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Electromagnetic Emission from
Gravitational Wave Source




Rate

GW sources

Supernova

M. Weiss

~0.01-0.02 yr* Gal*

Compact blnary merger
N&gr BH s

NASA

NS- NS & 10'4 yr'1 Gal'1
: ~10° yr! Gal™t
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_I.IGO Hanford Data Predicted

The first detection!!

Strain (10%")

- Direct proof of GWs
- Existence of ~30 Msun BH
- Existence of

30 Msun BH binary

Strain (10%)

=> Kanda-san’s talk

Strain (10%")
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LIGO Scientific Collaboration
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and Virgo Collaboration, 2016, PRL, 061102
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GW150914

Localization ~ 600 deg?

(~< 10 deg? with

Advanced Virgo and KAGRA)

Electromagnetic (EM)
counterparts

http://www.ligo.org/detectians.php



http://www.ligo.org/detections.php
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Electromagnetic Emission from
Gravitational Wave Source

® EM emission from compact binary mergers




Electromagnetic signature from compact binary merger

(NS-NS or BH-NS)
® X-ray/gamma-ray

Jet—ISM Shock (Afterglow)

Optical (hours—days)
Radio (weeks—years)

Ejecta—ISM Shock

~0.1-1s K
d [ ///, -
‘ Ra [o] Kilonova . :

Optical (t ~ 1 day) “~._

< Merger Ejecta
/ Tidal Tail & Disk Wind

v~0.1-03¢

—

® Optical/NIR

Metzger & Berger 2012



Short gamma-ray burst (GRBs)
Visible
Not visible Opening angle ~ 10 deg
=> probability ~ a few %

10 15
Opening Angle 6 (degrees

(C) ESO . Fong+14



Cumulative redshift distribution of short GRBs
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Late-phase activities?

“Extended” emission “Plateau” emission
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GRB 921022b
Trigy 1997
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GRB 961225

Trig#l 5725

Luminosity (1.0-10000.0 keV) (10%° erg s-')
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X-ray emission to wider solid angle?

Scattered
photons

GRB 130603B @ 100 Mpc
Plateau emission

Escaping photons
(optical - infrared)

S

Effectively
thin

Imm 1 in. ~,

Scattered
emission (e=1 0'3)
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Time since GRB 130603B [s]
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10 Mass ejection from

: NS mergers

- tidal disruption
i - shock heating

13
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10 M~ 103-102 Msun

9 v~0.1-0.2c

g Rosswog 99, 00, Ruffert & Janka 01
Hotokezaka+13, Bauswein+13

Hotokezaka+13



200 Mpc 150 MHz, n=0.1cm?

iei('é

Radio emission (afterglow) i
* dynamical
breakout

Merger shock breakout

Dynamical ejecta |

1000 10000

1.4 GHz, n=0.1cm?3

jei(';'

Delayed by ~> years
- Not immediate identification d}g{ﬁggzgl_ .........
| dynamica

- Good for confirmation | breakout
- Not affected by visibility

Depends on ISM density

Nakar & Piran 11
Hotokezaka & Piran 15

1000 10000




Radio transient sky is “quiet”

Cgq+03 (wk,yr)

. . Mooley+2016
Low contamination rate Sy

* Higher L(radio)/L(optical) than supernova L(radio) <=v
L (optical) <=M



Electromagnetic signature from compact binary merger

(NS-NS or BH-NS)
® X-ray/gamma-ray

Jet—ISM Shock (Afterglow)

Short GRB: strongly beamed ,,

Late activity: isotropic?? /' Eject-ISM Shock
Safidgie Kilonova

Delayed by years | 7 i S

Low contamination rate " o

® Optical/NIR

Delayed by only ~ 1 week
Isotropic

Metzger & Berger 2012, ApJ 746, 48
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® EM emission from compact binary mergers
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r-process nucleosynthesis
in NS mergers

=> solar abundances

(e.g., Wanajo+14, Just+15, Wu+16) G

» solar r-abundance
mass-averaged

abundance

50 100 150 200 250
mass number




r-process nucleosynthesis in core-collapse supernovae

Wanajo+11, Wanajo 14

Difficult to produce r-process elements
in (normal) core-collapse supernovae



NS merger as a possible origin of r-process elements

Event rate Ejection per event
Rnsm ~ 103 Gpe3 yrt Mej(r-process) ~ 102 Msun
~ 30 GW events yr

(w/ Adv. detectors, < 200 Mpc)

_ . LIGOO1




Constraints on the NS-NS merger rate

Expected event rates

O1: 2015-2016
02: 2016-2017
03: 2018

Dominik et al. pop syn -

de Mink & Belczynski pop syn -
Vangioni et al. r-process -

Jin et al. kilonova -

Petrillo et al. GRB -

Coward et al. GRB -

Siellez et al. GRB -

Fong et al. GRB -

Kim et al. pulsar -

aLIGO 2010 rate compendium =

01wt 102 100
BNS Rate (Gpc—2yr!)

arXiv:1607.07456
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Heating by radioactive decay of r-process nuclei
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Li & Paczynski 98, Metzger+10,

ukilonova/macronova” MT & Hotokezaka 13, MT+14,

Kasen+13, Barnes & Kasen 13
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Magnitude

m = —2.5log(F'/Fpy) + mg

Absolute magnitude
brightness if the object is located at 10 pc

The sun: Observed magnitude =-27 mag
Absolute magnitude = +4.8 mag



- li-band, Mej = 0.01 Msun Type la SN

Disk wind
(lower opacity)

BH-NS
higher T)

Absolute magnitude
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5 10 15
Days after the merger

MT 2016
Talks by Yoshida-san and Tominaga-san




Constraints from short GRBs

kilonova

NRB

(C) ESO



Constraints from short GRBs (1/3)

Time since GRB 130603B (d)

GRB 130603B 10

= X-ray
June 13, 2013 ; | * FEOBW
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NIR source

75,000 light-years
23 kiloparsecs 3”9

Tanvir+2013, Berger+2013 105

Time since GRB 130603B (s)

Possible detections also in S
GRB 060614 (z=0.125) Yang+15, lin+1s > €jection of M ~0.02 Msun

GRB 050709 (z=0.16) Jin+16



Constraints from short GRBs (2/3)

v GRB 150101B
v Previous sGRBs

Barnes & Kasen 2013

MT aka+ 2014 (NS-NS)
naka+ 2014 (NS-BHY

a
m Kasen+ 2015
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Fong+16
M ~< 0.3 Msun



Constraints from short GRBs (3/3)

GRB 160821B (z=0.16)
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F606W ~ 25.8 mag @ z=0.16
=> Mabs -14 mag

=>"~22 mag @ 200 Mpc

M~ 0.01 Msun

TITLE: CCN CIRCULAR

NUMBER: 20222

SUBJECT: GRB 16082 1B: HST detection of the optical and IR counterpart
DATE: 16/12/01 02:36:37 GMT

FROM: Eleonora Trojz at GSFC <eleonora. troja@nasa.gov>

E. Troja (UMD/CSFC]), N. Tznvir (U. Leicester), S. B. Cenko (NASA/GSFC),
A.l evan (L. Warwick), .]. Rarnes (L). Berkelay), A. Castro-Tirado (IAA-
CSIC), A. S. Fruchter (STScl), N. Gehre s (NASA/GSFC), J. Greiner (MPE),
N. Kawai (Tokyo Tech), R. Hounsell (UCSC), J. Hjorth (DARK/NEI), A. Lien
(NASA/GSFC), B. Metzger (Columbia), C. Perley {DARK/NBI), S. Rosswog
(U. Stockholm), T. Sakamoto (AGU), C. Thoene (IAA-CSIC). A. de Ugarte
Postigo (IAA-CSIC), and D. Watson (DARK/NBI) report:

We monitored the location of the short GRB 16082 1B (Siegel et al. GCN
19833; Xu et al. GCN 19834 with the Hubble Space Telescope uader our
approvec guest observer programs (GO1423/7 PI: lanvir, GO1408/7 PL Iroja).
Dbhservations were carried out with the Wide Field Camera (WFC3) in thrze
filters, FEO6W, F110W and F160W, at epochs 3.6, 10.4 and 23.2 days post
burst. The GRB counterpart is clezrly detected in all filters during the

first two epochs, and fades from a magntude I

irst epoc to ecome unetectae in te tir epoc.

Assuming a redshift of z=0.162 from the nearby galaxy identified as the

likely host (Levan et al. GCN 19846, our observations rule out the

presence of an emerging supernova ccmparadle to SN1993bw or to other SNe
associated to long GREs. The observed fluxes constrain the contrbution

of any r-process k lonova/macronova component tc be at least a

factor -& fainter in the IR than that scenin GRB 130603B. The lack of

a bright supernova anc the mocerate-10-low ejecta mass implied oy our
observations are consistent with this event being produced by the merger

of two neutron stars.

However, the current dataset cannot firmly exclude the presence of an

at placmg better constrannts on the GRB redshift are on-going.

We thank the STScl staff, in particular Tricia Rovle, for assistance
with rapidly scheduling our observations.




Re-processed emission of extended/plateau emission
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Kisaka+15

==> Need detailed follow-up of GW sources




EM emission from GW sources

® X-ray/gamma-ray
® Short GRBs: promising, but strongly beamed
® Central engine activity (isotropic??)
® Radio
® Afterglow: delayed by ~ years
® Good for confirmation and low contamination rate
® Optical/infrared
® r-process nucleosynthesis => kilonova/macronova
® Probably detected in short GRB observations

® GW + EM => r-process production rate

Multi-messenger astronomy ==> Origin of r-process elements



