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Plan of the talk

• Neutron star binaries: basics
• GW spectroscopy: EOS from frequencies
• Magnetic fields and EM counterparts
• Ejected mass and kilonova signal
• Ejected mass and nucleosynthesis
• Threshold mass to prompt collapse
• from GW170817 to the maximum mass
• Signatures of quark-hadron phase transitions 
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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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•Sequences of equilibrium models 
of nonrotating stars will have a 
maximum mass:M

TOV
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•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
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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�

<latexit sha1_base64="FcOClTauETLnkF880JUGR5X/lnE=">AAACEHicdVDLSgMxFM3UV62vUZdugkUUqsNMGahdCEU3bgoV7APaOmTS1IZmJkOSEcown+DGX3HjQhG3Lt35N6YPweeByz2ccy/JPX7EqFS2/W5k5uYXFpeyy7mV1bX1DXNzqyF5LDCpY864aPlIEkZDUldUMdKKBEGBz0jTH56N/eYNEZLy8FKNItIN0HVI+xQjpSXP3K96TqHqFU+KVsm9Sgq2Zbuplxzp7qSdw6qXdHiPq9Qz87ZVLtsa8DdxLHuCPJih5plvnR7HcUBChRmSsu3YkeomSCiKGUlznViSCOEhuiZtTUMUENlNJgelcE8rPdjnQleo4ET9upGgQMpR4OvJAKmB/OmNxb+8dqz6x92EhlGsSIinD/VjBhWH43RgjwqCFRtpgrCg+q8QD5BAWOkMczqEz0vh/6RRtBzXci/cfOV0FkcW7IBdcAAcUAIVcA5qoA4wuAX34BE8GXfGg/FsvExHM8ZsZxt8g/H6Af44miA=</latexit>

Mmax = 1.20+0.02
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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�

<latexit sha1_base64="FcOClTauETLnkF880JUGR5X/lnE=">AAACEHicdVDLSgMxFM3UV62vUZdugkUUqsNMGahdCEU3bgoV7APaOmTS1IZmJkOSEcown+DGX3HjQhG3Lt35N6YPweeByz2ccy/JPX7EqFS2/W5k5uYXFpeyy7mV1bX1DXNzqyF5LDCpY864aPlIEkZDUldUMdKKBEGBz0jTH56N/eYNEZLy8FKNItIN0HVI+xQjpSXP3K96TqHqFU+KVsm9Sgq2Zbuplxzp7qSdw6qXdHiPq9Qz87ZVLtsa8DdxLHuCPJih5plvnR7HcUBChRmSsu3YkeomSCiKGUlznViSCOEhuiZtTUMUENlNJgelcE8rPdjnQleo4ET9upGgQMpR4OvJAKmB/OmNxb+8dqz6x92EhlGsSIinD/VjBhWH43RgjwqCFRtpgrCg+q8QD5BAWOkMczqEz0vh/6RRtBzXci/cfOV0FkcW7IBdcAAcUAIVcA5qoA4wuAX34BE8GXfGg/FsvExHM8ZsZxt8g/H6Af44miA=</latexit>



•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

universal relations 
and GW170817; 
similar estimates 
by other groups

•Use measured gravitational mass of GW170817

•Consider evolution track (2)

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

•Use universal relations and 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, 
ie 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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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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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)



• 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.



Animations: Weih, Most, LR
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Quarks appear at sufficiently large 
temperatures and densities.

When this happens the EOS is 
considerably softened.
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Gravitational-wave emission

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

•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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•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.

Gravitational-wave emission
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We have recently added another possible scenario for a 
post-merger PT, which completes the picture of possible 
scenarios (Weih+, 1912.09340).

A more comprehensive picture

cf. Weih+ 2019
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Different signatures are also quite transparent 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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Different signatures are also quite transparent when shown 
in terms of the gravitational waves and their spectrograms.
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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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Conclusions

✴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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threshold massR
TOV

� 9.74+0.14
�0.04 km
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Mth/MTOV
⇡ 1.41
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✴GW190814 challenges these results. However, large maximum 
mass inconsistent with GW emission and ejected mass.


