The Gemini Perspective on Neutron
- Star Mergers

Ryan Chornock
(Ohlo University)

/.

NSF/LIGO/Sonoma State
University/A. Simonnet



GW170817

e On August 17, 2017,
Advanced LIGO/Virgo
triggered on a low-mass
merger consistent with being
a binary neutron star merger
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 Followed 1.7 s later by a
spatially coincident weak
burst of gamma rays
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IN @ BNS merger?
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Dark Energy Camera / CTIO
‘ i-band
Time Relative to 2017 August 17

Credit: P. S. Cowperthwaite / E. Berger
+0 .5 d ays Harvard-Smithsonian Center for Astrophysics
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Two Emission Processes

Radio IR/Optical X-ray

* Optical through IR
dominated by
“thermal” kilonova
component

m Radio

» Underlying X-ray to ¢ Optical /NIR

radio power law ® X—rays
from synchrotron ----Afterglow: F,~v™°

emission (jet) Kilonova
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Margutti et al. 2018
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Squeezed dynamical
v =0.2¢c-0.3¢c

Squeezed dynamical
v = 0.2¢-0.3¢

Disk wind
v<0.1c

= 9
Disk wind
v<0.1c

Neutron star + black hole
Black-hole remnant

Neutron star + neutron star
Remnant promptly collapses to black hole

Neutron star + neutron star
Long-lived neutron-star remnant

Kasen et al. 2017
Different ejecta components will have different compositions and colors

Material with Ye = 0.23 will experience strong r-process and be “red”
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r-process Nucleosynthesis

HD 108317
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scaled solar r—process
scaled solar s—process

A r—process
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e Universal abundance ratios for “heavy” r-process, more scatter for the “light”

r-process

 Mounting evidence that rare, high production events are responsible for the r-
process

» Detailed BNS merger simulations reproduce the solar pattern
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Big Bang

Exploding Massive Stars

Merging Neutron Stars

Exploding White Dwarfs CosmicRay F

Dying Low Mass Stars

ission

Credit: Jennifer Johnson/SDSS / CC BY 2.0 (modified)



This matters for the opacity

Bl Ndll (f-shell)
Bl Fell (d-shell)
1 Snll (p-shell)

« Atoms/ions with open
f-shells have many
more available states
compared to iron-peak
elements

10 15 20
excitation energy (eV)

Kasen et al. 2013

Ion Configurations Number of levels Number of lines

Nd1  4f46s2, 4f46s(5d, 6p, 7s), 4f45d2, 4f45d6p, 31,358 70,366,259
4f35d6s2, 4f35d?(6s,6p), 4f35d6s6p

Tanaka et al. 2018



Ingredient #2: Expansion

Lanthanide
opacity

* The effects of
weak lines are .
greatly enhanced ERC L l‘.’mu
iIn material with ‘ ' |
strong velocity
gradients

Normal SN
(Fe- I|ke) opacity

15000
A (A)
—— Pure Fe, VALD — r-process, A.S.
—— Pure Fe, A.S. ——  r-process, A.S. (boosted)

— r-process, VALD Barnes & Kasen 2013



Fe group opamty
Tc ~ 6OOOK410
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r-process opacity
Tc ~ 2500K

Tanaka & Hotokezaka 2013
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* The first KN models using
enhanced r-process
opacities (from 2013)
showed a shift of flux to the
NIR £

log flux (F;) + constant

5000 10000
Wavelength (A




Basic Observations of GW170817

Time [Days]

m \ 15 Cowperthwaite et al. 2017

M|D - 57982.529

Villar et al. 2017

* Very fast fading in blue, slower in near-IR

e Color temperature of ~2500K after a week

* Luminosity/timescale consistent with ~fewx10-2 Me of r-process
ejecta



Light curve fits

*®Ni, k=0.1 cm? g !

O
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MID - 57982.529

Cowperthwaite et al. 2017

Normal SN material does not provide a good fit to the light curve
shape or match the spectra and NIR excess



Kilonova fits

FLAMINGOS2 _
e Best-fit model has two

components

* Low opacity “blue” kilonova
with ~0.01-0.02 Me and
v~0.25c that dominates in
optical at early times

* High opacity “red” kilonova
component has ~0.04 Me
and v~0.1c that peaks in
the NIR on longer

8 10 12 14 16

228D timescales
Cowperthwaite et al. 2017;

Villar et al. 2017




Spectral luminosity

GW170817
SOAR + Gemini
Credit: M. Nicholl / R. Chornock/ E. Berger
Harvard-Smithsonian CfA / Ohio University
1.5 days
after merger
4000 6000 8000 10000 12000 14000 16000 18000

Wavelength (A)



Evidence for r-process

1. That there was anything at all to see in the optical/NIR!

e Some models now invoke other sources of heating at
early times for the “blue” emission (e.g., shocks), but
all still agree that the long-lasting IR emission
requires some input heating from radioactive decay

2. Spectral energy distribution peaks near ~1 micron are
a consequence of lanthanide opacity



Amazing NIR Agreement!
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Blue kilonova

Day 1.5

M=0.03M_, v=0.3¢, X, =10
x:—i.’] = 1 O_Ai ’

4000 6000 8000 _ 10000 4000 8000 10000
Rest wavelenath (A Nicholl et al. 2017

* The blue kilonova component can only accommodate light
r-process (much lower lanthanide abundances)

* But the velocities are very high (~0.3c)



Nucleosynthesis
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Mass fraction

* There is a production threshold
below Y¢~0.23 in merger AT T | R A |
calculations: lanthanide fraction 70

Atomic number

Is not really a free knob s et al o018




2D kilonova simulations

D=40 Mpc, 20 <6<28 D=40 Mpc, 86 <6<90
=k — 17
B
r
-16 - -16
Z
-dE_)J J _Qé L b : ‘g ® :° '. : :
«é 15 -H g -15 H- S . - ; O S SR
o -14 [fif+ A5 VA D WA S WA i T ——— o -14 fif-\- 0 ST L
-'—9: . = . : . B .'—9: ! . = .
T .13 | .13

-12 -12

i i i i 1 i i R I i i i I _1 1 i i i i i 1 A—IX i 1 1 /
012 3 45 6 7 8 910111213 141516 01 2 3 456 7 8 910111213 141516
t [day] t [day]

Kawaguchi et al. 2018

-11

 Reprocessing of one component by another may be very important,

as is the fundamentally aspherical nature of the kilonova




Galactic nucleosynthesis
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Population synthesis

 With order-of-magnitude uncertainties, the r-process production in
this event is about right to generate MW abundances



Present & Future

Binary neutron star mergers produce a range of ejecta material with
various compositions and velocities

Optical and NIR observatlons are sensitive to different components of
the ejecta .= =

o Spectroscopy\ls Key, aIthough many theoretical uncertalntles in the

mterpretatlon .\xx

What is the range of\kllonova properties?

. Intr|nS|c (Range of ejecta n]asses-, .nucleosynthetic outputs)

. ExtrlnS|c (viewing angle)- B \

Rapid ToO observatlons_ _|th Gemlnl wil be a valuable part of this

Thanks to everybody at thservatory (el aII the work to obtain the
observations of GW17081 7, pointing |nto the settlng sun at tW|I|ght

and up to airmass 3 for three weeks 0







Can we actually constrain
detailed abundances?

» Maybe?

e In the future?

I
i Default (solar)

Kasen et al. 2017



