
Gamma-Ra y Bursts, Collapsars
and Hyp ernovae

Cosmological gamma-ra y bursts are some of the most en-
ergetic events in the Univ erse, some of whic h are known to
be related to hyp ernovae, i.e., very energetic supernova-
lik e events
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Gamma-Ra y Bursts (GRBs)
² discovered by U.S. spy satellites (1967; secret till 1973)

² have remained one of the biggest mysteries in astron-
omy until 1998 ( isotropic sky distribution; location:
solar system, Galactic halo, distan t Univ erse?)

² discovery of afterglo ws in 1998 (X-ra y, optical, etc.)
with redshifted absorption lines has resolv ed the puz-
zle of the location of GRBs ! GRBs are the some of
the most energetic events in the Univ erse

² duration: 10¡ 3 to 103 s (large variet y of burst shapes)

² bimo dal distribution of durations: 0:3 s (short-hard),
20 s (long-soft) (di®eren t classes/viewing angles?)

² GRBs are no standard candles! (isotropic) energies
range from 5 £ 1044 to 2 £ 1047 J

² highly relativistic out°o ws (¯reballs): (

�

»> 100),
possibly highly collimated/b eamed

² GRBs are pro duced far from the source (10 11 { 1012 m) :
in teraction of out°o w with surrounding medium
(external or in ternal shocks) ! ¯reball mo del

² relativistic energy » 1046 ¡ 1047 J �

¡ 1 f

�

( � : e±ciency ,
f

�

: beaming factor; t ypical energy 1045 J?)

² event rate/Galaxy: » 10¡ 7 yr ¡ 1 (3 £ 1045 J=

�

E)





In trinsic Distribution of

�

energies

² corrected for beaming

but: depends on beaming mo del: uniform beam or struc-
tured beam (i.e. where Loren tz factor varies with
angle)

(10 7 ergs ´ 1 J, 1 M ¯ c2 = 2 £ 1047 J)

Popular Mo dels

² merging compact ob jects (t wo NS's, BH+NS) ! can
explain short-duration bursts (Note: observationally
nothing is known about their location in galaxies)

² hyp ernova (v ery energetic supernova associated with
formation of a rapidly rotating black hole )
! jet penetrates stellar envelop e ! GRB along jet
axis (large beaming)



Gamma-Ray Bursts: Afterglows

Prop erties to be explained:

² time variabilit y: 10¡ 3 s (emitting region » 105 m)
! relativistic ¯reball

² Problem: most photons have energies > 0:5 MeV
! optically thic k to pair pro duction

� �

! e+ e¡

! rapid photon downgrading of (to < 0:5 MeV ) !
conversion in to kinetic energy ! thermal spectrum

² need very clean environmen t (no pollution with
bary on) ! e§ ¡

�

¯reball mo dels

² need to reconvert kinetic energy in to non-thermal
emission (when ¯reball becomes optically thin)

Relativistic ¯reball mo dels

² need high Loren tz factor � to

. get relativistic beaming: � b » 1=

�

( � » 1=

�

2)

. diminish pair pro duction (relativ e angle at whic h
photons collide decreases ! increases pair pro duc-
tion threshold)

. best estimates: � » 102 (estimates have come down
in recent years)

² problem: simple relativistic ¯reball mo del pro duces
mo di¯ed blackb ody spectrum, e±cien tly converts en-
ergy in to kinetic energy

² solution:

. reconvert kinetic energy in to random energy via
shocks after the °o w has become optically thin
(mainly synchrotron radiation)

. in ternal shocks in relativistic °o w (faster portion
of the °o w catch up with slower portions)

! probably responsible for a lot of the ¯ne structure
in the bursts (but also from variabilit y in central
engine!)

. external shock when the ¯reball runs in to the ex-
ternal medium

! can pro duce multiple peaks, long smooth bursts

² ¯reball mo dels can repro duce the main features of ob-
served bursts, irresp ectiv e of the detailed physics of
the central engine



² Note: recent work has mainly concentrated on GBRs
with afterglo ws; these are exclusiv ely long-duration
bursts ! possibilit y that short-duration bursts are as-
sociated with compact mergers, long-duration bursts
with hyp ernovae

Phases

² the central engine (t » 10¡ 3 s)

² the burst phase (t » 10¡ 1 ¡ 102 s)

² the afterglo w (t » 10 s ! 1 )

The central engine

² need to extract energy from collapse

. rest-mass energy from disc: 42 % (max. rotating
BH; 6 %, non-rotating BH)

. BH spin energy: up to 29 % (Blandford, Zna-
jek mechanism: extraction of spin energy through
threading the horizon of a spinning black hole sur-
rounded by an accretion disc with magnetic ¯elds)

² all mo dels tend to have a disc (accretion torus):
M d » 10¡ 2 ¡ 1 M ¯

² maxim um extractable energy

. from torus: 1 ¡ 10 £ 1046 J (M d=M ¯ )

. from BZ mechanism: 5 £ 1046 J f (a) (M BH =M ¯ )
(f (a) = 1 ¡ ([q +

p
1 ¡ a2]=2)1=2 · 0:29 a : angular mo-

mentum parameter)

² pro duction of relativistic jet

. � � ! e+ e¡ along rotation axis (lo w bary on loading) ;
probably not e±cien t enough

. more lik ely: MHD jet (P oyn ting jet)



Hyp ernovae, Collapsars and GRBs
² a \new" explosion typ e?

² a more energetic supernova with a range of explosion
energies: 5 ¡ 50 £ 1044 J
(Mazzali, Nomoto, Maeda)

² classi¯cation criterion: few broad lines ! high kinetic
energy ! high explosion energy

² asymmetric explosions?

² some are associated with long-duration gamma-ra y
bursts (GRBs, SN 98bw, SN 03dh)

² possibly associated with the formation of a black hole
from a rapidly rotating compact core (W oosley)

Aloy

. two-step black-hole
formation: neutron star,
accretion from massive disc
! black hole ! relativistic
jet ! drills hole through
remaining stellar envelop e !
escaping jet ! GRB

. requires rapidly rotating
helium (or CO) star

² presently all hyp ernovae have been classi¯ed as SNe
Ic (i.e., no H, He) , but only 1 in 100 Ib/Ic SNe are hy-
pernovae (P odsiadlo wski, Mazzali, Nomoto : : : 2004)

² HNe/GRBs are rare! (10 ¡ 5 yr ¡ 1)

² Note: Hyp ernovae are e±cien t pro ducers of Fe (just
lik e SNe Ia)

Hyp ernova (SN 1998bw, SN 2002ap, SN 1997ef ) and
(normal) T yp e Ic (SN 1994I) Ligh tcurv es (Nomoto)

Hyp ernova Spectral Classi¯cation
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Hypernova (3 10     J)45
Normal Supernova (10     J)44

Explosive Nucleosynthesis for 16 Msun Helium Star

(Nomoto, Maeda et al.)

Asymmetric Hyp ernova Ejecta (Maeda)

² blue circles: Ni, red squares: O

4 RELATIVISTIC JETSFROM COLLAPSARS

FIG. 1.— Contourmapsof thelogarithmof therest–massdensityafter3.87s and5.24s (left two panels),andof theLorentzfactor
(right panel)after 5.24s. X andY axis measuredistancein centimeters.Dashedandsolid arcsmark the stellarsurfaceandthe
outeredgeof theexponentialatmosphere,respectively. Theothersolid line enclosesmatterwhoseradialvelocity
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0� 3c, andwhose
speci�c internalenergy density

�

5 � 1019 ergg- 1.

Gamma-Ray Bursts

Collapsar Model for GRBs

Beppo-Sax X-ray detection



Summary and Outlo ok

² hyp ernovae exist, some of whic h cause GRBs

² collapsar mo dels look promising: jet can (probably)
penetrate He core

² possibilit y of jet-driv en supernovae

² unansw ered questions:

What are the progenitors?

. have to be fairly rare , if they mak e up a signi¯can t
fraction of luminous GRBs (10 ¡ 6 ¡ 10¡ 5 yr ¡ 1)

. consisten t with the rate of hyp ernovae

. excludes simple (single?) t yp e of progenitor (i.e.
massive star)

. note: all hyp ernovae are SNe Ic, i.e. have lost both
their hydrogen and helium envelop es

. progenitors two merged massive supergian ts with
He+CO cores?

. tidally locked CO star in a very close binary
(P orb »< 5 hr?; e.g. Cyg X-3?)?

. What causes the short-duration bursts?
NS+NS/NS+BH mergers?


