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Plan of the talk
• The richness of merging binary neutron stars
• GW spectroscopy: EOS from frequencies
• GW170817: a game changer:
✴ maximum mass
✴ threshold mass
✴ radii and deformabilities

• Signatures of quark-hadron phase transitions 
• Accretion disks from BH-NS simulations
• Fast ejecta in BH-NS simulations
• GW190425 
•



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



Broadbrush picture

proto-magnetar? FRB?

prompt collapse



Quantitatively, 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

Qualitatively, this is what normally happens:



GW spectroscopy and how 
to constrain the EOS

Takami, LR, Baiotti 2014; Takami, LR, Baiotti 2015;  LR, Takami 2016; 
Bose, LR, + 2017; Zhu, LR 2020



Read et al. (2013)
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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 …

f3

A spectroscopic approach to the EOS



f3

f3

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

This is GW spectroscopy

Universal relations can be found between 
frequencies and stellar properties



Quasi-universal behaviour of 
GW frequency at amplitude 
peak (Read+2013, Bernuzzi+ 2014, 
Takami+ 2015, LR+2016, …)

Quasi-universality implies that 
once  is measured, so is 
the tidal deformability, hence 

fmax
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Eq. (15)

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

Read et al. (2013)

Bernuzzi et al. (2014)

Quasi-universal behaviour: inspiral

Similar quasi-universal 
relations also for ,  ,  f1 f2 f3

These relations can be used for a spectroscopic 
approach to the EOS



• Universal behaviour and analytic modelling of post-
merger relates position of these peaks with the EOS.

•Question: how well can we constrain the EOS (radius) 
given N detections?
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•discriminating stiff/soft EOSs possible 
even with moderate N~10

•stiff EOSs:                            for N~20

•soft EOSs:                            for N~50

•golden binary: SNR ~ 6 at 30 Mpc               
                         at 90% confidence
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A spectroscopic approach to the EOS

Baiotti, Bose, LR, Takami PRL, PRD (2015-2018)



GW170817: a game changer

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

Köppel, Bovard, LR, ApJL (2019)
Tootle, Papenfort, Most, LR ApJL (2021)



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>

no
n-r

ot. s
tar

s

•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�
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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�
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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 (2)

•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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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



M
TOV

/M� & 2.5
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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



Threshold Mass to 
prompt collapse



• Interestingly, a universal behaviour can be found also 
when computing the threshold mass to prompt collapse.

Another universal behaviour
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1. Select useful EOSs that self-consistently incorporate 
finite-temperature effects.

 But what is the threshold mass?



Another universal behaviour

2. Determine rigorous definition of  ”prompt” collapse 
and produce dimensionless quantity

tmerg : min(↵) = ↵merg := 0.35 ,

t
BH

: min(↵) = ↵
BH

:= 0.2 .
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extremely robust and EOS 
independent

tcoll := t
BH

� tmerg
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⌧↵(M,R) :=
⇡

2

r
R3

2M
.
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free-fall timescale in 
Oppenheimer-Snyder 
collapse

• Interestingly, a universal behaviour can be found also 
when computing the threshold mass to prompt collapse.
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Another universal behaviour

3. Express measured values in terms of dimensionless 
collapse time.

Mth

M
TOV

⇡ 1.415 ,
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first rough estimate

• Interestingly, a universal behaviour can be found also 
when computing the threshold mass to prompt collapse.
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4. Seek universal behaviour via maximum compactness.                    
C

TOV
:= (M/R)

TOV
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Mth
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= a� b

1� c C
TOV

,
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Mth/MTOV
! 0 for C

TOV
! 1/2
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                         . A linear fit is possible but not 
satisfactory.                 A nonlinear fit obtained by requiring that 

• Interestingly, a universal behaviour can be found also 
when computing the threshold mass to prompt collapse.
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Mtot = 2.74+0.04
�0.01 M�
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GW170817

so that

• Interestingly, a universal behaviour can be found also 
when computing the threshold mass to prompt collapse.



5. The detection of a merger not leading to prompt 
collapse constraints the radius from below

Another universal behaviour
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• Interestingly, a universal behaviour can be found also 
when computing the threshold mass to prompt collapse.
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Figure 1. Dependence of the threshold mass on the mass ratio and total spin of the binary. Shown in the different panels is the data for the three
EOSs considered here, while the gray-shaded surface represents the fit via the quadratic ansatz (3).

sults), while the gray-shaded surfaces represent the best fit-
ting function to the data. Note that the fits for the three
EOSs have variable errors, but all with a small chi-squared
of X2

BHB⇤� = 0.007, X2
DD2

= 0.002, and X2
TNTYST

= 0.003,
and with an average (maximum) deviation from the fit that is
2% (4%), 1% (3%), and 1% (4%), respectively. When ex-
pressed in absolute terms, the average deviations from the fits
amount to �Mth,BHB⇤� = 0.06 M�, �Mth,DD2 = 0.03 M�,
and �Mth,TNTYST = 0.03 M�, which are all very small.
Quasi-Universal Behaviour. As can be readily appreciated
from the inspection of Fig. 1 – which correspond to 40 dis-
tinct binary configurations differing in mass ratio and spin –
Mth shows a behaviour that is similar for the three EOSs, but
also that it leads to systematically different values for each
of the EOSs considered. Determining accurately the thresh-
old mass for each configuration has required the calculation
of the inspiral and merger of about a dozen simulations with
varying initial mass, the computational cost associated with
Fig. 1 is of about 360 simulations. Extending this work to
an arbitrarily large number of EOSs is computationally pro-
hibitive.

However, we can exploit the existence of a quasi-universal
behaviour of Mth (Bauswein et al. 2013; Koeppel et al.
2019; Agathos et al. 2019; Bauswein et al. 2021). More
specifically, we extend the quasi-universal relation derived
by Koeppel et al. (2019) by proposing that the functional de-
pendence of Mth(EOS, q, �) can be split into a part that is
dependent on the EOS and on a part dependent on q and �.
From a mathematical point of view, this essentially amounts
to the separability in the functional dependence and hence in
adopting the following ansatz

Mth(EOS, q, �) = (EOS) f(q, �) , (1)

where the dependence on the EOS is expressed via a mul-
tiplicative function following the study of Koeppel et al.

(2019)

(EOS) :=

✓
a � b

1 � c CTOV

◆
MTOV . (2)

where CTOV is the compactness of the nonrotating stellar
configuration with the maximum mass and RTOV its radius,
i.e., CTOV := MTOV/RTOV . The coefficients in expression
(2) have been reported by Koeppel et al. (2019) and are
a = 2b/(2 � c), b = 1.01, c = 1.34.

In practice, expression (1) proposes that f(q, �) is a sur-
face that models Mth as a function of q and � independently
of the EOS. This surface can then be rescaled via a function
describing the EOS, (EOS) = (RTOV, MTOV), depend-
ing uniquely on the stellar compactness for the maximum-
mass nonrotating configuration. Stated differently, the quasi-
universal expression for Mth is expressed as M̂th :=

Mth/(EOS), where all the dependence on the mass ratio
and spin of the binary is contained in the function f(q, �),
whose behaviour remains to be determined.

Considering the nonlinear behaviour shown by the three
fitting functions in Fig. 1, it is natural to express the ansatz
for f(q, �) via a second-order polynomial, i.e.,

f(q, �) := a1 + a2(1 � q) + a3� + a4(1 � q)�+

a5(1 � q)2 + a6�
2 . (3)

Since we wish to recover the quasi-universal fit obtained by
Koeppel et al. (2019), we set a1 = 1 in (3).

Note that the data clearly shows a non-monotonic growth
of Mth as the mass asymmetry in the binary changes,
which has been discussed already by East et al. (2016) and
Bauswein et al. (2021) and more recently by Papenfort et al.
(2021). Although the earlier works were restricted to non-
spinning binaries with larger mass ratios, the evidence for a
non-monotonic dependence remained tentative and, indeed,
the fitting expressions proposed by Bauswein et al. (2021) are
monotonic. However, Papenfort et al. (2021) has shown non-

A more general behaviour

Mth = Mth(EOS, q,�) = (EOS) f(q,�)

<latexit sha1_base64="3Zr3u1SlWKfcc3Say17NVvOGjIk="></latexit>

Clearly, 

•All results so far true for irrotational equal-mass binaries

•We have considered 40 configurations, 360 simulations
Mth = Mth(EOS, q,�) = (EOS) f(q,�)
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• Intuitively,       increases with positive spin and mass ratio

Mth = Mth(EOS, q,�) = (EOS) f(q,�)
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•       will depend also on mass ratio and spin



 Is this behaviour universal?

(EOS) :=

✓
a� b

1� c C
TOV

◆
M

TOV
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f(q,�) := a1 + a2(1� q) + a3�+ a4(1� q)�+ a5(1� q)2 + a6�
2
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A more general behaviour

Mth = Mth(EOS, q,�) = (EOS) f(q,�)
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Assume separable ansatz

where             comes from                    (Köppel+ 2019)Mth = Mth(EOS, q,�) = (EOS) f(q,�)
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q = 1,� = 0
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and           is a quadratic function of    and   q = 1,� = 0

<latexit sha1_base64="OfNi+d/JBPj2iqtXxc9wasVGia4=">AAAB8nicdVDJSgNBEO1xjXGLevTSGAQPEmYkojkEgl48RjALTIbQ0+lJmvR0j901QhjyGV48KOLVr/Hm39hZBNcHBY/3qqiqFyaCG3Ddd2dhcWl5ZTW3ll/f2NzaLuzsNo1KNWUNqoTS7ZAYJrhkDeAgWDvRjMShYK1weDnxW3dMG67kDYwSFsSkL3nEKQEr+bdV7xh36IBX3W6h6JYqFdcC/yZeyZ2iiOaodwtvnZ6iacwkUEGM8T03gSAjGjgVbJzvpIYlhA5Jn/mWShIzE2TTk8f40Co9HCltSwKeql8nMhIbM4pD2xkTGJif3kT8y/NTiM6DjMskBSbpbFGUCgwKT/7HPa4ZBTGyhFDN7a2YDogmFGxKeRvC56f4f9I8KXnl0ul1uVi7mMeRQ/voAB0hD52hGrpCddRAFCl0jx7RkwPOg/PsvMxaF5z5zB76Buf1A8tqkE4=</latexit>

q = 1,� = 0
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f(q,�) := a1 + a2(1� q) + a3�+ a4(1� q)�+ a5(1� q)2 + a6�
2
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Does this work?
Indeed a universal 
relation exists and yields: 

• average deviation from fit 
of ∼2%, and largest 
deviation below ∼6%. 

•         increases by ~10% 
for aligned spins

•         decreases by ~5% 
for antialigned spins

Mth = Mth(EOS, q,�) = (EOS) f(q,�)

<latexit sha1_base64="3Zr3u1SlWKfcc3Say17NVvOGjIk="></latexit>

Mth = Mth(EOS, q,�) = (EOS) f(q,�)

<latexit sha1_base64="3Zr3u1SlWKfcc3Say17NVvOGjIk="></latexit>

Note: dependence on q not monotonic: balance between larger “discs” 
for small q and increased stability for large q yields local maximum
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Figure 3. Top: the lower bounds on RTOV ,q=1 (red) using ansatz (1) for RTOV = 10, 11 km. The black continuous line corresponds to q = 1
while the coloured dashed lines mark the constraints set by q = 0.9 , 0.7 , and 0.5. The blue region defines the mass of GW170817 and its
uncertainty depending on q. The red-shaded area shows the values excluded by the detection. The grey-shaded area represents values excluded
by the causality constraint. Each panel, from left to right, corresponds to � = [�0.3, 0, 0.3] respectively. Bottom: universal relation for the
lower limit of Rx(M, q,�1). In the middle panel, we demonstrate Rx(M) is recovered when plotting f(q,�)Rx(M, q,�). Overall, the top
and bottom panels extend Fig. 4 of Koeppel et al. (2019) to binaries with unequal masses and nonzero spin.

effort to determine Rx(M, q,�). Upon further analysis we
found the various fits can easily recover Rx(M) from Koep-
pel et al. (2019) by a simple multiplicative factor of (3). This,
ultimately, leads to the following result

Rx(M, q,�) =
Rx(M)

f(q,�)
, (6)

where Rx(M) is the expression from Koeppel et al. (2019)
in the case of q = 1 and � = 0, i.e.,

Rx(M) = �0.88M2
+ 2.66M + 8.91 . (7)

While this relation is representative for the EOSs used here,
it might need additional corrections for EOSs that include
strong phase transitions (Most et al. 2019a; Weih et al. 2020;
Bauswein et al. 2020), or other extreme high density EOS
regimes (Most & Raithel 2021).

The bottom panels of Fig. 3 [cf., right panel of Fig. 4 of
Koeppel et al. (2019)] report the estimates of Rx(M, q,�)

for different values of q (different dashed lines) and � (dif-
ferent columns) and the corresponding values with coloured
symbols; in each plot, we include the original fit for Rx

from Koeppel et al. (2019) as a reference (red dashed line).
Note that, for a given spin of the binary, the knowledge of
the mass ratio can considerably increase the lower limit on

the stellar radii, especially for systems with negative total
spin. At the same time, given the non-monotonic nature of
the dependence on q, equal-mass systems do not necessar-
ily yield the weakest constraint, which is instead attained for
q ' 0.8 � 0.9.

4. CONCLUSIONS

We have performed the first systematic study of the im-
pact that mass asymmetry and spin have on the threshold
mass of BNS systems, Mth. We have done so by measur-
ing Mth for 40 different BNS configurations encompassing
three temperature dependent EOSs, four mass ratios, and a
systematic sampling of spin configurations. Using this data
we have derived a quasi-universal relation for Mth and ex-
pressed its dependence on the mass ratio and spin of the bi-
nary. The new expression recovers the results of Koeppel
et al. (2019) for equal-mass, irrotational binaries, and reveals
that Mth can increase (decrease) by 5% (10%) for binaries
that have spins aligned (antialigned) with the orbital angu-
lar momentum. Furthermore, we find evidence for a non-
monotonic dependence of Mth on the mass asymmetry in
the system, which can be explained by an increase in accre-
tion disk mass (Papenfort et al. 2021). Furthermore, we have
extended to unequal-masses and spinning binaries the lower
limits that can be set on the stellar radii once a neutron-star

 Possible to extend logic for lower limit on radius:

Rx(M, q,�) =
Rx(M)

f(q,�)
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where            is from Köppel+ 2019 
and            is the same as for  

Rx(M)
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f(q,�)
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Mth
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Antialigned binaries provide significantly tighter constraints:
R

TOV
� 10.24 km for � = �0.3

<latexit sha1_base64="GCxmBS4QcY5ebBiMZpwpOdTc5CA="></latexit>

R
TOV

� 9.44 km for � = 0.3
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Limits on radii and 
deformabilities



Limits on radii and deformabilities
•Can new constraints be set on typical radius 
and tidal deformability by using 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



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



one-dimensional cuts

•Play with different constraints on MTOV and tidal deformability
•Overall distribution is very robust

•Closer look at a mass of M = 1.40M�
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12.00 < R1.4/km < 13.45

hR1.4i = 12.45 km
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Constraining tidal deformability

°6

°4

°2

lo
g 1

0(
P

D
F
)

1.8 1.6 M = 1.4 1.2

0 200 400 600 800 1000
§̃

1.2

1.4

1.6

1.8

M
[M

Ø
]

2-æ

3-æ
3-æ (PT)

GW170817

°6

°5

°4

°3

°2

lo
g 1

0(
P

D
F

fo
r

pu
re

ha
dr

on
ic

E
O

Ss
)

• Can explore statistics of all properties of our 109 models.
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•Our sample sets a 
lower limit:

  the largest so far.

• LIGO has already 
set upper limit:
70 < ⇤̃1.4 < 720
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⇤̃1.4 > 375
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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 and a BH produced.
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Gravitational-wave emission

•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.

GW frequencies

waveforms

phase difference

Observing mismatch between inspiral (fully hadronic) and 
post-merger (phase transition): clear signature of a PT.



Animations: Weih, Most, LR



A more comprehensive picture
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We have recently added another possible scenario for a 
post-merger PT, which completes the picture of possible 
scenarios (Weih, Hanauske, LR 2020).
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A more comprehensive picture
We have recently added another possible scenario for a 
post-merger PT, which completes the picture of possible 
scenarios (Weih+, 1912.09340).
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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
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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.



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

✴When used together with tens of observations, they will set 
tight constraints on EOS: radius known with ~1 km precision.

✴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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✴Threshold mass has universal behaviour with spin and mass ratio


