Title: Rattle and Shine: Joint Detection of Gravitational Waves and Light from the Binary Neutron Star Merger GW170817
Date: Nov 06, 2017 02:00 PM
URL: http://pirsa.org/17110067

Abstract: <p>The much-anticipated joint detection of gravitational waves and electromagnetic radiation was achieved for the first time on August
17, 2017, for the binary neutron star merger GW170817.&nbsp; This event was detected by Advanced LIGO/Virgo, gamma-ray satellites, and
dozens of telescopes on the ground and in space spanning from radio to X-rays.&nbsp; In this talk | will describe the exciting discovery of the
optical counterpart, which in turn led to several detailed studies across the electromagnetic spectrum.& nbsp; The results of the observations carried
out by our team include the first detailed study of a "kilonova', an optical/infrared counterpart powered by the radioactive decay of r-process nuclei
synthesized in the merger, as well as the detection of an off-axis jet powering radio and X-ray emission.& nbsp; These results provide the first direct
evidence that neutron star mergers are the dominant site for the r-process and are the progenitors of short GRBs.&nbsp; | will also describe how
studies of the host galaxy shed light on the merger timescale, and describe initial constraints on the Hubble Constant from the combined GW and
EM detection.& nbsp; & nbsp; & nbsp; & nbsp; & nbsp;</p>
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Where to Find All the Details - °

The Electromagnetic Counterpart of the Binary Neutron Star Merger
LIGO/Virgo GWI 7081 7*

* Published on October 16,2017
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Where to Find All the Details -

The Electromagnetic Counterpart of the Binary Neutron Star Merger
LIGO/Virgo GWI 7081 7*

Discovery of the Optical Counterpart Using the Dark Energy Camera (Soares-
Santos, EB et al.)

UV, Optical, and Near-infrared Light Curves and Comparison to Kilonova Models
(Cowperthwaite, EB et al.)

Optical and UV Spectra of a Blue Kilonova from Fast Polar Ejecta (Nicholl, EB et al.)

Detection of Near-infrared Signatures of r-process Nucleosynthesis with Gemini-
South (Chornock, EB et al.)

Rising X-Ray Emission from an Off-axis Jet (Margutti, EB et al.)

Radio Constraints on a Relativistic Jet and Predictions for Late-time Emission from
the Kilonova Ejecta (Alexander, EB et al.)

* Published on October 16,2017
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Where to Find All the Details -

The Electromagnetic Counterpart of the Binary Neutron Star Merger
LIGO/Virgo GW 17081 7*

Discovery of the Optical Counterpart Using the Dark Energy Camera (Soares-
Santos, EB et al.)

UV, Optical, and Near-infrared Light Curves and Comparison to Kilonova Models
(Cowperthwaite, EB et al.)

Optical and UV Spectra of a Blue Kilonova from Fast Polar Ejecta (Nicholl, EB et al.)

Detection of Near-infrared Signatures of r-process Nucleosynthesis with Gemini-
South (Chornock, EB et al.)

Rising X-Ray Emission from an Off-axis Jet (Margutti, EB et al.)

Radio Constraints on a Relativistic Jet and Predictions for Late-time Emission from
the Kilonova Ejecta (Alexander, EB et al.)

VIl. Properties of the Host Galaxy and Constraints on the Merger Timescale (Blanchard,
EB et al.)

VIIl. A Comparison to Cosmological Short-duration Gamma-Ray Bursts (Fong, EB et al.)

* Published on October 16, 2017
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Where to Find All the Details -

How Many Kilonovae Can Be Found in Past, Present, and Future Survey Datasets?

(Scolnic, EB et al.)

Multi-messenger Observations of a Binary Neutron Star Merger (Abbott et al. + EB)

A gravitational-wave standard siren measurement of the Hubble constant (Abbott et al. +

EB)

Improved constraints on Ho from a combined analysis of gravitational-wave and
electromagnetic emission from GW 170817 (Guidorzi et al.)

The Complete Ultraviolet, Optical, and Near-Infrared Light Curves of the Kilonova
Associated with the Binary Neutron Star Merger GW170817: Homogenized Data Set,
Analytic Models, and Physical Implications (Villar et al.)
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Where to Find All the Details - -

How Many Kilonovae Can Be Found in Past, Present, and Future Survey Datasets?

(Scolnic, EB et al.)

Multi-messenger Observations of a Binary Neutron Star Merger (Abbott et al. + EB)

A gravitational-wave standard siren measurement of the Hubble constant (Abbott et al. +

EB)

Improved constraints on Ho from a combined analysis of gravitational-wave and
electromagnetic emission from GW 170817 (Guidorzi et al.)

The Complete Ultraviolet, Optical, and Near-Infrared Light Curves of the Kilonova
Associated with the Binary Neutron Star Merger GW170817: Homogenized Data Set,
Analytic Models, and Physical Implications (Villar et al.)

http://kilonova.org

Papers, popular level and technical materials, data
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An Unparalleled Story of Firsts:

» First gravitational wave detection of a neutron star binary merger

* First joint detection of gravitational waves and electromagnetic
radiation
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An Unparalleled Stoty of Firsts

First gravitational wave detection of a neutron star binary merger

First joint detection of gravitational waves and electromagnetic
radiation

First direct confirmation that short GRBs result from neutron star
binary mergers

First detection of an off-axis short GRB

First direct evidence for r-process nucleosynthesis in a neutron star
binary merger

First evidence that r-process nucleosynthesis is dominated by neutron
star binary mergers

First use of a neutron star binary merger ““standard siren’ approach to
measuring the Hubble Constant

Best constraints on the relative speed of light and gravity
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Outline .

* What can we learn from EM counterparts?
* What can we learn about EM counterparts from short GRBs?
e What kinds of EM counterparts do we expect?

e GW170817 from radio to gamma-rays

» Discovery of the optical counterpart
« UV/opticalllR light curves: multiple ejecta components + origins

Opticall/IR spectroscopy: r-process nucleosynthesis

Radio / X-ray detections: off-axis jet + connection to short GRBs
Host galaxy properties: merger timescale

Hubble constant constraints

e Future directions
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Electromagnetic Counterparts:Why & V\_/hdt

e Distance
e Host / context
e Behavior of matter

e Nlature of remnant
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EIectrOmagnetic Counterparts:Why & tht

Jet—ISM shock (afterglow)

b DiStan Ce Optical (hours—days)

Radlo (weeks—years)

e Host / context -
: Ejecta—ISM shock

- adioc (years
e Behavior of matter Radio (years)
* Nature of remnant e , ‘

(t~0.1-1s)
% < y Kilonova ¥ it
Optical (¢~ 1 day)
; ’ ‘\.._/' V

Predicted EM emission N[ o Merger ejecta
beamed and isotropic, ""/"‘l“”“
relativistic and non- _ —

relativistic, multi-A. il

(short GRB, kilonova, ‘
ejecta/ISM interaction, ——

speculative components)
Metzger & EB 2012
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Short GRBs as BNS -Me_’fger-COun;;erp ar té' _

* No SNe / elliptical hosts = old progenitor population

* Host galaxy demographics = broad delay-time distribution
(P «T7!; consistent with Galactic BNS)

e Spatial offset distribution = natal kicks of ~10— 102 km/s

e Afterglows = Ex~ few X10%¥ erg,n ~ 0.0l cm™3, Qjec ~ 10°
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Short GRBs as BNS Merger Counterparts

* No SNe / elliptical hosts = old progenitor population

* Host galaxy demographics = broad delay-time distribution
(P «T7!; consistent with Galactic BNS)

e Spatial offset distribution = natal kicks of ~10—10? km/s
e Afterglows = Ex~ few X 10%* erg,n ~ 0.0l cm ™3, Qe ~ 10°

e GRBI130603B — signature of
r-process nucleosynthesis?

Absolute magnitude

EB et al. 201 3; Tanvir et al. 2013 ‘ Rest-frame time (d)
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r-Process Nucleosynthesis: “Kilanova”

e Tidal tails
e Shocked interface
e Accretion disk outflows

Li & Paczynski 1998; Metzger et al. 2008; Rosswog
et al. 2012; Kasen et al. 2013
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r-Process Nucleosynthesijs: “Kilanova™

e Tidal tails
e Shocked interface
e Accretion disk outflows

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

Metzger 2017

[ PROMPT BH FORMATION J Free Neutron Skin / [xct'\:; LIVED CENTRAL ENGINE J Free Neutron Skin
< M<10*M. v>05¢ M<10*'M. v>05c

~ /
Shocked-Interface Dynamiacal Ejecta, Shocked-Interface Dynamical Ejecta,
M= 10%-10°M, v=0.1-03¢ M= 10410°M, v~0.1-03¢
Disk Wind Ejecta D ‘,k Wind Ejecta
M=~104-10"M_ . v=001-0.1c¢

M~ 107-10'M _ v~ 0.01-0.1¢

magnetar

wind nebula

Tidal Tail Tidal Tall Q
Dynamical Ejecta Dynamical Ejecta ?f
M~ 1041070 M ~ 10410 NID

v~ 0.1-0.8¢ vV~0.103¢

. N i —

A -~ e N
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r-Process Nucleosynthesis: “Kilanova™

Decompressed n-rich ejecta
=> r-process (A > 130)

Gabriel Martinez Pindeo
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r-Process Nucleosynthesis: .“K"IQ.;”OVG%,

Decompressed n-rich ejecta Ejecta mass: ~1073 — 0.1 Mo

=> r-process (A > 130)
Metzger 2017
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Gabriel Martinez Pindeo
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r-Process Nucleosynthesis: “Kilanova™

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

Metzger 2017

—— Fell (Z=26)
N Wil (z=g0) 4 =m . Lo
.c:n 10* Osll (Z=76) - :
= :
j:; 10° \ X .
a -3 - b
§ 10" D1y(r)‘a(:rhicrll EjectcioMj;ss (Mg) '
o
g 107
- Opacity: ~100xKfe (10—100
10t e ecal 2013 cm?/g in optical) if lanthanides

5000 10000 15000 20000 25000 30000 are present

waviength (angstroms)

Pirsa: 17110067 Page 22/91



r-Process Nucleosynthesis: “Kilanova’

To calculate light curves: heating rate from r-process decay,
opacities from r-process nuclei (lanthanindes), ejecta masses and
velocities from simulations
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r-Process Nucleosynthesis: “Kilgnova’™

To calculate light curves: heating rate from r-process decay,
opacities from r-process nuclei (lanthanindes), ejecta masses and

velocities from simulations
Metzger 2017

M= 1072 Mg, vo = 0.1 ¢

M = 1072 Mg, vo = 0.1 ¢
y Lonthoni'de-Free “Blue™ l.(ilonovo

FLanthaonide ""Red’” Kilonova 1
K - R

-
—

Bornes+ 16 :

Mg @ 200 Mpc

o
Q.
-
o
=
~
©
X
=

1 . 1
Time (Days)

Time (Doys)
IR-peaked; ~ 1 week Optical-peaked; ~ | day
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r-Process Nucleosynthesis: “Kilgnova’™

To calculate light curves: heating rate from r-process decay,
opacities from r-process nuclei (lanthanindes), ejecta masses and

velocities from simulations
Metzger 2017

M= 1072 Mg, vo = 0.1 ¢

M = 1072 Mg, vo = 0.1 ¢
» Lonthoni'de-Free “Blue™ !.(ilonovo

FLanthaonide “"Red’” Kilonova 1
- ~

-
-

Bornes+ 16 :

Mg @ 200 Mpc

Mg @ 200 Mpc

1 . 1
Time (Days)

Time (Doys)
IR-peaked; ~1 week Optical-peaked; ~ | day

Challenge: faint, rapid, (potentially red) transient in ~100 deg?
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Our Follow-up Program ;. - -

Deep, red, wide-field imaging: Dark Energy Camera on the Blanco
4-m telescope at CTIO

VAW \
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Our Follow-up Program .. =~

Deep, red, wide-field imaging: Dark Energy Camera on the Blanco
4-m telescope at CTIO

L (”W

Upon detection: Optical/lR light curves & spectra (DECam, Gemini,
Magellan, HST), radio/mm (VLA,ALMA), X-rays (Chandra)
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Deep, red, wi
4-m telescop

Upon dete:
MET-CUET N o N

Previous follo
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GW'I 7081 7: The Chirp Heard A_rc:)und_:the' Wor)d

2017 August |17 12:41:04 UT

Normalized amplitude
0 2 4

-20 -10
Time (seconds)

Abbott et al. 2017
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GWI 7081 7: The Chirp Heard A_rcf)und_:the Worfd

2017 August 17 12:41: | M; = 1.36—1.60 Mo

B (x.| < 0.05

. mzm 1zed amplit . B [x.| < 0.89 M> 1.17—1.36 Mo
o0 5 1. g~ 0.7—1
' Mee = 2.74 Mo

Frequency (Hz)

-20 -10 0
Time (SCCD‘ndS) Abbott et al. 20 I 7
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GW 1708 7 The Chirp Heard A_rc)und_:tfre Woﬂd

2017 August 17 12:41: | M; = 1.36—1.60 Mo

B (x.| < 005

: x| <0.89 M> 1.17—-1.36 Mo
<00 5 1. g~ 0.7—1
LIGO-Hanford :
Mot = 2.74 Mo

Normalized amplit
2 =

100
50

Tidal deformability

500

Frequency (Hz)

1CHI0O

100
50

-30 -20 -10
Time (seconds)

Abbortt et al. 2017
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Our Follow-up Program .. «°

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

1200000

1 175K

1 154M) 48

£ 112500

L))
M)

200

12:41:06 UT: Fermi detection
12:41:20 UT: GCN notice

P.~ 5x|0°®
Lighteurve from Fermi /GBM (50 — 300 keV) | T9O ~ 2.0 secC
Fy = 1.4x%1077 erg/cm?

e AL S R e Ev.co =~ 2.6%10% erg

e JGIIND (10 o0 kel

Lighteurve from INTEGRAL/SPI-ACS
100 ke'V
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GRB170817

|.7 sec delay between merger and GRB: Could be due to internal
shock shell collision time or deceleration time (if external shock)

Eyiso is ~10%—10° times smaller than for typical short GRBs
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GRB170817

|.7 sec delay between merger and GRB: Could be due to internal
shock shell collision time or deceleration time (if external shock)

Eyiso is ~10%—10° times smaller than for typical short GRBs

Viewing Angie ! Y—ray data
/;;q alone cannot
// ’ distinguish
origin of the

emission

W/

Sightline

Central Engine

Central Engine Central Engine Abbott et al 20 I 7
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GRB170817

|.7 sec delay between merger and GRB: Could be due to internal
shock shell collision time or deceleration time (if external shock)

Eyiso is ~10%—10° times smaller than for typical short GRBs

Rotation Axis Rolation Axis

Viewing Anglo Y—ray data

rtoren A alone cannot
- / distinguish

origin of the
Louarvel emission

inte Structured
Sightline Jet

Doppler

Central Engine

Central Engine Central Engine Abbott et al 20 I 7

Speed of gravity: Av/vem = 7x10716
Equivalence principle (Shapiro delay): YeEm — Yow = 1.2%107¢
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DECam Discovery of Optical Coupte_rpqri

Soares-Santos, EB et al. 2017

[17:54:5] UT: First GV sky-map]

23:13 UT: DECam start
[23:54:40 UT: Revised sky-map]

00:05 UT: NGC4993 imaged
18(*2) pointings; 30 sec ini + z
81% of final map (93% of initial map)
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DECam Discovery of Optical Coupte_rpqri |

From: Ryan Chornock <chornock@ohio.edu>

Subject: Re: All Eyes! G298048. Images will be downloadable
here

Date: 18 August 2017 a1 02:42:00 CEST

Holy shit.

Check out NGC 4993 in DECam_00668440.1its.fz[N5]
Attached is tonight’'s image + ps1-3pi.

Galaxy is at 40 Mpc.

-R
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DECam Discovery of Optical Coupte_rpqri

From: Ryan Chornock <chornock@ohic >
Subject: Re: All Eyes! G298048. lmages will be downloadable : DECam

here diSCOVEl"y
Date: 18 August 2017 a1 02:42:00 CEST

Holy shit.
Check out NGC 4993 in DECam_00668440.fits.fZ[N5]
Attached is tonight’'s image + ps1-3pi.

Galaxy is at 40 Mpc.

-R

Archival PS|
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DECam Discovery of Optical Coupte_rpqri |
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DECam Discovery of OpticaI‘Cour_:wte,tA‘p_qfi |

From: Ryan Chornock < >
Subject: Re: All Eyes! G298048. Images will be downloadable DECam

here ' discovery
Date: 18 August 2017 a1 02:42:00 CEST

Holy shit. .

GW170817 GW170817
DECam observation DECam observation
(0.5—-1.5 days post merger) (>14 days post merger)
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Dark Energy Camera / CTIO
' i-band
Time Relative to 2017 August 17

Credit: P. S. Cowperthwaite / E. Berger

—+ 7 .5 d ayS Harvard-Smithsonian Center for Astrophysics
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Discovery of the Optical Counterpart

Abbotrt et al. 2017
1M2H Swope

10.86h i h|[11.24h
MASTER - ''Las Cumbres

-

i-/111.57h

Independently imaged by 6 telescopes before detection was announced
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DECam Discovery of Optical Counte_rpqri

Soares-Santos, EB et al. 2017

R @ e @Y ~ t-04

e o2 o ®, o 105

(@] ‘ @® @) Oi x t— 05

19 O ) ® @ @ ~t°7

@ N\ * é O @g x t '

2 O. ® o ® ® @u <t ?°
& § 0O @

"0

o

|
HOH
@]

1 " 1 " | A | 1 1 " 1 L 1 L " 1 " 1 " 1 1 : J
6 7 8 9 10 11 12 13 14
davys since event

o
—_—
o
e
-_—
(W]

Rapid fading and reddening with time

Tracked to ~2 weeks thanks to 4-m aperture telescope
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DECam Discovery of Optical Counte_rpqri

ane o
Number of Candidates at Each Sclecuon Stage, Sorted by i-band Magnitude

mag(r) Raw Cut | Cut 2 Cut 3

15.5-16.5 4 0 0
16.5-17.5 11 7 k |
17.5-18.5 26 1S . 0
I18.5-19.5 296 63 0
19.5-20.5 1163 ()

Total 1500 |

65 deg?: 1500 candidates with detection in i or z to ~20.5 mag

Soares-Santos, EB et al. 2017
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DECam Discovery of Optical Counte_rpqri

anie
Number of Candidates at Each Sclectnion Stage, Sonted by i-band Magmitude

mag(r) Raw Cut | Cut 2 Cut 3

15.5-16.5 4 0
16.5-17.5 Il k I
17.5-18.5 26 : ; 0
18.5-19.5 296 0
19.5-20.5 1163 0

Total 1500 ; m

65 deg?: 1500 candidates with detection in i or z to ~20.5 mag

|. Astrophysical

2. i + z detection } | candidate
3. faded by >5-sigma in 2 weeks

Socares-Santos, EB et al. 2017
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Light Curves & lKilqnova_ Models _

Wavelength [A]
Cowperthwaite, EB et al. 2017

Pirsa: 17110067

2000 4000 6000 8000 10000 12000 14000 16000

DECam, Gemini, Swift, Hubble
F
= Transient significantly redder
o
3 than a normal SN
-1.0¢ Rapidly reddens from ~0.4 pm
=15 0.5 days) to ~| pum (4.5 days
0 2 4 6 8 10 . .
MJD - 57982.53 ( y ) IJ ( y )
1
10 e Blue Dominated
_ r B
o 109t %
o
;cv 10-1 ".—"-_* _________ +
— T
— ’,-'—“" -$- +0.6d
=102 < +1.5d
e - +45d
s ¢ Red Dominated -4- +99d
10~
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Light Curves & .KilqnovajMoqels E

DECam, Gemini, Swift, Hubble

Transient significantly redder
than a normal SN

Color [Mag)

-1.0¢ Rapidly reddens from ~0.4 pm
—1.50 3 a 6 8 10 (0.5 daYS) to ""'l I.Jm (4.5 days)

MJD - 57982.53

10?

Blue Dominated
A e — = S,
’,’ “‘»‘: Lbol Er-process (Mel few A) MQ)
- ol 5/ '
>
[+F] - -
— 10—1 J___..o-—‘*
= -
=
- r” e
< 10-2
, ¢ Red Dominated -+- O. }‘*-._,q_
107" 5600 4000 6000 8000 10000 12000 14000 @ TTsil_ e
Wavelength [A] oo
Cowperthwaite, EB et al. 2017 104 e T
10° 10!

Time [Days]
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Light Curves & ‘Kilqnova_ -Mo.qels ;

r i B —— H —— K

Ruling out models:

Ni,x=0.1cm?’g? Blue KN. x =0.1cm? g}

17 Red KN, x = 10 cm? g ! KN. x=08cm’ g *

18

19

8 10 12 14 16 & 8 10 12
MJD - $7982.529 MJD - S7982.529

Cowperthwaite, EB et al. 2017

14 16
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Light Curves & ,Kilc_)nova_ -Mo.qels &

E——— ——

Ruling out models:

Blue KN. x =0.1cm? g}

>6Ni radioactivity and
Fe-peak opacity

r-process radioactivity
and Fe-peak opacity

r-process radioactivity
and lanthanide opacity

10 12 & 8 10 12 14 16
MJD - S7982.529 MJD - $7982.529

Cowperthwaite, EB et al. 2017
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Light Curves & Kilongva Models "

E——— ——

Ruling out models:

Blue KN. x=0.1cm? g}

>N radioactivity and
Fe-peak opacity

r-process radioactivity
and Fe-peak opacity

r-process radioactivity
and lanthanide opacity

r-process radioactivity
and variable opacity

10 12 14 8 10 12 14 16
MJD - 57982.529 MJD - $7982.529

Cowperthwaite, EB et al. 2017
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Light Curves & Kilongva Models "

What does work?

8 10 12 sk ;
MID - 57982.539 *All models use the modular open

Cowperthwaite, EB et al. 2017 source code MOSFiT; all data and
model setups are public
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Light Curves & .Kilc_)nova_ Models - _

What does work?

Two-component model:
Blue: Mg ~ 0.02 Mo / vej ~ 0.3c
Red: M~ 0.04 Mo / vej ~ O.1c

Three-component model:

Blue: Mee ~— 0.02 Mo / vej ~ 0.3c
Purple: M¢j ~ 0.03 Mo / vej —~ 0.1 c
Red: Mej ~ 0.01 Mo / vej ~ O.lc

10 12 14 16 sk
MID - 5$7982.559 *All models use the modular open

Cowperthwaite, EB et al. 2017 source code MOSFiT; all data and
model setups are public
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Light Curves & ,KUQDOVG}MO-C!CIS k.

Villar, EB et al. 2017

Aggregated,
homogenized
& public (625
data points!)

| 6 individual
data sets; 38
instruments; 35
filters. About
10% of the data
had to be
corrected or
discarded due
to inadequate

MJD - 57982.529 photometry

Apparent Magnitude
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Light Curves & .K”QUOVG.’MOC!CIS ; A_

AB Magnitude

ot D

M2 1 [
: :C’ o
1 | B
' #00p 08 ©
i
|
bo&“‘ﬁ%‘s’
H
11 ”coml - ;
10" 10}

Pirsa: 17110067

Phase (days)

Three-component model:
Blue: M. = 0.016 Mo / v
Purple: M¢; = 0.040 Mo / v
Red: Mej = 0.009 Mo / vej

Villar, EB et al. 2017
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Spectrosc_qpy i

GW170817 |
SOAR + Magellan + Gemini

Spectral luminosity

~’ Y “}'J)M
Bloa
4000 6000 ‘8000 10000 12000 14000 16000 18000
Wavelength (A)

Pirsa: 17110067 Page 59/91



Spectroscopy: Optical ;.

Nicholl, EB et al. 2017
= v
' £ +400 1.5 days
-~ 1.5/} - 2000 after merger
“ .. ) ) +1460|
S 4000 6000 8000 10000
T‘_C_b 1.0/ L Swift
W '
0.5} -
HST
55d
0,0 7 L4 g SRS WS -: \: i
2000 3000 4000 5000 6000 7000 8000 9000
Rest wavelength (A

Optical spectra rapidly evolve from
blue to red

At >2 days significant absorption in
blue relative to blackbody emission
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Spectroscopy: Optical .; -

Nicholl, EB et al. 2017
Mej ~ 0.03 M@ / Vej ™ 0.3c

Light curve modeling
Blue: Mej ~ 0.02 Mo / Vol =~ 0.3c

10000 4000 6000 8000

Rest wavelength (A
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Spectroscopy: Optical .. -~

Nicholl, EB et al. 2017
Mej ~ 0.03 Mo / v ~ 0.3c

Light curve modeling
Blue: Mej ~ 0.02 Mo / Vej ~ 0.3c

Lanthanide fraction from
spectra at 2.5-4.5 days is
low, ~10~4

Even lower at |.5 days
(chemical gradient?)

. . .‘—-/:_—_' r N————
8000 10000 4000 6000

Rest wavelength (A
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Spectroscopy: Near-IR ; -
Chornock, EB et al. 2017 ”

 Age in days after GW170817 | Unlike in the optical, the near-IR

spectra show clear spectral features
(i.e. lower velocity)

<L
‘»
N
I
o
o
—_
@
’;
o
<
=
=
o
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Spectroscopy: Near-IR .. -~

Chornock, EB et al. 2017

 Age in days after GW170817 | Unlike in the optical, the near-IR

spectra show clear spectral features
(i.e. lower velocity)

Spectra well matched by red kilonova
model

7"GW170817

Flux (f,, 10" ergem™?s A

Kasen et al. 2017
E 4. Al red kKilonova model
— 6 7 M m ® M = 0.04 M,
5 X (
f LT
2 i_;‘ ._]

1.0 1.2 1.4 1.6

1.€
Rest Wavelength (microns)

Pirsa: 17110067
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Spectroscopy: Near-IR .. -~

Mej ~ 0.04 Mo / ve; ~ O.1c

Light curve modeling
Red: Mej ~ 0.05 Mo / vej ~ 0.1 c

f, (10" ergcm™s A"

- Varying mass
1.0 1.2 1.4 1.6
Rest Wavelength (microns)

Lanthanide fraction inferred
from near-IR spectra at >4.5

1e-2.54

S - 1 T 2 T V /] ¥ MY/ " A ~ . =

<< A\ . 0.048 0.10 1621 days is h|gh, ~102

. L f ¥ Y . 0.025 0.03 1e-2 ]

o 6 0.040 0.15 1e-2-

E 0.040 0.20 1e-2 ]

> 4 ' 8 ’ MM, vic X,

o _ O (]‘18 0.10 1e-2 f):
=

Varying velocity »-4.0

1.0 1.2 1.4

f, (10" ergem?s™ A”)
f -8

Rest Wavelength (microns) 2 N ’;:
oE Varying lanthanide fraction -
1.0 1.2 1.4 1.6 1.8

Rest Wavelength (microns)
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Optical/Near-IR: - Implications= -

 Direct (spectroscopic) evidence for r-process nucleosynthesis
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Optical/Near-IR: - Implications= -

» Direct (spectroscopic) evidence for r-process nucleosynthesis
* Mej X Rens accounts for Galactic r-process production rate

* Evidence for distinct ejecta components with a wide range of
lanthanide fractions (opacities, geometries?)
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Optical/Near-IR: - Implications=

Direct (spectroscopic) evidence for r-process nucleosynthesis
Me; X Rens accounts for Galactic r-process production rate

Evidence for distinct ejecta components with a wide range of
lanthanide fractions (opacities, geometries?)

Blue component velocity indicates ejecta from collision interface
=> NS-NS (not NS-BH or BH-BH; breaks ambiguity from GW data alone)
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Optical/Near-IR: - Implications= -

Direct (spectroscopic) evidence for r-process nucleosynthesis
Me; X Rens accounts for Galactic r-process production rate

Evidence for distinct ejecta components with a wide range of
lanthanide fractions (opacities, geometries?)

Blue component velocity indicates ejecta from collision interface
=> NS-NS (not NS-BH or BH-BH; breaks ambiguity from GW data alone)

Blue component large Mejindicates small NS radius of ~1 | km

Bauswein et al. 2013
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| Optical/Near-IR: - Implicatiops« *

Direct (spectroscopic) evidence for r-process nucleosynthesis
Me; X Rens accounts for Galactic r-process production rate

Evidence for distinct ejecta components with a wide range of
lanthanide fractions (opacities, geometries?)

Blue component velocity indicates ejecta from collision interface
=> NS-NS (not NS-BH or BH-BH; breaks ambiguity from GW data alone)

Blue component large Mejindicates small NS radius of ~1 | km

Purple/red component velocity typical
of accretion disk wind; distribution of
opacity indicates short HMNS phase
(=30 ms) = final state is BH

Bauswein et al. 2013
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* Optical/Near-IR: - Implicatiops -

Direct (spectroscopic) evidence for r-process nucleosynthesis
Me; X Rens accounts for Galactic r-process production rate

Evidence for distinct ejecta components with a wide range of
lanthanide fractions (opacities, geometries?)

Blue component velocity indicates ejecta from collision interface
=> NS-NS (not NS-BH or BH-BH; breaks ambiguity from GW data alone)

Blue component large Mejindicates small NS radius of ~1 | km

Purple/red component velocity typical
of accretion disk wind; distribution of
opacity indicates short HMNS phase
(=30 ms) = final state is BH

Tidal tail component likely sub-
dominant to disk wind

Bauswein et al. 2013
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Radio Counterpart: Off-axis et "

Alexander, EB et al. 2017 (also Hallinan et al. 2017)
We obtained the first radio

observation (VLA) 2.5 hours
after discovering the optical
counterpart. The source
remained undetected until ~2

weeks post-merger

The non-detections rule out a
typical short GRB on-axis

E, =2x10°1, n=10"?
SO

E_035-1047‘n:10_3,

s

Flux Density (uly)
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Radio Counterpart':' Off-axis ;_je_t.'

Alexander, EB et al. 2017 (also Hallinan et al. 2017)

10 T T - -
£, —2x10%", n=10"2 We obta!ned the first radio
1o* feraa, E,__=5x10%7, n=10"3 observation (VLA) 2.5 hours
Te.. after discovering the optical
>~ .‘.
2 107 | - ‘e counterpart. The source
g . hihad .".. romainmed rmmderecrrad cineill =D
S 10° ol ' .'0. ALMA 97.5 GHz ALMA 97.5 GHz
g 2 . ... o M 1 > -
™ ) g | v L b
10_2t ’i"
E RIS
4 ° Lo g -m"ofg @0 g =10 erg
10° 24d,0, =15 et et
10! 109 1011 ‘013 o, =15, LI /-\ o = 15',-50.._‘ . )
Frequency (Hz ? o attor Menger (s e 10 e amer Rameger (Gaye) e
| v ALMA 97 .5 GHMz ) v ALMA 97.5 GHMz
Late onset can be explained Y v aea v v lacon
. . . = v ¥ 5 v v
with an off-axis jet: Ex ~ few P v " ' § v "
x|0* erg,n ~ 0.0l cm™3, o) n 10 g 25} e n 10 rm
eobs T 20_40° ':":: . /\ __=.'::’ . /\

Pirsa: 17110067
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Radio Counterpart:. Kilonoya - -

Alexander, EB et al. 2017

——  Blue KN (M = 0.02M_, 3=0.3) We also expect radio
102 —— Red KN (M =0.04M_, 3=0.1) emission from the
= kilonova ejecta
> - -
2 101 | VLA (6 GH2) /\ The timescale is much
I longer since the ejecta
> - -
E, mass is higher than for
ngVLA Band 2 Sisidpes il e
g 100 p 9T IS _ the relativistic jet
= TG Eava a AT ...
L Weak (but detectable)

emission in ~decade...
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t=2.34 days t=15.39 days t=9.75 days

\ X-ray, counterpart

=
Host Galaxy

10"

CXO/ACIS-S CXO/ACHIS-S HST-WFC3/IR

Margutti, EB et al. 2017 (also Troja et al. 2017)

First X-ray observations carried out with Swift/XRT ~4 hours
after optical discovery (non-detection)

First deep observation with Chandra at 2.3 days (hnon-detection)

X-ray emission detected at ~10-15 days
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X-ray Counterpart: Off-axis jJet "

g3 Ex=10" n=107 £5=10" p=22 6=15° (0 ([Bx=10 =107 €5=10" p=22 6=15" 6py=22"
0,bs=22 | ! =TT _ 1 keV I
< 0, =20 1 10! | v " SDSS-R {
10 0,,s=30 — 1 » ‘- 10 GHz |
::"‘\ e()bs:45 : 10° I v T !
E 10 5 eubb:é’o T — 3 i
; 1 = 107 1
) _ E -4 i
= 10° = 10 sf 1
® ‘m 10T !
= 107 S 6 ! 1
a T 10° 1
S S :
= 108 = 107 | - 1
= 1
e - 108 I 1
10 9 !
107 ¢ 1
10710 - 10°1° B NN

0.1 1 10 100 0.1 1 10 100 1000

Rest Frame Time (davs) Rest Frame Time (days)

The late-onset X-ray and radio emission are consistent with the
same off-axis jet model

The off-axis optical emission is much fainter than the kilonova

Margutti, EB et al. 2017
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Radio/X-ray: Implications; =« -

* On-axis afterglow typical of short GRBs is ruled out

A late (on-axis / isotropic) afterglow onset, due to deceleration
of a mildly relativistic outflow can explain the X-ray data but
violates the radio limits
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Radio/X-ray: Implications; =« -

* On-axis afterglow typical of short GRBs is ruled out

» A late (on-axis / isotropic) afterglow onset, due to deceleration
of a mildly relativistic outflow can explain the X-ray data but
violates the radio limits

* A central engine origin of the X-ray emission is ruled out since
the kilonova ejecta has an X-ray optical depth of ~ 102
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Radio/X-ray: Implications. =«

On-axis afterglow typical of short GRBs is ruled out

A late (on-axis / isotropic) afterglow onset, due to deceleration
of a mildly relativistic outflow can explain the X-ray data but
violates the radio limits

A central engine origin of the X-ray emission is ruled out since
the kilonova ejecta has an X-ray optical depth of ~102

The radio and X-ray data are consistent with a relativistic jet
with Ex ~ few x10%° erg,n ~ 0.0l cm™3, Bops ~ 20—40° typical of
short GRBs
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Host _Galgxy i

Blanchard. EB et al. 2017

QW ]70{_’?4_1 7 Optical Counterpart NGC 4993 Offset from the hOSt center
is 2.2 kpc

HST/ACS

Detected in radio/X-rays: weak AGN
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Host Galaxy - -

Blanchard, EB et al. 2017
GW 170817 Optical Counterpart NGC 4993

NN HST/ACS

Offset from the host center
is 2.2 kpc

FGO6W 28 April 2017

Limit from April 2017 HST
data rules out globular cluster
brighter than the median of
the GC luminosity function

1 Kpc

Detected in radio/X-rays: weak AGN
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Blanchard, EB et al. 2017

Pirsa: 17110067

© rmodel photometny
. — model spectrum
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Host _Galgxy i

Blanchard, EB et al. 2017

Median stellar
population age
~1 1 Gyr

Pirsa: 17110067

© rmodel photometry
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Host Galaxy . -

10""—-!
E
__E: lc)—ll:‘.l___1
x4 1
c\ 1
— 1
K |
\‘_} 10 11 -1
= 1
10712~
3.0 -
1.5 . @
>~ 0.04 ® ® e e
715' o o
-3.041 v - . v
0.1 0.2 0.5 1 2
Aops [um]

Blanchard, EB et al. 2017

Initial binary

separation was
~4.5 Ro
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e E TR

Simulated BNSs from D+12

¥ Galactic BNSs

1.0~ ——r RPN

0.8} i

0.6} | : P ]

0.4} "\ o ,- B ]

0.2} :;_'_’;’ | : .

0.0 . . e
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Hubble Constant:

Abbott et al. 2017 (+EB); Guidorzi, EB, et al. 2017

Standard Siren:

The combination
of distance (GWV)
and redshift (EM)
S ries can be used to
l’,, [f.'n.r- ~ ,\I]u')
R T e ———— o measure the

Using Opaning Pruor

- /\ Hubble constant
f
| (v = Elaix d)

}” !I\ ;:

Hy (ke /s / Mpe)
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Future Directions

Advanced LIGO/Virgo O3 should have |.5% larger sensitivity
= BNS detections to ~120 Mpc and 3.5% detection rate

Advanced LIGO/Virgo design will have 2.5% larger sensitivity
=> BNS detections to ~200 Mpc and |5% detection rate
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Future Directions

Advanced LIGO/Virgo O3 should have |.5% larger sensitivity
=> BNS detections to ~120 Mpc and 3.5% detection rate

Advanced LIGO/Virgo design will have 2.5% larger sensitivity
=> BNS detections to ~200 Mpc and |5% detection rate

For BNS detection at ~100 Mpc, search volume 10X larger =
~500 galaxies = galaxy-targeting ineffective = wide-field
imaging is essential (even worse at 200 Mpc)
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Future Directions

Advanced LIGO/Virgo O3 should have |.5% larger sensitivity
=> BNS detections to ~120 Mpc and 3.5% detection rate

Advanced LIGO/Virgo design will have 2.5% larger sensitivity
=> BNS detections to ~200 Mpc and | 5% detection rate

For BNS detection at ~100 Mpc, search volume 10X larger =
~500 galaxies = galaxy-targeting ineffective = wide-field
imaging is essential (even worse at 200 Mpc)

By —2025 a 5-detector network with detections to ~200 Mpc,
localizations of <10 deg? and a rate of >| per month; optical
counterparts >2| mag
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Future Directipns

|0 deg?
0.35-1 micron
24 mag in 10 sec

0.6 deg?
0.9-2 micron
25 mag in 5 min
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|10 deg?
0.35-1 micron
24 mag in 10 sec

0.6 deg?
0.9-2 micron

25 mag in 5 min

Pirsa: 17110067

Spectra in photospheric
phase to establish velocities
& in the nebular phase to
establish composition
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An Unparalleled Stoty of Firsts

First gravitational wave detection of a neutron star binary merger
First joint detection of gravitational waves and EM radiation

First direct confirmation that short GRBs result from BNS mergers
First detection of an off-axis short GRB

First direct evidence for r-process nucleosynthesis in a neutron star
binary merger

First evidence that r-process nucleosynthesis is dominated by neutron
star binary mergers

First use of a neutron star binary merger ‘“‘standard siren’” approach to
measuring the Hubble Constant

Best constraints on the relative speed of light and gravity

http://kilonova.org
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