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e Electromagnetic counterparts: Why and what!?
e Short gamma-ray bursts as neutron star binary mergers

e GWI170817 from radio to gamma-rays
* UV/opticalllR: r-process nucleosynthesis
* Radio/X-ray emission: off-axis jet & connection to short GRBs

* Host galaxy properties: merger timescale



~ Electromagnetic Counterparts:Why

* Precise position
GW170104

e Distance
LVT151012

e Host / context

GW151226

S GW170817

-~ GW150914

GW17081

LIGO/Virgo/NASA/Leo Singer
(Milky Way image: Axel Mellinger)

S. Rosswog
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Short GRBs as BNS Merger-Counterparts

* No SNe / elliptical hosts = old progenitor population

* Host galaxy demographics = broad delay-time distribution
(consistent with BNS models and Galactic BNS population)

e Spatial offset distribution = natal kicks of ~10—10% km/s



Short GRB Enwronments
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EB 2010

~25% of short GRBs with optical afterglows have no

coincident hosts to >27% mag in optical/NIR.
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EB 2010

P(<6R)=1- o~ T(OR)*T(<m)
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HST/ACS/F814W
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EB 2010

P(<éR) =1— ol

Short GRB
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Short GRB Environments;_

Short GRBs
Long GRBs

NS-NS merger models

C.C. SNe
la SNe

”1I00k - I1IO1
Projected Physical Offset 6R (kpc)
Fong et al. 2010; EB 2010; Fong & EB 2013
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* No SNe / elliptical hosts = old progenitor population

* Host galaxy demographics = broad delay-time distribution
(consistent with BNS models and Galactic BNS population)

e Spatial offset distribution = natal kicks of ~10—10% km/s

o Afterglows = Ex~ few x10* erg,n ~ 0.0 cm™3, Bj: ~ 10°
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* No SNe / elliptical hosts = old progenitor population

* Host galaxy demographics = broad delay-time distribution
(consistent with BNS models and Galactic BNS population)

e Spatial offset distribution = natal kicks of ~10—10% km/s

o Afterglows = Ex~ few x10*erg,n ~ 0.01 cm™3, Qjr ~ 10°

* GRBI130603B = signature of | lonova (My =01, 44=020
. = = Kilonova (M =0.01,v,=0.2¢)
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Short GRBs as BNS Merger-Counterparts

* No SNe / elliptical hosts = old progenitor population

* Host galaxy demographics = broad delay-time distribution
(consistent with BNS models and Galactic BNS population)

e Spatial offset distribution = natal kicks of ~10—10% km/s

o Afterglows = Ex~ few x10*erg,n ~ 0.01 cm™3, Qjr ~ 10°

* GRBI130603B = signature of | lonova (My =01, 44=020
. = = Kilonova (M =0.01,v,=0.2¢)
r-process nucleosynthesis? Atterglow
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Decompressed n-rich ejecta
= r-process (A > 130)
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r-Process Nucleosynthesis: “Kilanova™ -

Decompressed n-rich ejecta Ejecta mass: ~1073 - 0.1 Mo
= r-process (A > 130)

Metzger 2017
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r-Process Nucleosynthesis: “Kilanova™ -

Decompressed n-rich ejecta Ejecta mass: ~1073 - 0.1 Mo
= r-process (A > 130)

Metzger 2017

T=350GK, n,=2946e+35¢cm®, R, =6395, s=0621kynuc, 1=0.0131s
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To calculate light curves: heating rate from r-process radioactive
decay, opacities from r-process nuclei (lanthanides), ejecta masses &
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To calculate light curves: heating rate from r-process radioactive
decay, opacities from r-process nuclei (lanthanides), ejecta masses &

velocities from numerical simulations
Metzger 2017
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r-Process Nucleosynthesis: “Kilanova™ -

To calculate light curves: heating rate from r-process radioactive
decay, opacities from r-process nuclei (lanthanides), ejecta masses &

velocities from numerical simulations
Metzger 2017

M= 1072 Mg, vo = 0.1 ¢

Bornes+16

My @ 200 Mpc

O
Q.
=
o
o
N
®
2
=

1
Time (Days)

IR-peaked; ~1 week Optical-peaked; ~| day

Time (Days)

Challenge: faint, rapid, (potentially red) transient in ~100 deg?
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Deep, red, wide-field imaging: Dark Energy Camera on the Blanco
4-m telescope at CTIO




Our .Follow-'up Program:; .' B_adig th_rays

Deep, red, wide-field imaging: Dark Energy Camera on the Blanco
4-m telescope at CTIO
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Abbott et al. 2017

Normalized amplitude

LIGO-Livingston




GWIZ0817 . &+

Abbott et al. 2017

Normalized amplitude ’ B (x| <0.05
2 4 . B [x:| <0.89

LIGO-Livingston

M = 1.4-1.6 Mo
M = |.2-1.4 Mo
Mtot ~ 2.74 M@

Tidal deformability:
A= 103




GWI70817 . &+

Abbott et al. 2017

Normalized amplitude B (x| <005
2 4 . B x| <089

R.A.= 13hQ9™

' . 150 175 200 225 250 275 Dec — _250371
A = 30 deg?

d =~ 24-48 Mpc

M = 1.4-1.6 Mo
M = |.2-1.4 Mo
Mtot ~ 2.74 M@

Tidal deformability:
A= 103




Light Curves & ;Kilqnovaj Models . r

Three-component model:

Blue: M= 0.016 Mo / vej = 0.27c
Purple: Mej = 0.040 Mo / vej = 0.14c¢
Red: M = 0.009 Mo / vej = 0.08c
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Light Curves & Kilonaova Models i &

Three-component model:

Blue: M= 0.016 Mo / vej = 0.27c
Purple: Mej = 0.040 Mo / vej = 0.14c¢
Red: M = 0.009 Mo / vej = 0.08c

A range of ejecta properties
with different nucleosynthesis,
velocity, ejecta mass (geometry?)
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Phase (days) Villar, EB et al. 2017



Spectroscopy .

Nicholl, EB et al. 2017

Day 1.5 pe0.03m,, v=0.3c, X,,=10"°

4000 600 8000 10000 4000 600 8000 10000

Rest wavelength (A

Optical spectra featureless (high velocity)

Mej ~ 0.03 Mo / vej ~ 0.3¢
Xian = 107 (1 day) / ~10™* (2-4 days)



Spectroscopy .

Nicholl, EB et al. 2017

Day 1.5

NIR spectra show distinct
features (lower velocity)

Mej ~ 0.04 Mo / vej ~ 0.1c
Xian ~ 1072 (5-9 days)

M=0.03M, v=0.3c, X, =10
Xan=10""

Chornock, EB et al. 2017

e
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* Direct (spectroscopic) evidence for r-process nucleosynthesis
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* Direct (spectroscopic) evidence for r-process nucleosynthesis

* M¢j X Rens accounts for Galactic r-process production rate
* Mej,lan-rich / Mej,lan-poor ~ 0.15 = Rmwa>140 / Rmwa<i40
* Lanthanide-poor (blue) ejecta v = 0.3c = collision interface

= NS-NS
(breaks ambiguity from GW data)



_UVIOpticalINIR: Implicatiopss *

* Direct (spectroscopic) evidence for r-process nucleosynthesis

* M¢j X Rens accounts for Galactic r-process production rate

* Mej,lan-rich / Mej,lan-poor ~ 0.15 = Rmwa>140 / Rmwa<i40

* Lanthanide-poor (blue) ejecta v = 0.3c = collision interface

= NS-NS
(breaks ambiguity from GWV data) | Bauswein et al. 2013

* Lanthanide-poor (blue) ejecta
large Mejindicates small NS
radius of ~I | km




. Optical/Near-IR:- Implications ' ¢

Finsted, De, Brown
& EB submitted
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. Optical/Near-IR:- Implications ' ¢

* Lanthanide-rich (red) ejecta v = 0.lc = accretion disk wind

Finsted, De, Brown
& EB submitted
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Optical/Near-IR: - Implicatiops-

* Lanthanide-rich (red) ejecta v = 0.lc = accretion disk wind

 High lanthanide fraction indicates short HMNS phase (0.1 sec)
= final state is BH

Finsted, De, Brown
& EB submitted
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Optical/Near-IR: - Implicatiops-

* Lanthanide-rich (red) ejecta v = 0.lc = accretion disk wind

 High lanthanide fraction indicates short HMNS phase (0.1 sec)
= final state is BH

* First analysis directly combining GW and EM data  Finsted, De, Brown
& EB submitted

5(d):30.3 = 7.7 Mpc  5(MJ): 0.008 = 0.002 Me  8(i): 62.4 = 19.3 deg

d, (Mpc) = 40.117+2531 M5 = 1.1869+0:0055 t (deg) = 141.96+2}3]
41. 489+§852§8 1. 1866+8-88‘2‘§ 144, 61*%3%
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Abbott et al. 2017

I Lightcurve from Fermi/GBM (10 — 50 keV)
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GRBI70817: . «"

Scenario i: Uniform Top-hat Jet cenario ii: Structured Jet

Abbott et al. 2017

Rotation Axis Rotation Axis
Viewing Angle Viewing Angle

I Lightcurve from Fermi/GBM (10 — 50 keV) . .
Uniform Uniform Uniform
Core Core Core

. LN .I‘ A AlgRAL | L
PR

Lightcurve from Fermi/GBM (50 — 300 keV) Be::::ng

Sightline

Structured
Jet

i, Central Engine Central Engine Central Engine

|l |~J|_|,J L L

Lightcurve from INTEGRAL/SPI-ACS

I (> 100 keV)

i L e

|||I WL"I'Jr']'Il|'|1L1|i|”'|’|"llP""']'l"'l""J'rl LJ_L||I|II II.L!.'lJllTlrl‘-.Ul Ey,iso is ~105 times smaller than for
cosmological short GRBs

Gravitational-wave time-frequency map

|.7 sec delay between merger and GRB

Y-ray emission alone does not distinguish
between the various models

Time from merger (s



Radio/X-ray Emijssion: ;. '3

First radio observation (VLA by our group) 2.5 hours after optical
discovery. Remained undetected until ~2 weeks later.

First deep X-ray observation (Chandra by our group) 2.3 days after
optical discovery. The source remained undetected until ~1.5

weeks later.

E. =2x10°', n=1072
SO

Early non-detections rule out | a7 3
E.So=5><10 , N=10"

a typical short GRB on-axis

Alexander, EB et al. 2017; Margutti, EB et al. 2017,
2018; also, Haggard et al., Troja et al. 2017,2018




Radio/X-ray Emijssion ;. '3

Alexander, EB et al. 2017; Margutti, EB et al. 2017,2018

0.1 1.0 10.0 100.0

Radio / X-ray emission
(and recent optical) are
consistent with:

Structured GRB jet:
00 relativistic core and
Lazzats et al, 2017 | & angular structure with

' y G E(0), ['(0) viewed from
an off-axis angle of ~20°

Flux density (mJy)

Mildly-relativistic cocoon:
Isotropic with E(I'); but
ad-hoc

10.0 100.0
Time since Merger (days)
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Radio/X-ray Emijssion

6 GHz
Tl T ¥ Tl

———: Structured Jets
(This work)

Continued radio/X-ray/optical
observations for the next ~3

| PR B fRe |
I
I
I

k) N -

T

a3 el Years(!) will provide complete
> f il view of outflow’s evolution
e b v and nature
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X~ rays 1 keV

: 10—5 — T T T T T
- Structured Jet - a(s) S}()]&]erllcal LFll;et)z%lll7)
— 1 B = ooley et a
- (Lazzati et al., 2017) [ sramn Slow Spherical Fireball
> , - $=0.61 (Mooley et al., 2017)
10 100
; ; ~ —  Structured Jet T
Time since Merger (days) = (Lazzati et al., 2017)
= - s PIDE t d Jet
£ 107 = (This work)
> E
- -
B i
o
) L
o
x -
2
[
X-ray |3

: 10 100 1000
Marguttl, EB et al. 2018 Time since Merger (days)



4

’.
"y
.

" Radio/X-ray; Implications
AR AR T A Fi i W o T




« An on-axis jet typical of short GRBs is ruled out
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« An on-axis jet typical of short GRBs is ruled out

A central engine (magnetar) origin of the X-ray emission ruled
out since the kilonova ejecta has Tx ~10?

* Radio/X-ray data consistent with a structured jet typical of

short GRBs but observed ~20° off-axis (or a mildly-relativistic
“cocoon” with an ad-hoc structure)



Radio/X-ray: Implications, "

« An on-axis jet typical of short GRBs is ruled out

A central engine (magnetar) origin of the X-ray emission ruled
out since the kilonova ejecta has Tx ~10?

* Radio/X-ray data consistent with a structured jet typical of

short GRBs but observed ~20° off-axis (or a mildly-relativistic
“cocoon” with an ad-hoc structure)

 Radio observations on a timescale of ~decade will reveal
emission from the kilonova ejecta
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GW 170817 Optlcal Counterpart NGC 4993
e HST/ACS

: 1 kpc
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® Credit: P. Blanchard / E. Berger / Harvard-Smithsonian Center for Astrophysics




Blanchard, EB et al. 2017
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Blanchard, EB et al. 2017

@ model photometry
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An Unparalleled Story of Firsts. " =
* The first joint detection of gravitational waves and light

(Y—rays to radio)

e First direct evidence that r-process nucleosynthesis
happens in, and is likely dominated by, BNS mergers

* Radio/X-ray observations consistent with a structured
jet viewed off-axis

* Optical/IR data suggest NS-NS — BH

* More observations and interpretation underway



