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Abstract: <span>Gammarray bursts are

the most luminous and energetic explosions known in the universe.& nbsp; They
appear in two varieties.& nbsp; long- and short-duration.& nbsp; The long GRB

result from the core-collapse of massive stars, but until recently the origin

of the short GRBs was shrouded in mystery.&nbsp; In thistalk | will present

several lines of evidence that point to the merger of compact objects binaries
(NSNS and/or NS-BH) as the progenitor systems of short GRBs.& nbsp; Within this
framework, the observational data also allow us to independently determine the
merger rate of these systems as input to the Advanced LIGO event rate, to infer

the merger distribution timescale, and to determine the energy scale of the
mergers.&nbsp; In addition, using radio to X-ray observations of short GRBs we

can determine the expected electromagnetic properties of Advanced L1GO sources.</span>
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Outline

GRB primer: brief history, basic model

Progenitors of short GRBs # Progenitors of long GRBs

L Progenitors of short F ~ NS-NS/NS-BH

L Progenitor and afterglow properties: ages,
energetics, beaming, circumburst environments

L Implications for EM follow-up of GW
detections

GRB 050724: Berger et al. 2005, Nature, 438, 988
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" The Essential History (1967-1997)

Vela 40 Evenl — July 2, 1967

1967: Accidental discovery of bursts of
Y-rays from outside the solar system

counls/second

2704 BATSE Gamma-Ray Bursts

Time (seconds)

Early 1990s: BATSE reveals a
uniform distribution on the sky
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The Essential History (1967-1997)

Velo 40 Evenl — July 2, 1967

1967: Accidental discovery of bursts of
Y-rays from outside the solar system

=
(=
S

counts/second

2704 BATSE Gamma-Ray Bursts

NEAT Image

uniform distribution on the sky T Tetnat odbterd, e

Nine mnuh‘ after GRB

1997: Afterglows & cosmological
origin for long GRBs
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The Fireball Model
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The Fireball Model
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The Fireball Model
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The Fireball Model
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Similar energy scale to supernovae,
but with ' ~ 100 and 6 ~ 5 deg
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* The Harvard GRB Program: Radio— X-rays
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" The Harvard GRB Program: Radio— X-rays
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Example: GRB 130603B

June 3, 15:49 UT: Swift discovers a short GRB

+28 min: Magellan observations to search for optical afterglow#riggered
+35 min: VLA observations to search for radio afterglow triggered

+5.9 hr: Optical afterglow discovered ~|"” from a faint galaxy

+8.8 hr: Redshift of afterglow and?axy measured (z=0.356)

+9.5 hr: Radio afterglow discovered

+11 hr: XMM-Newton search for jet collimation triggered

+9 days: Hubble Space Telescope observations acquired

+13 days: Paper submitted! -
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Location, Location, Location

Sb Sbe Se
Galaxy Hubble Type

Li etal. 2011
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Location, Location, Location

old stellar
population

| young
: —> stellar

population

St Sb Sbe Se
Galaxy Hubble Type

Lietal. 2011
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“Long GRBs: The Death of Massive Stars

Fruchter et al. 2006; Wainwright, Berger, & Penprase 2007
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“Long GRBs: The Death of Massive .Stars

2. Offsets trace star formation
in an exponential disk

Bloom et al. 2002

Pirsa: 13090050 Page 16/69




“Long GRBs: The Death of Massive Stars

2. Offsets trace star formation 3. Coincident with the brightest
in an exponential disk UV regions of their hosts
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“Long GRBs: The Death of Massive Stars

4. Supernova associations

Hjorth et al. 2003;
Matheson et al. 2003
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Short GRB Progenitor Models

HFluids Facill Time 7.276 msec Eichl t al. |989‘
W, INS-NS / NS-BH f\;;aig:e:al. 1992

* No supernova association

* Broad delay-time distribution

* Diverse environments / redshifts
* “Kicks"= offsets, low density

* r-process nucleosynthesis

Temparature mions o dgrees e Gravitational waves

100 3000 10000 30000 60000 100000
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Short GRB Progenitor Models

884 Fluids Faciity . NS-NS / NS-BH Eichler et al. 1989;

Narayan et al. 1992

* No supernova association
* Broad delay-time distribution
* Diverse environments / redshifts

* “Kicks"= offsets, low density
it sk * r-process nucleosynthesis
TompeteRETNOns of degriel * Gravitational waves

100 3000 10000 30000 60000

Magnetar Giant Flares

* Young systems
* Star forming galaxies
* Nearby?

¢ Small offsets Usov 1992;Thompson
& Duncan 1995
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Short GRBs in Elliptical Galaxies

0505098

EB et al. 2005

z=0.226

Castro-Tirado et
al. 2005; Gehrels et
al. 2005; Hjorth et
al. 2005; Bloom et
al. 2006; Prochaska
et al, 2006
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* Short GRBs Lacking SN Associations

| Hjorth et al. 2005
SN1994|
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| 070724A  Kocevskietal.2010
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Short GRBs Lacking SN Associations

Hjorth et al. 2005
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Redshifts

”,”"" e’ z=0.410 | e Bl EB et al. 2007; EB 2009; Fong et al. 201 |
z=0.915

06 December 22,30 |

0 ‘ ‘ 1 t.=3 Gyr ; 0=0.3 tSFR1J

Wil" J
m' L’f"# W WM'“ L t.=3 Gyr; 0=0.3 (SFR,)| |
wmﬁ# #**wfhk o5 LR (T UMY ‘ 2

n' “,'k ”'-'?:”I e 7,26 Gy ;0=0.3 (SFR,)
8 - = =f(1) e 1/z'2 (SFR,)

f(z) =« 1/x (SFR,)

0K 800(
Wavelength (A)

GRB 061006 ‘..m‘,_-::l-.n

z=0.922

o
o

Nakar 2006

Troas |

Wk 3
” il "\ n‘\ i Wl M W

o
(o]
T

w' d "” ‘;'

RSHB [Normalized]

100,
"' GRB 081217 o 1o GRB 060801
Magellan DSS53 Canmuni-NGMOS

| 7 =0.827

Pirsa: 13090050 Page 24/69



Redshifts
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Host Galaxy Demographics

Progenitors that track star formation should be
in star-forming only; those that track only stellar
mass should be |:| in star-forming and ellipticals

Fong, EB, et al. 2013
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Host Galaxy Demographics

Progenitors that track star formation should be
in star-forming only; those that track only stellar
mass should be |:I in star-forming and ellipticals

Fong, EB, et al. 2013

S3
O

“Host-less”
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Leibler & EB 2010

Rsr ~ 3%XRE

per unit stellar mass

SSP (early)

SSP (late)
Young+0Old (late)
Bell et al. 2003 (late)

libert et al. 2010 (quiescent)
libert et al. 2010 (intermediate)

8.5 9 9.5 10 16.5
log[M/M_ ]

Elliptical hosts track stellar mass, but star-forming hosts have
lower masses than expected = star formation plays a role
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* Stellar Population Ages & Delay Times

Short GRBs: SSP (-0.5)
Short GRBs: late (-0.6)
Long GRBs: SSP (-1.2) % 0.6

T gl Leibler & EB 2010

Tshort,SF ~ 0.3 G)/I’

Tshorten ~ 3 Gyr

Number

consistent with P(T) o« T~!

9
8
5
6
5
4
3
2
1
35

Stellar population ages are a proxy for the delay-time distribution
= progenitors span ages of ~0.1-5 Gyr, with peak at ~0.3 Gyr
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Intermediate Conclusions

* Short GRBs in ellipticals and lack of SN associations
= progenitors are not massive stars

* The star-forming hosts of short GRBs are distinct from
those of long GRBs = progenitors are not massive stars

* Host demographics, stellar masses, stellar population ages
=> the rate depends on mass and star formation (~T7/)
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“Locations within / around Host Galaxies
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HST/ACS/F814W

S6

EB 2010

~20% of short GRBs with optical afterglows have no
coincident hosts to >27™ mag in optical/NIR.
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* Locations in & around Host Galaxies

HST/ACS/F814W
S6

(#)

EB 2010
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* Locations in & around Host Galaxies

EB 2010
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* Locations in & around Host Galaxies
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* Locations in & around Host Galaxies

z~0.1-05 = ~10" = 50-100 kpc

B TR e |
w/ hosts “host-less”
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OR (arcsec)
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* Locations in & around Host Galaxies

Short GRBs .
good agreement with
NS-NS/NS-BH

Long GRBs

NS-NS merger models

C.C. SNe ., population synthesis

la SNe

10° 10°
Projected Physical Offset 6R (kpc)
Fong et al. 2010; EB 2010; Fong & EB 2013

Short GRB offsets are ~5x
larger than for long GRBs
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* Locations in & around Host Galaxies

Fong & EB 2013
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* Locations in & around Host Galaxies

Fong & EB 2013
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* Locations in & around Host Galaxies
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* Locations in & around Host Galaxies

-

Fong & EB 2013
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Short GRB locations are de-correlated from stellar mass or star
formation; progenitors migrate from birth to explosion sites.

Pirsa: 13090050 Page 41/69



Afterglows

FEFEae > 20 deg

Eyiso = 4%10°0 erg (>4%10% erg)
Exjso = 2x10%! erg (>2x10°° erg)
n = 0.02-0.1 cm™3

Flux density (pJy

1.5 %10 erg:.n=0.1¢cm J

SRR R A Afterglow physics similar to long GRBs
lower energy and density
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111020A XRT
111020A XMM
111020A Chandra
051221A (x5)

Unabsorbed Flux (ergem ™= s™)

050724A (x50)

10° 10° 10" 10°
Time after Burst 6t (s)

Fong, EB, et al. 2012
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Jets: Energetics & Rates

s )
=

o

* 111020A XRT
111020A XMM

¢ 111020A Chandra

® 051221A (x5)
050724A (x50)

E
Q
o
e
v
x
=
(T
;
=
2
[}
c
-

10° 10" 10°
Time after Burst 6t (s)

Fong, EB, et al. 2012

R > 10 Gpc3 yr™!  Nakar etal. 2007

ﬁ) ~ 30-100 Fong et al. 2012 H
=] Je[e]e —2 I—— )

ER e 20 YI"_I (ALIGO range) 10 15 20 25 30 35

Opening Angle 0 (degrees)

Pirsa: 13090050 Page 49/69



Joint GW/EM Detections

* Distance (energy scale)

» Astrophysical context (NS/BH
formation; binary formation)

* Nature of compact remnant

* Behavior of matter (jet
formation, hydrodynamics)
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Joint GW/EM Detections

Jet=ISM Shock (Afterglow) /q
Kl e Distance (energy scale)
I AWM  Astrophysical context (NS/BH
(5/ formation; binary formation)
* Nature of compact remnant
cs.;i,,lr_:n,m,:-,_,, Sl ° Behavior of matter (jet
formation, hydrodynamics)

A
o
7%

2N

Metzger & EB 2012
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Joint GW/EM Detections
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Typical GW localization ~ 100 deg?

* Distance (energy scale)

* Astrophysical context (NS/BH
formation; binary formation)
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* Behavior of matter (jet
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Metzger &
EB 2012
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Optical Afterglows: On- & Off-Axis

Metzger & EB 2012
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Input: ~ DVI - 1920x1080p@58.84Hz
Output:  SDI - 1920x1080I@60Hz

Optical Afterglows: On- & Off-Axis

Metzger & EB 2012
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Optical Afterglows: On- & Off-Axis

Metzger & EB 2012
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Input: ~ DVI - 1920x1080p@58.84Hz
Output: 8D - 1920x1080I@60Hz

“Kilonovae™

neutron-rich ejecta:

¢ Tidal tails
e Accretion disk outflows

Decompressed neutron-rich ejecta = R-process (A ~ 100)

vej~ 0.1-0.3 ¢ } Lo ~ 10* erg/s
Mg ~ 0.01 — 0.03 — 0.05 Mo

tp ~ day

Li & Paczynski 1998; Metzger et al. 2008; Rosswog et al. 2012; Kasen et al. 2013
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“Kilonovae”

U

Decompressed neutron

§ -9

relative flux

W

v~ 0103 c
Mg~ 001 -003 - 005

Li & Paczynski 1998; Metzger et al. 2008; Ros:
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neutron-rich ejecta:
e Tidal tails

e Accretion disk outflows

-
0O 2 4 6 8 1012 14 18
days since ejection

" i

5000 10000 15000 20000 25000

30000
wavelength (angstroms)
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“Kilonovae”

Fe opacities r-process opacities
S —— neutron-rich ejecta:

e Tidal tails
e Accretion disk outflows

[+
<

=
b=

&
3
-

' 1 ' L L
4 6 8 1012 14 16
days since ejection

10000 15000 20000 25000 30000
Li & Paczynski 1998; Metzger et al. 2008; Ros: wavelength (angstroms)
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GRB 130603B: The First Kilonova

MagellanI/MACS Magellan/LDSS3 Subtraction
2013 Jun 04.00 UT 2013 Jul 10,04 UT EB et al. 2013

ACS/FB06W ACS/FB08W Subtraction
2013 Jun 13.03 UT 2013 Jul 03,32 UT

S W o

WFC3/F160W WFC3/F160W Subtraction
2013 Jun 1315 UT 2013 Jul 03.26 UT

™ W ey

First search in the relevant spectral
range; color is redder than a typical
afterglow.
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GRB 130603B: The First Kilonova

gollnnrlMACS Magellan/LDSS3 Subtraction
2013 Jun 04,00 UT 2013 Jul 10,04 UT EB et al. 2013
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GRB 130603B: The First Kilonova
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Ejecta mass is ~0.05 Mo
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GRB 130603B: The First Kilonova

* Direct evidence for compact
object mergers
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GRB 130603B: The First Kilonova

* Direct evidence for compact
object mergers

®i,z ~ 22-23 mag at 200 Mpc
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GRB 130603B: The First Kilonova

* Direct evidence for compact
object mergers

®i,z ~ 22-23 mag at 200 Mpc

*M¢j X Rcom = dominates
r-process nucleosynthesis
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GRB 130603B: The First Kilonova

* Direct evidence for compact
object mergers

i,z ~ 22-23 mag at 200 Mpc

* M X Rcom = dominates
r-process nucleosynthesis
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GRB 130603B: The First Kilonova
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* Direct evidence for compact
object mergers

i,z ~ 22-23 mag at 200 Mpc
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Summary

* Short GRB progenitors are an evolved population with a wide
range of ages (~0.1-5 Gyr); not massive stars.

* There is growing evidence for NS-NS/NS-BH mergers:
- offsets of ~few-100 kpc (agreement w/ NS-NS mergers)
- weak spatial correlation with stellar mass or star formation

- low densities on ~pc scales (<0.1 cm™)
- kilonova in GRB 130603B

* Evidence for beaming (fo ~ 50; Ey ~ Ex~10*° erg; Raew ~ 20 yr~')
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Summary

* Short GRB progenitors are an evolved population with a wide
range of ages (~0.1-5 Gyr); not massive stars.

* There is growing evidence for NS-NS/NS-BH mergers:
offsets of ~few-100 kpc (agreement w/ NS-NS mergers)
weak spatial correlation with stellar mass or star formation

low densities on ~pc scales (<0.] cm™3)
kilonova in GRB 130603B

* Evidence for beaming (fo ~ 50; Ey ~ Ex~10% erg; Rew ~ 20 yr~!)

* Since short GRBs most likely NS-NS/NS-BH merger, we have already
seen the on-axis EM counterparts of mergers (and a kilonova)

* The detection of EM counterparts to GW sources is challenging;
optical/y-ray searches offer the best approach
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