Neutron star mergers and kilonovae
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Neutron star mergers and kilonovae

® Optical and NIR observations of GW170817 @



J-GEM
Japanese collaboration for Gravitational-wave Electro-Magnetic follow-up
(MOU w/ LIGO/Virgo Collaboration in 2014)

Okayama 0.91m Okayama 1.88m Hiroshima 1.5m

MOA-II 1.8m IRSF 1.4m
(wide field, south) (south)
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http://www.ligo.org/detections.php

The first alert

LIGO/Virgo Circulars S box 20174E8A17H -
Fermi GBM trigger 524666471/170817529: LIGQO/Virgo ldentification o...
BB5c: Masaomi Tanaka

TITLE: GCN CIRCULAR

NUMBER: 21505

SUBJECT: Fermi GBM trigger 524666471/170817529: LIGO/Nirgo Identification of a
possible gravitational-wave counterpart

DATE: 17/08/17 13:21:42 GMT 22:21 (JST)

FROM: Reed Clasey Essick at MIT <ressick@mit.edu>

The LIGO Scientific Collaboration and the Virgo Collaboration report:

The online CBC pipeline (gstlal) has made a preliminary

identification of a GW candidate associated with the time of Fermi GBM trigger
524666471/170817529 at gps time 1187008884.47 (Thu Aug 17 12:41:06 GMT 2017)
with RA=186.62deg Dec=-48.84deg and an error radius of 17.45deqg. 21:41 (JST)

The candidate is consistent with a neutron star binary coalescence with
False Alarm Rate of ~1/10,000 years.

An offline analysis is ongoing. Any significant updates will be provided
by a new Circular.




The initial skymap (only from LIGO/Hanford)
*LIGO/Livingstone data suffer from a glitch




Skymap from 3 detectors (LIGO x 2 + Virgo)
==> 30 deg2 (~40 Mpc)

LIGO Scientific Collaboration and Virgo Collaboration, 2017




(C) Michitaro Koike (NAOJ/HSC)



Electromagnetic counterpart of GW170817 @ 40 Mpc

SSS17a (Coulter+17; Sibert+17; Arcavi+17, ...)

2017.08.18-19 2017.08.24-25

Subaru/HSC z +IRSF/SIRIUS H, Ks
(Utsumi, MT et al. 2017, PASIJ)



Survey with Subaru/HSC

HSC Pointing map for GW170817
2017-08-18 2017-08-19

I
N
o

Declination [deq]

I
w
@)

(]
(@)
Q
©
m
o
©
o
_25 ~
>
+
o)
©
o]
O
el
(a8

205 200 195 190 185 205 200 195 190 185
Right Ascension [deg] Right Ascension [deg]

Tominaga, MT et al. 2017, PASJ, arXiv:1710.05865
DECam: Soares-Santos et al. 2017



Sources
1551
Positive detection negative positive
on Aug 18 and 19 461 1090

. . extended
Assocaled Stleet | "o ended | or no lose obiect

2017-08-19

center of off-center

Transient location : .
in PS1 catalog extendBezdzobJect transient

No No
ycation in 3D skymap information | |information
224 58

Inside
1

Probability to be
inside of 3D map

= 9.3x10->

(Faint end of luminosity function)

Remaining 59 objects

(58 center, 1 offset)
That of NGC4993

Tominaga, MT et al. 2017, = 0.64
PASJ, arXiv:1710.05865



Neutron star mergers and kilonovae

® Optical and NIR observations of GW170817 @



Dynamical ejecta (~< 10 ms) Post-merger ejecta (~< 100 ms)

Ye s [kg] S|de VleW

01 02 03 04 05 10 20 50 100

Side view 60
40

20
E o
R _20
_40
~60

Top vie}/go

50 100

Siegel+17
Rosswog+99, Lee+07, Goriely+11, Fernandez+13,15, Perego+14, Kiuchi+14,15,
Hotokezaka+13, Bauswein+13, Radice+16... Martin+15, Just+15, Wu+16, Siegel & Metzger 17...
- Mej ~ 103 - 102 Msun - Mej >~ 103 Msun
-v~0.1-0.2 c -v~0.05c

- wide Ye - can be higher Ye



Expected light curves of kilonova

L~ 10%0-1041 ergs1 |
t ~ weeks g
NIR > Optical g

2

Smooth spectra

Kasen+13, Barnes & Kasen 13

MT & Hotokezaka 13, MT+14, ] 10

Days after the merger




Expected spectrum
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Extremely broad-line (feature-less) spectra
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Bound-bound opacities of lanthanide elements

i
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Wavelength (angstroms)

M il W Mh WNMW

MT+17

K (p shell) << k (d shell) << k (f shell)



- Low Ye => stronger r-process
- Neutrino absorption increases Ye

Mass fraction

Te.

f.
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Nucleosynthesis are
imprinted in the spectra

“Blue kilonova”
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“Red kilonova”
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GW170817: light curves

- Brightness
- Timescale
- SED

Absolute magnitude
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Model: MT+17b

Data: Utsumi, MT+17, Drout+17,
Pian+17, Arcavi+17, Evans+17,
Smartt+17, Diaz+17, Valenti+17,

Cowperthwaite+17, Tanvir+17, 10
Troja+17, Kasliwal+17 Days after GW170817

Ejecta mass (La-rich) ~0.03 Msun => post-merger ejecta?



Constraints to the opacities

Timescale bound-bound transitions
of heavy elements

Fe (Kurucz)
Nd (HULLAC)

Mej should be ~¥ 1 Msun N Er (HULLAC)
if Kk~ 0.1cm2gl |

=> b-b opacities of
lanthanide elements

5000 10000 15000
Wavelength (angstroms)




Bolometric
light curves

"Sed5gugn;: - %%%§%§§§§§§%%%§%%+%%%§%%£:

Kasliwal+17 A

5
Time since GW170817 (days)




Presence of “blue” kilonova

Cowperthwaite et al. 2017;

Drout et al. 2017; Nicholl et al. 2017;
Villar et al. 2017

-500

5000 10000 15000 20000 25000
Wavelength (A) MT+2017

Mej ~ 0.02 Msun? => Additional energy deposition by jets?
v~ 0.3c ?? loka-san’s talk, loka & Nakamura 2017

(estimate with BB radii is uncertain, spectra depends on density distribution)
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Many open questions

® What is the origin of high ejecta mass?
® \/iscous ejection?

® What is the origin of “blue” component?
® Additional energy injection? (Cocoon?)

® What is the abundance patterns?
® Consistent with solar abundances?

® What is the final remnant (BH or NS)?
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Variety of red component?

O GRB160821B

~0.03 Msun

.05 Msun

12
Time since GW170817 (days)

Kasliwal+17



Neutron star mergers and kilonovae

® Optical and NIR observations of GW170817



“Universality” of r-process abundances
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NS mergers produce solar abundances??

a-poor => blue

Colors of kilonova should
depend on a viewing angle

La-rich => red
=> More events with

different viewing angles!
1000 2000 3000 4000

X [km] Shibata+17
Fujibayashi+17
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Atomic structure calculations

HULLAC code (Bar-Shalom+99)
GRASP2K code (Jonsson+13)

Se I-1lI
(Z=34, p)
Ru I-1lI
(Z=44, d)
Te -1
VY )

Nd I-11I
(Z=60, f)

Er I-11
(Z=68, f)

Ion

Configurations

Number of levels

Number of lines

HULLAC
Se 1

Se 11

Se 111

Ru1

4s24p*?, 45%4p3(4d,4f,5 — 81), 4s4p°, 4s4p*(4d, 4f),
4524p2(4d?,4dAf, 4f?), 4s4p3(4d?, 4d4f,4f?)
4s24p3, 45%4p?(4d,4f,5 — 81), 4s4p*, 4s4p3(4d, 4f),
4524p(4d?, 4dAf,A4f?), 4s4p? (4d?,4dAf, 4f?)
4s24p?, 45%4p(4d,4f,5 — 81), 4s4p3, 4s4p? (4d, 4f),
452 (4d?,4dAf,4f?), 4s4p(4d?, 4dAf,4f?)

4d"5s, 4d%5s8, 4d®, 4d” (5p, 5d, 65, 6p),

4d%5s(5p, 5d, 65)

4d7, 4d%(5s — 5d, 6s, 6p)

4d®, 4d°(5s — 5d, 6s)

5s25p?, 5s25p3(4f, 5d, 5f,6s — 6f,7s — 7d, 8s),
5s5p°

5s25p3, 5s25p?(4f, 5d, 5f, 6s — 6f, 7s — 7d, 8s),
5s5p?

5s25p2, 5s25p(5d, 6s — 6d, 7s), 555p°>

4f46s2, 4f46s(5d, 6p, 7s), 4f+5d2, 4f45d6p,
4f35d6s2, 4f35d2 (65, 6p), 4f35d6s6p

4f46s, 4f15d, 4f*6p, 4f36s(5d, 6p),

4135d?, 4f35d6p

4f4, 413 (5d, 6s,6p), 4f25d?, 4f25d(6s, 6p),
4126s6p

4f126s2, 4f126s(5d, 6p, 6d, 7s, 8s),

4f116s2(5d, 6p), 4f115d%6s, 4f115d6s(6p, Ts)
4f126s, 4f12(5d, 6p), 4f116s2, 4f116s(5d, 6p),
41542 4f115d6p

4f12 4f11(5d,6s, 6p)

3076
2181
922
1,545
818
728
329
253

57
31,358

6,888
2252
10,535
5,333

723

973,168
511,911
92,132
250,476
76,592
49,066
14,482
9,167

419
70,366,259

3,951,882

458,161
9,247,777
2,432,665

42,671




Energy levels of Nd Il

Nd Il

HULLAC
GRASP Layer 0
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Bound-bound opacity

Se (p) Ru(d) Te (p) Nd (f) Er (f)

Fe (Kurucz)

Se (HULLAC) .
Ru (HULLAC) ]
Te (HULLAC) E|

gl i
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5000 1 0000 15000

K (p shell) << k (d shell) << k (f shell)

MT, Kato, Gaigalas, Rynkun, Radziute, Wanajo, Sekiguchi,
Nakamura, Tanuma, Murakami, Sakaue 2017 (arXiv:1708.09101)

==> Application to GW170817 (MT+17b)

20000
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25000



New atomic calculations
(Kasen et al. 2017)

All lanthanide elements
(neutral to +4 ion)

L] l L] L] Ll [ L] L3 :' :' : L] L3 I
10000 15000 20000 28000
Wavelength (A)

GW1 7081 7 Kasen et al. 2017

+4.5d “‘.J red kilonova model
J M = 0.04 Mg

v =0.1c
X

cerium x 10

(o))

=107

(&)

lanthanide

neodymium = 0

m

neodymium = 10 |

w

Relative flux F, plus offfset
f, (1077 ergcm@s' A7)
S

default (solar)

1.0 1.2 1.4
Rest Wavelength (microns)

1.5 2.0
Wavelength (micron)

Kasen+17 Chornock+17




Summary

® Lessons learned from GW170817
® Red and blue component
® Mej (La-rich) ~ 0.03 Msun ==> post-merger?
® Mej (La-poor) ~ 0.02 Msun ==> origin? jet?
® \Wide range of r-process elements in NS mergers

‘®Future




