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@ Brief Introduction for GRBs

@ Theory vs. Observations of long GRBs -
= Afterglows -
= GRB-SN Connection
= Central Engines -

@ Short GRBs - -
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& Neutrinos and high energy ;mm (Jomg)'/r

=« Gamma-rays, neutrinos, and Jj'-z cosmic rI//
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@ GRB Cosmology

= COSmic star formation nuor/\/

= reionization

= standard candle and dar} 'K energy | prolke
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GRB Light Curves
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Figure 1| The classic BATSE duration-spectral hardness diagram'.



GRB Spectrum

nonthermal spectra
E ckinVv F, ~MeV
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Spatial Distribution

| sotropic, but not homogeneous
indicating a cosmological distribution
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Afterglows

GRB970508, first redshit (z=0.835)

e Metzger+ ‘97
GRB970228, first X-ray afterglow by BeppoSAX R T R T
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Bright and Extremely Energetic

@ GRB 990123 (z=1.6)

= Eiy ~3x10°* erg
~2M,,C?

sun
= Same GRB detectable out
to z~20

= Peak optical mag~9 from
z=1.6
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The Big Picture of GRBs

Internal shock external shock

@ Ultra-relativistic fireball/outflow N Aﬂerglmfd__ﬂ .
(F ~100-1000) Burst g %

= Required for the emission region E-1080ergs oo e WS 8
optically thin to e* pair-production G - n Formation|~ =

(size limited from time variability) b x| K radio

T=0s T~1025 a.. Optical
A=106ecm F ~3x1012 ¢m 7. w03 5 i -
_ . ﬂ=1{)14cm T~10 ‘?ﬁ
@ Afterglow: relativistic supernova r-103 R~ 3y

remnants

= (most likely) jet-like explosions
@ Theoretically reasonable energy
= Isotropic-equivalent energy >
10°* erg!
@ Afterglow light curve break
= E~10%! erg (jet corrected)

« E . ~El ~105M,,,.
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Obsrevational Evidence for Relativistic Outflow

GRB 970508 at z=0.835 Ls

cease of variability by interstellar
scintillation in our Galaxy set lower
limit on radio image size at ~2 weeks

Superluminal motion
= 3 as at2 weeks
= apparentvelocity ~4c

= mildly relativistic speed required -

(F ~1) »- -
-
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Fig. la.— Light eureen of the radin aftenglaw af GRS ak 4. 86CTlz and 1 ACTz, campaned
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More Direct Proof:
Superluminal Expansion of Radio Afterglow |

@ GRB 030329 at z = 0.1685

@ resolved image showing superluminal motion
= 0.07 mas at 25 days, 0.17 mas at 83 days
= ~35¢C -

@ upper limit on proper motion < 0.3 mas at 83 d

1 r

l .

|
__ Oa 1
5 |
£ |
£ | . hprt_y
2 I | : ¥ Aprl ’
E at Hlll]'!‘:l AplT S P u
£ ApeTi— 1| .
= | I .
;_. I Lpritd .'-J-rﬁ. l'r : . lan=i
+ | ApraEs | !
T | 1 TR RS
2 [ J‘!;-'.'TZL'"

-0Ll5 ) i

|

{ £y

]

L, I a0 o& &9 6 0 5 34 T Fig £ Mesowl sl (laswins jiv ks koo el abrghre from GRS RO
o o n.% 1 sheg @kl b eajurian] Addpds o Hp sigtds s be ARl pairedd=es o |l

frisl mekd Tle sl lne & ke spysecn smule soe b s splevial Aredell romeling
I w ol e T ik P e 0 Tl hdrol Bie b i 1 s pimded 0,005
& wal Ly 'n B wials o rlskel bes s 8 i jEnomsskad (1 W0 alj whil Fgia, L3

Relatiee BA (mos)

Fig. 1 The peiass deren] bon e cheeoaiee ke S Se s wlesie e ile
s, chtorimination om kpril 1=t 18 8 Ol (lsrwseaes @ anlipls ooesces sl & g
vijmah by leum jhoiiten] mopuet aie?y maen ey aiv ekpmiektd apasroiesis. L chide w5k
= rmlke ol 80 mae () b deiwn 1o cerinpes. sl e afveeiis cverpd G jaken @ §
. wkitd palfes Bign wymctisle ofiofs s il B chiadss. Tles cdmdsalbme pEcdk
w ol o ke e e ol 0 O e T S e

MNe prmeral s bery =i U aeee mrresly oo ligsied o mibow e lupr il oeepy
Hpd o= mEFeed Lo e e afeaesd &1 e gariki Suedetsd ipmijianala e L
us plcnnl imelEds s=mes 1ha che commdare ibaEn sk (IR Wisd msakds
wr ilee vme raegy piee aneker st o e il e




Flux density (pdy)

@ The onset time of afterglow is a good estimator for [
1/8
] ~ 160 [

@ First estimates for two GRBs: " , ~ 400 (Molinari+ '0
~ 9x10°2 erg)
. ~10%erg)
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Afterglow Theory Well Tested ‘
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Various and Canonical Afterglow Ligh
Curves

@ early X-ray light curve samples by Swift

\ T tail of prompt
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%

l;"

%

jet break

F = dilk DSdiEE ==
i & GED MR e
¥ EEN EEN(E pe] ¥
& R EEE eI
0 (| = a1
& GEN PR3N g B
i I 1 1

%

+
L]
*-..: -4

P— T

AP BREWEE Ea® S
: -'"'m — . / Fignire & Schenmibe: femuns sogn in ey s-my aflerghms detocied with the Swifl XET instramen

& GRE D300 el
+ GEF CIOEE §-0.E88 ¥
3 ¢ dih pHiss s-DibE !
T 100 1500 T TS 1" 1o s
Time since buest (-t )/(1+a) (s}

FE
e e e B B R B B e LR B i |
£
-y
-
—_—
r
—
—=ilg




Flares/late time activity in afterglow

@ flare energy: from a few % to a value comparable (GRB050502B) with the prompt
emission
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Interpretation by external shock is difficult, indicating internal shock and
late/long-term activity of central engine or slower ejecta



Search for Orphan Afterglows

@ Possible mechanism of orphan afterglows without observable
prompt gamma-rays
= Jet-like explosions
= Dirty fireball (low bulk Lorentz factor)

=

=4 -

@ Predictable orphan afterglow rate from o
= Test for the jet hypothesis



Off-axis orphan afterglows




Orphan Rate Prediciton i

X~10 more orphans
than on-axis

@ Orphan afterglow prediction by TT & Panaitescu ‘02  afterglows
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Search for Orphan Afterglows

CFHTLS search down to r'=22.5 for
490 deg?, 1 day interval
three candidates

= two likely variable stars

= One probably afterglow

If the one is real, the rate consistent
with the prediction of TP02

Theoretical prediction strongly
dependent on the distribution of
afterglow parameters v

More observations needed!

ot 4

DLS

MPIESO
v
ROTSE-IN

CFHTLS-VW35

Mumber of afterglows in all sky
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Fig. 3. Constraints provided by our observations (VWS), com-
pared to the results of ROTSE-III (Rykoft et al [2005), of the
MPI/ESO survey (Rau et al 2006), and of the DLS (Becker
et al. [2004). The upper limit assumes the detection of zero af-

| terglow and the error bar the detection of one afterglow n our
survey (see section[Z] for additional explanations). Also shown
are the theoretical predictions of Totam1 & Panaitescu (2002]
solid line), of Nakar, Piran & Granot (Z2002] dashed line), and
of Zou et al. (2006, dotted line).

- Malacrino+ ‘07







The First Shock: GRB 980425/SN 1998bw

& A very peculiar type Ic supernova (hypernova)
= Large explosion energy ~ 3 x 10°2 erg >> 10 erg

= one of the brightest supernovae with ~0.7 M, °®Ni
production (c.f. 0.075 M, for SN 1987A)

= strong radio emission powered by ~10° erg relativistic

electrons -
= z=0.0085(!) << ~1 for typical long GRBs
@ An even more peculiar GRB: E.;~8x1047 erg A
= c.f. typical long GRBs at z~1: Eggg is,~10°*>% erg -
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SN evidence in GRBs at z~1

SN 1998bw at variqus Z SN1998bw x 0.55
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Ultimate proof of association:
GRB 030329/SN 2003dh (z—
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GRB/hypernova: clear association cases

lfrom Nomoto

E/105erg®| M z Egre.iso(€T9)

- [M Mg | MM,

XRF 060218 2006a; 0.033 6.2x104°

a»

@ All SNe are type Ic:
= H, He shell removed, Ieavmg C+O core

Q GRBO31203/SN2003IW:’
= Intermediate between typical _GRBs ar
- -
o XRF060218/SN2006aj: /

=« First X-ray flas



Non-GRB hypernovae

@ SNe 1997ef, 1999as, 2002ap,
2003jd ? -

= Really no GRB?
= Jetis away from the Earth -

direction?

4



Slow massive jet from SN

Totani ’033 -
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Jet from SN 2002ap?

D=7.3 Mpc The Day 13

Thomson-scattered light 1 .-

‘ | ‘Not redshifted d

Only weakly polarize

observer

E;e ~ 10°t erg
Kawabata+ 03: Totani 03



Different environment from SNe

e 71

#00123

L1

-
uliiielih ]

core-collapse
supernova hosts

-

Long GRB hosts
Frughter+ ‘06




Fraction of GRES o supermovas
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Perspectives of Theoretical
Understanding of the Central Engine of Long GRBs

@ Long GRBs = Jet from stellar collapse
= “collapser”

@ Formation of jet?

= The “classical” astrophysical jet problem
from accretion disks

@ [nitial condition of stellar collapse
= Is stellar mass the only one parameter’)
2 Metallicity?
@ Angular momentum?.
2 IME?

@ penetration of jet in the stellar COcore
= Initial jet vs. final jet tot GRBS

@ acceleration up te If >100 -
=« Small mass, most euter part/skm’)
« Much more lower [F ejecta Ilkely

4






Short-hard GRBs (SHBSs):
compact binary mergers’?

e mem u m  —

@ some SHBs occurs in nearby old,
elliptical galaxies

@ No supernova association
Gehrels+ ‘05

N5

Figurn 1| Optical imayes of the regien of GRS 0505098 shawing the
anxccinbion with o large siliptical galyey. The Dightined Sky Sarvey image.
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Properties of SHBs

@ inconsistent with collapsars or young stellar populations
= Occur both in young and old galaxies
= Large distance from the center of host galaxies

@ consistent with binary mergers (NS-NS or NS-
_—

e

Table 2 | Physical properties of short-hard bursts and their host galaxies

Praperty GRE DEOE9E GER OBOT0S GRE DEOT2L GED D501
Rexdshift 0.225 AL 0258 0722
Teq 40 = 4ms 70 =10 ms 3+1s 06 = 01s
Fluence {ergem =) 95x10°" 29x107’ Bax’ 12107
Fluence band 15-350 ka'y 30-400 ket 15-350 ke 15=350 ke
E. o lorgd 45 x10% 6.9 %107 4.0 % 0% 6.5 ¢ 1070
Ly pasi (B 5~ 1.4 = 10% 11 3107 17 %10 19 =0
Ly (ergs™") =7 x 0" 3% 10" 8 x 10" g x 10"
b - 003 am -
E. (erg) <d 5 10" 21 % 10" 4.0 » W' <5 x 10*
Host L/L- 15 0.0 16 -
Hosl star-lormation rale (Maoyr ') <1 0.2 <03 -
Ofset (kpe) 442 38 26 -
OHtiset (r/r,) 1t 18 0.4 a
Supsrnova mit, My (mag) =—13.0 =—12.0 -
Helerances 4 56 10; this work 21, 42 S
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o mfp=1— cosf); Srey-roy energy release tormected for beameng fraction, [of g ! the hoed galary lumincsity;, the host ster-lormation rale; the burst offse=t from A= host, in physical units
and rederred to fhe scale lemgih of 1he hosd galary's light prodile; and the sbsolube mapnfude imil on any sssociated supernova. Empty cells are imconstraired by ibe data at present; values
without uncertanties are known o roughly 20% precision. The values of £ and L, e haove been incressed by a factor of foar, representing 2 mean corection from the BATEE samole for
comierting thase abserved flusnces to the 26-2 000 ket band

"DBF af ol (manuscript in preparaboand; A Gladders o al {manuscript in preparatian)

—

1. -




Flares in SBH afterglows

@ late phase activity also in SBHs
@ ~10% energy of prompt emission (GRB 050724)
@ long duration activity of the central engine? slow ejec
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short GRBs by SGR giant flares in nearby
galaxies?

@ Not all, but <~15% (Nakar+ '06) of short GRBs could be giant flares of soft
gamma-ray repeaters (SGRs) in nearby galaxies, as inferred from SGR

flares in our Galaxy

@ a good candidate: GRB 051103
= associated with M81/M82 (3.6 Mpc)

[ : ' ' [—GRBO51103
i —— - 200 Dpcomber 27
0.5
0.8+ _
5 o7l «— SGR flare in
T
- our Galaxy
= 05
E pak -
0.3+ .
0.3 '
0.1t
B3 0 0.1 02 03 04 05 06

Time since trigger [3]

Fi1G. 1.— The bonusWisd gamma-rav hght carve of GEB 031103 {solsd
line), compared wyth the hght curve of the 3004 December 27 5GF pant Sare
(dashed hoe) The hghit curve of the 2008 Decanber 27 SGE @t Bare n
based on a digthoatson of Figare 1 i Terasawa ef al. (2003), whale the hghi
curve of GRB 051103 iz based on a digsheabon of the 18-1160 keV-bamd
light curve froen the KoomsWind website
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A New Class? GRB 060614
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A New Class? GRB 060614

@ Interpretations:
= collapsar without SN / Ni production? "
= peculiarly long “short GRB” or mergers? . = Lomg (HBs

& time variability properties consistent as a - TN O
short GRB 3 T— s

@ some short GRBs have later long e
component as GRB 060614 (Gehrels+'06)

= chance alignment of a more distant long
GRB? =l e ]

@ Cobb+ '06; Schaefer+ 06, but see also
Gehrels+'06

Log L q)
&

=

e o

9 GRB 060505 (Fynbo+ ’96) j
= a faint GRB with a duration of 4
- z=0.089, no supernova
= long tail of genuine shor
= See also Ofek+ ‘07







Particle Acceleration and Very High Energy
Emission from GRBs

@ GRB shocks can accelerate protons to 10?° eV and electrons to 10+ eV

internal shock external shock

VHE gamma-rays: |
Inverse Compton
proton-synchrotron

pion-decay
VHE neutrinos density, B, optical depth, etc.
p-p = pions ) -

p-gamma —> pions
n-p (bulk) - pions > -




Lagiron sRipsurias Husker Mux ooy imh- |

thermal v from GRBs

@ Theoretically uncertain compared with normal core-collapse SNe
= Massive - ~10 times more gravitational energy
= Effect of disk? Spectrum?

@ Neutrinos from one GRB: too distant
= Closest GRB is ~35 Mpc (GRB 980425/SN1998bW) i
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Particle Acceleration and Very High Energy
Emission from GRBs

@ GRB shocks can accelerate protons to 10?° eV and electrons to 10+ eV

internal shock external shock

VHE gamma-rays: |
Inverse Compton
proton-synchrotron

pion-decay
VHE neutrinos density, B, optical depth, etc.
p-p = pions ) -

p-gamma —> pions
n-p (bulk) - pions > -




VHE gammas already detected

@ <~18 GeV photons from GRB 940217 for ~2 hours I

FEBRUARY 17, 1994 BURST




VHE gammas already detected

@ ~100 MeV emission showing different temporal behavior to <~MeV photons

from GRB 941017
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Evidence for >TeV gamma, but needs

confirmation
@ Milagrito observation for GRB 970417a (Atkins+ '00)
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Diffuse background flux, Razzaque+ ‘03
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Prediction for VHE Neutrino

Y, fhux (107 burstsyr

=N

TABLE I Meutrine events in a km scale under-ice detector at
the South Pole from the GRE 030329 and the associated SN
2003dh. We have also calonlated events assunung sinular GRE-5N
cases with dechinations 907 {upward events denoted by ) and 0°
(honzantal svents denoted by — ). We have not considersd detector
responss for cur calculaton,

Flux TeW-Pey Pev-EeW
commpoaet . track ¢ cascade o frack @ cascade

3 L]

Hes
E] & ¥

Precursor I 91072 21073
ex10-7 1 a2mindq
00l - 2x107F —

Precursor 11 4.1 1.1 3107} axi1074

291 ER

44 = 12 = 001 — Ex107% —
Burst 18 0.2 14 0.1

031 0047

19 — 03— 76 — 04 —
Afterglow 2x10~4 2x107% 2w 1m107d
{ISM) ix1071 1 4x107%

M0 20T — 00l — Sx107t =

Afterglow 0.03 3w 1074 0.0% Fwiod
iwind) $x1077 1 TmiotY

005 —  Sx107  — 14— 0.06 —






GRBs as a Cosmological Probe

@ GRBs are extremely bright, detectable even out to z~20!

@ Possible Uses of GRBs for cosmology

= Star formation indicator at high-z
@ long GRBs associated with massive star formation
@ short GRBs associated with compact binary merger (
@ gamma-ray flux insensitive to dust
@ detectable in small galaxies

>

= Probe of physical status of high-z uni\

= Measure of the geomel :
o if they are standard czl}l 2. (7



The Breakthrough: GRB 050904 at z=6.3

@ Swift detection and spectral confirmation by Subaru

@ z=6.3 (previous record was z=4.5)
= almost comparable with the highest galaxies and qu

o

5L  Kawai+ ‘06:
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@ Swift GRB z distribution is consistent
with star formation history inferred from
galaxy observations

@ Some caveats: selection effects
detectability of afterglows

efficiency of measuring redshift
poorly known... i

Implications for star formation history

=4

=4
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squares: swift GRBs
diamonds: galaxies
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Relonization

Time since the

@ the Cosmic Dark Age:
Big Bang [years) +- [ha Bl Bang

= from recombination (z~1100) Tha Lnivarsa fleg
to reionization (z~6? 207?) - 300 mousana | [% .

= reionization: marks the
beginning of galaxy formation
and end of the dark age

SO0 millam

@ Previous constraints:
= hydrogen absorption in
guasar specta Tha Bark Agag ang
? Zieion >~6
= 1 MIan
= CMB polarization
Q Zgion~15

Cialamias aunivie

Thie Salar Sysiem Torms

- 13 billian Today: Astronomers

figure & all out!

.G Deroo B Digital Weda Cantar, Callach



@ First constraint from GRB 050904

GRB is (potentially) a better probe than quasars

@ Merits;

GRBs detectable at z>>6

Probe for more normal region in the universe
@ GRBs detectable even in small dwarf galaxies

@ No proximity effect

simple power-law spectrum of optical

afterglows

damping wing analysis (not possible for

guasars)

first quantitative upper bound on neutral

fraction at z>6

@ n,/n, <0.17 (68%CL) or 0.60 (95%CL) at z=6.3

o

v
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Npy/Ny

neutral fraction
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Constraints on Relonization
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Luminosity/distance indicators of GRBsS ‘

3
Ejet'Epeak

L.~ Spectral lag

qu"l,'.,_'l?l 1+z1]
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Applications

@ star formation history
= By using GRBs without z

rmation RATE
100

Relative GREB fo
10

Yonetoku+ ‘03

L M L L L L L L |
1 2 5 10
1+z

v

= 4
@ Hubble diagram

Schaefer ‘06

GHE HUBELE DIAGRAAL
Qy= 02T, w =0




Constraint on Dark Energy?

@ Pros: Highest-z probe for dark energy
@ Cons: systematics

@ Current problem of GRB Hubble diagram: &

= Same data set for L-indicator calibration and hubble diagram
@ circular argument / tautology

@ For the real Hubble diagram, we need:

= L-indicator calibration by mdependent data set!
@ e.g., another distance measure (Cephe| e
@ e.g., low-z GRB sample

o

@ Still, systematics even in the real H
= evolution?
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X-ray Emission Lines

E(keV)
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i

typical theoretical prediction:
F, ~n, /c~50 cm?s-1(47t sr)t
= F,~n,/c~0.5cm?st(dm sr)t  (E, >~ 20 MeV) =

Super-K upper limit:

= 1.2 cm?stfor E, >19.3 MeV (Malek+ ’0"3),

GRBs?
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