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Gamma Ray Bursts

Intense flashes of gamma rays lasting from fractions of a second to hours,
some with fading afterglows visible for months. Apparently associated
with star forming regions in galaxies, these are among the most powerful
explosions in the unmiverse.

Example:  GRB 990123
Distance - 10 billion light-years
Size — emitting region is light-seconds across
Power - at maximum up to 1,000,000,000,000,000,000
(quintillion) times the Sun’s power




Flashes have energy ~100 KeV - 1 MeV

== Name: GRBYYMNVIDD alb Frewoyneeded (eros
- GRB050302 1

T ,
-~ Energy release: || -1]" erg 103 = baicrop

1070 —» hit by truck

- __» mosquito jJump

Time duration: Few 10715 = smart bomb
10720 —» H bomb
SECOndS 10726 —» Kkiller asteroic
A —» death star
_. Event rate: 1 event/ day o e

— Energy release/sec

107°33-->sun

B A brief moment of glory, 10°39-->nova
10"41-->SN

—gamma-ray bursts out shine  1osa>crs




GRB: basic numbers

. 8
Distance: z<4.5 -—->D ~ 10" em

Fluence: F= [flux. dt ~ 10'4-10'7erglcm2

Energy output: || (ﬂl41r) Dj&s oo
)

set: @ -HE - I o
Ll

Rate (GRB) ~ 1/day




: - Vela 4a Event — July 2, 1967
. 1500 - - - - -

1000

counts /second

500

Time {seconds)

. St . \
First ver
23 May 1969-19 June 1979 :

Energy Range 3-750 KeV First detection

* Vela 4a (US DOD) monitored nuclear (& Cosmic !!) explosions

 First GRB det: 1967 (Klebesadel, Strong, Olsen 1973 ApJ 182, L85)

* Vela 5a,b/6a,b 73 GRB in 1969-79 F

* Prognoz 2 (USSR) 1972-82, Konus/Venera det. 85 GRB 1978-80



Catching gamma-ray bursts on the fly...

» CGRO (Compton gamma-ray Observ.)

==+ HETE (High Energy Transient
__ Explorer)1-500 KeV

o Swift (2004)
e GLAST , 11" June, 2008




Catching gamma-ray bursts on the fly...
CGRO (1991-2000)---4 Detectors

— BATSE (burst and transient source expt.) (20 keV-1MeV)
OSS(orlented scintillation spectrometer expt.) (.05-10Me
COMPTEL(Compton tel.), EGRET(energetic g-ray expt. tel)
0.8-330 MeV 30 MeV-20 GeV

BATSE all-sky survey: (Main Results:)

1) GRB — isotropic distribution = |
2) Long (>2 s) & Short (<2 s) Cosmol. dista




l Distribution of Gamma-Ray Bursts on the Sky

Expected Observed

|/f GRBs came from objects in our galaxy, you would expect to
see more of them from the galactic equator, where we find most
other galactic objects

*BATSE found that equal numbers of GRBs come from all
directions




' 2704 BATSE Gamma-Ray Bursts .

Fluence, 50-300 keV (ergs cm™)

—IUCTICC. =) 1TUX. Ui




Burst

The burst duration is BIOMODAL and
can be divided into two subgroups

1. Long ----- -tgo > 2 SecC. (750/0)
2. Short-—--d9y < 2sec. (25%)

[ o0 ----The time in which 90% of the burst
s=—energy is observed

- |Long and Short may have completely different
oriain !!

== All current knowledge of GRBs are mostly
Long Bursts




The burst duration ranges from several micro seconds t
several hundred seconds with complicated and irregular
—— structure. T . -
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Let's all be informed.......

GRB Coordinates Network (GCN)




Swift Mission

Launched: 20 Nov. 2004

Life Time: 3 Years QTIui::ll a:rpﬁa-y Bursi N}!ig'siqn
Det. Rate: > 100 Year o
Reporting Time: 75 sec.

Detectors:

BAT (Burst Alert Telescope)

15-150 keV

XRT (X-ray Telescope)

.2-10 keV

UVOT (UV/Optical Tel.)

Wavelength Range

170 nm-600 nm

| detected so
irst: GRB041217
atest : GRB061121

.

Cafc/ung gamma-p ay i
Z?ur’dfd on L‘/w j@ i

& NP-2001-3-210-GSFC



Exploring Nature's Highest Energy
Processes with the Gamma-ray
‘Large Area Space Telescope &

Detectors
L AT (large area tel.)

20 MeV-300 GeV

*GBM (grb burst monitor)
<10 keV- > 25 MeV

GRB, DARK MATTER.......




T e

O £nergetic, Yet So Mysterious......

When seen from the side, the relatively weak
emission from the lobes becomes apparent. The
jets powered by the black hole travel hundreds of
thousands of light-years before billowing into huge
clouds of radio-wave emitting gas.

>

-

-~

This observation from the Very Large Array
maps the radio emission from the lobes of
matter in the active galaxy Cygnus A. The
central region of the galaxy can be seen as
just a dot, while the long jets transform into
ethereal clouds over 300,000 light years
from the central black hole.

=
<




GRB:—>Hyperaccreting Black Holes (current paradigm) I
NS - NS
o s BH - NS
g very., very merger
fast jet G
® @ . - ® Short i
I
N (ty s2s)

0.01 M, / 0.1M,

torus torus
few M,

\ torus

Long
. (tyz ” I
NS/BH - He core merger colla_psar = 2
after common envelope rni_atlng, callapsing
"failed" supernova
- M. Ruffert, H-Th. Janka, 1993 Mészaros, GECDO3 !




news and views

The supernova connection

Peter Mészaros

They are the most enaergetic events in the Universe, but the origin of y-ray
bursts has been hard to establish. Observations ot a burst close to our
Galaxy now show that supernovae are, as suspected, likely culprits.

-I-he g surronnding the identity ot the
progenitors ot wray bursts (GRBEs) is
beginningto litt_at least o1 the class of
GREs known a5 "lon g bursts. This isthanks
to o series of obserwotions of o borst that
began on 22 blarch 2003, wery close to oot
Galoxy. On pages 843, 844 and 847 of this
issue. Uenuraaral ' Price erui.” and Hjouth
er od? veweal the evolution of this buust
in unprecedented detail — and show that
behind the OGRE is the uvnmistakable
signat ve ot s pernow.

The GRE population divides neatly into
long ones and short ones. depending on
whether the buist of ~-Uoys [osts more or
less than o tew seconds*. About two-thivds
ot all observed bursts are long ond these
are the only ones tor which lon ger-lasting
atterglows” ot X-toy optical and rodio
wovelengihs hove nlso been tound. These
atte rElowWs oy 1ast up to seweral months.
ond tram them the distance to the GRB
and the identity ot its host goloxy con be
determined. There is good ewidence that
lon gbuvsts ave lor gely associsted with octive.
star-tormin g regions in small. blue goloxies.
And. in at least three coses. theve has been
tantal izin gevidence thot GREs are ossociated
with a particular type of sapernova® —
although that interpretation has so tar been
trou ght with uncertainty.

A umal” supernoso ari ses when the cove
ot amassive starcoll apses_ejecti ng the stellar
outer envelope. The majority ot such super-
novoe resu it o parent stars that are less
than about 30 times heovier than the Sun.
and the core collopse produces o neutvon
star. The se su-per nowoe are nocmallyrdetected
weeks atter the collopse. becon se the ejected
envelope only brightens sutficiently 1o be
detected ot optical wovelengths sone weeks
loter. Theonly signals ofthe collopse that ave
expected to reach the Eoth promptly ore o
tuxoftinyparticles colled neutrinos [which
wos picked up tor the spernowva SMN1987a
by the Ioponese nentrino detector Kamio-
konde) and grovitational woses [which howe
et to bedetected ).

For hezwier stors. howewer. the cove is
thou ght tocollapse into o black hole. and the
resultin g brietepisode of o ss occretion has
been proposed asthe centralengine driving
GRBs*. This kind of collapse was initially
reterved to o5 o thiled” supernovo. as it was
thou ght thot the stel lor envelope wou ld not
beejected. A GREBwou ld i nsteod resu 1t tromn
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Figure | A good mateh. The spectra of the wavelengths of rediation fromthesy - may burst G RBOG0329,
belleredto be associated with the supernove SN2005 dh, and from GRBSEDHLS SN 1998w are.
remarkebl¥ similarin shepe'’, suggesting thet in generel the GRB and supern o¥a phenomena ere
related. Deteiled observet ons'™ of G RBO30329 offerthestrongest proof pet thet 4 - ray bursts are
indeed produced by supernovaethat result when the core of 8 messive starcollepses.

o velatiwi stic jet ot gas ted by the black hole:
it would break through the stellar enwvelope.
leading to rodiative shocks in the rovetied
environment outsidethe stor.

1n 1993 observations of GRBS80425
showed an onomalous brightening ot its
optical Jtterglow o tew wee ks other the burst.
possibly linking it to o roughly contem-
poranecy s supernowa. Known o5 SN 1998 b
whose ejected envelope would hove bright-
ened ot about that time Suspicions grew
that lon g GREBEs might. atter all. be associated
with “successtul” supernovoe. In toct. the
tew supernovoe tentatively |inked 1o GRBs
appedred even more energetic than usual.
and  were dubbed Chypernowne™®. o
collapsars™. There is also o more elaborate
otfshoot ot'the supernova iden —the “supro-
nova®. Here. the core collapse is assomed to
ben two-step attoir: the ticst step produces o
tenTporaly neutron star and o supernosa., in
thesecond step. o tewwee ks or months loter.
the neution star collopses into o block hole.
producingn GREB.

The association of lon g 3REBs with super-
nowoe (o even supranovoe) is bosed an the
apploximate coincidence in tine otthe GRE
and the interred instant of the supernova
cove-collopse. The latter is deduced thom an
extropolation bock trom the peak brightness
ot emitted light — on extropolation that is
model-dependent and uncertain. not least
becau se these objects ove so tar swayand very
toint. This situation changed dromatically
with the observation of GRB0OI0IZ in
March of this yeor. Its coordinates were

& 2003 fatum Publlshing Group

—

disseminated by the HETE-2 spocectatt
within S0 mimtes ot its detection. enabling
ground-based telescopes to make tollow-up
observotion s almost immediately Although
move than two billion light ears owose
GRPBO30I 22 0oy be the neare st cosmological
GRE et seen®”.[1n termsottheconvention-
al astronomical distance measure. its red-
shitt®z.is0. 162 previou s GRBs hove usually
only been seen in the conge 0.4-4.5; the
exception is GREF80425_ it its association
Wwith S 1998w at - =0.008 isveal )

After o week. the pattern of light emitied
by GRBO30I2S— its lightcurve” —storted to
shovwr the beginnings of o slight bump. TBn
doys Ioter this bump was identitied as being
coused by an energetic supernoswa. labelled
20030 h?'® Becomse this GRE is relotively
close to us. the identitication of the light-
curve peak. ond its wovelength spectinm. is
signitican thy stron ger than in presious coses.
The extrapoldtion trom the penk brightness
indicates that the time oft-set between the
GRE ond the collapse of the supernown is
unlikelytobe greaterthanabout teodayrs.and
iscompatiblewrith the tao esen tsbeingsimom -
tanecu s. Hjorth er ! intecpret this os taling
out the suptanova model: it the two-step
<ol lopseota supranosawereto happen within
two days. it is unlikely that its y-roy emission
and atterglow would match the obsersations.

Another  remarkable  testure ot

GRB0IDIZF i the spectium of wovelen gths
it hos emitted. There iso tantalizin g match
between the shope ot the distribution

tr GRBOIOIZSISN2O03dh and that ot

08




magnitude

5Bk
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GRB 030329 < SN 2003dh : Yes !

LISNO, Flagstatt data

[
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. GRB 030329 I
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E 030 6,000 7000 8,007
Dhezrved wavelength of emitted lht (&
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Nearest “unequivocal”
cosmological GRB: z=0.17

GRB-SN associaton: “strong”
Fluence:10-4 erg cm-2,

among highest in BATSE,

but At ~30s, nearby;
E, s0~10°%%erg: ~typical,
Esnzoosdh,iso ~10°%2 erg

~ Egn19980w.iso (¢9rb980425)

Venej ~0.1C (— “hypemova”)
GRB-SN time off-set ? at most:
< 2 days (from opt. lightcurve)

( = i.e. not a “supra-nova”)
But: could be 2-stage (<2 day
delay) x- NS-BH collapse ?

—vy predictions may test this !



MERGER SCENARID FORMATION OF A GAMMA-RAY BURST could begin either
with the merger of two neutron stars or with the collapse

of a massive star. Both these events Efeate a black hole :
with a disk of material around it. The hole-disk system, . £ Lo RRAYST
et turn, pumps out a jet of material atclose tothe speedof E:EE,I":E
light. Shock waves within this material give off radiation, JET COLLIDES WITH mm‘
AMBIENT MEDIUM WAVES

[external shock wave)

o

GAMMA RAYS
BLOBS COLLIDE
SLOWER [Iinternal shock
FASTER BLOB wave]
BLACK HOLE DISK BLOB
_ -
CENmRat. =~ 0T
g

ENGINE

PREBURST

GAMMA-RAY EMISSION

/

AFTERGLOW

HYPERNOVA SCENARID



Y -Ra ﬂ Afterglo
Inner Engine
Relativis
Kinetic
Expansion :

External S
Internal Shocks GRBY -Rays in ISM —




Afterglo

Relativis -~

Kinetic o

Expans B =
External S

Internal Shocks GRBY -Rays in ISM




How far from the Hidden Central Engine.....




Fireball : Internal, External Shocks

Internal Shocks:l

*Central engine injects energy intermittently in
the form of SHELLS, with non-uniform Lorentz
factor

*First moving shell will collide with slower one

*Collisions produces a pair of shocks going into both
shells

“““eHeating them and accelerating e and p.

--With some magnetic field in the shell, these e & p emit

___Synchrotron radiation (non-thermal) in the gamma-ray
w=(blue shift)




Merit of the Collapsar Model:

* Involve a GRB-SN association

* GRBs are associated with star forming regions

* Existence of stellar envelope helps to collimate a jet
and can help to regulate the jet flow intermittently.

* The duration of a burst is the fall-back time scale
(between two successive shells)

All these are consistent with the observations:

GRB980425-SN1998bw (z=0.008)

GRB030329-SN2003dh (z=0.169)




Ireod

Rapid rise time of the gamma-ray
spectra implies sources are compact
size ~ 100 — 1000 Km

Temperature ~ 3 - 10 MeV

Sudden release of copious amount of gamma-ray
photons in to a compact region creates an opaque

=== photon-lepton fireball due to the formation of :
electron-positron pair.

- Radiation can not escape, optical depth is very high. |

—




*| * Baryon contamination in addition to e*+ e”-

* Electron associated with the baryons increase
the opacity of radiation

* Are dragged by accelerated electrons and part of
the radiation is converted to kinetic energy of the
baryons

- * If baryon load is high (= 10~(-8) M_sun ),

_ ho relativistic expansion




Baryon Load in the fireball:

= Computer simulation suggests baryon load
- has to be very small (outstanding problem)

— e - 10 e

Otherwise the expansion is Newtonian &
NO GRB

— Fireball has to expand relativistically !!!
Consistent with the OBSERVATION.

T.Piran Phys. Rep. 314, 575 (1999)
E. Waxman, Lect. Notes Phys. 598, 393 (2003)




Neutrino oscillation
in the fireball




Sources for the neutrinos:

*Neutrinos of about 5-20 MeV are generated due to
the stellar collapse or merger event that trigger
the burst. )
‘Nucleon bremsstrahlung, N+N------- SN+N+ ) +

And e St VY
=—t|n the Fireball -
pte —s n+l,

| Al have energy in the MeV range.

... All these neutrinos will propagate through the
““fireball.




Neutrino oscillations:

““In a relativistic and non degenerate e*+e”-
. plasma, the effective potential experience b
—.electron neutrino Is

By a_ muon neutrino
V,=\2G,N L _

We study the oscillation processes

Vef"W T/ veHvs’ VeHv T




Neutrino potential:

y Is the neutrino energy ( 5-20 MeV), e is the mixing angle




Resonance condition
At resonance:

: V - A (058 [ o M
— We assumeg: 2 1 Am 20 3
Le > 6.14x10 T M€V Mbaryon 223 1( RTM ;!

o)t
ks




Assumptions

" The fireball is spherical with radius
R~100-1000 KM

T.Piran, Phys. Rep.
314,575 (1999)

It Is charge neutral & having equal

number of Erotons and neutrons.
Derishev et al., A&A 345, L51 (1999); APJ 521, 640 (1999)




Solar neutrinos:

SNO + KamLAND (reactor)
SNO Collaboration, PRL 92, 181301 (2004)
KamLAND Collaboration, hep-ex/0406035 -
Best fit is at

<0 o o g
T T - 2]

MMe M

B U0 H T

b

Probably very few or NO resonant oscillations take
place within the fireball and most of the neutrinos




Atmospheric Neutrinos:

~Super-Kamiokande:
SK Collaboration, PRL 93, 101801 (2004)

- We take Average V

== ([F{IY !} I e W T AR A XY

Neutrinos can have many resonant oscillations within
the fireball.



Reactor Neutrinos:

Liquid Scintillator Neutrino Detector (LSND) & KARMEN 2
——combined Analysis:
Phys. Rev D66, 013001 (2002)

- We consider

05 i~

~==Neutrinos will oscillate several times before coming




Summary:

~From the Collapsar/Hypernova model of
" GRBs lots of neutrinos will be produced
~-and fractions of these neutrinos will
propagate through the fireball.
We studied the resonant oscillation of

these neutrinos In the fireball.




Conclusions: (cont.)

We assume

1.) Spherical Fireball R~100-1000 Km.

2.) Charge neutral
3.) No. of Protons = No. of Neutrons
~=4.) L e>6.14 X 107(-9) TA2 MeV




Conclusions:
- (cont.)

Neutrino oscillation is possible

If.....

Neutrino mass square difference &
mixing angle are in the

Atmospheric and/or Reactor expt. ranges

=for SOLAR  May be just............




Is it possible to detect these
neutrinos....

Unfortunately not with the
present generation
detectors.........

Similar to SN1987A burst but
==very very far, flux is very small




The road leading to an understanding
the nature of these objects is




A List of outstanding problems:

~— 1.) Hidden Central Engine...
" 2.) Means of transport of energy ........
_3.) Why almost baryon free fireball....

4 ) Polarization of GRBs....
5 ) UHE neutrinos......

Many more...................




Generation of magnetic field in the GRB by
= electron-neutrino interaction.

“~ J.F. Nieves, S. Sahu, PRD 71, 073006 (2005)
Effect of temperature on the electron mass
and subsequently on electron+hadron

(proton, neutron) scattering within the
fireball.

This will affect the production of UHE
neutrinos due to the change in the ratio




Role of Neutron in GRBs

¢ Changes the dynamics of the fireball
(Derishev et. al.)

¢ Dynamical decoupling of the neutron from
the rest of the shell will give rise to inelastic
n-p scattering and lead to the emission of
observable multi-GeV (5-10 GeV) neutrinos
(Bahcall, Mészaros, PRL 2000; Mészaros,
Rees, APJ 2000).




Is baryon number a good
symmetry of Nature ?

¢ |t Is believed that Baryon number Is not a
good symmetry of Nature (Universe in
matter dominated) and it require baryon
number violating interactions: proton decay, | ..
nn oscillation (no success so far)
¢ ., = oscillation occurs due to AB=2 transition
¢ Present experimental limit for unbound
neutron oscillation Is 10° sec.
T =

nn




nn oscillation mechanism

¢|n the presence of a magnetic field, neutrons
energy levels are splitted by an amount

¢ AE=guB and this is responsible for the
oscillation.

¢ Due to oscillation, the number of anti-neutron
IS

2 —2

—0.6X10°5N |2
'@ifh

1y [om
"2 "|AE

Sm=t.>2 T,, ~10" sec.




Magnetic Field in the Jet Outflow

¢ |t is believed that non-thermal emission is
due to synchrotron emission/inverse
Compton scattering. For synchrotron
emission strong magnetic field is required.
There Is no way to estimate the magnetic
fileld from the first principle.

¢ |Large magnetic field is expected if the
progenitor is highly magnetized. Also
amplification of small field due to turbulent
dynamo mechanism, compression or
shearing.

¢ Decrease of Magnetic field due to expansion




Magnetic Field in .......

¢ Recently it has been suggested that,
emission iIn GRBs cab be explained through
Compton-drag process and no magnetic
fleld is needed (APJ 529, 2000; APJ 511,
1999, APJ 491, L15, 1997)

¢ Despite all these, there is no satisfactory
explanation for the existence of strong field.

¢ We use Magnetic field as a parameter here.




€ Number of anti-neutron at a distance r from

the source Is

1 E E —rlr 6m
N, = (o2
14+& nmpe AE

2

=2%10"

-2

B

G

28
1+§&

E53 —rlrg
n_z e

N 100

¢ £=1 npeutron to proton rationand o= "/7s

due to neutron decay.

¢ protons, neutrons and electrons are coupled

with the radiation in the expanding jet
outflow until the Compton scattering time
scale f,~n,o,]  and the elastic n-p
scattering time scale ¢ ~n o,| are shorter
than the co-moving plasma expansion time
scale Lo =1 T

O'np~3>(10_26 cm’




¢ The neutrons and protons are coupled until
the opacity T,,>1 , which corresponds to
neutron, proton decoupling radius

Lo-np 10 L52

Y o< >—~6X10 > cm

(1+§)4Trmp1-' n (1+§)F100rl100
¢ The np coupling radius r lies

r<r <r, = r<6x10" cm <10 cm
¢ So we’carf neglect the effect of neufron
beta decay.
¢ Decay of

n—op+e + v,




¢ Produced anti-protons will annihilate with the
protons in the background through

— + — 0
n+n—->1mT 1M 71T

— + -
n+n—-1mt 417

—_ 0 0
n+n—-1m 1T

¢ Pion decay

i
S
L
Q<
+
Q<




¢ Proton anti-proton annihilation, each pion carry
m— 1.88 @&VERQY
¢ Average energy carried by muons is 80% and
N restis by neutrinos. in the pion decay.
- ® In muon decay ~1/3 energy Is carried by each
particle. Average energy of neutrino in muon
decay ¢, ,~0.5 GeV/ik, the co-moving frame. In

observer frame normallzmg at z=1

75 GeV 2
&7 k_ I 30 142’ k.=3,2
¢ Energy of mdon neutrinos due to pion decay
__ 56 GeV 2
— &= k I3, 142

Tt




¢ The neutral pion decay will give photons of
energies 45 and 71 GeVs.

¢ The optical depth T,,>1,so GeVs
photons will degrade by pair production and
can not escape.

¢ The total amount of energy releasedin pp

annihilation is
24 E53 B
€,,=2m,N,~6xX10

N0 |G

¢ A major fraction of it will be in the form of

neutrinos.

—2

28
1+§

erg




Neutrino Event Rate

¢ Short and Long GRBs rate within a Hubble
radius of R,~10° R,; per year, number of
events per year in a detector with N,
protons Is

R _~

vy

R, N_.O

41TD

By considering Earth as the detector with
10®  protons and a magnetic field of 10°°G
In the jet outflow the event rate Is

3—-24/2
242z—2+1+z2

22§
1+&

B
10°°G

-1

E.,
R,;~3. 6h65 Rys—— n F300
100
0

year




¢ Production of neutrinos and anti-neutrinos
due to nnbar annihilation is inversely
proportional to the square of the mag. filed.
So If nnbar oscillation exist in the GRBs
outflow, mag. field can't be arbitrarily strong
or weak.

¢ Very Weak filed enhance neutrino
production and take away huge energy.




Is it possible to observe these
neutrinos?

May be in future, the Extreme Universe Space
Observatory (EUSO) will be able to see it !




Summary

¢ No other process can give rise to neutrinos
Inbetween source and the n-p decoupling
radius.

¢ 19-38 GeV neutrinos will be produced much
before the 5-10 GeV neutrinos due to
dynamical decoupling of neutrons.

¢ |t will tell about the nature of the progenitor
of GRBs.

¢ Observation of these multi-GeV neutrinos
will be unique signature of Physics Beyond
the Standard Model.




..a Gamma-Ray burst

could blow away the

Farth's atmosphere
and cause mass extin-
ction.
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