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The Early Days of Numerical Relativity
Nakamura, Maeda, Miyama, Sasaki, 1981

Tirmer 2.87E - i Tirme L 1L.882 « N
< COMAAX w Q821 o VELMAX » QO 30 7E « OO0 - QOMAX = O 125 - O VELMAX O 3I72F5 « O
- « o . » . -

N iiie AN A o

! v s S -
T -
1§22 =
e = \ M -
”~ (=] ~
g, Z2.(an) Contour linos of . st ¢ Q. 287 ftor AL M he smpace Iintegeal of Q. Hoeconmes
Meu., that v, 2N ITCIT QR dZ A w . U her proecise definition of ., cnn be found in
Papor | Fach line corrosnponds to Q. COMAX 10 """ for = 1,2, =« 11 M A X
i shown in the figruare Arryrows show the voeoror CMa/ €., T2/ 0u). T hes rmvmxitmum
of thin vector iss sshhown in the fHgure as VEILMAX
(1) M he contour lines of O fTor ALOD at ¢ 1426 The notations are thes surrne s
Iigg. 2Cm ). TThe dashed line shows the apparent horizon.

Friday, September 24, 2010




The Early Days of Numerical Relativity
Nakamura, Maeda, Miyama, Sasaki, 1981
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®Piran, Tsvi; Nakamura, T. Jets in supernova 1987A? 1987 Nature .330, 28

ePiran, T.; Nakamura, T. Current Detectors Detect Gravitational Radiation
from Newborn Pulsars? 1988 PThPh..80, 18

eNakamura, Takashi; Piran, Tsvi The origin of the planet around PSR 1829
- 10 1991 ApJ, 3821, 81

Paczynski 1991:

More than a decade ago observations of a ‘mystery spot’ near SN 1987A were
reported by Karovska et al. (1987) and Matcher et al. (1987). Piran & Nakamura
(1987) suggested that this might have been a jet generated by the supernova. Not
knowing about SN 1987A Cen (1998) suggested that supernovae may create
relativistic jets, which may give rise to gamma-ray bursts. This idea gained some
support when the new analysis of SN 1987A data provided stronger evidence for
the original ‘mystery spot’, and in addition provided evidence for a second spot
on the opposite side of the supernova, suggesting relativistic jets (Nisenson &
Papaliolios).
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Once or twice a day we see a burst of
low energy gamma-rays from the outer
space lasting for a few seconds.
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low energy gamma-rays from the outer
space lasting for a few seconds.

The energy released during a burst
(~10°! erg within a few seconds) is
only a few orders of magnitude
below the energy released by the rest
of the Universe at the same time!
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Once or twice a day we see a burst of
low energy gamma-rays from the outer
space lasting for a few seconds.

The energy released during a burst
(~10°! erg within a few seconds) is
only a few orders of magnitude
below the energy released by the rest
of the Universe at the same time!

GRBs are the (electromagnetically)

brightest objects in the Universe. Only

~8 orders of magnitude less then the

theoretically maximal * luminosity (c>/

G)~10°7 erg/sec . Mc?

3
* Up to relativistic corrections. GM /c
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GRBs are good for many thing:
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GRBs are good for many thing:

* Determining the high redshift history of the

universe ?
akbh . akbh

Friday, September 24, 2010




GRBs are good for many thing:

* Determining the high redshift history of the
universe ?

Friday, September 24, 2010




GRBs are good for many thing:

* Determining the high redshift history of the
universe ?

Friday, September 24, 2010




GRBs are good for many thing:

* Determining the high redshift history of the
universe ?

Friday, September 24, 2010




bad
GRBs are goed for many thing:

* Determining the high redshift history of the
universe ?

* Destroy Life on Earth (mass extinction) ??

FUBNDARYS SOLAR LIRS
SKY SAFE VIEWING
& TELESCOPE o:¢/ s«

Gamma Ra
of Doom s

Why You Showhs P
Worry Aot Mergong A
Nevtron Ytan !
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GRBs are good for many thing:

* Determining the high redshift history of the
universe ?

* Destroy Life on Earth (mass extinction) ??
 Measuring quantum gravity effects

=
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GRBs are good for many thing:

mwari.

.......

* Determining the high
the universe ?

* Destroy Life on Eart
extinction) ?? \

 Create Life on Earth RN
formation)?

 Measuring quantum

 Accompany sources of Grav1tat10nal
Radiation (Kochanek & Piran, 1993).

...... Dwteiton
S v K e
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GRBs and Relativity

 Observations

* Relativistic Motion

 The Fireball Model

 Black Hole or Not Black Hole?

* Gravitational Radiation from GRBs
— Sources
— Rates

— Gravitational radiation from the inner
engine

* Lorentz violation with GRBs
* Conclusions and prospects
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THE DISCOVERY

“* GRBs were discovered
accidentally by Klebesadal
Strong and Olson in 1967
using the Vela satellites
(defense satellites sent to
monitor the outer space

treaty). The discovery was
reported for the first time
only in 1973.
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THE DISCOVERY

“* GRBs were discovered
accidentally by Klebesadal
Strong and Olson in 1967
using the Vela satellites
(defense satellites sent to
monitor the outer space

treaty). The discovery was
reported for the first time
only in 1973.

An invited prediction (Sterling Colgate 1967) -
GRBs»as-shock-breakout from (galactic) supernovae
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Properties
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€ Duration 0.01-1000s

Properties
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€ Duration 0.01-1000s

Two populations (long and
short)
€ ~10-2000keV photons

(non thermal spectrum)
(very high energy tail,

£ dNAE (MeV em)
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600 ke V is soon. (The Sned spectral wp owm above & MeV i sot dgnficant )
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€ Duration 0.01-1000s

Two populations (long and
short)

€ ~10-2000keV photons
(non thermal spectrum)
(very high energy tail,
up to dozen GeV, 500GeV?)
€ Rapid variability

| / m“:*’i”
- L
> +
§. xoL K\‘T _:
: M-l ]
= [ ]88 1]
ﬁ Bioe=
| ‘
o |

Figwe 9 The spectrum of GB 910607 observed over & wishe encrgy rnge, as mreasused by Bee
experiments on CGRO (Share ot al 19980 A qypioal booad spectnum with o peal gumens o st
600 ke V is soen. (The Sned spectral wp owm above & MeV i not dgnificant )
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Properties

€ Duration 0.01-1000s

Two populations (long and
short)

€ ~10-2000keV photons I
(non thermal spectrum) ) e

(very high energy tail,
up to dozen GeV, 500GeV?)

¢ Rapid variability 2 1 «AMU’W‘W

(less than 10ms) o
' f."‘: ]

-------
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ATERGLOW

€ The bursts are
followed by

multiwavelength
afterglow: X-ray,
radio, Optical
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Relativistic Motion

0.lsec
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Relativistic Motion
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Relativistic Motion
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Relativistic Motion

W — e+e=

t~1013

hv=hv/T }
To[-(4+0)
Ot=R/cl?2
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Relativistic Motion
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The Internal-External Fireball Model

Y-Tays
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The Internal-External Fireball Model

y-rays Afterglow
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The Internal-External Fireball Model

y-rays Afterglow
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\ Short lived
accretion disk
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Duration

~30 sec —
accretion time
scale.

Variability <
0.1 sec —
fluctuation
time scale.

Friday, September 24, 2010




Routes to a
BH-Disk-Jet

= NS/BH-NS merger
= BH-WD merger
= NS/BH-He core merger

| ' -
Collapsar NS/BH- He cors margar TS RPESISL L

"lailed" supemova

afier common envelope

']-)avies .et. al , 9‘4 | ISA
Woosley et al, 99
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Routes to a °
BH-Disk-Jet TN

NS/BH-NS merger - SHORT
= BiE-WDmmerger—
e H-He-eore-merser

Collapsar . LLONG 00 b e s’ caliapmar

afler common envelope E‘,’:‘;:g;ff"“:,"f

e L

']-)éwies .et. zil , 9-4 |

Woosley et al, 99
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Jets and the Jet Break

(Rhoads 1999; Sari, Piran & Halpern 1999)

Friday, September 24, 2010



Jets and the Jet Break

(Rhoads 1999; Sari, Piran & Halpern 1999)

At Early time: Frlien

R Area visible to an observer =gt (R/ I)?
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Jets and the Jet Break

(Rhoads 1999; Sari, Piran & Halpern 1999)

At Late time: T~ ! >0

R Area visible to an observer = (RO )2 oc
(R/T)*@0)? = (R/T)* ¢
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Jets and the Jet Break

(Rhoads 1999; Sari, Piran & Halpern 1999)
Jet break at '=06"1: 6=0.16 (n/E)Y/2 (t/day)3/8
At Late time: T~ ! >0

R Area visible to an observer = (RO )2 oc
(R/T)*@0)? = (R/T)* ¢
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Jets and the Jet Break

(Rhoads 1999; Sari, Piran & Halpern 1999)
Jet break at '=06"1: 6=0.16 (n/E)Y/2 (t/day)3/8
At Late time: T~ ! >0

RS e Ared visible to an observer = (R@) o
ﬁ ‘ (R/T)*(6D)* = (R/T)*1
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Jets and the Jet Break

(Rhoads 1999; Sari, Piran & Halpern 1999)
Jet break at '=0"1: 8=0.16 (n/E)Y/8 (t/day)3/8
At Late time: T~ =0

)¢

-1
I
T 2
R Area visible to an observer =t (RO )~ x
[ 1 -
)™ [ b ~

f ~

5 3 E

:‘- ‘ ! 10
; GRB 990510 '
L vy
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The jet spreads
sideways quickly

The jet remains
within initial cone

Radiation is J/t‘
beamed into a be +
narrow cone 108

Tsvi Piran -JGRG20 Kyoto

Friday, September 24, 2010

Jet

Radiation is beamed
into a large cone




Hydrodynamic Simulation
of a Relativistic Jet

J. Granot, M. Miller, T. Piran, W. M. Suen
P. A. Hughes, 2001

Movie by S. Ayal, J. Granot

Tsvi Piran -JGRG20 Kyoto
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The Energy

)

=il

1973

Tsvi Piran -JGRG20 Kyoto
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The Energy

/
;ﬁ | Jets

1973
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From Bloom et al., 03

Tsvi Piran -JGRG20 Kyoto

Friday, September 24, 2010




19

<

10|
P

Y

! ; { S rw \ 4
NS UGS USRS S Sawe W | e FLEPI ST PR G S S G SIS

19

50 51 52 53
log
® Sy

From Bloom et al., 03

Tsvi Piran -JGRG20 Kyoto

Friday, September 24, 2010




vvvvvvvvvvvvvvvv — S—
lar
10".
51
> _l_l

OL—;»O--- ade F— bod 4{.(" .:. bk b

19 51 52 5¥ ]

log E

From Bloom et al., 03

Tsvi Piran -JGRG20 Kyoto

Friday, September 24, 2010




19

<

10|
P

19 50

From Bloom et al., 03

Tsvi Piran -JGRG20 Kyoto

Friday, September 24, 2010




vvvvvvv

19

0!
gl

19

From
Afterglow

From Bloom et al., 03
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But :

Berger et al., Nature, 2003

Tsvi Piran - Jets on All Scales Buenos Aires
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Black hole?

* Usov 1992 - Magnetar source
— Need 10" G at the source
— Many be powered by rotation?

* Main problem is that energy budget is
marginal, especially for very energetic
bursts.

* Also need to channel the Magnetar energy
to a narrow jet?

25
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Long Duration GRBs:
Massive Stars & Sne
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Long Duration GRBs:
Massive Stars & Sne

 GRB host galaxies are star-
forming galaxies

* High column density/
extincted bursts

e In regions of very high star
formation (Fruchter).
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Long Duration GRBs:
Massive Stars & Sne

e GRB host ga]axies are star-  Supernova Spectrum Emergence

GRB 030329 is now also SN20034dh

forming galaxies

* High column density/
extincted bursts

e In regions of very high star
formation (Fruchter). 7 moscenr

« Association with type Ibc . .cmommm "
SNe

Friday, September 24, 2010




Long Duration GRBs:
Massive Stars & Sne

 GRB host galaxies are star-
forming galaxies

* High column density/

.........

extincted bursts
e In regions of very high star

g F, in erg’sec/cmz.'»\ng

formation (Fruchter). o 7|y

» Association with type Ibc BT PR

SNe

e But SNe are not seen in
some GRBs?
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Rates of Long Bursts
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Rates of Long Bursts
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Rates of Long Bursts

 The observed rates of long
GRBs is 1 per day by
BATSE

* 1 GRB per Gpci/yr

* An observed burst per :
galaxy in 2x107 years

« 3x10° years/galaxy with a !
beaming correction of ~50

| This rate is a factor of >100
below the rate of SNe.

* Does not follow the SFR —
requires more distant bursts!

10

1 2 3 4 5
redshift

Wanderman & T P\‘Q‘\O 0

6 7

8

9
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ates of Long bursts

 The observed rates of long
GRBs is 1 per day on
BATSE

 The implied rate is about 1
Gpcilyr |
e Or an observed burst per & |/
galaxy in 2x107 years |

¢ 3x10° years/galaxy with a
beaming correction of ~50

 This rate is a factor of
>1000 below the rate of
SNe.

* Does not follow the SFR —
requires more distant bursts!

redshift

Wanderman & TP 2010
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Short GRBs

1676 BATSE Bursts
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 ~1/3 of BATSE long

bursts.

Short GRBs

1676 BATSE Bursts
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Short GRBs

1676 BATSE Bursts

 ~1/3 of BATSE long
bursts.

* ~1/10 of Swift long
bursts.

BATSE
» 5
A PN-Sheet

10,04

10 ’; : s v € .A -

Fluence{ 100-300 keV)/Fluence(S0-100 keV)

0.1
Q.01 Q10 1.00 10.0¢ 100.00 1000

P
T?:. {s)
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Short GRBs

 ~1/3 of BATSE long o 5
bursts. o s ”? |

. - IO“{ o v ’ ‘%

* ~1/10 of Swift long g . |
bursts. -l e !
10"} o > %

* Lower total energy and L A ;f
weaker afterflows. o 'OE‘“i

E,iso (€19)
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Evidence for an
old population

SHB Redshift Host Galaxy  Association  Reference
2 Type significance

790613 0.09 E/'SO 3o Gal-Yam et al. 2005

000607  0.14 Sb 20 Gal-Yam et al. 2005

050509b 0.22 E'SO 3—do Bloom et al. 2005: Kulkarm ef al. 2005
Castro-Tirado ef al. 2005: Gehrels 2005

050709  0.16 Shi¢ Sccure Fox et al. 2005

050724  0.26 E/'SO Secure Berger ef al. 2005; Prochaska e al. 2005

050813 0.72 E'SO . Gladders er al. 2005; Berger 2005

001204 > 0.25/0.06] - 112i0 Gal-Yam et al. 2005

000607 > 0.,25/0.06] - 12 Gal-Yam er ai. 2005

Friday, September 24, 2010




PRAD . .
OSL O p U0 -
C 2 . d 0 d
DAINC
o R
h.‘_-"‘
. \Y‘ e ‘. y
Fr gy
% ;
E.e. ok
v - £
= ':j"
7 d SN
oL
[

.

GRB 050709

Evidence for an
old population

SHB Redshift Host Galaxy  Association  Reference
2 Type significance

790613 0.09 E/'SO 3o Gal-Yam et al. 2005

000607  0.14 Sb 20 Gal-Yam er al. 2005

050509 0.22 E'SO 3—do Bloom et al. 2005: Kulkarmi ef al. 2005
Castro-Tirado ef al. 2005: Gehrels 2005

050709  0.16 Shic Secure Fox et al. 2005

050724  0.26 E/'SO Sccure Berger ef al. 2005; Prochaska e al. 2005

050813  0.72 E'SO . Gladders er al. 2005; Berger 2005

001204 > 0.25/0.06] - 12l Gal-Yam et al. 2005

000607 > 0.,25/0.06] - 12 Gal-Yam er ai. 2005
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letters to nature

Nature 340, 126 - 128 (13 July 1989): doi:10. 103834012620

Nucleosynthesis, neutrino bursts and Y-rays from
coalescing neutron stars

DAVID EICHLER', MARIO LIVIO', TSVI PIRAN' & DAVID N. SCHRAMM®

‘Departmant of Physics, Ban Gurion University, Beer Sheva, Israel, and Astronomy Program, University of Maryland, College
Parﬁ Marytand 20742, USA

"Department of Physics, The Technion, Haifa, lsraal

‘Racah Institute for Physics, Hebrew University, Jerusalem, Israsl, and Princeton University Obsarvatory, Princaton, New Jersay
(8544, USA

*Departments of Physics and Astrophysics, University of Chicago, 5640 Ellis Avenua, Chicago, Ilincis 80637, USA. and
NASAFarmilab Astrophysics Center, Batavia, llinois 60510, USA

NEUTRON-STAR collisions occur inevitably when binary neutron stars spiral into
each other as a result of damping of gravitational radiation. Such collisions will
produce a characteristic burst of gravitational radiation, which may be the most
promising source of a detectable signal for proposed gravity-wave detectors'. Such
signals are sufficiently unique and robust for them to have been proposed as a
means of determining the Hubble constant’. However, the rate of these neutron-star
collisions is highly uncertain®. Here we note that such events should also synthesize
neutron-rich heavy elements, thought to be formed by rapid neutron capture (the r-
process)‘. Furthermore, these collisions should produce neutrino bursts” and
resultant bursts of Y-rays: the latter should comprise a subclass of observable Y-ray
bursts. We argue that observed r-process abundances and ¥-ray-burst rates predict
rates for these collisions that are both significant and consistent with other
estimates.
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Luminosity function and Rates of

short GRBs
~10 /Gpc3/yr < JL*~2 103%rg/sec
80 mergers /Myr
Galaxy* Loglé(0)
*Assuming a e
beaming

factor of 30

Log(L)

8x10-5 yrr! MWG
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Luminosity function and Rates of
short GRBs

~10 /Gpci/yr <

JL*~2 10%%rg/sec
80 mergers /Myr

Log[¢(L))

beaming
factor of 30
Comparable to

the estimated
rate of

mergers 8x10° yr'' MWG

Log(L)
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Luminosity function and Rates

~

./—‘> ~ ~ -
Weakly constrained ~ _ L*~2 105%rg/sec

~

by current detectors 5

Log[¢(L))

~104 /Gpcilyr < 8
x10* mergers /Myr

Galaxy 0.08 yrr' MWG
Nakar, Gal-Yam, Fox 05,

Log(L)

See also Tanvir 05
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1024}
™
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1: 10‘2“. .......................
= 2 in:distance
4 inienergy
2 10 inirate
10‘“: ? :
28 s : :
10 r > 3
10 10 10
f (Hz)

80 Myr/Galaxy =20 (0.5) events/yr within 200Mpc
10° Myr/Galaxy =20 (1) events/yr within 40Mpc
1 out of 30 in coincidence with a (short) GRB!

Tsvi Piran 8th LISA Symposium
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internal - External Shocks

y-rays Afterglow
N> /NS =
=] N> o !
N> o
i r/lljtlc I;:e”;(al External
) | | ocis Shock
105cm 10'3.10'5¢em  10'6-10'8cm

Tsvi Piran - Jets on All Scales Buenos Aires
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Gravitational Radiation from
jet acceleration?

Regardless of the nature of the

“inner engine” the fireball

model predicts gravitational °
radiation from the acceleration

of ~105lergs to relativistic

velocity (Piran, 00, Segalis & Acceleration to I'>>1
Ori, 2001; Sago, Ioka, within ot
Nakamura, Yamazaki, 2004). ®

Acceleration @
to I'>>1
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Gravitational Radiation from
jet acceleration?

Regardless of the nature of the
“inner engine” the fireball
model predicts gravitational
radiation from the acceleration
of ~105lergs to relativistic
velocity (Piran, 00, Segalis &
Ori, 2001; Sago, Ioka,
Nakamura, Yamazaki, 2004).

Y-rays

Acceleration to I'>>1
within 0t

Acceleration
to I'>>1

Y-rays
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Y-rays

Y-rays
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Y-rays

Afterglow

Afterglow

Y-rays
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Y-rays

Afterglow

Acceleration
to I'>>1

Acceleration

Afterglow toI>>1

Y-rays
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Gravitational

Y-rays

Afterglow

Acceleration
to I'>>1

Acceleration

Afterglow toI>>1

Gravitational

‘Y-rays waves
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No Coincidence between this
Gravitational Radiation and the

GRB?

Gravitational

Y-rays

Afterglow

Acceleration
to I'>>1

Acceleration

Afterglow toI>>1

Gravitational

Y-rays waves
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Slightly better

Gravitational
waves

Afterglow

Gravitational

Y-rays waves
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Beaming & Anti-Beaming

« The angular distribution of
radiation from an accelerating
source is set by two effects:

— In the source’s rest-frame, emission
IS perpendicular to the acceleration
direction —no radiation in the forward
direction

— Passing from the CMRF to an
observer frame, the emission is
relativistically Lorentz contracted in
the forward direction, by a factor of I

Credit: NASA/Swift/Mary Pat Hrybyk-Keith
and John Jones

 These two effects are competing:
— For EM dipole radiation (~sin20), the result is “Beaming” into a
solid angle 6~ ' of width ~ -1 | forward

— For GW quadropole radiation (~sin+8), the result is “Anti-
Beaming”™: almost uniform distribution except for a beam of width

0~ -2 forward (Maggiore, 2007)
« This suggests looking for regions of joint detectability
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Beaming (EM) & Anti-Beaming (GW)
A Reqgion of Joint-Detectability

* Electromagnetic Radiation

» Gravitational Radiation

0000000

0000000

0000000000000000
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The sub jet model

Nakamura, 2000, Yamazaki, loka, Nakamura, 2002
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Gravitational Radiation emission in the subjet
model

Sago, loka, Nakamura, Yamazaki, 2004
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Uniform Jets

7.0000
(Fr'=100)

5.2500 e GWO.1 » GWO0.2

GW 0.05 o GWO05

e GW 0.01 — jet0.1
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Uniform Jets

7.0000
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Structured Jets

(Fr=100)
300.0000 f
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— jet 0.1
— jet0.2
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Structured Jet

“Anti-Beaming” arises from the sinZ6 term in the
signal amplitude due to its quadrupole type (sin*0 in

energy)
But at low 6 the structured jet’s intensity c«c6-2 and
these terms cancel.

=Lorentz beaming along the central jet axis.

The peak is effectively determined by the cutoff core
angle, -1 the GW can be detected all the way down
to O(I'") of the central axis.

E=25/5t*(G/4cm2)*(m2y2p4)*[(Ahiet(60bs))2=(G/cdt)(m2y2p+)
JdcosB(Ahi(0))? ~8*1041(1*1042) erg

 The peak signal amplitude at r=500Mpc away is

h~2Gmyp2/c2r*Ahi(max)~10-2°
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Jets and the Star

Model 3P3, 8s

Zhang, Woosley & Heger, 2004; Zhang & MacFadyen 2008

aa

O e m Ee e
Lazzati, Morsony & Begelman 2009

Tsvi Piran - JGRG20 K

Aloy et al., %904

. (¥ - -
o - o -

. - - - »
-~ - ~ .- o - o - ~

SESTINGLAN S0 Z 2913

~  Mizuta & Aloy-2009 =
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he Jet Envelope
Interaction -
How Jets
Penetrate the
Stellar Envelope
Omer

Bromberg, Ehud
Nakar, Re’em Sari, TP
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Conditions when the Jet Escapes

t, = 28 sec- MUSRPL3gY3

Bu(ty) = 0.16- My °RIPLLP oY,

Bo(ty) = 5.7x107% M PRIPLIPo7Y3,

0:(t,) = 0.13°- M, /°RI°L;[°0},

0.(ts) 2.2° - 6y,

T.(ty) = 7.8 KeV - MR LL07°
(ty) ~ 5.7-67%,

Tsvi Piran - JGRG20 Kyoto
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Energy needed for the Jet to Escape
From W. Zhang 2006

E = 2.8 x10*ergs (t/30sec)? (M/15 M _sun) (R/10''em)#3 (B/10°)83

Tsvi Piran - JGRG20 Kyoto
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Energy needed for the Jet to Escape
From W. Zhang 2006

E=28xI0%erg (t/30sec)? M/I5M sun) (R/10''em)#3 (B/10°)83

«v..w’an - JGRG20 Kyoto
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A “failed GRB”

*A weak jet (“failed GRB”) leads to
a hot spot on the stellar envelope.
*This could have been SN 2008D
(Mazzali et al,, 2008) which is usually
interpreted as a “shock break out”..
*The rate implies a (failed) jet in
almost every SN Ib,c.

A few keV ,/_\

2008 Jan 7

2008 Jan 9

te

X-ray count r

- JGRG20 Kyoto
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The Fate of the
Stellar Envelope!?

Frank Genet,
Eli Livhe, TP

Friday, September 24, 2010




Lorentz Invariance with GRBs

(Amelino-Camelia et al., 98, Norris et al., 99, Ellis et al.,
00,06, Amelino-Camelia and Piran, 02)

* Lorentz Violation (or deformation) appears in various
Quantum Gravity Theories.

Tsvi Piran 8th LISA Symposium
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Lorentz Invariance with GRBs

(Amelino-Camelia et al., 98, Norris et al., 99, Ellis et al.,
00,06, Amelino-Camelia and Piran, 02)

* Lorentz Violation (or deformation) appears in various
Quantum Gravity Theories.

» Energy dependent dispersion and speed of light.
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A phenomenological
approach

 The simplest leading order low-energy approximation of
any theory that breaks Lorentz Invariance at a very high

energy scale: €, for the deformed dispersion relation is:
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Energy dependent time of
fl Ig ht (Amelino-Camelia et al., 1998)
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fl Ig ht (Amelino-Camelia et al., 1998)
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GRB v's - An Opportunity For Observing

Lorentz Invariance Deformation
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Summary

GRBs involve macroscopic relativistic motion with Lorentz factors
of > 100.

GRBs involve most likely the formation of black holes (but for
weak bursts rotating Magnetars cannot be ruled out yet).

Long GRBs are related to Star formation but don’ necessarily
track the SFR.

Short GRBs most likely arise from NS-Mergers. Glving an
independent estimate of rates (but depending on opening
angles).

Jets are an essential part of all GRB models.

The acceleration of the jet is a source of gravitational radiation -
but problems with beaming make it difficult to detect.

Jets in Failed GRBs may show up as asymmetric SN (87A)7?
Jets may play an inportant role in the SN explosion.

GRBs set the strongest limit on Lorentz invariance violation.
Setting the scale of such violation to > My,

Friday, September 24, 2010



The End

Tsvi Piran 8th LISA Symposium
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Summary

 Long GRBs are associated with powerful SNe

Supernova Spectrum Emergence
GRB 030329 is now also SN20034h

000 00 00 o0 000
Otwarved Wavelsagh (A)

T. Matheson (CfA), GCN 2120
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« Rate, gg <1000 Rateg,, — unimportant for GW
detection.

* Short bursts — NS-NS or NS-BH mergers.
- Rateg.z > 20 events/year up to 200 Mpc

— Note uncertainty in the beaming factor (30).

* A much higher rate is possible but is highly
uncertain.
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Summary

 Long GRBs are associated with powerful SNe
(hypernovae) and produce GW,

« Rate, gg <1000 Rateg,, — unimportant for GW
detection. "

* Short bursts — NS-NS or NS-BH mergers. &/
- Rateg.z > 20 events/year up to 200 Mpc

— Note uncertainty in the beaming factor (30).
* A much higher rate is possible but is highly
uncertain. o

 GRB coincidences enhance the significance
of GW detection - but only 1 in 30 events.
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Summary

* Gravitation waves (with memory) can be observed
from the accelerated jet (with h~ 10-23
"

e This can provide a unique test of GRB inner .
engine models and even distinguish between \:\'/
different jets model.

* The Gravitational Waves may not coincide with a
uniform jet (but can be seen with a strong orphan
afterglow). -

« The Gravitational waves can coincide with .'.\{‘,
emission from a structured jet (with h~ 10-25 —~

- Rate,, > a few events/year up to 500 Mpc
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The Jet Break

The jet spreads
sideways quickly

The jet remains
within initial cone

k

Radiation is
beamed into a Jet ' Radiation is beamed

narrow cone break into a large cone

Jets with an opening angle 6 expand forwards until y=0-1
and then expand sideways rapidly lowering quickly the
observed flux (Piran, 1995; Rhoads, 1999; Sari, Piran,
Halpern, 1999)'sw Piran 8th LISA Symposium
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GRE 990510

GRB 990510 -
The Best Jet
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But - Short GRB afterglows are
weak
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But - Short GRB afterglows are
weak
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* 92 GRBs detected (~100
per year) BAT uvoT XRT

e« 72 XRT detections out
of 79 observed

« 20 UVOT detections out
of 68 observed

(42 detections ground-
based + UVOT)
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Swift — Schematic Afterglow
light curve
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Swift — Schematic Afterglow
light curve
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Swift — Schematic Afterglow
light curve
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Swift — Schematic Afterglow

light curve
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Swift — Schematic Afterglow
light curve
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Swift — Schematic Afterglow
light curve
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Some (pre-Swift) theoretical
predictions

« Continued activity (Katz & TP, 97; Katz, TP & Sari
97)

 Refreshed shocks (Rees & Meszaros, 98; Kumar
& TP, 00)

* Energy injection (Cohen & TP, 99; Sari &
Meszaros, 00)

* Lorentz factor distribution (Rees & Meszaros, 98)

* High latitude emission (Kumar & Panaitescu, 00)
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Swift early X-ray light curves
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Swift early X-ray light curves
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Swift early X-ray light curves

Missing Emission?

AN

Flux

break, ak,2 .
reak, ! break, k,lSO,th

time

Tsvi Piran 8th LISA Symposium

Friday, September 24, 2010




Swift early X-ray light curves
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