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The two-body problem: Newton vs Einstein
Take two objects of mass       and       
interacting only gravitationally 

m1 m2

r̈ = �GM

d3
12

r

where M � m1 + m2 , r � r1 � r2 , d12 � |r1 � r2| .

In Newtonian gravity solution is analytic: 
there exist closed orbits (circular/elliptic) with

In Einstein’s gravity no analytic solution! No closed orbits: the 
system loses energy/angular momentum via gravitational waves. 



The two-body problem in GR
•For BHs we know what to expect: 
  BH + BH             BH + GWs 

•BH+torus system may tell us 
on the central engine of GRBs

artist impression (NASA)

Wex 2016

•HMNS phase can provide 
clear information on EOS 

•For NSs the question is more subtle: the merger leads to an 
hyper-massive neutron star (HMNS), ie a metastable equilibrium: 

NS + NS        HMNS+... ?       BH+torus+... ?       BH + GWs

Abbott+ 2016

GW150914



The two-body problem in GR
•For BHs we know what to expect: 
  BH + BH             BH + GWs 

•ejected matter 
undergoes 
nucleosynthesis of 
heavy elements

•For NSs the question is more subtle: the merger leads to an 
hyper-massive neutron star (HMNS), ie a metastable equilibrium: 

NS + NS        HMNS+... ?       BH+torus+... ?       BH + GWs



The equations of numerical relativity

Rµ⌫ � 1

2
gµ⌫R = 8⇡Tµ⌫ , (field equations)

rµT
µ⌫ = 0 , (cons. energy/momentum)

rµ(⇢u
µ) = 0 , (cons. rest mass)

p = p(⇢, ✏, Ye, . . .) , (equation of state)

(Maxwell equations)

Tµ⌫ = T fluid
µ⌫ + T

EM

µ⌫ + . . .

r⌫F
µ⌫ = Iµ , r⇤

⌫F
µ⌫ = 0 ,

(energy �momentum tensor)

In GR these equations do not possess an analytic solution 
in the regimes we are interested in



Animations: Breu, Radice, LR

M = 2⇥ 1.35M�

LS220 EOS

merger           HMNS           BH + torus



Quantitative differences are produced by:

• total mass (prompt vs delayed collapse)

merger           HMNS           BH + torus



Broadbrush picture

proto-magnetar? FRB?



Quantitative differences are produced by:

• mass asymmetries (HMNS and torus)

• total mass (prompt vs delayed collapse)

merger           HMNS           BH + torus



Animations: Giacomazzo, Koppitz, LR

✴ the torii are generically more massive
✴ the torii are generically more extended 
✴ the torii tend to stable quasi-Keplerian configurations
✴ overall unequal-mass systems have all the ingredients 
needed to create a GRB

Total mass : 3.37 M�; mass ratio :0.80;



Quantitative differences are produced by:

• mass asymmetries (HMNS and torus)

• total mass (prompt vs delayed collapse)

• soft/stiff EOS (inspiral and post-merger)

• magnetic fields (equil. and EM emission)

• radiative losses (equil. and nucleosynthesis)

merger           HMNS           BH + torus



How to constrain the EOS 
from the GWs



binary black holes (2006)

Anatomy of the GW signal

Chirp signal
black-hole 
ringdown
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Anatomy of the GW signal
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Inspiral: well approximated by PN/EOB; tidal effects important

Anatomy of the GW signal

Chirp signal
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Merger: highly nonlinear but analytic description possible

Anatomy of the GW signal

transient
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post-merger: quasi-periodic emission of bar-deformed HMNS

Anatomy of the GW signal

post-merger 
(HMNS)
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Collapse-ringdown: signal essentially shuts off.

Anatomy of the GW signal

black-hole 
formation 
(ringdown)



In frequency space

Read et al. (2013)
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What we can do nowadays
Takami, LR, Baiotti (2014, 2015), LR+ (2016)

SOFT

STIFF
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emission lines from stellar atmospheres. 

This is GW spectroscopy!

Takami, LR, Baiotti (2014, 2015), LR+ (2016)

Extracting information from the EOS

SOFT

STIFF



A new approach to constrain the EOS

merger 
frequency

Oechslin+2007, Baiotti+2008, Bauswein+ 2011, 2012, Stergioulas+ 2011, Hotokezaka+ 2013, Takami 
2014, 2015, Bernuzzi 2014, 2015, Bauswein+ 2015, Clark+ 2016, LR+2016, de Pietri+ 2016, Feo+ 
2017, Bose+ 2017 …

f3



Oechslin+2007, Baiotti+2008, Bauswein+ 2011, 2012, Stergioulas+ 2011, Hotokezaka+ 2013, Takami 
2014, 2015, Bernuzzi 2014, 2015, Bauswein+ 2015, Clark+ 2016, LR+2016, de Pietri+ 2016, Feo+ 
2017, Bose+ 2017 …

A spectroscopic approach to the EOS

f3

f3

merger 
frequency



Quasi-universal behaviour



Many other simulations have 
confirmed this (Bernuzzi+ 2014, 
Takami+ 2015, LR+2016) .

“surprising” result: quasi-
universal behaviour of GW 
frequency at amplitude peak 
(Read+2013)

⇤ =
�

M̄5
=

16

3
T
2 tidal deformability or Love number

Quasi-universal behaviour 
in the inspiral implies that 
once fmax is measured, so is 
tidal deformability, hence 
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Eq. (24), Takami et al. (2014)

Eq. (15)

Eq. (22), Read et al. (2013)

Read et al. (2013)

Bernuzzi et al. (2014)

Quasi-universal behaviour: inspiral



Quasi-universal behaviour: post-merger

We have found quasi-
universal behaviour: i.e., 
the properties of the 
spectra are only weakly 
dependent on the EOS.
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Eq. (25) in Takami et al. 2015
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LS220 This has profound 
implications for the 
analytical modelling of the 
GW emission: “what we 
do for one EOS can be 
extended to all EOSs.”



•Correlations with Love 
number found also for high 
frequency peak f2.

•This and other correlations 
are weaker but equally useful.
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Quasi-universal behaviour: post-merger
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•Important correlation also between 
compactness and deformability



GW170817, maximum mass, 
radii and tidal deformabilities

LR, Most, Weih (2018)
Most, Weih, LR, Schaffner-Bielich (2018)



The outcome of GW170817

•Sequences of equilibrium models 
of nonrotating stars will have a 
maximum mass: MTOV

• The remnant of GW170817 was a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass
M1 + M2 = 2.74+0.04

�0.01M�
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The outcome of GW170817

•Sequences of equilibrium models 
of nonrotating stars will have a 
maximum mass: 

•This is true also for uniformly 
rotating stars at mass shedding 
limit: Mmax

M
TOV

•          simple and quasi-
universal function of                   
(Breu & LR 2016)

Mmax

M
TOV

Mmax =
�
1.20+0.02
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stability line

Keplerian 
limit

• The remnant of GW170817 was a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass
M1 + M2 = 2.74+0.04

�0.01M�



The outcome of GW170817
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•Green region is for uniformly 
rotating equilibrium models.

•Green region is for uniformly 
rotating equilibrium models.

•Salmon region is for differentially 
rotating equilibrium models.

• Stability line is simply extended 
(Weih+18)

• The remnant of GW170817 was a hypermassive star, i.e. a 
differentially rotating object with initial gravitational mass
M1 + M2 = 2.74+0.04

�0.01M�



The outcome of GW170817
•GW170817 produced object as ”x”; GRB implies a BH has been 
formed: ”x” followed two possible tracks: fast (2) and slow (1)

•It rapidly produced a BH when 
still differentially rotating (2)

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

•(1) is much more likely because 
of large ejected mass (long lived).

•Final mass is near          and we 
know this is universal!

Mmax

⇢c

M

rot. supramassive NSs

stable
rot.NSs

only di↵.
rot. NSs

only di↵. rot.
supramassive NSs

di↵. rot. hypermassive NSs

MTOV

Mmax

(2)

(1)

x

(1)

(2)



pulsar 
timing

universal relations 
and GW170817; 
similar estimates 
by other groups

•Use measured gravitational 
mass of GW170817

2.01+0.04
�0.04  MTOV/M� . 2.16+0.17

�0.15

• The merger product of GW170817 was initially differentially 
rotating but collapsed as uniformly rotating object.

•Remove rest mass deduced 
from kilonova emission

•Use universal relations and 
account errors to obtain

let’s recap…



Limits on radii and deformabilities
•Constraining NS radii of neutron stars is an effort with 
thousands of papers published over the last 40 years.

•Question is deeply related with EOS of nuclear matter. 
•Can new constraints be set by GW170817?
•Ignorance can be 
parameterised and 
EOSs can be built 
arbitrarily as long as 
they satisfy specific 
constraints on low 
and high densities.

crust

outer core

core

outer core



Limits on radii and deformabilities
•We have produced 106 EOSs with about 109 stellar models.

•Can impose 
differential 
constraints 
from the 
maximum 
mass and 
from the tidal 
deformability 
from 
GW170817?

Abbott+ 2017

LR+ 2017



parametrising our ignorance
• Construct most generic family of NS-matter EOSs

from µb=2.6GeV
NNLO pQCD 

Kurkela+ (2014) 
Fraga+ (2014) 

BPS
polytropic fit of Drischler+ (2016) 

(large impact on results)

interpolation 
by matching 4 

polytropes



•Can impose 
differential 
constraints 
from the 
maximum 
mass and 
from the tidal 
deformability 
from 
GW170817

•We have produced 106 EOSs with about 109 stellar models.

Mass-radius relations



•Closer look at a mass of M = 1.40M�
<latexit sha1_base64="Uzc+rhc1f0bFu2rYuQpBPL1sQbs=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwICGRgnoQil68FCoYW2hC2Gw27dJNNuxulBL7U7x4UPHqP/Hmv3Hb5qCtDwYe780wMy/MGJXKtr+NpeWV1bX1ykZ1c2t7Z9es7d1LngtMXMwZF90QScJoSlxFFSPdTBCUhIx0wuH1xO88ECEpT+/UKCN+gvopjSlGSkuBWWtdOlbD9k5aQeHxiKtxYNZty54CLhKnJHVQoh2YX17EcZ6QVGGGpOw5dqb8AglFMSPjqpdLkiE8RH3S0zRFCZF+MT19DI+0EsGYC12pglP190SBEilHSag7E6QGct6biP95vVzF535B0yxXJMWzRXHOoOJwkgOMqCBYsZEmCAuqb4V4gATCSqdV1SE48y8vEvfUurCc20a9eVWmUQEH4BAcAwecgSa4AW3gAgwewTN4BW/Gk/FivBsfs9Ylo5zZB39gfP4A7NaStA==</latexit><latexit sha1_base64="Uzc+rhc1f0bFu2rYuQpBPL1sQbs=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwICGRgnoQil68FCoYW2hC2Gw27dJNNuxulBL7U7x4UPHqP/Hmv3Hb5qCtDwYe780wMy/MGJXKtr+NpeWV1bX1ykZ1c2t7Z9es7d1LngtMXMwZF90QScJoSlxFFSPdTBCUhIx0wuH1xO88ECEpT+/UKCN+gvopjSlGSkuBWWtdOlbD9k5aQeHxiKtxYNZty54CLhKnJHVQoh2YX17EcZ6QVGGGpOw5dqb8AglFMSPjqpdLkiE8RH3S0zRFCZF+MT19DI+0EsGYC12pglP190SBEilHSag7E6QGct6biP95vVzF535B0yxXJMWzRXHOoOJwkgOMqCBYsZEmCAuqb4V4gATCSqdV1SE48y8vEvfUurCc20a9eVWmUQEH4BAcAwecgSa4AW3gAgwewTN4BW/Gk/FivBsfs9Ylo5zZB39gfP4A7NaStA==</latexit><latexit sha1_base64="Uzc+rhc1f0bFu2rYuQpBPL1sQbs=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwICGRgnoQil68FCoYW2hC2Gw27dJNNuxulBL7U7x4UPHqP/Hmv3Hb5qCtDwYe780wMy/MGJXKtr+NpeWV1bX1ykZ1c2t7Z9es7d1LngtMXMwZF90QScJoSlxFFSPdTBCUhIx0wuH1xO88ECEpT+/UKCN+gvopjSlGSkuBWWtdOlbD9k5aQeHxiKtxYNZty54CLhKnJHVQoh2YX17EcZ6QVGGGpOw5dqb8AglFMSPjqpdLkiE8RH3S0zRFCZF+MT19DI+0EsGYC12pglP190SBEilHSag7E6QGct6biP95vVzF535B0yxXJMWzRXHOoOJwkgOMqCBYsZEmCAuqb4V4gATCSqdV1SE48y8vEvfUurCc20a9eVWmUQEH4BAcAwecgSa4AW3gAgwewTN4BW/Gk/FivBsfs9Ylo5zZB39gfP4A7NaStA==</latexit><latexit sha1_base64="Uzc+rhc1f0bFu2rYuQpBPL1sQbs=">AAAB+XicbVBNS8NAEN34WetXqkcvi0XwICGRgnoQil68FCoYW2hC2Gw27dJNNuxulBL7U7x4UPHqP/Hmv3Hb5qCtDwYe780wMy/MGJXKtr+NpeWV1bX1ykZ1c2t7Z9es7d1LngtMXMwZF90QScJoSlxFFSPdTBCUhIx0wuH1xO88ECEpT+/UKCN+gvopjSlGSkuBWWtdOlbD9k5aQeHxiKtxYNZty54CLhKnJHVQoh2YX17EcZ6QVGGGpOw5dqb8AglFMSPjqpdLkiE8RH3S0zRFCZF+MT19DI+0EsGYC12pglP190SBEilHSag7E6QGct6biP95vVzF535B0yxXJMWzRXHOoOJwkgOMqCBYsZEmCAuqb4V4gATCSqdV1SE48y8vEvfUurCc20a9eVWmUQEH4BAcAwecgSa4AW3gAgwewTN4BW/Gk/FivBsfs9Ylo5zZB39gfP4A7NaStA==</latexit>

•Can play with 
different constraints 
on maximum mass 
and tidal deformability.

•Overall distribution is 
very robust

12.00<R1.4/km<13.45
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R̄1.4 = 12.45 km
<latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit><latexit sha1_base64="XeqZHQP85XGNbA98biivFuM18dQ=">AAACBXicbVBNS8NAEN3Ur1q/oh5FWCyCBwlJqagHoejFYxVjC00Im+22XbqbhN2NUEJOXvwrXjyoePU/ePPfuG1z0NYHA4/3ZpiZFyaMSmXb30ZpYXFpeaW8Wllb39jcMrd37mWcCkxcHLNYtEMkCaMRcRVVjLQTQRAPGWmFw6ux33ogQtI4ulOjhPgc9SPaoxgpLQXmvhcikd3mQeZY9fzCqVn1E+848wSHQ54HZtW27AngPHEKUgUFmoH55XVjnHISKcyQlB3HTpSfIaEoZiSveKkkCcJD1CcdTSPEifSzyRs5PNRKF/ZioStScKL+nsgQl3LEQ93JkRrIWW8s/ud1UtU78zMaJakiEZ4u6qUMqhiOM4FdKghWbKQJwoLqWyEeIIGw0slVdAjO7MvzxK1Z55ZzU682Los0ymAPHIAj4IBT0ADXoAlcgMEjeAav4M14Ml6Md+Nj2loyipld8AfG5w9SdJdQ</latexit>

one-dimensional cuts



Constraining tidal deformability
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• Can explore statistics of all properties of our 109 models.
• In particular can study PDF of tidal deformability: ⇤̃<latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit><latexit sha1_base64="USETZjRSJpGzOydBqsH13bQDDz8=">AAAB+HicbVDLSsNAFL2pr1ofrbp0EyyCq5KIoMuiGxcuKtgHNKFMJjft0MkkzEyEGvolblwo4tZPceffOG2z0NYDA4dz7uHeOUHKmdKO822V1tY3NrfK25Wd3b39au3gsKOSTFJs04QnshcQhZwJbGumOfZSiSQOOHaD8c3M7z6iVCwRD3qSoh+ToWARo0QbaVCreprxEHPvzmRCMh3U6k7DmcNeJW5B6lCgNah9eWFCsxiFppwo1XedVPs5kZpRjtOKlylMCR2TIfYNFSRG5efzw6f2qVFCO0qkeULbc/V3IiexUpM4MJMx0SO17M3E/7x+pqMrP2cizTQKulgUZdzWiT1rwQ6ZRKr5xBBCJTO32nREJKHadFUxJbjLX14lnfOG6zTc+4t687qoowzHcAJn4MIlNOEWWtAGChk8wyu8WU/Wi/VufSxGS1aROYI/sD5/APRqk0Q=</latexit>

• LIGO has already 
set upper limit:

⇤̃1.4 . 800
<latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit><latexit sha1_base64="L4QqJvL+dW59bZXBu2Hmf5nr2BY=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiQi2GXRjQsXFewDmhAmk5t26OTBzEQoIXs3/oobF4q49Qfc+TdO2yy09cDA4Zx7uHOPn3ImlWV9G5W19Y3Nrep2bWd3b//APDzqySQTFLo04YkY+EQCZzF0FVMcBqkAEvkc+v7keub3H0BIlsT3apqCG5FRzEJGidKSZ9YdxXgAuXOrMwEpvNxuXhTY4SClZBFuWZZnNqymNQdeJXZJGqhExzO/nCChWQSxopxIObStVLk5EYpRDkXNySSkhE7ICIaaxiQC6ebzWwp8qpUAh4nQL1Z4rv5O5CSSchr5ejIiaiyXvZn4nzfMVNhycxanmYKYLhaFGccqwbNicMAEUMWnmhAqmP4rpmMiCFW6vpouwV4+eZX0zpu21bTvLhrtq7KOKjpBdXSGbHSJ2ugGdVAXUfSIntErejOejBfj3fhYjFaMMnOM/sD4/AGotpog</latexit>

⇤̃1.4 > 375
<latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit><latexit sha1_base64="e5yrw1bun2GUJlhHhtHilU2sCoQ=">AAACBXicbVC7TsMwFHXKq5RXgBEGiwqJKUqgqEyogoWBoUj0ITVR5Dhua9VxIttBqqIsLPwKCwMIsfIPbPwNbpsBWo5k6eice3R9T5AwKpVtfxulpeWV1bXyemVjc2t7x9zda8s4FZi0cMxi0Q2QJIxy0lJUMdJNBEFRwEgnGF1P/M4DEZLG/F6NE+JFaMBpn2KktOSbh66iLCSZe6szIcr9zLFqObyE8Kx+7ptV27KngIvEKUgVFGj65pcbxjiNCFeYISl7jp0oL0NCUcxIXnFTSRKER2hAeppyFBHpZdMrcnislRD2Y6EfV3Cq/k5kKJJyHAV6MkJqKOe9ifif10tV/8LLKE9SRTieLeqnDKoYTiqBIRUEKzbWBGFB9V8hHiKBsNLFVXQJzvzJi6R9ajm25dzVqo2roo4yOABH4AQ4oA4a4AY0QQtg8AiewSt4M56MF+Pd+JiNlowisw/+wPj8AQMXlu0=</latexit>

•Our sample 
naturally sets a 
lower limit:



Phase transitions and their 
signatures

Most, Papenfort, Dexheimer, Hanauske, Schramm, Stoecker, LR (2019)



✴ Strangeness is expected in neutron stars both in the inspiral 
(hyperons) and possibly after merger (strange quarks?) 

✴ Isolated neutron stars probe a small fraction of phase diagram

✴Neutron-star binary mergers reach temperatures up to 80 MeV 
and probe regions complementary to experiments
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• EOS based on Chiral Mean Field (CMF) and nonlinear SU(3) sigma model

• Includes hyperons and quarks that can be turned on/off 

• Uses Polyakov loop to implement a strong first order phase transition 

• Includes a cross-over transition at high temperatures 

Modelling the EOS
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•EOS based on Chiral Mean Field 
(CMF) model, based on a 
nonlinear SU(3) sigma model.

•Quarks appear at sufficiently large 
temperatures and densities.
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•For EOS without quarks, the 
dynamics is very similar, but no PT.

•EOS based on Chiral Mean Field 
(CMF) model, based on a 
nonlinear SU(3) sigma model.

•Quarks appear at sufficiently large 
temperatures and densities.
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•Phase diagram with quark fraction
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•Phase diagram with quark fraction
•Circles show the position in the diagram of the maximum 
temperature as a function of time
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•Reported are the evolution of the max. temperature and density.
•Quarks appear already early on, but only in small fractions.
•Once sufficient density is reached, a full phase transition takes place.
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Gravitational-wave emissiom

•In low-mass binary, after ~ 5 ms, quark fraction is large enough to 
change quadrupole moment and yield differences in the waveforms.

•Note the phase difference is zero in the inspiral.
•Sudden softening of the phase transition leads to collapse and large 
difference in phase evolution.

“low-mass” binary

GW frequencies

waveforms

phase difference
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Gravitational-wave emissiom

•In low-mass binary, after ~ 5 ms, quark fraction is large enough to 
change quadrupole moment and yield differences in the waveforms.

“low-mass” binary “high-mass” binary

•In high-mass binary, phase transition takes place rapidly after ~ 5 ms. 
Waveforms are similar but ringdown is different (free fall for PT).
Observing mismatch between inspiral (fully hadronic) and 
post-merger (phase transition): clear signature of a PT.



Recap

phase transitions8.53<R1.4/km<13.74
<latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit><latexit sha1_base64="e62iruTB4LZWx4qZGorKJbMxEsc=">AAACDHicbVC7TsMwFHXKq5RXgZHFpUJiCgktageGChbGguhDaqLKcZ3Wqp1EtoNURfkAFn6FhQGEWPkANv4GN+0ALUeydHTOubq+x4sYlcqyvo3cyura+kZ+s7C1vbO7V9w/aMswFpi0cMhC0fWQJIwGpKWoYqQbCYK4x0jHG19P/c4DEZKGwb2aRMTlaBhQn2KktNQvluvmRcUpXTqlu35im9X0LHEEh2OeZqJdMWtVnbJMKwNcJvaclMEczX7xyxmEOOYkUJghKXu2FSk3QUJRzEhacGJJIoTHaEh6mgaIE+km2TEpPNHKAPqh0C9QMFN/TySISznhnk5ypEZy0ZuK/3m9WPl1N6FBFCsS4NkiP2ZQhXDaDBxQQbBiE00QFlT/FeIREggr3V9Bl2AvnrxM2uembZn2bbXcuJrXkQdH4BicAhvUQAPcgCZoAQwewTN4BW/Gk/FivBsfs2jOmM8cgj8wPn8AF2KX1g==</latexit>

 Phase transition can take place after merger leading to clear 
signatures: mismatch between inspiral and postmerger.

Spectra of post-merger shows clear “quasi-universal” peaks
GW spectroscopy possible with post-merger signal
 Unless binary very close, peaks have SNR ~ 1. Multiple signals 
can be stacked and SNR will increase coherently.
Only inspiral detected in GW170817 but new limits set on:

2.01+0.04
�0.04  MTOV/M� . 2.16+0.17

�0.15

Maximum mass

Typical radii and tidal deformabilities

hadronic EOSs12.00<R1.4/km<13.45
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