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Next observing run: O4  
(starting date  
  ~ summer 2022) 

We may expect 

BNS detections with the 
HLVK network. 

O5 may reach ~2 x further, 
or ~8 x volume

PLANNED OBSERVATIONS FOR THE NEXT FEW YEARS

 3

1 BNS (1 BNS)Abbott et al. LRR (2020)
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DETECTION EFFICIENCY OF BNS MERGERS WITH 3G DETECTORS
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Detection efficiency of BNS mergers with  
various networks of 3G detectors.

(Assuming a population randomly  
oriented and located in space and  
detection SNR of 8.) 

Rosati et al. arxiv2104.09535 (2021) 50%

Joint GW + sGRB detections with 
THESEUS: up to a few tens per year 
(inl. aligned and misaligned jet 
w.r.t. the observer)

Ciolfi et al. arxiv2104.09534 (2021)
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POSSIBLE OUTCOMES OF BNS MERGERS
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Friedman, Stergioulas (2020)

M < Mmax

stable NS

Significant differences in post-merger E/M emission, depending on the outcome of BNS mergers  
The accurate determination of Mthres is important for GW and multi-messenger astronomy.
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THRESHOLD MASS TO PROMPT COLLAPSE
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Simulations with SPH+CFC code in GR:
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FIG. 1: Coefficient k (eq. (1)) as a function of Cmax =
GMmax/(c2Rmax) (crosses) and C∗

1.6 = GMmax/(c2R1.6) (cir-
cles).

correlation (see Fig. 2, left panel, and Tab. I; R1.6 is
very similar to R1.4). However, using the numerical data
of [20] and expressing k as a function of C∗

1.6 or Cmax

rather than R1.4, we found a tight correlation, as for our
results. Therefore, we suspect that the approximate scal-
ing with R1.4 suggested in [20] is a selection effect due to
the limited number of EoSs used therein [64].

The compactness Cmax is a measure of the EoS’s stiff-
ness at high densities (Fig. 2, right panel; see also [29,
55]), where we characterize the stiffness by the ratio of
the mean density, ⟨ρ⟩ = 3Mmax/(4πR3

max), to the cen-
tral density ρc (i.e. the inverse central condensation).
A tight correlation between k and Cmax thus implies
that k depends predominantly on the stiffness of the
EoS. This dependence can be motivated qualitatively
with the help of a simple Newtonian model. As sug-
gested in [56], a rough estimate of the fractional increase
in the maximum mass, δM/Mmax, is given by 3T/|W |,
so that k ≈ 1 + 3T/|W |. Here T is the rotational ki-
netic energy and W the potential energy. We compute
T = J2/(2I), where I is the remnant’s moment of inertia,
from the angular momentum J that the binary carries
at the instant of merging. Approximating the merging
of an equal-mass binary in circular orbit to occur when
the binary separation is twice the radius of each individ-
ual (spherical) star, R⋆, and assuming that the progen-
itors’ masses are concentrated at their centers, we find
J2 ≈ GM3

totR⋆/8. Neglecting mass loss as well as devi-
ations from spherical symmetry, and assuming that the
merger remnant forms a polytrope with polytropic index
n, we have W = −3G/(5 − n)M2

tot/R, where R is the
radius of the remnant, and I = 2κnMtotR2/5. Here the
coefficients κn depend on n only and are tabulated in

11 12 13 14 151.3

1.35

1.4

1.45

1.5

1.55

1.6

R1.6 [km]

k

0.25 0.3 0.35 0.40.24

0.26

0.28

0.3

0.32

0.34

<ρ>/ρc

C
m

ax

FIG. 2: Left panel: Coefficient k (eq. (1)) versus radius R1.6 of
a 1.6 M⊙ NSs. Right panel: Compactness Cmax as a function
of the EoS’s stiffness expressed by the ratio of the average
density ⟨ρ⟩ = 3Mmax/(4πR

3
max) and central energy density

ρc.

[57]. The EoS’s stiffness as well as κn increases with de-
creasing n. Using the polytropic mass-radius relationship
for the merging NSs and merger remnant we also have
R⋆/R = 2(n−1)/(3−n). Collecting terms we now obtain
k ≈ 1+5(5−n) 2(n−1)/(3−n)/(32κn). While this crude ap-
proximation overestimates the deviation of k from unity
by about a factor of two, it correctly predicts two im-
portant qualitative features of our numerical results: It
suggests that k depends predominantly on the EoS’s stiff-
ness (since for Newtonian polytropes the stiffness ⟨ρ⟩/ρc
depends on n only), and it shows that k decreases with
increasing stiffness (which can be seen by inserting values
for n and κn). Loosely speaking, a binary with a stiffer
EoS (i.e. a larger ⟨ρ⟩/ρc) has less angular momentum
when merging and its remnant has a larger moment of in-
ertia. These effects combine to decrease T/|W |, thereby
decreasing k.

For the EoSs in our sample we also observe a tight
correlation between Rmax and R1.6, which implies a close
relation between Cmax and C∗

1.6.

Observational constraints on the maximum NS mass:
The findings of this study may help to place limits on
the maximum mass Mmax of NSs in the case that future
observations, e.g. GW detections, provide an estimate of
Mthres (cf. [12]). We assume that delayed and prompt col-
lapse can be distinguished from the presence or absence
of GW emission in the 2-4 kHz range produced by the
oscillations of the merger remnant, and that the binary
mass of the merger can be inferred from the preceeding
GW inspiral signal, which thus sets a bound on Mthres.
Depending on the nature of available observations, this
information could be used in different ways. In the fol-
lowing we discuss three speculative possibilities.

We first assume that a number of detections of NS
mergers have been made, and that observations of both
prompt and delayed collapses bracket Mthres to a certain
accuracy. If R1.6 is independently known to some accu-

Mmax

R1.6
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Mthres

Mmax
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Bauswein, Baumgarte, Janka (2013)

•  Equal mass mergers 
•  12 fully temperature-dependent EOS 
•  340k SPH particles

Empirical relation for the threshold mass to 
prompt collapse, in terms of the maximum TOV 
mass and the radius of 1.6         stars:M�
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• 33 hadronic EOS (fully temperature dependent or 
with an added thermal part) 

• Mass ratio  

• Threshold mass determined within 

EXTENSION OF EMPIRICAL RELATION FOR THRESHOLD MASS
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Extended set of simulations with SPH+CFC code in GR:

New, bilinear empirical relations of the form

or

Bauswein et al. (2021)

0.025M�
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THRESHOLD MASS TO PROMPT COLLAPSE FOR DIFFERENT MASS RATIOS
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New bilinear empirical relations of the form

q=1 q=0.7

Mthres(M�) = 0.547Mmax + 0.165R1.6 � 0.198 (±0.042)
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Mthres(M�) = 0.832Mmax + 0.116R1.6 � 0.276 (±0.067)
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Mthres = aMmax + bR1.6 + c
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For a few EOS we construct a fit in 
the range                        of the form 

 
and find that                           within 
this sample.  

q-DEPENDENT EMPIRICAL RELATION FOR SPECIFIC EOS
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0.5  q  1
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Mthres (q) = ↵(1� q)n + �
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2.5  n  3.5
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GENERALIZED EMPIRICAL RELATION FOR THRESHOLD MASS
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We take n=3 as an average value and arrive at the  

generalized empirical relation that also depends 
on the mass ratio:

Mthres (q,Mmax, R1.6) = c1Mmax + c2R1.6 + c3
+c4�q3Mmax + c5�q3R1.6 + c6�q3
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For the base sample q=1 and q=0.7 with 
23 hadronic EOS, the maximum residual is only  
                . 0.067M�
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• Maximum angular velocity about    
 twice the central angular velocity 

• Angular velocity at equator  
 comparable to central angular velocity 

• Central angular velocity mostly due to  
 frame dragging 

• Frequency of main post-merger GW  
 peak about half of the maximum  
 angular velocity 

ROTATION PROFILE OF BNS REMNANTS
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Kastaun, Galeazzi (2015); Kastaun, Ohme (2021)

Key properties:

⌦max ⇠ 2⌦c
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⌦max ⇠ ⌦GW/2
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THERMAL PROFILE OF POST-MERGER REMNANTS
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Cold core + hot envelope of several tens MeV. 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ANGULAR MOMENTUM OF POST-MERGER REMNANTS
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The angular momentum of post-merger 
remnants at the moment of collapse is given 
by an EOS-insensitive empirical relation of 
the form (Bauswein, Stergioulas, 2017)

with a=4.041 and b=4.658.  

An alternative form is (Lucca et al. 2021)

Where                                             is the 
compactness of a TOV model with  

Iosif, Stergioulas (2021)
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• 4-parameter rotation law by Uryu et al. 
(2017), with p=1, q=3. 

•The remaining two parameters A, B are 
redefined as  

• We consider 3 hadronic EOS with radii 
between 11km and 13km for typical NS.

EQUILIBRIUM MODELS OF POST-MERGER REMNANTS
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We construct merger sequences of equilibrium 
models of post-merger remnants, with the 
following characteristics: 
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REPRODUCTION OF THE THRESHOLD MASS
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Remnant sequence

Tu
rn

ing-
point s

eq
uen

ce

actual

The intersection between the sequence of 
merger remnants and the turning-point line 
determines a threshold mass that agrees 
remarkably well for all 3 EOS. 
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ROTATION PROFILES
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The rotation profiles show a qualitative agreement with those extracted from simulations. 

⌦e ⇠ ⌦c
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DENSITY DISTRIBUTION OF REMNANT MODELS
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We find both quasi-toroidal (Type C) and quasi-spherical (Type A) models. 
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This supports the conjecture by Kastaun, 
Ohme (2021) that remnants collapse 
when their slowly rotating, cold core has 
a compactness comparable to             . 

EQUATORIAL COMPACTNESS AT PROMPT COLLAPSE
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We define the “equatorial compactness” as 

and find that the models at the threshold 
mass have 

Ce ⇠ 0.33
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The GW signal can be divided into three distinct phases:  
 inspiral, merger and post-merger oscillations. 
                                                                                                        

inspiral
fpeak

<latexit sha1_base64="h49SUfBiuqM70dPyY5AQfgNzji0="></latexit><latexit sha1_base64="h49SUfBiuqM70dPyY5AQfgNzji0="></latexit><latexit sha1_base64="h49SUfBiuqM70dPyY5AQfgNzji0="></latexit><latexit sha1_base64="h49SUfBiuqM70dPyY5AQfgNzji0="></latexit>

f2�0
<latexit sha1_base64="fIl6efhAw2sV92dCgSuacMucu6A="></latexit><latexit sha1_base64="fIl6efhAw2sV92dCgSuacMucu6A="></latexit><latexit sha1_base64="fIl6efhAw2sV92dCgSuacMucu6A="></latexit><latexit sha1_base64="fIl6efhAw2sV92dCgSuacMucu6A="></latexit>

f2+0
<latexit sha1_base64="7sQbdE4i2ZMGnJzKxrNjbXcexdk="></latexit><latexit sha1_base64="7sQbdE4i2ZMGnJzKxrNjbXcexdk="></latexit><latexit sha1_base64="7sQbdE4i2ZMGnJzKxrNjbXcexdk="></latexit><latexit sha1_base64="7sQbdE4i2ZMGnJzKxrNjbXcexdk="></latexit>

@40Mpc

POST-MERGER PHASE IN BNS MERGERS
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is due to the fundamental l=m=2 f-mode oscillation                                                                                                        

        are quasi-linear combination tones

fpeak = f2
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<latexit sha1_base64="YiXJGAuvspB5cprQjhWOaL32Uf4="></latexit><latexit sha1_base64="YiXJGAuvspB5cprQjhWOaL32Uf4="></latexit><latexit sha1_base64="YiXJGAuvspB5cprQjhWOaL32Uf4="></latexit><latexit sha1_base64="YiXJGAuvspB5cprQjhWOaL32Uf4="></latexit>

f2+0 = f2 + f0
<latexit sha1_base64="v41FmRkwAFlRVHGUhhZ6S0J1w20="></latexit><latexit sha1_base64="v41FmRkwAFlRVHGUhhZ6S0J1w20="></latexit><latexit sha1_base64="v41FmRkwAFlRVHGUhhZ6S0J1w20="></latexit><latexit sha1_base64="v41FmRkwAFlRVHGUhhZ6S0J1w20="></latexit>

11th IGWM, 10/6/2021                                                                         N Stergioulas - AUTh

Stergioulas et al. (2011)



POST-MERGER PHASE IN BNS MERGERS
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Orbiting spiral arms also lead 
to a distinct frequency 

fpeak
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SPECTRAL CLASSIFICATION OF POST-MERGER GW EMISSION
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Bauswein & Stergioulas (2015)

Type I:  

Type II:  

Type III:  

 

A2�0 > Aspiral
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RADIUS DETERMINATION THROUGH POST-MERGER GWs
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±250m� 400m
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Bauswein et al. (2012) 
Bauswein, Stergioulas, Janka (2016) 



EMPIRICAL RELATIONS FOR GW ASTEROSEISMOLOGY OF BNS MERGERS
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Vretinaris, Stergioulas & Bauswein (2020)
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HIGHLY ACCURATE UNIVERSAL RELATION FOR NONROTATING STARS
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l=2 mode in 
nonrotating NS                                                                                                       

Lioutas, Bauswein, Stergioulas (2021)
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NEW UNIVERSAL RELATIONS BETWEEN REMNANTS AND NONROTATING STARS
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5% error 5% error

fpeak (post-merger) vs. fpert (nonrotating star) fpeak (post-merger) vs. Λ1/5 (nonrotating star)

• Using the correspondence 
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DETECTABILITY OF POST-MERGER PHASE
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Single-detector detectability (S/N>5, optimal orientation)  
                                                              

Possible Improvements: 

•Network of 5 detectors 
•Stacking of several detections 
•Improved templates
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Clark, Bauswein, Stergioulas,  Shoemaker (2016)



DETECTABILITY OF POST-MERGER PHASE
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Wavelet-based reconstruction algorithm BayesWave  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Torres-Rivas, Chatziioannou, Bauswein, Clark (2019)



LOW |T/W| INSTABILITIES IN POST-MERGER REMNANTS
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Revival of the m=2 mode at late times, due to a low |T/W| 
shear instability, triggered by corotation points.

De Pietri et al. (2020)

see also Passamonti, Andersson (2020); Xie et al. (2020)

11th IGWM, 10/6/2021                                                                         N Stergioulas - AUTh



CONVECTIVE INSTABILITIES AND INERTIAL MODES IN POST-MERGER REMNANTS
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De Pietri et al. (2018) ; De Pietri et al. (2020) 

At late times, convective instabilities trigger (gravito)-inertial oscillations. 

Sign of Schwarzschild discriminant in equatorial plane:
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CONVECTIVE INSTABILITIES AND INERTIAL MODES IN POST-MERGER REMNANTS
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De Pietri et al. (2018) ; De Pietri et al. (2020) 

Potentially detectable with 3G detectors, unless suppressed 
by strong effective viscosity (e.g. due to MRI).

aVirg

aLIG

ET-

C
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CONCLUSIONS
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1) The post-merger phase has rich GW phenomenology and good prospects for constraining EOS 

2) The frequency of the main post-merger GW peak shows a tight correlation with the frequency of the 

fundamental quadrupole oscillation of isolated neutron stars. 

3) We construct accurate empirical relations for the threshold mass Mthres, including asymmetric binaries. 

4) We construct equilibrium models of post-merger remnants with realistic rotation profiles.      

5) Using the equilibrium models, we can reproduce the threshold mass to collapse with remarkable 

accuracy.  
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