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Abstract Gamma-ray bursts are the most luminous explosions in theddse, whose

origin and mechanism are the focus of intense interest. @ppgar connected to su-
pernova remnants from massive stars or the merger of temaats, and their bright-

ness makes them temporarily detectable out to the largssindies yet explored in
the universe. After pioneering breakthroughs from spaak gnound experiments,
their study is entering a new phase with observations froenrétently launched

Fermi satellite, as well as the prospect of detections or limisiftarge neutrino and

gravitational wave detectors. The interplay between sbdevations and theoretical
models of gamma-ray bursts is reviewed, as well as their ecions to supernovae
and cosmology.
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1 INTRODUCTION

Roughly once a day, somewhere within our Hubble horizon ai@asray burst (GRB) occurs, which
during the next few seconds or tens of seconds completelywbnvdms the gamma-ray flux from the
rest of the Universe, including the Sun. In fact, the GRB'smppt electromagnetic energy output
during tens of seconds is comparable to that of the Sun-eviery x 1019 years, or to that of our
entire Milky Way over a few years; and their X-ray and optigtierglow over the first day after the
outburst can outshine the brightest quasars, as well asrsaze (SNe), making them potentially
important probes of the distant Universe. Since the disgoyigheir X-ray afterglows by th8eppo-
SAX satellite in 1997 and the subsequent detection of theicalptiounterparts, we have measured
these objects out to the farthest cosmological distandenKs to triggers and measurements from
the Swift (Gehrels et al. 2004) arfeermi (Michelson et al. 2010; Meegan et al. 2009) satellites, we
now have detailed multi-wavelength data for many hundrddsucsts, and redshifts for over 200
of them, and this data set will continue to grow with the couttion of Swift andFermi, and the
possible upcomin@/OM mission (Paul et al. 2011).

GRBs are thought to arise either when a massive stg25(\/) undergoes core collapse, or
possibly when a double neutron star or a neutron star ancck btde (BH) binary merges (Woosley
& Bloom 2006). The first scenario applies to the so-calted) GRBs (LGRBs), whose-ray light-
curves last, =2 s, while the second scenario is the likeliest one so fasfiort GRBs (SGRBs),
whose~-ray light-curves last, <2's (Kouveliotou et al. 1993) (for the latter, this short dioat
refers to photons at = 100 keV; some “short” bursts, at softer energies, have tailsngss long
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as 100s (Gehrels et al. 2009; Vedrenne & Atteia 2009)). hreeiscenario, it appears inevitable that
a compact core object of a few to several solar masses fortmssewadius is on the order of the
Schwarzschild radius for this mass, ~ 105(M/3Mg) cm, over a timescale comparable to a few
dynamic (free-fall) times, which is likely to be a BH. Acdi@t of residual infalling gas leads, if
the core is fast rotating (guaranteed for a binary), to amedion disk whose inner radius ig ~

3r, ~ 107 cm, and the typical variability timescale of accretiortjs~ (2GM/rg)~1/? ~ 1073 s.
The bulk of the gravitational energy, of order a solar resssnar10°* erg is, as in SNe, rapidly
radiated as thermal neutrino&,(;, ~ 10 MeV), and some amount is radiated as gravitational
waves. A smaller fraction, of orddf; ~ 105! — 10°2 erg, is converted into a fireball of equivalent
blackbody temperaturé, ~ few MeV. This energy eventually emerges as the burst, in ohe f

of a jet. However, for purposes of the dynamics, one can gédlgarse (see below) the isotropic
equivalent energyry = E;(47/Q;) ~ 10°3Es3 erg, which with a nominal total burst duration of
tp ~ 10 s implies a nominal isotropic equivalent luminosity, ~ Ey/t, = 1052Lss ergs ! (if
most of that energy is emitted asrays). The number density of photonsrgtis roughly given by
L., = 4rmricn.e wheree ~ kT ~ MeV, and the “compactness parameter” (roughly the optical
depth of a photon with energy m.c? againstyy — ete™ pair production) is

L
Qo Ly ~ 1015’ (1)

U~ Ty~ 0T ~ dmroce
whereo is the Thomson cross section ands the fraction of the luminosity above.c?. This
creates a fireball of gamma-rays, electron-positron paidsat baryons, where most of the entropy
and pressure is in the photons and leptons. The optical dethge, and the radiation pressure
far exceeds gravity, so the fireball expands and becomevigtia. A simple lower limit on the
expansion bulk Lorentz factor follows from the observasiai photons up to> GeV energies,
in some bursts. Such photons, trying to escape the souresdwollide against softer photons and
produce pairsy+~ — e’ +e~, degrading the spectrum tg 0.5 MeV. However the pair production
threshold is angle dependent, and pair production is adafde

e169(1 — cos ) < 2m2ct. 2

In a relativistically moving jet, causality implies thatlgphotons within angle8 < 1/T" can inter-
act, so withe; ~ 30 GeV, g2 ~ MeV, andcos ~ 1 — 02 /2, we see that this implies

I >/ (e1/mec?)(e2/mec?) /2 2102, 3)

A more general constraint dnis obtained by considering the typical photon spectratitistion in
GRBs, which is a broken power law “Band” functiaris) o e=” ph cm=3 MeV !, whereg ~ 1
or 3 ~ 2 for ¢ below or above a break frequengy. ~ MeV (Band et al. 1993; Fishman & Meegan
1995). They~ optical depth at each energy m.c? depends on the optical depth to target photons
at< m.c? satisfying the threshold condition (2), in the jet's comayframe. This optical depth can
be shown to bex I' =9, so for increasingly higli' the source becomes optically thin to increasingly
higher energy photons. The result is that typical GRBs, évre highest energy photons observed
are only 100 MeV, require bulk Lorentz factors in exces§ of 250 (Baring & Harding 1997).

If the entire burst energy is released impulsively, injggtan energyyy over a timescalé,
inside a radiusy, with the numbers comparable to those above, the initiabegtper baryon is
n ~ Eog/Moc?, whereM, is the baryon load of the fireball. If the pressure is mainlg thuradiation
and pairs, the inertia is due to baryons (“baryonic dynaimegime) and the bulk Lorentz factor
initially accelerates ab(r) ~ (r/rg), €.9. Mészaros (2006). After the baryons have become non-
relativistic in their own frame, the expansion changes toasting behavior at a saturation radius
rsat ~ ro7, and the fireball continues to expand freely with~ 1 ~ constant. The observationally
estimated values aé ~ 1 ~ 102 — 102, so the baryon load is typicallj0—> — 10~5M. The
behavior is similar if the energy and mass input is spreadowat accretion times (i.e. outflow
feeding or ejection times) af, ~ 10 — 100 s, as inferred for a “long” GRB. On the other hand, if



Gamma-ray Bursts and Their Links with Supernovae and Casyyol 1141

the fireball pressure, or rather stress tensor, is domiratedagnetic fields, the dynamic behavior
is different; depending on the symmetries of the fields, tbeekeration behavior can range from
I' x r'/3, e.g. Drenkhahn (2002); Metzger et al. (2011); Mészard®e@s (2011) td& o 7 where
1/3 < n<2/3, atleast when the outflow is one-dimensional (Komissara).&009; Narayan et al.
2010). This regime is referred to as magnetically dominate®oynting dominated dynamics.

In practice, the outflow is inferred to be jet-like, ratheanhisotropic, with an average solid
angle(Q;) /4w ~ 1/500 or (f;) ~ 1/30 (Frail et al. 2001; Gehrels et al. 2009). In the case of core
collapse (“long”) GRBs, this can be due to the outer partshefstar providing a massive barrier,
which is best pierced along the centrifugally lighteneation axis, along which the fireball escapes.
The stellar envelope provides a sideways pressure whiamel&the jet. However, as long as the
jet opening anglé; exceedd /T" ~ 1072 (i.e. 20.5°), which is generally the case, the expansion
occurs as if it were isotropic: causality prevents the gasmfhaving any knowledge of what happens
outside an anglé/I". For compact binary mergers, the data on jet opening angtemach sparser,
but the average value may not be too different (Fong et alRp01

In what follows, Section 1 describes the observations,i@e& discusses the standard picture
of the photon spectrum, Section 3 deals with the prompt Melégion, Sections 3.1 discusses pho-
tospheric models and 3.2 discusses magnetic models, Bdatiescribes the GeV phenomenology.
Section 6 deals with hadronic models, Section 7 with gréeital waves and Section 8 with neutri-
nos from a GRB, Section 9 discusses progenitors and thersaygeconnection, Section 10 is about
the high redshift GRBs, Section 11 describes the cosmologpection, and Section 12 discusses
future prospects.

2 OBSERVATIONS

The Swift mission, launched in 2004 November, finds bursts and obséhesprompt phase with
the Burst Alert Telescope (BAT). The afterglow is then olisdrwith the X-Ray Telescope (XRT)
and the UV Optical Telescope (UVOT). Measurements of thehidand studies of host galax-
ies are typically done with large ground-based telescopgeshwreceive immediate alerts from the
spacecraft when GRBs are detected. Swift has recordedr bipédargest number of well-localized
bursts, afterglow observations and redshift determinatié\s of 2012 April 1, BAT has detected
669 GRBs (annual average rate~0f90 per year). Approximately 80% of the BAT-detected GRBs
have rapid repointings (the remaining 20% have spaceavafitaints that prevent rapid slewing).
Of those, virtually all long bursts observed promptly haegedted X-ray afterglow. Short bursts are
more likely to have negligible X-ray afterglow, fading rd}yi below the XRT sensitivity limit. The
fraction of rapid-pointing GRBs that have UVOT detectiori$5%. Combined with ground-based
optical observations; 60% of Swift GRBs have optical afterglow detection. There are so far (mid
2012) about 20®wift GRBs with redshifts, compared with 41 in the pre-Swift erbe Tedshift
distribution of Swift GRBs is shown in Figure 1.
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Fig.1 Redshift distribution and cosmic look-back time of GRBseT3wift GRBs are in blue, the
pre-Swift GRBs in yellow and the co-moving volume of the Usie is the red curve. The GRBs
roughly follow the co-moving volume (Gehrels et al. 2009).
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TheFermi mission, launched in 2008 June, has two instruments, then@@aray Burst Monitor
(GBM) and the Large Area Telescope (LAT). The GBM has sdattdn detectors and covers the
energy range from 8 keV to 40 MeV. It measures spectra of GRBsdatermines their position to
~ 5° accuracy. The LAT is a pair conversion telescope coveriegethergy range from 20 MeV
to 300 GeV. It measures spectra of sources and positions tilvem accuracy ok 1°. The GBM
detects GRBs at a rate ef 250 per year, of which on average 20% are short bursts. Thedefdcts
bursts at a rate of 8 per year.

3 THE PHOTON SPECTRUM: STANDARD PICTURE

The expansion converts internal energy into bulk kinetiergy, so that the gas cools in its own rest
frame and soon becomes an inefficient radiator. In the alksehdissipation, at the photospheric
radiusr,, where the flow becomes optically thin to scattering (whiahtfaryon dominated dynam-
ics usually occurs above the saturation radiys) the escaping radiation would carry only a small
fraction of the burst’s kinetic energy, and might be expedtehave a quasi-blackbody spectrum
(Paczynski 1986; Shemi & Piran 1990). This motivated thebfileshock model, where the bulk
kinetic energy is reconverted by shocks into random particiergy, and hence into non-thermal
radiation, at radii beyond the scattering photosphereyavttee flow is optically thin; this could be
at either the external shocks (Rees & Meszaros 1992; MesZaRees 1993b), where the jet inter-
acts with external (e.g. interstellar) matter, or at inééshocks (Rees & Meszaros 1994) occurring
within the jet, at radii intermediate between the photosplaad the external shock radius. These
radii can be expressed as

ron =~ (Lor/dnmyc®n®) ~ 4 x 102 L., 5om5 2 cm,
ety ~ 3 x 1093 5ty o cm,

1

Tdis

Tdee = (3E0/47Tncxtmp62n2)1/3 ~ 2 X 1017E51?{2n61/277§/3 cm. 4)

Here the photospheric radius assumes baryonic dynamies (ReéMeszaros 1994, for magnetic
dynamics see Mészaros & Rees 2011). The dissipatiomiimtehock) radiusg; follows from the
relativistic relation between observer tirhghe radius- and Lorentz factor; ~ I'?ct. Considering
two shells of matter ejected at time intervals comparabtéeovariability timescale of ejection,,
with Lorentz factors differing byAT" ~ T", and the deceleration radiug.. where external shocks
start, following from the energy conservation assumptign~ (47/3)r3. . nextmpc?I'2, when the
swept up matter has been shock-heated to an energy comgtr i explosion energy (with~ 7,
see e.g. Mészaros 2006 for details).

In the (collisionless) shocks, the particles are reheatduermal energies comparable to the pre-
shock relative kinetic energies per particle. The inteshalcks are semi-relativistic (sined” ~ T',
the relative Lorentz factol,.; = (1/2)[(I'1/I'2) + (I'2/T'1)] is semi-relativistic), and this results
in a shock luminosityls, = €5, Lo Where L is initial kinetic luminosity Ly, = Eon/thc2 and
the shock dissipation efficieney, < 0.1. Particles repeatedly bounce across the shock, scattgred b
magnetic irregularities whose energy density can be asstortguild up to some degree of equipar-
tition with the proton’s thermal energy, so the comoving metir field isB’2/87r ~ epdl% m,c?
(primed quantities are in the comoving frame), whege< 1. The repeated crossing Fermi acceler-
ates the particles according to a relativistic power laned& Meszaros 1992, 1994); the minimum
electron (comoving) random Lorentz factorys,, ~ ee(mp/me)lrer > 1 (for internal shocks
Tl ~ 1, while for external one¥,.; ~ 7) and one expects a power laW(~.) x ~, ? above that,
with p ~ 2 — 2.3. One also expects something similar for the protons in thve flo

i) Internal shock prompt radiation: The electrons in the internal shock will emit synchrotron
and inverse Compton (IC) radiation, leading to a non-thébraken power law photon spectrum,

roughly similar to the observed “Band” spectra (Meszarose®ef1993b; Rees & Meszaros 1994).
For reasonable values éf 1, t,,, e 5, €. the synchrotron peak energy (observer frame) correspgndin
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to the minimuny. ,, is comparable to the observed Band spectral break energies,

Y2
Y2es/2_152 ey, (5)

Esy,m ~ Ebr ~ 1 €5 €, 5,
N2.50v,—2

Equation (5) assumes the randomized kinetic luminositytarnal shockd.y;, to be related to their
~-ray luminosity throughL., = e.Lq,, which is true in the fast cooling regime where cooling time
is shorter than the dynamic tint§,,,. < ¢, (Sari et al. 1998), which, for internal shocks, is true
(Waxman 1997). In this fast cooling regime, for a typicalrieelectron index op ~ 2 the photon
spectral index above,,, is expected to be(c) o« ¢~ #/2~1 « ¢=2 phecm? s, as is typical
for the high energy branch of the canonical Band spectrurne. Sjimchrotron model predicts that
belowe., ., alow energy branch(s) o ¢~2/3, which through superposition of maxima for various
parameters could fit the observed Band average low energglords) o« e~ (Meszaros & Rees
1993b) (but flatter spectra are a problem, see below).

ii) External shock radiation and after glow: At rq4.. the relativistic ejecta has used up about half its
initial energy in sweeping up an amouhk,, ~ Mejecta/n Of €xternal material, driving a forward
shock into the external gas and a reverse shock into theaejElgis occurs at an observer time

tdec,0 ~ Tdee/(2¢n?) =~ 10 (E53/n0)1/377;§/3 S. (6)

The forward shock is initially highly relativisticl’s, ~ 7, soT'ets ~ 7 and the synchrotron
spectrum is in the hard X-rays or gamma-rays. The reversekdhalds up slowly and for usual
conditions becomes semi-relativistl, s ~ 1 at the deceleration time, when it crosses the ejecta.
For this reason its. \ is smaller than that of the forward shock electrons, and ¢hrerse shock
spectrum peaks in the optical or UV (Meszaros & Rees 1993/d)9 Beyond-4.. the expansion
continues but it is increasingly slowed down due to an ingirepamount of swept up matter. In the
adiabatic approximation, the bulk Lorentz factor changemfbeing~ n ~ constant to a power
law, with declining behavior given b, o T2, or

T~ n(r/raee) /2. ()

In both the forward and the reverse shock, one again expectsifacceleration of electrons ac-
cording to a power law distribution leading to synchrotrowl &hverse Compton radiation, but the
synchrotron break energy becomes softer in time as the [Boppbst decreases in accordance with
Equation (7). This leads to an afterglow (Meszaros & Ree§approgressing from X-rays through
optical to radio lasting from minutes to days to months, Wlitixes decaying as power laws in time.
This prediction was indeed confirmed by observations withBleppo-SAX satellite in the X-ray
(Costa et al. 1997) and with ground telescopes in the opfieal Paradijs et al. 1997) afterglow
of GRB 970228, soon followed by the first confirmation of a cokigical redshift (Metzger et al.
1997) and a radio detection (Frail et al. 1997) for GRB 97030 amount of data on, and under-
standing of, afterglows has since increased enormousye g Gehrels et al. (2009); Vedrenne &
Atteia (2009).

The external reverse shock gas, most luminous at t4.., iS in pressure equilibrium with
forward shock gas, and having a higher particle density amaller energy per electron than the
forward shock, its synchrotron spectrum peaks in the O/UNs Was predicted to lead to an observ-
able prompt optical emission (Meszaros & Rees 1993a, 19%ta) detected with robotic ground
telescopes such as ROTSE (Akerlof et al. 1999) triggeredbgexraft detections; the number of
such detections is now several dozen (Gehrels et al. 2009).

The external forward shock is expected to also give rise té€Caoomponent, in particular a
synchrotron-self-Compton (SSC) from upscattering its eyumchrotron photons (Meszaros & Rees
1993a, 1994), which would appear in the GeV range. Such Ga¥s@n has already been detected
by EGRET (Hurley et al. 1994), and more recently by the FerAdi,le.g. Abdo et al. (2009b). This
is discussed in Section 5.
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4 PROMPT MEV EMISSION: ISSUES AND DEVELOPMENTS

Issues arise with the radiation efficiency of internal sksethich is small in the bolometric sense
(5%-10%), unless the different shells have widely diffgrirorentz factors (Spada et al. 2000;
Beloborodov 2000; Kobayashi & Sari 2001). The MeV efficiergglso substantially affected by IC
losses (Papathanassiou & Meszaros 1996; Pilla & Loeb 1898&)e BATSE range being typically
~ 1%—5%, both when the MeV break is due to synchrotron (Kumar 1998g8pet al. 2000; Guetta
et al. 2001) and when it is due to inverse Compton (Panait&ddészaros 2000).

The synchrotron interpretation of the GRB radiation is thestattractive; however, a number of
effects can modify the simple synchrotron spectrum. Onfggisthe cooling could be rapid, i.e. when
the comoving synchrotron cooling tintg, = 9m3c®/4e*B"?v. ~ 7 x 10%/B'*. s is less than the
comoving dynamic time),,, ~ r/2cT’, the electrons cool down ta. = 6wmec/or Bt} and the
spectrum above, ~ I'(3/87)(eB’ /mec)y? is F,, oc v~ /% (Sari et al. 1998; Ghisellini et al. 2000).

The radiative efficiency issue has motivated investigatiagous alternatives, e.g. relativistic
turbulence in the emission region (Narayan & Kumar 2009; Ku&Narayan 2009). This assumes
that relativistic eddies with Lorentz factoys ~ 10 exist in the comoving frame of the bulk> 300
flow, and survive to undergo at leastchanges over a dynamic time, leading both to high varigbilit
and better efficiency. Various constraints may however piiffieulties (Lazar et al. 2009), while
numerical simulations (Zhang & MacFadyen 2009) indicas tklativistic turbulence would lead
to shocks and thermalization, reducing it to the non-nalgtit situation.

The synchrotron spectral interpretation faces a problem the observed distribution of Band
low energy spectral indice$ (whereN. « % below the spectral peak), which has a mean value
081 ~ —1, but for a fraction of bursts this slope reaches positiveieslb, > —2/3 which are in-
compatible with a low energy synchrotron asymptgte= —2/3 (Preece et al. 2000). Possible
explanations include synchrotron self-absorption in the) (Granot et al. 2000) or in the optical
range up-scattered to X-rays (Panaitescu & Mészaros)20@ pitch angle scattering or jitter radi-
ation (Medvedev 2000, 2006), or time-dependent acceterdliloyd-Ronning & Petrosian 2002),
where low-pitch angle diffusion might also explain high egeindices steeper than predicted by
isotropic scattering.

Pair formation can become important (Rees & Meszaros 198gathanassiou & Meszaros
1996; Pilla & Loeb 1998) in internal shocks or dissipatiogioms occurring at small radii, since a
high comoving luminosity implies a large comoving compastparametéf > 1. Pair-breakdown
may cause a continuous rather than an abrupt heating antblesgklf-regulating moderate optical
thickness pair plasma at sub-relativistic temperatuiggesting a Comptonized spectrum (Ghisellini
et al. 2000). Copious pair formation in internal shocks mafact extend the photosphere beyond
the baryonic photosphere value (4). Generic photosphereipternal shock models (Mészéaros &
Rees 2000b; Mészaros et al. 2002; Ryde 2005), includiegthission of a thermal photosphere as
well as a non-thermal component from internal shocks oatsfdt, are subject to pair breakdown,
which can produce both steep low energy spectra, prefereztkb and a power law at high energies.
A moderate to high scattering depth can lead to a Comptodilequim which gives spectral peaks
in the right energy range (Pe’er & Waxman 2004). Pair enriehinof the outflow (due to back-
scatteredy interactions) can in general affect both the radiative iefficy and the spectrum (Madau
& Thompson 2000; Thompson & Madau 2000; Mészaros et all2B8loborodov 2002; Thompson
2006).

4.1 Photospheric Models

In the synchrotron interpretation, the observed peak ®aqy is dependent on the bulk Lorentz
factor, which may be random, and since the observed pealearpp be concentrated near 0.2—
1 MeV (Gehrels et al. 2009), the question can be posed whtttises indeed due to synchrotron, or
to some other effect. An alternative is to attribute a prefépeak to a blackbody at the comoving
pair recombination temperature in the fireball's photosph&ichler & Levinson 2000). In this
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case, a steep low energy spectral slope is due to the Raylemfis part of the photosphere, and
the high energy power law spectra and GeV emission requieparate explanation (Mészaros &
Rees 2000b). A related explanation has been invoked (Thamp894), considering scattering of
photospheric photons off MHD turbulence in the coastingiparof the outflow, which up-scatters
the adiabatically cooled photons to the higher observealkeaergy and forms a power law.

For a photosphere occurring at< rg,¢, which in a baryon-dominated model requires high
values ofp, the radiative luminosity in the observer’s frame is undiisited, sincet’, ; o r—*
butT' oc r SO Eyaq ~ constant, oLy, o r2T27'* « constant, sincd” o r—'. However, for
more moderate values of the photosphere occurs at> r.,;, and whereas the kinetic energy
of the baryons ik, ~ Ey ~ constant the radiation energy dropsi sy o (r/rsat)_2/3, or
Lon ~ Lo(rpn/7sat) ~2/® (Meszaros & Rees 1993b; Mészaros & Rees 2000b). This wirakef
the photospheric luminosity leads again to a lowered effwieas well as a lower peak energy than
observed. However, if the photosphere is dissipative (dwhocks or other dissipation occurring at
or below the photosphere) then a high efficiency is regaiaed the thermal peak photon energies
are in the range of observed Band peaks (Rees & Mészards).2A0 important aspect is that
Compton equilibrium of internal shock electrons or pairthvihotospheric photons lead to a high
radiative efficiency, as well as to spectra with a break atritjiet preferred energy and steep low
energy slopes (Rees & Mészaros 2005; Pe’er et al. 200%)20&lso leads to possible physical
explanations for the Amati (Amati et al. 2002) or Ghirlan@hirlanda et al. 2004) relations between
spectral peak energy and burst fluence (Rees & Mészards Z8@mpson et al. 2007).

4.2 Magnetic Models

An alternative set of models for the prompt emission assumagthis is due to magnetic reconnec-
tion or dissipation processes, or else to the external sidagnetic models fall into two categories,
one where baryons are absent or dynamically negligiblesagtlinitially (Usov 1994; Drenkhahn
2002; Drenkhahn & Spruit 2002; Lyutikov & Blandford 2003pdanother where the baryon load is
significant, although dynamically sub-dominant relativghie magnetic stresses (Thompson 1994;
Meszaros et al. 1994; Thompson 2006). These scenarios vioald cases still lead to an exter-
nal shock, whose radius would again be giverrfpy. in Equation (4), with a standard forward blast
wave, but possibly a weaker or absent reverse shock (Meszbah 1994; Meszaros & Rees 1997a),
due to the very high Alfvén (sound) speed in the ejecta. RFersame reason, internal shocks may
be prevented from forming in magnetized outflows. HoweVes, depends on the magnetization pa-
rametero; if not too large, reverse shocks (Zhang & Kobayashi 200an@ios et al. 2008; Narayan
et al. 2011) or internal shocks might still form as describgdran et al. (2004), although with dif-
ferent strengths and radiation characteristics. In faotefnal” dissipation regions may form due to
magnetic reconnection, at radii comparable but differimgrfrq;s of Equation (4), where electric
fields due to reconnection (instead of a Fermi mechanisnd)te@article acceleration, and a high
radiative efficiency is conceivable.

A hybrid dissipation model, entitled ICMART (Zhang & Yan 201 involves a hybrid mag-
netically dominated outflow leading to semi-relativistichulent reconnection. Here a moderately
magnetizedr = (B'* /4mp'c*) < 100 MHD outflow undergoes internal shocksas- 1, leading to
turbulence and reconnection which accelerates electtoraslar > 10'° cm. These involve fewer
protons than usual baryonic models, hence they have lespicoious photospheres and significant
variability, and the efficiency and spectrum are argued i lalvantages over those in the usual
synchrotron internal shock models.

The baryon-free Poynting jet models resemble pulsar windetsp except for being jet-shaped,
as in AGN baryon-poor models. The energy requirements of B @dtropic-equivalent luminosi-
ties L, > 10°? erg s!) require magnetic fields at the base in excesBof 10! G, which can be
produced by shear and instabilities in an accreting torasrat the BH. The energy source can be
either the accretion energy, or via the magnetic coupling/éen the disk and BH, with extraction
of angular momentum from the latter occurring via the BlamdfZnajek mechanism (Blandford
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& Znajek 1977). The stresses in this type of model are imjtiadlagnetic, also involving pairs and
photons, and just as in purely hydro baryon-loaded modelg kkad to an initial Lorentz factor
growthT" o  up to a pair annihilation photosphere (Meszaros & Rees 199 s provides a first
radiation component, typically peaking in the hard X-rayMeV, with upscattering adding a high
energy power law. Internal shocks are not expected beyasgltotosphere, but an external shock
provides another IC component, which reaches into the Ga¥/fange.

The baryon-loaded magnetically dominated jets have @iffeacceleration dynamics than the
baryon-poor magnetic jets or the baryon dominated hydrandhya jets: whereas both of the latter
cases initially accelerate &sx r and eventually achieve a coasting Lorentz faétor L.,/ Mc?,
the baryon-loaded magnetically dominated jets have atyaoiepossible acceleration behaviors,
generally less steep than the above. In the simplest tredainfi@ homogeneous jet with transverse
magnetic field which undergoes reconnection, the acc@er& I’ o r'/? (Drenkhahn & Spruit
2002; Mészaros & Rees 2011), but in inhomogeneous jetsentfie magnetic field and the rest
mass varies across the jet, the average acceleration riroge$ o '/ to various other power
laws intermediate between this afidx » (McKinney & Uzdensky 2012; Metzger et al. 2011). Few
calculations have been made (Giannios & Spruit 2007) of Xipeeted (leptonic) spectral signatures
in the simpler magnetized outflow photospheres, typically one-zone steady state approximation,
showing that a Band-type spectrum can be reproduced.

5 GEV-TEV PHENOMENOLOGY AND MODELS

The firstFermi GRB observations, starting in late 2008, soon yielded a raurobsurprises. One of
the first bright objects showing radically new features w&B®80916C (Abdo et al. 2009b), in
which the GeV emission started only with a second pulse, livhias delayed by 4 s relative to
the first pulse, visible only in MeV (Fig. 2).

The spectra of GRB 080916C consisted of simple Band-typkdorpower laws, with the first
pulse having a soft high energy index disappearing at GeMHhausecond and subsequent pulses
having harder high energy indices reaching well into the GaWe. There was no evidence for a
second spectral component (such as that expected fronsé@ampton or hadronic effects). The
peak energy of the Band function evolved from soft to hard laack to soft, but in this as well
as in otherFermi LAT bursts, the GeV emission persisted in afterglows tyliydasting = 1000 s.

On the other hand, in a few bursts, such as GRB 090902B (Abdb 2009a), a second spectral
component did indeed appear, ft significance, and also a lower energy power law extension
whose significance is lower but suggestive. Another burt ahigh energy second component was
GRB 090926A (Ackermann et al. 2011), with this one showintparccut-off or turnover to the high
energy power law (Fig. 3).

A significant advance fronfFermi LAT was the discovery of the first Geéhort burst,
GRB 090510 (Ackermann et al. 2010), whose general behawicufiing a GeV delay) was quali-
tatively similar to that of long bursts. Several more shantsts have been discovered subsequently
with the Fermi LAT.

The Fermi LAT extended emission, if one ignores various details, haalatively simple in-
terpretation in terms of conventional forward shock leptaynchrotron models (i.e. relying on
accelerated electrons efe~ pairs) (Ghisellini et al. 2010; Kumar & Barniol Duran 2008uch
models provide a natural delay between an assumed promptevtession (assumed implicitly to
come from, e.g. internal shocks or other “inner” mechanjsansl the GeV emission from the ex-
ternal shock, which starts after a few seconds of time delawever, by more carefully taking into
account the constraints provided by the Swift MeV and X-rageyvations, and carefully consid-
ering the accompanying IC scattering and Klein-Nishinaa#, it is clear that at least during the
prompt emission, there must be a subtle interplay betweemshbrter lasting mechanism provid-
ing the MeV radiation and the mechanism or emission regispassible for the bulk of the longer
lasting GeV radiation (Corsi et al. 2010; De Pasquale etdl02He et al. 2011). One general short-
coming of these early studies was a postponement of addgebs interaction of the GeV emission
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Fig.2 Light curves of GRB 080916C showing the GBIy two curves) and the LAT pottom three
curves) energy ranges (Abdo et al. 2009b).

with a specific, self-consistent model of the prompt emissiiocluding the radiative inefficiency in
an implicit internal shock assumption.

A resolution of this problem is possible if the prompt MeV Biaspectrum is due to an efficient
dissipative photosphere (baryonic, in this case) with aarimal shock upscattering the MeV pho-
tons at a lower efficiency, giving the delayed GeV spectruom{@ et al. 2011b). Alternatively, for a
magnetically dominated outflow, where internal shocks nayncur, an efficient dissipative photo-
spheric Band spectrum can be up-scattered by the extermeit simd produce the observed delayed
GeV spectrum (Veres & Mészaros 2012). Depending on thempeters, the combined spectrum can
look like a two-component or a single Band spectrum (Fig. 4).

On the other hand, a delayed GeV spectrum can also be expgadiedronic models, which
assume the co-acceleration, along with the electrons, atbps which undergo electromagnetic
cascades and synchrotron losses along with their secesd&azzaque 2010; Asano et al. 2009a;
Murase et al. 2012; Asano & Mészaros 2012), see Section 6.
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Fig. 3 Spectra of GRB 090926A froRermi at four different time intervals, a= [0.0-3.3 s], b=[3.3—
9.7s], c=[9.7-10.5s], d=[10.5-21.6 s] (Ackermann et alL10

The LAT data show that a fraction of GRBs are emitting (intlsvn rest frame) photons in the
energy range of at lea80 — 90 GeV. A patrtial list of Fermi LAT detections (Omodei et al. 20 bf
maximum observed photon energies and redshifits.(., z) is (13.2, 4.35), (7.5,3.57), (5.3, 0.74),
(31.3, 0.90), (33.4, 1.82), (19.6, 2.10), (2.8, 0.897)3,8.37). This list shows that (i) even> 4
bursts can producg, > 10 GeV photons at the observer, and (ii) some 1 bursts can produce
E, > 30GeV photons at the observer. This is highly encouragingHeranned large Cherenkov
Telescope Array (CTA), as described in recent reviews (Bt al. 2011; Funk & Hinton 2012).
The CTA detection rate is estimated (Bouvier et al. 2011)e®.lf — 1.6 per year, based on the
rate of Swift triggers (although GBM triggers on Fermi arersfrequent, their positional accuracy
is poorer). This rate is affected by uncertainties in thetfom of bursts which emit in the GeV
range, relative to those emitting below 100 MeV (Guetta eR@ll1; Beniamini et al. 2011). For
example, as of 2011 February, in 2.5 years, Fermi LAT deteitter bursts at energies 10 GeV
(or 20 at> 0.1 GeV) out of some 700 bursts detected by Fermi GBMvat 100 MeV. This very
small fraction of the total £ 1%) of course is in part due to the size constraints under wipelcs
detectors must operate.

In the standard internal shock model of prompt emissionjrtra-sourcey~ absorption typi-
cally prevents photons in excess of a few GeV from emergiagékhanassiou & Meszaros 1996;
Pilla & Loeb 1998), unless the bulk Lorentz factor is abev&00 (Razzaque et al. 2004). For pho-
tospheric models of the prompt emission, e.g. (Belobor@fi), photons in excess of 10 GeV can
escape the source from radij, ~ 10'® cm, and such radii are also inferred phenomenologically
from one-zone analyses of the Fermi data of GRBs. Howevest ofdhe GeV emission occurs dur-
ing the afterglow, which is good for ground-based TeV Chkosrtelescopes, whose reaction time
can be slower. Indeed, the GeV emission can last up 00 s, far longer than the- 2 — 50 s
of the MeV emission. In the standard external shock scentiwéocompactness parameter is smaller
than in the internal shock, and inverse Compton scattesiegpected to lead to multi-GeV and TeV
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Fig.4 A magnetically dominated leptonic model where the MeV Bapelcsrum is due to photo-
spheric emission, there are no internal shocks, and thenateeverse and forward shock upscatter
the MeV photospheric spectrum into the GeV range. Paramatertypical foFermi LAT GRBs,
but in some cases leatbp) to a two-component spectrum, while in othebstfom panel) it can be
fitted as a single Band spectrum extending to the GeV range$\& Mészaros 2012).

photons (Meszaros et al. 1994; Meszaros & Rees 1994), wétletbails depending on the electron
distribution slope and the radiative regime (e.g. slow @t faboling). This scenario is thought to
be responsible for the afterglows of GRBs (Meszaros & Re@34) and is also thought to be re-
sponsible for the extended GeV emission observed by LAT s@¢Gaisellini et al. 2010; Kumar
& Barniol Duran 2009; Wang et al. 2010; Zhang et al. 2011). @irse, propagation in the inter-
galactic medium from high redshifts leads to additiopal— e* interaction with the extragalactic
background light or EBL (Coppi & Aharonian 1997; Finke et 2010; Primack et al. 2011), the
threshold for which depends on the photon energy and thesoedshift.

Thus, if TeV emission is produced, it is mainly expected talbeectable from < 0.5, while the
10-30 GeV emission should be (and is) detectable from higlushifts. Thus, the GeV detectability
is dictated by the source physics, the source rate and thediate source environment. The source
rate, based on MeV observations, is well constrained (Gebktel. 2009), while effects from the
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near-source environment can be reasonably parametrized3igmore & Ramirez-Ruiz 2010). The
source physics, however, has large uncertainties. Forgheam an external shock model the simple
synchrotron self-Compton (SSC) model can be additionaiypglicated by the scattering of pho-
tons arising at other locations well inside the externatkhe.g. from the photosphere (Toma et al.
2011b), or from an inner region energized by continued e¢etrgine activity (Wang et al. 2006).
Similar uncertainties about the soft photon source andilmtavould affect hadronic cascade mod-
els. The observed GBM high energy spectral slopes are in rasgs steep enough not to expect
much GeV emission from their extrapolation (Omodei et all2Qwhile in other cases the LAT
spectrum shows a cutoff or turnover, e.g. in GRB 090926B gaaiann et al. 2011). Nonetheless,
all things considered, the estimate (Bouvier et al. 2010)df- 1.6 CTA detections per year appears
to be a conservative lower limit.

6 HADRONIC MODELS

If GRB jets are baryonic, or magnetically dominated but vatmon-negligible baryon load, the
charged baryons should be co-accelerated with the electnoany shocks or reconnection zones,
and hadronic processes would lead to both secondary higlgyepbotons and neutrinos. Monte
Carlo codes have been developed to model hadronic effeotativistic flows, includingy, v cas-
cades, Bethe-Heitler interactions, etc. For example, Asdral. (2009a,b) used such a code to cal-
culate the photon spectra from secondary leptons resuitorg hadronic interactions following
proton acceleration in the same shocks that accelerateaprietectrons in GRBs. The code uses
an escape probability formulation to compute the emergiegsa in a steady state, and provides
a detailed quantification of the signatures of hadroniaat&ons, which can be compared to those
arising from purely leptonic acceleration. Spectral fitstef Fermi LAT observations of the short
GRB 090510 were modeled by Asano et al. (2009a) as electrahsytron for the MeV component
and photohadronic cascade radiation for the GeV'’s disfinater law component.

Since acceleration as well as cascade development candaleetsne, in principle even one-
zone models might result in GeV-MeV photon delays. For eXanfpazzaque (2010) assumes for
GRB 090510 the prompt MeV to be electron synchrotron and te¥ ® be proton synchrotron,
whose cooling time cranks down the photon energy into the @&lge on a delay timescale of a
few seconds, with the electron plus proton synchrotron mgrigito a single Band function with the
approximate spectral slope of the GeV photons. A more ramayzone hadronic calculation (Asano
& Mészaros 2012) shows that even when proton synchrosarot important, hadronic cascade
development leads to a second GeV component, with time slelayparable to the observed ones
(Fig. 5, right panel). Similar delays can, however, be albtaimed in purely leptonic two-zone
photosphere plus external shock models (Asano & MésZibs) (Fig. 5, left panel).

Hadronic interactions can also have implications for a lorgy photon power law below the
Band function, perhaps resulting in a GRB optical promptflas discussed by Asano et al. (2010).
For the usual Band MeV spectrum produced by conventionsdfépmechanisms, the acceleration
of hadrons leads to secondaries whose radiation produtesiiogh energy “extra” GeV compo-
nent and a prompt bright optical emission from secondarglsyairon. This might explain, e.g. the
observed “naked eye” 5th magnitude flash of GRB 080319B Ragusin et al. (2008).

Hadronic binary collisions in baryon-loaded jets can alsanbportant, both for efficient energy
dissipation and for shaping the photon spectrum. This isulise the baryons will consist of both
protons p) and neutronsr(), especially if heavy elements are photo-dissociated.pgrb&ons are
coupled to the radiation during the acceleration phaseheutéutrons are carried along only thanks
to nuclear p, n) elastic collisions, whose characteristic timescale abes@oint becomes longer
than the expansion time. At this point tipeand n radial relative drift velocityv approaches,
leading to the collisions becoming inelasticy n — 7+, 7%, in turn leading to positrons, gamma-
rays and neutrinos (Bahcall & Mészaros 2000). Such itields, ) collisions can also arise in
jets where the bulk Lorentz factor is transversely inhonmegeis (Mészaros & Rees 2000a), e.g.
going from large to small as the angle increases, as expéuigtvely from a jet experiencing
friction against the surrounding stellar envelope. In scabes, the neutrons from the slower, outer
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Fig.5 Temporal evolution of the observable spectral photon fluxtyfpical Fermi LAT parameters,
from Monte Carlo simulationd.eft: a purely leptonic two-zone model with a photospheric (MeV)
Band component and upscattering into the GeV range by a dhattler out (Asano & Mészaros
2011).Right: a one-zone hadronic model, where electron synchrotrosseom produces the Band
MeV spectrum and hadronic cascade secondaries producethsp&ctrum, as well as a low energy
component (Asano & Mészaros 2012).

jet regions can diffuse into the faster inner regions, legdo inelastic(p, n) and(n,n) collisions
resulting again in pions. An interesting consequence dfeeitadial or tangentialn, p) drifts is
that the decoupling generally occurs below the scatterhmgsphere, and the resulting positrons
and gamma-rays deposit a significant fraction of the redadtimetic energy into the flow, reheating
it (Beloborodov 2010). Internal dissipation below the pispthere has been advocated, e.g. Rees
& Mészaros (2005), to explain the MeV peaks as quasi-taéphotospheric peaks (Ryde et al.
2011; Pe’er 2011), while having a large radiative efficier8ych internal dissipation is naturally
provided by(p, n) decoupling, and numerical simulations (Beloborodov 20d8@icate that a Band
spectrum and a high efficiency is indeed obtained, which mesrihe case even when the flow is
magnetized up tegp = 2 (Vurm et al. 2011), while keeping the dynamics dominatecheyttaryons.
These numerical results were obtained for nominal casesdbas a specific radigh, p) velocity
difference, although the phenomenon is generic.

The photon spectral signatures of a magnetically dominétadyon loaded leptonic plus
hadronic GRB model involving nuclear collisions have bealculated by Mészaros & Rees (2011).
This uses a realistic transverse structure of a fast come-sheath. The analytical results indicate
that the transverse neutron collisions become most effeasulting in GeV photons at radii from
which the observer-frame time delay relative to the phdiesigc MeV photons is appropriate to
explain the observelBermi time lags. The purely leptonic (SSC, EIC) time delays andtspkcom-
ponents of such a baryon-loaded magnetic model, in the abs#rdrifts and transverse gradients,
have been calculated by BoSnjak & Kumar (2012), leadingetays in the range observed Bgrmi.

A hadronic model which attempts to self consistently predihe GeV radiation, the MeV Band
spectrum and the low energy (optical) power law is discugsbtlrase et al. (2012). The protons ac-
celerated in the shocks or magnetic reconnection regicudtia hadronic cascades which produce,
as in Asano et al. (2010), the GeV and optical power laws,enthié cooled leptonic secondaries are
re-accelerated via a Fermi second order mechanism in thalént MHD waves produced by the
same shocks or reconnection regions, leading self-cemsigto an MeV Band spectrum.

7 GRAVITATIONAL WAVES FROM GRBS

GRBs may also be sources of gravitational waves (GWs). Thst likkely such sources are SGRBs
(Centrella 2011), if these indeed arise from merging cornphijects (Gehrels et al. 2009). The rates
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in advanced LIGO and VIRGO may be at least several per yeam(reet al. 2009). LGRBs are
more speculative as sources, since in the favored corepsellscenario the collapse may be more
chaotic (Fryer et al. 2002). They may, nonetheless, be wekdtectable as GW sources, especially
if the core collapse breaks up into substantial blobs (Kabhy& Mészaros 2003), or if they go
through a magnetar phase leading to a bar (Corsi & Més24@8). More recent, detailed numerical
calculations of collapsar (long) GRBs lead to GW prospettiekvrange from pessimistic (Ott et al.
2011) to modest (Kiuchi et al. 2011).

8 HIGH ENERGY NEUTRINOSFROM GRBS

High energy (0° eV < E, <108 eV) neutrinos (HENUs) may be expected from baryon-loaded
GRBs if sufficient protons are co-accelerated in the shodksx(man 2011). The most widely con-
sidered paradigm involves proton acceleration amdnteractions in internal shocks, resulting in
prompt~ 100 TeV HENUs (Waxman & Bahcall 1997; Murase & Nagataki 2006 hétinteraction
regions considered are external shocks, withinteractions on reverse shock UV photons leading
to EeV HENUs (Waxman & Bahcall 2000); and pre-emerging orkelalgets in collapsars resulting
in HENU precursors (Mészaros & Waxman 2001). Also, foryleaic dominated GRBs, a neutrino
component may arise from photosphericandpp interactions (Murase 2008; Wang & Dai 2009).
An EeV neutrino flux is also expected from external shocksarywmassive Pop. Ill magnetically
dominated GRBs (Gao et al. 2011). Current IceCube obsens(Ahlers et al. 2011; Abbasi et al.
2011, 2012) are putting significant constraints on the imetbshock neutrino emission model, with
data from the full array still needing to be analyzed. Oneadis that, since the above analysis, sev-
eral groups (Hummer et al. 2012; Li 2012; He et al. 2012) hracalculated the GRB internal shock
neutrino production in greater detail, including multepiand Kaon production in they interac-
tions, and allowing for various astrophysical uncert@sincluding different values of the Lorentz
factor and the accelerated proton to electron rafigL. = 1/ f.. The conclusion from these revised
calculations is that the current IceCube (IC40+1C59) messents need to be extended for another
four to nine years to obtain a strong constraint.

9 PROGENITORSAND THE SUPERNOVA CONNECTION

Including the collimation correction, the GRB electromatinemission is energetically quite com-
patible with an origin in, say, either compact mergers oftr@ustar-neutron star (NS-NS) or black
hole-neutron star (BH-NS) binaries (Paczynski 1986; Eicldt al. 1989; Narayan et al. 1992;
Meszaros & Rees 1992), or with a core collapse (hypernovaltapsar) model of a massive stel-
lar progenitor (Woosley 1993; Paczynski 1998a; MacFadyew@bsley 1999), which would be
related to but much rarer than core-collapse SNe (WoosleyidbiB 2006; Gehrels et al. 2009).
While in both scenarios the outcome could be, at least teanigra massive fast-rotating ultra-high
magnetic field neutron star (a magnetar) (Wheeler et al. 20@dzger et al. 2011), the mass of
the resulting central object substantially exceeds then@tesekhar mass and is expected to lead,
sooner or later, to the formation of a central BH. The lattéirve fed through a (seconds to minutes)
accretion episode from the surrounding disrupted coreatfastmatter, which provides the energy
source for the ejection of relativistic matter responsilolethe radiation. This inference appears
to be confirmed by numerical simulations, for NS-NS or NS-BHrgers (Ruffert & Janka 1999;
Rosswog 2005; Rezzolla et al. 2011) as well as for collapsatats (MacFadyen & Woosley 1999;
MacFadyen et al. 2001; Zhang et al. 2004).

The above numerical simulations also indicate that (1) tmegact object merger accretion disks
are less massive and the accretion episode (when the diskléghly magnetized) lasts less than a
few seconds, compatible with the observations of the caabfshort” GRBs (SGRBs); and (2) in
the collapsar models the accretion lasts for tens of second®re, compatible with the durations
of canonical “long” GRBs (LGRBS).

The observations of LGRBs indicate that they are generadlgtied in active star-forming envi-
ronments, usually in blue, small or not too massive, gdsgalaxies (Paczynski 1998a; Woosley &
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Bloom 2006; Gehrels et al. 2009), which is where one expeatsive stars to be present. Progenitor
stars more massive than25—28 1, following core collapse, are expected to resultin a BH@nt
remnant, either directly or through an intermediate neustar (NS) phase (Fryer et al. 1999; Fryer
2006). Such BH core collapse events, if the core is rotatifficgently fast, can lead to a fall-back
fed accretion disk powering a relativistic jet, which isetd escape a star ef 10!! cm (MacFadyen

et al. 2001; Zhang et al. 2004; Woosley 2011). This radiusesponds to those of Wolf-Rayet (WR)
stars, which are thought to arise from more massie> 25M progenitors, whittled down by
wind mass loss prior to core collapse. The high rotation, ratéch favors the wind mass loss and
also the formation of a longer lasting accretion disk, isutjitt to be enhanced when the star arises
in a metal-poor environment (Woosley & Bloom 2006), whicHaet seems to characterize many
LGRB host galaxies (Stanek et al. 2006; Gehrels et al. 2009).

The massive core collapse model of LGRBs is confirmed by tbietfat LGRBS are, in some
cases, demonstrably associated with type Ib/c SNe, whgdestan is, to within errors, contempo-
raneous with the GRB (Galama et al. 1998; Hjorth et al. 2008teDvalle 2011; Hjorth & Bloom
2011). The SNe Ib/lc are generally thought to have WR prdgesiiwhether they are associated
with GRBs or not; only a small fraction of order a few perceh§bdle Ib/c appear to be associated
with LGRBs (Soderberg 2007; Soderberg et al. 2010; Hjorthi&h 2011). However, the SNe Ib/c
associated with GRBs, as well as a good fraction of thosessatcdated, are classified as hypernovae
(HNe), meaning that they have unusually broad spectras lindicating semi-relativistic envelope
ejecta ¢/c ~ 1), and inferred isotropic energidsn iso ~ 10°%-° erg, as opposed to the average
SNe withv/c ~ 0.1 and Esn iso ~ 10°! erg (Paczynski 1998b; Waxman & Loeb 1999; Nomoto
et al. 2010; Thielemann et al. 2011; Lazzati et al. 2012).

For short gamma-ray bursts (SGRB) the most widely favoredickates are mergers of neutron
star binaries (DNS) or NS-BH binaries, which lose orbitajaiar momentum by gravitational wave
radiation and undergo a merger. This second progenitolasicehas only now begun to be tested
thanks to the Swift detection of short burst afterglows (@&het al. 2005; Berger et al. 2005, 2006;
Nakar 2007; Berger et al. 2007). The SGRBs are found bothalved (elliptical) galaxies (Gehrels
et al. 2005) and in galaxies with star formation (Gehrelsl.e2@09; Berger 2011), in proportions
compatible with that expected for an old population such &s.NWhile NSs are expected, and
found, in young star-forming galaxies, massive young staesnot expected, and not found in old
population ellipticals. Indeed, no SN has ever been foumptbelng at the same time and location as
an SGRB (Gehrels et al. 2009). Of course, NSs are the profi&tie, which could have occurred
much earlier than the burst, from progenitors whose initiaks wasS M, < M. <25M4. A kick
is imparted to the NS at the SN event, so the NS can wandergriffisiant distances from its birth
site (many Kpc, even outside the host galaxy). If the NS waa boa binary and/or later became a
binary, the time between the initial explosion and the ewahherger can range up16®—10° years,
and is very unlikely to be less thadin® years (Coward et al. 2012; Kiel et al. 2010). Only a handful
of SGRBs have yielded reliable lightcurve breaks suitabieletermining a jet opening angle. The
latest measurements and comparison to previous data (Fah@812) indicate an averagg ~ 5°
(comparable to the LGRB average value, although there isoatler at25°). This is interesting,
since for DNS mergers there is no stellar envelope (as forB&Ro provide collimation, at most
there would be a wind; however, such narrow jets would be @tible with twisted or hoop-stress
collimated MHD jets from DNS mergers (Rezzolla et al. 2011ip&ta et al. 2011).

10 HIGH REDSHIFT GRBS

Long GRBs are astonishingly bright, both in gamma-rays datohger wavelengths. In the optical,
typical brightnesses are 18th magnitude a few hours after the trigger (and some havedtented

in the 5th-10th magnitude range seconds after the triggdnje a Milky-Way-type galaxy has-
32nd magnitude at a redshift = 8. In fact, GRBs vie with galaxies for the record of the highest
confirmed redshift measurements, e.g. GRB 080913-at.7 (Greiner et al. 2009), GRB 090423 at
z = 8.2 (Tanvir et al. 2009; Salvaterra et al. 2009) (through spsciopy), while GRB 090429B has
a photometric redshift of ~ 9.4 (Cucchiara et al. 2011). It is possible that even much matdi
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objects than these have already been detected in the gaaynaad X-ray detectors @wift and
Fermi, although for such > 9 objects a specific (optical/IR or other) redshift signaiamextremely
difficult and noisy, so redshift diagnostics are increalsitigrder to obtain in this range. The above
discoveries do, however, indicate that the prospect oftexadly reaching into the realm of Pop. IlI
objects is becoming increasingly realistic.

Population Il GRBs atl0 <z <20 may result, as they do at lower redshifts, from massive,
M > 25 — 30M metal-poor stars whose core collapses to a black hole (Bré&ntroeb 2006).
However, the mass of Pop. Il stellar progenitors could bénigh as~ 1000 My, leading to
100 — 500M, black holes (Komissarov & Barkov 2010), although the Pdpmidsses are a subject
of debate (and could be much lower (Stacy et al. 2009; Norrda0R For extremely massive black
holes, the jets are likely to be Poynting-dominated, e.gvgued by the Blandford-Znajek mecha-
nism. The expansion dynamics and the radiation arising Booh very massive Poynting jet GRBs
was discussed by Mészaros & Rees (2010). At typical rédshi~ 20 this implies a “prompt”
emission extending tag 1 day which should be detectable Bwift or Fermi, being most promi-
nent initially around 50 keV due to the jet pair photosphésliowed after a similar time interval
by an external shock synchrotron component at a few keV aridvanse Compton component at
270 GeV (Toma et al. 2011a). Both the ‘prompt’ emission and timg&r-lasting afterglows (Toma
et al. 2011a) of such Pop. Il GRBs should be detectable WBAT or XRT onSwift or the GBM
onFermi. On Swift, image triggers may be the best way to detect them, and sonséramts on their
rate are provided by radio surveys. They are expected to Bavkextensions as well, but redshift
determinations need to rely dirband orK -band spectroscopy.

11 THE COSMOLOGY CONNECTION

Since GRBs are seen out to the largest redshifts yet measnédor periods of hours to days they
can outshine any other objects at those distances, thanfatusefulness as tools for cosmology
has been intriguing for some time.

The simplest way, to use them as distance markers, is unfagly not straightforward. This is
because they are not good “standard candles,” which couidéeé e.g. in a Hubble-type diagram
to plot flux against redshift to compare against cosmoldgiezdels to deduce a closure parameter
or an acceleration rate. Even the collimation-correctedtaye gamma-ray enerdy, ; ~ 105! erg
has too much variance to be of direct use as a standard ca@lerror is still almost twice as large
as that obtained from SN la, at least at redshif{s1.5, which is the most important region for dark
energy studies. The hope is, still, that one or more of theuarempirical correlations between
observed spectral quantities could lead to a calibratioth@Phillips relation does for SN la, which
could turn GRBs into an effective distance ruler.

One such empirical correlation is between the photon splepak energy,x and the ap-
parent isotropic energ¥;is, (Amati et al. 2002; Amati 2006), namely, o EZ  with o ~ 1/2
(Amati relation). Other correlations are betwegp. and the peak luminosity,i (Yonetoku et al.
2004) (Yonetoku relation); or for bursts where the jet opgrangle is known, betwedi,. and the
collimation corrected gamma-ray energy of the f&t;.. (Ghirlanda et al. 2004; Ghirlanda 2007)
(Ghirlanda relation); or betweé,, and L., ;.. (Dai et al. 2004); or betweeh,,, Eis, and the light
curve break timey,, (Liang & Zhang 2006) (Liang-Zhang relation); or betweenXaey luminosity
at break timeLx 1, and the break timé,, (Cardone et al. 2010). Of course, these correlations are
of interest in themselves as possible constraints on thatiaa mechanism or emission region, and
various interpretations have been made, e.g. Zhang & 8M6s22002); Rees & Mészaros (2005);
Thompson et al. (2007); Ghirlanda et al. (2012a). Howewercbsmology only the tightness of the
empirical correlation is what matters. Observationalésasould, of course, pose problems (Nakar &
Piran 2005; Ghirlanda et al. 2012b), and circularity issnag be a concern; the latter, however can
in principle be minimized by restricting oneself only toeltly observed quantities (Graziani 2011).
Some recent papers using GRBs in Hubble diagrams are, eug ket al. (2010) and Demianski &
Piedipalumbo (2011), the latter including 109 GRBs withwnaedshifts calibrated with 567 SN la.
While strongly suggestive, and increasingly interestihg,sample is still relatively small compared
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Fig.6 Redshift evolution of the metallicity relative to solar wak, for GRBs shown with blue
dots and QSOs shown with open circles. The GRB metallicigniverage-5 times larger than

in QSOs. These are based on damped Lyman alpha (DLA) spésatales. The upper horizontal
z-axis indicates the age of the Universe (Hubble time) (Sava§06).

to SN la, and the dispersion remains larger than for SN lahsaisefulness of GRBs as statistical
distance indicators remains to be seen.

GRBs, however, are likely to be unique as beacons for prabi@gigh redshift Universe. They
are detectable with current gamma-ray, X-ray and infradegdctors out to distances corresponding
to the earliest star formation epoch (Lamb & Reichart 200@rdi & Loeb 2000), and they may
provide possible redshift signatures (Mészaros & RedB2Gou et al. 2004) extending into the
10 < z <20 range. Their strong, featureless power law continuum specshining through the in-
tergalactic medium and intervening young galaxies or galaxies provide a sensitive probe of the
ionization state, velocity distribution and chemical camsition at those redshifts (Loeb & Barkana
2001; Savaglio 2010; Hartmann 2010). An example is showngarg 6, indicating the change of
the metallicity (given by the oxygen to hydrogen abundamt®Yy as a function of redshift. These
abundances are determined from spectral absorption lingeicontinuum radiation of GRBs and
quasars. The GRB lines come mainly from the host galaxy gdseirstar forming region where
the explosion occurred, while the quasar lines arise inoanthtervening galaxies along the line
of sight. One sees that GRBs provide information out to higadshifts than quasars, and indicate
systematically higher metallicities. This is expectedcsithe GRBs are sampling gas in the star
forming regions, which have been enriched by nucleosyiglaesl SN explosions.

GRBs also provide an excellent tool for investigating therair star formation rate (SFR) of
the high redshift Universe, and thereby also the rate oklaggle structure (LSS) formation, out to
(so far) redshifts in the 8-10 range. This is exemplified guiFé 7, which shows the star formation
rate determined through various techniques. The LGRBsh&rendpoints of the lives of massive
stars, and their rate is therefore approximately propoatido the star formation rate in general.
However, at high redshifts the rates are very uncertainnaaylbe subject to various observational
biases. There may also be evolutionary biases, such as adtee of the LGRB formation on the
metallicity of the host galaxy, which needs to be taken imtwoaint, e.g. Savaglio (2010); Hartmann
(2010).

The most distant GRBs may also provide the only possible ggalf the era from the first
generation of (Population Il1) stars formed in the Univefisemissarov & Barkov 2010; Mészaros
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(2012).

& Rees 2010; Toma et al. 2011a; Campisi et al. 2011). Thegesrelf the infant Universe could
be the most sensitive probes of the redshift for the starafd scale structure formation, with
significant implications for the properties of the dark reatt

12 THE FUTURE

Both Swift andFermi are likely to be functional and return GRB data for many yéairsome. They
have orbital lifetimes extending beyond 2025 and no ctitg@endables. Th8VOM mission (Paul

et al. 2011) is an approved Chinese-French mission to obSeRBs and their afterglow. It has
a wide-field instrument to image the bursts and one to stue\sgiectrum. The spacecraft rapidly
slews like Swift to point toward X-ray and optical telescopes for aftergldveervation. There are
other concepts in consideration, suchLaebster (Gehrels et al. 2012), which performs the wide-field
observations in the X-ray band suitable for high-redshiRES. In addition, combined with such
electromagnetic detection programs, increasingly sgasitulti-messenger detection attempts will
continue to be pursued using high energy neutrinos (Seah@yravitational waves (Sect. 7). These
expanded observational efforts will require more detdifebretical interpretation and models, ex-
tending well beyond what has been achieved so far. Basedsbex@erience, GRBs may be counted
on to provide further exciting surprises during the nextaic
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