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Origin of the Elements, circa 2008
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One of the goals of nuclear astrophysics is to
identify where and when in the universe the
elements were forged



Cassiopeia A Supernova Remnant
(exploded in 1667 — the last Galactic “naked eye” supernova)
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“...the calcium in our teeth, the iron in our blood, the carbon in our apple pies were
made in the interior of collapsing stars. We are made of starstuff.” Carl Sagan

SILICON SULFUR CALCIUM

Credit: NASA
Chandra X-ray
Observatory BLAST WAVE
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Cassiopeia A Supernova Remnant
(exploded in 1667 — the last Galactic “naked eye” supernova)
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Mass (M..)

What is the neutron star equation of state?

Maximum Mass?
Mass-Radius Relationship ousisse | L ! ' ' '
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cumulative deviation from 1974 orbit (in seconds)

Gravitational Wave Inspiral
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R. Hurt/Caltech-JPL

LIGO’s First Neutron Star Merger

Frequency (Hz)

August 17, 2017 - GW170817

IR Gravitational-wave time-frequency map
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Mot = My + My = 2.74%-9% . Mg




By measuring the delay in the arrival time of the gravitational
waves in Lousiana vs. Washington, the direction of the
merger was pinpointed (towards the constellation Hydra)

LIGO, Livingston, LA




Hunt for an Electromagnetic Counterpart

NASA's Fermi
gamma-ray
telescope

SWOPE telescope
(Las Campanas, Chile)

Dark Energy Camera
(Cerro Tololo, Chile)

NE=TR
=l )

resulting in identification of the host galaxy NGC 4993 at 40 Mpc!




A rapidly fading flare of light was discovered, Dark Energy Camera / CTIO

unlike that ever observed before. . i-band
Time Relative to 2017 August 17

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




Neutron Star Merger Pathways

binary mass, M,
NS
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Adapted from Bartos, Brady, Marka 2013



Neutron Star Merger Pathways

“prompt collapse”
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Neutron Star Merger Pathways

“prompt collapse”
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Neutron Star Merger Pathways

“prompt collapse”
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Neutron Star Merger Pathways

“prompt collapse”

. EM Observations
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Neutron Star Merger Pathways

“prompt collapse”

. EM Observations

&

LIGO/Virgo &M

: v

binary mass, M a or

""5 ®‘° 5 hypermasswe NS” t°1r”|\‘j'|®)
o t~ Myr - Gyr o . GW170817
' inspiral > _VQ . C—

—
' / merger
l IVltot< 1.2 IVlmax

“supramassive NS”

spln -down

*—

IVltot > IVlmax

Adapted from Bartos, Brady, Marka 2013



General Relativistic Hydrodynamical Simulation

Courtesy: David Radice, Wolfgang Kastaun, Filippo Galeazzi




Electromagnetic Gounterparts

Jet—ISM shock (afterglow)
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Electromagnetic Gounterparts
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« Delayed 1.7 s after merger )
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« jet propagation?
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Tidal Tails
Neutron-Rich Ejecta [

“DynamiCaI” Rosswog et al.,,___, .
Mej ~ 103 Mg Shock-Heated Ejecta

texp ~ Milliseconds
Vej ~ 0.3 C

o

Disk Winds ~1w kg, B mm, HW

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




“Dynamical”
~ 10-3
M, ~ 10 Mg

texp ~ Milliseconds

Vej ~ 0.3 C

Disk Winds

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

Tidal Tails
Neutron-Rich Ejecta ==

Rosswog et al., ..

Shock-Heated Ejecta

o
—1000 —500

wind composition depends on neutron star lifetime!
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Black Holes are Fussy Eaters
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rapid neutron capture (r-process) nucleosynthesis
iIn the decompressing ejecta
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R-Process Network (neutron captures, photo-dissociations, a- and p-decays, fission)
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Radioactive Heating
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Radioactive Heating
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104 - a “Kilo-nova” .

Luminosity (ergs s™')

0.1 1.0 10.0

Days after Merger

BDM et al. 2010



Dark Energy Camera / CTIO
i-band
Time Relative to 2017 August 17
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First observation of r-process production
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Galactic r-process production rate: va1 7081 v
M, ~ 106 M, yr-’
- - -2
Measured NS merger rate: total r-process: 5x10<= Mg
gold ~ 10 Mg
RBNS ~ 13-1900 GpC'3 yr'1 (LVC 21) platlnum _ 50 M@
Required r-process yield per merger: uranium ~ 5 MEB

M. ~ 3x103 — 0.3 M.,
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Kilonova Colors Reveal Ejecta Composition

Periodic Table of the Elements
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(e.g.

“Blue” + “Red” Kilonova
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16 1 I . :
Two-Component Kilonova

Blue: ~102 M., v~0.25c
Red: ~4x102M;,v~0.1c
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longer neutron star lifetime

ths=0ms “tns=30 ms ths =100 ms
“prompt collapse” long-lived NS
1040 -
g infrared
"2
5
5}
39
~ 10 optical
1038 1

0 5 10 15 O 5 10 15 O 5 10 15
days days days
Kasen, Fernandez, BDM, 2015




longer neutron star lifetime

tns‘=0ms1 | ~ ths=30ms ths =100 ms
“prompt collapse” ‘ long-lived NS
10% . : |
- "Red"” kilonova in GW170817
A disfavors long-lived (>1 s) NS
= remnant (favoring BH formation)
3 1039

38R y A , , i 3 ; i A
10770 5 10 15 0 5 10 15 0 5 10 15
days days days
Kasen, Fernandez, BDM, 2015




Neutron Star Merger Pathways

“prompt collapse”

LIGO/Virgo cﬁ‘@. EM Observations
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hypermassive NS”

msplral s —’G‘B — ff‘.
' / merger
l Mior < 1.2 My

binary mass,

“supramassive NS”

Miot = 274i8841tM@ ‘—».




Neutron Star Merger Pathways

WOllapse /

too much ejecta

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

IVl \U rvatio

LIGO/Virgo

4
NS » “hypermassive NS”

®
~ inspiral s m— &i} — {e’
' / merger
l M < 1.2 My

binary mass,

“supramassive NS”

Mot = 274{88?M@ ‘—».




Neutron Star Merger Pathways

r\Brsn;],pt\colIapse” /

too much ejecta

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

LIGO/Virgo Lt Uuesrvations
J
'NS ¢ “hypermassive NS”
b

nsprl Qe — &is —

ﬁ
/ merger

NS | IVltot< 1.2 IVlmax
binary maSS, “crinramaAacensAa NIQ?” /

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

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




Neutron Star Merger Pathways

r\Brsn;],pt\colIapse” /

too much ejecta

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

LIGO/Virgo Lt Uuesrvations
J
NS ) “hypermassive NS”
/' _f t=! GW170817
| inspiral —> & _>& = Q |
/ merger
NS | M. <1.2 M.,
binary maSS, “crinramaAacensAa NIQ?” /
1004 Kilonova too red
Mt = 2.74-_0.01 M@ (P“?netic energy too low
argalit & BDM 17, Shibata+17, Ruiz+18,
Rezzolla+18)
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Neutron Star Merger Pathways

r\Brsn:],;qzollapse /

lower limit on Ryg

. ro Bauswein +17, Radice+17) .
LIGONlrgo y)eg - El\?l CEJ rvations
- N\ hypermasswe NS” t°1r”3

@ | t~wGW170817 7
| inspiral & _V g ?

' / merger
Miot < 1.2 Mppax
binary mass, supramasswe NS

M, = 2.74+0-04 M@ upper limit on M, .

-0.01 (Margalit & BDM 17, Shibata+17, Ruiz+18, Rezzolla+18)

‘,Mtot< IVlmax \




3:0

GW only No Long-Lived Remnant
Margalit & BDM 17
GW+EM 2.5 (Shibata+17, Ruiz+18, Rezzolla+18)
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The Future is Bright (and Loud!)
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LIGO Livingston 08 S €

More Mergers on the Horizon (LIGO O4, A+)...

« Similar events to GW170817, observed from different angles
 Different ingoing binary properties => diverse outcomes
* NS-BH mergers, both with and without EM counterparts




Expected Diversity in Kilonovae

“prompt collapse”

Dimmer, redder
kilonova

. /Q

‘hypermassive NS’

i GW170817 |

" msp:ral s — &
merger l
“supramassive NS”
Ii E,.; ~ 1052-1053 erg




Probability density

A Second Neutron Star Merger: GW190425

LVC+19
10
8- |
Galactic double ||
6 - neutron stars I
41 B | GW190425
2 /', 1
900 295 250 275 )(f 325 350 375  4.00

Mtot (MG)

Unfortunately, no EM
counterpart found.




Expected Diverst

v in Kilonovae

“prompt collapse”

 GW190425 #

NS / () “hypermassive NS”
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msplral

merger
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Expected Diversity in Kilonovae

“prompt collapse”

 GW190425 #
y / 0

® GW170817
— Gy — U

msp:ral
merger l
L Q

 Brighter, faster, bluer kilonova

-

“supramassive NS’

“magnetar”

* Brighter X-rays, radio



Millisecond Magnetar
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A Vogt-Russell Theorem for Binary Mergers

Margalit & BDM 19
Binary mass is the dominant variable controlling EM outcome

KN and GRB depend
sensitivity on stability
(~lifetime) of remnant.

Stability depends mostly on g
total binary mass M. =

w
Expect abrupt qualitative %
changes in EM signature at l%
outcome boundaries.

LIGO/Virgo measure binary  ~

. O]
mass accurately in low latency=
(e.g. Biscoveanu+19). T

Prompt public announcement
of M can inform EM search
strategies/prioritization.
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GW signature

 Filling out matrix enables check on assumptions & EOS constraints
« Unexpected behavior => new/exotic physics (e.g. phase transition inside NS)
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Firsts from GW170817

Gravitational waves from a BNS merger

EM counterpart to a GW event (radio, UVOIR, X-
ray, gamma-ray)

Definitive connection to short gamma-ray bursts
GW & multi-messenger constraints on the

neutron star Equation of State

Direct evidence for the creation of r-process
elements

Cosmological redshift of a GW event and
“standard siren” Hy, measurement







