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Abstract

Gamma-ray Burst (GRB) collimation has been inferred with the observations of achromatic steepening in GRB
light curves, known as jet breaks. Identifying a jet break from a GRB afterglow light curve allows a measurement
of the jet opening angle and true energetics of GRBs. In this paper, we re-investigate this problem using a large
sample of GRBs that have an optical jet break that is consistent with being achromatic in the X-ray band. Our
sample includes 99 GRBs from 1997 February to 2015 March that have optical and, for Swift GRBs, X-ray light
curves that are consistent with the jet break interpretation. Out of the 99 GRBs we have studied, 55 GRBs are
found to have temporal and spectral behaviors both before and after the break, consistent with the theoretical
predictions of the jet break models, respectively. These include 53 long/soft (Type II) and 2 short/hard (Type I)
GRBs. Only 1 GRB is classified as the candidate of a jet break with energy injection. Another 41 and 3 GRBs are
classified as the candidates with the lower and upper limits of the jet break time, respectively. Most jet breaks occur
at 90 ks, with a typical opening angle 6, = (2.5 & 1.0)°. This gives a typical beaming correction factor f,~ '~ 1000
for Type I GRBs, suggesting an even higher total GRB event rate density in the universe. Both isotropic and jet-
corrected energies have a wide span in their distributions: log(E,;s/erg) = 53.11 with o = 0.84;
log(Ex iso/erg) = 54.82 with o = 0.56; log(E, /erg) = 49.54 with ¢ = 1.29; and log(Ex/erg) = 51.33 with
o = 0.58. We also investigate several empirical correlations (Amati, Frail, Ghirlanda, and Liang—Zhang)
previously discussed in the literature. We find that in general most of these relations are less tight than before. The
existence of early jet breaks and hence small opening angle jets, which were detected in the Swfif era, is most likely
the source of scatter. If one limits the sample to jet breaks later than 10 s, the Liang—Zhang relation remains tight
and the Ghirlanda relation still exists. These relations are derived from Type II GRBs, and Type I GRBs usually
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1. Introduction

Gamma-ray bursts (GRBs) are the most luminous phenomena
observed in the universe, with an isotropic -ray energy up to
E.iso ~ 10° erg (Kumar & Zhang 2015). They signify the birth
of a stellar-mass black hole or a rapidly rotating magnetized
neutron star during the core collapse of massive stars (Type II
GRBs) or mergers of compact objects (Type I GRBs; e.g.,
Woosley 1993; Paczyniski 1998; Gehrels et al. 2005; Woosley &
Bloom 2006; Zhang 2006; Zhang et al. 2007, 2009; Berger
2014). Phenomenologically, GRBs are classified based on the
burst durations (Kouveliotou et al. 1993), with long GRBs
(LGRBs, Ty >2s) mostly corresponding to Type II and short
GRBs (SGRBs, Ty < 2s) mostly corresponding to Type 1. An
important result from the pre-Swift era observations is that Type
IT GRBs are highly collimated with a typical opening angle of
~5° (e.g., Frail et al. 2001; Berger et al. 2003; Bloom et al.
2003). Some empirical correlations, several involving jet opening
angles, have been discussed in the literature (e.g., Frail et al.
2001; Amati et al. 2002; Ghirlanda et al. 2004; Liang & Zhang
2005; Wang et al. 2011).

Theoretically, GRB afterglow is essentially independent of
the progenitor and central engine, and invokes the interaction

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 3.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOI.

between the fireball that produced the GRB and an circumburst
medium (CBM) with a density profile generally described as
n(r) < r~*. A generic synchrotron external shock model has
been well established to interpret the broadband afterglow data
(e.g., Mészdros & Rees 1997; Sari et al. 1998; Chevalier & Li
2000; Gao et al. 2013). Our recent study (Wang et al. 2015)
suggests that the simplest external forward shock models can
account for the multi-wavelength afterglow data of at least half
of the GRBs. When more advanced modeling (e.g., long-
lasting reverse shock, structured jets) is invoked, up to 90% of
the afterglows may be interpreted within the framework of the
external shock models.

An achromatic, steepening temporal break observed in some
afterglow light curves suggests that the GRB outflows are
collimated. In the fireball external shock model, the burst ejecta
moves with a relativistic speed and is assumed to form a
conical jet with half-opening angle 6;. As the burst ejecta are
decelerated by the ambient, the relativistic beaming angle 1/I"
continues to increase with time. When 1/T" > 0; is satisfied, a
steepening break in the afterglow light curve (known as the jet
break) is predicted. This is mostly due to an edge effect, which
is purely geometric: the 1/T" cone is no longer filled with
emission beyond the jet break time (when 1/I" > 6)). This gives
a reduction of flux by 67 /(1/T)? = I'263. It has been suggested
that a maximized sideways expansion effect may further
steepen the light curve (Rhoads 1999; Sari et al. 1999). This
theory suggests that sound waves in the jet would cross the jet
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Table 1
The Temporal Decay Index « and Spectral Index 3 in Different Afterglow Models

CMB Spectral Regime B(p)

a(B)/ (B, q) aB)/ (B, q)

p>2 I<p<2

Pre-jet break phase without energy injection

ISM 1I U <V < Ve el
ISM 1 V> U, g
Wind II U <V < Ve = !
Wind I V>, L

338 66+9
16

381 36+5
2 8

3641 2849
2 8

36—1 260+6
2 8

Pre-jet break phase with energy injection

ISM 11 U <V < p q— 1+ 228 e
ISM 1 V> U, g qu + Q@ +211W 7(1;2 + Q@ +sq)d
Wind TI U <V < el 44 2208 Mty B
Wind I V>, g 4 ; 2 @ +2q)sd @ +43)q
Post-jet break phase without energy injection
ISM II U <V < U, p-1 b 22047
ISM 1 V>, g [ 4+1 %
Wind 1I U < V< Ve L 3‘*2” 2*’*; 13
Wind 1 V>, ? % %
Post-jet break phase with energy injection
ISM II U <V < et e Hao2 4 erof
ISM I V>, g 3q72+:‘3(q+2) 9q+2+83(q+2)
Wind 1T U <V < Ve 1';‘ g+ &8 % m%
Wind I V> Ve g Bg+2-20-9) > 20-9) B9 *45“1

in the transverse direction when 1/T" > 6,. The cross section of
the jet would increase with time, leading to an exponential
deceleration of the jet. Later numerical simulations suggested
that the sideways expansion effect is not significant, but the
post-jet-break decay index could be similar to that predicted in
the sideways expansion models (e.g., Zhang & MacFadyen
2009; Granot & Piran 2012).

Extensive studies on the jet break phenomenon have been
carried out. In the pre-Swift era, several cases of jet break have
been observed in the optical band at several days after the GRB
trigger (e.g., Rhoads 1999; Sari et al. 1999; Halpern et al. 2000;
Huang et al. 2000; Bloom et al. 2001; Frail et al. 2001; Jaunsen
et al. 2001; Wei & Lu 2002; Wu et al. 2004; Gao & Wei 2005;
Panaitescu 2005a; Starling et al. 2005; Yonetoku et al. 2005;
Gorosabel et al. 2006; Zeh et al. 2006; Liang et al. 2008).
However, the achromatic behavior of the break, a prediction of
the jet model, could not be confirmed with the optical data
only. A rich database of broadband afterglow light curves is
accumulating after the Swift satellite was launched. Many
investigations to search for and to study the statistical
properties of jet breaks have been carried out based on the
XRT data (e.g., Burrows et al. 2006; Burrows & Racusin 2006;
Grupe et al. 2006; Wang & Mészéros 2006; Dai et al. 2007; Jin
et al. 2007; Nava et al. 2007; Panaitescu 2007; Willingale et al.
2007; Kocevski & Butler 2008; Liang et al. 2008; de Pasquale
et al. 2009; Evans et al. 2009; Kamble et al. 2009; Racusin
et al. 2009; Urata et al. 2009; Gao & Dai 2010; Tanvir et al.
2010; Zheng & Deng 2010; Nicuesa Guelbenzu et al. 2011;
Fong et al. 2012, 2014), the optical data (e.g., Dai et al. 2007,

2008; Panaitescu 2007; Kriihler et al. 2009a; Tanvir et al. 2010;
Afonso et al. 2011; Filgas et al. 2011; Nicuesa Guelbenzu et al.
2011; Fong et al. 2014), and the radio data (e.g., Sheth et al.
2003; van der Horst et al. 2005; Fong et al. 2014). The X-ray
light curves of some GRBs did not show a clear jet break at
very late times (Grupe et al. 2006, 2007). Some argued that a
jet break may be hidden in the low signal-to-noise ratio (S/N)
light curves (e.g., Sato et al. 2007; Shao & Dai 2007; Curran
et al. 2008). More late-time optical observations are needed to
reveal late jet breaks and to constrain GRB collimation and
energetics (Zhang 2011). Indeed, X-ray observations with the
Chandra X-Ray Telescope have led to detections of some late
jet breaks, which allowed a study of the off-axis effect of GRB
jets (Zhang et al. 2015). Among the GRBs with optical
afterglow detections, only one-third were also detected in the
radio band. However, there is a lack of GRBs with high-quality
light curves in the radio band to conduct jet break searches.

Based on a rich database of broadband afterglow up to 2015,
this paper aims at a systematic analysis of the jet break features
in GRBs. The sample selection and data analysis are described
in Section 2. We use the closure relations of the external
forward shock model to select the jet break candidates, and the
results are presented in Section 3. A statistical analysis of
energetics and luminosity correlations of the jet break sample is
presented in Section 4. Our results are summarized in Section 5
with some discussion.

We characterize the dependence of the afterglow flux on
time and frequency as F(f, v) xt “v~ s , where « is the
temporal decay index, and (3 is the spectral index. We use the
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Figure 1. The observed light curves of the GRBs with one and more identified jet break(s). The optical light curves (red) are used to derive the jet break(s). The light
curves are fit with the blue dotted—dashed lines, and the jet break times are shown by the purple vertical dashed lines. The X-ray light curves (black) are plotted for
reference.

ACDM model with cosmological parameters of Ay = 0.27, 2. Data Sample

Qp =027, and Hy = 71km s ! Mpc_1 to calculate the To systematically investigate jet breaks, we collect all of the
energetics of the GRBs. optical afterglow data from the first GRB optical afterglow
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Figure 1. (Continued.)

detected from 1997 February to 2015 March. This includes 17
pre-Swift GRBs from Liang et al. (2008) that have been studied
extensively. A sample of ~260 optical light curves are
compiled from the published papers (e.g., Kann et al. 2010,
2011) or GCN Circulars after the Swift launch. The UVOT data
are not included in our sample. For the Swift data, we obtain a
sample of 85 well-observed GRBs with light curves in both
X-ray and optical bands and the constrained spectral indices.
Out of these 85 bursts, 82 GRBs have been graded as the
achromatic sample consistent with the external shock model
(i.e., Gold and Silver samples defined in Wang et al. 2015). We
thus select 82 GRBs from the achromatic sample for the
purpose of this work. As a result, altogether 99 GRBs are
included in our final sample.

Most observations were carried out in the R-band. For those
observations carried out in other bands, we correct them to the
R band with the optical spectral indices (8o, with the
convention F, &< v~70) collected from the literature assuming
that there is no spectral evolution. The correction due to
Galactic extinction is taken into account using the reddening
map presented by Schlegel et al. (1998). Because of large
uncertainties, we do not make corrections to the extinction in
the GRB host galaxies.

The optical light curves are usually composed of one or more
power-law segments along with some humps, flares or
re-brightening features (e.g., Li et al. 2012; Liang et al. 2013;

Wang et al. 2013, 2015). To decompose the rich temporal
features of GRB light curves, we fit the light curves with a
model of multiple components. Similar to Wang et al. (2015),
we decompose the light curves into several basic components,
i.e., a single power-law (SPL) function

F = Fyt™ ¢, (D

or a smooth broken power-law (BPL) function

p aw t awl-1/w
b= Fp (—) + (—) , 2

ty Iy

where «, oy, a, are the temporal slopes, #, is the break time,
and w measures the sharpness of the break, or a smooth triple-
power-law (TPL) function that catches the canonical shape of
X-ray light curves (Nousek et al. 2006; Zhang et al. 2006), i.e.,

F3 — (Fz—wz + F4—wz)71/wz (3)

where wj is the sharpness factor of the second break at 1, ,, and

—a3

t
F=FEMt)|—]| - “)
Ih2

We perform best fits to the data using the subroutine
MPFIT (Markwardt 2009). The sharpness parameter w and w,
are usually adopted as 3 or 1 in our fitting. A minimum
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the fitting, until the reduced x> becomes close to 1 (usually
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as Figure 1, but for the lower limit sample.
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less than 1.5). We would like to stress that one may not solely
based on x” to evaluate whether a jet break is robust. This is
because some GRBs (e.g., GRB 050730, 060729, 090926A)
show erratic fluctuations in the light curves with small error
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by the complicated features in the light curves (such as small
flares and fluctuations). However, the PL and BPL fits in any
case catch the general features of these light curves. Even
though adding more comments can reach a better reduced x?,
we do not add them, as we are not interested in the fine-
details of the light curves. The x> values of these fits remain
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Figure 3. Same as Figure 1, but for the upper limit sample.

features (e.g., steep decay phase, flares, re-brightening
features) affecting the fits, we just perform the best fits in
the time interval around the jet break. In some cases, the
reduced y? values for the light curve fittings are much smaller
than 1. This means that some model parameters are poorly
constrained. For these cases, we fix some parameters and
redo the fits until the reduced y? becomes close to 1.
According to the MPFIT documentation, the error estimates
produced by MPFITFUN/EXPR would not be correct if the
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Table 2
Temporal and Spectral Parameters of GRBs with Jet Break Features

Wang et al.

References for

INST and References

GRB Bo ay s 1, z Bo and z° E,° INST! for E,*°
980703 1.01 £ 0.02 1.11 2.83 2149 £+ 102 0.966 ), (1) 254 + 50.8 SAX/CGO CGO, (63), (64), (65)
990123 0.75+0.07 099 +£0.12 1.93+0.04 123.0+13.7 16 M, (1) 781 + 62 SAX/CGO/KON  SAX/CGO/KON,
(63), (65), (63)
990510 0.55 0.86 £ 0.03 195+0.14 1019+ 125 1.619 M, (1) 162 + 16  SAX/CGO SAX, (63), (65), (63)
990712 0.99 + 0.02 0.97 232 1000 0.434 M, () 93+ 15 SAX SAX, (63), (65), (63)
991216 0.57 £ 0.08 1.00 £0.05 1.80+0.05 103.7 +41.1 1.02 ?), 3) 317+ 63 SAX/CGO/KON  CGO/KON, (63),
(64), (65)
000301C 0.7 1.04 2.97 562.9 + 18.7 2.03 M, (1) 326 + 137 CGO/KON CGO/KON, (63)
000926 14018 1.48 2.49 1752 £ 4.6 2.07 @), (1) 101 £7 SAX/KON KON, (63)
011211 0.8+ 0.15 0954005 2114005 1347+19 214 (5), (6) 59 £8  SAX SAX, (63)
020405 143 £0.08 140+ 0.05 195+005 1477 +539 0.69 M, (1) 193 + 54 SAX/KON SAX/KON,
(65), (66)
021004 0.39 0.82 + 0.02 1.39 & 0.05 300.3 2335 M, (1) 80 + 35 HET HET, (63)
030226 074003 077+005 1994005 89.9+11.0 1986 ), (1) 97 £20 HET HET, (63)
030323 0.89 + 0.04 1.29 2.11 400 3.37 M, (1) 62 +26 HET HET, (63)
030329 0.5 0.84 £0.08 1.89+0.10 41.0+40 0.1685 M), (1) 68 +3  HET/KON HET/KON, (65),
(63), (67)
030429 0.75 0.72 £ 0.03 272 158.7 2.65 M, (1) 3549  HET HET, (65), (63), (67)
030723 0.66 + 021  0.05+0.06 201 1032+ 5 @D, (-+) HET
050319 0.74 +£0.42  0.66 £0.14 1.86+0.00 319.8 + 13.7 3.2425 ®), (1) SWI
050408 028 +£033 055+009 149+005 731423 12357 ©), 8) HET
050502A  0.76 = 0.16  0.90 £+ 0.05 1.76 + 0.07 84+05 3793 10), (1) INT/SWI
050525A 0524+ 0.08 095+0.13 195+019 274+22 0.606 M, (1) 84+2  KON/SWI SWI, (68)
050730 0.52+0.05 0.66+0.12 1.61 £0.13 1504+ 1.5 3.96855 (10), (1) SWI
050801 1.00 £ 0.16  1.08 £ 0.06 2.01 +0.09 142410 156 1), (12) SWI
050820A 072+ 0.03 082 +£0.12 1.67£0.09 1941 +9.0 26147 10), (1) 367 £77 SWI/KON KON, (63), (69)
050922C  0.51 £0.05 092 +005 1.62+035 456407 22 10y, (13) 130 £3 HET/KON/SWI  HET, (63)
051109A 07+£005 076+012 1.65+0.14 260465 2346 (14), (12) 161 +58 KON/SWI KON, (63)
051111 0.76 £ 0.07  0.79 £ 0.12 1.77 £ 0.09 27403 155 15), (12) 255 £ 156  SWI/SUZ
051221A  0.64 +0.05 094 +009 1.68+0.11 1004 +20 055 16), (17) 402 +£93 KON/SWI/SUZ KON, (63)
060111B  0.70 £0.10  0.80 £ 0.07 1.55+008 72405 (18); (-
060206 073 4+0.05 1154012 1.94+010 157.7+ 78 4.0479 (10), (18) 83 4+35 SWI SWI, (63), (68), (70)
060418 0.78 £ 0.09 127 £0.12 2.56 + 047 819.7+32.0 15 (), (19) 230.0 KON/SWI KON, (63), (71)
060526 051 £032 094 +007 1.99+023 1214+ 124 32213 ), (1) SWI
060605 1.06 £ 0 0.88 £0.15 322+053 257+67 3.8 (20), (21) SWI
060729 0.78 £ 0.03 128 +0.05 245+ 0.31 82.1 + 123 0.54 (22), (23) SWI
061126 0.82+0.09 096+012 231+016 20424114 15 (24), (25) 620 +20 SWI/RHE SWI/RHE, (63), (72)
070411 0.75 0.90 +0.08 1.60+0.11 152.0 +£ 743 295 (26), 27) SWI
070419A 0.80 0.62 &= 0.10 1.55 & 0.08 15403 097 (28), (29) SWI
070518 0.80 0.90 £ 0.07 1.65=+0.11 400 +32 28), (-+) SWI
071003 1254009 090+ 0.07 1.81=+0.13 02+00 1.6044 (30), (31) 410 + 190 KON/SWI KON, (73)
071003 1254009 —120=+021 205+0.18  550+6.0 1.6044 (30), (31) 410 & 190 KON/SWI
080310 0424012 1194013 244 +018 292+32 243 ®), 32) SWI
080319B  0.51 026  1.03 £0.11 1.69 + 0.12 1.7+£02 0937 (33), (34) 651 + 14 KON/SWI KON, (63), (74)
080319B  0.51 £026 0.83+£0.16 1.65+009 59.1+76 0937 (33), 34) 651 + 14 KON/SWI
080413A 052+ 037 0.62+0.14 1.52+0.16 1.0£0.1 2433 (18), (35) 170 = 80 SWI/SUZ SWI/SUZ, (75)
080413B  0.52+£0.37 071 £0.06 1.45+0.13 06+02 1.1 67 + 13  SWI/SUZ SUZ, (76)
080413B 025+ 0.07 0.05+£008 1.50+0.11 751+ 123 1.1 (36), (37) 67+ 13  SWI/SUZ
080603A  0.98 + 0.04  0.94 £0.00 2.29 £0.00 160.8 + 129 1.5635 (38), (39) 60 + 10  INT/SWI
080710 08 +£009 0794008 1.78+0.01 203+14 085 (40), (41) SWI
081008 0.40 =023  0.64 £0.06 1.52 + 0.09 9.5+ 08 1.9685 (42), (43) SWI
081203A 0.596 1.10 £ 0.14 1.87 £0.15 101 £17 21 (44), (45) 578 £290 KON/SWI KON, (77), (78)
090426 0.76 = 0.14  0.75 £ 0.12 1.65 + 0.08 0.4 +£0.1 2.609 (46), (47 SWI
090426 076 £ 0.14 024 £0.09 159 +£0.08 250=+63 2.609 SWI
090618 0.5+£005 0.67+007 1604008 31.1+67 054 4), (48) 156 + 12 FER/KON/ FER, (79)
SWI/SUZ
090926A 072+ 0.17 120 £0.13 2.50 £ 0.21 1024.1 + 422 2.1062 (8), (49) 321+ 12 FER/KON/ FER, (79)
SWI/SUZ
091029 0.57 054 +£0.11 147 +009 300+68 2752 @), (50) 36+2  SWI
091127 0.43 £ 0.1 0.69 £ 0.00 147 +£0.12 550+ 13 049 1), (52) 61 + 18  SWI/FER FER, (79)
100219A  0.60 £0.12  0.84 = 0.08 1.75 & 0.12 1.8+ 04 480 (53), (54) SWI
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Table 2
(Continued)
References for INST and References
GRB Bo o a Y z Bo and 2° E,f INST¢ for E,°
100219A 0.66 £ 0.13 —240 +0.17 1.70 £ 0.14 175+ 54 480 (53), (54) SWI
110205A 1.12 + 0.24 145 +£0.12 231 £022 1032 +£80 222 (55), (56) 222 £ 74 KON/SWI/SUZ KON, (80)
120729A 1+0.1 091 £0.12 2.14 +£0.19 56+ 05 0.8 (57), (58) 311 £20 FER/SWI FER, (81)
130427A 0.69 £+ 0.01 1.01 £0.09 1.88 £0.11 1279 + 1.4 034 (59), (60) 933 +£ 112 KON/FER/ FER, (82)
SWI/RHE
130603B  —0.84 + 0.1 1.11 £ 0.11 2.10 £ 0.21 31.0 £ 7.7 0.3564 61), (62) 660 + 100 SWI/KON KON, (83)
Notes.

4 Break time, in unit of ks.

b References for Bo and z.

¢ Spectral peak energy on observe-frame, in unit of keV.

9 The instrument name of the experiment(s), or of the satellite(s), that provided the estimates of spectral parameters and energy, CGO—CGRO-BATSE, FER—Fermi-
GBM, HET—HETE-2-FREGATE, INT—INTEGRAL-SPI/IBIS, KON—Konus-Wind, RHE—RHESSI, SAX—BeppoSAX, SWI—Swift-BAT, SUZ—Suzaku-WAM.

¢ References for E,: (1) Liang & Zhang (2006), (2) Panaitescu (2005b), (3) Svensson et al. (2010), (4) Li et al. (2012), (5) Kann et al. (2010), (6) Vreeswijk et al.
(2006), (7) Kann et al. (2006), (8) Kann et al. (2010) (9) Urata et al. (2007), (10) Mannucci et al. (2011), (11) de Pasquale et al. (2007), (12) Robertson & Ellis (2012),
(13) Price et al. (2006), (14) Yost et al. (2007), (15) Guidorzi et al. (2007), (16) Soderberg et al. (2006), (17) Butler et al. (2007), (18) Fynbo et al. (2009), (19)
Prochaska et al. (2007), (20) Ferrero et al. (2009), (21) Savaglio et al. (2007), (22) Zafar et al. (2011), (23) Thoene et al. (2006), (24) Perley et al. (2008a), (25) Schady
& Sbarufatti (2006), (26) Wang et al. (2015), (27) Jakobsson et al. (2007b), (28) Xin et al. (2010), (29) Cenko et al. (2007), (30) Kriihler et al. (2009b), (31) Perley
et al. (2008d), (32) Prochaska et al. (2008), (33) D’Elia (2009), (34) Vreeswijk et al. (2008b), (35) Thoene et al. (2008b), (36) Robertson & Ellis (2012), (37)
Vreeswijk et al. (2008c¢), (38) Guidorzi et al. (2011), (39) Perley et al. (2008b), (40) Kann et al. (2011), (41) Perley et al. (2008c¢), (42) Yuan et al. (2010), (43)
D’Avanzo et al. (2008), (44) Evans et al. (2009), (45) Landsman et al. (2008), (46) Nicuesa Guelbenzu et al. (2011), (147) Levesque et al. (2009), (48) Cenko et al.
(2009b), (49) Malesani et al. (2009), (50) Chornock et al. (2009b), (51) Vergani et al. (2011), (52) Cucchiara et al. (2009), (53) Thone et al. (2013), (54) Groot et al.
(2010), (55) Cucchiara et al. (2011), (56) Cenko et al. (2011), (57) Cano et al. (2014), (58) Tanvir & Ball (2012), (59) Perley et al. (2014), (60) Levan et al. (2013),
(61) Fong et al. (2014), (62) Xu et al. (2013), (63) Amati et al. (2008), (64) Jimenez et al. (2001), (65) Liang & Zhang (2005), (66) Price et al. (2003), (67) Sakamoto
(2005), (68) Nava et al. (2012), (69) Cenko et al. (2006), (70) Sakamoto et al. (2008), (71) Golenetskii et al. (2006b), (72) Perley et al. (2008a), (73) Butler et al.
(2010), (74) Golenetskii et al. (2008a), (75) Ohno et al. (2008), (76) Krimm et al. (2009), (77) Golenetskii et al. (2008c), (78) Kann et al. (2010), (79) Guetta et al.
(2011), (80) Golenetskii et al. (2011), (81) Cano et al. (2014), (82) von Kienlin (2013), (83) Golenetskii et al. (2013).

data points with large errors are not be properly weighted. In
this case, we set the “Error” term to unity and proceed with
the fit.* We call the PERROR routine in the MPFITFUN to
obtain the parameter errors, and use the 20 parameter errors
in our analysis.

3. Selection Criteria and Jet Break Candidates
3.1. Jet Break Light Curves

After the launch of the Swift satellite in 2004 (Gehrels et al.
2004), a rich database of the light curves has been collected,
which allowed for a systematic analysis of the emission
components of the broadband light curves, especially for the
X-ray light curves (e.g., Barthelmy et al. 2005; Fan & Wei
2005; Tagliaferri et al. 2005; Nousek et al. 2006; Zhang et al.
2006; Liang et al. 2007, 2008; Racusin et al. 2009; Margutti
et al. 2010) and the optical light curves (e.g., Kann et al. 2006,
2010, 2011; Liang et al. 2006; Nardini et al. 2006; Panaitescu
& Vestrand 2008, 2011; Li et al. 2012). “Synthetic” light
curves of X-ray and optical emission have been summarized by
Zhang et al. (2006) and Li et al. (2012). In both bands, one
prominent feature in the late afterglow phase is the existence of
a jet break feature. In principle, one can have two types of jet
breaks (e.g., Wang et al. 2015):

1. Standard jet break: This corresponds to the transition
from the normal decay phase (standard afterglow
component) to the post-jet-break phase in the canonical

4 http:/ /www.physics.wisc.edu/~craigm/idl/mpfittut.html

light curve. Light curves of such a category are caused by
an edge effect or with a contribution of sideways
expansion. The post-break decay index is required to be
steeper than 1.5 for this model. The post-break index can
be as steep as the electron energy index p as predicted by
the sideways expansion models (Sari et al. 1999).

2. Jet break with energy injection: This corresponds to the
case of an extended energy injection phase that extends to
a duration longer than the jet break time. As a result, the
jet break is expressed in terms of a shallow decay phase
followed by a steeper decay phase with the break
consistent with being due to a jet edge effect. Both
before and after the break, the afterglow can be delineated
by an afterglow model with a continuous energy injection
defined by a long-lasting central engine activity history
L@t) = Lo(é) ? (Zhang & Mészdros 2001), where ¢ is
the energy injection parameter. In principle, energy
injection can be interpreted as either a long-lasting
central engine (Dai & Lu 1998; Zhang & Mészaros 2001)
or a Lorentz-factor-stratified ejecta (Rees & Mészaros
1998; Sari & Mészaros 2000; Uhm et al. 2012). These
two scenarios are equivalent to each other and can be
both delineated with the parameter ¢ (Zhang et al. 2006).

3.2. Selection Criteria

We make use of the standard synchrotron external shock
models of GRB afterglow to select the jet break sample. The
criteria are the relationship between the temporal index o« and
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Figure 4. The measured afterglow o and 3 values compared against the closure relations of jet break in the external forward shock model. The thick solid lines and
solid shaded regions indicate the closure relations for the pre-and post-break segments in spectral regime I (v > v,). The lower and upper boundaries of the regions are
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emission in the spectral regime II (v, < v < v,). The black and red filled circles symbols represent the segments of pre- and post-break. The lower and upper limit
sample marked as blue triangle and green diamond symbols, respectively. (a) ISM model; (b) wind model.
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spectral index [ (with the convention F, ot “v~ ﬁ) as
predicted by various external shock models, known as the
“closure relations” (e.g., Zhang & Mészaros 2004; Zhang et al.
2006; Gao et al. 2013). The indices « and [ can be directly
measured from the observational data. The predictions of the «
—0 relation depend on the sub-models (ISM versus wind,
adiabatic versus radiative, whether or not there is energy
injection, etc.), dynamical regimes (reverse shock crossing
phase, self-similar deceleration phase, post-jet-break phase,
Newtonian phase, etc.), and spectral regimes (different orders
among the observed frequency (v) and several characteristic
frequencies (minimum injection frequency v, cooling frequency
v,, and self-absorption frequency v,). Additional details can be
found in the comprehensive review by Gao et al. (2013).
Generally, the optical band is in either the spectral regime v > v,
(Regime I, 6=p/2) or v,, < v < v. (Regime I, 5= (p — 1)/2)
in the simplest analytical model (Sari et al. 1998). Due to the
smoothness of the spectral breaks, the transition between the two
regimes (regime I-II, (p — 1)/2 < 8 < p/2) may take several
orders of magnitude in observer time. This period may be defined
as a “gray zone” (Zhang et al. 2006; Uhm & Zhang 2014), during

which the a—( relation does not need to strictly satisfy the
Regime I and Regime II regimes. The parameter space between
the two closure relation lines is allowed by the theory. Data
points falling into this gray zone should be regarded as consistent
with the model.

We employ the a—/3 closure relations (Table 1) for the ISM
(k=0) or wind (k=2) medium models and with or without
energy injection. For a steepening break, we require that the same
model applies to both pre- and post-break phase, with the post-
break decay defined either by the edge effect of sideways
expansion effect. We have assumed v, < min(v,,, v,.) and
Vo > vy, (Vo 1s the frequency of optical band), which is usually
satisfied for optical afterglow emission for typical GRB
parameters. A GRB to be included in our jet break sample needs
to satisfy the following criteria:

1. The optical light curves should satisfy closure relations of
the same CBM type (ISM or wind) in both pre- and post-
break temporal segments, and the inferred electron
spectral index p from both pre- and post-break segments
should be consistent with each other within error.
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Table 3

Temporal and Spectral Parameters of GRBs with a Lower Limit of Jet Break Time
GRB Bo a z References for (3, and z* E, INST INST and References for E,"
020124 091 + 1.85 £ 0.11 32 1), 2) 87 £ 15 HET/KON HET/KON, (44), (45)
020813 0.85 + 1.26 £ 0.24 1.25 1), (3) 142 £ 13 HET/KON HET/KON, (44), (45)
050401 05+0.2 0.89 £ 0.08 2.899 4), (5) 132 + 16 SWI/KON KON, (46), (47)
050416A 092+03 1.31 £ 0.09 0.6852 4), (6) I5£5 SWI SWI, (45), (47)
050603 0.71 £ 0.1 1.7 £0.13 2.821 “), (D 349 + 28 SWI/KON/INT KON, (47), (48)
050721 1.16 + 0.35 1.09 £ 0.11 ®), (--+) SWI
051028 06=£0 0.99 £ 0.1 3.7 4), 9 298 + 73 HET/KON KON, (49)
060210 0.37 £ 0.08 1.31 £0.11 3.9133 “), 9) SWI
060512 024 £ 0.2 1.11 £ 0.09 1.8836 4), (10) 124 + 38 SWI/SUZ
060714 1.02 + 0.05 1.62 + 0.08 1.2622 “), (11) 399 £ 19 RHE/SUZ/KON/SWI
060904B 1.11 £ 0.1 1.01 £ 0.21 0.7029 4), (12) SWI
060906 0.56 £+ 0.02 1.02 £ 0.15 3.6856 4), (13) SWI
060908 0.98 £+ 0.42 1.12 £ 0.13 1.949 4), (14 307 +£ 92 SWI/KON KON, (50), (8)
060912A 0.6 £0.15 0.94 £ 0.01 0.937 4), (15) SWI/KON
060927 0.61 £ 0.05 1.3 £0.15 5.467 4), (16) SWI
061007 0.68 £+ 0.02 1.31 £ 0.05 2.602 4), (11) 485 + 67 SWI/KON KON, (51)
070110 0.55 £ 0.04 1.2 £0.15 2.3521 “), (17) SWI
070306 043 £0 0.87 £ 0.01 22 4), (18) SWI
070311 1£02 0.73 + 0.21 “), (--) INT
070318 0.78 £ 0.1 1.02 £ 0.09 0.84 4), (A7) SWI
070611 073 +£0 0.58 £ 0.12 2.0394 4), (19) SWI
071025 0.96 £+ 0.14 1.28 £0.12 4.8 (8), (20) SWI
071031 0.74 £ 0.22 1.16 £ 0.09 2.692 “), @) 451 £ 73 SWI/KON
071112C 0.63 £ 0.29 0.94 £ 0.15 0.8227 ), 21 SWI
080319A 0.77 £ 0.02 0.65 + 0.11 22 “), 22) 654 £ 14 SWI/INT
080319C 0.85 £ 0.05 0.94 + 0.05 1.95 4), (23) 4400 =+ 400 SWI/KON/SUZ/FER KON, (52)
080721 036 £0 1.27 £ 0.05 2.591 (8), 24) SWI
080804 0.7+ 04 1.07 £ 0.08 2.2045 8), (25) 56 £6 SWI/FER
080913 0.79 £+ 0.03 0.98 £ 0.11 6.7 4), (26) 121 + 39 SWI/KON/FER/INT SWI/KON, (53)
080928 1.32 + 0.02 2.1 +022 1.692 “), 27) SWI
090102 0.74 £ 0.22 1.49 £ 0.12 1.547 4), (28) 451 £ 73 SWI/KON KON, (54)
090323 0.74 £ 0.15 1.55 £ 0.13 3.57 “), (29) 416 £ 76 KON/FER KON, (55)
090328 0.52 £+ 0.02 0.96 £ 0.04 0.736 (8), (30) 1060 + 60 SWI/INT/FER/KON FER, (56), (8)
090510 0.68 £ 0.05 0.81 £ 0.05 0.4428 (31), (32) SWI
090812 0.44 £ 0.04 1.11 £ 0.15 2452 ), 33) SWI
100418A 0.7 £0.1 1.22 £0.11 0.624 (34), (35) SWI
101024A 0.64 £ 0.05 0.79 + 0.05 2.69 (36), (4) SWI
110918A 0.63 £ 0.29 0.95 £0.11 0.982 (37), (38) SWI
120326A 0.75 £ 0.08 1.65 £ 0.14 1.798 (39), (40) 46 £ 4 SWI/FER/SUZ FER, (57)
120711A 0.98 £+ 0.09 1.37 £ 0.13 1.405 (41), 42) SWI
120815A 0.78 £ 0.01 0.63 £ 0.12 2.358 4), 43) SWI
Note.

# References for E,: (1) Liang & Zhang (2006), (2) Firmani et al. (2006), (3) Price et al. (2002), (4) Li et al. (2012), (5) Golenetskii et al. (2005a), (6) Mannucci et al.
(2011), (7) Robertson & Ellis (2012), (8) Li et al. (2012), (9) Nava et al. (2008), (10) Bloom et al. (2006), (11) Jakobsson et al. (2006b), (12) Fugazza et al. (2006),
(13) Vreeswijk et al. (2006), (14) Rol et al. (2006), (15) Jakobsson et al. (2006a), (16) Fynbo et al. (2006), (17) Jaunsen et al. (2007a), (18) Jaunsen et al. (2007b), (19)
Thoene et al. (2007), (20) Kann et al. (2010), (21) Jakobsson et al. (2007a), (22) Barthelmy et al. (2008), (23) Wiersema et al. (2008), (24) Jakobsson et al. (2008), (25)
Thoene et al. (2008a), (26) Stamatikos et al. (2008), (27) Vreeswijk et al. (2008a), (28) de Ugarte Postigo et al. (2009b), (29) Chornock et al. (2009a), (30) Cenko et al.
(2009a), (31) Nicuesa Guelbenzu et al. (2012), (32) Ukwatta et al. (2009), (33) de Ugarte Postigo et al. (2009a), (34) Jia et al. (2012), (35) Cucchiara & Fox (2010),
(36) Gendre et al. (2011), (37) Frederiks et al. (2013), (38) Levan et al. (2011), (39) Urata et al. (2014), (40) Tello et al. (2012), (41) Martin-Carrillo et al. (2014), (42)
Tanvir et al. (2012), (43) Malesani et al. (2012), (44) Liang & Zhang (2005), (45) Sakamoto et al. (2005a), (46) Golenetskii et al. (2005c¢), (47) Amati (2006), (48)
Golenetskii et al. (2005d), (49) Golenetskii et al. (2005b), (50) Krimm et al. (2009), (51) Golenetskii et al. (2006a), (52) Golenetskii et al. (2008b), (53) Pal’Shin et al.
(2008), (54) Golenetskii et al. (2009a), (55) Golenetskii et al. (2009b), (56) Guetta et al. (2011), (57) Collazzi (2012).

2. For a jet break without energy injection, the light curves 3. For a jet break with energy injection, the light curves
should satisfy the closure relations for the constant- should satisfy the closure relations for the energy-
energy ISM or wind models before the break, and the injection ISM or wind models in both pre- and post-
corresponding jet model for either edge or sideways break phases, with the energy injection g parameter
expansion effect after the break. consistent with each other within error.
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Figure 5. The distribution of the inferred electron spectral index p from jet break sample (black line), lower limit sample (red dashed line) and upper limit sample (blue
dashed line). The black dashed line is the best Gaussian fit of the jet break sample, with p = 2.39 + 0.48.

Table 4
Temporal and Spectral Parameters of GRBs with an Upper Limit of Jet Break Time

GRB Bo «@ z References for §p and z E, INST INST and References for E,
070125 0.59 £+ 0.10 1.82805 + 0.07 1.5471 M, 2 367 + 65 KON/SUZ/INT KON, (8), (9)

071010A 0.61 + 0.12 2.1 +023 0.985 3), ® SWI

100901A 0.52 £ 0.10 1.51 £ 0.07 1.408 (5), (6) SWI

References. (1) Li et al. (2012), (2) Fox et al. (2007), (3) Greiner et al. (2011), (4) Robertson & Ellis (2012), (5) Gorbovskoy et al. (2012), (6) Chornock et al. (2010),

(8) Golenetskii et al. (2007), (9) Amati et al. (2008).

4. The X-ray afterglow light curves of these bursts are found to
be consistent with the same jet break model, as have been
studied in detail in Wang et al. (2015). We only plot X-ray
light curves in Figures 1-3 for a self-consistency check,
without repeating the closure relation analysis for X-rays.

For those GRBs that cannot be identified as jet break
candidates with the « — ( closure relation, we classify them as
either lower limit or upper limit candidates. Some GRBs satisfy
the a — (3 closure relations of pre-jet break phase, and no break
is observed at the last observational data point. These bursts are
included in the lower limit jet break sample. Some other GRBs
have their temporal slopes steeper than the normal decay and
satisfy the o — (8 closure relations of post-jet break phase.
However, no jet break is identified at the first point of this light
curve segment (there might be complicated components before
that). We classify these as the upper limit jet break sample.

3.3. Jet Break Candidates

We find that 55 out of 99 GRBs can satisfy the jet break
criteria. We then characterize these GRBs as the jet break
candidates (as shown in Table 2 and Figure 1). Figure 4 shows

11

the a — [ values measured from the light curves as compared
against the closure relations. Another 41 and 3 GRBs are
classified as the candidates with the lower and upper limits of
the jet break time, respectively (as shown in Tables 3—4 and
Figures 2-3).

Among the 55 jet break GRB candidates, 53 are Type II
(long) GRBs and 2 are Type I (short) GRB (GRB 051221A,
and 130603B). Three GRBs (GRB 080319B, 080413B,
090426) have two jet breaks and are consistent with the two-
component jet model (e.g., Racusin et al. 2008; Filgas et al.
2011; Nicuesa Guelbenzu et al. 2011). Only one GRB (GRB
030723) shows jet break with energy injection.

There are some GRBs that are consistent with more than one
closure relation given their error bars. 53/55 and 40/55 GRBs
can be consistent with ISM and wind model, respectively. The
ISM model applies to more bursts that the wind model, which
is consistent with the previous results (e.g., Panaitescu &
Kumar 2002; Yost et al. 2003; Zhang et al. 2006; Schulze et al.
2011; Wang et al. 2015). 38/55 GRBs are located in the gray
zone between regime I and regime II. The median electron
spectral index p of the jet break GRBs is p = 2.39 + 0.48
(Figure 5), which is very consistent with the previous studies
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Figure 6. The distributions of the jet break time 7, (solid lines) and their best Gaussian fits (dash line). The typical values of the entire jet beak sample (black) and the
first jet of the two-component jet GRBs (red) are 7, = 90.06 £ 84.36 ks and 7, = 0.2 ~ 2 ks, respectively.

(e.g., Achterberg et al. 2001; Ellison & Double 2002; Shen
et al. 2006; Liang et al. 2007, 2008; Curran et al. 2010; Wang
et al. 2015). The jet break time distribution can be roughly fit
by a Gaussian function, with a typical value #, = 90.06 +
84.36 ks (Figure 6). The early jet break for the two-component
jets has a distribution of #, = 0.2 ~ 2 ks (Figure 6).

4. Jet Angle Distribution and GRB Energetics

With the jet break time, one can calculate the half-opening
angle of the GRB jet, i.e.,

3/8 -3/8
0, = 0.07 rad | —2 (“”)
1 day 2

o [ Exiso 1/8( n )1/8
1073 erg 0.1 cm™3

for a constant density ISM medium (Rhoads 1999; Sari et al.
1999; Frail et al. 2001), and

1/4 —1/4
0; =0.1rad b (1+Z)
1 day 2

X EK,iso 1/4( A* )1/4
1073 erg 1 cm™3

for a wind medium (Chevalier & Li 2000; Bloom et al. 2003).
Notice that 0; depends on the isotropic kinetic energy of the
blastwave, Ex i, rather than the isotropic y-ray energy, E. .
In some works, 0; is expressed in terms of E., through an
efficiency parameter, which is assumed for a typical value. In
order to more precisely estimate 6;, in this work we infer Ex jso
directly from the data.

)

(6)

12

The isotropic v-ray energy E. s, of a GRB is calculated as

4nDES k

E'y,iso = 142

(7
where §., is the gamma-ray fluence in the instrument band, Dy,
is the luminosity distance of the source at redshift z, and the
parameter k is a factor to correct the observed ~-ray energy in a
given bandpass to a broad band (e.g., 1-10*keV in the rest
frame) with the observed GRB spectra (Bloom et al. 2001). We
assume a Band function shape of the GRB spectrum (Band
et al. 1993) and use the fitted spectral parameters to do the
extrapolation. The isotropic kinetic energy Ek s, 1S calculated
based on the standard afterglow models (Zhang et al. 2007;
Gao et al. 2013; Wang et al. 2015). More specifically, we use
Equations (13)—(41) of Wang et al. (2015) to calculate Ex jso
based on the medium type, spectral regime, and the value of p
(>2 or <2) inferred from the data. As the optical band is
typically in the regime v,, < v < v,, we adopt Equations (20),
(25), (34), and (39) of Wang et al. (2015) to perform the
calculations. If the GRB is consistent with more than one
closure relation, we choose the ISM model for the calculation
of jet angles and energetics. The model parameters are taken as
typical values: ¢, = 0.1, eg = 10_5, n=1or A, =1, and
Y =1 (Wang et al. 2015).

With inferred §;, one can derive the geometrically corrected
~-ray energy

Ew :fl‘yEq/,iso = (1 — cos ej)E“/,iso’ (8)
and kinetic energy
Ex = fy Exiso = (1 — c0s 0)) Ex jsos 9)
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Figure 7. The distributions of y-ray and kinetic energies derived from the jet break sample and the lower limit sample. The Type I and II GRBs in the jet break sample
are donated by gray and black line histograms, respectively. The lower and upper limit samples are represented as red and blue dashed line histograms. The black
dashed lines are the best Gaussian fits for Type II GRBs: (a) isotropic y-ray energy, E. s, With a typical value log(E, ;s,/erg) = (53.11 & 0.84); (b) isotropic kinetic
energy, with a typical value log(Ex ena/erg) = (54.82 & 0.56); (c) geometrically corrected ~-ray energy (E,), with log(E,/erg) = (49.54 & 1.29); (d) geometrically
corrected kinetic energy (Ex), with log(Ex/erg) = (51.33 £ 0.58).
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Figure 9. The distributions of radiative efficiency 7.

through the beaming correction factor defined as
S, = (1 —cosb).

For all of the bursts in this sample, we collect the measured z
and E, from the literature (as listed in Tables 2—4). We derive
jet angles and energetics of GRBs using the available z and E),.
Within the jet break, lower limit, and upper limit samples, 50,
38, and 3 GRBs have measured z from the literature,
respectively. As Swift-BAT has a narrow energy bandpass,
the best-fit spectrum is generally a power-law. The E, values
derived from the Swift-BAT data alone are limited, as E, may
be measured only when it falls approximately between 15 and
150 keV. In our sample, we only adopted the E, derived from
Swift-BAT for GRB 050416A (Sakamoto et al. 2005b; Nava
et al. 2008, 2012), 050502A (Nava et al. 2008, 2012) and
060206 (Cenko et al. 2006; Nava et al. 2008, 2012). If there are
multiple instruments/missions (e.g., CGRO-BATSE, Fermi-
GBM, HETE-2-FREGATE, INTEGRAL-SPI/IBIS, Konus-
Wind, RHESSI, Suzaku-WAM) that detected a same burst,
the instruments/missions with the best-fit Band function
spectrum are adopted as the source of E, and §,, (also listed in
Tables 2-4).

Our data suggest §; = (2.5+ 1.0)° (as shown in Figure 8),
and the typical jet beaming factor f,~ '~ 1000. Notice that the
typical jet half-opening angle is smaller than the value (~5°)
inferred before (e.g., Frail et al. 2001; Bloom et al. 2003). The
main reason for this is that recent studies have suggested a
relatively small value of ep, of the order of 107°-10"" (e.g.,
Kumar & Barniol Duran 2009; Santana et al. 2014; Gao &
Zhang 2015; Wang et al. 2015; Zhang et al. 2015), which
suggests a relatively larger FEy;, than estimated before
assuming a fixed GRB efficiency.” The smaller half jet opening

(10)

5 Zhang et al. (2015) focused on GRBs with long-lasting X-ray light curves

that require very late-time Chandra observations, and therefore selected against
bursts with small jet opening angles.
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angle also suggests a smaller beaming correction factor f,~ L
suggesting a somewhat higher event rate density of GRB
progenitor systems.

Figure 9 shows the radiative efficiency calculated at #,. Most
GRBs show a small radiative efficiency with less than 10%.
With a smaller value of ez ~ 107>, the derived Ex iso values are
systematically larger, so that the derived efficiency values are
somewhat smaller than the values derived in previous work
(e.g., Zhang et al. 2007; Racusin et al. 2011). Nonetheless, the
efficiency derived at the end of prompt emission (beginning of
the shallow decay case) remain at tens of percent for most
GRBs, which demands a contrived setup for the internal shock
models (e.g., Beloborodov 2000; Kobayashi & Sari 2001;
Zhang & Yan 2011; Deng et al. 2015; Gao & Zhang 2015).

Table 5 and Figure 7 display the inferred mean value
of various energies. For Type II GRBs, one has log(E., ;s,/erg) =
53.11 &+ 0.84, log(Ek iso/erg) = 54.82 &+ 0.56, log(E,/erg) =
49.54 + 1.29, and log(Ex/erg) = 51.33 £ 0.58. For Type I
GRBs, the energies are typically lower, i.e., log(E, ;s./erg) ~ 51,
log(Ex iso/erg) ~ 53, log(E,/erg) ~ 49 and log(Ex/erg) ~
(50-51).

The results of the lower limit and upper limit samples are
presented in Tables 67 and Figures 7-9. For the lower limit
sample, the epoch of last data point is used to calculate the
lower limit of the jet opening angle. For the upper limit sample,
the first data point that marks the transition to the post-jet break
phase (from a complicated component, e.g., flare) is used to set
the upper limit of the jet opening angle (as shown in Figure 3).

5. Luminosity Correlations

In order to investigate several GRB luminosity correlations
claimed in previous papers, we compile the necessary
parameters of the GRBs in our sample in Table 2. Their
derived parameters are presented in Table 5.
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Table 5
Jet Break GRBs Candidates and Their Derived Parameters

GRB p Model* Eqiso’ Exiso” Ef Ex® 05 7Y
980703 3.02 £ 0.04 ISMI-ISMII,windI- 7.08 £+ 0.68 261.95 + 48.94 0.10 £+ 0.03 3.64 £+ 0.96 3.02 +£ 0.25 2.6

windIl
990123 2.5 £0.14  ISMIIL,windI 436.52 + 64.67 487.54 £+ 281.03 0.77 £ 0.15 0.86 + 0.16 341 £029 472
990510 2.50 + 0.14  ISMI-ISMII,windI-II 19.50 4+ 2.38 539.97 + 346.41 0.18 £+ 0.06 5.05 £ 1.74 248 + 0.28 3.5
990712 2.98 + 0.04  ISMI-ISMILwindI-IT 0.76 + 0.04 190.48 + 4.33 0.01 £ 0.01 3.63 £ 1.55 3.54 £ 0.35 0.4
991216 248 + 0.1 ISMII,windI 70.79 + 6.83 789.43 + 191.93 0.12 + 0.03 1.31 £ 0.29 3.31 £ 0.29 8.2
000301C  2.80 £ 0.04  ISMI-ISMII,windI-IT 199.00 + 35.00 1817.47 + 129.78 1.23 +£ 0.41 11.25 + 3.75 2.02 £ 0.19 9.9
000926 3.00 +£ 0.40  ISMII,windI-windII 31.40 £+ 6.80 1550.66 + 2712.40 0.20 + 0.14 9.89 + 7.01 2.05 + 0.44 2.0
011211 2.48 +£ 0.1 ISMIIT 10.23 + 0.99 720.29 + 223.44 0.02 £+ 0.01 1.07 £ 0.22 3.13 £ 0.59 14
020405 346 +£ 024  ISMI,windl 14.79 + 0.34 945.48 + 482.02 0.05 £+ 0.01 3.19 + 048 471 + 0.37 1.5
021004 1.78 £ 0.24  ISMII,windI 3.80 £ 0.50 10405.35 £+ 8945.33 0.05 + 0.04 138.43 £ 12453  2.96 + 2.12 0.0
030226 24 £+ 0.06 ISMI-ISMII,windI- 7.94 + 0.97 2392.17 0.01 £+ 0.01 2.08 £+ 0.31 2.39 + 0.45 0.3

windIl
030323 2.78 +0.08  ISMII,windI-windII 3.20 £+ 1.00 1093.91 + 165.61 0.02 £+ 0.01 5.84 £ 1.79 1.87 £ 0.16 0.3
030329 2324+0 ISMI-ISMII, windI- 1.55 +£ 0.15 411.66 £+ 180.15 0.002 + 0.001 0.61 +0.16 3.11 £ 0.26 0.4

windIl
030429 2.50 + 0.08  ISMI-ISMII,windI-IT 1.74 +£ 0.30 527.31 £ 152.79 0.01 £+ 0.00 3.87 £ 1.11 2.20 £+ 0.20 0.3

030723 232 £ 042 ISMILwindIl
050319 248 £0.84 ISMII

050408 1.56 £ 0.66 ISMII

050502A  2.52 £ 0.1 ISMI-ISMII, windlI-

windIl
050525A  2.04 £ 0.16  ISMILwindI-windIl 9.16 + 0.80 249.75 + 565.53 0.01 £ 0.02 0.24 + 0.14 2.52 +£ 0.40 3.5
050730 2.04 + 0.1 ISMIT
050801 34+ 0.32 ISMI-ISMII,windI-
windIl
050820A  2.44 £+ 0.06 ISMI-ISMII 112.05 + 54.97 1293.70 + 305.85 0.17 + 0.02 1.97 £ 0.23 3.16 £ 0.18 8.0
050922C  2.02 £ 0.1 ISMIL windI-windII 9.93 £+ 1.06 2825.85 £ 4671.10 0.004 + 0.001 1.18 £ 0.35 1.66 £+ 0.19 0.4
051109A 24 +0.1 ISMI-ISMII,windI- 8.52 + 1.64 667.87 + 1074.51 0.004 + 0.001 0.28 + 0.10 1.66 £+ 0.18 1.3
windIl
051111 1.52 £ 0.14  ISMI-ISMII 10.99 + 3.34 81.60 + 6455.62 0.002 + 0.004 0.01 +0.03 1.03 £ 040 119
051221A 228 £0.2 ISMII, windI-windII 0.31 £ 0.18 22.24 + 15.10 0.002 + 0.001 0.11 + 0.02 5.64 + 0.47 14
060111B 14 +02 ISMI
060206 2.46 + 0.1 ISMIL windI-windII 478 £2.23 1939.97 + 2156.28 0.004 + 0.001 1.78 £ 0.23 245 £ 0.18 0.2
060418 2.56 + 0.18  ISMII,windI-windII 9 186.78 + 23.86 0.11 £+ 0.06 237 £ 1.25 2.89 + 041 4.6
060526 2.02 +0.64  ISMII,windI-windII
060605 312+ 0 ISMI-ISMII,windI-
windIl
060729 2.56 + 0.06  ISMII,windI-windII
061126 2.64 + 0.18  ISMI-ISMIIwindI- 15.18 + 6.72 173.56 + 74.75 0.06 + 0.01 0.67 + 0.09 5.02 +£ 0.34 8.0
windII
070411 1.5+0 ISMILwindIl
070419A  1.82 £0.34 ISMII
070518 26 0 ISMI-ISMII,windI-
windIl
071003 2.88 £ 0.06 ISMI-ISMII,windI- 35.25 + 4.46 92.83 4+ 21089.25 0.001 + 0.002 0.002 + 0.007 0.36 £0.12 275
windIl
071003 2.88 +0.06  ISMI-ISMII,windI- 35.25 + 4.46 1771.25 + 3737.62 0.25 4+ 0.05 1.24 + 0.24 2.14 + 0.20 2.0
windIl
080310 2.74 £ 0.06  ISMILwindI-windII
080319B  2.02 + 0.52  ISMILwindI-windIl 131.95 + 9.08 1918.72 + 1682.47 0.01 £+ 0.09 0.18 + 1.24 0.80 £+ 0.69 6.4
080319B  2.02 + 0.52  ISMILwindI-windII 131.95 £+ 9.08 1918.72 + 492.02 1.26 £ 0.20 2.29 + 0.36 7.93 £ 0.93 6.4
080413A 2.04 £0.74 ISMII 7.83 £+ 3.55 4081.98 + 1941.55 0.0002 + 0.0003 0.10 + 1.75 0.39 £+ 0.69 0.2
080413B  1.56 £ 0.14 ISMII 1.65 + 0.46 1050.09 + 980.53 0.0001 + 0.0001 04+ 04 0.39 + 0.23 0.2
080413B  1.56 £ 0.14 ISMII 1.65 + 0.46 11952.73 + 13544.90 0.001 + 0.001 7.68 + 3.19 2.06 + 0.31 0.01
080603A  2.96 £ 0.08  ISMI-ISMII,windI- 15.26 + 3.07 471.05 + 158.86 0.03 £+ 0.01 1.00 £+ 0.12 3.74 £ 0.22 3.1
windIl
080710 2.6 + 0.18 ISMI-ISMII
081008 1.8 £ 046 ISMII
081203A 22+ windI-windIT 36.13 + 18.42 3515.60 + 4232.23 0.01 £ 0.01 0.51 + 0.36 0.98 £+ 0.15 1.0

090426 1.52 £0.28 ISMI
090426 1.52 £0.28 ISMI
090618 2+0.1 ISMII, windI-windII 2530 = 1.28 171.38 £ 136.81 0.03 = 0.01 0.21 £ 0.09 282 +037 129
090926A  2.44 £ 0.34  windl-windIl 185.16 £ 9.33 1030.94 + 358.63 1.16 £ 0.10 6.47 + 0.54 642+ 042 152

15



THE ASTROPHYSICAL JOURNAL, 859:160 (22pp), 2018 June 1 Wang et al.
Table 5
(Continued)
GRB p Model” Eiso” Exico’ ES Ex® 03 7,
091029 136 £ 0 ISMIT 1.62 + 0.03 47406.78 + 38926.07 0.002 + 0.002 11.07 £ 9.98 1.24 £+ 0.92 0.0
091127 1.98 £ 0.24 ISMII 9.81 + 4.60 20287.63 + 6160.40 0.001 + 0.003 743 +3.24 1.55 £ 0.19 0.0
100219A 2.2 +£0.24  ISMILwindI-windIl
100219A 2.2 +0.24  ISMILwindI-windIl
110205A 296 £+ 0.16  ISMII,windI-windII 61.72 + 7.80 592.20 + 471.13 0.08 + 0.02 0.75 £ 0.15 2.88 +0.24 9.4
120729A  2.01 £0.2 ISMI-ISMIL windI- 1.24 +£0.27 716.77 £ 4647.10 0.0003 + 0.0004 0.15 £ 0.22 1.17 £ 0.30 0.2
windII
130427A  2.38 £0.02  ISMII,windIl-windIl 81.33 £ 045 910.72 + 420.37 0.33 + 0.05 0.72 £ 0.11 4.98 +£0.32 8.2
130603B  2.68 + 0.2 ISMII,windI-windII 0.20 + 0.02 6.23 + 24.10 0.001 + 0.001 0.02 + 0.01 447 £ 0.68 32
Notes.

# ISMI: the ISM model in the spectral regime I (v > v,.); ISMII: the ISM model in the spectral regime II (v, < v < v.); windI: the wind model in the spectral regime I;

windII: the wind model in the spectral regime II.
® In units of 10°

erg. E i, and Ex i, is the isotropic y-ray energy and kinetic energy, respectively.

In units of 10°" erg. E, and Ex is jet-corrected +-ray energy and Kinetic energy, respectively.

9 In units of %.

We test four correlations, ie., the E,, — E,;, (Amati;
Amati et al. 2002; Amati 2006), . — E, (Ghirlanda;
Ghirlanda et al. 2004), E,, — E i — 1, (Liang—Zhang;
Liang & Zhang 2005), and E. s, — f,, (Frail; Frail et al.
2001) relations. We write the correlations of E,, — E. i
(Amati) or E, ; — E, (Ghirlanda) in the form of

E'y,iso (E") !
1032 erg

E,.
B _ = (1)
100 keV

and the E,, — E, s, — 1, correlation (Liang—Zhang) in the

form of
E Evio Y 1: Y
P,z - C 7,1s0 b,z , (12)
100 keV 1072 erg ) \ day
where E, ; and 1, . are the peak energy and jet break time in the

rest frame with E,, = (1 +2)E, and 1,,, = 1,/(1 + 2), respec-
tively; C, a, and b are the correlation indices. When conducting
both single and multiple variable regression analyses to look
for correlations, one may find a discrepancy of the dependen-
cies among variables by specifying different dependent
variables for a given data set, especially when the data have
large error bars or large scatter. To avoid specifying
independent and dependent variables in the best linear fits, in
principle, the algorithm of the bisector of two ordinary least-
squares may be adopted. We therefore use the Spearman
correlation analysis to search for correlations among these
parameters, and we adopt the stepwise regression analysis
method to perform a multiple regression analysis for multiple
parameters (Liang et al. 2015).

Type II GRBs in our sample can be fit with a tight

o \(0:69£007)
]00kV =~ (063 + 031)(10*2erg>

(Table 8 and Figure 10). The previous studies suggested that
C~(0.8-1) and m ~ (04-0.6) (Amati et al. 2002;
Amati 2006; Sakamoto et al. 2006; Frontera et al. 2012). Our
slope is slightly steeper. One GRB (GRB 120729A) deviates
from the relation. Type I GRBs (GRB 051221A and
1306033B) generally deviate from this relation with a relative
low energy and high E

Amati relation, with

16

The E, ; — E., (Ghirlanda) (Table 8 and Figure 11) has large
E,. E, \(044:0.17)
scatter, with 100 eV ~ (79 £ 4. 8)( T e Even

though the results are generally consistent with Ghirlanda
£ \07
et al. (2004), 2=~ 8(1

0 er;
normalization parameter C sugggests that it is not as tight as
previously claimed. We separated our sample to GRBs with jet
break time earlier and later than 10* s, and found that they are
well separated in the E, , — E, plane. Limiting the sample to
the late jet break ones, one gets a tighter Ghirlanda relation.
Similar to Ghirlanda relation, the early time jet break
GRBs also introduce scatter to the E,, — E, i, — 1. (Liang—
Zhang) correlation. Limiting to the late jet break sample, we

get a tight E,, — E. ;o — tp, relation, —2 = (1.2 + 0.3)

100 k A%
B \OFE00D ¢\ \O67£008)
10°2 erg day :

0.85 and the dispersion is 6 = 0.15 with a chance probability
p < 107* (Table 8 and Figure 12). This is a tight correlation
as claimed by Liang & Zhang (2005). Including early jet

breaks, the correlation is less tight with m =(13+04)

E,; (0.49+0.07) (—0.08£0.05)
Y,180 b d . 1 d t
1052 erg , and regression leads to a

correlation with dlfferent indices,

, the large dispersion in the

The correlation coefficient is

i.e., correlation coefficient

~0.67, dispersion ~¢ =0.22 and chance probability
p<107*
The E, ;5o — fo relation (Frail) remains loose (Figure 13(a)).

We also extend it to Eg;s, — fo, (Berger et al. 2003)
(Figure 13(b)). L1m1t1ng t0 Type II GRBs, we get a scatter
relation with Ex j5o fb

6. Conclusions and Discussion

The collimation of GRB jets is an important subject, and
there have been many investigations into this topic in the
past. After more than 10 years of the successful operation of
the Swift satellite, the sample of GRB afterglow has expanded
significantly. It is therefore justified to revisit the jet break
problem with a much larger sample, especially with the bursts
with multi-wavelength data to confirm the predicted achro-
matic feature of jet breaks. In this paper, we have system-
atically studied the optical jet breaks of all of the GRBs



THE ASTROPHYSICAL JOURNAL, 859:160 (22pp), 2018 June 1 Wang et al.

Table 6

GRBs with a Lower Limit Jet Break Time and Their Derived Parameters
GRB p Model® E,iso Exiso E, Ex 0% My
020124 2.82 £0.28 windII 10.23 + 0.99 2.05 + 1.68 0.07 £ 0.03 3.83 + 3.65 2.05 +£1.23 83.3
020813 2.70 + 0.14 ISMIL,windI-windII 134.90 + 19.99 302.43 + 55.23 1.63 £+ 0.70 3.66 + 1.57 2.82 + 0.35 30.8
050401 2+04 ISMIIL, windI-windII 41.76 + 2.15 310.95 + 147.79 0.32 +£ 0.03 2.38 +£0.22 7.09 £+ 0.53 11.8
050416A 2.84 + 0.6 ISMIL,windI-windII
050603 242 +£0.2 windIl 61.12 + 1.18 115.32 £ 79.53 1.79 + 1.64 3.38 + 2.85 4.39 + 3.59 34.6
050721 2.32 + 0.7 ISMI
051028 22+0 ISMIL, windI-windII 19.93 + 3.31 176.82 £+ 55.27 0.02 £+ 0.01 0.15 £ 0.03 2.34 £ 0.19 10.1
060210 1.74 + 0.16 windII
060512 148 £ 0.4 windIl 6.92 + 4.11 5020.68 + 4876.35 0.02 £+ 0.00 11.51 £ 0.52 388 £0.14 0.1
060714 3.04 + 0.1 ISMIL,windI-windII 99.80 + 7.10 151.53 + 59.78 0.30 + 0.04 0.46 £+ 0.06 447 +0.28 39.7
060904B 222 +0.2 ISMI,windI
060906 2.12 + 0.04 ISMIL,windI-windII
060908 2.96 + 0.84 ISMI-ISMII, windI-windII 13.84 + 3.85 26.20 + 20.44 0.00 + 0.01 0.01 £+ 0.02 1.41 + 0.86 34.6
060912A 22 +03 ISMIL,windI-windII
060927 2.22 £ 0.1 windII
061007 2.36 + 0.04 windI-windII 124.07 + 11.96 3024.47 + 13.32 0.47 + 0.01 11.55 + 0.37 5.01 £ 0.15 3.9
070110 2.1 £0.08 windI-windIl
070306 1.86 £ 0 ISMIL,windI-windII
070311
070318 2.56 + 0.2 ISMII
070611*
071025 2.92 +0.28 ISMII,windI-windII
071031 248 + 0.44 ISMIL, windI-windII 21.18 +2.05 126.32 + 46.73 0.28 + 0.02 1.68 + 0.14 337 £ 0.64 14.4
071112C 2.26 + 0.58 ISMII,windI-windII
080319A* +
080319C 1.7 £ 0.1 ISMIL,windl 13.83 + 3.85 26.20 + 19.52 0.00 + 0.01 0.01 £+ 0.02 1.41 + 0.86 34.5
080721 172 +£0 windIl
080804 24 +0.8 ISMIL windI-windII 9.62 + 2.30 1.73 £ 176.07 0.01 £+ 0.01 0.22 £ 0.13 2.94 £ 0.78 84.8
080913 1.58 £+ 0.06 ISMILwindl 8.44 + 1.55 178.07 + 142.89 0.06 + 0.03 1.20 £ 0.54 2.11 £ 0.23 4.5
080928 3.64 + 0.04 ISMIL,windI-windII
090102 248 + 0.44 windIl 22.74 +2.12 1463.07 £ 864.83 0.98 + 0.05 62.82 £+ 3.01 5.31 £0.20 1.5
090323 248 +£ 0.3 windII 372.28 + 16.86 568.43 £ 278.20 2.26 + 1.90 346 + 291 2.00 £ 0.45 39.6
090328 2.04 + 0.04 ISMIIL,windI-windII 177.51 £ 12.10 12.00 + 49.39 0.38 + 0.06 0.48 + 0.07 377 £0.24 93.7
090510 2.36 + 0.1 ISMI-ISMIT
090812 1.88 £+ 0.08 windI-windII
100418A 24 +£02 ISMIL,windI-windII

101024A 2.28 £ 0.1 ISMI-ISMII
110918A 2.26 £ 0.58 ISMII, windI-windII

120326A 2.5 £0.16 windlII 3.18 £ 0.04 149.75 + 101.34 0.03 + 0.02 1.31 £ 0.97 240 £+ 2.15 2.1
120711A 2.96 + 0.18 ISMIIL, windI-windII

120815A%

Note.

? The detected light curves still in the shallow decay phase.

Table 7
GRBs with an Upper Limit Jet Break Time and Their Derived Parameters
GRB P Model* E.iso Ex iso E, Ex 0% 7,
070125 2.18 £ 0.20 ISMII,windI-IT 93.92 + 10.13 209.85 + 123.74 3.20 + 0.50 7.04 £ 1.02 4.70 £ 0.29 30.9
071010A 222 £0.24 ISMILwindII
100901A 2.04 £0.20 ISMILwindI-IT
Note.

 In units of 10°' erg. E, and Ex is jet-corrected ~-ray energy and Kinetic energy, respectively.

detected from 1997 February to 2015 March, with most of GRBs. Among them, 3 GRBs show two jet breaks, and 1

them having X-ray data consistent with the achromatic GRB shgws Jet.break Wlth, energy injection. .
prediction. Utilizing the standard external shock model, we Some interesting conclusions are obtained from our analysis:

identified 55 out of 99 GRBs that display a clear jet break in 1. Most GRBs in the jet break sample are generally
the optical light curves, which include 53 type II and 2 type | consistent with the ISM model. Only one jet break with

17
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Results of Our Linear RegressionT:r?z}fygis for the Luminosity Correlations
Relations Expressions r »° &
E, (E,s0) (Amati) m?ﬁ ~ (063 + 0-31)(];'2’:; )(0.69i0.07) 0.81 <10°* 0.33
E, (E.) (Ghirlanda) mi’ﬁ ~ (79 + 4.8)(105%@)(0.4410.17) 0.43 0.005
EpExsor 19,) (Liang-Zhang)* = (12 % 0.3)(l = )(O‘Séio‘m) (?T,;)w'“””"g) 0.85 <107 0.15
E, (E, jsor 1) (Liang-Zhang)® mﬁ"};v 13+ 04) (l f;z'i:g )(0,49i0,o7> ( ;bTy )(—0A03i0A05> 0.67 <10~* 0.22
Notes.

 r is the spearman correlation coefficient.

b p is the change probability.

© 6 is the dispersion.

4 Relations for the late-time jet break sample.

¢ Relations for the entire sample, including the early and late-time jet break sample.
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Figure 10. GRBs in E, ;,, — E, . plane (Amati relation). The Type II and I GRBs are marked with black squares and blue circles, respectively. The solid line is the

- B o \(0:6950.07)
best fit with molﬁ ~ (0.63 £ 0.31)(]05'2’ érg) , and their 20 dispersion regions are shown with the dashed lines.

energy injection is identified, suggesting that the time
when energy injection ceases is typically earlier than the
jet break time.°

2. The jet break time has a distribution t, = 90.06 £ 84.36
ks, which gives a jet half-opening-angle distribution
0 =25+ 1.0)° and the beaming correction factor
log fb_1 = 3.00 £ 0.48. The typical angle is smaller than
the previously claimed 5°, which is caused by a more
general treatment of the afterglow kinetic energy. It is

6 Similar to X-ray light curves that usually show an early shallow decay phase
(Nousek et al. 2006; Zhang et al. 2006), a shallow decay phase is also seen in
the optical band in some GRBs (Li et al. 2012; Wang et al. 2015), which
requires energy injection into the blastwave.
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derived to be larger due to the small ez inferred by many
recent studies.

. The typical jet correction factor fb’1 ~ 1000 is larger

than the previously inferred values (Frail et al. 2001;
Guetta et al. 2005; Liang et al. 2007; Racusin et al. 2009),
suggesting a factor of two higher event rate density of
GRB events.

. With the inferred jet opening angles, one can derive

the distributions of various energies, which read
log(E, is0/erg) = 53.11 £ 0.84, log(Ex iso/erg) = 54.82
+ 0.56, log(E, /erg) = 49.54 + 1.29, and log(Ex /erg) =
51.33 £+ 0.58. They generally all have large scatter, even
for jet-corrected values. This suggests that GRBs do not
have a standard energy reservoir as speculated before.
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Figure 12. The comparisons of the E,, . and E; . calculated from the E,. — E, i — . (Liang—Zhang relation) based on our sample. The squares and circles symbols
represent the Type II and I GRBs, respectively. The early jet breaks of Type II GRBs are marked with red squares. The red dashed lines with arrow are used
to demonstrate the relation in two jet breaks from early one to the late one. The best-fit line (solid) and their 2¢ dispersion regions (black dashed lines) are marked.

E, . Ev: (0.56+0.07) (0.67+0.08)
@ ﬁ —(12+03) (1032.152) day for the late jet break sample only. The Type I GRBs and early jet break are located around a gray dashed
(0.4940.07) _\(—0.08+0.05)
line. (b) 2 = (1.3 £ 0. 4)(]0;;‘“ ) (dLy) for all the Type I GRBs.
5. The derived electron spectral index has a distribution are generally consistent with the observed jet break time
p = 2.39 £ 0.48, which is consistent with earlier results. distribution. The typical jet half-opening-angle of the true
6. A fraction of GRBs have lower limits of jet break time. distribution may be consistent with or somewhat larger
However, due to the sensitivity limits, these lower limits than the value inferred from this paper.
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We also revisited several previously claimed luminosity
correlations. The following results are obtained:

1. E,. — E;, (Amati relation): The relation remains tight

even with a slightly steeper power-law index, i.e.,
E,. o \(0:690.07)
~(063io31)(10;2 = .

100 keV
. E,. — E, (Ghirlanda relation): This relat10n has much
~ 79+

284
larger scatter than claimed before, i.e.
E,

(0.44+0.17)
4. 8)( 0! erg)

discovered in the Swift era is likely the origin of the
scatter.
. E,. — E i, — 1, (Liang—Zhang relation): Similar to the
Ghirlanda relation, early jet breaks introduce significant
scatter to the correlation. Limited to the late jet break
sample (#, > 10* s), the correlation remains tight, i.e.,

K. o V564007 7 \(O670.08)
100 keV _(12103)(105%@) (E) '

Including early jet breaks, the correlation is less tight with

Ep: o \(049£007) 7, \(~0.08£0.05)
= (13 £0. 4)( ) (d_ay) .

100 kev 0% er

. E, — f,, (Frail relation): Both E. iso — fo and Ex o — fo
relations have very large scatter, suggesting that GRBs do
not have a standard energy reservoir.

. Type I GRBs usually deviate from these correlations,

which are derived from Type II GRBs.

v 100k %

. The existence of early jet breaks

We note that there are jet breaks happening in the early time in
the optical band, e.g., GRB 051111 ~ 2.7 ks, GRB 070419A ~
1.5 ks, GRB 080413A ~ 1 ks, GRB 120729A ~ 5.6 ks. The #, of
the first jet beak in the two-component jets are 0.2 ~ 2 ks.
Usually, the data between ~1 ~ 3 ks are missed in the XRT,
which may bury the early jet break phenomena. The results differ
from the observational strategies for searching GRBs jet break,
which are focused on the late-time afterglows (e.g., Zhang et al.
2015). In the past few years, Swift has changed their GRB follow-
up strategies, generally following GRBs for a much shorter
duration than earlier in the mission. However, there is not much
change, as optical observers only need the accurate position of
GRBs, which are usually provided by XRT.

The GRBs studied in this paper are chosen to have both
measured X-ray and optical afterglows and their spectral indices.

20

In order to study their energetics, redshift information is needed.
As a result, the studied sample is a small fraction of all of the
detected GRBs, especially for short GRBs and low-luminosity
GRBs. In order to address the many open questions in GRB
physics (e.g., Zhang 2011)—such as GRB prompt emission and
afterglow physics, central engine, and cosmological setting—
more advanced multi-wavelength instruments with higher
sensitivity, a larger field of view, and a wider energy bandpass
are needed. Many in-progress observational facilities such as
Space-based Variable Objects Monitor (Wei et al. 2016),
Advanced Telescope for High ENergy Astrophysics (Nandra
et al. 2013), The Transient High Energy Sources and Early
Universe Surveyor (Amati et al. 2017), enhanced X-ray Timing
and Polarimetry mission (Zhang et al. 2016), Einstein Telescope
(Hild et al. 2008), Transient Astrophysics Observer on the
International Space Station (ISS-TAO),” and Transient Astro-
physics Probe® will usher in an exciting era of GRB study.
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