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Overview: Constraining EOS In
multimessenger era
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GW:
Tidal deformability
measurement (robust)

Op/IR/UV:

Kilonova (mass and
velocity of the ejecta,
model dependent)

Gamma Ray:
Off-axis sGRB
(formation of a BH,
model dependent)



Overview: Constraining EOS In
multimessenger era

Merger product  -> Mtov constraint ?

Tidal deformability -> Radius constraint
No prompt collapse -> Radius constraint

R [km)|
Coughlin et al 2019



Merger products -> Mtov

prompt BH formation <——m>M b m<M , — MNS formation
/ N]\ﬁax spin
Merger
/\ .HMNS SMNS

/ hydrodynamics /

m, = m, m, # m, viscous evolution
BH-ttine disk BH-+disk BH-+disk SMNS+disk
viscous evolution of disk +
disk matter infall/outflow
/ ‘

spin down cool down

Isolated BH collapse
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Higher total mass, m

Shibata & Hotokezaka 2019



EM counterparts -> Merger products
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Injection of spin down power
Abnormally large expansion
speed of ejecta and Lgrp



EM counterparts -> Merger products

t/M = 196

t/M = 2252
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0.25¢ N 0.5¢

t/M=14398 WX t/M = 4606

Ruiz et al. 2018

Long lived remnant HMNS Prompt collapse
No BH -> No GRB BH formation + strong B Low B field -> No GRB



Previous constraints on Mtov

* GW170817 most likely
result in a short-lived
merger remnant, which 2
collapse to BH shortly 2800
after its differential 2775

rotation is dissipated. . o ST
* For NSS, 2.700 1
MKep ~1.2 MTOV 20000 0005 0010 0015 0020 0025
M, (M|

Rezzolla et al. 2018



Motivation for a new analysis

* GRB=BH?

* Is the remnant really at the mass shedding limit
when it collapses to a BH??
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F1G. 1.— Schematic diagram of the different types of equilibrium models
for neutron stars. The golden cross marks the initial position of the BMP
and the dashed lines its possible trajectories in the (M, p.) plane before it

collapses to a black hole.
Rezzolla et al. 2018

The assumption that the core collapses exactly at the max-
imum mass-shedding limit, i.e., x ~ 1.2, brings in an error
that needs to be accounted for, by considering a lower value
for x (Equation (12) in Breu & Rezzolla (2016)). We thus set
the lower bound to x = 1.15, corresponding to a star close to,
but not at the maximum mass-shedding limit.

Mrov /Mg < 2167512



Motivation for a new analysis
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Radice et al. 2018 argues that the merger remnant has enough angular momentum
such that the remnant should collapse at the mass shedding limit.

However, this paper doesn’t account for angular momentum loss by neutrino
emission, ejecta and the rotational profile.



Motivation of a new analysis
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Conclusion: it’s very likely that the collapsing
core is not at mass shedding limit when it
collapses!
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New analysis: the model

 Conservation of rest mass
Mb,O — Mb,f + Meje + Moyt

* Conservation of energy
Mg,O — Mg,f + EgW,i + ng’p + Ev + Meje + Mout
* Conservation of angular momentum

Jo =]f +]gw,p + /) +]eje + Jout

There are in total 15 variables! But we only have 3 relation...
Needs to find more relations!

Details in
Shibata, Zhou, Kiuchi, Fujibayashi
PRD 100, 023015 (2019)



New analysis: the model

 Conservation of rest mass
Mb,O — Mb,f + Meje + Moyt

* Conservation of energy
Mgio = Mgrf + EgW;l + EgW;p + EV + Meje + Mout

e Conservation of angular momentum
Jo =]f +]gw,p + /) +]eje + Jout

From GW170817 observation, we have initial gravitational mass



New analysis: the model

* Conservation of rest mass
My o = Mb,f + Meje + Moyt
e Conservation of energy
Mg,o = Mg 5+ EgW,i + ng’p + E, + Meje + M, ¢
e Conservation of angular momentum

Jo =]f +]gw,p + /) +]eje + Jout

When certain EoS is assumed, M), can be related to M, (for any given mass),
My and M  is related by the factor f, in our paper.

By constructing initial data with this certain EoS and perform a simulation
until merger, /o and Ej,, ; are determined simultaneously.



New analysis: the model

e Conservation of rest mass
My o = Mb,f + Meje + Moyt

* Conservation of energy

Mglo — Mg'f + ngrl + EgW;p + EV + Meje + Mout

e Conservation of angular momentum

Jo =]f +]gw,p + /v +]eje + Jout

T, ~ (2/3)c2R2, O,
(2/3) MNS The d.o.f of this equation

Jout ~ Mouig \_/GMMNSRout system is 6 at the moment
Jeje = Mejer/ GMNS Reje
J _Ecwp
GW.,p =~

nf



New analysis: the model

* Conservation of rest mass

Mb,O — Mb’f +
* Conservation of energy
Mg’o — Mg’f + ng’l + + +
* Conservation of angular momentum
Jo=1r+gwp+ ]y +

My, ; can be solved from 1** equation now
Mg ¢ and Jf are related to it!
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New analysis: the model
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J, Mg ¢ and M), ¢ are related by constructing rotating solutions and find out the

guantities of the turning points.




New analysis: the model

* Conservation of rest mass

Mb,O — Mb’f ~+
* Conservation of energy
Mg,O — ag.f ~+ EgW,i + ~+ +
e Conservation of angular momentum
Jo=J¢+]gwp + v+

Blue values are from the observation

Purple values are from the simulations

Red values can be determined once a value of M., + My, is chosen
Then, with 2" and 3" equation, Eg,, , and E,, as well as ], ,, and J,, can be

solved.
Then a consistency check can be done



New analysis: the model

TABLE 1. Selected piecewise polytropic equations of state and important quantities for spherical neutron stars. The units of
the mass and radius are M and kilometer, and that of p is dyn/ cm?. fums is the ratio of the baryon rest mass to Mmax for
the maximum mass neutron star. fp shown here is M, /M for binaries of mass 1.35M; and 1.40M,,. f denotes the frequency
of post-merger gravitational waves predicted approximately by the formula in Ref. [27].

Model I's I's loggp  Mmax Jus Ri 60 Riss  Aiss Jo f (kHz)

EOS-1 315 2.81 34350 2075 1.200 11.27 11.30 366.6 1.113 3.45
EOS-2 260 2.84 34550 2106 1.172 12.67 1294 746.0 1.092 2.71
EOS-3 345 270 34300 2113 1.208 11.17 11.12  348.2 1.117 3.50
EOS-4  3.80 2.80 34.200 2.147 1.221 1091 10.80 302.8 1.122 3.62
EOS-5 270 278 34.575 2176  1.177 12.88 13.06 821.9 1.092 2.65
EOS-6  3.00 2.80 34500 2212 1.196 12.21 12.25  599.0 1.102 3.01
EOS-7  3.15 281 34475 2246 1.204 12.06 12.04  555.7 1.105 3.08
EOS-8  3.656 278 34.325 2252 1.222 11.39 11.27  395.2 1.116 3.40
EOS-9  3.05 280 34.550 2306 1.200 12.57 12.56  720.7  1.099 2.74
EOS-10 2.85 285 34.625 2328 1.189 13.24 13.29 967.6 1.092 2.55
EOS-11  3.80 2,50 34375 2353 1.229 11.66 11.50 459.7 1.113 3.27
EOS-12 325 278 34.575 2433 1.212 12.68 12.60 757.8 1.100 2.70




New analysis: the results
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New analysis: the results
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Note that the matter outside the star can be constrained from observations and
simulations, so we can roughly know where the star is on the marginally stable
line when it collaspes to BH. (example for EOS 6)



Influence of drot at collapse

Previous studies are not realistic
. 2 _ 1+ (j/B*Qc)P
(a) j(€2)=A (Qc = Q) 1= ch + (j/A2Q,)atp
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J-const law used in previous studies.
A monotonic omega profile



Influence of drot at collapse
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EoS-independent relation for j-const law
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Deviations realized when hybrid stars are

considered



Influence of drot at collapse

Zhou et al. 2019

For 2 different QS models as well as the new drot law

Therefore, it’s safe to use the uniform rotation marginally stable line, even if the
remnant still rotates differentially at the time of collapse



New analysis: the results
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Future prospects

Magnetar model?

* requires high E_gw,p

* requires relatively low B field

* requires larger Mtov (M _supra) but should not

violate tidal deformability constraint.

Zhou et al. 2019 1.0

QSs (e.g. MIT bag model) might be a o
suitable model candidate for the w
magnetar scenario. ~0.51




Future prospects

* Indeed, in order to move one step forward from the
simplest approximation, we have to make more
approximations since we are touching more details.
This can be improved in the future by better study
of long term post-merger simulations.

* Future observation of post-merger GW signal as
well as neutrino (i.e., exact time of collapse) will
significantly improve our constraint on EoS models.



