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Plan of the talk

• The richness of merging binary neutron stars

• GW spectroscopy: EOS from frequencies

• GW170817, GW190814 and maximum mass

• Signatures of quark-hadron phase transitions

• On the sound speed in neutron stars

• Threshold mass to prompt collapse

• EM counterparts, ejecta, and jets



The two-body problem in GR

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

Wex 2016

•HMNS phase can provide 
clear information on EOS 

•For black holes the process is very simple: 

  BH + BH             BH + GWs 

•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

GW170817



The two-body problem in GR

•ejected matter 
undergoes 
nucleosynthesis of 
heavy elements

•For black holes the process is very simple: 

  BH + BH             BH + GWs 

•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
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p = p(⇢, ✏, Ye, . . .) ,
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The equations of numerical relativity



Animations: Breu, Radice, LR

M = 2⇥ 1.35M�

LS220 EOS

A prototypical simulation with possibly 
the best code looks like this…

merger           HMNS           BH + torus



Quantitatively, differences are produced by:

• mass asymmetries (HMNS and torus)

• total mass (prompt vs delayed collapse)

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

• magnetic fields (equil. and EM emission)

• radiative losses (equil. and nucleosynthesis)

merger           HMNS           BH + torus

Qualitatively, this is what normally happens:



binary black holes (2006)

Chirp signal
black-hole 
ringdownInspiral

Anatomy of the GW signal
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Anatomy of the GW signal
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Inspiral: well approximated by PN/EOB; tidal effects important

Chirp signal

Anatomy of the GW signal
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Merger: highly nonlinear but analytic description possible

transient

Anatomy of the GW signal
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post-merger: quasi-periodic emission of bar-deformed HMNS

post-merger 
(HMNS)

Anatomy of the GW signal
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Collapse-ringdown: signal essentially shuts off

black-hole 
formation 
(ringdown)

Anatomy of the GW signal
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Postmerger signal: peculiar of binary NSs

Anatomy of the GW signal
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What we can do nowadays
Takami, LR, Baiotti (2014, 2015), LR+ (2016)

SOFT

STIFF
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Extracting information from the EOS

SOFT

STIFF
There are  “lines” in a spectrum

This is GW spectroscopy!

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



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 …
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A spectroscopic approach to the EOS
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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 …

A spectroscopic approach to the EOS

Universal relations can be found between 
frequencies and stellar properties



GW170817: a game changer

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

Nathanail, Most, LR, ApJL (2021)



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

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

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

   

Mmax

<latexit sha1_base64="aaUWXeLCMwgyOjaDwi/hUNQTpKI=">AAAB8nicdVDJSgNBEK2JW4xb1KOXxiB4GmYkoLkFvXgRIpgFJkPo6fQkTbqnh+4eMQz5DC8eFPHq13jzb+wsguuDgsd7VVTVi1LOtPG8d6ewtLyyulZcL21sbm3vlHf3WlpmitAmkVyqToQ15SyhTcMMp51UUSwiTtvR6GLqt2+p0kwmN2ac0lDgQcJiRrCxUnDVy7tKIIHvJr1yxXNrNc8C/Sa+681QgQUavfJbty9JJmhiCMdaB76XmjDHyjDC6aTUzTRNMRnhAQ0sTbCgOsxnJ0/QkVX6KJbKVmLQTP06kWOh9VhEtlNgM9Q/van4lxdkJj4Lc5akmaEJmS+KM46MRNP/UZ8pSgwfW4KJYvZWRIZYYWJsSiUbwuen6H/SOnH9qlu9rlbq54s4inAAh3AMPpxCHS6hAU0gIOEeHuHJMc6D8+y8zFsLzmJmH77Bef0AgAORag==</latexit>

uni
f. r

ot. s
tar

s

no
n-r

ot. s
tar

s

stability line

Keplerian 
limit

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

�0.01 M�
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• Stability line is simply extended 
in larger space (Weih+18)

Limits on the maximum mass

•Salmon region is for differentially 
rotating equilibrium models.

•Green region is for uniformly 
rotating equilibrium models.

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

�0.01 M�
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•GW170817 produced object ”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).

Ωc

M

rot. supramassive NSs

stable
rot.NSs

only diÆ.
rot. NSs

only diÆ. rot.
supramassive NSs

diÆ. rot. hypermassive NSs

MTOV

Mmax

(2)

(1)

x

(1)

(2)

Limits on the maximum mass

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

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

Mmax
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pulsar 
timing

GW170817; 
similar estimates 
by other groups 
(Margalit+ 2018, Shibata+ 
2018, Ruiz+ 2018)

•Use measured gravitational mass of GW170817

•Consider evolution track (1)

•Remove rest-mass deduced from kilonova 
emission (need conversion baryon/gravitational)

•Use universal relations, account for errors to 
obtain

let’s recap…

2.01+0.04
�0.04  M

TOV
/M�  2.16+0.17

�0.15
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Tension on the maximum mass

• If secondary in GW190814 was a NS, all previous results on 
the maximum mass are incorrect. 

• No EM counterpart was observed with GW190814 and no  
estimates possible for ejected matter or timescale for survival.

•How do we solve this tension?

• The recent detection of GW190814 has created a significant 
tension on the maximum mass

M1 = 22.2� 24.3M�

M2 = 2.50� 2.67M�

<latexit sha1_base64="IQEI1FLwGjENyL+Lv08fFDuW81c="></latexit>

smallest BH or heaviest NS!

Nathanail, Most, LR (2021)



Tension on the maximum mass

• We can nevertheless explore impact of larger maximum mass, 
i.e., what changes in the previous picture if

M
TOV

/M� & 2.5 ?
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•In essence, this is a multi-dimensional parametric problem 
satisfying conservation of rest-mass and gravitational mass.

•Observations provide limits on gravitational and ejected mass.

•Numerical relativity simulations provide limits on emitted GWs

•All the rest is contained in 10 parameters that need to be varied 
within suitable ranges.



Genetic algorithm
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Rezzolla + (2018)

genetic algorithm

• A genetic algorithm is used to sample through the parameter 
space of the 10 free parameters.

•The algorithm reflects genetic 
adaptation: given a mutation 
(i.e. change of parameters) it 
will be adopted if it provides a 
better fit to data. 

M
TOV

/M� . 2.3
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•Consider first previous 
estimate:

2.01+0.04
�0.04  M

TOV
/M�  2.16+0.17

�0.15
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First hypothesis:
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•Total mass emitted in GWs is 
in perfect agreement with 
predictions from numerical 
relativity
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•Total mass ejected is in perfect 
agreement with predictions 
from kilonova signal
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/M� & 2.5

<latexit sha1_base64="MqPh9jpGveJVtDvCek6sn3iSCHs="></latexit>

Second hypothesis:
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•Total mass emitted in GWs is 
much larger than predicted 
from simulations; 

•Mismatch becomes worse with 
larger masses
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•Total mass ejected is in perfect 
much smaller than observed 
from kilonova signal.



Tension on the maximum mass

• The recent detection of GW190814 has created a significant 
tension on the maximum mass

M1 = 22.2� 24.3M�

M2 = 2.50� 2.67M�
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• If secondary in GW190814 was a NS, all previous 
considerations are incorrect. 

• No EM counterpart was observed with GW190814 and no  
estimates possible on ejected matter or timescale for survival.

•How do we solve this tension?

smallest BH or heaviest NS!

Nathanail, Most, LR (2020)

• Solution: secondary in GW190814 was a BH at merger but 
could have been a NS before



Phase transitions and their 
signatures

Most, Papenfort, Dexheimer, Hanauske, Schramm, Stoecker, LR (2019)
Weih, Hanauske, LR (2020)

Tootle, Ecker, Topolski, Demircik, Järvinen, LR (2022)



• 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.

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

• Appearance of quarks can be introduced naturally.



A zoology of behaviours
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The occurrence of a PT considerably enriches the range of 
possible scenarios in the GW emission
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A zoology of behaviours
The occurrence of a PT considerably enriches the range of 
possible scenarios in the GW emission
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A zoology of behaviours
The occurrence of a PT considerably enriches the range of 
possible scenarios in the GW emission
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A zoology of behaviours
The occurrence of a PT considerably enriches the range of 
possible scenarios in the GW emission



Animations: Weih, Most, LR

Simulation of a phase-transition 
triggered collapse (PTTC)



°15 °10 °5 0 5 10 15
x [ km ]

°15

°10

°5

0

5

10

15

y
[k

m
]

0.5

1

t ° tmer =2.0 ms

°15 °10 °5 0 5 10 15
x [ km ]

0.
5

1

2

t ° tmer =6.5 ms

°15 °10 °5 0 5 10 15
x [ km ]

M = 2.8 MØ

0.5

1

2
3

4

t ° tmer =15.1 ms

°6.0

°4.5

°3.0

°1.5

0.0

lo
g 1

0
Y

qu
ar

k

0

10

20

30

40

50

T
[M

eV
]

Quarks appear at sufficiently large 
temperatures and densities.

When this happens the EOS is 
considerably softened and a BH produced.
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Gravitational-wave emission

•After~5 ms, quark fraction large enough to yield differences in GWs
•Sudden softening of the phase transition leads to collapse and large 
difference in phase evolution.

GW frequencies

waveforms

phase difference

Observing mismatch between inspiral (fully hadronic) and 
post-merger (phase transition): clear signature of a PT.
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Zoology discussed above can be recognised when shown in 
terms of the gravitational waves and their spectrograms.

A more comprehensive picture

Importance of DPT is that it leads to two different “stable”             
frequencies that are easily distinguishable in the PSD

f2
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Why DPT is the most interesting case
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Importance of DPT is that it leads to two different “stable”             
frequencies that are easily distinguishable in the PSD
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Another signatures is appearance of an                     mode` = 2,m = 1
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The mode is triggered by the PT and the non-axisymmetric 
deformations it produces.

Why DPT is the most interesting case
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A very basic question
The EOS of nuclear matter still remains an open question. 
Some information is available but freedom is still large

1.1 Neutron Stars as a Tool to Study Dense Matter 6

perturbative QCD (pQCD) can be used to derive the equation of state from micro-
scopic calculations [13]. These calculations apply at densities higher than 40ns, much
higher than densities that are physically realized inside neutron stars and are also
a✏icted by theoretical uncertainties due to the uncertainty of the renormalization
scale parameter of pQCD. Yet, both the pQCD and CET part of the equation of
state play an important role in constraining the overall shape of the neutron star
equation of state, which is still unknown in the intermediate densities inbetween the
CET and pQCD regimes as is depicted in Fig. 1.
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Figure 2: A showcase of the three main classes of c2s profiles using the analytical
parametrizations of [14] and [15]. All models converge to 1/3 from below in the
high density limit.

The lack of first-principle tools to determine the EoS at densities (1.1-40)ns forces us
to come up with models to parametrize the equation of state in these regimes. During
the last years, several models have been put forth. In this thesis, we will use the
speed-of-sound-interpolation method, which has been first introduced by Annala et.
al in 2019 [5] and which exploits the relationship between the equation of state and
the speed of sound given by dp

de c2 = c2s. This shows, that any equation of state p(e)
corresponds to a speed of sound profile cs(e). According to pQCD calculations, the
speed of sound has to converge to cs = cp

3
- from now on referred to as the conformal

value - in the asymptotic high-density limit from below [16]. The behaviour of the

6

?
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i) monotonic and sub-conformal:             ; c2s < 1/3

<latexit sha1_base64="OffCLzmcxoeZk3NpCmnQl6OaF2U=">AAAB8nicdVDLSsNAFL2pr1pfVZduBovgKia1ogUXRTcuK9gHpLFMppN26CQTZiZCCf0MNy4UcevXuPNvnD4EnwcuHM65l3vvCRLOlHacdyu3sLi0vJJfLaytb2xuFbd3mkqkktAGEVzIdoAV5SymDc00p+1EUhwFnLaC4eXEb91RqZiIb/QooX6E+zELGcHaSB65LXcVOkfu0XG3WHLsatUxQL+JaztTlGCOerf41ukJkkY01oRjpTzXSbSfYakZ4XRc6KSKJpgMcZ96hsY4osrPpieP0YFReigU0lSs0VT9OpHhSKlRFJjOCOuB+ulNxL88L9XhmZ+xOEk1jclsUZhypAWa/I96TFKi+cgQTCQztyIywBITbVIqmBA+P0X/k2bZdiv2yXWlVLuYx5GHPdiHQ3DhFGpwBXVoAAEB9/AIT5a2Hqxn62XWmrPmM7vwDdbrB0z4j/o=</latexit>

ii) non-monotonic and sub-conformal:             ;c2s < 1/3
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iii) non-monotonic and sub-luminal: c2s < 1
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• Lacking stronger constraints,  an agnostic approach is viable and 
followed by many (eg piecewise polytropes, Most+ 2018)

• Once an EOS is produced, we check it satisfies astrophysical 
constraints (max. mass, NICER limits). We repeat 1.5x107 times…

• In this way, ~ 10% of our EOSs survives and provides robust statistics 
from which we compute PDFs.

• Here, instead, we build an EOS starting from a piecewise 
prescription of the sound speed (7 segments are sufficient)



Sound speed PDF
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Orange line marks region of sub-conformal EOSs (0.03%).
No monotonic sub-conformal EOS found.



A more comprehensive picture
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M-const. sections:
Lower bound on radii matches Köppel+ prediction from threshold mass. 

R1.4 = 12.42+0.52
�0.99 km; R2.0 = 12.12+1.11

�1.23 km
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PDFA more comprehensive picture

Simple behaviour of binary tidal deformability:
Straightforward bounds once a detection is made.

⇤̃min (max) = a+ bMc
chirp ,
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i) monotonic and sub-conformal:             ; [0.004%]
ii) non-monotonic and sub-conformal in NSs:             ; [0.03%]
iii)nonmonotonic and sub-luminal:          ; [10%]

c2s < 1/3
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c2s < 1/3
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c2s < 1
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A scale-independent representation

• How does the sound speed vary in a star?
• Is the maximum sound speed at the center of the star?
• Does the maximum value attain a constant value?
• How does all this change with the assumptions made?

cs 2 [0, c], r 2 [0, R], M 2 [0,MTOV] : EOS dependent

cs/c 2 [0, 1], r/R 2 [0, 1], M/MTOV 2 [0, 1] : EOS independent
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cs 2 [0, c], r 2 [0, R], M 2 [0,MTOV] : EOS dependent

cs/c 2 [0, 1], r/R 2 [0, 1], M/MTOV 2 [0, 1] : EOS independent
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Hard to answer: every EOS will have its own (M, R) relation

With this large sample one may ask simple but basic questions:



All information contained in a unit cube: (cs/c, r/R, M/MTOV)
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95% confidence

median

A scale-independent representation



“Light” stars: sound speed monotonic with maximum at stellar center

“Heavy” stars: sound speed non-monotonic with maximum far from stellar 
center (r/R~0.7)

A scale-independent representation



A scale-independent representation

•Sound speed at center (           ) decreases as masses increase
•Maximum sound speed (         ) reaches a constant value; very robust 

behaviour (the constant varies not behaviour); origin not totally clear.
c2s,max
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c2s,center
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Conclusions
✴Spectra of post-merger shows peaks, some ”quasi-universal”.

✴A phase transition after a BNS merger leaves GW signatures 
and opens a gate to access quark matter beyond accelerators.

✴GW170817 has already provided new limits on
maximum mass2.01+0.04

�0.04  M
TOV

/M�  2.16+0.17
�0.15
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radius, tidal deformability⇤̃1.4 > 375
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12.00 < R1.4/km < 13.45

hR1.4i = 12.45 km
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✴Sound speed in neutron stars cannot be sub-conformal and 
monotonic; likely to be super-conformal somewhere in the interior.

✴Sound speed monotonic in light stars (max at centre), non-
monotonic in heavy stars (max in mantle)


