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Can we translate GW | /081 /
to constraints on the EQOS!
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Ingredients to constrain EOS

Numerical relativity

Physics modelling|

EOS CONSTRAINTS
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Maximum mass constraints
from GWI1/70817




Maximum mass constraints
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The outcome of GW /081 /

* The product of GW /0817 was likely a hypermassive star, 1.e. a
differentially rotating object with initial gravitational mass
My + My = 2.7410-03 Mg

T T e Sequences of equilibrium models
. 1! of nonrotating stars will have a
: 11 maximum mass: Mo+

M




The outcome of GW /081 /

* The product of GW /0817 was likely a hypermassive star, 1.e. a
differentially rotating object with initial gravitational mass

My + My = 2.7410-03 Mg
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stability line
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rot. supramassive NSs

stable
rot.NSs

Pe

Jl*Sequences of equilibrium models

of nonrotating stars will have a
maximum mass: M.,

{'*This is true also for uniformly

rotating stars at mass shedding
Mt Max

* Mmaxsimple and quasi-
universal function of M.,
(Breu & Rezzolla 20 | 6)
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The outcome of GW | /081 /

* The product of GW /0817 was likely a hypermassive star, 1.e. a
differentially rotating object with initial gravitational mass
My + My = 2.7410-03 Mg
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The outcome of GW /081 /

* The product of GW /0817 was likely a hypermassive star, 1.e. a
differentially rotating object with initial gravitational mass
My + My = 2.7410-03 Mg
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1 *Green region Is for uniformly
1’ rotating equilibrium models.

[ diff. rot. hypermassive NSs

1l region is for differentially
rotating equilibrium models.

| only diff. rot.
E | supramassive NSs

]'* Supramassive stars have
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*Merger product in GW /0817 could have followed two possible

The outcome of GW /081 /

tracks in diagram: fast (2) and slow (1)

*It rapidly produced a BH when

St
o[t

| differentially rotating (2)

ost differential rotation leading

to a uniformly rotating core (1).

*(1) 1s more likely because of
large ejected mass (long lived).

*Final mass I1s near M.« and we
know this Is universal
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The outcome of GW /081 /

*Merger product in GW /0817 could have followed two possible
tracks in diagram: fast (2) and slow (1)

* [t rapidly produced a BH when [ dma L —e
‘ Black hole
still differentially rotating (2) d

* It lost differential rotation leading
to a uniformly rotating core (1).

‘ \ Collapse

|  Neutronstar \

no  Mass in solar masses

5 splnnmgas A
, , 5 rigid body 9
*(1) is more likely because of z L o
large ejected mass (long lived). mass
: ; Stable, nonrotating
*Final mass Is near M.« and we st @
know this I1s universal Density at center

Cho, Bicknell, Science 2018



Maximum mass constraint

* The merger product of GW /03817 was inttially differentially
rotating but collapsed as uniformly rotating object.

* HMNS core has about 95%
gravitational mass of

Mi 4 My = 2:747 0T Mg

* Ejected rest mass deduced
from kilonova emission

blue 0.010
M= 0-014i0.01o Mg

*Use universal relations and
account errors to obtain

pulsar
timing

2.01%5704 < Mrov/Me < 2.16751%
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Rezzolla, ERM, LW (Ap|L 2018)
universal relations

and GW 170817,
similar estimates
by other groups




Overview of different results

' 1S +
MARGAL [T+ Baysian analysis N
threshold mass
SHIBATA+

REZZOLLA,
ERM, LW

RUIZ+ Rufﬂm—Treyes e
mass limit

Note: All groups use input from Bottom line:

numerical

| . e kT AN
simulations

kilonova modelling Mmax ~ 2.2 Msun




Radius constraints from
GWI170817:

A Frankfurt perspective
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GW /081 /:What do we know!
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ow Is BH-B

| Neutron stars in binary
| are tidally deformed by
‘ companion

(0 : quadrupole moment

different from NS-NS!?

Combined
gravitational

: pull of the Sun Low Tide
- and the Moon
High High
Tide Tide
Moon
Low Tide
timeanddat
U=G—+ @, (cos 0)
r




What I1s the quadrupole moment?

GQ == 5 Tidal field of
== companion star

Tidal Love number
2 Re2\°  Tidal deformabilit
A\ = =k of the isolated
3 GM neutron star
Imprint on gravitational wave:

ilGW [ ) A spa (f eXP Wspa (f )

39 10/3 Mass wei
- ghted
Yspa ~ .- %f average




GW /081 7:What do we know!
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: Observations consistent
nght CUFVES | with two component
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Kilonova constraints on the
tidal deformability

» Consistency with kilonova i, fq;

: : : © 1071F A fo 7
modelling (mass ejection) = _____1__32_0_1@__%__ﬁ_@__%____________z
requires lower limit on T 0T —
tidal deformability S 10 do :
10—4; ' 0 ' e
- 16 | (Ma + 12Mp)M4ASY | 188 La
===y [ (M4 + Mp)® pisis g — 10'F Y P ;
& 3 :
E O ®) @) BHBA(])E
- oL o O pp2 |
Errors unclear al 0o O L5220
{ SFHo 1
Might be as low as ~200 _ o
10 10

(Coughlin+ 2018) X
— Radice et al 2018



L imits on radi and deformabillities

» Constraining
thousands of

NS radil of neutron s

ars Is an effort with

hapers published ove

~ the last 40 years.

*Question Is deeply related with EOS of nuclear matter.

*Can new constraints be set by GW /081 /¢

*lonorance can be
pDarameterised and
FOSs can be bullt
arbrtrarily as long as
they satisty specific
constraints on low
and high densities.

’
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Estarac

Ius relations

*We have produced 10% EOSs with about 10? stellar models.

*Can iImpose

differential
constraints =
from the )
maximum

mass and

from the tidal -
deformability =
from
GWI170817
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SEIE=6

imensional cuts

*Closer look at a mass of M = 1.40 M4

*Can play with
different constraints
ON Maximum Mass
and tidal deformability.

* Overall distribution i1s
very robust
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Constraining tidal deformability

» Can explore statistics of all properties of our |07 models.

» In particular can study PDF of tidal deformability: A

ERM, LW, Rezzolla, Schaffner-Bielich(PRL 201 8)
* LIGO has already 2 7°f7 ——————_ ;
oy = —4r —a—
set upper limit: S 186 -
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naturally sets a
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VWhat about phase transitions?

* All EOSs so far are purely hadronic; a conservative but
probably reasonable assumption.

* What about the possibility of phase transitions!?

* [hese are not trivial but not too difficult to model.

purely hadronic
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PDF for pure hadronic EOSs

<
)

Mass-radius relanns Chisian 013

I I I
e fﬂaxz stahle
¢ - ﬂ- =
18l |, unstabf o
¢ ;5’,', v
25‘! ’,/
1.6 - /| ¢/‘/ -
*IM=216 o

Presence of a phase transition
eads to second stable branch
and “‘twin-star’ models.

—
~
I
1
1
1
I
1
1
1
1
1
1
1
T
\
\ \
Y | \ N
0y'a)
D
1
1
L]
1

TV T

1L.5¢%7

Mass / Solar Mass

16

0.5 =47 BT 19
ERM, LW, Rezzolla, Schaffner-Bielich(PRL 2018) O'27 8 9 10 14kH2 13 14 15

o o o
=~ D oo

PDF for phase-transition EOSs

<
)

............. \ R R e e RN R
] ~
9 0_ :\ 7\14(800 i
T 2.01<M,,, <2.16 ]
| ( :
1.8} o 4
— - l‘ .I/ "
~ ' i 4 !
— ' \ Niooo I
=16 ‘, s N twins ~ 5% i
: '|l ‘ i \\ *"\"total !
"4l 400<Ay4<800 ': \ I8 \ i
| 2.01< M, <2.16 : \ 1
) \ !
. } ] j
L L
L.2| ; ‘,‘ ," hadronic
I E \ l ;'branch
8 9 10 11 12 13 14 15 8 14 15

R [km]




One-dimensional cuts:
- PDF forlphasl;e-ltranslitilonl EQSS -
1.50F — 201<M,,, Ay4 <800
L [ 2.01< M, <2.16; A4 <800
1.29F — 2.01<M,, <2.16; J400<A; <800 _
[ _ hadronic ]
1.OO}M = 1.40 M b?arﬁgﬁlc ]
: twin
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14

12
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Applying all constraints from GW 17081 7:

58T

R1.4 — 13.006 km

phase
transitions
(with twins)



Constraining tic

3l €

eformabillity: PTs

 Can repeat considerations with EOSs having PTs

» Lower limit much weaker: A; 4 > 35

_arge masses
sharp cut-off o
upper limirt:

A1 7 < 460

Ndve

)

GW gletection
with A7 ~ 700
would rule out

twin stars!
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Conclusions from Frankfurt

*GW 170817 provides new limits on maximum mass and radii:

2.01700% < Mroy /Mg < 2.16101f

12.00< Ry 4/km<13.45 R;4=1245km  hadronic EOS
- phase
8.53< Ry 4/km<13.74 Ri14=13.06km transitions

Upper limit on deformability

Aq7 < 460 ,
can rule out twin stars
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Methods
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Comparison to numerical simulations

.04
No prompt collapse —_— Minres > Mg %7 = 2.74%0:00 Mo

Comparison with numerical

simulations:
Mipres = (—3.606 GéMmax + 2,38> Mo 3.29 GWI170817
c*Ri6 Ry; = 12 km
— 30 - Causallty:
5 | Ri¢ =11 km Mthres> | '22Mmax
> g 9 3- Mo, = 2.741001 M
= Ry = 10.3 km
2.6 Fi6 =10 km < excluded
2.0 2.2 2.4 2.6 2.8

Mmax [MG)]

Bauswein, Just, Janka, Stergioulas (2017)




Comparison to numerical simulations

GW170817

GW170817

1.6 = 10 km

16 = 10.3 km

3.2-

2.6

©
=

§

= 2.84
=

10

2.4 2.6
Mmax [M(D]

2.2

2.0

Bauswein, Just, Janka, Stergioulas (2017)




Comparison to numerical simulations

G M ax n 2.38) Mo 3.IM,,, no prompt collapse

C2R1.6

Mihres = (—3.606

2.9M..., prompt collapse

|, Only purely hadronic EOSs

3.6 ‘
hypl)thetical Rumax = 12 ki

2. Not dereived in full GR: error at least 5%

- Need more
precise equation

-

26 = Rmax =9 km

2.0 2.9 2.4 2.6 2.8
Mlnax [MQ]

Bauswein, Just, Janka, Stergioulas (2017)




Universal relations (+ statistics)

: (m m )3/5 \
Chirp mass: M chirp = — i = 1.188M

(ml = F my

. =m,/m,=0.7—1
Mass ratio: 4= i

Symmetric deformability: As = (A +4g)/2
Asymmetric deformabillity: Ag= (A =Ay)/2
FOS-independent (universal) relation #1: A, =A, (A, q)

EOS-independent (universal) relation #2: A = A(C) with compactness C = M/R

/

Sample A, € [0,5000]
Compute A, (As,q) to obtain A;and A,

Compute Aj,by inverting A, = A, (Cp,)

See Ligo/Virgo (2018) arXiv:1805.1158

(De, Finstad, Lattimer, Brown, Berger, Biwer arXiv|804.08583)




Universal relations (+ statistics)

Ligo/Virgo (2018) arXiv:1805.1158

NSI:9.1 <R/ < 12.8 (90%)

NS2:9.2 < R, < 12.8 (90%)

Include M_., > 2.01 M., constraint:

0.5 < Ri~Ro~Ri4 <13.3 (90%)




Summary

20> R,,> 135

(and many others)

| Samal
WRGEE 106 <R. R,
[r——

|OS < R|~R2~R|.4 < |33




Summary

VWhat about phase-transitions!

15_
——  Rpn, Frankfurt I
Rax, Frankfurt
R Literature i RmaX7 Frankfurt
— i ® [, Literature
Rax, Literature

Radius [km]
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So what about the EOS?

logyo(p) [g/cm”’]
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Summary

FROM ONLY ONE MULTI-
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Different approaches yield the same results:
Miax < 2.2Mg,,
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No tight limits for EOS with phase transition

To-Do;
BUT: could be destinguished via tidal How does this compare

to constraints from X-ray
observations!

deformability




Summary
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*GW /081 / has helped to

improve our knowledge of
maximum masses and radii

* Future multimessenger
observations will help to even
more narrow down uncertainties
of neutron star properties and will
help to unravel the EOS
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