GRB history

Discovered 1967 Vela satellites
classified!
Published 1973!

Ruderman 1974 Texas: More theories Jil8
than bursts! .




Burst diversity
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NUMBER OF BURSTS

Bimodal distribution
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2704 BATSE Gamma-Ray Bursts

Fluence, 50-300 keV (ergs cm™)

~ 1 burst/day

Isotropic distribution1. Cosmolgical
2. Distant halo comttion > 100 kpc



Beppo/SAX satellite

Gamma Ray Burst 971214 - W. M. Keck Observatory

December 1997 February 1998
PRCS8-17b « May 7, 1998 « ST Scl OPO

S. G Djorgovski and S. R. Kulkarni (Caltech),
the Caltech GRB Team and W. M. Keck Observatory

First GRB afterlow: GRB970228 First with redshift: GRB970508
z=0.835 from absorption lines

GRBs are cosmological!! Energies® 1D erg/s if isotropic



Prompt phase
t~10-1000 s
rapid variability milli sec — sec
Gamma-rays

Both short and long bursts

Afterglow
t~ 100 s —years
X-rays, optical, radio
smooth evolution, often power law decay

Until SWIFT only long, now also short
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Relativistic expansion?

Photon-photon pair production
Yy+y=>e +e hv>2meC2

L
T, ~0:N R~o.1, - >R
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R~CAt L=4mw D°F/At

f FD? At
T o~ BT o3%10Mf " (=
Y (Atc)"'m,c 10 °\ 10 °s

T > 1 thermalisation: black-body!



Consequences of relativistic expansion

If relativistic, i.e.I’ >1

v ~[v

obs em

Observed MeV photons become X-rays in rest frame: No pair product

fhoc I ““«1



Consegquences of relativistic expansion ||
t2=t"+(D —r,)/c

t2%=tS"+ (D —r,)/C
dt°®=dt*"—dr/c=dt*"—V dt*"/c=dt*"(1-V /c)
dtobs: dtem(l—ﬁ>
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Conseguences of relativistic expansion |11

dtem
2T

dt obs

1. Observer sees everything slower compared to comoving frame

dtem: 2 detobs
2. Size of objectis NOT ¢€°t but ctm=2 c ¢tbs[™

3. Solves compactness problem!

T OCF—Z((x+1)
Yy

O(2=>TOCF




|nterstellar scintillations
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Size larger than scintillating elements  3"Xfn
Needs relativistic expansion



Baryon loading

E=IMc’
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Prompt burst scenarios

* |nternal Shocks « External Shocks
many colliding shells irregular surrounding

Q)(Z/

« Complex, Long  Simple “Explosive” Engine
Lasting Engine

Sari



Blast wave hydrodynamics

Relativistic version of the Sedov solution

Parameters: Total energy E, surrounding density (constant or wind)

1/2
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fast cooling |
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Synchrotron spectrum, |
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Jet stegpening
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Beaming AQ ~ 0.03. Only one of 100-500 GRBs seen by us

1-3 GRBs observed per day. Total rate 100-1000 per day
1 GRB per 10- 10 years per galaxy

Compare 1-2 SNe per galaxy per 100 years, i.e. 1 GRB-/ 10 SNe
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Sollerman et al

Type Ic supernova z=0.0085

Optical: Expansion velocity ~ 60,000 km/s

E ~ 103%erg/s,

in ESO 184-G82 Radie: 2
Q) ~ 0.7 M,

low compared to 'normal' GRBs

No H or He in spectrunixploding Wolf-Rayet star



GRB 030329 = SN 2003dh

z =0.17 . Starforming dwarf
galaxy

'‘Normal' gamma-ray burst
energy

Type Ic spectrum after
~ 1 month

Spectrum identical to SN 1998@\11?,{,'_
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Bump in light curves

GRB 011121
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Bump at ~ 1 month well fitted with SN 1998bw supernova light curve



Collapsar model

Collapse of a very massive star ( M > 30 MO).

Needs compact progenitor, i.e., no H envelop¥cif-Rayet star
Fast rotation gives accretion disk + jets.

Electromagnetic energy extraction ?



Collapsar mode ||
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log rho

Jet propagation |
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Highly variable Lorentz factor source for internal shocks for the
prompt burst
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Difficult to get millisecond bursts Main candidate: Long bursts



Anatomy of a GRB

Progenitor .
1048 om

108 em 1014 em

e

collapse “F'Fe line

Gamma-ray

burst Afterglow

See Piran 1999; Mészdros 2002 (ARAA) for reviews

Jet expansion in circumstellar medium gives afterglow



Neutron star merger

Progenitor: Close binary neutron star system. Energy loss by
gravitational waves give spiral-in and merger within £ yiars
Final merger within ~ millisecond



Merger sequence
Merger - accretion disk

density, model A

T~ 10°K
energy loss by neutrinos
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Short burstswith SWIFT
GRB 050509B, 050709, 050724

all short
X-ray afterglows!!

GRB 050709, 050724 also
optical afterglows

z=0.16 -0.25

E ~10°ergs << Long

Two in ellipticals, one in a starforming
galaxy

No supernova signature

i

All consistent with merging neutron star syst€lould also be NS + BH



SUPERMASSIVE BLACK HOLES
and
ACTIVE GALACTIC NUCLEI



Galactic Center Black Hole

NACO May 2002
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Radio souce Sagittarius A

Infrared observations penetrate the dust




Mass of Black Hole

Gaez et al

Stellar orbits around Sgr A give enclosed total mass within thie or
Star S 2 period 15.2 years

Closest approach (pericentre) ~ 17 light hours

Total mass 3.7%1.5) x 10 M_ Must be a black hole!!



Galactic Center Flares
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IR and X-ray flares with L ~ 6xE0erg/s <<<L__,
Duration ~ 1 hour

Time scale shorter than last stable orbit from Schwadz&8 = Kerr BH (?)

Infalling matter (?)



Fe K emission

8x10

6x104

4x10~4

2x10~

Line flux F (keV cm—2 s~ keV-1)

10

reray (kel) XMM, Fabian et al
MCG-6-30-15 Seyfert 1 galaxy

M(BH) 10° - 2x10

Asymmetric Fe K lineMust come from very close to BH horizon
To explain red extension material from inside the

last stable orbit is needed if Schwarzshild BH, or a BH rujadt the
maximum velocity.



Masaer Emission from Active Galactic Nuclel
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Maser emission from disk gives dynamics. Rotation curve weddfit
by Kepler rotation around point mass.

~ 3.7x10 M within 0.13 pc = 150 light days



Supermassive Black Holes
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Most galaxies have a BH in the center. Most of these argumeaent state.
'Starved' or very inefficient accretion flow.

For ellipticals and spiral bulges there is a strong correlationeest BH
mass and velocity dispersion of the bulge component.



Types of Active Galactic Nuclel

Narrow em. lines Broad em. lines No lines
few x 100 km/s 10-30,000 km/s
Radio quiet Seyfert | Seyfert Il
Quasars

Radio loud NL radio gal. BL radal. Blazars



Optical spectrum: Seyfert I, QSOs: Broad, highly ionized emission lines
non-thermal continuum. V ~ (1-3)X1n/s.

Seyfert 2, NLRG, LiseHigh ionization, narrow lines

mw‘.a",.*.,,.—<,-.-x..-.-—---n.-_.-u--u.

e e e ity
o .

BL Lac object
0814+425

P ﬂ""""ﬂlll. !

3 o A\ | ‘
\,.‘ " L .J'I I'l Il: | I

Pt N i, " .jll ‘L ‘JL |

I h )
Mean quasar R

"'\J"

5000

LINER J
NGC 4579

q | P o, T Y, _;'I_.J‘\r'_\j'
g | e, ,v"-r" ’ L =0
AV Y

h
o Hﬂll L |""""""""""|'-,Ir
= [RLYT

Intensity

r'lr‘ll.n."u»,nr.f‘-llﬂ'-|"'p1|.,.|n..l|,-.~ff

W
l,.ru."\*ﬁﬂ' Normal galaxy
il fl".r"ﬂi'i NGC 3368

&000

Emitted weveleng

q\w""ﬂ"h‘"‘“\m\‘m'h' l

|I ‘L_J_ler e

"|.'rf'l1""""J“I"‘"‘Iv'AWJ|r‘nﬁ"ll"\..m""“'p‘Lm"lr}li {

Sevfert 1

NGC 4151

l ﬁ‘
JL’MLM____/' A

seyiert 2

NGC 4941

|
} SN PV T - |-.._||1|...- o~
IPRNE PIVER B bt I s il

fah,
.., w
™ et

6000

o000
th (&)



Jets

radio, optical synchrotron emission

Galaxy M87

4000 light years 2000 light years

HST - WFPC2
0.1 light years Visible

NASA, NRAO and J. Biretta (5TScl) » STScl-PRCS9-43




Unified picture of AGNSs

Narrow Line
Region

A MODEL FOR THE INNER JET

Broad Line
Region

Accretion
Disk

O+IR Sl s, S
FT X-RAY O+IR
SO Y RAY + RADIO

7-RAY 7-RAY + X-RAY P

/s

Qbscuring
Seyfert 28
Type of AGN depends on viewing angle.
In disk (torus) plane, no broad linesSeyfert 2..... gesycf)ert 1  Blazar

Large inclination: Disk + broad lines Seyfert 1, QSO...

In jet direction: Only continuum synchrotrenblazar



