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Origin of the Elements, circa 2008
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An Alchemist, 26 Protons, 30 Neutrons

(Jacob Toorenvliet, 1679)

Gold
79 Protons, 118 Neutrons




Go Where the Neutrons Are

s -

t.__" - o
s ...,\.{,% P

Credit: Chandra X-ray
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LIGO’s First Neutron Star Merger

R. Hurt/Caltech-JPL
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Electromagnetic Follow-Up Campaign

SWOPE telescope
(Las Campanas)
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Dark Energy Camera
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identification of the host galaxy NGC 4993 at 40 Mpc!




Dark Energy Camera / CTIO
i-band
Time Relative to 2017 August 17

+0.5 Days Credit: P. S. Cowperthwaite / E. Berger
Harvard-Smithsonian Center for Astrophysics




What's inside a Neutron Star?

Maximum Mass?
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Outcomes of Neutron Star Mergers

binary mass, M,
NS
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t ~ Myr - Gyr
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Adapted from Bartos, Brady, Marka 2013



Outcomes of Neutron Star Mergers

“prompt collapse”
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binary mass, M,
NS
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t ~ Myr - Gyr
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/ merger
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Adapted from Bartos, Brady, Marka 2013



Outcomes of Neutron Star Mergers

“prompt collapse”

binary mass, M,

+ torus

.""5 g “hypermassive NS” (~0.1 M.,)
A e
il t ~ Myr - Gyr A t~100 ms

. / merger
NS

Adapted from Bartos, Brady, Marka 2013



Outcomes of Neutron Star Mergers

“prompt collapse”

binary mass, M,

Q - + torus
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Adapted from Bartos, Brady, Marka 2013



Outcomes of Neutron Star Mergers

“prompt collapse”

. EM Observations

LIGO/Virgo
binary mass, M, o
NS “hypermassive NS” * torus
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Adapted from Bartos, Brady, Marka 2013



Outcomes of Neutron Star Mergers

“prompt collapse”
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GR Hydro Simulation

Courtesy: David Radice, Wolfgang Kastaun, Filippo Galeazzi




Electromagnetic Gounterparts

Jet—ISM shock (afterglow)
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Electromagnetic Counterparts

Jet—ISM shock (afterglow)
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Afterglow of Gamma-ray Burst Jet

Flux density (mJy)

Non-Thermal Synchrotron Radiation
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Afterglow of Gamma-ray Burst Jet

Jet slows as it sweeps up ISM

Flux density (mJy)
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Afterglow of Gamma-ray Burst Jet

Jet slows as it sweeps up ISM

sides of the jet
(“cocoon”)
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Afterglow of Gamma-ray Burst Jet

Jet slows as it sweeps up ISM

Non-Thermal Synchrotron Radiation

" Hallian+17
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High Energy Neutrinos from GRB Jet

(e.g. Rachen & Meszaros 98; Murase & loka 2013; Globus et al. 2015; Xiao et al. 2017; Biehl et al. 2018; Kimura et al. 2018a)

Relativistic particle acceleration from collisionless shocks

jet breakout from ejecta .
within jet and during break-out.

Neutrino production via pion/kaon decay (py & pp processes).

T T

_ Gottlieb & Globus 21

10°i Source Distance: 41 Mpc

IceCube (500 s time window)

Gen2 (500 s time window)

IceCube

z (101 cm)]

1072
E Hobs ~ 9]’
recollimation shocks

2t B R, =3x10° cm (WM) -
Oons ~ 0; R, =3 x 101 cm((WM)) ]
internal shocks (HM) =
== shock breakout (jet)
s shock breakout (cocoon) =




Electromagnetic Gounterparts
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Tidal Tails
Neutron-Rich Ejecta =

“Dynamical™
Mej ~ 103 - 102 M@ Shock-Heated Ejecta

texp ~ Milliseconds
Vej ~ 0.3 C

(@]

Disk Winds SR L ¢ sy

M, ~ 102- 10" Mg,
texp ~ SECONdS
Vej ~ 01 C




Black Holes are Fussy Eaters

Mass Density
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see also Fernandez & BDM 13, Just+15,
Fernandez+19, Fujibayashi+19



r-process in decompressing ejecta

Courtesy A. Frebel
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Radioactive Heating of Ejecta

102 ' ' | ' | | |
O, Beta Decays

10" | J—'\' ——————— Fission

: Total Heating

| BDM et al. 2010
10 " (see Barnes et al. 2020 for the latest)
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10% - a “Kilo-nova” - :

Luminosity (ergs s™')
o
=

104 | i

0.1 1.0 10.0
Days after Merger

Metzger et al. 2010, MNRAS, 406, 2650



Dark Energy Camera / CTIO
i-band
Time Relative to 2017 August 17

+0.5 Days Credit: P. S. Cowperthwaite / E. Berger
Harvard-Smithsonian Center for Astrophysics




Coulter, Buckley, Chornock, Drout, Evans, McCully, Nicholl, Tanvir, Smartt, Valenti,

Andreoni, many others...
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Kilonova Colors Reveal Ejecta Composition
8 ; . : : .

Periodic Table of the Elements
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Kilonova Colors Rev

eal Ejecta Composition
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“Blue” + “Red” Kilonova Models

e.g. BDM & Fernandez 14
A t ~day
2 277N t ~week
’ \

luminosity
N\

N

\\

\

\
>

Red

(e.g. disk wind)

more neutrons



Apparent Magnitude
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Two-Component Kilonova
Lol N Blue KN: ~102 Mg, v~ 0.3 ¢
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What was the ejecta source?
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~0.25

— p 1 . ”
Ye= 5 electron fraction




0.3c

velocity

What was the ejecta source?

Tidal Tails

Shock-Heated Ejecta

—1000 —-500 0
y (km)

~0.25
“electron fraction”

Ye =

p+n



What was the ejecta source?

Tidal Tails

Shock-Heated Ejecta
03c

velocity

dominated in
ote GW170817

~0.25

— p 13 . ”
Ye= 4+ electron fraction




What was the ejecta source?

I
Shock-Heated Ejecta

Tidal TaiLi
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Outcomes of Neutron Star Merger

“prompt collapse”

4
S

'\0

N
NS @\9 Q uh . NS” + torus
' ypermassive (~0.1 M.)
-~ t~ 100 ms
msplral el Q 3 ‘

merger

l Miot < 1.2 Mgy
binary mass,

“supramassive NS”

Mo = 2747090 ‘_..

E,.: ~ 1052-1053 erg




Outcomes of Neutron Star Merger

r\brsn;l,pt\colIapse” /

too much ejecta

(e.g. Bauswein +17, Radice+17)

T~

4
.NS N\ “hypermassive NS” (téo{ul\j )
. ®
/ t~100 ms
| ,nsp,m, ) — A
merger
l Mior < 1.2 My
binary mass,

“supramassive NS”

M= 274704 M ‘_..

E,.: ~ 1052-1053 erg




Outcomes of Neutron Star Merger

r\brsn;l,pt\colIapse” /

too much ejecta

(e.g. Bauswein +17, Radice+17)

T~

+ torus

Q .

NS

hypermassive NS”

w (~0.1 M)
mspiral s el &QE

t~100 ms
-
merger

IVltot<1'2 Mmax
binary mass, Tl : T i —

Kilonova too red
Mo = 2.74%° M - Kinetic energy too low

_O 01 (Margalit & BDM 17, Granot+17, Shibata+17,
Ruiz+18, Rezzolla+18)
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Outcomes of Neutron Star Merger

r\Brsn;],pt\colIapse” /

too much ejecta

(e.g. Bauswein +17, Radice+17)

NS Q¢
R t= GW1 70817

v —— s —»&*3 —_— ?

‘hypermassive NS’

' / merger
IVltot< 1.2 IVlmax
binary mass, ~ l berimempmenive NQ?  — |

+0.04 Kilonova too red
Mt = 2 .'74-_0:01 M@ Kinetic energy too low

(Margalit & BDM 17, Granot+17, Shibata+17,
Ruiz+18, Rezzolla+18)
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Outcomes of Neutron Star Merger

r\Brsn;],pt\colIapse” /

too much ejecta

(e.g. Bauswein +17, Radice+17)

4
'NS N “hypermassive NS’ . t°1rus®)
Vil = GW170817
inspiral s —V& 3 _— ? |

. / merger
IVltot< 1.2 IVlmax
binary mass, ~ l berimempmenive NQ?  — |

+0.04 Kilonova too red
Mt = 2 .'74-_0:01 M@ Kinetic energy too low

(Margalit & BDM 17, Granot+17, Shibata+17,
Ruiz+18, Rezzolla+18)

=> constrain L ~_|
neutron star EOS!

(e.g. Margalit & BDM 17)




Electromagnetic Gounterparts

Jet—ISM shock (afterglow)
Optical (hours—days)
Radio (weeks—years)
/ ,
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/
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Ejecta—ISM shock
(years)
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{ Merger ejecta
/ / Tidal tail and disk wind
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BDM & Berger 12




Afterglow of Gamma-ray Burst Jet

Jet slows as it sweeps up ISM
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3.4 years later: X-rays are still there!

Haleja+21; see also Balasubramanian+21 Troja+21

XnlAMS L1512 0%
< " O

NGC.4993 NGC 4993

Figure 1 | Combined images of GW170817 at 6t ~ 3.4 years: Left Panel: Combined X-ray image consisting of CXO
observations spanning 0t ~ 1209 — 1258 days in the 0.5 — 8 keV energy range. An X-ray source is clearly detected at
the location of GW 170817 with statistical significance of 7.2 o (Extended Data Table 1). Right Panel: Combined radio
image comprising VLA 3 GHz observations acquired in the time range 6t ~ 1216 — 1265 days. No radio emission
is detected at the location of GW170817. The RMS noise around the location of the BNS merger is ~ 1.7 uJy (§2).
In both panels the orange and light-blue regions have a 1” and 2.5” radius, respectively, and mark the location of the
BNS merger and its host galaxy.

...but radio has continued to fade
=> change In spectral slope or new emission component



X—rays (1 keV)
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Electromagnetic Gounterparts

Jet—ISM shock (afterglow)
Optical (hours—days)
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X—rays (1 keV)
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X-rays from Black Hole Accretion Disk

see also Ishizaka+21
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The Future i1s Loud!
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More Mergers on the Horizon (O4, LIGO A+)...

« Similar events, observed from different angles
 Different ingoing binary properties => diverse outcomes
* NS-BH mergers, with and without EM counterparts




Outcome Diversity

“prompt collapse”
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LIGO’s 2" BNS Merger: GW190425
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Outcome Diversity

“prompt collapse”
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Outcome Diversity
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 Brighter, faster, bluer kilonova

« Extended X-rays, brighter radio



Magnetar-Boosted Kilonova
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Magnetar-Boosted Kilonova
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Neutrinos from Magnetar Nebula

(e.g. Murase+09; Gao+13; Fang+14, Fang & BDM 17)

p+y(p) = p+ a0
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ionized ejecta
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| s 1035 — 10455 = IceCube lyr-integrated PS sensitivity
| s 1045 — 10555 =' ARA-37 PS sensitivity (estimated)
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Neutron Star-Black Hole Mergers
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Mult-Messenger Merger Timeline
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Mult-Messenger Merger Timeline
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