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Origin of the Elements, circa 2008
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R. Hurt/Caltech-JPL

LIGO’s First Neutron Star Merger
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Hunt for an Electromagnetic Counterpart

SWOPE telescope
(Las Campanas, Chile)

Dark Energy Camera
(Cerro Tololo, Chile)

NASA’s Fermi
gamma-ray telescope




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
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General Relativistic Hydrodynamical Simulation

Courtesy: David Radice, Wolfgang Kastaun, Filippo Galeazzi




Merger Ejecta

“Dynamical”
M,; ~ 103 - 102 Mg
texp ~ Milliseconds

Ve; V0.3 ¢
Disk Winds

M,; ~ 102- 10! Mg,
texp ~ S€CONdS

VeV 0.1c

Tidal Tails
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Shock-Heated Ejecta
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ejecta velocity [c]

Disk Wind Ejecta Dominates
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Hyper-Accreting Black Holes: Fussy Eaters

Mass Density
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Courtesy J. Barnes
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BNS Merger Disk Outflows as R-Process Sources
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Galactic r-process production rate: Required r-process yield per merger:
M, ~ 106 Mg yr? M.~ 3x103-0.3 Mg
Measured NS merger rate (versus ~0.06 M4 in GW170817)
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it EETRE TR
osbie t. e RN Challenges to Mergers as the
e Sole R-Process Source
~54.1 > '.:
: ..g' o
AR IERa, R 1 A large fraction of the Europium in our Galaxy was
~543F © Vesc < 10 km/s l-" 1141'1:6:: formed very early in its history (before the iron)
54.40 54 16 RAS(:};OZOO) 53.66 53.44— || o °
I% i‘ | I\ T _;ﬁl ] . L
18 N - - 1 3 ke :..I S
o 0.5- .. disk stars
L\L == Y @ Q@
- . 1 (. — et L AP °
& 0.0 - | HFE— % ::_‘:.'... o h ':.'o
: LS o
-0.5 - ‘ . + +
10 Siegel+19 (see also Cote+19; Farouqi+22)
-30 -25 -20 -15 -10 -05 00 05
[Fe/H] >

cosmic time




Number of bursts

80

60

40 t—

20

0
0.001

Short-duration bursts | Long-dy

Gamma-Ray Bursts

2 Seco

0.01

0.1 1.
Time (seconds)

ration bursts

+

10.

100.




Number of bursts

80 | k=] | I7n"| ¥ Gamma_Ray BurStS THII T 1 iin
B Q "
O
annd QJ -—
()
60 N "
e Short-duration bursts | Long-dudration tlursts :
40 |—
& Collapsar:
20—
C L LAl 11 111111 L1 111111! 1 lllllll 11 lllllll L1 -?1
0.001 0.01 0.1 i 10. 100. 1000.

~ Time (seconds)



Number of bursts
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Can Collapsar Winds R-Process?
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Collapr

not neutron rich
Y, =0.5)

neutron-rich?
Y. << 0.5




p, g/cm?®

GRB Accretion Disks Self-Neutronize
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Collapsars can dominate the galactic r-process

Eet ~10%9> erg ~10°T erg

M, .. ~0.1-0.2 M., ~1-3 M

I\/lr -~ 004 M::ffjl -~ 03-1 M,;:-:-;;;;_

Rate Rsgrs ~ 5 Gpc3 yr R crg ~ 1 Gpc3 yr
(Collapsar) (M, R)merger 170.6

(BNS Merger)  (MR)oomoear  570.04 3



Collapsars can dominate the galactic r-process

Challenged to be retained
in dwarf galaxies and occur
in very early universe

Ejet ~10%9> erg

Macc ~0.1-0.2 M,i._:-_,-::

M r ~0.04 M ®

Rate Rsere ~ 9 Gpc™ yr
w ~ (Ml’ R)merger
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Observed to occur in low-
metallicity dwarf galaxies
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Milky Way’s halo)
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Long GRB Host Galaxies

(Fruchter, Levan+06)
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R-Process Signhatures in GRB Supernovae

Barnes & BDM (arXiv:2205.10421)

“kilonova inside a supernova”
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Search Strategy:

Ground-based NIR follow-up of GRB SNe
on timescales of >~ 1-2 months

James Webb Space Telescope in the
mid-IR to confirm



Black Holes in the Pair Instability Mass-Gap
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Possible evidence for large spin
misaligned with orbital axis

How to fill the gap?

Hierarchical mergers in dense stellar environments?
(e.g. Yang+19, McKernan+20, Tagawa+21)

Gas accretion in AGN (e.g. Safarzadeh & Haiman 20)
Stellar mergers? (e.g. DiCarlo+19, Renzo+20)






“Super Kilonova”

Mg~ 30-100Me M., ~ 1-20Ms, Mgy ~ 60-130 M,
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Discovery Prospects

Super-Kilonova

with IR/Optical Surveys

Nancy Grace Roman
Space Observatory
(launch 2027)

SuperKN Light Curve Models and Survey Detection Rates
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Summary

The kilonova ejecta from GW170817 likely originated from the BH accretion disk
=> feeding a BH at high rates can generate r-process outflows (up to ~¥30% of the
accreted mass), consistent with the predictions of GRMHD simulations.

Similar BH accretion flows operate following the core collapse of massive rapidly spinning
stars (“collapsars”) as evidenced by similarities between short and long GRBs.

Despite the different initial composition of the accreted material, collapsar disks also
generate r-process outflows (weak interactions drive the disk to a neutron-rich state).

Simple estimates show that collapsars could contribute to the Galactic r-process budget
similarly to mergers

(while providing more natural explanations for r-process in dwarf galaxies and early
Galactic chemical enrichment).

Heavy r-process production in collapsars is testable with late-time infrared observations
of GRB supernovae (being collected now).

Scaling from ~10 Mg, to ~100 M, stellar progenitor masses produces qualitatively similar
accretion history and disk wind ejecta, just scaled up in mass.

Disk wind ejecta from “super collapsars” provides a novel way to fill the Pl mass-gap
“from above”, consistent with GW190521.

The birth of the most massive BHs are accompanied by “super-kilonovae”, with
luminosities similar to SNe but lasting months peaking in the infrared, detectable
following energetic GRBs or with future surveys such as the Roman Space Telescope.



Gravitational Wave Emission
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Gravitationally Unstable Disk
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=> Non-axisymmetric “one-armed spiral” modes
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