaros

& Rees 1993).

An alternative scenario involves a Poynting-flux-dominated

outflow to interpret GRBs. Within this model, the outflow
initially has a magnetization parameteg @ 1 (defined as the
ratio between the Poynting flux and the plasma matter flux).

The jet is accelerated gradually as the Poynting flux energy is
converted to kinetic energy (e.g., Granot et al. 2011). Since th

majority of energy is not in the thermal form initially, the

photosphere emission is suppressed (Daigne & Mochkovitch
2002; Zhang & Pe’er 2009)? If the jet composition is still
Poynting-flux dominated (o > 1) at the traditional internal
shock radiusthe eventuaknergy-dissipation site would be at
the location for internalcollision-induced magnetic reconnec-
tion and turbulence (ICMART), which is typically beyond
10" cm from the central engine (Zhang & Yan 2011). In
reality, the jet composition may differ among different GRBs.
Most likely the jet composition could be hybrid (Gao &
Zhang 2015;Li 2020), characterized by a relativistic outflow
with a hot fireball component(defined by the dimensionless
enthalpy n) and a cold Poynting-flux componer(defined by
magnetization g at the centralengine).Indeed,observations
show that GRB composition seemsdiverse. Whereassome
GRBs indeed show the signature properties of a fireball with a
dominant photosphericthermal spectral component(Abdo

et al. 2009; Ryde et al. 2010; Pe’Er et al. 2012; Li 2019a), some
others show evidence of a Poynting-flux-dominatedflow
(Abdo et al. 2009; Zhang & Pe’er 2009; Zhang et al.
2016,2018). The nondetection of high-energy neutrinos from
GRBs disfavors the possibility thathe majority of GRBs are
matter dominated and is consistentvith the hypothesis that
most GRBs are Poynting-flux dominated (Zhang & Kumar
2013; Aartsen et al2017).

For a relativistic jet, the observed emission does nattop
immediately, even if the emission ceasesabruptly. This is
because the emission from higher latitudes with respect to the
line of sight arrives at the observerlater becauseof the
extra path that photons travel. This high-latitude emission
(HLE) “curvature effect” (e.g., Fenimore et al. 1996;

If subphotosphere magnetic dissipation is significaatch thato already
drops to around unity at the photosphere, then the photosphere emission could

Se bright (e.g., Rees & Mészaros 2005;Giannios 2006;Pe’er et al. 2006;

Beloborodov 2010; Levinson 2012; Vurm et #013; Bégué & Pe’er 2015).
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Ryde & Svensson 1999;Kumar & Panaitescu 2000;Zhang
et al. 2006; Li et al. 2019, and references therein) has some
testable predictiondn particular,if the emitter Lorentz factor
remains constantduring the decaying wing of a pulse, the
temporalindex & and the spectralindex b should satisfy a
simple closure relation (Kumar & Panaitescu 2000):

a=2+ b (1)
where the conventiorf,: u - 7 © is adopted,and the zero
time to define the power-law temporal decay index is set to the
beginning of the pulse (Zhang etal. 2006). If the emission
region is accelerating or deceleratingthe decay slopea is
steeperor shallower than this predicted relation (Uhm &
Zhang 2015).

Testing the curvature effect using the data can bring clues t
the unknown jetcomposition and GRB mechanism from two
aspects. First, if a temporal segment during the decay phase o
a GRB pulse is identified as HLE, one can immediately place a
constraint on the GRB emission radius at

Rere 0 G%Clye = (37 10" cm)G3 ?LE \'

s/
where ty g is the duration of the HLE in the source frame
(again the observed HLE duration divided by (1 + z)). For
seconds-duration pulses, positive detection of HLE would
immediately derive a GRB radiusdgg much greater than the
photosphere radiusand the standard internal shock radius,
lending support to Poynting-flux-dissipation models such as th
ICMART model. Second, if GRB prompt emission is powered
by dissipation of a Poynting flux, one would expect that about
half of the dissipated magnetic energy goes to accelerate the

(2)

(0)
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separatedThese bursts form a unique sample for testing the
HLE curvature effect from the prompt-emission data.

In this paper, we collect a sample of GRBs with single pulses
and use the sample to teshe curvature effecin the prompt-
emission phase. The paper is organized as follows. In
Section 2, we presentour sample selection criteria and data
reduction procedure. In Section 3, we present the detailed data
analysis methodsOur results are presented in Section 4nd
conclusions and discussions are summarized in Section 5.

2. Sample Selection and Data Reduction

Since our primary interest concernsindividual emission
episodes, we pay special attention to single pulses. Our sample
selection allows many smaller spikes on top of the main pulse
structures. This is becausefor the specific large-radius
magnetic-dissipationmodels (e.g., the ICMART) we are

sting, rapid variability is expected to be superposed on the

e
troad pulses,due to the existence of minijets from locally

dissipated regions (Zhang & Yan 2011; Zhang & Zhang 2014).
We first visually inspected all of the time-tagged event (TTE)
lightcurves to search forsingle-pulse bursts from the bursts
detected by the Gamma-ray BurstMonitor (GBM; Meegan
et al. 2009) on board the FermGamma-ray Space Telescope
during its first 10 years ofmission. During this time period,
GBM has triggered at least 2000 bursts. After our initial
checking, about 300 well-defined single-pulse bursts are
selected as our initial sample.

Our next step is to use the Bayesian blocks (BBlocks;
Scargle et al. 2013) method to rebin the TTE lightcurve of each

Sndividual burst from our initial sample. The significance (S; Li

& Ma 1983; Vianello 2018) for each individualtime bin is
calculated.In order to make the physical inferencestrust-
worthy, high-quality data are required. In particular, the decay

ejecta while the other half powers the radiation. As a result, on@hase is our main interestWe therefore require ateastfive

would expect bulk acceleration in the emission region. An HLE
curvature-effecttest may help to find evidence of bulk
acceleration andhence,evidence of Poynting-flux dissipation

in the GRB jet.

Some attempts have been made to tdké curvature effect
using the GRB prompt-emission data (e.g.Fenimore etal.
1996; Ryde & Svensson 1999),but no firm conclusion has
been drawn.This is because the promptemission often has
overlapping pulsesthat smearthe curvature effect(if any).
Uhm & Zhang (2016a) tested the HLE curvature effect in two
X-ray flares with clean and extended decay tails and found
convincing evidence of bulk acceleration in these two GRBs.
Jia et al. (2016) extended the analysis to a large sample of GR
X-ray flares and found that bulk acceleration seems ubiquitous
Modeling of prompt-emission spectrédgs by Uhm & Zhang
(2016b) also provided independent evidence of bulk accelera-
tion in the GRB prompt-emission region. In all these analyses,
the inferred GRB emission radius is ~(*f810'®) cm from the
central engine, again consistentith the physical picture of
magnetic energy dissipation in a Poynting-flux-dominated
flow.

Since its launch in 2008, Fermi-GBM has triggered more
than 2000 GRBs and collected a large trove of prompt-

time bins with S > 15 measured during the decay phasaur
final sample is reduced to 24 bursts thahtisfy this criterion.
The sample is listed in Tablg, including 24 individual pulses
from 23 long GRBs and one short GRB. Note that our sample
selection is similar to that of Yuet al. (2019). However,
compared with the sample in Yu efl. (2019), our sample is
obtained with a higher selection criterion.

The prompt-emission properties of our sample are reported
in Table 1. We collect duration (tgg, Column 1) and
10-1000 keV fluence (Column 2) from the online Fermi-
GBM GRB repository.” We also list the detectors usedthe
source and background intervalsused in the analysis, the
pumber of time bins using the BBlocks method acrossthe
source interval,and the numberof time bins with statistical
significance S > 15 selected from the decay wing of the pulses.
The detector in brackets is the brightest one, which is used for
background and BBIlock fits.

3. Methodology
3.1. Pulse Properties

To delineate the characteristicsof the pulses, several
functional forms have been proposed (e.g.Kocevski et al.

emission data. Usually GRB prompt-emission lightcurves show2003; Norris et al. 2005). In order to adequately characterize a

a complicated and irregular temporafofile with overlapping
pulses,suggesting an erratic centrahgine atwork. Observa-

pulse shapepur next step is to employ an asymmetric fast-
rising and exponential-decay function,the so-called FRED

tionally, a small fraction of bursts only have one single pulse.
Some otherbursts may exhibitmultiple pulses thatare well

6 https://heasarc.gsfc.nasa.gov/W3Browse/fermi/fermigbrst.html
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Table 1
Properties of Prompt Emission of Our Sample
GRB too Fluence Detectors ATsrc [AT(bkg,1) AT(bkg,Zi Ntot N(S 15)
(s) (erg cm?) (s) (s) (Number) (Number)
(1) ) @) (4) 5) 6) @ 8)
081224887 16.448 £ 1.159 (3.76 £ 0.02) x 10° (n6)n7n9b1 -1~20 [-20 ~ =10, 40~ 60] 9 5
090620400 13.568 £ 0.724 (1.33£0.01) x 10° n6(n7)nab1 -1~30 [-20 ~ -10, 40 ~ 60] 11 5
090719063 11.392 + 0.896 (4.68 £ 0.02) x 10° n7(n8)b1 -1~20 [-20 ~ -10, 40 ~ 60] 13 7
090804940 5.568 + 0.362 (1.42 £0.02) x 10° n3n4(n5)b0 -1~15 [-25 ~-10, 40 ~ 60] 11 6
100707032 81.793 + 1.218 (8.77 £0.02) x 10° n7(n8)b1 -1~20 [-50 ~ =10, 80 ~ 100] 16 10
110721200 21.822 +0.572 (3.70 £0.01) x 10° (n6)n7n9b1 -1~25 [-20 ~ 10, 40 ~ 60] 10 8
110920546 160.771 + 5.221 (1.72£0.01) x 10 (n0)n1n3b0 -1~160 [-20 ~ =10, 180 ~ 190] 11 8
120323507 0.384 + 0.036 (1.04 £0.01) x 10° n0(n3)b0 -1~5 [-20 ~-10, 10~ 20] 12 7
120426090 2.688 + 0.091 (210 £0.01) x 10° (n2)nab1 -1~10 [-20 ~ -10, 40~ 60] 15 7
130305486 25.600 + 1.557 (4.65+0.01) x 10° n6(n9)nab1 -1~35 [60-70] 11 6
130614997 9.280 + 1.972 (6.72+0.10) x 10°® (n0)n1n3b0 -1~10 [-25 ~ =10, 20 ~ 45] 8 5
131231198 31.232 £ 0.572 (1.52 £0.01) x 10" n0(n3)n4b0 0.064 ~ 60 [-50 ~ =10, 80 ~ 100] 31 17
141028455 31.489 + 2.429 (3.48 £0.01) x 10° (n6)n7n9b1 -1~40 [-30 ~ =10, 50 ~ 100] 15 8
150213001 4.096 = 0.091 (2.88 £0.01) x 10° n6n7(n8)b1 -1~10 [-25 ~ =10, 20-40] 23 11
150314205 10.688 £ 0.143 (8.16 £0.01) x 10°° n1(n9)b1 -1~15 [-25 ~-10, 30~ 50] 16 1"
150510139 51.904 + 0.384 (9.86 £ 0.01) x 10° n0(n1)n5b0 -1~50 [-25~-10, 100 ~ 130] 22 16
150902733 13.568 £ 0.362 (8.32+0.01) x 10° (n0)n1n3b0 -1~25 [-25 ~-10, 30~ 60] 17 9
151021791 7.229 £ 0.602 (1.23£0.01) x 10° n9(na)b1 -1~10 [-25 ~-10, 30~ 50] 9 5
160216801 7.677 £ 0.571 (9.90 + 0.02) x 10°® (n9)nanbb1 -1~15 [-20 ~ =10, 40 ~ 60] 13 6
160530667 9.024 + 3.584 (9.19£0.01) x 10° n1(n2)n5b0 -1~25 [-40 ~ =10, 40 ~100] 21 12
170114917 12.032 £ 1.305 (1.82+0.01) x 10° n1(n2)nab0 -1~15 [-20 ~ 10, 80 ~ 100] 11 7
170921168 39.361 + 4.481 (6.56 £ 0.03) x 10°° (n1)n2n5b0 -1~40 [-20 ~ -10, 40 ~ 60] 8 6
171210493 143.107 + 2.573 (8.08 £0.01) x 10°° n0(n1)n2b0 -1~100 [-30 ~ =10, 210 ~ 240] 13 9
180305393 13.056 £ 0.810 (5.80 £ 0.01) x 10° n1(n2)nab0 -1~20 [-20 ~ -10, 40~ 60] 12 5

Note. A sample of 23 long GRBs and one short GRB including 24 individual pulses used in this study.Column (1) lists GRB name, Column (2) lists the

corresponding duration, Column (3) lists the fluence at 10-1000 keV, Column (4) lists the detectorandddolumns (5) and (6) list the source and background
intervals used in the analysis. Columns (7) and (8) list the number of time bins using the BBlocks method across the source interval, and the number of time bins w
statistical significance S > 15 selected from the decay wing of the pul$es. detector in brackets is the brightest onmsed for background and BBlock fits.

model (Kocevski et al. 2003), to fit the entire lightcurve of that that the goodness of fit (GOF) can be evaluated by calculating

pulse (Figure A1). The peak time of the pulse can be then
determinedThe function reads as

r+d

/t+t\r[d roo e
/(t):/p!t“;’o/l k+d+r+d“(p+;)o) )

where |, is the amplitude ty and t, are the zero time and the
peak time of the pulse,and r and d are the rise and decay
timescale parametersiespectively.The model invokes five
parameters (| to, t,, r, and d). We also considered a broken
power-law (BKPL) fit to the pulse (Appendix)In Figure A2
we presenta comparison of the fitting results between the
FRED model and the BKPL model.

In Table 2, we list the best-fitparameters by adopting the

FRED model for our sample. We list the time resolution of the
count rate (counts/sec) lightcurve used for each burst (Column
2), the start and stop times of the selected pulses (Column 3), fol
and the corresponding significance S (Column 4), as well as the

best-fit parametersfor the FRED model (Columns 5-9)
including the normalization Ip; the zero time ty, which we
fixed to zero for each case; the peak tjoéthe pulse; and the
rise r and decay d timescale parametersThe reduced chi-
squared g/dof (Column 10), the Akaike information criterion
(AIC) statistic (Column 11), and the Bayesian information
criterion (BIC) statistic (Column 12) are also presentddote

the reduced chi-squared statistic when the uncertainties in the
data have been obtainedror a set of N data points {x;, y;}
with the estimated uncertainties {gin the y; values,one has

c2= s Y 'Szy")z and reduced c2 = ¢?/dof, where dof =
(N = Nyarys is the degrees of freedom, N is the number of data
points, and N,sis the number of variables in the fit. The bad
fits (Iargecf7 values) indicate that these pulses cannot be well
delineated by the FRED modeln Table 2, AIC is calculated

by Nin(c?/N)+ 2N,y and BIC by Nin(c?/N)+
In(N)Nvarys-

3.2. Method to Measure Temporal Indices with a Simple
Power-law Model

We use the energy flux lightcurves to measure the temporal
indices.This is because the indices thus defined can be better
compared with model predictions.

Our procedure to obtain the temporaindices includes the
lowing steps:

1. Calculate the energy flux in each selected time binin
order to obtain the energy flux, one needs to perform the
spectralfits. For a given burstin our final sample,we
therefore use the typical spectral model, called the Band
function model (Band et al. 1993), to fit the spectral data
of each time bin (S > 15) selected by the BBlocks
method, and the best-fit parametersare evaluated by
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Table 2
Results of Lightcurve (Pulses) Fitting of Our Sample with FRED Model

GRB Time Res  tstart™ tstop S Ip to tp r d x2/dof AlIC BIC

M @) 3) 4) ®) (6) () (8) 9) (10) (1) (12)

081224887 0.128-s 0~10 100.96 4413 £ 59 0 1.04+0.06 0.18+0.03 1.10+0.24 33/73 -1241  -1232
090620400  0.128-s 0~20 46.40 2216 + 45 0 319+020 0.38+0.05 1.45+0.38 324/151 -2144  -2132
090719063  0.128-s 0~25 117.04 4629 + 99 0 3.79+0.16 0.56+0.06 2.25+043 774/190  -3137 -3124
090804940  0.128-s 0~10 97.93 4245 + 84 0 1.88+0.08 056+0.06 2.27+0.51 11773 -1270 -1260
100707032  0.256-s 0~30 138.83 6407 + 83 0 1.68+0.05 0.86+0.06 0.70+0.02 66/112 -2118  -2107
110721200 0.128-s 0~10 112.92 3865 + 68 0 128+0.07 0.28+0.03 2.62+0.86 77173 -1269 -1260
110920546  1.024-s 0~ 150 54.53 3172+ 16 0 9.95+0.32 0.28+0.02 0.28%0.01 80/141 -2242  -2230
120323507  0.032-s 0~1 177.24 63949+2469 O 0.04 +0.002 0.52+0.07 240+042 191/26 =710 -704
120426090 0.064-s 0~6 145.48 8927 + 182 0 1.04£0.03 0.87+0.07 3.65+0.61 726/89 -1759  -1749
130305486  0.128-s 0~20 54.24 2901 72 0 463+0.23 081010 1.78+0.41 684/151 -2233 -2221
130614997  0.128-s 0~10 59.80 3158 + 57 0 0.22+ 0.09 0.04 +0.02 1.89+0.73 49/73 -1260 -1251
131231198  0.512-s 0~60 324.86 5324 + 169 0 2476+£0.57 334+037 317+050 1875/112 -1878 -1867
141028455  0.256-s 0~50 68.31 2085 + 45 0 11.57+£057 0.77+£0.09 1.46+0.30 784/190 -2613 -2600
150213001  0.064-s 0~6 29519 17545 + 570 0 208+0.05 193+0.19 10.00+3.76 1692/89 -1805 -1795
150314205  0.128-s 0~20 177.73 7426 + 133 0 1.85+0.06 0.72+x0.06 1.41+0.10 386/151 -2813  -2801
150510139  0.256-s 0~50 96.98 5796 + 242 0 0.08+0.01 057+0.15 0.26+0.01 296/190  -2904  -2891
150902733  0.128-s 0~25 137.63 4538 +121 0 844+023 1.67+016 3.72+0.80 1794/190 -3069 -3056
151021791  0.128-s 0~10 63.15 3672 + 83 0 0.80+0.05 0.51+0.07 0.820.07 96/73 -1242  -1233
160216801  0.128-s 0~15 98.56 4676 + 139 0 3.97+014 137+015 3.05+0.63 1064/112 -1865 -1854
160530667  0.128-s 0~20 228.04 12390 + 148 0 593+0.04 3.83+0.15 3.01x0.12 1671/151 -3119 -3107
170114917  0.128-s 0~10 76.96 3269 + 100 0 205+0.14 075+0.13 1.33+0.33 261/73 -1131 -1122
170921168  0.256-s 0~50 68.47 2975 + 41 0 435+0.25 021+£0.03 1.11+0.17 241/190  -2929 -2916
171210493  0.512-s 0~ 100 93.34 2798+ 24 0 524 +017 0.61+0.04 0.36%0.01 58/190 -2973  -2960
180305393  0.128-s 0~20 95.60 3941 + 82 0 465+0.18 0.84+0.09 2.04+0.39 647/151 -2395 -2383

Note. Column (1) lists GRB name; Column (2) lists the time resolution used (Time Res) of the count-rate lightcurve of each burst; Column (3) lists the start and stoj
times of the pulses, in units of s; Column (4) lists the significance S of the entire pulse; Columns (5)—(9) list the best-fit parameters for the FRED model: normalizati
I, the zero time §, the peak time § of pulses,and the rise r and decay d timescale parameters; Column (10) lists the redutledfy Column (11) lists the AIC

statistic; Column (12) lists the BIC statistic.

adopting the maximum-likelihood estimation (MLE)
technique. The energy flux in such narrow time bins thus
can be also calculated from the best fits, with a k-
correction (1-1d keV) applied”

2. Determine the entire time intervabf the decay wing of
the pulsesln order to determine the entire time interval
of the decay wing of the pulsesyne needs to determine
the peak times of the pulses. The peak times of the pulses
can be roughly obtained by using the FRED model to fit
their pulse lightcurves as we discussed in Section 3.1. We
find that the peak time determined by the FRED model
for a good fraction of our sample can exactly match the
true peaks of pulses (e.g.GRB 110920546) However,
there are stillsome bursts whose peak times determined
by the FRED model do not exactly describe the true
peaks of the pulses® Therefore,we use two selection
criteria. First, for the caseswhere the peak times
determined by the FRED modekan exactly match the
true peaks of pulses, we use these values (see the vertical
yellow dashed lines in Figure 1)That is, as long as the
peak time (t;) of a certain pulse is obtained from the

7 Note that the energy flux obtained from different spectral models (Band and
cutoff power law (CPL)) for the same time bin is very similar (Li2019a;Li

et al. 2020).

8 This is because some pulse lightcurves do not show an “ideal” asymmetric
fast-rising and exponential-decay shape (e.g., GRB 090719063). In these cases,
usually the true peak time of the pulse is apparently later than that derived from
the FRED model.

3.

FRED model fits, the time window of the decaying wing

of the pulse can be determined gs-ttsiop, Where tiopis

the end time of a pulse. The stop time of the decay wing
of a certain pulse can be precisely determined by the stop
time of the last time bin that satisfies S > 15. Second, for
the cases whose peak times determined by the FRED
model do not exactly describe the true peaksof the
pulses,we inspectthe peak times from their lightcurves

by eye (see the verticablack dashed lines in Figure 1).

We define this phase as “Phase I” throughout the paper.
Determine the late-time interval the decay wing of the
pulses. Physically, the decay for prompt emission may not
be fully controlled by the curvature effect. As shown in the
theoreticaiodeling in Uhm & Zhang (2016b) and Uhm

et al. (2018), the spectrallags are not caused by the
curvature effecnd the temporgbeaks of the pulses are
often related to the time when the characteristic energy
crosses the gamma-ray band aslécays with timeOne
possible test for this is to see whether the temporal peaks of
the lightcurvesfor different GBM detectors that have
different energy rangesoccur at different times. We
thereforecomparethe Na | (8 keV-1 MeV)and BGO

(200 keV-40 MeV) lightcurves for each individual burst, as
shown in Figure A3.We find thatin many cases in our
sample the peak timesare clearly shifted between two
different detectors(GRB 081224887,GRB 110721200,
GRB 120426090, GRB 160216801, GRB 170921168, and
GRB 171210493), indicating that the peaks of the pulses are
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Figure 1. Lightcurves of the pulses in our sample. For each panel, the left axis marks the energy flux. Its evolution is marked in orange. The best fits for Phase | are
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Figure 1. (Continued.)
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indeed related to crossing of a spectbabak’ For these For each burstthe entire decay phase is marked with (1) and
bursts, the curvature effect does not kick in right after the the late-part decay phase is marked with (2).

peak.lt may show up later in some bursts or would not

show up at all in some others. When they show up, they

may be related to the later part of the decaysually not 3.3. Method to Measure Spectral Indices with a Simple Power-
related to the decay right after the peak time. This brings law Model

an additional difficulty (other than the fact that the decay
phase is usually short for prompt-emission pulsesjn
studying the curvature effectwith the prompt-emission
data. Besidestesting the entire decay phase,we also
adopta more conservative approach by only testing the
late-part time interval of the decay phase. Quantitatively,
we only consider the last three time bins with S > 15. In E_F 5
practice, when a certain model is used to fit the data, the n="no M7, ®)
number of data points N should be greater than the .

number of variables Nrysof the model in order to get a where F, o is the amplitude andb is the spectralindex. The
good fitting result. The power-law model we use has two spectralanalysis is performed using a pure Python package

The GRB prompt-emission spectra are likely curvétow-
ever, since the simplesturvature-effeanodel (Equation (1))
applies to single power-law spectrahodels,we first apply a
simple power-law fit to the time bins where the curvature effect
is tested:

variables:amplitude and power-law indexThis is why called the Multi-Mission Maximum Likelihood Framework
we include at least three data points in the fits. We define(3ML; Vianello et al. 2015). The best model parameters can be
this phase as “Phase II" throughout the paper. evaluated using a given model to fit the data by applying either

4. After the time intervals are clearly defined in the  {he MLE technique or the full Bayesian approach. Usually the

aforementioned two cases, we then perform twWé@8e  pest-fit resuilts obtained from both methods are the saine.
We attempt two fits using the simple power-law model. One

Figure 1): one uses a power-law modédb fit the entire
9'?C_aV phase and obtain a temporal decay index defined ag tg select the entire decay phase asthe time interval to
apy; the other uses a power-law model to fit the later part herform the spectral fit. The spectral index obtained this way is

of the decay to obtain a temporal decay index defined as defined astFI,L. The other is to select the later part of the decay

Al _ . . .
ﬁ]”g’rggﬁgzﬁgirl]amggr;rc]g%lg; l:;?\?etr? S)t/ the lightcurves as the time interval. The spectral index thus obtained is defined

i
asbp,.
F=Fo(t+ toy? (4) For each spectral fit, we employ a fully Bayesian approach to
' ’ explore the best parameterspace and to obtain the best-fit
where F o is the amplitude and is the temporalslope. parameters.The best-fit parameters,ncluding the normal-

The t, parameter is fixed in the beginning of the pulse  iZation (Column 8) and the power-law index (Column 9)as
(o= 0) for all cases in this task because this is physically well as the deviance information criterion (DIC; Moreno et al.
more relevant (Zhang et a2006; Uhm & Zhang 2015). 2013; Column. 10) andgc (Gelman et al. 2014; Column 10),
Note that the peak time,tdoes not enter the problem of ~ are tabulated in Table 3.

defining &, so the inaccurate determination of tin the

pulse lightcurve fitting does not noticeably affect our ) )
results.All these lightcurve fits are performed usinga  3-4- Method to Measure Spectral Indices with a General Non-

pure Python package called Imfitt (Newville et £016) power-law Spectral Model

by applying a nonlinear least-squares method using the  The aforementioned discussion invokes the simplestva-
Levenberg-Marquardalgorithm to fit a function to the ture-effect model, which assumesthat the instantaneous
data. Within Imfitt fits, we can set parameterswith a spectrum of the prompt-emission taik a simple power law.

varied or fixed value in the fit, or place an upper or lower |n this case,the predicted temporaldecay and the spectral
bound on the value. The weight of parameter error is alsojndices satisfy the simplest closure relation (Equation (1)).
easily taken into account in the fits. In Figure A2, we also However, the instantaneous spectrum upon the cessation of
use GRB 131231198 as an example case to compare thepromptemission is likely nota simple power law but it may
fitting results obtained from differentPython packages  follow a non-power-law model such as the Band function (e.g.,
(Imfit and scipy. optimize. curve_fit). Band et al. 1993). The characteristic frequency, may not be

The start and stop times of each selected time interval far outside the GBM spectral window. In this case, testing the

(Column 2), the corresponding S value (Column 3), the adopte@urvature effect would become more complicated. _

zero time t, (Column 4), the best-fit parametersinciude the We also test Fhe cyrvature effect using the more c_ompllcated

normalization (Column 5)the power-law index (Column 6), model_as de_:scrlbed in Zhang et al. (2009)._We consider that for

and the AIC and BIC statistics (Column 7) are listed in Table 3£ach time bin the photon flux can be described by a power-law
spectrum with an exponentiatutoff. This spectrum has one

® Several other bursts, for example, GRBs 090620400, 090804940, ~ Parameterless than the Band function and is found to be

110920546,130614997,150510139,and 170114917, are consistentwith

having the same peak times in different bands. The HLE may come into play 1" There are some unexpected caseBor example, the prior range for the
qlght after the peak time. Bayesian inference isnot included in the real solution; namely, the prior

Note that we present the [log (Flux), time] plots in Figure 1 since the count settings are not very informative, or the analyzed time bin has a low
lightcurve before the GBM trigger relatesto negative time. However, the significance (e.g., S < 15) or low peak energy (e.g.<E20 keV). We refer to
power-law fits invoke the [log (Flux), log(time)] plots, so we give an example Li (2019a, 2019b, 2020) and Li et al. (2020) for the details of the data reduction
to show the [log (Flux),log(time)] plots (see Figure A4). procedure.




Table 3
Results of Lightcurve and Spectral Fitting of the Decaying Wing of the Pulses

GRB o~ toiop s t Lightcurve Power-law Fitting Spectral Power-law Fitting Spectral C
Fio 3 AIC/BIC Fuo b DIC/ppic Nop t,
Q) @ @ @ (5) (6) Q) (8) 9) (10) (11) (12)
081224887(1) 1.896~12.502 8810 0 (2.62+0.06)x10° 1.81+0.06 -159/-160  (1.62°3%) x 10" 04333 8255/1.98 L L
081224887(2) 5.424~12.502 4756 0 (8.16+0.01)x1077 225+0.00 -121/-123 (14333 x 10" 05293 5533/2.00 L L
090620400(1) 4.076 ~12.289 47.80 0 (246+0.05)x10® 3.02:0.15 -161/-162 (12773 x10" 048331 61352.02 (5430.34)x 1072 4.076
090620400(2) 5.319~12289 3556 0 (4.91£0.34)x107 278024 -101/-103  (1.34°33)=x10" 05538 5301/1.99 (525%0.53)x 102 5319
090719063(1) 4.443 ~14.562 12819 0 (3.68+0.17)x10® 3.21:023 -207/-207  (3.73°3%H x 10" 05333 6860/1.98 (8.73+0.25)x 1072  4.443
090719063(2) 7.810~14.562 66.34 0 (8.21+0.34)x 107 239+0.19 -132/-133  (5.05%2) x 10" 0777331 4085/1.98 L L
090804940(1) 1.279~8705 9814 0 (1.09£0.14)x10° 1.10+0.16 -179/-179 (72933 x 10" 07333 7458/1.99 L L
090804940(2) 4.678~8.705 4050 0 (5.12£0.58)x1077 3.09+0.53 -97/-99 (72134889 x 10" 0.92°3%  4486/1.98 (54.40 £2.66) x 102  4.678
100707032(1) 1.631~28.780 131.02 0 (427005 x10°° 157£0.01 -320/-319 (24233 x10" 04933 9384/1.98 L L
100707032(2) 14.210~28.78 4730 0 (4.01x0.17)x107 1.90+0.15 -105-107  (3.23'33) x10" 0.82°3H 4646/1.97 L L
110721200(1) 0.470~25.000 7649 0 (2.72%0.09)x10°® 146+£0.03 -243/-242  (1.06'399) x 10"  0.44'3% 7613/1.99 L L
110721200(2) 6.252~25.000 28610 0 (4.07%0.05)x 1077 1.70£0.02 -112/-114 5517334 0.51°331  6119/1.99 L L
110920546(1) 9.966 ~ 122.091 59.68 0 (2.75+0.12)x10°® 1.03+0.08 -241/-241 87152 042885  12386/2.00 L L
110920546(2) 55.534 ~ 122.091 3409 0 (3.39+0.04)x 1077 1.83+0.04 -113/-115 8.00° 337 053331 9532/1.99 L L
120323507(1) 0.094~0.581 13070 0 (15.32£1.63)x10°® 272+019 -176/-177  (857°33) x10%2 0.90°33] 1643/2.00 L L
120323507(2) 0.252~0.581 66.33 0 (5.31x057)x10° 146+050 -83/-85 613319 x 102 1.00°33  1161/1.00 L L
120426090(1) 1.044 ~4.882 12587 0 (4.94+053)x10° 1.84+028 -190/-190  (1.41°38) x10%2 0.70°381 5338/2.04 L L
120426090(2) 2.600~4.882 3511 0 (6.14+1.14)x 1077 3.67+066 -94/-96 (125989 x 102 0.99°391 25291114  (9.19+£2.13)x 1072  2.600
130305486(1) 4.632~32.212 3688 0 (3.1220.26)x10° 233£0.18 -173/-173 4.02°313 0.30°331  8462/1.99  (1.53£0.04)x 1072  4.632
130305486(2) 8.849~32212 1699 0 (9.97+0.87)x10" 1.24+015 -96/-98 2207912 0.33°331  6953/2.00 L L
130614997(1) 0.457~6.210 6491 0 (0.90x0.10)x10°® 076£0.16 -123/-124  (7.2333$ x 10" 0.8533] 4828/2.00 L L
130614997(2) 2.030~6.210 44.82 0 (6.37+051)x1077 1.36+0.21 -98/-100 641734 x 10" 0.89°3%  421711.97 L L
131231198(1) 22.406 ~59.114 29810 0  (1.43+0.20)x 10°® 4.01+£0.29 -555-553  (1.2Z°33) x 102 075383 12654/2.01 (7.56 +0.11)x 1072  22.406
131231198(2) 47.97~59.114 3139 0 (2.87+0.60)x 1077 9.00+2.64 -98/-100 410813 x 10" 099931 5371/1.08 (0.98+0.18) x 1072 47.970
141028455(1) 11.565~40.000 69.79 0 (2.96+0.24)x 10°® 3.03+0.52 -258/-257 8.35923 046331  7260/2.02 (1.73£0.05)x 102  11.565
141028455(2) 22.335~40.000 2128 0 (2.2720.04)x107 3.38+0.07 -114/-116 417733 0.543% 5685/1.96 (0.68+0.08)x 1072  22.335
150213001(1) 2227 ~6.661 19847 0 (256005 x10°° 3.86+0.05 -342/-341 (41738 x 102 0.933J1 6143/2.04 (17.50£0.59) x 102  2.227
150213001(2) 4.085~6.661  49.81 0 (8.86+0.50)x 1077 295+0.30 -130/-131  (1.29°33) x 102 1.00r383 3350/1.03 L L
150314205(1) 1.846 ~14.999 176.97 0 (8.70+0.73)x10°® 1.09+0.15 -287/-287  (3.9333% x 10" 046383 11811/2.01 L L
150314205(2) 7.847~14.999 7142 0 (1.86x051)x10°° 4.86+1.58 -111/-112 (19538 x 10" 048391 4482/1.98 (3.44+0.11)x 1072  7.847
150510139(1) 0.889~49.997 9065 0 (8.14+1.96)x10° 0.77+0.18 -390/-389 9.19" 317 0.40'333  10870/1.99 L L
150510139(2) 28.736 ~49.997 3451 0 (5.90+0.94)x 107 352+075 -95-97 7.3198 0.54'381  6605/1.99  (0.90 £ 0.06) x 1072 28.736
150902733(1) 8.934~25.000 112.07 0 (251+0.71)x10°® 4.28+064 -260/-260 (1.6538) x10" 04038 11345/2.01 (4.68£0.07)x 1072  8.934
150902733(2) 14.609 ~25.000 32.82 0 (3.49%064)x107 562+1.03 -97/-99 9.7 38 056331 5601/2.01 (2.05+0.20)x 1072  14.609
151021791(1) 0797 ~7.923 6248 0 (8.56x1.15)x1077 152+0.12 -151/-152  (1.6Z°38) x 10" 0.50°331 4361/1.99 L L
151021791(2) 2.286~7.923 3655 0 (4812039 x107 165£0.14 -100/-102 (1477319 x10" 0.60'333 3488/2.00 L L
160216801(1) 5.031~14.999 5376 0 (1.18x0.21)x10°° 235£0.33 -175-175 (811 31)x10" 1.00°339 6954/1.00 L L
160216801(2) 6.876 ~14.999 2146 0 (7.69+0.27)x1077 2.65+0.10 -103/-104  (3.40°'31%)x 10" 1.00'333 5288/1.02 L L
160530667(1) 6.661~20.442 168.89 0 (4.36+0.31)x107® 3.70+£0.28 -336/-335 (61938 x 10" 058383 13223/2.00 (14.30+0.33)x 102  6.661
160530667(2) 12.961 ~20.442 3755 0 (3.15:024)x1077 548+043 -136/-137  (3.03329) x 10" 0.81°3%2 5215/2.00 (4.44+0.68)x102 12.961
170114917(1) 2.047~14.999 5752 0 (1.01£0.08)x10°® 1.75£0.09 -217/-217  (1.2838) x10" 05233 6211/2.02 L L
170114917(2) 4.702~14.999 3073 0 (2.942012)x107 2.09+£0.09 -107/-109  (1.01*38) x 10"  0.63° 3 5404/2.01 L L
170921168(1) 4.353~25.654 9275 0 (2.03+0.13)x10°® 092+0.15 -150/-150 (2.57°33) = 1072 0.97°331 8470/1.97 L L
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Table 3

(Continued)

GRB o~ totop s t Lightcurve Power-law Fitting Spectral Power-law Fitting Spectral C

Fio a AIC/BIC Fuo b DIC/ppic Nop t
M @ @ @ ®) (6) ™ (8) (C) (10) (11 (12)
170921168(2) 15.707 ~25.654 4376 0 (1.38+0.03)x10°® 240+0.14 -101/-103 (1.75399) x 1072 1.00'335 6527/0.99 (3.81+0.43)x 102 15707
171210493(1) 5237 ~137.109 7410 0 (2.28+0.02)x10® 120+0.02 -310/-309  (1.11:38) x 10"  0.59°3J1 10380/2.03 L L
171210493(2) 64.334 ~ 137109 2751 0 (1.32+0.04)x 1077 1.65+0.11 -113/-114 9.59' 373 07839  8145/2.02 L L
180305393(1) 3.449~16.537 10151 0 (2.72:0.86)x10°® 1.69+0.40 -181/-181  (1.60°33) x 10" 0.3638 11378/1.98 L L
180305393(2) 8.933~16.537 3563 0 (478+0.33)x1077 3.72:£024 -101/-103 (1.27°33)Hx 10" 053331 57101200 (6.05+0.73)x 102  8.933

Note. Column (1) lists the GRB name; Column (2) lists the start and stop times of the decay phases (in units of s); Column (3) lists the statistical significance S; |
Equations (4), (7), and (8), which we fixed to zero; Columns (5)—(7) list the best-fit parameters for the power-law model in Equation (4): the norpéiizatida &f erg «
AIC and BIC statistics; Columns (8)—(10) list the best-fit parameters for the power-law model as shown in Equation (5): normg(ipatioitsFof phs cht s keV"), the
statistics; Columns (11)—(15) list the best-fit parameters for the cutoff power-law model as presented in Equations (6)—(8): normaliggfiionuNits of phs cm? s71 ke\
beginning of the decay phases, the cutoff power-law index i thdex derived from I, and the AIC and BIC statistics. Note that (1) marks the entire decay phase of
of the pulsesNote that we did not apply the chi-squared test for our samfilecause the sample size in our selected bursts is not large enough; the chi-squared tes
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adequate to describe the GRB spectra during the decay’phase

NEL) =No() %)ﬁexp [ %D (6)

where G =b+ 1 is the power-law photon index, Eg,
is the pivot energy fixed at 100 keV, and Ny() =
Nopl(t- to)/(to- To)] ¥ ) is the time-dependentphoton
flux (in units of photons keV' cm™ s™') at 100 keV (see
also Equation (7) in Zhang edl. 2009).For such a spectrum,
the standard curvature effect predicts

ft -

Ed) = Eqp l— (7)
G-

where E ,= E(ty), b is fixed to zero, and is the beginning of

the decay of the pulses; and

ft
. It—> ®)
G
where Fv.dt) = Eo(t)Ng () and F,.,=EcNcp, Where
N(Ec t)y = Nol) Ec/Epiv)© exp(- 1), which is calcu-
Iated using Equation (6) when E is atcutoff energy E, and
Nc,p = N(Em tp) - NO( p) (Ec/Epiv)-G eXp(' 1), which is cal-
culated at time § and cutoff energy E

nc(lL

With Equations (7) and (8), one can also get a direct relation.

between F, (t) and Eft):

t)_

i PE2(t). 9)
Eep

From the data, the time-dependenparametersE(t) and

253:43 (26pp)2021 April

Li & Zhang

in view of the modeling presented in Uhm & Zhang
(2016b) and Uhm et al(2018).
2. Late-part decay phase (Phasell): The parameterset

(ap, - E,lll_) is presentedas blue dots in Figure 2.
Upward of 11 out of 24 cases now satisfy the inequality
al 2+ b. These bursts include GRB 090620400, GRB
090804940,GRB 120426090, GRB 131231198, GRB
141028455,GRB 150314205, GRB 150510139, GRB
150902733, GRB 160530667, GRB 170921168, and
GRB 180305393. This suggeststhat three additional
bursts have the curvature effecthowing up during the
last three data points, while the remaining 13 bursts
still do not have the HLE turned on by the end of the
observed pulse.

One immediate observation is thaé good fraction of our
sample has entered thea > 2 + b regime. Since the HLE
curvature effectlefines the steepesiecay index allowed in a
GRB pulse, the results strongly suggestthat the emission
region is undergoing bulk acceleration in the region where
prompt emission is released. We calculated the distance of this
region from the centrabngine,RGR,? using Equation (2) and
found that they are typically ~10 °~10"®cm for a typical
Lorentz factor I' ~ 100 (Table 4). In this region, it is impossible
to have thermally driven bulk acceleration. The only possibility
is that the jet is Poynting-flux dominated in the region, and the
GRB emission is powered by the dissipation of a Poynting flux
(Zhang & Yan 2011). About one-half of the dissipated energy
is released as GRB emission, while the other one-half is used to
acceleratethe ejecta. This conclusion is consistent with
previous results from prompt-emission spectral-lag analysis
(Uhm & Zhang 2016b) and the curvature-effetdstof X-ray
flares (Jia et al2016; Uhm & Zhang 2016a).

A few bursts (GRB 081224887, GRB 090719063, GRB

Fydt) can be directly measured. One can then directly compare 00707032, GRB 110721200, and GRB 110920546) have

the data against the model predictions in Equations (7)—(9).

4. Results
4.1. The Case of Power-law Spectra

For the case of power-law spectras discussed aboveye
measure the temporahdices for two phases (Phase | and Il)
and their correspondingspectral indices (using a time-
integrated spectrum throughotite decay phase)The results
are as follows:

1. Entire decay phase (Phase I): The parameter set
(ap, - bpl,_) is presented asorange dotsin Figure 2.
Eight out of 24 cases satisfy the inequalitg 1 2 + b.
These burstsare GRB 090620400, GRB 090719063,
GRB 130305486, GRB 131231198, GRB 141028455,
GRB 150213001, GRB 150902733, and GRB
160530667 Other bursts are below the linesuggesting

been reported in some previous studies (lyyanét al. 2013,
2015, 2016; Li 2019b) to require an additional thermal
componentin order to produce acceptable spectrdits. The
thermalcomponents also included in our analysis for these
bursts. For a self-consistency tei$tis worth noting that these
GRBs do not qualify for our Phase Il sample and only one burst
(GRB 090719063)is included in our Phase | sample.The
results imply that the emission in these bursts may be
dominated by other mechanisms (e.ghotosphere emission).
The existence of a thermal componentis consistentwith a
lower magnetization in the jet (Gao & Zhang 2015).

We notice that six cases (GRB 090804940, GRB
120426090, GRB 150314205, GRB 150510139, GRB
170921168,and GRB 180305393) are not included in the
Phasel samplebut are included in the Phasell sample,
indicating that the curvature effect may only dominate the later
part of emission for these burstdt is also interesting to note
that three cases (GRB 090719063, GRB 130305486, and GRB

that not the entire decay segment can be attributed to the150213001) are included in the Phase | sample bot in the
curvature effect for these bursts, which is quite reasonabl@hase Il sample. These may be spurious cases, which may have

12 previous studies show thathe CPL model is a sufficient model for the
majority of GRB spectra (e.g.,Yu et al. 2019; Li et al. 2020). On the other
hand, GRBs usually exhibit strong spectral evolution. In order to best
characterize the spectralhape,one needs to introduce an evolving spectral

model within a burst or even within a pulse (Li et al. 2020). For simplicity, we

perform the HLE testonly considering the CPL modelWe also notice that

there are clear predictions for a evolution for HLE if the emergent spectrum is

indeed described by the Band function, which has been studied by some
authors (e.g.Genet & Granot 2009).

11

contamination from anotheremission episode Our analysis
below confirms this speculation.

4.2. The Case of Cutoff Power-law Spectra

In total, 14 bursts (including eight casesin the Phase |
sample and 11 cases in the Phase || sample, noticing that some
casesappear in both samples) meet the HLE-dominated
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131231198«=0
8t
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150902733 «=0 O=+160530667
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150902733«=0

— a=248
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B

Figure 2. Testing the closure relation of the curvature effect in the decaying wing using prompt-emission data. The closure relation between the témguutal index
the spectral indek (Kumar & Panaitescu 2000), thatasf] 2 + b, is marked as the solid green line, with the conveﬁ;‘.@wg fgb‘in;,tf’s. The orange and blue colors
indicate different decay phases, Phase | and Phase I, respectively, as defined in the text. The shaded areasta@ds fbr which requires bulk acceleration in

the emission region.

Table 4
Estimation of GRB Emission Radius Using High-latitude Emission

GRB

P

z

t!

R!

¢l

Rl

HLE GRB HLE GRB

(used) (used) (s) (cm) (s) (cm)
(1) (2) (3) (4) (%) (6) (7)
090620400 1.0 1.0 411 12x10"® 348 1.0x10"
090719063 1.0 1.0 506 15x10"™ L L
090804940 1.0 1.0 L L 2.01 06x10"
120426090 1.0 1.0 L L 114 0.3x10"
130305486 1.0 1.0 1379 4.1x10" L L
131231198 1.0  0.642 2236 6.7x10" 6.79 2.0x10'°
141028455 1.0 233 854 26x10" 530 1.6x10"
150213001 1.0 1.0 222 07x10" L L
150314205 1.0 1758 L L 259 0.8x 10"
150510139 1.0 1.0 L L 10.63 3.2x10'®
150902733 1.0 1.0 8.03 24x10"™ 520 1.6x10"
160530667 1.0 1.0 6.89 21x10" 374 1.1x10"
170921168 1.0 1.0 L L 497 15x10"
180305393 1.0 1.0 L L 380 1.1x10"

1. We first apply the CPL model to fit the spectral data for
these cases using the same episodes as the PL miadel
check whether the CPL model can improve the spectral fit
results compared with the PL modelWe find that the
CPL fits are much betterthan the PL fits for all these
casesby comparing the DIC statistic. We report our
results in Table 3. For each individual fit, we {itotzero
and }, to the starting time of Phase | or Phase Il. The best-
fit parameters,ncluding ty (fixed, Column 4), N,
(Column 11), t, (fixed, Column 12), " index (Column
13), and cutoff energy E (Column 14), as well as the
DIC (Column 15) and ppc statistics (Column 15),are
listed in Table 3.

2. Theoretically,we consider the evolution of £ and F, .

according to Equations (7)and (8) as predicted by the
HLE curvature-effect theory (for a constantl’). The
predicted parameter evolution curves for bot\(f) and
E.(t) are plotted in the left panel of Figure 3 for each case

Note. Column (1) lists the GRB name.Column (2) lists the I' values used,

where we adopted a typical value = 1) for all cases.Column (3) lists the

redshift used; a majority of bursts in our sample have no redshift observations,

so we adopt a typical value (z = 1) instead. Column (4) lists the duration of the 3.
HLE in the source frame for “Phase |,” which is calculated using the observed

HLE duration divided by (1+z). Column (5) lists the GRB emission radius

Rgre for Phase |, derived using Equation (2).Again, Column (6) lists the

duration of the HLE in the source frame for Phase Il, and Column (5) lists the

GRB emission radius Brg for Phase Il.

criterion based on the power-law spectral analysis. These bursts 4.
are our primary interest. Our next step is to study these bursts in
detail by investigating their compliance with the curvature-
effect predictions in the more complicated cutoffpower-law
model using a time-dependent analysis.

To test whether the CPL can account for the observed data as
well, we adopt the following procedures:

12

to be directly compared with the dat#n the right panel

of Figure 3, we plot the theoretically predicted E F, .
relation for each case to be directly compared with the
observations.

The observed parameters fazach time slice,including
No(t), I, and E(t), have been obtained by applying Step
(1) in Section 3.2. Since we considerthe case at the
characteristic energy &one needs to obtain §t) and
EL(t). The characteristic energy E is straightforwardly
obtained,and F, {t) is derived using Equation (8).For
this step, N;, is calculated at peak time t, with
characteristic energy Rising Equation (6).

Test the model with observed data. Through Step (3), the
observed data points are available in the forms of(fk;

t], [EA(t), 1], and [Fy (1), E{t)]. The [F, 1), t], [Ec(), 1]
data points are plotted in the lefpanelof Figure 3, and
the [F, (t), E«(t)] data points are plotted in the right panel
of Figure 3 for each burst. They are directly compared
with the model predictions.
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Figure 3. Testing the non-power-law curvature-effect model developed in Zhang et al. (2009) with observed data. The two panels in each row represent one indivic
pulse. Left panels: the cyan data points indicate the temporal evolution of the flux dengijyaFthe characteristic energy(g, while the pink data points indicate

the evolution of the characteristic energft)EThe cyan and pink solid lines represent the relevant theoretical predictions. Right panels: the orange data points indicat:
the data observed in the [F(t), Ec(t)] plane,while the green line represents the theoretical prediction between the two parameters.
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Figure 3. (Continued.)
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Figure 3. (Continued.)

From the left panel in Figure 3we can see thatexcept for statistical significance. In order to determine the temporal peaks
several apparent cases that violate the predictions (090719063},) of the pulses so that the starting time of the decay phase can
090804940, 130305486, 150213001, 150902733, 170921168) be estimatedwe employed the FRED modeto fit the count-
all other data points are generally consistentith the model rate lightcurves for our sample. The time window of the entire
predictions.The data of some bursts (090620400, 120426090, decay phase is thus determine&ince the curvature effecis
150510139) match the constant I" predictions weliggesting more likely to dominate the late-partemission of the decay
that they are consistent with HLE emission with no significant phase, we are also concerned with such late-time segments. For
acceleration. Some other cases (131231198, 141028455, the most conservative approachwe only selected the time
150314205, 160530667, 180305393) have either E(t) or intervals of the last three time bins with S > 15 to conduct the
F..{t) below the model prediction lines, consistentwith the HLE test.
bulk acceleration in the emission regionf-or both casesthe We then used two methods to measure the temporal indices

[Fv A1), Eqt)] test generally satisfiesthe model prediction : e 5] p! ;
(Equation (9)) within errorThis is consistent with ZUhm & and corresponding spectrahdices: ap and by, as derived

B. Zhang (2018, unpublished)and D. Tak et al. (2020, in from the entire decay phase, add, and b, as derived from
preparation)who first performed such a tesind showed that  the late-time decay phase.We perform the HLE curvature
Equation (9) is generally valid regardless of bulk Lorentz factoreffect during these two phasesUsing the simple power-law
evolution in the emission region. spectralanalysis,we tested theap —bp relation. We found

It is interesting to note that the three cases (GRB 090719063hat five out of 24 pulses for Phase | (except for three spurious
GRB 130305486, and GRB 150213001) that are in the Phase Icases as we discussed in Section 4) and 11 out of 24 pulses for
sample but not in the Phase Il sample indeed do not satisfy thePhase Il are consistent with the curvature effect. Some fall into
simple model predictions in the [F(t), E.(1)] test, supporting the regime that requires bulk acceleration in the emission
that the cases are spurious. region.

We further test these candidate HLE-dominated pulses using
a more complicated HLE model (Zhang et al. 2009), invoking
cutoff power-law fits to the time-dependentspectra. We

In this paper, we have tested the HLE curvature effect using confirm that the HLE effect is still valid for most of the cases,
the prompt-emission dataVe selected 24 single-pulse GRBs and that some of them indeed showed evidence of bulk
detected by Fermi that are ideal for performing such a tést.  acceleration in the emission region.
order to avoid the t ¢ effect and the overlapping effect, we Based on the duration of the HLE-dominated emissiame
focused on the single-pulse cases. In order to make the physicaktimated the radius ofthe emission region from the central
inferences trustworthywe only selected the bursts with high  engine.For a typical bulk Lorentz factor, the radius Rsrg is

5. Conclusions and Discussions
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typically of the order of 10°-10'®cm, which is much greater Appendix
than the photosphere radius and the standard internshock In this appendix,we provide additionalfigures. Figure A1

radius. . . - shows count-rate lightcurves with the best-fit results using the
The evidence of bulk acceleration and a large emission FRED model.

radius in these bursts is fully consistent with the GRB prompt- |, 4qdition to the FRED model with a giveq another five-

emission models invoking direct dissipation of a Poynting flux parameter (§ t,, a4, Gz, W) Model, the smoothly broken power

to power y-ray emission (e.g., Zhang & Yan 2011). This law (BKPL), may also be used to characterize the pulse shape:
suggests thatt leastfor some GRBs,the jet composition is

Poynting-flux dominated at the central engine and even in the foto I oty N2 1w
emission region.This conclusion is consistentvith previous F¢)=F ltb : ) + ltb ; ) : (A1)
independent modeling of GRB spectral lags (Uhm & * %o *+ %
Zhang 2016b)and E, evolution patterns (Uhm etal. 2018), . .
the HLE test for a sEgmpIe of X-ray flares (Jia et al. 2016; Uhm where 01’_?,2(1.02 are the temporal slopes, i the break t_|me,
& Zhang 2016a), and the nondetection of high-energy Fb=Fo2 is the flux of the break time, and w describes the
neutrinos from GRBs (Zhang & Kumar 2013:Aartsen etal. sharpness of the brealote that' the smqller the w parameter,
2017). Our analysis is also consistent with the recent the smootherthe break, and .|t is often fixed as 3. On the
investigationsof Z. Uhm & B. Zhang (2018, unpublished) other hand, several other similar Python packages(e.g.,
and D. Tak et al. (2020, in preparation). scipy. optimize. curve_fiind kmpfit) may also be competent
to carry out the currenttask. Figure A2 shows the fitresults
We appreciate the valuable comments from the anonymous of the lightcurve of GRB 131231198, compared with the
referee,and we thank Dr.Yu Wang for usefuldiscussions on  different models (FRED and BKPL) or packages (Imfitand
Imfit. This research made use of the High Energy Astrophysicsscipy. optimize. curve_fityr the same model(BKPL) set up
Science Archive Research Center (HEASARC) Online Servicewith different w values (w = 1w = 3,and w = 10).

at the NASA/Goddard Space Flight Center (GSFC). Figure A3 displays the comparison of the count lightcurves
Facility: Fermi/GBM. for different GBM detectors.Figure A4 gives an example to
Software: 3ML (Vianello et al. 2015), matplotlib (Hunter show the [log (Flux), log(time)] plots, as compared with the
2007),Imfit (Newville et al. 2016). [log (Flux), time] plots in Figure 1.
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Figure A1. Count-rate lightcurves, as well as their best-fit results using the FRED model. Solid points connected by the black solid line represent the lightcurve, wh
the cyan solid lines are the best FRED model fits. The peak times obtained from the best-fit FRED model are indicated by the yellow vertical dashed line. Solid poi
connected by the pink dashed line represent the time bins selected using the BBlocks method.
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Figure A1. (Continued.)
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Figure A2. Example of the bestfits of the count-rate Iigﬁtcurve for GRB 131231198 with differentmodels (comparing FRED with BKPL) orpackages used

(comparing Imfit with scipy. optimize. curve_fit)
black solid line represent its 512 ms count-rate

or the same BKPL model with different w values (comparing w = 1, w = 3, and w = 10). The points connected by th
lightcurve. Solid curves with different colors indicate the Imfit cases (orange: BKPL model with fixed w = 1; violet:

BKPL model with fixed w = 3; pink: BKPL model with fixed w = 10; green: FRED model), while dashed lines indicate the scipy. optimize. curve_fit cases (yellow:
BKPL model with fixed w = 3; cyan: FRED model). The reduced chi-squared is calculated by assuming its uncertainties with a typical value: 10% of the values of it

data points.

21



The Astrophysical Journal Supplement Series, 253:43 (26pp)2021 April Li & Zhang

GRB081224887 500 GRB090620400
: [ Bgo ! Bgo
2 @
9 600 1 a 1
f=4 f=4
L )
o] s
© ©
4 o
300
600 | . [ Nal |
1
Q) @
) 2
f= f=
L )
o] s
© ©
< 300 1 24
m]]JL..“.._rdllr...n Pt el . Yo, o T
-fo =5 T o 5 10 15 0 5
Time since trigger(s) Time since trigger(s)
GRB090719063 200 GRB090804940
X I Bgo
1
1
Q) v !
2 2 150 1
c [
) )
2 2
© © 1
-4 4 .
1
100 |
1
300 } I ! ;
X I Nal
Q @
2 9 200 |
c =4
o) oA
2 2
© ©
-4 o
100 1
10 15 =45 0 5 10 15
Time since trigger(s) Time since trigger(s)
GRB100707032 GRB110721200
1200 ! [ Bgo | ! [ Bgo
w w
W W
€ 900 | £
L A
o] o]
© ©
o o
600 |- 1
1200y ! 1 Nal |
@ 900f E Q)
) 2
=4 f=4
) )
£ eo00f ] &
4 4
300 1
- i i) 10 20 30 4o " 5
Time since trigger(s) Time since trigger(s)
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