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Neutron Stars: Open Questions

Maximum mass?
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cumulative deviation from 1974 orbit (in seconds)
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GW170817: the first BNS Merger

_LVC + EM Partners 17
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Biggest EM Follow-up Campaign in History
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Neutron Star Binary Mergers
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Neutron Star Binary Mergers
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GR Hydro Simulation of NS-NS Merger

Courtesy: David Radice, Wolfgang Kastaun, Filippo Galeazzi




Remnant Accretion Torus

e.g. Chen & Beloborodov 07; BDM, Piro & Quataert 038

Siegel & BDM, submitted

 Mass ~ 0.1 M & Size ~ 30 km

« Hot (T > MeV) & Dense (p ~ 108-10'2g cm™3)
* Neutrino Cooled & Neutron-Rich (Y, ~ 0.1)

Accretion Rate M ~107 -10M 5™

M 172 o -1 R 3/2 H
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Short GRB
Engine?



EM Counterparts of BNS Mergers
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Short GRB!

Delayed 1.7 s after merger

time for BH/jet to form?
jet propagation?

light travel time delay

~102-10% times less luminous

than cosmological SGRBs.

Explanations?

viewed outside jet core
(relativistic de-beaming)?
O-structured jet?

cocoon?



Off-Axis (Orphan) GRB Afterglow
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Off-Axis (Orphan) GRB Afterglow

ISM interaction slows
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Off-Axis Jet Energy E; ~ 104°-10°0 erg
ISM Density n ~ 104-10-2 cm™3
(consistent with cosmological short GRB)



Off-Axis (Orphan) GRB Afterglow

ISM interaction slows ! Nexander of al. 2017 |
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Electromagnetic Gounterparts of NS Mergers
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Tidal Tails

Neutron-Rich Ejecta

“Dynamical” Ejecta
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Radioactive Power E (ergs g7' s7)

Radioactive Heating of Ejecta

(BDM et al. 2010; Roberts et al. 2011; Goriely et al. 2011; Korobkin et al. 2012; Lippuner & Roberts 2015)
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Electromagnetic counterparts of compact object mergers
powered by the radioactive decay of r-process nuclei

104 |- a “Kilo-nova” : -
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OIR Spectral Evoluuon
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s-shell (g=2)

High Opacity of the LLanthanides

(Kasen et al. 13; Tanaka & Hotokezaka 13)
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relative flux

1SN

Kilonova Colors

R-Process Isotopic Abundance Distribution
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“Blue” + “Red” Kilonova Models

BDM & Fernandez 2014
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Blue KN (polar dynamical ejecta) time ~
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cf. Perego+14, Martin+15, Kasen+15, Wollaeger+17



“Blue” + “Red” Kilonova Models

BDM & Fernandez 2014
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Blue KN (polar dynamical ejecta) time ~
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cf. Perego+14, Martin+15, Kasen+15, Wollaeger+17
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blue data
red data
Kilpatrick et al (2017)

blue model
red model
Kasen et al (2017)
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Found! Astrophysical site of the r-process

b g~
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Galactic r-process rate: GW170917
Moo ~ X107 M, yr° total 5x102 M
L otal r-process: 5x10-
RBNS ~ 15403:2102020(}1)(3 3yr 1 gO|d ~p10 M@ =
(LVC 2017) .
3 , platinum ~ 50 M g
M ~2x107-4x107"M_ uranium ~ 5 Mg




high velocity v,,,, ~ 0.2-0.3 c
=> ejecta from collision interface

0.012
0.01}
X
large ejecta mass — 0.008} <X
— ) *
My,e = 1.59x10= M ., S ol X
=> NS radius < 11 km > ook s
(Nicholl et al. 2017) = 0004 O X X X  x
X X X
0.002} x % %%x 9
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Red/Purple
Ejecta
Source?

low velocity v,..,~ 0.1 c
=> disk wind origin

Siegel & BDM 17

I\/Ired/purple = 4x1 0_2 M@
too large to be tidal tall
M, =0.2M,att=400ms | :
~ - . €9
M, ~0.4 M, at t = infinity S
-
Nuclear binding g o unbound
energy ~8 MeV nuc-" B
=>v=0.13c¢ 005 010 015 020 025

Siegel & BDM 17 v/c



z[10" cm]

How long did NS survive?
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Implications for NS EOS: Radius

tidal deformability (LIGO Virgo Collaboration 2017) .
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Implications for NS EOS: M_ .

4 Possible Merger Outcomes:

 Immediate black hole
(“prompt collapse™)

 Differentially rotating rotationally-
supported hyper-massive NS
(HMNS) => BH

* Rigidly rotating rotationally-supported
supramassive NS (SMNS) => BH

* Indefinitely stable NS

M

Threshold masses
depend on EOS

BH
- ~13-16 M,
HMNS szz127.(7)2-127.8 M,
- ~12M,
SMNS
""""" M iax

NS



Implications for NS EOS: M.
M

Threshold masses
depend on EOS

4 Possible Merger Outcomes:

Too much KN ejecta
=>R, s> 10.3 km
(Bauswein et al. 2013)

—+4-- ~1.3-16 M__
. : : : : _ GW170817
Differentially rotating rotgtlonally HMNS M, =2.74-2.8 M,
supported hyper-massive NS °
(HMNS) => BH - = ~12M_ .,
- Rigidly rotating rotationally-supported SMNS
supramassive NS (SMNS) => BH
""""" I\/Imax

* Indefinitely stable NS
NS



Supra-massive NS Remnantp
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Magnetar Wind Insmle Ejecta

density (log) density (log) density (log)
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velocity magnitude velocity magnitude velocity magnitude

Magnetar
Wind




Possible Merger Outcomes:

Implications for NS EOS: M_ .
M

Threshold masses
depend on EOS

Too much KN ejecta
=>R;>10.3 km
(Bauswein et al. 2013)

- ~1.3-1.6 M,
- Differentially rotating rotationally- HMNS MGV!127321278 y
supported hyper-massive NS tot = 2-74-2.8 Mg,
(HMNS) => BH - -2
’ supported SMNS
Too low ejecta KE
=>M, ., < 217 M, autt EEEE M ..

(Margalit & BDM 17)
\
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(°“'a;"s:GRB orphan X-ray, [R5
uno : .
7 N’\’rad'o afterglo A Well-Behaved
t~ 2 weeks BN,
A Al Cameror Merger
off-axis GRB 71
’
4
- - ebs'\' 4 . .
[>>1 3332 / v' Gravitational Waves
~ ,

v Gamma-Ray Burst
light

I r-nuclei 2 - v' GRB Orphan Afterglow
\E : (X-ray/Radio)

t~weekv' Blue Kilonova

v' Red/Purple Kilonova

with key implications for the
r-process, NS properties,
and even cosmology.
Exciting Times Ahead!



The Future



Same Event, Different Viewing Angle?

Kasen, Fernandez, BDM 2015
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Kilonova light curves probe composition & geometry of merger ejecta




vL, (ergs/sec)

1040

Same Geometry, Different Binary Mass

ths =0 ms

“prompt collapse”

infrared

smaller binary mass, longer NS lifetime

”tns=30 ms

ths =100 ms

long-lived NS

Kasen, Fernandez, BDM, 2015
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Same LEvent, Early Times (Neutron Precursor)

BDM et al. 2015

Solid = Neutron Heating, Dashed = No Neutron Heating
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Same LEvent, Early Times (Neutron Precursor)

BDM et al. 2015

Solid = Neutron Heating, Dashed = No Neutron Heating

21 ' U mn' = 10°* Mo E
Kk, = 30 cm®g™']

Y, = 005 3

Bright early-time emission doesn’t
necessarily implicate “cocoon”
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“Standard-Siren” Cosmology

(e.g. Schutz 86, Hughes & Holz 05, lesanke et al. 10)

GW170817

combining GW luminosity
distance and Hubble flow
velocity of host galaxy

H,=70"" km s 'Mpc™

ALV Design Sensivity

~7-120 BNS yr' at ~ 200 Mpc
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