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Abstract Sincethe successul launch of NASA's dedicated gamma-ray burst (GRB) misson,
Swift, the study df cosmologicd GRBs has entered a new era. Here | review the rapid obser-
vational and theoreticd progressin this dynamicd research field during the first two-yea of
the Swift misson, focusing on hav observational bresthroughs have revolutionized our un-
derstanding of the physicd origins of GRBs. Besides summarizing hav Swift helpsto solve
some pre-Swift mysteries, | also list some outstanding problems raised by the Swift obser-
vations. An oulook d GRB sciencein the future, espedally in the GLAST era, is briefly
discussd.
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1 INTRODUCTION

Gamma-ray bursts (GRBs) are fascinating cdestial objeds. These short, energetic bursts of gamma-rays
mark the most violent, caadysmic explosions in the universe, likely associated with the births of stellar-
size bladk hdles or rapidly spinning, highly magnetized neutron stars. Since the detedions of their long
wavelength afterglows (Costa & al. 1997 van Paradijs et a. 1997 Frail et al. 1997), GRBs are observa-
tionally accessble in esentialy all eledromagnetic wavelengths. They are dso paential emisson sources
of ultra-high energy cosmic rays, high-energy neutrinas, and gravitational waves. As dellar scde events
located at cosmologicd distances, GRBs open a unique window to conned together the branches of stel-
lar, interstell ar, galadic, and intergaladic astronamy as well as cosmology. The study o GRBs has been
prolific over the past severa yeas. New discoveries on GRBs have been ranked several times as one of the
“top-ten scientific bresthrougts of the yea” by Science magazne (e.g. #6in 2003and #4in 2009. The
topic of GRBs has been extensively reviewed over the yeas (e.g., Fishman & Meegan 1995 Piran 1999
van Paradijs et al. 200Q Mészaros 2002 Lu et a. 2004 Zhang & Mészaros 2004 Piran 2005 Mészaros
2009.

The launch of the NASA's dedicated GRB misson, Swift (Gehrels et al. 2004, has opened a new era
for GRB study. Carrying threeinstruments (Burst Alert Telescope [BAT], Barthelmy et al. 2005%; X-Ray
Telescope [ XRT], Burrows et al. 2005%; and UV-Opticd Telescope [UVOT], Roming et al. 2009, Swift is
amulti-wavelength observatory that can “ swiftly” catch the unpredictable bursts of gammea-raysin randam
diredions of the sky within lessthan 100secnds with all threeinstruments on target. It allows for the
first time detedions of multi-wavelength GRB ealy afterglowsin atime domain previously unexplored. In
dightly over two yeas of operation, Swift hasfulfilled most of its pre-misdgonscientific goalsin GRB study,
and more importantly, brings new surprises and challenges to our understanding o these nature’s most
violent and mysterious explosions. The Swift revolution has been summarized in severa receit reviews
(e.g., Mészaros 2006 O’ Brien et al. 2006; Fox & Mészaros 2006).

The plan of thisreview is the following. Since more extended reviews on Swift observational data ae
beingwritten (e.g. N. Gehrelset al. 2007, in preparation), | will not invest grea eff orts to summarize Swift
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observationsin a systematic manner. Rather, | will highlight the most important Swift observational results,
and pu more emphasison dscussng hav new datarevolutionizeour understanding o the nature/physics of
the GRB phenomenon | do nd intend to discussGRB basics, which has been covered in an ealier review
(Zhang & Mészaros 2004, and | refer the latest full GRB review by Mészéaros (2006 to thase readers
who are interested in bah GRB basics and the latest developments in the field. The basic theme of this
review is gmilar to Zhang & Mészaros (2004, which includes the progress problems and prospeds in the
field. However, it is encouragingto seethat many items discussed as “problems’ in the previousreview are
now included as part of “progress’ (Sedions 2—4). On the other hand, the list of “problems’ (Sedion 5
is not shortened, mainly becaise new observations reved new puzzes that were not expeded before. The
“prospeds’ part (Sedion 6) is as bright as before, in particular, in view of the upcoming high-energy era
of GRB study led by the launch of GLAST. Due to page limitation, | will make no effort to include dl
the important papers pulblished in the pre-Swift era (my apologies), but will try to include most recent
papers. Following an ealier ChJAA review (Cheng & Lu 2007, | will also pay spedal attention to the
latest contributions by the Chinese astronamersin the GRB field.

I'd like to finish the introduction with a time table of major (GRB-related) eventsin the first two yeas
of operation of Swift.

— Nov. 20, 2004 the Swift satellit e was suiccesgully launched from the Cape Canavera Air Force Base,
Florida, USA,;

— Dec27,2004 Swift BAT deteded the brightest gamma-ray events ever deteded by the mankind, agiant
flare from the Galadic Soft Gamma-ray Repeaer source SGR 1806—2QPalmer et al. 2005. Thisevent
was also deteded by many other high energy detedors (e.g., Hurley et al. 2005 Terasawa ¢ al. 2005.
The event triggered the possbilit y that agoodfradion o short GRBs may be simply extragaladic SGR
giant flares (Hurley et al. 2005 cf. Nakar et al. 20068;

— Jan. 26, 2005and Feb. 19, 2005 Swift deteced two bursts that show very steep decay in ealy X-ray
afterglows (Tagliaferri et al. 2005 Goad et al. 2006. The stegp decay comporent is later foundto be
the norm of most ealy X-ray afterglows;

— Apr. 6, 2005 Swift deteded its first complete X-ray flare following a soft GRB. May 2, 2005 the
second bust deteded onthis day by Swift showed a giant X-ray flare with fluence mmparable to that
of the prompt gamma-rays. The results were reported in Burrows et al. (20058, Romanoet al. (2006),
Falcone ¢ al. (2006

— May 9, 2005 Swift deteded the first X-ray afterglow following a short duration GRB (Gehrels et al.
2005. The XRT error box owerlaps with a giant elli pticd galaxy in a galadic duster at alow redshift
(z = 0.225), giving the first evidence of the compad star merger origin of short GRBs (Gehrels et a.
2005 Bloom et a. 2006);

— Two monthslater onJul. 9, 2005 HETE-2 triggered ancther short GRB (Vill asenor et al. 2005, leading
to the discovery of thefirst opticd afterglow of short GRBs (Fox et a. 2005 Hjorth et al. 2005);

— Half month later on Jul. 24, 2005 ancther short GRB was captured by Swift, whose mordinates are
firmly locaed inside an dlli pticd galaxy (but off- center) (Barthelmy et al. 2005k Berger et a. 2005).
This conclusively suggeststhat short GRBs have adistinct origin from traditional longGRBSs, probably
associated with compad star mergers. The extended X-ray flares following GRB 050724(Barthelmy et
al. 2005h, onthe other hand, pose agrea chall enge to the traditional compad star merger models;

— By mid 2005 a canonicd XRT light curve emerged from the ealy XRT afterglow data of a sample of
bursts (Nousek et al. 2006 see dso Chincarini et a. 2009, which includes five distinct componrents
(Zhanget al. 2006). Interpretingthese comporentsrequire new additi onsto the standard fireball model
(Zhanget a. 2006 Nousek et al. 2006 Panaitescu et al. 2006);

— It becane dea in mid-2005that most GRBs have very dim ealy opticd afterglows. Most of them are
not detectable by Swift UVOT (Roming et al. 2006);

— Sep. 4, 2005 Swift detected a GRB with the highest redshift (as of the end df 2006. Thedetedion dof the
burst (Cusumano et al. 2006a) prompted the IR foll ow-up observations which led to the identificaion
of itsredshift z = 6.29 (Haidlip et al. 2006 Kawai et al. 2006 Antonelli et a. 2009;

— Feb. 18, 2006 Swift deteded an extremely long, faint, low-luminosity GRB (Campana & a. 2006)
at redshift z = 0.0331 (Mirabal et al 2006, which is clealy associated with a Type ¢ supernova SN
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2006 (Pian et al. 2006. Moreintriguingly, adistinct thermal X-ray emisson comporent was deteded
in the XRT prompt emisson spedrum, which may be related to the shock breakout of the underlying
supernova (Campana & a. 2006);

— Jun. 14, 2006 Swift detected apeauliar neaby long-duration bust (Gehrelset a. 2006, which was not
associated with a supernova (Gal-Yam et al. 2006 Fynboet a. 2006, Della Valle ¢ a. 2006h. This
peadliar event cdls for reconsideration of the GRB clasdfication scheme;

— Oct. 7, 2006 Swift deteded avery bright GRB (Schady et al. 2006), whose ealy opticd flux pesked
around 1@h magnitude, very close to the previous record-holder GRB 990123(Alkerlof et al. 1999.
The decay behavior is however rather different from GRB 990123 likely dominated by the forward
shock emisgon (Mundell et al. 2006 Schady et al. 2006).

2 CLASESOF GRBS

One fundamental question related to GRBs is how many intrinsicdly diff erent categories they belongto,
which correspondto intrinsicdly diff erent types of progenitor and pcssbly diff erent types of central engine
aswell. This £dionis dedicaed to thisimportant topic.

2.1 Shortvs. Long; Typel vs. Typell

From the GRB sample mlleded by Burst And Transient Source Experiment (BATSE) on baard the
Compton Gamma-Ray Observatory (CGRO), a dea bimoda distribution o bursts was identified
(Kouweliotouet al. 1993. Two criteria have been used to clasdfy the bursts. The primary criterionis dura-
tion. A separationline & 2 seconds was adopted to separate the doude-hump duration dstribution o the
BATSE bursts. The bimodal distribution is suppated by hardnessduration correlations (Qin et a. 2000.
The suppdementary criterion is the hardness- usually meaning the hardnessratio between the two energy
bands of the detedor. On average, short GRBs are harder, while long GRBs are softer. So the two distinct
popuations of bursts discussed in the literature have been long-soft GRBs and short-hard GRBs. Based
on the duration dstribution, a third class of GRBs with intermediate duration has been proposed (e.g.,
Mukherjee & a. 1998 Horvath 1998 Horvéth et al. 2006. The caeis however not conclusive.

Several prompt emisdon data analyses of the diff erences between long and short GRBs have led to
interesting conclusions. Ghirlanda ¢ al. (2004g) discovered that the short GRBs are hard mainly becaise of
aharder low-energy spedral index of the GRB spedral function (the Bandfunction, Bandet al. 1993. More
interestingly, short GRB spedra ae broadly similar to those of long GRBs if only the first two seconds of
data of long GRBs are considered. Nakar & Piran (2002 foundthat the temporal properties of short GRBs
are dso similar to thase of long GRBs in the first 1-2 seconds, with highly variable temporal structures.
Lianget a. (2002, onthe other hand, foundthat the variabilit y time scdes of short GRBs are much shorter
than those of long GRBs. Dong & Qin (2009 and Qin & Dong (2005 present the aguments that the
properties of short GRBs are diff erent from the first two seconds of longGRBs. Cui et a. (2005 discovered
that long and short GRBs follow two distinct sequences in the E,, - hardnessratio plot. Analysis of the
spedral lag (the lag of arrival time between softer band emisdon and harder band emisson) indicates that
the lag in short GRBs is much smaller than in long GRBs (Yi et al. 2006 Norris & Bonrel 2006 Gehrels
et al. 2006, and is consistent with being zero. In bah longand short GRBs, on the other hand, the ratios
between lags and puse widths are comparable (Yi et a. 2006. This generaly explains the much smaller
lagsin short GRBs dncetheir pulses are much narrower.

Afterglow observations shed light on the nature of these two distinct classes of bursts. Since 1997and
by Nov. 20, 2006 the dterglows of over 200long GRBs have been deteded (Greiner 2006. Several cases
of solid asciations between GRBs and Type Ib/c supernovaehave been establi shed, which include GRB
980423SN 1998lw at z = 0.0085 (Galama ¢ a. 1998 Kulkarni et a. 1998, GRB 030329SN 2003dh
at z = 0.168 (Stanek et al. 2003 Hjorth et a. 2003, GRB 031203SN 2003w at z = 0.105 (Malesani
et a. 2004, GRB 060218SN 2006y at = = 0.0331 (Modjaz & a. 2006 Pian et a. 2006 Sollerman
et a. 2006 Mirabal et al. 2006 Cobbet al. 2006, and GRB 05052%\/SN 2005rt & z = 0.606 (Della
Valle & a. 2006). In some other cases, red SNe bumps have been olserved in the late opticd afterglow
light curves (Bloom et al. 199%, 2002 Reichart 1999 Della Valle & a. 2003 Fynbo et al. 2004 see
a comprehensive sample in Zeh et al. 2004 and references therein). The host galaxies of long GRBs are
exclusively star-forming galaxies, predominantly irregular dwarf galaxies (Fruchter et al. 2006. All these
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strondy suggest that most, if not all, long GRBs are produced during the core-coll apses of masdve stars,
dubled “collapsars’, as has been suggested theoreticdly (Woosley 1993 Paczyhski 1998 Mad-adyen &
Woosley 1999 Colgate 1974). Not longago, it has been suggested that both observations and theories are
consistent with the hypathesisthat every longGRB has an underlying supernova associated with it (Woosley
& Bloom 2006).

The observations led by Swift (and in small number by HETE-2) have reveded a completely diff erent
picture for “short” GRBs. Since the watershed discoveries of the first threeshort GRB afterglows (GRB
05050 at z = 0.226, Gehrels et al. 2005 Bloom et a. 20063, GRB 050709at z = 0.1606, Vill asenor
et al. 2005 Fox et a. 2005 Hjorth et al. 2005 and GRB 050724at = = 0.258, Barthelmy et a. 2005h
Berger et a. 2005), by Nov. 20, 2006 a total number 12 “short” GRB (with duration shorter than 5
semnds, Donaghy et al. 2006 seeTable 1) afterglows have been discovered. The general message ooll eded
from these observations is that they are intrinsicdly different from long GRBs. GRB 050508 (Gehrels
et al. 2005 Bloom et a. 2006 and GRB 050724(Barthelmy et al. 2005k Berger et al. 2005) are found
to be & the outskirts of ellipticd galaxies, in which star forming rate is very low (Fig. 1). It is rather
unlikely that these two events are asciated with deahs of massve stars. GRB 050709(Fox et al. 2005
and GRB 051227A (Soderberg et a. 20061 are sssociated with star-forming galaxies, but they are usually
far away from the star forming regions. There ae several other cases for which a robust host galaxy was
not identified, but the host galaxy candidates are of ealy type (e.g., GRB 060121 Levan et al. 2006; GRB
0605038, Bloom et al. 20068. Degy supernova seaches have been performed, but with negative results
(e.g., for GRB 050509, Bloom et al. 2006; GRB 050709 Fox et a. 2005 GRB 050724 Berger €t al.
2005 GRB 050813 Ferrero et al. 2006 GRB 060505 Fynbo et a. 2006). All these ae consistent with
the long-held speaulation that some cosmologicd GRBs are ssociated with mergers of compad objeds,
such as neutron star - neutron star (NS-NS) mergers, neutron star - bladk hoe (NS-BH) mergers, white
dwarf - black hole (WD-BH) mergers, WD-NS mergers, and even WD-WD mergers (e.g., Pacz/nski 1986
Goodman 1986 Eichler et al. 1989 Pacz/nski 1991 Narayan et al. 1992 Mészaros & Rees 1992 Ruffert
& Janka 1999 Fryer et al. 1999 Rosswvog et a. 2003 Aloy et al. 2005 Dermer & Atoyan 2006 King
et a. 2007 Levan et al. 2006&). These mergers only involve evolved compad stars, and can happen in
ealy type galaxies (such as dlli pticd galaxies). On the other hand, popuation studies reved some nowel
channels to form compad star mergersin arelatively short time scde (Belczynski et al. 2002 2006. This
allows ome merger eventsto happen in star-forming galaxies. In any case, sincethereisasignificant delay
in time since the birth of the two compad stars before a @alescence happens (due to the lossof orbital
anguar momentum viagravitational radiation), the merger eventstendto happen in the outskirts of the host
galaxy since NSs usually recave alarge “kick” velocity at birth (Bloom et al. 1999h cf. Grinday et al.
2006. Althoughsome we& nuclea radioadivity signals would accompany the merger events (e.g., Li &
Paczyfiski 1998 Kulkarni 2009, they are nonethelessmuch fainter than the typicd Type Ib/c supernovae
that acompany longGRBs. All these suggest that the observations of “short” GRBs are consistent with the
compad star merger scenario.

One important fad from the recent observations of short GRBs is that they are not necessarily short.
Extended emisdon following short GRBs has been seen in abou 1/3 of the sample in Table 1 (Norris &
Bonrell 2006. GRB 050724(and likely also GRB 050709 was foll owed by erratic X-ray flares that have
properties smilar to the prompt emisson and require restart of the central engine (Barthelmy et al. 2005h
Zhang et a. 2006. There has been evidence of extended emisdon following short GRBs in the pre-Swift
era (e.g., Lazzdi et al. 200% Connaughton 2003. A closer investigation reveds that a larger (than 1/3)
fradion o BATSE short GRBs adually harbor observable extended emisson (Norris& Gehrels 2007). All
thesefindings grealy chall enge the standard merger paradigm. Donaghy et a. (2006 suggested movingthe
separation line between short and long GRBs to the larger value of 5 seconds.

The discovery of GRB 060614at z = 0.125 (Gehrels et al. 2006 Mangano et a. 20078 pushes this
issle to the extreme, and kre&ks the dean dichotomy of the long \s. short classfication regime 1. With
a duration o ~ 100s (which firmly places it to the “long’ category), dee seaches of an underlying
supernova asociated with this burst came up empty-handed - any underlying supernovais more than 100

1 There ae mncerns about whether the ssciation of GRB 060614with the neaby hast galaxy is due to a chance @incidence
e.g., Schader & Xiao (2006; Cobb et d. (20060. However, Swift UVOT observation o the burst sets an upper limit to the burst
redshift to be lower than 1 (Gehrels et a. 2006, which rules out the higher redshifts suggested by thase authors.



Gamma-Ray Burstsin the Swift Era 5

™ Chandra

¥

Fig.1 Two Swift short GRBs associated with elli pticd gaaxies. |eft: GRB 050508 (Gehrels et al. 2005
Bloom et al. 2006), the red and Hue drcles are BAT and XRT error boxes, respedively; Right: GRB
050724(Barthelmy et a. 2005h Berger et a. 2005%).

Table 1 Durations, redshifts, host galaxies of Type | (“short”-hard) GRBs with afterglow detedions before
Nov. 20, 2006 Bursts marked with asterisks have durations longer than 5seconds. Several other short GRBs
withou afterglow detedions include GRBs 050906 050925 051104\, 051114and 051214, which are
nat listed in the table.

GRB Misson Too(s) z Host galaxy Locdion Refs
050508 Swift 0.04 £ 0.004 0.226 ellipticd outskirts? [1,2]
050709 HETE 0.07 £ 0.01 0.1606 irreguar outskirts [3-5
050724 Swift 3.0+£1.0 0.257 ellipticd outskirts [6-9
050813 Swift 0.6 £0.1 - - - [10]
050911* Swift ~ 16 0.1646? gdaxy cluster? - [11, 12]
051210 Swift 1.44+0.2 - - - [13]
05122 Swift 1.44+0.2 0.5465 star forming galaxy slightly off- center [14, 15
05122% Swift 8.0+ 0.2 - - - [16,17]
060121 HETE 4.25 £+ 0.56 1.7?0r 4.6? ealy-type? outskirts? [18-2Q
060313 Swift 0.7+£0.1 - - - [21]
060508 Swift 0.09 £+ 0.02 0.287? ealy-type? outskirts? [22, 23]
060505 Swift 4.0+1.0 0.089? star-forming galaxy - [24-26
060614* Swift 102 +5 0.125 star-forming galaxy off-center [27, 28]
060801 Swift ~ 0.50 1.13042? - - [29, 30]
061006 Swift ~0.42 - - - [31,30]

References: [1] Gehrels et al. (2009; [2] Bloom et a. (2006); [3] Villasenor et d. (2005; [4] Fox et a. (2009; [5]
Hjorth et a. (2005; [6] Barthelmy et al. (2005h; [7] Berger et a. (2005; [8] Campana & a. (20068); [9] Grupe &
al. 2006 [10] Retter et a. (2009; [11] Page & a. (20061); [12] Berger et a. (2006); [13] La Parola & al. (2006);
[14] Soderberg et al. (20061); [15) Burrows et a. (2006); [16] Barbier et a. (2006; [17] Barthelmy et d. (2006; [1§]
Donaghy et a. (2006; [19] de Ugarte Postigo et a. (2006); [20] Levan et d. (2006); [21] Roming et a. (20068; [22]
Troja & a. (2006; [23] Bloom et a. (20061); [24] Pamer et al. (2006); [25] Ofek et a. (2006); [26] Fynboet a. (2006;
[27] Gehrelset a. (2006; [28] Mangano et d. (2007h; [29] Racusin et a. (2006; [30] Berger et d. (2006h; [31] Krimm
et a. (2006).

timesfainter than other SNe assciated with longGRBs, andis fainter than any SN ever observed (Gal-Yam
et al. 2006 Fynboet al. 2006y, Della Vale & a. 20068. More intriguingly, the spedral lag of the burst
is very short — consistent with being a short GRB (Gehrels et a. 2006. The host galaxy has arelatively
low star forming rate with resped to other hosts of long GRBs (Gal-Yam et a. 2006 Della Valle ¢ al.
2006h Fynboet a. 20069), and the dterglow is located in a region far away from the center of the star
forming region (Gal-Yam et al. 2006. These aspeds ®am to be consistent with the properties of short
GRBs. Althoughthe duration is long a doser look at the light curve reveds ealy hard spikes (abou 5
sends) followed by a softer emissontail with spedrum rapidly softeningwith time (Gehrels et al. 2006
Zhang et a. 2007a; Mangano et al. 20078. More interestingly, the total energy of GRB 060614is abou
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8 times of that of GRB 050724 the only “short” GRB that is robustly associated with an elli pticad galaxy.
Asaming an empiricd relation between the isotropic energy (or luminasity) and the spedral pe energy

(the so-cdled Amati-relation, E,, o« Eils{f, seeSedion 34 for more discusson), which is found gnerally
valid among busts (Amati et al. 2002 Amati 2006 and also within asame burst (Liang et al. 2004, Zhang
et al. (2007a) generated a pseudo-burst that is abou 8 times lessenergetic. They foundthat this g/nthetic
burst is “short” with Ty ~ 4.4 sin the BATSE band. The late soft gamma-ray tail s are shifted to the X-ray
band as X-ray flares. Thisis essentially a cabon-copy o GRB 050724 This suggests that GRB 060614is
likely smply a more energetic version o GRB 050724 and shoud belongto merger-type GRBs (Fig. 2).
Anather point is that the beaning-correded gamma-ray energy of GRB 060614is comparable to those
of other short GRBs, but is about an order of magnitude lessthan the long ores (Mangano et al. 2007).
Althoughthe posshility that GRB 060614stands for athird type of GRBs is nat ruled out (e.g. coll apsars
without supernovasignature, Woolsey 1993, it appeasthat GRB 060614isa doserelative of GRB 050724
It isworth commenting that some BAT SE bursts (e.g. trigger 2703 have simil ar propertiesto GRB 060614
(e.g. Norris & Bonreli 2006. These bursts have alarger intensity ratio between the extended emissonand
the prompt emisson than most other short GRBs (Norris & Gehrels 2007).

With such a conredion, the traditional “short vs. long’ classfication regime bres down, and some
new terminologies involving multiple aiteria ae needed to define the two GRB caegories. Zhang et al.
(20079) suggest the terms “Type I’ and “Type 11", by analogy with the supernovae nomenclature (e.g.
Fili ppenko 1997. As summarized in Zhang et a. (2007a) and Zhang (2006, Type | (the previous short-
hard) GRBs are usually short (but may have long soft tails) and hard (but the tail may be soft), with very
short spedral lags and with nosupernova ssociations. Like Type lasupernova, Type | GRBs are ssociated
with old stellar popuationand can befoundin all typesof host galaxiesincludingelli pticd galaxies, andare
typicdly inregionswith low star formingrate, which is usualy outskirts of the host galaxy. The most likely
progenitor candidates are mompad star mergers, which involve binary systems, again simil ar to Typela SNe.
On the other hand, Type Il (the previouslongsoft) GRBs are usually longand soft, with long spedral lags
and supernova ssociations. Like Type Il supernovag they involve core oll apses of massve stars, which
belong to the youngstellar popuation. Their host galaxies are late type, predominantly irregular, dwarf
galaxies. The locaionis usualy nea the center of the star-forming core of the host galaxy. According to
this new definition, GRB 060614 lelongs to Type |. In fad, two other Swift bursts have been suggested
to belong to the “short”-hard caegory even thoughtheir durations are longer than 5 seconds. They are
GRB 050911with Tyg ~ 16 s (Page & a. 2006g; Berger et a. 2006 and GRB 051227with Tyy ~ 8s
(Barthelmy et al. 2006). ThesethreeGRBs are dso listed in Table 1 as Type | GRBs (marked with asterisks),
making the total number in the sample 15. In the rest of the paper, | will i nterchangeably use “Type | / Type
[1I" and “short (hard) / long(soft)” in the text.

It is worth commenting that afterglow modeling also lends indired suppat to the merger scenario
of Type | GRBs. The immediate ewvironment of Type | GRBs shoud be tenuouws with low ISM density
(Panaitescu et al. 2001 Perna & Belczynski 2002 Fan et a. 2005). As a result, afterglow observations
(espedally multi-wavelength) may potentialy lead to constraints on the density and thereby shed light
onto the nature of the bursts. Afterglow modeling has been indeed carried out for several short GRBs, and
the results are generally consistent with a low ambient medium density (e.g., Fan et a. 2005, Panaitescu
2006, Roming et al. 2006h Burrows et a. 2006. Some short GRBs appea “naked” (i.e., no external
shock afterglow comporent) or completely with noafterglow detedion. They are dso consistent with being
born in alow-density medium. On the other hand, abnarmal afterglow behaviors have been observed. For
example, GRB 06031 3exhibited complex structure with diff erent decay indices and flaring (Roming et al.
20068. The opticd flux fluctuation may be related to density fluctuation o the ambient medium, or to
wedk central engine adivities. Ancther caved is that a low density medium may not be solely associated
with Type | GRBs. When analyzing GRB radiative ficiency of a sample of Swift bursts (most are Type
Il bursts), Zhang et al. (20078 foundthat in about 1/3 of the bursts the X-ray band is below the madling
frequency for avery long period o time. This auggests avery small ep or avery low ambient density for
longGRBs aswell.

In the cosmologicd setting, the luminosity and redshift distributions of known short-hard bursts have
been used to constrain the progenitor lifetime of compad star binaries. With a small sample of short GRBs
with known redshifts, Nakar et al. (2006) and Guetta & Piran (2006 foundthat in order to reproducethe
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Fig.2 Peadliar burst GRB 060614 (Gehrels et a. 2006 Zhang et a. 2007a). Upper: Multi-wavelength
light curves; Lower: Gamma-ray and X-ray properties of the “pseudd’ burst appea similar to GRB 050724
(Zhang et a. 2007a).

ohserved redshift distribution, the typicd progenitor lifetimeistypicdly longer than is previoudly believed,
andthe locd burst rate is also higher than is previous believed. On the other hand, Belczynski et al. (2006
argue abimodal distribution o the merger times correspondngto two distinct evolutionary tradks of com-
pad star binaries. They argue that there exists a popuation of mergers whose merger time scde is dhort,
so that they could be foundin star-forming galaxies. Zheng & RamirezRuiz (2006 study the merger rate
in bah ealy-type andlate-type galaxies and argue alarge merger time for at least half of short GRBs. The
existence of some possble high-z short GRBs (e.g., Levan et al. 2006, Berger et al. 20061 may suggest
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that there exist some fast evolutionary channels auch as thase proposed by Belczynski et al. (2002 2008.
Nakar et al. (2006) have tested several possblefunctional formsfor the the lifetime distribution. The high-
z short GRBs suggest that the narrow lognamal distribution tested by Nakar et al. is inconsistent with the
data, whil e the broad lognamal or asingle power law may be consistent with the data.

Anather interesting question regarding short-hard GRBs is what fradion is produced by SGR giant
flares in neaby galaxies. The Dec 27, 2004 gant flare event from SGR 1800—20 fas a luminosity (3.7 &
0.9) x 10%6d3, ergs~! (where d;5 is the distance of the source in urits of 15kpc), suggesting a high
detectability of similar events upto 30d;5 Mpc, which would contribute to a significant fradion o BATSE
short-hard bursts (Hurley et al. 2005. A seach for asociations of well-locdized short GRBs with neaby
galaxies (Nakar et al. 20061, however, sets an upper limit of thisfradionat ~ 15%. Schader (2006 found
that most BATSE short hard GRBs were not associated with moderately bright neaby galaxies. Tanvir et
al. (2005 onthe other hand, report a correlation between the locations of previously observed short bursts
and the paositions of galaxiesin the locd universe, indicating that about 10% — 25% short GRBs originate
at z < 0.025.

2.2 GRBsvs. XRFs

X-ray flashes (XRFs) are the extension d typicd long GRBs to the softer, and fainter regime. They were
first identified with the Beppo-SAX satellite (Heise @ a. 2001 Kippen et al. 2002, and studied more
extensively with HETE-2 in the pre-Swift era (e.g., Sakamoto et al. 2005 Lamb et al. 2005; D’ Alesso et
al. 2009. The light curves of XRFs are similar to those of long GRBs, with rapid temporal variability in
many cases (Heise ¢ al. 200 D’ Alesso et al. 2006. The spedral properties of XRFs are similar to those
of GRBs, except that the values of the peek energy E, of the burst v F,, spedrum are much smaller (Cui et
al. 2005. The pe& flux and the total energy fluence of XRFs are dso correspondngly small er (Sakamoto
et al. 2005 D’ Alesdo et al. 2006. Thereisnoclea separation between GRBs and XRFs. Burstsin the grey
zone ae sometimes cdled “ X-ray rich GRBS’ (XRRs). Besides the traditional E,-distribution peek around
200keV (Preece eal. 2000, thereis tentative evidenceof asecond dstribution peek of £, around 15 leV
(Liang & Dai 2004). The poar statistics, however, does not all ow arobust claim of two distinct comporents
in E,-distribution. It is possble that the GRB-XRF E,, distribution forms abroad pesk around 100 leV.

Since the identification of XRFs, many suggestions have been proposed to interpret XRFs and their
relation with GRBs. In general these models fall i nto two broad caegories: i.e., XRFs differ from GRBs
extrinsicdly (diff erent distances or diff erent viewingangles) or intrinsicaly (diff erent physicd parameters,
diff erent radiation mechanisms, or even diff erent progenitorsand central engines). The followingisalist of
models of XRFs propaosed previoudly. Thefirst four are “extrinsic” models, whil e the latter five ae “intrin-
sic” ones. Swift has deteded and extensively monitored a handful of XRFs. These observations sgnificantly
constrained the passble models of XRFs.

— High redshift GRBs. One ealy speadlation (Heise & a. 200)) is that XRFs are distant GRBs 9
that the redshift effed makes them softer and fainter. Redshift measurements of several GRBs (e.g.,
z = 0.251 for XRF 020903 Soderberg et al. 2004 > = 0.21 for XRF 040701 Soderberg et al. 2005
suggest that at least some of them are neaby events. Analyses of the E,, predictionsin various GRB
prompt emisson models suggest that E,, are usually functions of many parameters (including z), and
dependmore sensitively onsome other parameters(e.g. thebulk Lorentz fador I') than onz (e.g. table 1
of Zhang & Mészaros 200Z). This suggeststhat redshift shoud nat be the sole factor to define an XRF.
A systematic study o the redshift distribution o XRFs rules out the suggestion that XRFs are high-z
GRBs (Gendre ¢ a. 2006).

— Off-beam viewing geometry for a uniform GRB jets. The energy budget requirement and the tem-
poral bre&ksin some dterglows have led to the suggestionthat GRB gjeda ae beaned (Rhoads 1997,
1999 Sari et a. 1999 Frail et al. 2007) 2. Thesimplest mode! (not necessarily the most redi stic model)
sugeests that the jet forms a uniform conicd structure with sharp edge in energy. Within this enario,
it has been suggested that GRBs correspondto on-beam geometry whil e XRFs correspondto off- bean

2 |tisworth emphesizing that the sali ent-feaure of the jet mode!, i.e. an achromatic temporal bresk in multi-wavelength afterglows,
has not been generally confirmed after two yeas of Swift operation (see eg., Willingale & a. 2006 Burrows 2006 Zhang 2007
Covino et a. 2006 and Sedion 33, Sedion 5for more discusson).
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geometry (e.g., Yamaz&i et al. 2002 20049). A dired prediction of such a scenario is that the ealy
light curve shoud rise initially due to the gradual entrance of the main ultra-relativistic cone into the
observer’s field of view (Granat et a. 2002. Recent Swift observations suggest that the dterglows
are decaying from the very ealy epoch of the observation (e.g., Schady et al. 2006 Manganoet al.
2007a). This essentialy rules out a sharp-edge off- bean geometry of XRFs. In some XRFs, the ealy
deca dopeis shallow. However, an ealy shallow decg is a common feaure of most Swift GRB X-
ray afterglows (see Sedion 3.1 for more discusson). This model may be anended by introduwcing a
smoothed edge, which is eff edively a structured jet as discussed below.

Off-axis viewing geometry for a (one-component) structured jet. GRB jets may have significant
structure, with an angle-dependent energy per solid angle and passbly Lorentz fador aswell (Mészaros
et al. 1998. An onaxis geometry of a structured jet would modify the &terglow temporal decey rate
(Mészéaros et a. 1998 Dai & Gou 2001 Panaitescu 2005), while an off- axis geometry would mimic
a jet-bre&k-like light curve as the Lorentz fador along the line-of-sight is reduced to be comparable
to the viewing angle from the jet axis (Ross et a. 2002 Zhang & Mészaros 2002h Wel & Jin 2003
Kumar & Granat 2003 Granot & Kumar 2003 Panaitescu & Kumar 2003 Salmonson 2003 Ross et
al. 2004). Within such apicture, energy per solid angle deaeaseswith viewingangle with resped to the
jet axis. Depending onthe unknawn jet structure, at certain viewing angles, an otherwise deteded GRB
(if viewed nea the jet axis) would be observed asan XRF. The jet anguar structureis unknowvn, andin
redity it may not foll ow any simple analytica function. For the purpose of modeling, usually power law
jets (e(0) o< 6%, andin particular k ~ 2, Ross et a. 2002 Zhang & Mészaros 2002k and Gaussan
jets (e(0) o egexp(—62/2602), Zhang & Mészaros 20021 have been widely discussed. Both models
have been suggested to interpret XRFs (e.g. Zhang et a. 2004afor Gaussan jets, Jin & Wei 2004and
D’Alesio et al. 2006for power law jets). Lamb et al. (2005) pointed out that an e(0) o« 6~2 structured
jet tends to over predict the number of XRFs, which is inconsistent with the rough 11:1 number ratio
for GRBs, XRRs and XRFs. The Gausdan jets can easily passthis and severa other observational
constraints (Zhang et a. 2004g; Dai & Zhang 2005. Sincethere ae relativisticdly moving materials
(thoughwith asmall er energy) alongtheline of sight, thelight curvein thismodel decaysfromthevery
beginning (Kumar & Granat 2003 Salmonson 2003, not inconsistent with the observational constraint
from X-ray light curves(Manganoet al. 2007a). Yamazi et al. (20048 introduced “ patches’ or “mini-
jets’ in a Gaussan-like structured jets to present a unified model of long short GRBs as well as XRRs
and XRFs. Asdiscussed in Sedion 21, it isnow clea that short GRBs form a distinct new popuation
fromlongGRBs, XRRs and XRFs, which canna be unified within this model.

Two-component j ets. Another widely discussed model i s the two-comporent jet model, a spedal type
of structured jets. Because this model is motivated physicdly by progenitor models, it receves broad
attention. In the llapsar model of Type Il GRBs, it is natural to exped a hot cocoonsurroundngthe
central relativistic jet that penetrates from the star (Woosley et al. 1999 Zhang et al. 2003h 2004h
Mészéros & Rees 2001 RamirezRuiz et a. 20022, Mizuta & a. 2006 Morsony et al. 2006. The
cocoon would form a distinct second less energetic jet comporent. Even in the naked GRB mod-
els, a neutron-rich MHD outflow would be naturally separated into a narrow, high-I" proton jet and
awide, low-T" neutron jet (Vlahakis et al. 2003 Peng et a. 2005. In bah types of moddl, if the line
of sight sweeps the lessenergetic wide bean, one may observe an XRF. Phenomenalogicdly, the two-
comporent jet model has been introduced in several other contexts (Lipunovet a. 2001; Berger et al.
2003). In particular, within the XRF context, Huang et al. (2004 have interpreted the rising bump
of the opticd light curve of XRF 030723within the framework of the two-comporent jet model. An
alternative interpretation of the bump isthe supernova comporent (Tominaga € al. 2004). The tentative
bi-modal distribution of £, of GRBs and XRFs was also suggested as a suppat to the two-comporent
jet model (Liang & Dai 2004). Swift has followed some XRFs extensively to very late epochs. The
light curve of XRF 050416\ (Manganoet al. 20078) kegps decaying with a constant slopeto very late
times. Thisgrealy constrainsthe two-componrent jet model for XRFs: the narrow bright jet comporent
must nat be prominent enoughto leare arebrightening signature in the light curve. This suggests that
at least two comporents are not required to interpret XRFs. Similar conclusions are drawn from the
observations of other XRFs (e.g. Levan et a. 20061).
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Intrinsically faint, lesscollimated jets. Lamb et a. (20058) suggested a toy model invoking varying
opening angle of jets. While GRBs are bright, narrow jets, XRFs are much fainter, wider jets. Starting
with the assumption o constant energy reservoir of all events (as derived by Frail et al. 2001; Bloom
et a. 2003- but nat confirmed by more systematic observations by Swift, e.g., Willi ngale & al. 2006
Burrows 2006 Zhang 2007, they drew the conclusion that GRBs have atypicd opening angle of
abou 1 degree while XRFs are esentially isotropic events. These narrow opening angles for GRBs
areinconsistent with thetypicd angle derived from the dterglow jet bresk data (typicdly 5 degrees, see
Zhanget a. 2004afor more discusson). On the other hand, if the standard energy reservoir assumption
isdropped (asis suggested by the recent Swift data), this very narrow jet inferenceis nolonger valid.
The mnstant-slope power law decgy light curve of XRF 050416\ (Manganoet al. 20079) is consistent
with awide-beam jet model. It is however worth commenting that the constant-slope power law decay
of X-ray light curves s2semsto be a @mmon feaure of some other normal GRBs as well (e.g. the 100
day light curve of GRB 060729 Grupe & al. 20061, so that thejet openingangle may not bethe aucial
criterionto define whether aburst isa GRB or an XRF.

Dirty fireballs. A naive expedation is that bursts with lower Lorentz fadors would receve smaller
Dopgder boost andtherefore give softer, fainter emisson. These dirty fireballs (e.g., Dermer et al. 1999
Huanget al. 2002 have been suggested asthe origin of XRFs. A detail ed study of £, models (Zhang&
Mészéros 200) suggeststhat depending on pompt emissonmodels, £, dependsonI in anonttrivial
way. In particular, the popuar internal shock model predicts high E,,’s for dirty fireballs. The dirty
fireball suggestionisin any case relevant for the external shock model and models invoking internal
magnetic field disspation o phaosphere disspation (table 1 of Zhang & Mészaros 200Z). Current
Swift XRT observations grongy suggest an internal origin of GRB prompt emisson (Zhang et al.
2006 seeSedion 31 for morediscusson). So thedirty fireball suggestionfor XRFs, if proventrue, may
sugeest internal disgpation models other than the conventional internal shock models. It isinteresting
to nde that the latest extreme XRF 060218 discovered by Swift (Campana & al. 2006) shows an
extremely longand smoath light curve with very low E, ~ 5 keV. Alongwith other intermediate XRFs

(eg., Lamb et al. 2005%; Sakamoto et al. 2005 2006s), XRF 060218also satisfies the E, o E,./*
Amati-relation (Amati et al. 2002 Amati et al. 2006. Furthermore, a study o the multi-band temporal
profiles and spedral | ags of XRF 060218suggeststhat its edral lags are extremely long(Lianget al.
20068, rougHy consistent with the luminosity - lag relation dscovered in BATSE long GRBs (Norris
et al. 2000 and confirmed by Swift Type Il GRBs (Gehrelset a. 2006. All these seam to be consistent
with the straightforward intuition that XRF 060218is a lessLorentz-bocsted burst comparing with
canonicd GRBs, suggesting a dirty fireball. The low Lorentz fador for XRF 060218is also inferred
from radio olbservations (Soderberg et al. 20063) and is required in theoreticd models to interpret this
pealliar event (Dai et al. 2006 Wang et al. 20063, Toma ¢ al. 2007). Ancther comment is that the
dirty fireball suggestion dees not exclude the structured jet and wide opening angle jet model discussed
abowe, since in thaose models the Lorentz fadors aong the line of sight could be dso low. On the
other hand, there is no evidencefor off- axisemissonfor XRF 060218 Anather low-luminaosity neaby
GRB 980425 las been extensively monitored in radio at late times, which significantly constrained the
off-axismodel for the burst (Waxman 2004).

Intrinsically inefficient GRBs from clean fireballs. Thisis a spedfic XRF model within the frame-
work of the internal shock model (Barraud et al. 2009, since in this model E, « 2L'/?r~! (eg.
Zhang & Mészéros 200Z), where 6, is the internal energy of the protons in the internal shocks, L
is the wind luminasity, » ~ I'?¢dt is the internal shock radius, and 6t is the variability time scde. A
clean fireball (largeT") tendsto give alarger internal shock radius, at which magnetic field strength is
smaller so that the typicd synchrotron frequency (£),) is lower. An inefficient internal shock reduces
6,, and also helps to lower E,. Indeed in the pre-Swift era it has been foundthat XRFs have lower
radiative dficiency than GRBs by comparing their prompt emisson energy with the late time kinetic
energy inferred from the X-ray afterglow data (e.g., Soderberg et al. 2004 Lloyd-Ronning & Zhang
2004). However, using the ealiest Swift data, it isfoundthat XRFs are generally as efficient as GRBs
(Schady et al. 2006s; Zhang et al. 2007, suggesting that XRFs are naot intrinsicdly inefficient GRBs.
The gparent low efficiency derived from the late time X-ray data may be caused by a prolonged en-
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ergy injedionepoch in the ealy phase. This sansto be consistent with the expedation o the off- axis
structured (e.g. Gausdan-like) jet model of XRFs (Zhang et al. 2004).

— Photosphere-dominated emisson models. In GRB fireballs, there ae in principle three enisson
regionsthat could paentialy contribute to the observed prompt gamma-ray emisson. Besides the tra-
ditional external shock (Rees & Mészaros 1992 Mészaros & Rees 1993 and internal shocks (Rees &
Meészaros 1994, baryonic and pair phatospheres (Thompson 1994 Mészaros & Rees 200Q Kobayashi
et a. 2002 Mészaros et a. 2002 Rees & Mészfos 2005 Ryde 2005 RamirezRuiz 2005 Ryde &
al. 2006 Thompson et a. 2006 are ancther important emisson site. The domination of phaosphere
emisgon, under certain condtions, could give rise to soft emisson that charaderizes XRFs. The data
generally suggest that the £, distribution of GRBs and XRFs forms a broad distribution peek. As a
result, to accept the phaosphere interpretation of XRFs (Mészaros et al. 2002, one shoud exped that
the prompt emisson o GRBs s also from the phaosphere. Such amodel is being advocaed recantly
(Rees & Mészaros 2005 Ryde ¢ al. 2006 Thompsonet al. 2006).

— Completely different origin with resped to GRBs. The last posshility is that XRFs are different
from GRBs. They may originate from diff erent progenitors, may have different central engines, and
different radiation mechanisms as well. As discussed above, XRFs sam to be anatural extension of
GRBsto softer and fainter regime. If the diff erenceis not dueto the viewing angle dfed, the variation
of progenitor and central engine properties must be gradual and smoath, and probably withou abrupt
transition. The recent observations of XRF 060218 however, raise new discusson onthe topic. The
radio afterglow observation o XRF 060218(Soderberg et al. 20063) suggests that the central engine
may be aneutron star rather than a bladk hole. A similar conclusion was readed independently by
modeling o the supernova associated with the XRF (Mazzdi et al. 2006. A popuation study sug-
gests that the low-luminasity GRBs such as XRF 060218may require adistinct new comporent in
the GRB luminaosity function (Liang et al. 2006&). The existence of the thermal X-ray comporent in
the prompt emisgon spedrum (Campana & al. 20063) may require anowvel radiation mecanism dif-
ferent from that for canonicd GRBs (e.g. Wang et a. 2006. The fads that XRF 060218satisfies the
Amati-relation (Amati et al. 2006 and the lag-luminosity relation (Liang et a. 20061, on the other
hand, suggest that the radiation mechanism for XRFs houd na be much diff erent from that for GRBs
(for more discusson onthe two correlations, seeSedion 34). It is worth emphasizing that bursts with
diff erent progenitor systems and central engines could well share the same radiation mechanism, since
the fireball propertiesare generic and independent of the unknowvn central engine.

In summary, Swift observations have significantly narrowed down the possble models of XRFs. The
high-redshift scenario is esentialy ruled out. The sharp edge off- beam jet model i s disfavored by the ealy
afterglow data of XRFs. Observations of XRF 060218(the softest XRF) suggest that its radiation mecha-
nism shoud na be very diff erent from that of GRBs. The long-term constant-slope decay of XRF 050416\
(Manganoet a. 20074) disfavors jet models other than the wide-bean uniform jet model and alarge view-
ing angle Gausdan-like structured jet model. Regarding the Lorentz fador, in view of the properties of
XRF 060218(long puse, longlag, soft spedrum), the dirty (rather than clean) fireball scenario is favored.
Combining with the fad that GRB prompt emissonis likely of internal origin (Zhang et al. 2006, medh-
anisms other than internal shocks are preferred. Photosphere or magnetic disgpation mechanisms may be
goodcandidates.

An interesting question is how XRFs are related to the X-ray flares observed foll owing some GRBs
and XRFs (Burrows et a. 20058. Could it be possble that XRFs are simply X-ray flares without prompt
emisson cetedion? As discussed later (Sedion 31.2), X-ray flares generally require readivation o the
central engine, and therefore would have the same energy disspation mecdanism as the prompt emisson.
On the other hand, observationall y the light curves of XRFs are more variable than X-ray flares, which are
similar to thase of prompt GRBs (Heise & al. 200 D’ Alesso et a. 2006. This may suggest that prompt
XRF emisgonis related to the prompt acaetion phese & the central engine, while X-ray flares are related
to acaetionat late gpochs, which generally predicts a smoaother light curve consistent with the viscous disk
evolutionat large radii (e.g., Perna @ al. 2006 Proga & Zhang 2006.
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2.3 HL-GRBsvs. LL -GRBs

The detedion d XRF 060218at z = 0.0331 (Mirabal et al. 2006 within 1.5 yeas of operation o Swift
(Campana ¢ al. 2006), together with the previous detedion of GRB 980425at z = 0.0085 by BeppdSAX
(Galama e al. 1998, suggest that thelocd event rate of low-luminasity (LL ) GRBsisvery high. Thevolume
enclosed by z < 0.033 isvery small, V. (.033 ~ 0.01 Gpc®. One can naively estimate the locd event rate
of these low-luminosity (LL) GRBs (p5¥) by piV.<o.033(TBePPQBePP /47 4 TSWIftQSWilt /47y 9,
where TBePp ~ 6yr and TSVt ~ 1.5yr are the operation times for the BeppoSAX and Swift missons,
respedively, and QBePP ~ 0.123 and Q5 ~ 1.33 are the solid angles covered by the two missons,
respedively. Thisroughestimate gives p ~ 800 Gpc=3 yr—1, which is much greder than the loca event
rate of the conventional high-luminosity (HL) GRBs of 1 Gpc—2 yr~! (e.g. Schmidt 2001) and its smple
extrapolation to low luminosities, i.e. < 10 Gpe™2 yr~! (Guetta @ al. 2004). Such a high event rate for
LL-GRBs has been independently derived by several groups (e.g., Cobb et al. 2006s; Pian et a. 2006
Soderberg et a. 2006; Liang et al. 200&). By investigating the 1-D and 2-D distributions of luminosity
and redshift for a sample of GRBs with known redshifts, Liang et a. (2006&) foundthat the aurrent sample
is not compatible with a single luminasity function comporent. Rather, the data require adistinct LL -GRB
comporent other than the HL-comporent (Fig. 3). The former comporent has a much higher event rate
than the latter. In view that GRB 060218s central engine may be aneutron star rather than a bladk hole
(Mazzdi et al. 2006 Soderberg et al. 20063), one would speaulate that the gpparent bimodal distributionin
the luminosity function may be related to the two distinct types of central enginesinvalved, e.g. HL-GRBs
involve bladk holes, while LL -GRBs involve neutron stars.

Althoughthese individual LL-GRBs are lessenergetic and under-luminous, due to their much higher
event rate, they could give aninteresting contributionto variousdiff use emisson backgrounds. For example,
asauming LL -GRBs producegamma-raysin internal shocks smilar to HL-GRBs, the protonsin LL-GRBs
would producehigh energy neutrinasthrough phdo-mesoninteradion at the A-resonance, which make the
dominant contribution at energies above 106 eV (Gupta& Zhang 200%; Murase  al. 2006).

2.4 Optically Bright vs. Dark, Optically Luminousvs. Dim

In the previous opticd follow up olservations, GRBs are generally divided into two categories, opticdly
bright and ogticdly dark ones (e.g., Jakobson et al. 2004 Rol et al. 2005. The latter typicdly acourt
for ~ 50% of the total popuation 3. The discovery of the ealy opticd flash of GRB 021211(Fox et al.
2003h Li et al. 2003) in the HETE-2 era had led to the speaulation that as long as observations are dore
ealy enough most dark bursts are not dark. However, Swift UVOT did na deted alarge number of bursts
even at very ealy epochs (Roming et al. 2006). It is not straightforward to define an opticdly “dark”
burst. Jakobsoon et al. (2004 and Rol et al. (2005 used the aiterion that a burst is “darker” than it is
expeded to be (using spedral extrapolation from the X-ray band for example) to define adark burst. This
might be the most quantitative methodto define late darkness At ealy times, it is somewhat “expeded”
theoreticaly to observeopticd emisdon ariginated from the reverse shock (which isnot astrongcontributor
to the X-ray band). In such a case, the X-ray band and the opticd band are not from a same emisson
comporent, rendering the quantitative definition inconclusive. The existence of X-ray flares (and passble
other internal-related emisgon in the X-ray band) makes the case even more complicated (see eg., the
completely different ealy X-ray/opticd light curves in GRB 060418and GRB 060607A, Molinari et al.
2006. The non-detedion o alargefradion of Swift burstsby UVOT (Rominget al. 2006) at least suggest
that the reverse shock comporent is insignificant. Among the other possble reasons of opticd darkness
foregroundextinction, circumburst absorption, and high redshift are the best candidates.

Amongthe opticdly bright GRBs, it is intriguing to discover that there ae two sub-classes, namely
opticdly luminous and ogicdly dim caegories (Liang & Zhang 200&; Nardini et al. 2006 Kann et al.
2006. Therest-framelight curves of GRBswith known redshiftsare foundto foll ow two “ universal” trads.
The rest-frame 10-hour luminosities of the bursts with knawn redshifts show a dea bimodal distribution.
The opticdly dim bursts all appea to be located at redshifts lower than ~ 1 and their light curve tends
to be smoath and single-pulsed, whil e the opticdly luminous bursts have awider redshift distribution and

3 swift UVOT does nat deted opticd afterglows for ~ 67% of the Swift bursts. Combining with groundbased follow ups, the
non-detedion rate is ~ 45% (P. Roming 2006 private communication).
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Fig.3 HL and LL popuations of GRBs. Upper: The suggested two-comporent luminaosity function and
predicted observed locd event rate as afunction d redshift; Lower: The model can interpret the observed
2-D lumingsity and redshift distributions of HL and LL GRBs (from Liang et al. 200€).

the light curves are more complex (Liang & Zhang 200&). A related dichotomy in the prompt emisson
properties(lagsandinternal | uminosity functions) wasidentified by Hakkila& Giblin (2006 see aso Norris
2002. The origin of the dichotomy is unknovn. The two universal trads of afterglow light curves may be
related to the diff erent total explosionenergiesinvolved in thetwo groups of bursts. It isworth commenting
that Gendre & Boer (2005 have reported two groups of X-ray afterglow light curves. However, thisis not
confirmed by the Swift data (O’ Brien et al. 2006 Willi ngale & al. 2006. The ladk of evidencein X-raysto
suppat thebimodal opticd |uminosity distributionis puzzing. On the other hand, thereis growingevidence
that some ealy X-ray afterglow emisson may be more related to the GRB central engine, and hence isa
diff erent comporent from the optica one (whichislikely from the external shock). Thismight bethereason
of the discrepancy.

3 PHYSICSOF GRBSAND AFTERGLOWS

The standard GRB fireball model has been extensively reviewed (Piran 1999 Mészéros 2002 Zhang &
Meészaros 2004 Lu et a. 2004 Piran 2005 Mészaros 2006. Regardlessof the nature of the explosion,
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the generic fireball shock model invokes a relativisticdly expanding gjeda. According to this model, the
gedais intrinsicdly intermittent and urstealy, and is compased of many mini-shell s with a wide range
of bulk Lorentz fadors. Internal shocks (Rees & Mészaros 1994 are likely developed before the global
fireball i s decderated by the ambient medium, which are generally believed to be the enisson sites of
the observed prompt GRB emisdon. Alternatively, magnetic disdpation may be resporsible for the prompt
gamma-ray emisson even withou internal shocks. The fireball is decderated at a larger distance dter
sweegping enoughinterstellar medium whaose inertia becomes naticeale, and the blastwave enters a self-
similar decderation regime & later times (Blandford & McKee1976. Upon cecderation, apair of shocks
forms. A longlived forward shock propagatinginto the anbient medium givesrise to the long-term broad
band afterglow (Mészaros & Rees 1997g; Sari et al. 1998; and a short-lived reverse shock propagatinginto
the gedaitself givesrise to a posshble opticd/IR flash and aradio flare (Mészaros & Rees 19973, 1999
Sari & Piran 199%, b). The relativistic geda ae likely collimated (Rhoads 1999 Sari et a. 1999, and
thejets may have substantial anguar structures (Zhang& Mészaros 2002h Ross et al. 2002. This general
theoreticd framework has been successul in interpreting most of the observational data in the pre-Swift
era. With the successul | aunch and operation o Swift, we now have unprecalented informationabou GRB
afterglows, which sheds light on many oustanding problemsin the pre-Swift era (Zhang & Mészaros 2004
for asummary): e.g. central engine, compasition and geometric configuration o the GRB fireball, and its
interadionwith the ambient medium.

It is informative to clarify the definitions of “prompt emisdon” and “afterglow” at this point.
Traditionaly, “prompt emisson” refers to the eanisson comporent deteded by the gamma-ray detecor
(sometimes also opticd emisson simultaneously deteded duringthe gamma-ray emisson phase); whil e dl
the emissons deteded by aher instruments at later times are termed “afterglow”. On the other hand, Swift
observations drondy suggest that such a scheme of definitionis not physicd. X-ray flares, if strongand
hard enough would be included as part of prompt emisson (e.g., by comparing GRB 050724and GRB
060614 Zhang et al. 2007). Physicdly, it is more meaningful to define emisson comporentsas of “inter-
nal” (central engine) or “external” (medium) origins. In such a scheme, the central engine related emisson
likely extendsto much later epochs and can nolonger be defined as “prompt”. In the following dscusson,
I will till stick to the conventional terminalogy, but will discussthe distinct physicd meanings of various
emisson comporents.

3.1 A Canonical X-ray Afterglow Light Curve

One of the mgjor discoveries of Swift istheidentification o a canonicd X-ray afterglow behavior (Nousek
et al. 2006 Zhang et al. 2006 O’ Brien et al. 2006k Chincarini et al. 2005 seeFig. 4). Besides the prompt
emisgon plese (denoted by ‘0’), there ae atotal of five comporentsin the X-ray light curves. Not every
burst has al five comporents, so that their light curves may vary from one ancther. In any case, their
afterglow light curve comporents could be generally fit into this generic picture. The five comporentsare;

— Steq decay phase (1): Typicdly smoothly conreded to the prompt emisson (Tagliaferri et al. 2005
Barthelmy et al. 200%), with atemporal decegy slope ~ —3 or stegoer (sometimesupto ~ —10, eg.,
Vaughan et a. 2006 Cusumano et a. 2006k O’ Brien et a. 2006 extendingto ~ (102 — 10%)s.
Usually with a diff erent spedral slope from the later afterglow phases .

— Shallow deay phase (I ): Typicdly with a temporal decay slope ~ —0.5 or flatter extendingto ~
(10% — 10*) s, at which atemporal bre& is observed before the normal decay phase (e.g., Campana e
al. 2005 De Pasguale ¢ a. 2006). Thereisno spedral evolutionaaossthe break.

— Normal decay phase (lll ): Usually with a decay slope ~ —1.2, and wsually foll ows the predictions
of the standard afterglow model (Mészéaros & Rees 1997a; Sari et al. 1998 Chevalier & Li 2000. A
systematic test of the dterglow closure-relations (e.g. table 1 of Zhang & Mészaros 2004 suggests,
however, that afradion o bursts does not satisfy any afterglow model (Willi ngale & al. 20086.

— Post Jet break phase (1V): Occasionally observed foll owing the normal decay phase, typicdly with a
deca dope ~ —2, satisfying the predictions of the jet model.

4 The stegp decay comporent has been observed in two BeppoSAX bursts: GRB 990510(Pian et a. 2007) and GRB 010222(in't
Zand et a. 2007). Swift reveds thisisa common feaure anong busts.
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— X-ray flares (V): Appea in nealy half of GRB afterglows. Sometimes multiple flares appea in ore
GRB, typicdly have very steep rising and deca/ing slopes (Burrows et a. 2005h Falcone & al. 2006
Romano et a. 2006) with 6t/t < 1. Appea in bah long-duration (Falcone € a. 2006 and short-
duration GRBs (Barthelmy et al. 2005k Campana & a. 20068, and bah GRBs and XRFs (Romano et
al. 2006).

Except for the normal decgy and the jet-breek phases, all the other three @mporentswere not straight-
forwardly expeded in the pre-Swift era®. As of the time of writing, the stegp decay phase and X-ray flares
are better understood, whil e the shallow decay phase is dill amystery.

3.1.1 Seq decay phaese: tail of the prompt emisson

The generally acceted interpretation of the stegp decay phaseisthetail emisson dueto the so-cdled “cur-
vature éfed” (Fenimore & a. 1996 Kumar & Panaitescu 200Q Dermer 2004 Zhanget al. 2006 Panaitescu
et al. 2006s; Dykset a. 2005 for discusson o the aurvature df ed in the prompt gamma-ray phase, see eg.,
Kocevski et al. 2003 Shen et al. 2005 Qin & Lu 2005 Qin et al. 2006). The basic assumption o thisin-
terpretationis that the GRB emissonregionis disconneded from the &terglow region (the external shock),
and that the emisson from the GRB emisson region ceases abruptly. Thisis consistent with the conjedure
of internal shocks or other internal disspation mechanisms (e.g., phaosphere disspation, magnetic field
reconredion, etc). Sinceit is generaly assumed that the geda have a @nicad geometry, the aurvature of
the radiation front causes a propagation delay for high-latitude emisgon from the line of sight. Combining
with the variation of the Dopper fador at different latitudes, one obtainsasimple predictiona = 2 4 3 for
the emisson ouside the I'~! emisson cone, where the anvention F, o« t~*v 7 is adopted. The salient
feaure of thisinterpretationisthat it could be diredly tested sinceboth oo and 3 could be measured diredly
from the observational data, given that two complicationsare treaed properly (Zhanget al. 2006): First, for
internal emissons, every time the central engine restarts, the dock shoud be re-set to zero ©. In alog — log
light curve, thisusually introduces an “artificial” very steep decay if the GRB trigger time (which isusually
taken as ¢ = 0) significantly leads the time zeo pant (¢;) of the correspondng emisson episode. Secnd,
the observed decy is the superpaosition o the aurvature dfed decay and the underlying afterglow decay
from the external shock. One needsto subtrad the underlying afterglow contribution before performingthe
test. The aedibility of the aurvature f ed interpretationis that by properly taking into acourt the two ef-
feds mentioned abowve, the stegp decay beames consistent with « = 2 + 3 with ¢, shifted to the beginning
of thelast pulse of prompt emisson (Liang et al. 20063) at least in some cases.

Besides the standard curvature df ed model, other interpretations for the stegp decey phase have been
discussd in the literature.

— In some cases, the stegp-decay slope may be shallower than the expedation o the aurvature dfed
7. This would suggest that the emisson in the shock region may not cease aoruptly, but rather decay
(codl) with time gradually, leading to a decaying internal shock afterglow (Fan & Wel 2005 Zhang et
al. 2009.

— Yamaz&i et al. (2006 study the aurvature df ed of an inhamogeneousfireball (mini-jets). They found
that the decay tail i s generally smooth, but sometimes could have structures, which may interpret the
small-scde structure in some of the decay tails.

— Peer et al. (2006 suggest that the emisson from the relativisticadly expanding ha plasma “cocoor’
assciated with the GRB jet could also giverise to the stegp decay phase observed by Swift.

Motivated by the discovery of the spedrally evolvingtailsin GRB 050724(Campana & al. 2006a) and
GRB 060614(Gehrelset a. 2006 Zhanget a. 2007a; Manganoet a. 20078, recently Zhanget al. (2007)

5 The flare-like signature was sen by Beppo-SAX, but it was interpreted as the onset of the &terglow (Piro et a. 2005. More
detailed theoreticd cdculations (Lazzdi & Begelman 2006 Kobayashi & Zhang 2007 suggest that the onset of afterglow canna
produce asharp light curve feaure to interpret X-ray flares.

6 We natice that for external shock related emissons, taking the GRB trigger time & the time zeo pdnt is generally required
(Lazzd & Begelman 2006 Kobayashi & Zhang 2007.

7 1t isworth ndicing that generally a decay slope stegper than the airvature efed prediction is not allowed, unlessthe jet is very
narrow. Usually, even if the intrinsic temporal decay slope is deger than 2 + 3, the aurvature dfed nonethelesstakes over to define
the decey slope.
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Fig.4 A canoricd X-ray afterglow light curve reveded by Swift XRT ohservations. Left: Data (from
Nousek et a. 2009; Right: A cartoon fcture (from Zhang et a. 2006.
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Fig.5 Light curves show erratic X-ray flares. Left: Several long GRBsincluding the giant flare of 050508
(from Nousek et a. 2006); Right: Flaresfollowing the short GRB 050724(from Barthelmy et al. 2005h.

performed a systematic time-dependent spedral analysis of 17 bright steep decy tails. They foundthat
while seven tails show no apparent spedral evolution, the other ten do. A simple aurvature dfed model
invoking an angle-dependent spedral index cannat interpret the data. This suggeststhat the aurvature dfed
isnat the sole fador to control the stegp decay tail phase & least in some bursts. Zhang et al. (2007c) show
that some of the spedrally evolving tail s might be interpreted as superposition o the aurvature dfed tail
and an unckrlying “central engine dterglow”, which is oft but decays “normally”. Such a comporent has
been seen in GRB 060218(Campana & al. 2006), which canna be interpreted by the standard external
shock afterglow model and may be from a deca/ing central engine (Fan et al. 2006. The strong spedral
evolutions in GRB 050724 GRB 060218and GRB 060614 however, canna be interpreted with such a
model. They may beinterpreted as codling o the internal-shocked region (Zhang et al. 2007).

Itisinterestingto naticethat in somebursts(e.g., GRB 050421 Godet et al. 2006 GRB 050911 Page &
al. 2006) the X-ray afterglow is dominated by the stegp decay comporent (with overlapping X-ray flares).
Such naked GRBs may be surrounded by a very tenuous medium so that the external shock comporent is
very faint.

3.1.2 X-ray flares: restartingthe central engine

The X-ray flares have the following olservational properties (Burrows et a. 2005k Falcone & a. 2006
Romanoet al. 2006s; Chincarini et al. 2007, Burrowset al. 2007, seeFig. 5): Rapid rise and fall ti mes with
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0t/tpeax < 1; many light curves have evidencefor the same decaying afterglow comporent before and
after the flare; multi ple flares are observed in some bursts with similar properties; large flux increases at the
flares; typicdly deaeasingfluenceof flareswith time, but in rare cases (e.9. GRB 05050B) theflarefluence
could be comparablewith that of the prompt emisson; flares often asthey progress andlater flaresareless
energetic and more broadened than ealy flares. These propertiesgenerally favor the interpretationthat most
of them are not asociated with external-shock related events. Rather they are the manifestations of internal
disspations at later times, which requires restarting the GRB central engine (Burrows et al. 2005k Zhang
et al. 2006 Fan & Wei 2005 loka & a. 2005 Wu et al. 2005, Falcone & a. 2006 Romano et a. 2006
Lazzdi & Perna 2007) 8. Compared with the external shock related models, the late internal disspation
models have the foll owing two major advantages (Zhang et al. 2006): First, sincethe dock needsto bere-
set eadh time when the central engine restarts, it is very natural to explain the very sharp rising andfalling
light curvesof theflares. Second, energeticdly thelate internal disspationmodel isvery econamicd. While
in the refreshed external shock models a large energy budget is neeaded (the injedion energy has to be &
least comparableto that already in the blastwave in order to have any significant injedion signature, Zhang
& Mészaros 20029), the internal model only demands a small fradion of the prompt emisson energy to
acourt for the distinct flares.

The leading candidate of the late internal disspation model is the late internal shock model. In such
a model, the ollisions could be between the fast shells injeded later and the slow shells injeded ealier
during the prompt phase (e.g., Zou et al. 2006 Staff et al. 2006 or between two shells injeded at later
times (seeWu et al. 2005 for a cdegorizaion o diff erent types of colli sions). One mncerniswhether later
colli sions between two slow shellsinjeded during the prompt phase could give rise to the observed X-ray
flares. Thisis generally not possble. In order to producelate internal shocks, the two slow shells must bath
have alow enoughL orentz fador, so that at the time of colli sion they do na colli de with the decderating
blastwave. Also in order not to collide with ead other ealier, their relative Lorentz fador AT must be
very small. When they colli de, the internal energy is usually too small to giverise to significant emisson.
Shoud such a alli sion accur, most likely it has nointeresting olservational effed (Lazzai & Perna 2007,
Zhang 2007. Generally, in the internal shock model the observed time sequencerefleds the time sequence
in the central engine (Kobayashi et al. 1997). As aresult, the observed X-ray flares (102 — 10°) s after the
prompt emisson must imply that the central engine restarts during this time span, say, typicdly thousands
of seconds but could be @ longas days after the prompt emissonis over.

Thelate internal disspation model of X-ray flaresisalso tested by Lianget a. (2006). The samelogic
of testing the stegp decgy comporent is used. The starting assumption is that the decey of X-ray flaresis
controlled by the aurvature dfead after the arupt cessation d the internal disspation, so that o = 2 + 3
isassumed to be valid. After subtrading the underlying forward shock afterglow contribution, Liang et al.
(20069) seached for the valid zero time paints (¢y) for ead flare to allow the decay slope to satisfy the
requirement of the aurvature dfed model. If the hypathesis that flares are of internal origin is corred, ¢
shoud be generally before the rising segment of ead flare. The testing results are impressve: most of the
flaresindeed have their ¢y at the beginning o the flares. This suggests that the internal disspationmodel is
robust for most of the flares. It is worth emphasizing that even the late slow bump at around 1 dy following
the short GRB 050724(Barthelmy et al. 2005h Campana € al. 20061 satisfies the aurvature €f ed model,
sugeesting that the cantral engineis gill adive even at 1 day after the trigger. Thisis also consistent with
the late Chandra observation o this burst (Grupe & a. 2006a) that indicates the #terglow resuming the
pre-flare decay slope dter the flare.

Having identified the corred model for the flare phenomenology, one is asked abou a fundamental
guestion: how to restart the central engine. No central engine models in the pre-Swift era have spedficaly
predicted extended adiviti esfar after the prompt emisson phese. Prompted by the X-ray flare observations,
the foll owing suggestions have been made recently, and noreis proven by robust numerica simulations yet
at the moment.

— Fragmentation or gravitational instabili tiesin the massve star envelopes. Kinget al. (2005 argued
that the llapse of a rapidly rotating stellar core leads to fragmentation. The delayed acaetion o

8 It has been questioned whether well-separated gamma-ray pulses are due to restarting o the central engine or inhamogeneity
within the centra engine outflow in the pre-Swift era (e.g. RamirezRuiz & al. 2001), but the case was inconclusive.
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some fragmented debris after the major acaetion event leadsto X-ray flares foll owing coll apsar-rel ated
GRBs.

Fragmentation or gravitational instabilities in the accretion disk. Observations of the short GRB
050724(Barthelmy et al. 2005k Campana & a. 2006k Grupe & a. 2006) reved that it isalso foll owed
by several X-ray flares garting from 10s of seconds all the way to ~ 10° s. The properties of these X-
ray flares are similar to those in long GRBs. The requirement that both long and short GRBs shoud
produce X-ray flares with similar properties prompted Perna & al. (2006) to suggest that fragmentation
in the aceetion dsk, the commoningredient in bath longand short GRB models, may be the agent for
episodic acaetionthat powersthe flares.

Magnetic barr ier around the accretor. Based onMHD numericd simulationsin other contexts (e.g.
Proga & Begelman 2003 and theoreticd arguments, Proga & Zhang (2006 argued that a magnetic
barrier nea the blad hole may ad as an eff edive moduator of the aceetion flow. The aceetion flow
can be intermittent in nature due to the role of magnetic fields. This model does not require the flow
being chopped (e.g. due to fragmentation o gravitational i nstabiliti es) at larger radii before aceetion,
althoughin redity both processes may occur atogether. The magnetic barrier model isin acordance
with the magnetic origin of X-ray flares based onthe energetics argument (Fan et al. 20059.

NS-BH merger. Flaresin GRB 050724(Barthelmy et al. 20058 pose agrea chall enge to the previous
compad star merger models. Numericd simulation o NS-NS mergers typicdly gives a short central
enginetime scde (0.01-Q1)s, if the final product is a BH-torus system (Aloy et al. 2009. In order to
acourt for the late time flares in 050724 Barthelmy et al. (2005h suggest a possble NS-BH merger
progenitor system. Numericd simulations of BH-NS merger systems have been performed. Although
X-ray flares at 100s of seconds or later till challenge the model, extended acaetion over several sec
onds could be produced (Faber et al. 2006 Shibata & Uryu 2006 cf. Rossvog 2005. Lately Rossvog
(2006 showed that if materials are launched into eccentric orbits duringa compad binary coalescence,
thefall badk of these materialswould last longenoughto paver X-ray flares hours after the amalescence
NS-NSmerger with apostmerger milli sscond pulsar. Dai et a. (2006) argued for apassble solution
of the extended X-ray flares following NS-NS merger GRBs. Numericd simulations have shown that
the product of aNS-NS merger may not be aBH (Shibata e al. 2009, if the NS equation-of-stateis iff.
Instead, the final product may be adiff erentiall y-rotating massve neutron star. If the initial magnetic
fields of the NSisnat strong, the o — 2 dynamo adionwould induce magnetic explosionsthat giverise
to late internal shocks to produce X-ray flares thousands ssoonds after the trigger (Dai et al. 20063).
Earlier discusson ona — 2 dynamo within the GRB context can be foundin (Thompson & Duncan
1993 Kluzniak & Ruderman 1998 Ruderman et al. 2000 Rosswvog et a. 2003. Price & Rossvog
(2006 suggest transient superstrongmagnetic fields during mergersthrough numericd simulations.
Multi-stage central engine. Gao & Fan (2006 and Staff et al. (2006 proposed multi-stage central
engine modelsto interpret X-ray flares.

Whitedwarf -neutron star mergers. A related model i sthe WD-NS merger scenario revoked by King
etal. (2007 inan effort to interpret “long’ GRB 0606 14withou supernova ssociations. In view of the
close analogy between GRB 060614and GRB 050724(Zhanget al. 2007a), this model can be relevant
to X-ray flares foll owing short GRBs.

Some other flare models have been discussed in the literature. The models that can orly interpret one

flare (e.g., the synchrotron self-inverse Comptonin reverse shock, Kobayashi et al. 2007 andthe companion
model, Mad~adyen et al. 2005 are found urattradivein view that multi ple flares within a same burst seem
to be common, and that the properties of the single flares are esentially the same as those of multiple
flares. The suggestion that flares result from collisions of density clumps by the external shock (Dermer
2009 is o far not suppated by numericd cdculations. At least for clump anguar sizes larger than 1/T,
numericd cdculations show very smoath feauresincompatible with the X-ray flare data (e.g., Zhanget al.
2006 Huanget al. 2006 2007 Nakar & Granot 2006. For smaller clumps (Dermer 2006), fast variability
ispossble, but current caculationsfail to producegiant flares auch asthat in GRB 0505038 (Falcone € al.
2006. Giannios (2009 interpreted multiple X-ray flares as delayed magnetic disspation in a decderating
Poynting-flux daminated jet without introducing reviving the central engine. It is however not clea how to
interpret the dea ty-resetting of flares as discovered by Lianget al. (2006).
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3.1.3 Shdlow deay phase: ill a mystery

The shallow decay phase aould follow the steep decay phase or immediately follow the prompt emisson
(O'Brien et a. 2006h Willingale & a. 2006. In most cases, a same shallow decay phase is deteded in
the opticd band as well (e.g. Mason et a. 2006. This comporent is very likely related to the external
shock. However, the very origin of this shallow decay phase is more difficult to identify, sincethere exist
several diff erent posshiliti esthat are not easy to diff erentiate anongead other fromthe X-ray observations.
Generally, the spedral index does nat change acossthe temporal breg from the shallow decgy phase to
the normal decay phase (but some slight change occurs in some bursts, see Willi ngale & al. 2006. This
esentially rules out the models that invoke aossng o a spedral bresk aadossthe band. The nature of the
brea shoud be then either hydrodyramicd or geometricd.
The following models have been discussed in the literature.

— Energy injedion invoking a long-term central engine. The most straightforward interpretation o
the “shall ower-than-normal” phase is that the total energy in the external shock continuously increases
with time. This requires aubstantial energy injedion into the fireball during the phase (Zhang et al.
2006 Nousek et al. 2006 Panaitescu et al. 2006). There ae two possble energy injedion schemes
(Zhanget al. 2006 Nousek et a. 2006. Thefirst oneisto simply invoke alonglasting central engine,
with a smoathly varying luminosity, e.g. L « ¢t~ 7 (e.g. Zhang & Mészaros 2001a). In order to give
interesting injedion signature ¢ < 1 is required; otherwise the increase of the total energy in the
blastwave is negligible. Such a posshility is valid for the central engines invoking a spinning-down
pulsar (Dai & Lu 1998, b; Zhang & Mészaros 2001a) or alonglasting BH-torus system (Mad-adyen
et a. 2001). One posshle signature of this scenario that differentiates it from the varying-T" model
discussed below isa strongrelativistic reverse shock, if at the shock interading regionthe o-parameter
(the ratio between the Poyrting flux and the kinetic flux) is degraded to below unity (Dai 2004 Yu &
Dai 2006. Alternatively, if o is dill highat the shock region, the reverse shock may be initially weék,
but would still becomerrelativigtic if the engine lasts longenough(i.e., thisis effedively arather thick
shell, Zhang & Kobayashi 2005. The observational data suggest a range of ¢ values with a typicd
value g ~ 0.5. Thisisdifferent from the requirement of the analyticd pulsar model (¢ = 0). However,
numericd cdculations suggest that a pulsar model can fit some of the XRT light curves (Fan & Xu
2006 De Pasguale & a. 2006k Yu & Dai 2006.

— Energy injedion from geda with a wide I'-distribution. This model invokes a distribution o
Lorentz fadtor of the geda with the low-T" g eda lagging behind the high-T" ones, which pile up orto
the blastwave when the high-T" part is decderated (Rees & Mészaros 1998. In order to produce a
smooth power law decgy, the T'-distribution reeds to be dose to a power law with M (> T') oc I'~%.
A significant energy injedion requires s > 1. The tempora bres around (10° — 10%) s suggests a
cutoff of Lorentz fador aroundseveral tens, below which s becomes shall ower than unity (Zhang et
al. 2006. Granat & Kumar (2006 have used this property to constrain the geda Lorentz fador dis-
tribution of GRBs within the framework of this model. The reverse shock of this senario is typicdly
nonrelativistic (Sari & Mészéaros 2000, since the relative Lorentz fador between the injedion shell
and the blastwave is always low when the former pil es up orto the latter.

— Delayed energy transfer to the forwar d shock. Analyticdly, the onset of afterglow is estimated to be
aroundt e = max(t.,, T),wheret, ~ 5s(Fx s2/n)'/3(T/300)~%/3(14 2) isthetime scade & which
thefireball colledsI" ! of the rest massof theinitial fireball fromthe ISM, and T isthe duration of the
explosion. The so-cdled “thin” and “thick” shell cases correspondtot, > T andt, < T, respedively
(Sari & Piran 1995 Kobayashi et al. 1999. Numericd cdculations suggest that the time scde before
enteringthe Blandford-McKeeself-simil ar decderation preseislong, of order several 10 s (Kobayashi
& Zhang 2007. This suggeststhat it takestime for the kinetic energy of the fireball to be transferred to
the medium. In a high-o fireball, there is no energy transfer during the propagation o a reverse shock
(Zhang & Kobayashi 2005. Althoughenergy transfer could happen after the reverse shock disappeas,
thispaotentiall y further delaysthe energy transfer process Detail ed numerica simulations are needed to
verify this. The shall ow decgy phase may simply refled the slow energy transfer processfrom the geda
to the ambient medium. This model (e.g. Kobayashi & Zhang 2007 predicts a significant curvature of
the light curves. Thisis consistent with some of the light curves that show an ealy “dip” before the
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shallow decay phase. For those cases with a straight shallow decay light curve, one needs to invoke
superposition o the rising light curve and the steg decay tail to mimic the observations.

— Off-beam jet model. Geometricdly one can invoke an off-bean jet configuration to account for the
shallow decy. Eichler & Granaot (2006 showed that if the line of sight is dightly outside the edge of
the jet that generates prominent afterglow emisson, a shallow deca phase can be mimicked by the
combination of the steep decay GRB tail. However, the expedation o this model is the crrelations
amongthe slow decay sope, hump luminasity and its epoch, which are not confirmed observationall y
(Panaitescu 2006H). Toma & a. (2006 discussed a similar model within the framework of the patchy
jet models.

— Two-component jet model. A geometric model invoking two jet comporents to produce two-
comporent afterglows could also fit the shallow-decay data, since alditional free parameters are in-
voked (Granot et al. 2006 Jin et al. 2006 Panaitescu 20061).

— Precursor model. loka ¢ al. (2006 suggest that if there is aweak preaursor leading the main bust, a
shallow decgy phase can be produced as the main fireball sweeps the remnants of the preaursor.

— Varying microphysics parameter model. One acould aso invoke evolution of the microphysics shock
parameters to reproduce the shallow decgy phase (loka € al. 2006 Fan & Piran 2006, Granct et a.
2006 Panaitescu et a. 2006H.

— Dust scattering model. Shao & Dai (2006 suggest that small angle scatering o X-rays by dust could
also giverise to a shall ow decgy phase under certain conditions.

— Cannonball model. Dado et a. (2006 explain the canoricd X-ray afterglow light curve within the
framework of the cannonkall model, which invokesa series of diff erent radiation mechanismsto explain
diff erent segments of the light curves.

— Central engine afterglow. Finaly, it remains possble that the shall ow decay phaseisnot related to the
external shock, but isdueto alonglived central engine adivity. In such a case, the X-ray emissonand
the opticd emisson may be two distinct comporents.

Can diff erent possbiliti es be diff erentiated by more ebundant data?It seemsto be a dallenging task.
I am inclined to the first threeinterpretations on the ébowe list. For the two energy injedion models, one
expeds different reverse shock signatures (i.e. relativistic reverse shock for the longterm central engine
model and nonrelativistic reverse shock for the varying-I" model). Thiswould give diff erent radio emisson
propertiesat ealy times. On the other hand, the uncertainty of the composition o the central engine outflow
(e.g. the o parameter) would make the reverse shock signature of the former model more obscured. The
delayed energy transfer model (the third ore onthe aowe list) isthe simplest. If it is corred, the so-cdled
shallow decay phase is nothing bu a manifestation o the onset of afterglow (Kobayashi & Zhang 2007.
The pedk time can be then used to estimate the bulk Lorentz factor of the fireball (which is ~ 100 for
standard parameters). This might be the case for at least some of the bursts.

3.2 Optical, IR & Radio Afterglows

In the pre-Swift era, the &terglow observations were mainly caried out in the opticd and radio bands. The
late time opticd/radio observations have been focused onidentifying temporal bress in the light curves,
which are generally interpreted as the “jet bre&ks’ (see Frail et a. 200% Bloom et a. 2003 Ghirlanda
et al. 2004h Dai et a. 2004 Friedman & Bloom 2005 Liang & Zhang 2005for compil ations of the jet
brea datain the pre-Swift era). Broad-band modelingwas carried ou for a handful of well observed bursts
(Wijers & Galama 1999 Panaitescu & Kumar 2001, 2002 Yost et al. 2003, and the data ae generally
consistent with the standard external shock afterglow model. In some cases, very ealy opticd flashes have
been discovered (e.g., GRB 990123 Akerlof et al. 1999 GRB 021004 Fox et a. 2003 GRB 021211 Fox
et al. 2003k Li et al. 20031), which are generally interpreted as emisson from the reverse shock (Sari &
Piran 199%; Mészéros & Rees 1999 Kobayashi & Sari 2000 Kobayashi 2000 Wanget a. 2000 Fan et al.
2002 Kobayashi & Zhang 200%; Zhang et al. 2003 Wei 2003 Kumar & Panaitescu 2003 Panaitescu &
Kumar 2004 Nakar & Piran 2004. Early radio flares have been deteded in a sample of GRBs (Frail et al.
2003, which are dso attributed to the reverse shock emisson (Sari & Piran 199%; Kobayashi & Sari 200Q
Soderberg & RamirezRuiz 2003. While opticd robatic telescopes such as ROTSE indeed reported non
detedionsof opticd ealy afterglowsof some bursts, the general expedationfor Swift before the launch has
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Fig.6 Early opticd afterglow light curves related to reverse and forward shock emisson. (a) Top left:

Theoreticdly expeded ealy opticd light curves, which show two types of behavior: flattening and re-

brightening (from Zhang et al. 2003; (b) Topright: The flattening light curves deteded from GRB 990123
and GRB 02121 1(from Fox et a. 20038); (c) Bottom I eft: The rebrightening light curve deteded from GRB
041219 (datafrom Blake & a. 2005 model from Fan et al. 200%); (d) Bottom right: The case that there
isno evidence of reverse shock in GRB 060607A (from Molinari et al. 2006.

been that the UVOT would colled a goodsample of ealy afterglow light curves to allow a detail ed study
of GRB reverse shocks.

In the Swift era, UVOT has been regularly colleding ogticd phaons ~ 100 s after the burst triggers
for most GRBs. Groundbased robatic telescopes (e.g., ROTSE-IIl, PAIRITEL, RAPTOR, P60, TARQOT,
Liverpod, Faulkes, KAIT, PROMPT, etc.) have promptly observed most targets whenever possble. A good
list of ealy opticd detedions have been made. However, the mgjority of bursts have very dim or unde-
tedable opticd afterglows (Roming et al. 2006). This suggeststhat in most cases the reverse shock, if any,
isnat significant.

Figure 6(a) displays the theoreticdly predicted ealy optica afterglow light curves (Zhanget al. 2003
in the constant medium density (1SM) model®. Thethick solid line showstwo pesks: the first peak foll owed
by ~ t=2 decq is the reverse shock emisson pesk time, which is typicdly at the shock crossng time
(tgec). The second peek followed by ~ ¢! is the forward shock pegk, which corresponds to the time
when thetypica synchrotronfrequency v,,, crosesthe opticd band. Depending on parameters, the forward

9 For the modedl invalving a stratified stellar wind medium, see Chevalier & Li (2000, Wu et a. (2003, Kobayashi & Zhang
(2003h, Kobayashi et a. (2004 and Zouet a. (2009.
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shock peak could be buried below the reverse shock comporent (the thin solid line). One therefore has
two cases of opticd flashes: rebrightening-type and flattening-type. A unified study o both reverse shock
and forward shock emisson suggests that the rebrightening light curves shoud be generally expeded, if
the shock microphysics parameters (e, g, p, €tc.) are the same in bah shocks. On the other hand, these
microphysics parameters may not be the samein bah shocks. In particular, if the central engineis grongy
magnetized, as is expeded in several progenitor models, the outflow likely carries a primordial magnetic
field, which islikely amplified at the shocks. It isthen possbleto have Rg = (€B7T/€B7f)1/2 > 1insome
cases. Thisis adually the condtionto redizethe flattening-type light curves (Zhang et a. 2003. In order
to interpret the bright opticd flash and the subsequent flattening light curves in GRB 990123and GRB
021211 onetypicdly requires Rg ~ 10 or more (Fan et al. 2002 Zhanget a. 2003 Kumar & Panaitescu
2003 Panaitescu & Kumar 2004). Besides GRB 990123 the flattening-type light curve was also detected
for GRB 021211(Fox et al. 2003k Li et al. 2003 seeFig. 6(b)).

Theep parameterizationisbased ona purely hydrodynamicd treament of shockswith magnetic fields
put in by hand. Invoking a strong magnetic comporent in the reverse shock region raises the necessty to
trea the dynamics more caefully with adynamicdly important magnetic field. Zhang & Kobayashi (2005
studied the reverse shock dynamics and emisson for an ouflow with an arbitrary o parameter. They found
that the most favorable case for abright opticd flash (e.g. GRB 990123and GRB 02121} isc ~ 1,i.e.the
outflow contains rougHy equal amourt of energy in magnetic fields and baryons. This is understandable:
For a smaller o, the magnetic field in the reverse shock region is snaller, and the synchrotron emisson
iswedker (see dso Fan et al. 2004p). For alarger o, the magnetic field is dynamicdly important, whose
presaure dominates the outflow region. The shock bemmes weak or does not exist at all when o is large
enough

Thelad of bright optica flashes auch asthose observed in GRB 990123and GRB 021211 istherefore
not surprising. In order to have abright flattening-type flash, one needsto by chance have an ouflow with
o ~ 1, while both larger and smaller o would lead to na very significant opticd flashes. Even withou
additional suppresson effeds, a non-relativistic shock with ¢ = 0 would generaly give areverse shock
pe&k flux below the forward shock peek level (Kobayashi 200Q Nakar & Piran 2004 Zhang & Kobayashi
2005. On the other extreme, a high-o flow would leal to very weak reverse shock emisson a no reverse
shock at all (Zhang & Kobayashi 2005. Thusthetight ealy UVOT upper limits (Roming et a. 2006) are
not completely out of expedation. Additional medhanisms to suppressopticd flashes have been discussed
intheliterature. Belobarodov(2005 argued that Comptoncooling d eledronsby the prompt MeV phaons
may be away to suppressthe opticd flashes. Kobayashi et al. (2007) suggested that adominant synchrotron-
self-Compton processin the reverse shock regionwould suppressthe synchrotron ofticd emisson. Li et a.
(2003H and McMahonet al. (2006 suggested a pair-rich reverse shock with weak opticd emisson.

Despite of the general disappadntments, several bright opticd flashes have been deteded in the Swift
era, which could be generally interpreted within the reverse/forward shock model discussed above. The IR
afterglow of GRB 041219 (Blake & al. 2009 is well modeled by a rebrightening light curve (Fan et al.
200%) (seeFig. 6(c)). Ancther flattening light curve was deteded from GRB 06011 B (Klotz e al. 2006).
Marginal reverse shock signatures may be presentin GRB 05052 (Blustin et al. 2006 Shao & Dai 2005,
GRB 050904(Gendre & al. 2006h Wei et a. 2006, GRB 060117(Jelinek et al. 200§ and GRB 060108
(Oates et a. 2006. Data dso suggest a seondtype of opticd flashes, which tracks the gamma-ray light
curves (for GRB 04121, Vestrand et a. 2005. These opticd flashes are likely related to internal shocks
(Mészéros & Rees 1999, probably neutronrich (Fan & Wei 2004 Fan et al. 200, cf. Zheng et al. 2006).
The time lags between the prompt gamma-ray and ogticd emisson have been reveded in GRB 990123
and GRB 041219 (Tang & Zhang 200§. In some caes (e.g. GRB 05082®, Vestrand et al. 2006), the
contributions from bath the tradking comporent and the external shock comporent are deteded from the
ealy opticd li ght curve.

There ae however cases that clealy show noreverse shock comporent at al i n the ealy opticd after-
glows. GRB 061007(Mundell et al. 2006 Schady et al. 2006) is uch a case. Reading a pesk magnitude
< 11 (similar to 9%th magnitude of GRB 990123, both the X-ray and ogicd li ght curves show single power
law decaying behavior from the very beginning (~ 80 s after the trigger). This suggests a strong external
forward shock emisson with enormous kinetic energy (Mundell et al. 2006 or a structured jet with very
ealy jet bre& (Schady et al. 20067). The reverse shock emisgonin this caseis believed to pesk at theradio
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band (Muncell et al. 2006. Molinari et al. (2006 recorded the densely-covered ealy opticd afterglow light
curves of GRB 060418and GRB 06060A, which are both charaderized by a roundshaped single bump
that could be interpreted as the forward shock emisson at the onset of afterglow. Thereisno evidenceof a
reverse shock comporent at all (Fig. 6(d)). Among aher passhiliti es, thisis consistent with a high-o flow
where the reverse shock is completely suppressed (Zhang & Kobayashi 2005.

Wiggles and bumps have been observed in several pre-Swift GRB opticd afterglows (e.g., GRB
021004 Hollandet a. 2003 GRB 030329Lipkinet a. 2004). Modelsto interpret these variahiliti esusuall y
invoke external shock related processes, such as refreshed shocks, density fluctuation, inhamogeneousjets,
or multiple comporent jets (Panaitescu et al. 1998 Zhang & Mészaros 20023, Lazzdi et a. 2002 Heyl &
Perna 2003 Nakar et al. 2003 Berger et al. 2003, Granot et al. 2003 Ioka & al. 2009. Early opticd light
curves may contain neutron decay signatures (Belobarodov 2003 Fan et al. 2005h. Kobayashi & Zhang
(2003) interpreted the ealy fluctuationsin GRB 021004as a rebrightening light curve by combining bah
reverse and forward shock emisson (see dso Fan et al. 2005 for GRB 04121%\). loka & al. (2009 pointed
out that some opticd fluctuations are difficult to interpret within any external shock related schemes, and
they requirereadivation o the central engine. That erratic X-ray flares generally requirelate central engine
adiviti es raises the question whether some opticd flashed/flares are dso due to the same origin (but softer
and even lessenergetic, e.g. Zhang 2005. Recent opticd afterglow observations reved that “anomalous’
opticd afterglows sem to be the common feaure (Stanek et al. 2007 Roming et al. 2006). Although
some of them could be acommodated within the external shock related models, some opticd flares do
show similar properties to X-ray flares (e.g., 6t/t < 1, Roming et al. 2006c), which demands late central
engine adiviti es. For example, the opticd fluctuations deteded in the short GRB 060313 oficd afterglows
(Roming et al. 20068 may be better interpreted as due to late central engine adiviti es than due to density
fluctuations (e.g. Nakar & Granot 2006). Effortsto model opticd flares using the late internal shock model
have been carried out recently (Wei et al. 2006 Wei 2007). Theresults suggest that for plausible parameters,
even the traditional reverse shock opticd flashes, such asthosein GRB 990123 GRB 04121 and GRB
06011B, could be interpreted within the late internal shock model.

Due to a higher mean redshift of Swift bursts than that of pre-Swift bursts (Berger et a. 2005h
Jakobson et a. 2006), the dficiency to deted radio afterglows is lower in the Swift era. According to
GCN Circular statigtics (e.g. Greiner 2006), 17 radio afterglows were deteded among abou 200 GRBs
deteded by Swift in the first two yeas. Short-lived radio transients have been seen in some of these bursts
(e.g. Soderberg et al. 2006&), some of which may be related to reverse shock emisson (D. Frail, 2006
personal communication).

3.3 Afterglow Temporal Breaks

Temporal bregs (usually stegoening bregks) have been commonly observed in broad-band afterglow light
curves. The origin of these temporal breaks in multi-wavelength afterglows is ill not well understood
Theoreticdly one expeds the foll owing four types of temporal bresks.

— Jet breaks. This is expeded if the GRB outflow is collimated. The bres occurs when the fireball
is decderated enoughso that the relativistic beaming angle 1/I" (" is the bulk Lorentz fador of the
fireball) becomes larger than the geometric colli mation angle. At this time the observer starts to fed
the energy deficit outside the jet cone. In the meantime, the jet starts to expand sideways due to a
horizontally propagating soundwave. Both eff eds tend to stegoen the light curve, and when combined
together, result in atemporal brea from a decey index ~ —1 to ~ —2 (Rhoads 1999 Sari, Piran &
Halpern 1999. For astructured jet, the aagument still applies giventhat the jet openingangleisreplaced
by the observer'sviewingangle (Zhang & Mészaros2002h Rosd et a. 2002. Alternatively, cylindricd
jets (Cheng et al. 2001) have been discussed in the literature. There ae two distinct predictionsfor the
jet model. (1) Becauseit isapure hydrodyramicd eff ed, the bresk must be achromatic, i.e. atemporal
brea shoud simultaneously occur in all wavelengths, including X-ray, IR/opticd and radio. (2) The
hydrodynamicd effed shoud na affed the microscopic shock physics. The energy index of shock
accéerated eledrons shoud remain the same agossthe bredk, so shoud the phaonindex.

— Injedion breaks. Thisis expeded duing the ealy phase of the &terglow when the total energy in
the blastwave is dill i ncreasing with time. This could be due to either alonglived GRB central engine
(Da & Lu 199&, b; Zhang & Mészaros 2001) or a wide distribution o the geda Lorentz fador
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(Rees & Mészaros 1998 Sari & Mészaros 2000 Granot & Kumar 2006). The bregk happens uponthe
sudden cesstion o energy injedion. Some “jet bre&ks’ requiringp < 2 may be dso modeled by an
injedion kre& (Panaitescu 200%). The temporal bred separating the shall ow decay comporent and
the normal decay comporent in the canonicd XRT ealy light curvesis typicdly attributed to such an
injedion kre& (Zhang et a. 2006 Nousek et al. 2006 Panaitescu et al. 20067). Since the processis
again hydrodyramicd, the bresk shoud be dso achromatic. The spedral index aaossthe breg shoud
remain the same, athougha change of spedral index is nat ruled ou since the shock accéeration
processmay be dtered when theinjedion ceases suddenly.

— Spedral breaks. Thisisthetemporal break when aspedral brea crosesthe band. Thetypicd spedral
bre&s include the charaderistic synchrotron frequency v,,, and the madling frequency v, (Sari et a.
1998. Alternatively, the accéerated eledrons may have anintrinsic bre&k in their energy spedrum (Li
& Chevalier 2001, Wel & Lu 2002). The aossng o the correspondng phdon spedral bre&k aaoss
the band would give rise to a distinct temporal bre&k. Two predictions of this model are in distinct
contrast to thase of the previous two models. (1) The bregk must be chromatic, typicdly rolling from
high energy bands (X-ray) to low energy bands (opticd and radio) (but seeotherwise, e.g. v, increases
with time for the wind afterglow models, Dai & Lu 1998:; Chevalier & Li 1999 2000; (2) the spedral
indices before and after the bres shoud be distinctly diff erent (generally in a predictable way).

— Transrelativistic breaks. A stegening temporal bres is expeded at late times when an isotropic
fireball turns from the highly relativistic phase to the non-relativistic phase (Wijers et al. 1997 Huang
etal. 1998 1999 Dai & Lu 1999 Huang & Cheng 2003. If the transition happens after the jet bres,
the transrelativistic break would be aflattening bres (Livio & Waxman 200Q. Such a transition may
have been observed in late radio afterglows (e.g. Frail et al. 2003, but thereis no robust evidencethat
this bregk shows up in ogticd and X-ray light curves. The over 100-day follow-up olservations of
GRB 060729Grupe & a. 20061 show a steady decgy of the X-ray afterglow flux, suggesting that the
transrelativistic phase happens at even later times at least for this burst. During the transition plrese,
the courter-jet beaming to the oppasite diredion may be deteded throughthe observed excessradio
emisson(Li & Song 2004.

Besides these breaks, more complicated light curves bregks may arise due to colli sions between a late
shell andthe decderating Hast wave (Panaitescu et al. 1998 Zhang & Mészaros 20023; Granct et a. 2003,
colli sions between the blastwave and a density jump or a wind termination shock (e.g., Dai & Lu 2002h
Dai & Wu 2003 RamirezRuiz & al. 2005 Pe’ er & Wijers 2000, etc.

Thejet breek interpretation has been generall y accepted in the pre-Swift erat®. Thismodel could all evi-
ate the energy budget problem encourtered by some GRBs (e.g. GRB 990123 Kulkarni et al. 1999, andit
is enhanced by the enpiricd relation that the geometricdly correded gamma-ray energy is quasi-standard
(Frail et a. 200% Bloom et a. 2003. By identifying the temporal bres times as “jet bregk times’ when
I'~! = ¢, is stisfied (where I" isthe bulk Lorentz factor and 6; is the jet opening angle, Rhoads 1999 Sari
et al. 1999 seeFrail et a. 200% Bloom et al. 2003 Ghirlanda & a. 2004k Friedman & Bloom 2005 Liang
& Zhang 2005for compil ations of the jet bre data), one could infer the geometric configuration and the
total energy budget of some bursts. In particular, several empiricd relations related to afterglow temporal
bres have been discussed in the literature.

— Frail relation: Frail et al. (2001 and Bloom et a. (2003 foundthat the beaming-correded gamma-
ray energy is esentially constant, i.e. Ey.,iso@? = E; ~ const. Since the standard jet model predicts

t; oc B2 6%/ (sari etal. 1999, thisrelationis generally consistent with E. s, oc ¢,

v,iso” j

— Ghirlanda relation: Ghirlanda & a. (2004h foundthat the beaming-correded gamma-ray energy is
not constant, but is related to the rest-frame spedral peek energy (£,) through E, « Ei/ f. Again
expressng E,,; in terms of E. s, and ¢, thisrelation s eff edtively E,, o B/ t/*. Notice that the
Ghirlandarelation and the Frail relation are incompatible with ead other.

— Liang-Zhang relation: Liang & Zhang (2005 took ore step bac. They discard the jet model, and
only pursue an empiricd relation among three observables, namely E,,, E, s, and the optical band

10 1t has been doulied whether ajet model can indeed interpret the observed bresks, e.g. Wei & Lu (2000h 20021).
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break time t;,. The relation gves £, oc E9:{2 )%, Itisevident that if ¢, isinterpreted as the jet breek
time, the Liang-Zhangrelationis rather S|m|lar to the Ghirlanda relation. However, the former has the
flexibility of invoking chromatic temporal bresks acossdifferent bands. So violating the Ghirlanda
relationin other wavelengths (e.g., in the X-ray band, Sato et al. 2007) does not necessarily disfavor
the Liang-Zhangrelation.

— Willi ngale relation: Recently Willi ngale ¢ al. (2006 performed a systematic study dof the shall ow-to-
normal decay transition kreaksin the ealy X-ray afterglows of a sample of Swift GRBs. By asauming
they arejet breds (the results adually suggest that they are not jet breaks), they founda new sequence
of correlationwhichis parall el to the Ghirlandarelation. Thisis effedively anew seriesof £, — E, jso—
t, relation as discussed by Liang-Zhang, but by repladng the optica bre&s by X-ray bre&s. The fad
that the two corrélationsform a parall el sequenceisintriguing.

The growing trendin the Swift eraisthat some breakswe seein the broad-band afterglows may not be
jet bre&s, and that the very origin of these breaks s gill a mystery. This also raises the concern whether
the pre-Swift “jet breaks’ are indedl jet bres. In fad, the “smoking-gun’ feaure of the jet bre&s, i.e.
the adromatic behavior, was not robustly established in any of the pre-Swift bursts. The best case was
GRB 990510(Harrison et al. 1999, in which clea multi-color opticd bregs were discovered, which are
consistent with being achromatic. The radio data ae dso consistent with having a bres aroundthe same
time. However, based onradio data done, one canna robustly fit a bregk time that is consistent with the
opticd brek time (D. Frail, 2006 private communication). Most of other previousjet breskswere daimed
using ore-band data only, mostly in opticd, and sometimesin X-ray or radio.

It has been highly expeded that the multi-wavelength observatory Swift would clealy deted acdro-
matic bre&ks in some GRBs to verify the long-invoked GRB jet scenario. The results are however dis-
couraging. After deteding realy 200 busts, few “textbooK’ version jet bres are deteded. The ladk of
detedions may be atributed partialy to the intrinsic faintnessof the Swift afterglows, and partialy to the
very low rate of late time opticd follow-up olservations. A higher average redshift also pushes required
observations of alrealy faint objedsto even later observed times. Achromatic breskswereindeed observed
in some bursts, but few satisfy the salient feaures expeded in the jet model. For example, GRB 050801
(Rykoff et al. 2006 and GRB 060729(Grupe & a. 2006h) have an ealy achromatic break covering bah
the X-ray and opticd bands. However, the bre&k isthe transiti on from the shall ow decegy phase to the normal
deca phase, which islikely an injedion tre&k rather than a jet break. GRB 050523 (Blustin et al. 2006
has an adhromatic bre& in X-ray and ogticd bands, which might be interpreted as a jet break. However,
the post-breek temporal indicesin bath X-ray and ogicd bands are too shall ow to comply with the o< ¢t =7
prediction. An interesting case for a daimed achromatic jet break was GRB 060526(Dai et al. 2007).
However, the bre& indices before and after the break canna be acommodated within the smplejet model
(cf. Panaitescu 2006h). Maybe the best caseis GRB 060614(Manganoet al. 2007). An achromatic jet bregk
around 100 ls was e by bah the XRT in the X-ray band and bythe VLT in the opticd band. The post
brea temporal indices, although ne identicd, are similar to ead other. Detail ed modeling by Panaitescu
(20061 suggested that GRB 060124may be dso added to the jet bred list.

In most other cases, data seem not to suppat the existence of jet bre&s. The data dso cast doulison
some of the previousidentified jet breaks. These pieces of evidence ae wlleded in the foll owing.

— Opticd follow up d GRB 060206revedsa dea temporal bresk that would be regarded as atypicd jet
brea had the X-ray not been deteced (Monfardini et al. 2006). However, X-ray datashow aremarkable
single power law decay withou any evidence of a brea at the opticd brea time (Burrows 2006.
Noticethat Stanek et a. (2007) reported a contaminating X-ray source, which may make the case less
conclusive.

— Many other X-ray afterglows also show remarkable single power law decgs extending to very late
times (10 days or later, Burrows 2006). The lower limits of the beaming-correded gamma-ray energy
of many bursts have drealy grealy exceealed the standard energy reservoir value suggested by Frail et
al. (2001 and Bloom et a. (2003 (Burrows 2006).

— Based on the Ghirlanda relation, Sato et al. (2007 have seached for expeded jet bre&ks of three
Swift burstsin the X-ray band with nul results. The sampleis expanded by Willi ngale & a. (2006 to
seven. This auggests that the Ghirlandarelationis not a ommonrelation satisfied by most bursts. This
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fad however does not disfavor the Liang-Zhang relation, since an opticd bresk may till exist at the
expeded timeif the bresks are chromatic. Late time opticd observations are nealed to test whether the
Liang-Zhangrelationis generally valid/violated for most bursts.

— Covinoet a. (2006 summarized the search of achromatic breaks of Swift afterglowsusing high-quality
multi -wavelength data, and reported that no convincing caseis identified.

It is worth mentioning that in several cases, the X-ray data ae ansistent with (not robustly suggest)
having a jet brea. These include GRBs 050315 050814 05082®\, 051221A and 060428\ (seeBurrows
2006for areview, also Panaitescu 2006H). In particular, late Chandra ToO observations of the short GRB
051221 reved a posdble jet bresk (Burrows et a. 2006. This, together with the adromatic jet bregk
claimed for GRB 060614(Manganoet a. 2007), suggest that at least some Type | GRBs are olli mated.

The shall ow-to-normal transition kreak in ealy X-ray afterglow light curves has been generaly inter-
preted asinjedion bre&ks (seeSedion 31.3 for more discusson). However, in some cases, clea chromatic
fedures have been reveded (e.g., Fan & Piran 2006, Panaitescu et al. 2006k Huang et a. 2007), which
rejedsthe interpretation at least for those cases.

The data seem to suggest there might exist other types of temporal breeks at least for some bursts that
are not related to jet bre&ks and injedion bre&s. A very interesting feaure of the dterglow bregsis that
the X-ray bress g/stematicdly lead the opticd breaks, which in turn systematicdly lead the radio bre&ks.
This fad, along with the cromatic breas in bah X-rays (e.g. Panaitescu et al. 20060 and ogicd (e.g.
Monfardini et a. 2006, drives Zhang (2007 to speaulate an ad hac scenario to interpret these temporal
bresks as well asthe Liang-Zhangand Willi ngale (£, isc — E, — tp) relations. In this scenario, the spedral
bresk in the prompt gamma-ray emisson (£,) and the chromatic temporal breeks in the terglow light
curves may be dl related to the same dedron energy distribution break that roll s down from high energy to
low energy. Initialy the breek isin the gammea-ray band, which defines £, in the prompt emisgon spedrum.
Later this bresk movesto the X-ray bandin ~ (10% — 10%) s, giving rise to the ealy injedion-like bresks
in some bursts. The bre& keeps rolling dovn to the optica band arounda day, which can acourt for the
pre-Swift opticd breaks that were interpreted as jet bre&ks. Later it movesto the radio bandin ~ 10 days.
Such a scenario gives a natural link between £, and the opticd and X-ray breek times ¢, in the Liang-
Zhang and Willi ngale relations, which is otherwise difficult to explain (a simil ar scenario has been adopted
by Wang et a. 2005and Dai et al. 2005to interpret the radio afterglow of the 2004 Dec27 gant flare of
SGR 1806-20. The scenario has ome difficulti es (seeZhang 2007for more discusson). The most severe
oneisthat one expedschanges of the spedral index aaossthe breaks. In the X-ray band, thisisnot the cese
for most bursts, but there ae still some cases that might satisfy the constraint (Willi ngale & al. 2006. No
spedra change has been established in some opticd breaks as well (e.g. Panaitescu 2005H. On the other
hand, the scenario may be still valid for at least some bursts, and it is testable with broad-band densely-
covered afterglow follow up olbservations. A hard test of this enario is to find some bursts that have a
bre& crossng throughthe X-ray, opticd and radio bands in turn. Although noclea exampleis available
in the Swift data sample, the previous GRB 030329may satisfy the requirement of this model. It has been
claimed that there aetwo “jet bresks’ in this burst (Berger et al. 20031): an ealy opticd bres and a later
radio bre&k. These two bregks were used to argue atwo-comporent jet model for this burst. Within the
scenario proposed here, the two bre&ks are simply the same bre& rolling over the opticd and radio bands
at different times. In view of the sequential relation between the Liang-Zhang and Willi ngale relations, a
prediction o this scenario is that one would observe an “injedion-like” bredk in the X-ray bandfirst (say,
thousands of seconds), and then deted a “jet-like” bre&k in the opticd band later (say, aroundaday), anda
radio bre& at even later times (say, around 10 @ys). Whether or not such detedions will be made would
prove or falsify this ad hoc scenario (Zhang 2007. In such a scenario, the temporal bregs do na give us
information abou colli mation and GRB energetics.

3.4 Panchromatic Observations & Prompt Emisson Models

The panchromatic, prompt observations of GRBs in the Swift era grealy advanced our understanding o
GRB prompt emisgon.

Most of GRBs show an ealy stegp decyy tail (Tagliaferri et al. 2005 Goad et a. 2005 Barthelmy et
al. 200%). Interpreted as the aurvature dfed of high-latitude emisson (seeSedion 31.1 for discusson),
this comporent suggeststhat prompt emisson and afterglow are from distinct emissonregions. Thisfinally
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settles the internal vs. external shock debate of the prompt emisdon site (see Zhang et al. 2006for more
discusson). A small fradion d burstsdo nd show the steep decgy phase (O'Brien et a. 2006h Lianget al.
2006; Willingale & al. 2006 Mundell et al. 2006 Schady et a. 2006), so that the prompt emisson and
the ealy afterglow are smoacthly conneded together and the prompt emisson might be of externa origin
aswell. This might be due to an ealy decderation o the fireball, likely due to avery largeinitial Lorentz
fador and/or a dense medium.

Within theinternal scenarios of the prompt emisson, itis gill unclea wherethe energy disspationsite
(internal shocks, magnetic reconredionregion, or baryonic and pair phaosphere) is and what the radiation
medhanism (synchrotron ar jitter emisgon, inverse Compton o a combination of thermal and nonthermal
emisson comporents) would be. For discusson o internal prompt emisson models, see eg., Mészaros et
al. (1994, Thompson (1994, Daigne & Mochkovitch (1998, Pilla & Loeb (1998, Medvedev & Loeb
(1999, Lloyd & Petrosian (2000, Ghisdllini et al. (2000, Panaitescu & Mészéros (2000, Medvedev
(2000, Mészaros & Rees (2000, Spruit et a. (2007), Drenkhahn & Spruit (2002, Mészaros et al. (2002,
Zhang & Mészaros (200Z), Dai & Lu (20023), Pe er & Waxman (2004g, 2009, Rees & Mészaros (2005,
Pe'er et al. (2005 20063), Ryde (2005, Ryde & al. (2006, Thompsonet a. (2006, and Zhang & Mészaros
(2009 for a aiticd review. Due to the uncertainties inherited in the GRB jet compaosition and the degener-
acy of modelsto interpret the limited prompt emisson ceta, it has been adifficult task to identify the corred
scenario for GRB prompt emisson.

BAT is a narrow-band gammea-ray detedor. For most of the Swift bursts, due to the narrow bandpass
it is difficult to predsely determine the prompt emisson spedrum, espedally the peek energy E,,. In most
cases, the BAT spedrum can be only fitted by a simple power law (Zhang et al. 20070. Nonetheless by
combining herdnessratio information (Cui et a. 2005, E, of the bursts could be estimated, which are
generally consistent with those derived from joint BAT-Konus (WIND) fits (Zhang et al. 2007h. Thereisa
roughcorrelation between the phaonindex I" and the derived E,, (Zhang et al. 2007, b; Sakamoto et al.
20060, which can be used to roughy estimate £,. For most bursts, Swift prompt emisgon observations
do nad provide more information than that gained in the BATSE era. Nonetheless in rare cases Swift was
triggered by a wedk preaursor (e.g., GRB 050117 Hill et a. 2006 GRB 060124 Romano et a. 2006h
and GRB 061121 Page & al. 2006k see Burrows et al. 2007 for a review), so that all threeinstruments
were targeted onthe bursts duringthe prompt emisgon. Thisalso happened for GRB 060218x~xhose prompt
emisson was long enough(Campana € al. 20069). These panchromatic observations (Fig. 7) unveil un-
precalented spedral and temporal information of GRB prompt emisson.

Statigticdly, the following empiricd relations related to GRB prompt emisson properties have been
discovered in the pre-Swift era. Most of them are foundstill valid in the Swift era.

— Luminosity - spedral lag (Norr is) relation: This relation suggests that more luminous bursts have
shorter spedral lags (7). For Type Il (long-soft) GRBs, the relation reads Lis, o< 712 (Norris et al.
200Q Schader et a. 2007, which was confirmed by Swift bursts (Gehrels et a. 2006 including the
peadliar longsoft GRB 060218(Liang et al. 2006l. The interpretation of this relation is non-trivial
fromthefirst-principle prompt emissonmodels. If one however assuumesastandard radiation uritinthe
comoving frame, this relation may be simply related to a varying Dopper-boasting parameter among
bursts (Salmonson 2000 loka & Nakamura20021 Norris2002).

— Luminosity - variability (Fenimore-Reichart) relation: This relation suggests that more luminous
bursts tend to have more variable light curves (Fenimore & RamirezRuiz 200Q Reichart et al. 2001).
Thescatter of thisrelationislarge, andtheindex is subjed to debate (e.g., Guidorzi et al. 2005 Reichart
2005 Guidorzi et a. 2006 Li & Paczhski 2006. The definition o variability is also instrument-
dependent. The origin of thisrelation may have somethingto dowith the same kinetic eff ed to interpret
the L — 7 relation (lIoka& Nakamura2001) or the screening eff e of the pair phatosphere (Kobayashi
et al. 2002 Mészaros et a. 2002).

— Amati and Yonetoku relations: Amati et al. (2002 discovered a simple relation £, o< El/izo with
bursts with known redshifts (cf. Nakar & Piran 2005 Band & Preece2005. Apparent outliers of the
Amati relation include GRB 980425and GRB 031203 but arguments (e.g. Ghisellini et al. 2006
sugeest that they may not be intrinsic outli ers had these events been deteded by instruments li ke Swift
(i.e. with a wider spedra coverage to deted prompt X-ray emisgon). A similar correlation has been
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Fig. 7 Panchromatic observations the GRB prompt emissgon plese. Upper: GRB 060124(Romano et al.
20061; Bottom: GRB 060218(Campana ¢ al. 2006).
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naticed from the BATSE sample without redshift information (LIoyd et al. 2000. A related relation
is E, oc L/, (Yonetoku et al. 2004 see dso Wei & Gao 2003, where L, s, is the isotropic pesk

Iummosty I?r(é)m the first-principle physicd models, E,, could be derived as functions of multiple
unknowvn parameters, including the isotropic energy of the amitter and the unknavn Lorentz facor
(table 1 of Zhang & Mészaros 200Z). Thus any model may be adjusted to interpret the Amati relation
givenaninpu Ei,, — I" relation. For example, in theinternal shock model, the Amati relation could be
reproduced if T isinsensitive to Fi,, (Zhang & Mészaros 200Z). For phaosphere-dominated prompt
emisson models, one needs a different £y, — I' relation (or effedively §; — I relationif a¢; — I’
relation is established) to interpret the Amati-relation, and such a crrelation was regarded as more
natural (Rees & Mészaros 2005 Thompsonet a. 2006. A simil ar argument was raised within awind-
decderation model (Thompson 200§. On the other hand, if one asumes a standard emisson unit in
the comovingframe, the Amati-relation could be reproduced bythe viewingangle df ed for sometypes
of jet configurations (e.g., Yamazi et al. 2004g; Eichler & Levinson 2004 Toma € al. 2005.

— Firmani relation: Firmani et al. (2006) discovered atight correlationwith prompt emisson dataonly,

which reads Ly, jso o< E?’/QT0 415/2 where T 45 is the time of the enhanced burst emisson. There has
been no groposed interpretation o thisrelation.

— Frail, Ghirlanda, Liang-Zhang & Willi ngale relations. For completeness | repea here the four em-
piricd relations involving afterglow temporal bresks discussed in Sedion 33, but focusing ontheir
interpretations. The Frail relation suggests a standard energy reservoir, a hypathesis which is not con-
firmed by the Swift data. The tight Ghirlanda and Liang-Zhang relations conned prompt emisson
properties E,, and E., ;5, With the &terglow properties (¢, or ¢;). It has been claimed that these relations
could be understood within the a hac annuar jet model with the sssumption o a standard comov-
ing radiation urit (e.g., Levinson & Eichler 2005 Eichler & Levinson 200§. The phaosphere model
(Thompson et al. 2006 may give amore physicd interpretation. On the other hand, Swift XRT data
now do nd suppat the Ghirlandarelation (Sato et a. 2007, Willi ngale & al. 2006, which renders ef-
fortsto interpret therelationinvokingajet breg not very meaningful. If onediscardsthejet framework,
the rolli ng eledron spedral bre&k hypahesis (Zhang 2007 see Sedion 3.3 for more discusson) may
be apossbility to interpret the Liang-Zhangrelation. The dose relationship between the Liang-Zhang
relation and the Willi ngale relation seems to lend suppat to this suggestion. More data are needed to
test the prediction o this <enario (Sedion 33).

Besides the above global properties, some Swift observations of GRBs have shed new light on the
prompt emisson mechanisms. In the following | will li st various pieces of (sometimes controversial) infer-
ence dou GRB prompt emisson drawn in the Swift era.

— Ryde (2005 argues that the so-cdled Band-function d GRB spedrum can be adually decompased
into the combination o athermal and a nornrthermal comporent. This model was further enriched by
more physicd modelsinvolving phdospherethermal emissonand Compton dsdpationaboweit (Ryde
et al. 2006 Thompsonet al. 2006. Time dependent modeling with latest Swift datais on-going (Ryde
eta. 2007).

— Using some general observational constraints (but assuming shock disgpation and synchrotrorvIC ra-
diation mecdanisms), Kumar et a. (2006 constrained the emisson properties of two bursts (GRBs
050126and 050219\) that display smocth and single-peaked gammea-ray light curves. The conclusion
isthat the radiation site is close to the decderation radius (contrary to the doser-in phaosphere radius
derived from other arguments as discussed abowe), and that the radiation mechanism is s/nchrotron
self-Compton. Kumar et a. (2007) used a larger sample to read a similar conclusion abou the large
emissonradius, and panted ou that neither internal shocks nor external shocks san to interpret the
data satisfadorily. A large emissonradius is also independently estimated by Lyutikov (2006a) using
the duration o the steg-decay GRB tail s within the framework of curvature dfead interpretation and
by assuming a standard jet openingangle.

— A traditional problem of the synchrotronemissonmodel of GRB prompt emissonisthe “fast-codling’
problem (Ghisdllini et a. 2000. For standard parameters, the coadlingfrequency is much lower than the
100 keV range, so that the predicted low-energy phaonindex is—3/2, steger than that of most bursts
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(but is stisfied in some bursts, e.g., GRB 060124 Romano et al. 2006. Using some general observa-
tional constraints, Pe'er & Zhang (2006 derived the parameter sets of the internal shock synchrotron
radiation model. They argued that the data could be reproduced if one assumes that the post-shock
magnetic fields decay in alength scae much shorter than the comoving width, about 10> — 10° skin
depths. By introducinga synchrotron self-absorption bregk, the model can interpret the broad-band data
of GRB 05082®\. The suggestion may leal to a slow-coaling synchrotronmodel for prompt emisson,
which is consistent with the broad-band data of GRB 061121(Page € al. 2006H. A similar suggestion
has been propaosed for afterglows (Ross & Rees 2003. The hypahesisis probably consistent with the
ongdng numericd simulations of relativistic collisionless $iocks (J. Arons 2006 personal communi-
cdion).

— The broad-band data of super-long GRB 060218(Campana & al. 2006a) during the prompt emisson
phase dl ow detail ed modeling o GRB prompt emissonfor thefirst time. However, so far nomodel can
succesgully interpret the whole data set. Thefaint early UVOT observation severely constrainsthat the
emisson medhanismislikely not synchrotron (the extrapalation o the observed emissonacmrdingto
the synchrotron model predicts a much higher flux, Dai et al. 2006h. Ghisdllini et a (2007 invokes
synchrotron self-absorption to acoommodate the opticd flux deficit. The presence of a thermal X-ray
comporent (probably due to shock bregkout, Campana & al. 2006a, but seeLi 2007) provides an extra
sourcefor inverse Comptonemisson (e.g. Dai et al. 20060. A bulk Comptonscateringmodel hasbeen
also proposed (Wang et al. 2006), which suggests that the radiation mechanism of this (and probably
also other) LL -GRBs may be diff erent from that of canonicd GRBs. On the other hand, the compliance
of both Amati and Norrisrelations of thisburst (Amati et al. 2006 Liang et a. 20061 seem to suggest
that its radiation physics shodd na be distinctly diff erent from that of canonicd GRBs. The hitherto
most detail ed prompt emisson dataof GRB 060218seam to defy interpretationandto grealy challenge
our basic understanding abou the GRB radiation mecdhanism.

3.5 Radiative Efficiency

Oneinteresting questionisthe GRB radiative éficiency, whichisdefinedasn = E, /(E,+ Ex ), where E,
and E are the isotropic gamma-ray energy and kinetic energy of the &terglow, respedively. The reason
why 7 is important to understand the explosion mechanism is that it is related to the energy disdpation
mecdhanism of the prompt emisdgon, which is not identified. The standard picture is internal shock diss-
pation, which typicdly predicts saveral percent radiative eficiency (Kumar 1999 Panaitescu et a. 1999
cf. Belobarodov 2000 Kobayashi & Sari 2007). Other mechanisms (e.g. magnetic disspation) may have
higher efficiencies althougha detailed predictionis not avail able. It is of gred interest to estimate n from
the data, which can paentially shed light onto the unknavn energy disspation process

In order to estimate 7, reliable measurements of both £, and Ex are needed. While £, could be
direaly measured from the gamma-ray fluence if the GRB redshift is known, measurement of E is not
trivial, asit requires detail ed afterglow modeling. In the pre-Swift era, attemptsto estimate E'x andn using
latetime dterglow data have been made (e.g., Panaitescu & Kumar 2001, 2002 Freedman & Waxman 2001,
Berger et al. 2003k Lloyd-Ronring& Zhang 2004. The jet sideways expansion effed (Rhoads 1999 Sari
et al. 1999 Huanget al. 2000 may somewhat aff ed the estimates of the dficiency (Zhao & Bai 2006). The
presence of an ealy shallow decay phase in Swift XRT afterglows suggests that Ex likely increases with
time. The ny values measured using the late time data ae therefore nolonger reliable. For a constant energy
fireball, idedly ealy afterglows may be used to studythe radiative lossof the fireball . However, the shall ow
deca phase due to energy injedion smeas the possble signature and makes such adiagnasis difficult.

A systematic analysis of GRB radiative dficiencies using the first-hand Swift data has been carried out
by Zhanget al. (20071. Simil ar analyses using second-hand datafor small er samples of burstswere caried
out by Fan & Piran (20063) and Granat et al. (2006. The conclusions emerging from these studies suggest
that in most cases the dficiency isvery high (e.g. > 90%) if Ex right after the burst is adopted. However,
using E'x at alater time when the injedion phase is over one typicdly obtains n ~ several percent. The
nature of the shallow deca/ phase is therefore esential to understand the dficiency. For example, if the
shall ow decgy phase is due to continuous energy injedion, the GRB radiative dficiency must be very high
- causing problemsto the internal shock model. If, however, the shallow deca is Smply dueto the delay of
energy transfer into the forward shock (Kobayashi & Zhang 2007, the GRB radiative dficiency isjust the
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right one expeded from the internal shock model. The investigation of Zhang et al. (20078 also suggests
that XRFs may not be intrinsicdly lessefficient GRBs, in contrast to the pre-Swift expedation (Soderberg
et al. 2004 Lloyd-Ronnng & Zhang 2009. Also as far as the radiative dficiency is concerned, thereis no
fundamental diff erence between Type | and Type Il GRBs (see dso Bloom et a. 2006; Lee ¢ al. 2005.
This auggests that both types of GRBs hare the same radiation physics.

4 COSMOLOGICAL SETTING

GRBs are cosmologicd events. The dose mnredion between Type Il GRBs with deahs of massve stars
make GRBs potential trace's of star formingand probably metalli city history of the Universe. In view that

the history of the Universe duringthe so-cdled “ dark age” (from cosmic badkgroundradiationat z ~ 1100

to the gpoch when first quasars were formed aroundz ~ 7) is dill poaly known (Loeb & Barkana 2001
for a review), GRBs, as bright beamns in the degp Universe, would be the unique tod to ill uminate the
dark Universe end allow usto unweil the re-ionization history of the Universe. There ae severa reasonsto

believethat high-z GRBs exist and are detedable. First, dueto afavorable k-corredionfador andthe time-

dilation effeq, theoreticdly high-z GRBs are not much dimmer than their neaby sisters for both prompt

gammea-ray emisson and afterglow in the infrared and radio wavelengths (Lamb & Reichart 2000 Ciardi &

Loeb 200Q Gouet a. 2004 loka& Mészaros 2009. In fad, the GRB redshift record hdder GRB 050904
(Cusumano et a. 2006, Haidlip et al. 2006 Kawai et al. 2006 Frail et al. 2009 at z = 6.295 has very

bright prompt gamma-ray emisson, ealy infrared and radio afterglows. Second, based onseveral empiricd

standard candles (e.g., Fenimore & RamirezRuiz 2000 Norris et al. 2000 Amati et al. 2002 one culd

derive the “pseudd’ -redshifts of a large sample of GRBs. The results suggest that over 10% of GRBs are
at z > 6. Thisis aso consistent with the theoreticd prediction o the GRB rate asuming GRBs tradng
the cosmic star formation history (Bromm & Loeb 2002 2006). Third, numericd simulations suggest that

first generation stars form at aroundz ~ 20 (Brommet a. 1999 Abel et al. 2002, which is generally also

consistent with the conclusion drawn from the cosmic microwave badkground dita mlleded by WMAP
(Bennett et al. 2003 Spergel et a. 2006. Finadly, a high fradion o high-z bursts is also inferred from

redshift distribution o Swift bursts (Jakobsson et al. 2006). It is highly expeded that GRBs would break

the aurrent redshift record held by faint galaxies, which would then bring unpgecealented information about

the reionizaion history of the ealy Universe. Thefirst 2 yeas of Swift observations have deteded at least

four bursts with z > 5: GRB 050814at z = 5.3 (Jakobsoon et a. 2006, GRB 050904at z = 6.29

(Cusumano et al. 2006s; Haidlip et al. 2006 Kawai et a. 2006, GRB 060522at z = 5.11 (Cenko et al.

2006, and GRB 0609274t z = 5.6 (Fynboet al. 20060. The lower rate than predicted is very likely dueto

the challenge of promptly performing IR spedroscopic observations of the high-z bursts. The low UVOT

detedion rate of Swift GRBs (Roming et al. 20063) could be partially due to a goodfradion o high-z

GRBs. In fad, based on pompt emisson data, some high-z GRB candidates have been suggested (e.g.

GRB 050717 Krimm et a. 20061).

The study o high-z GRBs reveds interesting feaures. GRB 050505 (Hurkett et al. 2006 at z =
4.275 has ahost galaxy with a damped Lyman-alpha system with the highest column density (Berger et al.
200%). High resolution spedroscopy reveds fine-structure transition feaures which can be used to infer
gas densities and dff use radiative condtions of the host galaxy (Chen et a. 2005. The study o the GRB
redshift holder 050904(Cusumano et al. 2006s; Haidlip et a. 2006 Kawai et al. 2006 Watson et a. 2006
iseven morefruitful: adetail ed spedroscopic study (Totani et a. 2006 suggeststhat the Universeisaready
largely ionized at z = 6.3. Afterglow observations (Frail et al. 2006 and modeling (Gou et al. 2006 reved
arelative high density circumburst medium aroundthe burst. The detedion of a bright opticd flare simil ar
to GRB 990123(Boér et al. 2006 suggests a possble bright reverse shock emisson comporent (Wei et al.
2006 Gou et al. 2006. The most erratic flaring adivity in X-rays (Cusumano et al. 2006, c) suggests a
super-longadive cantral engine (e.g. Zouet al. 2006. A speaulationisthat this might be related to amore
massve (or probably more rapidly-rotating) progenitor star.

Aninteresting glestionis whether GRB properties evolve with redshift. The possbility has been raised
in the literature based on \arious diff erent arguments (e.g., LIoyd-Ronning et a. 2002 Wei & Gao 2003
Donaghy et al. 2004 Firmani et al. 2004 Salvaterra & Chincarini 2006). On the other hand, observational
seledion effeds (e.g. only bright GRBs are detedable & high redshifts), which are difficult to address
tend to mimic an apparent evolutionary pattern, renderinga robust claim of evolutionary effed difficult. A
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dtatisticd study of GRBs with knawn redshift (Liang et a. 2006&) suggests that the observed luminasity
and redshift distributions could be well reproduced withou introducing evolutionary effeds. More data ae
needed to draw firmer conclusions. From the theoreticd point view, first generation starstend to be massve
due to their low metalli city (Abel et a. 2002. If these stars also produce GRBs, the bursts may be more
energetic. The deahs of these stars, however, quickly contaminate the interstellar medium, so that the next
generation stars may not be very diff erent from the stars en now. The evolutionary pattern, if any, may be
more complicated than asimple power law dependenceon (1 + z).

Anather interesting guestion is whether (Type II) GRBs tracethe msmic star forming history only
(e.g. Totani 1997). Tentative evidencethat metalli city is another important fadtor to make aGRB has been
colleaed (e.g., RamirezRuiz & al. 2002k Prochaska & al. 2004 Stanek et al. 2006 Modjaz « a. 2007, cf.
Campana ¢ al. 2007). Thisfador is currently nat included in most GRB popuation studies (e.g., Perna &
al. 2003 Lloyd-Ronninget al. 2004 Zhanget al. 2004g; Lamb et al. 2005; Dai & Zhang 2005 Guetta & al.
2005 Linetal. 2005 Xuet al. 2005h Lianget a. 2006, etc.). It isinterestingto explorehow to incorporate
the metalli city fador in aquantitative way and haw diff erent the results would be with the metalli city facor
included.

The study o Type | GRBs within the cosmologicd context has just started (e.g., Nakar et al. 2006y,
Guetta& Piran 2006 Belczynski et al. 2006 Berger et al. 20068). The data ae cnsistent with there being
adelay of Typel GRBswith resped to the star forming history of the Universe. Better understanding o the
cosmologicd setting o Typel GRBswill be adieved in afew yeas when more data become avail able.

| would liketo finish this ssdion by dscussng an exciting bu controversia field: the GRB cosmology.
The cosmologicd setting o (Type II) GRBs suggests that they can be invaluable tools to measure the
structure of the Universe if GRBs are standard candles. Since GRBs have higher redshifts than the Type la
SNe, it i's promising that GRBs would extend the measurement of the Universe to the high-redshift regime
that Type la SNe cana attain. The fundamental question is whether there exists a physicdly-understood,
narrowly-clustered tight correlation that can serve & a standard cande. Most previously claimed GRB
correlationshave been listed in Sedion 3.3 and Sedion 34. Earlier attemptsto buld GRB Hubbe diagrams
(e.g., Schader 2003 Bloom et al. 2003 have failed to pu meaningful constraints on the cosmologicd
parameters, since the aorrelations that were used have very large scatter. It was after the discovery of the
tight Ghirlanda correlation (Ghirlanda & al. 20040 when the GRB cosmology started to make progress
(Dai et a. 2004 Ghirlanda € al. 2004; Xu et al. 2005%; Firmani et al. 2005 Xu 2005. The gproach
was however criticized by Friedman & Bloom (2005 who pdnted ou several uncertainties inherited in the
Ghirlanda relation. Liang & Zhang (2005 discarded the jet model and propaosed the model-independent
Eisc — E, — tp, correlation, which is tight enoughfor the cosmologicd purpose. Lately, Firmani et al.
(20069) discovered atight correlation using prompt emisson dataonly, and wseit to performa cosmologicd
study (Firmani et al. 20068. By combining the GRB standard candles with the Type la SNe data, useful
constraints can be placed onalist of cosmologicd models. The results are generally consistent with the
concordance msmology reveded by WMAP, whil e the high-z nature of GRBs all ows the data to start to
put useful constraints on dyramicd dark energy models (Firmani et al. 2005 Wang & Dai 2006 Nava &
al. 2006 Qin et a. 2006 Mosquera Cuesta & al. 2006 Su et a. 2006 Li et a. 2006 Schaefer 2007).

There are two fundamental difficultiesin the GRB cosmology. The first oneisthe cdibration problem.
Since most GRBs are & high-redshifts where cosmologicd eff eds are important, and since neaby GRBs
may belongto a different popuation, it is esentially impossble to cdibrate aGRB standard cande using
alow-z GRB sample, as has been dore for Type la SNe. Withou a cdibrated candle, thereis a drcularity
problem by using a caxde determined from one csmology to constrain cosmologicd parameters. The
problem could be partialy solved by colleding a sample of GRBs within a redshift bin (e.g., Lamb et al.
2005h Ghirlanda & al. 2006 Liang & Zhang 20060). In particular, Liang & Zhang (2006 showed that
one cax well cdibrate the power law indices of various gandard candle correlations with the method The
coefficient canna be cdibrated, but may be “marginalized” within a range of cosmologies. The required
redshift bin is not too rerrow, say, Az ~ 0.3, so that it may be possble to cdibrate the GRB candesin
the nea future when the sample grows to alarge enoughsize The second, more fundamental difficulty is
to identify a physicdly-based standard candle. As have been discussed in Sedion 33 and Sedion 34, the
physicd originsof Ghirlanda, Liang-Zhangand Firmani relations are still not identified. More frustratingly,
the Ghirlanda relation is not confirmed by the Swift XRT data (Sato et al. 2007, Willingale & al. 20086,
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sugeesting that the relation is not attached to the jet framework. In the pre-Swift era, it has been assumed
that the relations are generally valid (e.g., Firmani et al. 2005 Xu et al. 2005) and simulations were made
to seehow large asampleisrequiredin order to achieve a cetain constraint on cosmology. The observations
by Swift suggest that when deteding a burst, the very first thing to dois to ched whether the previously
proposed standard candes are il satisfied. The growing outliersto the Ghirlandarelation seem to suggest
that one may nee to discard it as a useful cosmologicd toal. The deficiency of late opticd data does not
allow a dea test to the Liang-Zhang relation at the moment. The Firmani relation makes use of prompt
emisson data only and is easier to test. It is probably by far the best GRB standard candle. However, the
physicd origin of the correlationis not understood yet.

5 OUTSTANDING PROBLEMS

Althoughmost have been discussd before, it isinformative to summarizethe outstanding GRB problems
as of late 2006

— GRB classfications and progenitor systems. Are there only two major types of GRBs or is there a
third major category with adistinct progenitor system? Are NS-NS mergersdistinct from BH-NS merg-
ers (or other mergers)? Within the Type Il (coll apsar-related) GRBs, are LL -GRBs distinctly diff erent
from HL-GRBs? What is the very nature of XRFs? Why are there two apparent universal trads for
intrinsic opticd afterglows?

— GRB central engine: How are relativistic jets launched? For distinctly diff erent progenitor systems,
how could the central engines be so similar? In particular, how could a ceitral engine be restarted to
sustain erratic longterm adivities to pover X-ray flares for bath coll apsar-type (Type II) and merger-
type (Typel) GRBs? Does the central engine dso injed energy stealily for alongtime?If so, what is
the observational evidence?It isworth commentingthat the latest analysis of Swift data startsto reved
smoothly decaying comporentsthat are not interpretable within the standard external shock scenarios
(Willingale @ a. 2006 Zhang et a. 2007). Ancther comment is that magnetic fields likely play an
important role & the central engine (e.g., Usov 1992 Thompson 1994 Mészaros & Rees 19971, but
due to intrinsic complications, MHD is usually not incorporated in the central engine models, except
for several fruitful first attempts (e.g., Proga & al. 2003 Mizunoet al. 2004, b).

— Composition of the GRB outflow: Are GRB outflows matter dominated or Poynting-flux dominated?
What isthe evidencefor/against either posshility? A comment here isthat the matter-dominated model
has been regarded as dandard - aslongas the data can be acommodated within the matter-dominated
model, the Poynting-flux-dominated model is not needed. In redity, magnetic fields shoud play an
important role & the central engine, and some tentative evidence of a highly magnetized flow (e.g.,
bold gamma-ray polarizaion, Coburn & Bogg 2003 cf. Rutledge & Fox 2004 Kalemci et al. 2007, the
requirement a higher ¢ in the reverse shock, Fan et al. 2002 Zhang et al. 2003 Kumar & Panaitescu
2003 Fan et a. 200%; Wei et al. 2006 as well as the energetics argument for X-ray flares, Fan et
al. 20059 has been colleded. The GRB outflow shoud be & least hybrid (e.g. with a moderate o
parameter). Studies (e.g., Fan et al. 2004g; Zhang & Kobayashi 2005 Fan et a. 2004 show that the
diff erences with resped to the pure hydrodyramicad models are not prominent for o < 1. In high-o
regime the dynamicd behaviors of the outflow are till not fully understood (seeZhang & Kobayashi
2005 Lyutikov 2006bfor preliminary discussons), and detailed MHD simulations are needed. Due to
intrinsic degeneracy of model predictions (e.g. the reverse shock emisgon is not significant for both
low-o and high-o flows, e.g. Zhang & Kobayashi 2005, adired diagnosis of GRB composition from
the datais not an easy task.

— GRB prompt emisson mechanism and site: Are prompt gamma-rays produced in internal shocks,
at the phaospheres, or in magnetic recmnredion regions? Is the emisgon site “closer-in” (nea pho-
tosphere) or “further-out” (nea decderation radius)? |s the thermal componrent important in the spec
trum? (It isnoted that athermal component may be dso required to fit some of the X-ray flare spedrum,
e.g. Grupe @ al. 2006h. What isthe nonthermal mechanism - synchrotron a Comptonizaion? Related
guestions would be what powers high energy emisson (Ieptonic vs. hadronic) and whether GRBs are
emitters of cosmic rays and high energy neutrinos. These topics will be discussed in Sedion 6.

— GRB jet configuration: Are GRBs collimated at all (this question arises after Swift detected a good
list of GRBswithou showingabred in X-rays sveral months after thetriggers, Willi ngale & al. 2006
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Burrows 2009?If so, what isthe lli mationangle (this questionis raised since some temporal bregks
arenot achromatic, so that one could na always smply use dterglow bregksto estimate the jet opening
angles)? Are jets gructured (maybe needed to interpret some bursts auch as GRB 060124 Romano et
al. 2006k and GRB 061007 Schady et a. 2006H? What conclusion could ore draw regarding the
energetics of GRBs and their statisticd properties (the simple picture of standard energy reservoir no
longer applies)?

— Propertiesand origins of the afterglows. What are the origins of the distinct afterglow comporents
(espedally the shallow decay comporent)? How much can the external shock model explain? What
is the role of the central engine and the internal disdpation regions? What is the nature of temporal
bre&s, espedally the diromatic ones? Swift observations sem to suggest what we cdl “afterglows’
acdually include bath the traditional external comporent and some other componrents unrelated to the
external shocks. X-ray flares are agoodexample of a distinct (late internal disgpation) origin. Even
some smoathly decayingcomporentsmay be dso related to the central engine or theinternal disspation
regions(e.g., Fan et al. 2006 Zhanget al. 2006c). The phenomenal ogicd two-comporent modeling o
Willingale & al (2006 seams to be able to fit most of the X-ray afterglows. One is driven to consider
the physicd origins of the fitting. The most puzzling qiestion is the nature of the &terglow temporal
bre&s, espedally those that are not adhromatic. Extensive data mining and sorting are needed to see
whether some a hoc scenarios (e.g. Zhang 2007 are indeed needed to understand the breeks.

— Propertiesof GRB environment: What is the immediate environment of GRBs? Very ealy data ol-
leaed by Swift and ather ground based telescopes have dlowed a diagnasis of the immediate environ-
ment of GRBs. The data suggest that the GRB immediate environment is a constant density medium
rather than a stratified stellar wind (Zhang et a. 2006 2007h Molinari et al. 2006 Still et al. 2005
Blustin et a. 2006. It then more serioudly raises the question why a Type Il GRB preferentialy lies
in a constant density medium. Other questions include: Is the ambient density of Type | GRBs lower
than that of Type Il GRBSs? Isthe ambient medium clumpy (e.g. Dermer 2006? | sthe ambient medium
magnetized (e.g. Li & Waxman 2006?Isthere an evolution o medium density with redshift (Gouet al.
20047 Are the dust and extinction properties of GRB host galaxies sgnificantly different from those
of Milky Way or SMC/LMC (Chen et a. 2006?

— Properties of GRB shocks: Are the dedrons acceerated to a power law distribution? Is the dedron
power law index universal or unpredictable (the data seem to suggest no unversality of p anongGRBs,
e.g., Shen et a. 2006 cf. Wu et a. 2004 see dso Dai & Cheng 2001for discusson o thep < 2
afterglows)? What define the shock microphysics parameters (e.g. €., €, €tc.)? Are there correlations
between these parameters (e.g. Medvedev 2006 ? Do microphysics parameters evolve with time (e.g.,
Yost et al. 2003 loka ¢ al. 2006 Panaitescu et al. 2006k Fan & Piran 2006)? Numericd (particle-in-
cdl) simulations and analyticd studies have started to answer the fundamental questions abou particle
accéerationand magnetic field generation (e.g., Medvedev & Loeb 1999 Nishikawa ¢ al. 2003 2005
Liang & Nishimura2004 Hededal & Nishikawa 2005 Spitkovsky 2005 Kato 2005 Mil osavljevic &
Nakar 2006, b).

6 OUTLOOK

Although unpecalented information has been colleced for GRBs, there ae yet more observational chan-
nels that are deemed to be important to study GRBs, but are so far sparsely covered. These include the
eledromagnetic spedrum above 10s of MeV, and noreledromagnetic signals auch as high energy neutri-
nos and gravitational waves. These observations are widely expeded to be made in the nea future.

6.1 GRB Sciencewith GLAST

Thelaunch of GLAST (Gehrels & Michelson 1999 in late 2007will open anew erafor GRB studies. The
Large AreaTelescope (LAT) on baard hasawide energy range from < 20 MeV to > 300 GeV. A dedicated
GLAST Burst Monitor (GBM) with energy coverage from ~ 8keV to ~ 30 MeV will promptly locdize
GRBs and perform spedral analysis of the bursts. Complemented by aher space and ground based high
energy phdon cetedors (e.g., Dingus et a. 2004 Horan et a. 2005 Pittori & Tavani 2004 Hinton 2004
Lorenz 2004 Kuboet al. 2004, GLAST will unweil thelast spedral window of GRB observations. With the
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overlapping operations of both Swift and GLAST, GRBs will be studied with a full spedra and temporal
coverage for thefirst time.

Observationally, tentative evidence of distinct high-energy components has been colleced in the past.
Hurley et al. (1994 deteded longlasting high energy emisdon from GRB 940217 which extended 90
minutes after the trigger and included ore 18GeV phaon. Gornzdez & a. (2003 reported the existence of
a distinct high energy comporent in GRB 94101 7which is gpedrally and temporally decouped from the
conventional sub-MeV comporent. Atkins et al. (200Q 2003 suggested evidencefor TeV emisson from
GRB 97041°A by reporting the observation by Mil agrito (the prototype detedor of Milagro), that reveds
an excessof events coincident in time and spacewith the burst.

On the theoreticd side, the fireball model is not short of medhanisms to produce these high energy
phaons. In fad, one could list over a dozen of mechanisms to produce high energy phdons from arela-
tivistic fireball. The dhallenge is how to identify the corred mechanism at work. Thisis also related to the
unknovn GRB compasitionas well as the origin(s) of the prompt emisson and afterglow. The followingis
an urexhausted list, acording to the increasing dstance from the GRB central engine of the high energy
emisgon site.

— During fireball acceeration, protons and neutrons may be decouped if the fireball entropy is high
enough(Derishev et a. 1999 Bahcdl & Mészaros 2000. Indlastic colli sions between neutron and
protonstreanswould produceneutrinosand GeV phaons(Bahcdl & Mészaros2000. For neaby (z ~
0.1) Typel, neutron-loaded GRBs of merger origin, GLAST may be aleto deted prompt 200MeV and
100GeV phaon signatures from this process(Razzajue & Mészaros 2006). For neutron-rich gjeda,
beta decey of the free neutrons would also give unique temporal and spedral signatures that may be
used to diagnose the presenceof freeneutrons (Razzajue & Mészaros 2006H).

— Ininternal shocks, if the sub-MeV emisson that triggers gamma-ray detecors is due to synchrotron
emisson, then a synchrotron self-Compton (SSC) comporent naturally extendsto high energies. High
energy phaonsare likely attenuated with low energy phaonsto producepairs, whose secondary emis-
sion also contribute to the observed spedrum (e.g., Mészaros et a. 1994 Pilla& Loeb 1998 Razzajue
et al. 2004, Pe'er & Waxman 2004, 2005 Takagi & Kobayashi 2005 Pe’er et al. 2005 2006).

— Ininternal shocks, protons are dso accéerated. Their synchrotronemisson a phaon-meson interac
tionwould also leal to high energy phdon emissons. Assuming ogtimistic parameters, these emisson
signatures may be detedable (e.g., Totani 1998 Bhattacharjee& Gupta2003. However, in alarge pa-
rameter space(e.g. e, not extremely low), the proton radiation componrents and the secondary emisson
of the leptons produced in phdo-mesoninteradions are not as sgnificant as the dedron SSC process
and therefore not detedable (Fragile & al. 2004 Razzaue & Zhang 2007 Gupta & Zhang 20070).

— Inthe external reverse shock, SSC would producehighenergy phdonsinthe GeV range(e.g., Mészaros
et a. 1993 Wang et al. 2001a; Granot & Guetta 2003 cf. Kobayashi et al. 2007).

— In the external forward shock, SSC at ealy times also produces sgnificant GeV emisson that is de-
tedable by GLAST (e.g., Mészaros & Rees 1994 Dermer et a. 200Q Zhang & Mészaros 2001k
for more general discusson o SSC processin the external forward shock, seeWei & Lu 1998 2000
Panaitescu & Kumar 200Q Sari & Esin 2001 Wu et al 2005H). In particular, Zhang & Mészéaros(2001H
showed that for the shock parameter regime commonly inferred from the broadband afterglow fits, the
SSC comporent is prominent and detedable by GLAST for GRBs at z ~ 1. Due to the Slow crossng
of the SSC pe&k energy in the GLAST band, GLAST would be &le to deted these extended GeV
emissonsfor hous after the trigger. It isworth commenting that the cdculation of Zhang & Mészéros
(2001h was made by assuming a constant energy in the fireball . The shallow decay phase reveded by
Swift XRT may suggest substantial energy injedionin the ealy phase (Sed. 3.1.3). If thisisthe case,
the SSC signature may be weekened. The presence of X-ray flares would also cod eledrons in the
external shock (Wang et al. 2006h Gou et al. 2006. This suggests a lessoptimistic prediction o the
expeded GeV signals due to SSC in the forward shock region. This model was also used to interpret
the distinct hard comporent in GRB 941017(Pe’ er & Waxman 20045).

— Photons from the forward and reverse shock regions could be inverse Compton scattered by eledrons
in the other regions. These aoss|C processs are important high energy emisson contributors (Wang
et al. 20014, b).
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— The prompt sub-MeV phaon beth may overlap the external shock region (both reverse shock,
Belobarodov 2005 Fan et al. 200%, and forward shock, Fan et a. 200%) if the burst durationislong
enough The dedrons in the shocked region would codl by scatering these prompt gammea-rays and
producehighenergy phaons (Belobarodov 2009. The dfed isespedally important in awind medium
where the decderationradiusis anall (Fan et a. 200%).

— Protonsin the external shock regionwould producehigh energy phaonsthroughsynchrotronemisson
and phdo-meson interadion (Bottcher & Dermer 1998. The parameter spacefor this comporent to
dominateis gnal (i.e. e, < ep, Zhang & Mészéros 2001h, and is not the preferred parameter space
derived from the broad-band afterglow fits.

— Photons from X-ray flares and probably unobserved UV flares would be upscatered by the external
shock eledronsto produce GeV-TeV phaons (Wang et a. 2006k Fan & Piran 20061).

— ST withinthe X-ray flareswould producehigh energy phdons (Wang et al. 2006H).

— If additional soft phaonsare avail able from the GRB progenitor, external | C processeswould boast soft
phaonsto high energies. For example, such a processmay happenin GRBs assciated with SNe (such
as GRB 060218 from which thermal phaons due to the putative SN shock breaout are reprocessed
and boasted in energy (Wang & Mészaros 2006).

— TeV phaonsescgpingfrom GRB fireball swould be atenuated byintergaladicinfrared badkgroundand
producepairs, if the GRB sourceisnot too closeto eath (say z < 0.5). These pairswould upscétter the
cosmic microwave badkgroundand produceGeV phatons, which would be detedable by GLAST if the
IGM magnetic field is wegk enough(to avoid significant defledion of pairs before the interadion with
CMB happens). Such a processwould give rise to a delayed high energy emisson following the GRB
prompt emisson (Plaga 1995 Cheng & Cheng 1996 Dai & Lu 2002; Wang et a. 2004 Razzajue &
a. 2004).

— If aGRB occurred in the past in our galaxy, it is expeded that significant GeV-TeV emisgons occur
from the GRB remnant (loka & al. 2004).

— For bath prompt and delayed high energy emissons, even if they are nat diredly detedable, they
could contribute to the gamma-ray diffuse badkground A more caeful investigation (Casanova 4 al.
2007 suggest that for most optimistic parameters, GRBs are not the dominant contributor to the diff use
gamma-ray badground

Althoughall the ébove posshiliti es have been suggested, it is now high time to perform a more sys-
tematic study o the relative importance of various mecdhanisms. Since ealy afterglow data have been ex-
tensively retrieved by Swift, one can perform more redistic cdculations with the constraints pased by low
energy prompt emisson and afterglow data. Such predictions, when compared with future GLAST data,
would give strong constraints on bah low energy and high energy models, narrow down and identify the
physicd processes happeningin GRBs, and shed light on some outstanding problemslisted in Sedion 5

A prosped of GLAST observationisto constrain the bulk Lorentz fador of GRBs. Thisisan important
unknown parameter of GRB fireball. Due to internal phaon-phaon productions, it is expeded that there
would be a(sharp) spedral cutoff in the prompt GRB spedrum, which has nat been clealy deteded. In the
past, the highest energy phaons have been used to constrain the lower limit of GRB fireballs (Woods &
Loeb 1995 Baring & Harding 1997 Lithwick & Sari 2001). With thedetedion o a dea spedral cutoff, by
combining the variability data, one can give interesting estimates to the GRB bulk Lorentz fadors (Baring
2006. These results could be compared with the Lorentz fador lower limit derived from the ealy X-ray
afterglow data (Zhang et al. 2006 and sometimes independent measurements using the ealy opticd after-
glow data (e.g. Molinari et a. 2006). If the I" measurements of a goodsample of GRBs bemme avail able,
statistica work could be caried out to chedk how I' is correlated with Eig,, Liso, Ep, €tC. These correlations
hald the key to identify the corred prompt gamma-ray emisson model (Sed. 3.4). It is worth commenting
that gamma-rays becme transparent from the fireball again at even higher energies (e.g. PeV), and the
opaque windov becomes narrower with ahigher bulk Lorentz factor (Razzajue & al. 2004).

Swift observations led to many surprises. Is it possble to make some reasonable predictions for
GLAST? The chanceto make such predictionsin the pre-GLAST erais better than that in the pre-Swift era,
mainly because we drealy have detail ed information abou both the prompt emisson and afterglow in the
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“low energy” regime. The followingis alist of bold, rough pedictions for what GLAST would deted for
GRBs.

— Itisamost guaranteed to deted prompt emisgonin the GLAST band, with a posdble spedral cut-off.
The exad locaion o the aut-off depends onthe propertiesof the burst. Generally Type-Il GRBs would
have higher fluences and Type-| GRBs would have lower fluences, mainly becaise their low energy
counterparts are such. Type-l GRBs may have ahigher cut-off energy than Type-Il GRBs (a harder
spedrum and probably a higher T'), but this is not guaranteed. XRFs may nat have significant high
energy emisson.

— High energy emisson typicdly lasts longer than the sub-MeV prompt emisson (due to many poss-
ble reasons listed abowve). The spedrum would have atemporal evolution. Harder phatons tend to be
deteded at later times when the fireball becomes lesscompad for phaons.

— At the low energy regime in the GLAST band, the prompt emisson light curves would have narrower
spikes than the the sub-MeV light curves, a general trend reveded by Swift panchromatic observation
(e.g., Romano et a. 2006k Page & a. 2006H. However, at higher energies when the putative IC
comporent takes over, the light curves would be more smeared ou with less $iarp spikes due to the
noninea I1C processesinvolved.

— Itisposshlethat GLAST would deted bursts for thousand of seaconds. The longlasting emisson may
have abroad temporal bump with flares overlapping ontop o it. The rising and falli ng indices of the
flareswould be less seg (again dueto the nontlinea |C processes), and the flare amplitudeswould be
small er than those of X-ray flares.

More aoncrete predictions require more detail ed study. As suggested by past experience, surprises and
new challenges are dso boundto mergein the GLAST era.

6.2 Other Future Observations

GRB shocks are ided sites to accéerate msmic rays. It has been argued that they are agood candidate
to generate ultra-high energy cosmic rays (UHECRs, Waxman 1995 Vietri 1995 Migrom & Usov 1995
Vietri et al. 2003 Waxman 2004b). GRBs are dso emitters of neutrinasof awiderange of energy. Neutrinas
are one of the main agent to launch the relativistic jet from the central engine. MeV neutrinos from core
collapses would escgpe. Unless the bursts are dose enough these MeV thermal neutrinos are however
uncdetedable. Proton-neutron decougding duing the accéeration phase (Derishev et al. 1999 would pro-
ducemulti-GeV neutrinos (Bahcdl & Mészaros 2000, and pp interadionin internal shocks could produce
30GeV neutrinas (Paczyfhski & Xu 1994. Within the wll apsar scenario, py and pp interadionsin internal
shockswithin the stell ar envelopewould give multi-TeV neutrinas, regardlessof whether the jet would suc-
ces<ully penetrate throughthe envelope to make asuccessul GRB (Mészaros & Waxman 2001, Razzajue
et al. 2003 2004h. In the internal shocks that produce observable GRB prompt emisson, py interadions
typicaly produce 104 eV neutrinos (Waxman & Bahcdl 1997 Rachen & Mészaros 1999. For LL-GRBs,
such as GRB 060218 this comporent typicaly emits neutrinos at higher energies (above 107 eV), and is
probably the most important GRB emisson comporent in this energy range, thanks to the very high event
rate of LL-GRBs (Gupta & Zhang 200'&; Murase & al. 2006. X-ray flares of late internal shock origin
shoud be dso acaompanied by reutrinoemisdon (Murase & Nagataki 2006). In the external shock region,
GRBs produce neutrinos with even higher energies (~ EeV, Waxman & Bahcdl 200Q Dai & Lu 200%,
Dermer 2002 Li et a. 2002. A generic upper limit of the extragaladic neutrino flux has been set up by
Waxman & Bahcdl (1999 see dso Bahcdl & Waxman 200J) using the observed UHECR flux. A list of
km? neutrinoexperiments, e.g. ICECUBE (Hill 2006, ANITA (Barwick et al. 2006, KM3Net (Katz 2006,
Auger (Van Elewyck et a. 2006 are being built and are expeded to deted these possble high energy neu-
trino signals from GRBs. The detedions of high energy neutrinas from GRBs nat only help to constrain
GRB models, but are dso valuable for studying reutrino physics (e.g., Li et a. 2005 GonzdezGarcia &
Halzen 2006. Severa caveds need to be mentioned regarding GRBs as neutrino emitters. First, in order
to maximize the predicted neutrino flux, usually ap = 2 proton spedrum is assumed. Studies of prompt
and afterglow emisson suggest that p is typicdly steeper than 2 for eledrons. If protonsaso havep > 2,
the predicted neutrino flux would drop. Second, usually the neutrino spedrum for a burst with typicad pa-
rametersis taken to estimate the diff use neutrino flux. In principle, one needs to average over bursts with a
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wide range of distributions of luminasity and ather parameters. Such an analysis (Gupta & Zhang 2008)
sugeest that the predicted diff use badkgroundemisgon sensitively depends on some unknovn parameters,
espedally the bulk Lorentz facor of GRBs. The predicted diff use neutrinoflux level is therefore rather un-
certain. On the other hand, the detedion (or tight upper limit) would present severe constraints on the bulk
Lorentz fador distribution of GRBs. Finally, all the cdculations have been performed uncer the assumption
of the baryonic fireball model. If GRB outflows are Poynting-flux dominated, and if the prompt emisson
is due to magnetic reconredion rather than shock acceeration, GRBs are not important contributors to
UHECRs and high energy neutrinos.

GRBsare dso goodcandidate gravitational wave (GW) sources. Thetwo lealing progenitor candidates
for GRBs, i.e. mergers of binary compad objeds (Thorne 1987 Phinney 1991, Kochanek & Piran 1993
Kobayashi & Mészaros 2003 and stellar core-coll apses (Rampp et al. 1998 van Putten 2001, Fryer et al.
2002 Kobayashi & Mészaros 2003, have been suggested as potential GW sources. Fragmentation and
subsequent acaetion of a mllapsing star (King et al. 2005 Piro & Pfahl 2006 and accéeration of a GRB
jet (Sago et a. 2004 would also excite GW of diff erent wave forms. A coincidence between a GW burst
and a GRB would grealy enhance the statisticd significance of the GW signal, making detedions easier
(Finnet al. 1999. The GW frequencies of various phases (in-spiral, merger and ring-down) of both types of
progenitor cover the 10— 103 Hz bandwhich isrelevant to several GW detectors, such asLIGO (Abramovici
et a. 1992, VIRGO (Tournefier et al. 2005, GEO600(Bennoet al. 2003 and TAMA300 (Fujimoto et al.
2005. Dueto theintrinsic faintnessof the signals, only nearby sources (within ~ 200 Mpc for NS-NS and
NS-BH mergers, and within ~ 30 Mpc for coll apsars, Kobayashi & Mészaros 2003 have strong enough
signals to be deteded by LIGO-11. Recent observations of short GRBs of merger origin suggest a higher
event rate than estimated previously (Nakar et al. 20063). Thisis encouragingfor GW detedions of GRBs.

7 CONCLUSIONS

Swift has grealy revolutionized our understanding of GRBs. Comparingwith the status of the pre-Swift era
(e.g. Zhang & Mészaros 2004, we have leaned a lot about GRB classficaion (e.g. the nature of “short”

GRBs, Sedion 2), GRB physics (e.g. ealy afterglow properties, prompt emisson site, etc., Sedion 3

and their cosmologicd setting (Sedion 4). However, new questions and chall enges arise (e.g. Sedion 5).

In particular, some pre-Swift pictures (e.g. the nature of afterglow bre&s and the inference éoou GRB
jet configuration and energetics) have to be modified or even abandored. X-ray flares open a new era of

central engine study. Time is ripe to perform systematic data analyses to pee into the global properties
of the bursts. While one can till gain knowledge from spedal individual events (such as GRB 060218
and GRB 060614, for most of the “normal” bursts, only global statisticad properties can serve to improve
our understanding of GRBs. Swift has colleded and will ke colleding an unpecedented GRB sample
for both prompt emisson and afterglows. Systematicd studies of this sample have just commenced (e.g.,

O'Brienet al. 2006k Willi ngale & a. 2006 Zhanget al. 2007hc; Chincarini et a. 2007 Butler & Kocevski

2007.
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