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• Motivation 
• Gravitational wave astronomy (LVK detections) 
• BNS signals: GW170817 & GW190425 
• Modellisation of BNS waveforms 
• Detection prospects and inferences: 

• Inspiral 
• Early postmerger 
• Late postmerger 

• Few remarks on topics untouched

  Outline 
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Fields impacted from the study of BNS mergers:

• Gravitational wave physics: among strongest source. 
• Neutron star properties: laboratory to study high-density matter; 
key to decipher NS properties (e.g. radius and EoS). 
• GRB physics: central engine of short gamma-ray bursts. BNS 
merger GRB association. 
• Nucleosynthesis of heavy elements: kilonova emission due to the 
radioactive decay of by-products of the r-processed matter from the 
material ejected in the merger. 
• Cosmology: measure of Hubble parameter with GW information 
(BNS as standard sirens). 

Most of the above firmly supported by the one single multi-
messenger observation of GW170817.

  Motivation 
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  Gravitational-wave spectrum

June 2023 (NANOGrav, EPTA, PPTA, InPTA, CPTA) September 2015 (LIGO)
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  Gravitational waves: present-day detectability region
Prime astrophysical sources of GW: compact objects (neutron stars and black 
holes) with matter at relativistic speeds. 
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Orbital evolution of the Hulse-Taylor binary pulsar agrees with 
that of a compact binary system that emits gravitational 
radiation according to GR. 

Weisberg & Taylor (2004)
astro-ph/0407149

years

See also Burgay et al (2003) for 
results on PSR J0737-3039

  Orbital evolution B1913+16
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Hulse Taylor

(1993)



Examples of Galactic BNS that will merge within a Hubble time (13.7 Gyr)
Lorimer (2008)
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[according to lowest-order dissipative contribution from GR (2.5PN level); both NSs point masses.]

System P(day) e M1(Msun) M2(Msun) M(Msun)

B1913+16 0,323 0,617 1.39 1.44 2.83 2.45

B1534+12 0,421 0,274 1.33 1.35 2.69 22.5

B2127+11C 0,335 0,681 1.35 1.36 2.71 2.2

J0737-3039 0,102 0,088 1.35 1.24 2.58 0.85

J1756-2251 0,320 0,180 1.31 1.26 2.58 1.69

J1906-0746 0,166 0,085 1.25 1.37 2.62 3.0
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⌧GW(108yr)

  Galactic compact BNS systems observed
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  A global GW detector network

• km-scale interferometers 
• sensitive to GWs between a few Hz to a few kHz 
• simultaneous detection increases detection confidence 
• improved sky localisation and polarization
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 Observing timeline

https://observing.docs.ligo.org/plan/More details at:
All data is public: Gravitational Wave Open Science Center (www.gw-openscience.org)

J. Antonio Font      64 Cracow School of Theoretical Physics, Zakopane (Poland)   —   Jun 15-23 (2024)        |  11

http://www.gw-openscience.org


 Detectors’ sensitivities and BNS range during O3

Sensitivities during O3 
(2019-2020)

Distance range to BNS mergers 
(averaged over sky position and inclination)

LVK arXiv:2111.03606

J. Antonio Font      64 Cracow School of Theoretical Physics, Zakopane (Poland)   —   Jun 15-23 (2024)        |  12



 Observing timeline

https://observing.docs.ligo.org/plan/More details at:

J. Antonio Font      64 Cracow School of Theoretical Physics, Zakopane (Poland)   —   Jun 15-23 (2024)        |  13



 GW observations 

O3 detection rate ~ 1 event every 5 days

GWTC-1: 
11 GW events from O1 & O2 
Including GW150914 & GW170817

GWTC-2 & GWTC-2.1: 
44 new GW events (O3a)

GWTC-3: 
35 new GW events (O3b)

J. Antonio Font      64 Cracow School of Theoretical Physics, Zakopane (Poland)   —   Jun 15-23 (2024)        |  14



 GW observations 

O4a significant detection candidates: 81 (92 total, 11 retracted)

[O4a entries are preliminary candidates found online]

J. Antonio Font      64 Cracow School of Theoretical Physics, Zakopane (Poland)   —   Jun 15-23 (2024)        |  15



 GW observations (O1-O3)

All events through end of O3 with p_astro > 0.5
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 GW observations (O1-O3)

All events through end of O3 with p_astro > 0.5

GW170817
GW190425
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 LVK BNS mergers - GW170817

• BNS/sGRB association  
• Support for the kilonova model, heavy element nucleosynthesis 
• Measurement of H0 (BNS as standard siren) 
• Constraints on EOS of high-density matter (tidal deformability)

Dozens of EM follow-up observations: multi-messenger astronomy

Large impact in astrophysics, cosmology, and nuclear physics:

GW170817 & GRB170817A & AT2017gfo
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Zoom on the kilonova in NGC 4993



Temporal evolution of the kilonova determined by radiactive decay of nuclei. Two 
components: 

Blue: dominated by light elements (Z < 50) 
Red: presence of de lanthanides (Z = 57-71) and/or actinides (Z = 89-103)

Theoretical prediction (Metzger+ 2010)

Observation (Copperwaithe+ 2017)

GW170817  
   0.06 solar masses ejected 

10x Earth mass of gold
50x Earth mass of platinum
5x Earth mass of uranium

 Does the kilonova model work for GW170817?
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GW190425: Observation of a Compact Binary Coalescence with Total Mass ~ 3.4      
(LVC, ApJL, 892:L3, 2020)
Most likely 2nd BNS merger after GW170817 (BBH or NSBH cannot be ruled out)
2 interferometer detection: L1 + Virgo (poor sky localisation; no EM counterpart)

Total mass larger than any known system so far. A new population?

Farrow+ (2019)

 LVK BNS mergers - GW190425
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 LIGO-Virgo-KAGRA physics program

Transient GW signals Long(er) duration GW signals

Compact Binary Coalescences (CBC)  
modelled

Bursts (e.g. supernovae) unmodelled

Continuous waves                 
(e.g. rotating neutron stars)

Stochastic GW background
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 GW observations 
All events detected so far are consistent with compact binary coalescences. 
Signal “chirps” in the sensitivity band of the detector.

Merger 
until compact objects merge …

Ringdown 
and form a single black hole

Until merger, B1913+16 will be emitting a distinctive “chirp” gravitational wave 
signal, a universal waveform for all coalescing, quasi-circular binary systems.

Inspiral 
the orbit shrinks …
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 CBC sources - modelled sources

GW signal buried into noise. To dig the signal out, searches are based on 
matched-filtering using template banks from GR.

time
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 CBC waveform modelling

Huge amounts of template waveform banks required for both detection and parameter 
estimation. Banks incomplete in some regions of the parameter space (large mass ratio, 
precession, non QC orbits, …). 

Numerical relativity is our best tool to model CBC waveforms. But: incomplete physics, 
insufficient resolution, memory and computer power limitations. Very expensive. 

Synergy between numerical relativity and analytical relativity fundamental.

Machine Learning can help complete template banks, aid searches and PE.

Aspects to improve:  
• increase mass ratio and harmonic content 
• decrease WF systematics 
• non-QC binaries (eccentricity, dynamical captures, hyperbolic encounters)  
• WF models for exotic compact objects?  
• WF models beyond GR?
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Before merger After merger
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(⌫ >⇠ kHz)
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(20Hz < ⌫ <⇠ kHz)

post-Newtonian / EOB Numerical Relativity
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?
Post-merger waveform is 

the current frontier

  BNS mergers
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PN waveform approximants currently include high-order 
tidal corrections, dynamical tidal effects, and spin-tidal 
couplings.

Present-day tidal waveform models for BNS mergers 
are mostly based on the EOB approach.



Mathematically & Physically: 
• strong gravitational fields 
• matter motion with relativistic speeds  
• shock waves 
• strong magnetic fields  
• Nuclear physics: EoS, radiation transport, nuclear reaction networks 

Numerically: 
• intrinsic multidimensional character  
• inherent issues in Einstein’s gravity: coordinate degrees of freedom and 
curvature singularities (BH formation)  
• spatial scales: near zone vs wave zone 

Computationally: 

• Time-dependent problem: Major resources needed in terms of memory and 
CPU. Large parameter space. Supercomputers. 

Despite difficulties, major progress achieved during ~ last 25 years in NR 
simulations of BNS mergers.

  NR waveform approximants - A challenging numerical problem
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Current frontier:  
- initial data (eccentric orbits, spins, precession)  
- microphysics for tabulated thermal EOS 
- magnetic fields (KHI, MRI, amplification, jet formation) 
- dissipative (non ideal) fluids 
- neutrino radiation transport (full Boltzmann, M1)  
- nucleosynthesis (nuclear reaction network)

Most simulations: hybrid (piece polytropic + ideal gas) EoS; few include 
tabulated thermal EoS, neutrino effects, MHD (B-field amplification), and viscosity.

Rµ⌫ � 1

2
gµ⌫ = 8⇡Tµ⌫• Einstein’s field equations

Formulations: BSSN, Z4, GHF (hyperbolicity). 
Methods: high-order finite differencing, (pseudo-)spectral methods.

• Hydrodynamics equations rµT
µ⌫ = 0 rµ(⇢u

µ) = 0

Flux-Conservative hyperbolic formulations (“Valencia”). 
Methods: high-order shock-capturing finite volume.

  Numerical Relativity: Our basic theoretical model
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Example: Computational Relativity (CoRe) collaboration’s public database of 
GWs from BNS mergers. (www.computational-relativity.org)

367 waveforms, 150 million CPU-hours on supercomputers
NR waveforms fundamental to validate LIGO-Virgo PE pipelines

Dietrich+ 2018 
1806.01625
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CoRe BNS database (www.computational-relativity.org)

Dietrich+ 2018 
1806.01625

2nd release of the database (590 waveforms) 
González+ 2023 

2210.16366
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(Late) inspiral

u/M
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  Tidal deformability and measurability of NS properties
NS in binary systems produce mutual tidal stresses that deform the metric around the 
star in an EoS-dependent manner, through the tidal deformability parameter.
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k2 quadrupolar Love number

The tidal deformability parameter describes the degree to which a local metric suffers 
quadrupole deformations when in the tidal field of a companion.

It determines the                 departure of the asymptotic metric from spherical 
symmetry and the departure of waveform phase evolution from point-particle form.
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(`,m) = (2, 0)

Large tidal effects on BNS mergers observed in numerical simulations of late inspiral.

(cf. Bauswein)

Both R and k2 are fixed for a given stellar mass M by the EoS 
(k2 ≃ 0.05–0.15 for realistic neutron stars; k2=0 for BHs).
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  Tidal deformability and measurability of NS properties

Read+ 2013

Orbital phase evolution affected by tidal deformability, as GW frequency increases. 
Effect becomes significant above fGW~600 Hz (only last orbits before merger), 
potentially observable.
Inspiral accelerated compared to point-particle inspiral for larger Lambda.

merger time of point particle
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Read+ (2013): systematic investigation of inspiral using extended set of EOS and multiple-
code effort (SACRA & Whisky) to generate NR waveforms. Goal: improve data-analysis 
estimates of the measurability of matter effects in BNSs.

  Tidal deformability and measurability of NS properties
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Λ effectively characterizes properties of the star at the peak of the GW amplitude at 
the end of the inspiral phase.

Quasi-universal relation found 
between peak GW frequency at 
merger and tidal deformability.

Tidal deformability and radii 
scale tightly but not perfectly.

Quasi-universality implies that once fGW at peak amplitude is measured, so is the tidal 
deformability, hence I, M/R. Procedure: (1) fGW and component masses measured from 
inspiral GW signal. (2) quasi-universal relation yields values of component Lambdas; (3) 
analytic relation between Lambda and R yields individual radii.

  Tidal deformability and measurability of NS properties

With a single source at ~100 Mpc, the NS radius or Λ could be constrained to about 10%.
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Posterior distribution of tidal deformabilities

 Constraining the NS radius & EoS with GW170817
Properties of GW source inferred by matching the data with predicted waveforms.

Bayesian analysis in the frequency range 30–2048 Hz.

Frequency domain post-Newtonian waveform model.

Source-frame chirp mass constrained to be ∼1.186M⊙ 

Estimates of component masses affected by  
degeneracy between mass ratio and aligned spin 
components. Assumptions made on admissible 
values of spins.

Low-spin prior (consistent with observed population) 
yield component masses M1 ∈ (1.36, 1.60)M⊙ and M2 

∈ (1.17, 1.36)M⊙.

A single function Λ(m) computed from the static l=2 
perturbation of a TOV solution.

LVK constraints on Λ1 and Λ2 disfavor (stiff) EoS that predict less compact stars, such as MS1 
and MS1b, since mass range recovered generates Λ values outside the 90% probability region. 
Consistent with radius constraints from X-ray observations of neutron stars.

LVK 1710.05832
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Postmerger

Inspiral phase only probes cold EoS  
Thermal effects not accessible

u/M
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Possible outcome:
• Prompt collapse (BH ringing > 6 kHz) 
• HMNS (tGW~few-10 ms) 
• SMNS (tGW~10-100 ms) 
• Stable remnant (tGW~100 ms, minutes, weeks+)

HMNS: “Hypermassive” star. Remnant 
supported by differential rotation and 
thermal gradients.  

SMNS: “Supramassive” star. Mass 
small enough to be supported by rigid 
rotation.

 Fate of postmerger remnant
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BNS merger HMNS BH+torus

Variations on this general trend are produced by: 

- differences in the total mass for the same EOS: a binary with smaller mass 
will produce a HMNS which is further away from the stability threshold and 
will collapse at a later time.

- differences in the EOS for the same mass: a binary with an EOS allowing 
for a larger thermal internal energy (ie hotter after merger) will have an 
increased pressure support and will collapse at a later time.

Credit: AEI/Frankfurt

 Fate of postmerger remnant
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Search for signals of short duration (≲1 s) (cWB; Klimenko+ 2016) and 
intermediate duration (≲500s) (STAMP Thrane+ 2011 y cWB) in the LIGO/
Virgo data, including emission from HMNS or SMNS, respectively.   

No GW signal from post-merger remnant found. 

Upper limits (root-sum-square) of the amplitude, between 1-4 kHz, at a 50% 
detection efficiency

h50%
rss = 2.1⇥ 10

�22
Hz

�1/2

h50%
rss = 8.4⇥ 10

�22
Hz

�1/2

h50%
rss = 5.9⇥ 10

�22
Hz

�1/2

Search for post-merger GW from the remnant of the binary 
neutron star merger GW170817 (LVK, Abbott+ 2017)

Short signal:

Intermediate 
signal:

(ms magnetar model)

(bar-mode model)

Post-merger emission from a GW170817-like event may be detected when 
LIGO/Virgo reach design sensitivity or with 3G detectors (ET, CE). 

  Searches of postmerger signals
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 3G Detectors

Einstein Telescope Cosmic Explorer

Einstein Telescope conceived to 
be six, V-shaped, underground 
interferometers, formed out of 10 
km sides of an equilateral triangle

Cosmic Explorer conceived to 
be an L-shaped, overground 
interferometer, with 40 km arms

GWIC 3G reports   https://gwic.ligo.org/3Gsubcomm/

http://www.et-gw.eu https://dcc.cosmicexplorer.org/P2100003/public
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 3G Detectors

Reach for equal-mass non 
spinning binaries for 3G 

Observatoires

Sensitivity of ET and CE 
compared to Advanced LIGO

GWIC 3G reports   https://gwic.ligo.org/3Gsubcomm/
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 3G Detectors

With ET and CE, GW observatories will leap from monitoring only the nearby 
Universe to surveying the entire Universe for BH mergers

Redshift reach of LIGO Voyager, ET, and 
CE. Shown are the redshifts for: 

- BNS mergers 
- BBH mergers

Evan Hall 
Galaxies 2022, 10(4), 90

Assumptions: 

- Madau-Dickinson SFR 
- Time from binary formation to 

merger is 100 Myr 

Most binaries merge at z~2
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 Characterisation of the properties of postmerger signal

Hotokezaka+ 
(2011)

f [Hz]

broad peaks in 
postmerger 

spectra

2-4 kHz peaks detectable by 3G detectors or 2G detectors if source close enough (20 Mpc).

HMNS Fourier spectrum (heff @ 100 Mpc)
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Postmerger phase has rich GW phenomenology; good prospects for constraining EoS.

HMNS asteroseismology: interpretation of the characteristics of oscillation modes of 
the postmerger remnant in terms of the physical properties of the stellar interior. 

Goal: use GW spectra to find quasi-universal relations between oscillation frequencies 
(spectra peaks) and NS properties (mass, radius, tidal deformability)

NR simulations have revealed that a number of peculiar frequencies are related with the 
properties of the binary through quasi-universal relations.  

Relations suggested for:

1. the GW frequency at merger (e.g. Read+ 2013; Bernuzzi+ 2014; Takami+ 2015; 
Rezzolla & Takami 2016; Most+ 2019; Bauswein+ 2019; Weih+ 2020; Gonzalez+ 2022; 
Topolski+ 2024; Guerra+ 2024) 

2. the dominant peak frequency in the postmerger spectrum (e.g. 
Oechslin & Janka 2007; Bauswein & Janka 2012; Read+ 2013; Rezzolla & Takami 2016; 
Gonzalez+ 2022; Topolski+ 2024, Guerra+ 2024) 

3. other frequencies identifiable in the transient period right after the 
merger (Bauswein & Stergioulas 2015; Takami+ 2015; Rezzolla & Takami 2016)

 Characterisation of the properties of postmerger signal
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Many attempts to empirically fit HMNS mode frequencies vs Love number: Bauswein 
& Stergioulas (2013), Read+ (2013), Takami+ (2015), Rezzolla & Takami (2016), 
Vretinaris+ (2019), Lioutas+ (2021), …

  HMNS asteroseismology
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  Quasi-normal modes of oscillation of stars
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Polar fluid modes most important for GW emission:
• Fundamental mode (f-mode): exists only for non-radial oscillations and describes surface 

waves. Due to the interface between the star and its surroundings. Eigenfunction has no 
nodes inside the star.
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f ⇠ 2 kHz, ⌧ < 1 s

• Pressure modes (p-modes): exist for both radial and non-radial oscillations. Infinitely many 
of them. Pressure is the restoring force. Oscillations nearly radial. Frequencies depend on 
the travel time of acoustic waves across the star (standing sound waves).
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f > 4 kHz, ⌧ > 1 s

• Gravity modes (g-modes): only exist for finite temperature stars. Infinitely many of them. 
Buoyancy is the restoring force. Oscillations nearly tangential.
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f < 500Hz, ⌧ > 5 s

Axial fluid modes:

• Rotation modes (r-modes).  
Subclass of inertial modes.

Polar and axial spacetime modes:
• Wave or curvature modes (w-modes).
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f > 6 kHz, ⌧ ⇠ 0.1ms

Kokkotas & Schmidt (1999)



  GW asteroseismology of pulsating NS

Computed linear eigenfrequencies of the 
oscillation modes of NS most important for 
GW astronomy, the f-mode, the first pressure 
p-mode and the first GW w-mode. 

Used NS models with twelve realistic EoS. 

A set of “empirical relations” between the 
mode-frequencies and the parameters of the 
star (the radius R and the mass M) was 
inferred.

Proof-of-principle that those empirical relations can be used to extract the 
details of the star from observed oscillation modes.

Idea already put forward in seminal work by Andersson & Kokkotas (1998).
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For example, for the f-mode:
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GW signal divided in three distinct phases: 
inspiral, merger, postmerger oscillations

total pre-merger post-merger
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fpeak = f2 fundamental l=m=2 
f-mode oscillation
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f� = f2 � f0
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f+ = f2 + f0
quasilinear 

combination tones

Triplet of frequencies identified in GW spectrum.

Future GW observations may extract  
GW asteroseismology with post-merger 
remnant to constrain the EOS.
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f2 & f0

Shen 1.35-1.35 
@100 Mpc
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f2

Stergioulas+ (2011)

 Oscillation modes in HMNS (early postmerger)
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  Detectabilty postmerger signal - Bayeswave
Bayeswave   (Cornish & Littenberg 2015) provides a robust method to characterize the GW 
emission from the remnant of a BNS merger.  

Bayesian GW data analysis pipeline developed within the LVK Collaboration.

Bayeswave  has been applied on simulated data from NR simulations of BNS 
mergers injected into a network of advanced ground-based detectors

Bayeswave employs a morphology-independent approach to reconstruct the postmerger GW 
signal through a sum of appropriate basis functions (sine-Gaussians wavelets) and provide 
the full posterior probability distribution of the underlying waveform.

Clark+ 2014, 2016; Chatziioannou+ 2017; Bose+ 2018; Miravet-Tenés+ 2023, 2024 

docs.ligo.org/lscsoft/bayeswave

Results demonstrate the GW signal reconstruction capabilities of the pipeline. 
Posterior distributions for the GW peak frequency and for the NS radius.
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  Detectabilty postmerger signal - Bayeswave

Waveform from a NR simulation of 
two nonspinning, (1.35, 1.35)M⊙ NS 
with DD2 EoS.

Injected at a post-merger SNR of 5 
(roughly corresponds to a distance 
of 20Mpc).

Shaded region denote 90% CI of the 
reconstruction. 

Chatziioannou+ 2017

Reconstruction of waveform and spectrum
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  Detectabilty postmerger signal - Bayeswave
Quality of reconstruction measured by the overlap between signal s and model h

perfect match between injected and reconstructed signals
no match

Chatziioannou+ 2017
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  Detectabilty postmerger signal - Bayeswave

Posterior density function of the GW peak frequency

As SNR increases, Bayeswave  achieves a more accurate reconstruction of the signal 
and the posterior peaks at the correct value for fpeak.

Chatziioannou+ 2017
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  Detectabilty postmerger signal - Bayeswave
Bauswein+ (2012):  peak frequency of (1.35−1.35)M⊙ BNS merger correlates with 
the radius of a 1.6M⊙ nonrotating NS in an EoS-independent manner (density 
regimes are comparable). Similar relations found for other binary masses and other 
radii (R1.35 or R1.8) (Bauswein+ 2012, 2016)

Therefore, a potential measurement of fpeak from postmerger signal can be used to 
obtain an estimate on R1.6, a quantity that can be used to directly constrain the EoS.

The smaller the scatter (<200 m) the smaller the error in radius measurement. 

all 1.35-1.35 BNS simulations
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  Detectabilty postmerger signal - Bayeswave
Inference on the radius: posteriors for the fpeak converted to posteriors for R1.6.

The statistical error in the NS radius measurement from the postmerger signal comparable to 
the corresponding error from the inspiral signal.

Chatziioannou+ 2017

For different binary total mass M, the deviation from perfect universality in the fpeak/M − R1.6 
relation is taken into account. Systematic uncertainties dealt with through marginalisation.

Shaded regions: posteriors for best-fit 
model (systematic uncertainties ignored)

Dashed lines: marginalised posteriors 
including systematic uncertainties in 
measurements in fpeak/M − R1.6 and total 
mass M.

Measurement of R1.6 to within (300–700) m at the 90% CL.
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Late time postmerger
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De Pietri+ (2018)

f2-mode inertial mode

Early post-merger GW emission dominated by the f-mode. 
Late post-merger GW emission dominated by a low-frequency (gravito-)inertial 
mode (due to convection). 

f2-mode inertial mode

  Late postmerger: convective excitation of inertial modes
De Pietri+ (2018, 2022) reported results on the longest term simulations of 
BNS mergers thus far performed (up to 140 ms post-merger).
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Early postmerger GW 
emission dominated by 
the f2-mode.

Late postmerger emission 
dominated by a low-
frequency (gravito-)inertial 
mode (due to convection). 

Results shown for SLy EoS only. Holds for all EoS models.

  Convective excitation of inertial modes

De Pietri+ (2018)
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About 30-50 ms after merger, 
parts of the HMNS become 
convectively unstable, exciting 
inertial modes.  

Might be potentially detected 
by 3G detectors.  

Opportunity to infer rotational 
and thermal properties of BNS 
remnants.

Sign of Schwarzschild discriminant (>0 unstable=dark)
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Treatment of thermal effects in postmerger

hybrid EoS vs tabulated EoS
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Late inspiral phase: neutron stars are cold. 
Neutron stars with age > 107 years have undergone long-term cooling by neutrinos 
and photons.

Merger phase: neutron stars are hot. Shock heating increases temperature to about  

New effects likely to play important dynamical role: finite temperature effects, lepton 
fraction, neutrino thermal pressure, neutrino cooling. 

Neutron stars modeled by thermal EOS. 
Problem: systematic survey as well; few EOS available, more needed.

T < 105 K ⇠ 10 eV ⌧ EF ⇠ 100MeV

Hence, neutron stars can be modelled by cold EOS. 
Problem: such EOS is still unknown; need for a systematic survey.

kT ⇠ 0.1� 0.2EF ⇠ 10MeV

 Thermal conditions of BNS mergers
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P (⇢, ") = Pcold(⇢) + Pth(⇢, ")

Piecewise-polytropic EOS for the cold part (Read et al 2009)

PP-EOS can 
approximate any 
EOS candidate of 
supranuclear 
density matter

Pth = (�th � 1)("� "cold)⇢, �th = 1.357� 1.8
Thermal part of the pressure (shock heating) for hot, merged NS (T~10MeV) given 
by

(cold) EOS zoo

 Dependence on the nuclear EOS
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Main questions we are interested in addressing: 
Q1: is treatment of thermal effects imprinted in the GW spectra of the HMNS signal? 
Q2: what are the differences in the spectra of finite-temperature models compared 
to piecewise-polytropic (hybrid) models?

Finite temperature adds further pressure support that may change the internal 
structure of the postmerger remnant and its subsequent evolution.

Lim & Holt (2019) showed that above 0.5n0 (n0 ≈ 0.16 fm−3),         strongly depends on 
the nucleon effective mass.  

Hence, hybrid approach may overestimate the thermal pressure by a few orders of 
magnitude (Raithel+ 2021) and may induce significant changes in the GW frequencies 
(Bauswein+ 2010, Figura+ 2021)

To overcome this limitation, some BNS simulations incorporate thermal effects through 
full finite-temperature EOS: 

• CFC gravity: Oechslin+ 2007, Bauswein+ 2010  
• full GR: Sekiguchi+ 2011, Espino+ 2022, Fields+ 2023, Werneck+ 2023, Guerra+ 2023
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�th

 Thermal conditions of BNS mergers
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• equal-mass BNSs in a quasiequilibrium circular orbit generated using LORENE 
• binaries consist of two identical irrotational NSs modeled by  

1. hybrid EOS (SLy, APR4, H4 & MS1): 7-piece PWP + thermal part Γth = 1.8. 
2. corresponding tabulated models. Tables by Schneider–Roberts–Ott (2017) 

freely available at stellarcollapse.org

Simulations performed using the NR 
open-source EinsteinToolkit 
(Löffler+ 2012).

einsteintoolkit.org

  Comparison between hybrid and tabulated EoS treatment

illinoisgrmhd.net
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Solid lines: tabulated EoS
Dashed lines: hybrid EoS

[Stiff EoS] 
    DD2: Typel+ (2010) 
    HShen: Shen+ (2011)

[Soft EoS] 
    SLy4: Chabanat+ (1998) 
    LS220: Lattimer & Swesty (1991)

  Initial Data

Guerra+ (2024)
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Postmerger evolution of rest-mass density and internal energy for HShen EoS

Top half: tabulated model 
Bottom half: hybrid model

Left half: rest-mass density 
Right half: internal energy

  Long-term postmerger evolutions illinoisgrmhd.net

Guerra+ (2024)
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rest-mass density 
(left half)

internal energy 
(right half)

DD2 EoS

HShen EoS

A few ms after merger, the production of heat (increase in T) much more significant in 
tabulated EoS models. Similar density distribution in both (hybrid and tabulated) models.

Tabulated EoS 
(top half)

t-tmer = 5 ms

Hybrid EoS  
(bottom half)

Guerra+ (2024)
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rest-mass density 
(left half)

internal energy 
(right half)

DD2 EoS

HShen EoS

At late time, bulk radius of HMNS smaller for PWP models (higher compactness) and for both 
EoS (~10 km decrease for HShen). Ring of higher T surrounding HMNS for thermal models.

t-tmer = 140 ms

Guerra+ (2024)

Tabulated EoS 
(top half)

Hybrid EoS  
(bottom half)
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Evolution of the lapse function: LS220 

Blue line: zero T  
Black line: finite T

Most important dynamical difference found for LS220 EoS: 
• Finite T model produces a stable HMNS 
• Zero T model collapses to a BH
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HShen DD2

Hybrid

Tabulated

Hybrid

Tabulated

Most significant differences in postmerger waveform found for HShen EoS. 
HMNS oscillations damped more rapidly for tabulated EoS model.

  Differences on waveforms

Guerra+ (2024)
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GW spectra: HShen (top) & SLy4 (bottom)

Blue curves: PWP. Black curves: TAB
Dashed lines: full PSD. Solid lines: windowed PSD

Peaks for f2, f2i, finertial shifted to lower 
frequencies for tabulated EoS models.
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Hybrid models (circles):  
similar STD for both fits (0.0095, blue 
shaded region)

Rezzolla & Takami (2016)

Tabulated models (triangles):  
Smaller STD (0.007; purple shaded region)

Guerra+ (2024)

  HMNS asteroseismology - treatment of thermal effects
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Network overlap of early post-merger signal (f2-mode)

No large differences between hybrid and tabulated models.
ET overlap > 0.7 for all EoS except SLy4 even @100 Mpc.

  Detectability of thermal EoS treatment - Bayeswave
Miravet-Tenés+ (2024) 

2401.02493
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Network overlap of late post-merger signal (inertial mode)

Inertial modes reconstructed properly up to significantly closer distances than the 
fundamental quadrupolar mode (10s of Mpc vs 100s of Mpc).

Miravet-Tenés+ (2024) 
2401.02493

  Detectability of thermal EoS treatment - Bayeswave
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Posterior probability of the peak frequency of the f2 mode, for different distances 
and PWP and TAB EoS. [Dashed vertical line: injected value] 

HShen EoS shows the best results up to ~100-200 Mpc, for both types of models.

~10% decrease

  Inference on the f2 peak 
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Largest differences between hybrid and tabulated models found for HShen.

Posterior probability of tidal deformability obtained from the f2 mode, for different 
distances and PWP and TAB EoS. [Dashed red vertical line: injected value]. 

~20% increase

  Inference on the tidal deformability 
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Log of relative Bayes Factors 
between tabulated and hybrid models  

(inclination 0.3, distance 100 Mpc) Mean detection distances (averaged over sky 
angles) for a mean Bayes Factor 
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logBth
cold ⇠ 5

Thermal EoS treatment detectable with                           at average distances 
of ~ 50Mpc for source inclinations                regardless of the EoS.
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◆  0.8

LS220

LS220

  Detectability of thermal effects treatment

Villa-Ortega+ 2310.20378
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Non-convex dynamics in BNS mergers
G. Rivieccio, D. Guerra, M. Ruiz & JAF (2024)  

arXiv:2401.06849

J. Antonio Font      64 Cracow School of Theoretical Physics, Zakopane (Poland)   —   Jun 15-23 (2024)        |  79



  QCD phase diagram

(Credit: GSI Helmholtzzentrum für Schwerionenforschung GmbH, Darmstadt/Germany)

Is there a first order transition (from ordinary nuclear matter to a quark gluon plasma) 
and a critical point at finite density?

QCD phase diagram determines the form of hadronic matter depending on 
temperature and matter density.
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(Bauswein+ 2019)

Bauswein+ (2019) identified an observable imprint of a first-order hadron-quark PT at 
supranuclear densities on the GW emission of BNS mergers.  

Dominant postmerger GW frequency fpeak may exhibit a significant deviation from an 
empirical relation between fpeak and tidal deformability if a first-order PT leads to the 
formation of a stable extended quark matter core in the postmerger remnant.

Green + : DD2F-SF EoS (PT to deconfined quarks) 
Black markers: purely hadronic EoS

  BNS mergers with hadron-quark phase transitions

EoS from Wroclaw group (Fischer+ 2018, Bastian+ 2018)
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Q1: Could this shift in frequency be explained by a different reason?
Q2: Could the anomalous dynamics be triggered by a non-convex EoS?

In classical fluid dynamics, the convexity of the system is determined by the EoS, 
(Menikoff & Plohr 1989; Godlewski & Raviart 1996), more specifically, by the so-called 
fundamental derivative:
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�1 adiabatic index. Characterizes stiffness of EoS at a given density, showing a local 
maximum above nuclear matter density. 

For relativistic fluid dynamics, Ibáñez+ (2013) found a 
quantity analogous to the classical fundamental derivative, 
the relativistic fundamental derivative.
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Pioneer work on EoS-driven, non-convex thermodynamics made by Bethe (1942), 
Zel’dovich (1946), and Thompson (1971). The latter introduced the concept of fundamental 
derivative. Fluids attaining negative values of the fundamental derivative are called Bethe-
Zel’dovich-Thompson fluids, or BZT fluids (e.g. van der Waals EoS; see Voss 2005).
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The fundamental derivative measures the convexity of the isentropes in the           plane.  

• If          , isentropes in the           plane are convex, leading to expansive rarefaction 
waves and compressive shocks (Thompson 1971). This is the usual regime in which 
many astrophysical scenarios develop.  

• However, some EoS may display regimes in which          and the EoS is non-convex. 
The non-convexity of isentropes in the          plane yield e.g. compressive rarefaction 
waves and expansive shocks. 

These “exotic” phenomena have 
been observed experimentally 

Cinnella & Congedo (2007) 
Cinnella+ (2011).
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<latexit sha1_base64="UHko7M+vAebBxt1tlNOL7uFoTuI=">AAAB53icbZDLTsMwEEUn5VXKq8CSjUWFxIYqQbyWFWxYFok+pDaqHHfSmjpxZDtIVdRvgBUCdvwPP8Df4JYsoOWujudeS3MnSATXxnW/nMLS8srqWnG9tLG5tb1T3t1rapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTP3WIyrNZXxvxgn6ER3EPOSMGjtqJiddNZS9csWtujORRfByqECueq/82e1LlkYYGyao1h3PTYyfUWU4EzgpdVONCWUjOsCOxZhGqP1stu2EHIVSETNEMnv/zmY00nocBTYTUTPU8950+J/XSU145Wc8TlKDMbMR64WpIEaSaWnS5wqZEWMLlClutyRsSBVlxp6mZOt782UXoXla9S6q53dnldp1fogiHMAhHIMHl1CDW6hDAxg8wDO8wbvDnSfnxXn9iRac/M8+/JHz8Q1Hz4yX</latexit>p� ⇢

<latexit sha1_base64="UHko7M+vAebBxt1tlNOL7uFoTuI=">AAAB53icbZDLTsMwEEUn5VXKq8CSjUWFxIYqQbyWFWxYFok+pDaqHHfSmjpxZDtIVdRvgBUCdvwPP8Df4JYsoOWujudeS3MnSATXxnW/nMLS8srqWnG9tLG5tb1T3t1rapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTP3WIyrNZXxvxgn6ER3EPOSMGjtqJiddNZS9csWtujORRfByqECueq/82e1LlkYYGyao1h3PTYyfUWU4EzgpdVONCWUjOsCOxZhGqP1stu2EHIVSETNEMnv/zmY00nocBTYTUTPU8950+J/XSU145Wc8TlKDMbMR64WpIEaSaWnS5wqZEWMLlClutyRsSBVlxp6mZOt782UXoXla9S6q53dnldp1fogiHMAhHIMHl1CDW6hDAxg8wDO8wbvDnSfnxXn9iRac/M8+/JHz8Q1Hz4yX</latexit>p� ⇢

<latexit sha1_base64="rSvf1Aa1oo2mcOviUIjxJr+sY9k=">AAAB63icbZDLTsMwEEUn5VXKq8CSjUWFxKpKEK8VqmAByyLRh2ijynEnrVU7iWwHqYr6FbBCwI6/4Qf4G9ySBRTu6njutTR3gkRwbVz30yksLC4trxRXS2vrG5tb5e2dpo5TxbDBYhGrdkA1Ch5hw3AjsJ0opDIQ2ApGV1O/9YBK8zi6M+MEfUkHEQ85o8aO7rMuo4JcTy7cXrniVt2ZyF/wcqhArnqv/NHtxyyVGBkmqNYdz02Mn1FlOBM4KXVTjQllIzrAjsWIStR+Ntt4Qg7CWBEzRDJ7/8xmVGo9loHNSGqGet6bDv/zOqkJz/2MR0lqMGI2Yr0wFcTEZFqc9LlCZsTYAmWK2y0JG1JFmbHnKdn63nzZv9A8qnqn1ZPb40rtMj9EEfZgHw7BgzOowQ3UoQEMIniCV3hzpPPoPDsv39GCk//ZhV9y3r8Ah36N1g==</latexit>

G > 0

<latexit sha1_base64="pnbHUlcZNwK7ikv5vUzJzKywWMk=">AAAB63icbZC7TsMwFIZPyq2UW4GRxaJCYqoSxG1gqGCAsUj0ItqoctyT1qqdRLaDVEV9CpgQsPE2vABvg1syQOGfPp//t3T+EySCa+O6n05hYXFpeaW4Wlpb39jcKm/vNHWcKoYNFotYtQOqUfAIG4Ybge1EIZWBwFYwupr6rQdUmsfRnRkn6Es6iHjIGTV2dJ91GRXkenLh9soVt+rORP6Cl0MFctV75Y9uP2apxMgwQbXueG5i/Iwqw5nASambakwoG9EBdixGVKL2s9nGE3IQxoqYIZLZ+2c2o1LrsQxsRlIz1PPedPif10lNeO5nPEpSgxGzEeuFqSAmJtPipM8VMiPGFihT3G5J2JAqyow9T8nW9+bL/oXmUdU7rZ7cHldql/khirAH+3AIHpxBDW6gDg1gEMETvMKbI51H59l5+Y4WnPzPLvyS8/4FhICN1A==</latexit>

G < 0

  “Exotic” fluid dynamics
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At densities higher than nuclear saturation density n0 nuclear/hadronic matter undergoes a 
phase transition into a quark-gluon plasma.  

The HotQCD Collaboration (Bazavov+ 2014) and the Wuppertal-Budapest Collaboration 
(Borsányi+ 2014) have shown that the EoS energy density in the crossover region is about 
1.2−3.1n0. Within this temperature range                                       the sound speed is non-
monotonic.  

Similar conclusions achieved by Badaque & Steiner (2015)

<latexit sha1_base64="DlYP9GOLb4CwWRrDLtsJCxlsv6c=">AAACAXicbVDNSgMxGMz6W+tf1aMgwSLUS9nVtnosevEiVOgfdJeSTb9tQ5PdJckKZelJX0ZPot58BV/AtzGtPWjrnCYzE/hm/JgzpW37y1paXlldW89sZDe3tnd2c3v7TRUlkkKDRjySbZ8o4CyEhmaaQzuWQITPoeUPryd+6x6kYlFY16MYPEH6IQsYJdpI3dxRxymVXQ64jgupKwW+heb4FE8Up3LudXN5u2hPgReJMyN5NEOtm/t0exFNBISacqJUx7Fj7aVEakY5jLNuoiAmdEj60DE0JAKUl057jPFJEEmsB4Cn79/ZlAilRsI3GUH0QM17E/E/r5Po4NJLWRgnGkJqIsYLEo51hCdz4B6TQDUfGUKoZOZKTAdEEqrNaFlT35kvu0iaZ0WnUizflfLVq9kQGXSIjlEBOegCVdENqqEGougRPaM39G49WE/Wi/X6E12yZn8O0B9YH99tQ5Q8</latexit>

[145  T (MeV)  163]

Non-monotonicity of sound speed can 
also result from the behaviour of the 
adiabatic index (see Haensel & Potekhin 
2004).

Shen+ (2011)  

non-monotonic behaviour of adiabatic 
index for various EoS broadly used in 
numerical simulations of core collapse 
supernovae and BNS mergers. 
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The non-monotonicity of the adiabatic index (sound speed) should be considered 
as a genuine feature of matter at a few times nuclear saturation density.  
Under such conditions, and particularly if there are phase transitions to exotic 
components, the fundamental derivative could be negative, implying that the EoS 
be non-convex in that regime. This would lead to non-convex dynamics.

Following Ibáñez+ 2018 and Aloy+ 2018 we illustrate the effects a non-convex 
EoS may produce on the dynamics of BNS mergers with a phenomenological 
EoS. This toy-model EoS mimics the loss of convexity resulting from a non-
monotonic behavior of the adiabatic index with density.

<latexit sha1_base64="GvoRie8Hab8/p8I8DC/izE7PZt8=">AAAB+3icbVDLSsNAFJ3UV62vqhvBTbAIdWFJxNdGKLrQZQX7gCaUyfSmGTqTCTMToYT6M7oSdedf+AP+jZPahVbP6tx7zoV7TpAwqrTjfFqFufmFxaXicmlldW19o7y51VIilQSaRDAhOwFWwGgMTU01g04iAfOAQTsYXuV6+x6koiK+06MEfI4HMQ0pwdqseuWd5KLqXWPO8aF74MlIeJAoynKp4tScCey/xJ2SCpqi0St/eH1BUg6xJgwr1XWdRPsZlpoSBuOSlypIMBniAXQNjTEH5WeTBGN7PxTS1hHYk/mnN8NcqREPjIdjHalZLV/+p3VTHZ77GY2TVENMjMVoYcpsLey8CLtPJRDNRoZgIqn50iYRlphoU1fJxHdnw/4lraOae1o7uT2u1C+nRRTRLtpDVeSiM1RHN6iBmoigB/SEXtGbNbYerWfr5dtasKY32+gXrPcvIZqT0A==</latexit>

p = (�� 1)⇢✏
<latexit sha1_base64="RjDiRaqbvXu0pWxkr1vbC4pgRU8="></latexit>

� = �0 + (�1 � �0)e
� (⇢�⇢1)2

�2 4 free parameters: 
<latexit sha1_base64="/LZA6amfdDeVzVI8otP1ehKxeFo=">AAACBXicbZC7TsMwGIWdcivlFmBksVohMaAqQdzGChbGItGL1EbRH9dJrdpJZDtIVdQZXgYmBGy8AC/A2+CWDNByFn/+z7Hk8wcpZ0o7zpdVWlpeWV0rr1c2Nre2d+zdvbZKMkloiyQ8kd0AFOUspi3NNKfdVFIQAaedYHQ99Tv3VCqWxHd6nFJPQBSzkBHQZuTb1X4EQoDvHOOCXEOKRQLMKYeJ7/p2zak7M+FFcAuooUJN3/7sDxKSCRprwkGpnuuk2stBakY4nVT6maIpkBFEtGcwBkGVl8+6TPBhmEishxTP7r+zOQilxiIwGQF6qOa96fA/r5fp8NLLWZxmmsbERIwXZhzrBE9XggdMUqL52AAQycwvMRmCBKLN4iqmvjtfdhHaJ3X3vH52e1prXBWLKKMDVEVHyEUXqIFuUBO1EEGP6Bm9oXfrwXqyXqzXn2jJKt7soz+yPr4BJo+XAQ==</latexit>�0, �1,�, ⇢1

Ibáñez+ 2018toy 
model

toy 
model

J. Antonio Font      64 Cracow School of Theoretical Physics, Zakopane (Poland)   —   Jun 15-23 (2024)        |  85



Non-convex dynamics 
(GGL EoS)

Convex dynamics 
(Ideal gas EoS)

  Example Riemann problem: relativistic blast wave collision

Ibáñez+ 2018
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Non-convex dynamics 
(toy model EoS)

Convex dynamics 
(Ideal gas EoS)

  Example Riemann problem: relativistic blast wave collision

Ibáñez+ 2018
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<latexit sha1_base64="UHko7M+vAebBxt1tlNOL7uFoTuI=">AAAB53icbZDLTsMwEEUn5VXKq8CSjUWFxIYqQbyWFWxYFok+pDaqHHfSmjpxZDtIVdRvgBUCdvwPP8Df4JYsoOWujudeS3MnSATXxnW/nMLS8srqWnG9tLG5tb1T3t1rapkqhg0mhVTtgGoUPMaG4UZgO1FIo0BgKxjdTP3WIyrNZXxvxgn6ER3EPOSMGjtqJiddNZS9csWtujORRfByqECueq/82e1LlkYYGyao1h3PTYyfUWU4EzgpdVONCWUjOsCOxZhGqP1stu2EHIVSETNEMnv/zmY00nocBTYTUTPU8950+J/XSU145Wc8TlKDMbMR64WpIEaSaWnS5wqZEWMLlClutyRsSBVlxp6mZOt782UXoXla9S6q53dnldp1fogiHMAhHIMHl1CDW6hDAxg8wDO8wbvDnSfnxXn9iRac/M8+/JHz8Q1Hz4yX</latexit>p� ⇢

<latexit sha1_base64="ZnBiMoNS8jgvdZuXHhc0AU8c2io=">AAAB7XicbZC7TsMwFIadcivlVmBksaiQmKKE+4JUwcJYJHqRmqhy3JPWqh1HtoNURX0MmBCw8TK8AG+DWzJAyz99Pv9v6fwnSjnTxvO+nNLS8srqWnm9srG5tb1T3d1raZkpCk0quVSdiGjgLIGmYYZDJ1VARMShHY1up377EZRmMnkw4xRCQQYJixklxo6CYECEID3/+tT1etWa53oz4UXwC6ihQo1e9TPoS5oJSAzlROuu76UmzIkyjHKYVIJMQ0roiAygazEhAnSYz3ae4KNYKmyGgGfv39mcCK3HIrIZQcxQz3vT4X9eNzPxVZizJM0MJNRGrBdnHBuJp9Vxnymgho8tEKqY3RLTIVGEGnugiq3vz5ddhNaJ61+45/dntfpNcYgyOkCH6Bj56BLV0R1qoCaiKEXP6A29O9J5cl6c159oySn+7KM/cj6+AW3Gjk4=</latexit>

�1 = 3.0
<latexit sha1_base64="WYnDvKuBsbLg26CT6PFdPDp9OmQ=">AAACCHicbVDJTsMwFHRYS9kCHLlYVJXKJYoRZTkgVXDhWCS6SE2IHNdprTqLbAepivID8DNwQsCNMz/A3+CWHKBlTvPezJM94yecSWXbX8bC4tLyympprby+sbm1be7stmWcCkJbJOax6PpYUs4i2lJMcdpNBMWhz2nHH11N9M49FZLF0a0aJ9QN8SBiASNY6ZVnVh0xjD10YVvnyFEspBIi+y5D9RzWMkeEkAxkfuiZFduyp4DzBBWkAgo0PfPT6cckDWmkCMdS9pCdKDfDQjHCaV52UkkTTEZ4QHuaRlg/7GbTODmsBrGAakjhdP7tzXAo5Tj0tSfEaihntcnyP62XquDMzViUpIpGRFu0FqQcqhhOWoF9JihRfKwJJoLpX0IyxAITpbsr6/hoNuw8aR9Z6MSq3xxXGpdFESWwDw5ADSBwChrgGjRBCxDwCJ7BG3g3Hown48V4/bEuGMXNHvgD4+MbiJCXsg==</latexit>

⇢1 = 0.91⇥ 1015(cgs)
<latexit sha1_base64="UeHn2n8BuZjWHaQenb7cz62Ld2w=">AAAB9HicbZC7TsMwGIWdcivllsLIYlEhMUUJUGBBqmBhLBK9SE0UOa7TWrXjyHaKqqhvAhMCNp6EF+BtcEsGaDnT5/8cS/9/opRRpV33yyqtrK6tb5Q3K1vbO7t7dnW/rUQmMWlhwYTsRkgRRhPS0lQz0k0lQTxipBONbmd+Z0ykoiJ50JOUBBwNEhpTjLQZhXbVV3TA0bXrnNV9ORShF9o113HngsvgFVADhZqh/en3Bc44STRmSKme56Y6yJHUFDMyrfiZIinCIzQgPYMJ4kQF+Xz1KTyOhYR6SOD8/TubI67UhEcmw5EeqkVvNvzP62U6vgpymqSZJgk2EePFGYNawFkDsE8lwZpNDCAsqdkS4iGSCGvTU8Wc7y0euwztU8e7cOr357XGTVFEGRyCI3ACPHAJGuAONEELYPAInsEbeLfG1pP1Yr3+REtW8ecA/JH18Q2NOJCZ</latexit>

� = 0.35⇢1

<latexit sha1_base64="GvoRie8Hab8/p8I8DC/izE7PZt8=">AAAB+3icbVDLSsNAFJ3UV62vqhvBTbAIdWFJxNdGKLrQZQX7gCaUyfSmGTqTCTMToYT6M7oSdedf+AP+jZPahVbP6tx7zoV7TpAwqrTjfFqFufmFxaXicmlldW19o7y51VIilQSaRDAhOwFWwGgMTU01g04iAfOAQTsYXuV6+x6koiK+06MEfI4HMQ0pwdqseuWd5KLqXWPO8aF74MlIeJAoynKp4tScCey/xJ2SCpqi0St/eH1BUg6xJgwr1XWdRPsZlpoSBuOSlypIMBniAXQNjTEH5WeTBGN7PxTS1hHYk/mnN8NcqREPjIdjHalZLV/+p3VTHZ77GY2TVENMjMVoYcpsLey8CLtPJRDNRoZgIqn50iYRlphoU1fJxHdnw/4lraOae1o7uT2u1C+nRRTRLtpDVeSiM1RHN6iBmoigB/SEXtGbNbYerWfr5dtasKY32+gXrPcvIZqT0A==</latexit>

p = (�� 1)⇢✏
<latexit sha1_base64="RjDiRaqbvXu0pWxkr1vbC4pgRU8="></latexit>

� = �0 + (�1 � �0)e
� (⇢�⇢1)2

�2

<latexit sha1_base64="3qWFsVWg88yrwcXQMIUbdM9/1KM=">AAAB7XicbZDLSgMxFIYz9VbrrerSTbAIroYZ8dKNUHTjsoK9QGcomfRMG5pMhiQjlKGPoStRd76ML+DbmNZZaOu/+nL+P3D+E6WcaeN5X05pZXVtfaO8Wdna3tndq+4ftLXMFIUWlVyqbkQ0cJZAyzDDoZsqICLi0InGtzO/8whKM5k8mEkKoSDDhMWMEmNHQTAkQpC+d+279X615rneXHgZ/AJqqFCzX/0MBpJmAhJDOdG653upCXOiDKMcppUg05ASOiZD6FlMiAAd5vOdp/gklgqbEeD5+3c2J0LriYhsRhAz0ovebPif18tMXA9zlqSZgYTaiPXijGMj8aw6HjAF1PCJBUIVs1tiOiKKUGMPVLH1/cWyy9A+c/1L9+L+vNa4KQ5RRkfoGJ0iH12hBrpDTdRCFKXoGb2hd0c6T86L8/oTLTnFn0P0R87HN3U0jlM=</latexit>

�0 = 1.8

Blue: convex dynamics
<latexit sha1_base64="S+a3DizTGTBcZDdeKKHj3ZBCZR8=">AAACC3icbVBLS8NAGNzUV62vqEcvi0WoICURXycp9qDHKvYBTQib7aZdupuE3Y1QQn6C/hk9iXrz5h/w37itOdjWOc3OzMI348eMSmVZ30ZhYXFpeaW4Wlpb39jcMrd3WjJKBCZNHLFIdHwkCaMhaSqqGOnEgiDuM9L2h/Wx334gQtIovFejmLgc9UMaUIyUljyzUkkdjBi8zrzUERzWs0vrCE5rd1o79MyyVbUmgPPEzkkZ5Gh45pfTi3DCSagwQ1J2bStWboqEopiRrOQkksQID1GfdDUNESfSTSeNMngQRAKqAYGT999siriUI+7rDEdqIGe9sfif101UcOGmNIwTRUKsI9oLEgZVBMfDwB4VBCs20gRhQfWVEA+QQFjp+Uq6vj1bdp60jqv2WfX09qRcu8qHKII9sA8qwAbnoAZuQAM0AQZP4AW8gw/j0Xg2Xo2332jByP/sgikYnz8kyJki</latexit>

(GC > 0,GR > 0)

Red: convex (classical) 

<latexit sha1_base64="lMT3BubQ4FyC0oH3Otg0p05XVAI=">AAACC3icbVBLS8NAGNz4rPUV9ehlsQgVpCTi6yBS7EGPVewDmhA22027dDcJuxuhhPwE/TN6EvXmzT/gv3Fbc7Ctc5qdmYVvxo8Zlcqyvo25+YXFpeXCSnF1bX1j09zabsooEZg0cMQi0faRJIyGpKGoYqQdC4K4z0jLH9RGfuuBCEmj8F4NY+Jy1AtpQDFSWvLMcjl1MGLwOvNSR3BYyy6tQzip3WUX1oFnlqyKNQacJXZOSiBH3TO/nG6EE05ChRmSsmNbsXJTJBTFjGRFJ5EkRniAeqSjaYg4kW46bpTB/SASUPUJHL//ZlPEpRxyX2c4Un057Y3E/7xOooJzN6VhnCgSYh3RXpAwqCI4GgZ2qSBYsaEmCAuqr4S4jwTCSs9X1PXt6bKzpHlUsU8rJ7fHpepVPkQB7II9UAY2OANVcAPqoAEweAIv4B18GI/Gs/FqvP1G54z8zw6YgPH5AyHImSA=</latexit>

(GC > 0,GR < 0)

Green: non-convex dynamics
<latexit sha1_base64="wRdm7g+nFQVN9Cok7QpXNasYiXs=">AAACC3icbVA7T8MwGHTKq5RXgJHFokIqEqoSxGtgqOgAY0H0ITVR5LhOa9VOIttBqqL8BPgzMCFgY+MP8G9wSwbactP57ix9d37MqFSW9W0UFhaXlleKq6W19Y3NLXN7pyWjRGDSxBGLRMdHkjAakqaiipFOLAjiPiNtf1gf++0HIiSNwns1ionLUT+kAcVIackzK5XUwYjB68xLHcFhPbu0juC0dqe1Q88sW1VrAjhP7JyUQY6GZ345vQgnnIQKMyRl17Zi5aZIKIoZyUpOIkmM8BD1SVfTEHEi3XTSKIMHQSSgGhA4ef/NpohLOeK+znCkBnLWG4v/ed1EBRduSsM4USTEOqK9IGFQRXA8DOxRQbBiI00QFlRfCfEACYSVnq+k69uzZedJ67hqn1VPb0/Ktat8iCLYA/ugAmxwDmrgBjRAE2DwBF7AO/gwHo1n49V4+40WjPzPLpiC8fkDHqCZHg==</latexit>

(GC < 0,GR < 0)

Black: sound speed out of bounds

non-convex (relativistic)

  The           plane for a representative BNS simulation
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  Non-convex BNS simulation
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Empirical universal relations affected by non-convex dynamics

Significant shifts in frequency observed for f2 mode. 

They can be as large as ~ 500 Hz for some choice of the parameters of the toy model EoS. 

Do these findings hold for realistic EoS?

Set of models considered
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Going further

Postmerger dynamics and waveforms can also be affected by 

• Effect of B-field amplification 
• Effect of viscosity 
• Neutrinos 

Waveform generation (both inspiral and postmerger) and parameter 
estimation to be aided by AI and Deep Learning.
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