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The picture emerging from theory

GERG Collection on Binary Neutron Star mergers
SB [ https://arxiv.org/abs/2002.03863 ]

Annual Reviews of Nuclear and Particle Science 
Radice, SB, Perego [ https://arxiv.org/abs/2002.03863 ]

https://arxiv.org/abs/2002.03863
https://arxiv.org/abs/2002.03863


Gravitational waves



The complete GW spectrum
SB+ [https://arxiv.org/abs/1504.01764] 
Breschi,SB+ [https://arxiv.org/abs/1908.11418] 
Breschi,SB+ [https://arxiv.org/abs/2205.09112]

https://arxiv.org/abs/1504.01764
https://arxiv.org/abs/1908.11418
https://arxiv.org/abs/2205.09112


Tides

Chirp mass



Systematics & waveform accuracy

Main issue for tidal parameters inference!

Gamba,Breschi,SB+ [https://arxiv.org/abs/2009.08467]

https://arxiv.org/abs/2009.08467


Entropy flux-limiter scheme
Doulis,Atteneder,SB,Bruegmann [https://arxiv.org/abs/2202.08839] (see also previous work by Guercilena+)

https://arxiv.org/abs/2202.08839
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Entropy flux-limiter scheme
Doulis,Atteneder,SB,Bruegmann [https://arxiv.org/abs/2202.08839] 

https://arxiv.org/abs/2202.08839


● Quasiuniversal (EOS-insensitive) relations 
w/ tidal coupling constant  
SB+ [https://arxiv.org/abs/1504.01764] 

● First complete spectrum model 
(EOB completion with NRPM)
Breschi+ [https://arxiv.org/abs/1908.11418] 

● Improved frequency domain NRPMw
Breschi+ [https://arxiv.org/abs/2205.09112]  

KiloHertz spectrum (remnant emission)

https://arxiv.org/abs/1504.01764
https://arxiv.org/abs/1908.11418
https://arxiv.org/abs/2205.09112


Full-spectrum constraints on M-R diagram
● Full-spectrum (mock) analysis using ET @ 

minimum SNR threshold for a PM detection

● NS maximum density to 15% and maximum 
mass to 12% (90% C.L.) using direct 
quasiuniversal relation

● Hits theoretical uncertainty, i.e. not possible 
to do better

● Recalibration parameters: account for 
theoretical uncertainties in EOS-insensitive 
rel.

Breschi, SB+ [https://arxiv.org/abs/2110.06957] 

https://arxiv.org/abs/2110.06957


“EOS Softness” (Hyperons, phase transitions,…)

Effect of hyperonic d.o.f. at remnant densities:
→ pressure support reduces w.r.t hadronic
→ more compact remnant or black hole formation 

Radice, SB+ [https://arxiv.org/abs/1612.06429]
Breschi, SB+ [https://arxiv.org/abs/1908.11418]
Breschi+ [https://arxiv.org/abs/2301.09672]

3G/Einstein Telescope sensitivity to kHz GWs

Hyperons’ softening

“Thermal effects” (effective nucleon mass)

Increasing effective nucleon mass:
→ specific heat increases
→ thermal pressure support reduces
→ the remnants become colder and more compact 

Fields+ [https://arxiv.org/abs/2302.11359] 

https://arxiv.org/abs/1612.06429
https://arxiv.org/abs/1908.11418
https://arxiv.org/abs/2301.09672
https://arxiv.org/abs/2302.11359
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Hyperons’ softening

“Thermal effects” (effective nucleon mass)

Increasing effective nucleon mass:
→ specific heat increases
→ thermal pressure support reduces
→ the remnants become colder and more compact 

Fields+ [https://arxiv.org/abs/2302.11359] 

How to actually detect this? 
Would like unambiguous procedure … but 
Quasi-universal relations, Degeneracies, ...

https://arxiv.org/abs/1612.06429
https://arxiv.org/abs/1908.11418
https://arxiv.org/abs/2301.09672
https://arxiv.org/abs/2302.11359


Public data release

CoRe www.computational-relativity.org

http://www.computational-relativity.org/
https://core-gitlfs.tpi.uni-jena.de/core_database
https://zenodo.org/communities/nrgw-opendata/?page=1&size=20


From remnants to kilonovae



Black-hole prompt collapse (equal masses)

EOS-insensitive phenomenlogical relations linking collapse threshold mass to non-rotating NS max mass
Hotokezaka+ [https://arxiv.org/abs/1105.4370], Bauswein+ [https://arxiv.org/abs/1307.5191]. 
Kashyap+ [https://arxiv.org/abs/2111.05183] 

Constraints on maximum mass if prompt collapse if observationally established (e.g. via model selection);
e.g. Kashyap+ [https://arxiv.org/abs/2111.05183] results in figure

https://arxiv.org/abs/1105.4370
https://arxiv.org/abs/1307.5191
https://arxiv.org/abs/2111.05183
https://arxiv.org/abs/2111.05183


Inferring prompt collapse from inspiral GW

Agathos, Zappa, SB+ [https://arxiv.org/abs/1908.05442]

● Two methods, w/ NR-based PC criteria (consistent 
results)

– EOS inference + Threshold mass

– Tidal parameter + Λ-Threshold 
● GW170817: quantitatively support the “mainstream” 

interpretation of counterparts

Margalit&Metzger [https://arxiv.org/abs/1710.05938] 

● GW190425 (M~3.4Mo): 

PGW190425(prompt collapse) ~ 97%

LVC [https://arxiv.org/abs/2001.01761]PGW170817(prompt collapse|M<1.97) < 10%

https://arxiv.org/abs/1908.05442
https://arxiv.org/abs/1710.05938
https://arxiv.org/abs/2001.01761


Accretion-induced prompt collapse: tidal disruption and massive disks → EM loud!   
SB+ [ https://arxiv.org/abs/2003.06015 ]

Collapse threshold depends Nuclear incompressibility of matter at max densities
Perego+  [https://arxiv.org/abs/2112.05864] 

Black-hole prompt collapse (unequal masses)

https://arxiv.org/abs/2003.06015
https://arxiv.org/abs/2112.05864


Dissipative effects, such as bulk viscosity, if present, are only active for a short window of time after the merger  
  Espino+ [https://arxiv.org/pdf/2311.00031] (See also Perego+ [https://arxiv.org/abs/1903.07898])

Trapped neutrinos and out-of-equilibrium effects

https://arxiv.org/pdf/2311.00031
https://arxiv.org/abs/1903.07898


NS-BH collisions (1974) Decompression of cold neutron star matter

D. Schramm, J. Lattimer, D. Eichler, T. Piran, F. Thielemann, S. 
Rosswog and many others

Unbound mass (baryons) 
m~0.001-0.01M

Mass ejecta & nucleosynthesis

Radioactive heating 
& thermalization 

( -decays, 𝛽
𝛼-decays, fission)

KILONOVA



GW-driven phase: Dynamical ejecta

Radice+ [https://arxiv.org/abs/1809.11161] 

https://arxiv.org/abs/1809.11161


GW-driven phase: Dynamical ejecta



X-ray rebrightening of GW170817?

[Hajela+ 2021]

X-ray flux in excess to the expectations 
from the off-axis jet model 3 years after 
merger.

Consistent w/ kilonova afterglow due to 
high-speed (≥0.6 c) dynamical ejecta 
tails.

Possibility to constrain remnant and 
binary parameters.

https://arxiv.org/abs/2104.02070


Weak interactions in the dynamical ejecta

[Perego,Radice,SB ApJL 2017]   See also [Wanajo+ 2014, Sekiguchi+ 2016, Foucart+ 2017/2018]

Neutrino absorption determines both composition and kinetic properties !



Viscous phase GR simulation w/ M1 and LES subgrid model                                   Radice&SB [https://arxiv.org/abs/2306.13709] 

Viscosity-driven phase

https://arxiv.org/abs/2306.13709


Remnants after the GW-driven phase

Radice, Perego, SB, Zhang [https://arxiv.org/abs/1803.10865]
Nedora, SB+ [https://arxiv.org/pdf/2008.04333]

● Angular momentum (“super-Keplerian”) and 
mass in excess

● Evolution governed by neutrino cooling and 
viscous processes (magnetic turbulence & 
stresses, neutrino heating, etc)

● Discs <~ 0.1Mo: Nuclear recombination    → 
Massive winds

[Siegel+ 2014][Perego+ 2014]

https://arxiv.org/pdf/2008.04333


Electron fraction

Perego, SB, Radice [ https://arxiv.org/abs/1903.07898 ] 

Discs around NS and BH remnants

Mass, compactness, composition depends on binary parameters and central remnant
Disc masses can be estimated from the reduced tidal parameter Λ  (EOS-insensitive relation) 
Disc winds significantly more massive than dynamical ejecta

[https://arxiv.org/abs/1809.11161]

https://arxiv.org/abs/1903.07898


AT2017gfo requires disk formation, 
and thus constrains the reduced tidal parameter 

Radice,Perego,Zappa,SB [ https://arxiv.org/abs/1711.03647 ]

https://arxiv.org/abs/1711.03647


Moesta et al [https://arxiv.org/pdf/2003.06043]                        (Kenta’s Talk yesterday!)

Jets from NS remnants

MRI (B-field amplification) + neutrino cooling (reduce baryon pollution)

https://arxiv.org/pdf/2003.06043


Long-lived NS Remnants

Radice&SB [https://arxiv.org/abs/2306.13709] 

Ledoux criterion → remnant stably stratified → no convection
Differential rotation persists w/ Omega peak at “surface” 
→ core is MRI stable

~100 ms 3D ab-inito evolutions with microphysics, M1 and GRLES (turbulent viscosity)

https://arxiv.org/abs/2306.13709


Long-lived Remnants: spiral-wave winds

~100 ms 3D ab-inito evolutions with microphysics, M0 and GRLES (turbulent viscosity)

Nedora, SB+ [https://arxiv.org/abs/1907.04872]

Timescale ~ 10s ms postmerger (to collapse)
Mass ~ 0.01Mo (to 100ms)
Generic mechanism boosted by neutrino heating/MHD component

https://arxiv.org/abs/1907.04872


AT2017gfo & targeted simulations

Need at least two components high/low opacities (tentatively ~ dynamical ejecta+ winds ?)
Spherical two-component models are incompatibile with NR ejecta

Dynamical 
ejecta

w/ Spiral-
wave wind

Disc wind
(upper limit)



Impact of neutrino transport scheme

Radice,SB,Perego,Haas [https://arxiv.org/abs/2111.14858]

M1: neutrinos from RMNS (+50% energies; polar) and disc (larger area; equatorial) → increase Ye differences and anisotropy
M1 (cf. M0): RMNS has neutrino trapped gas (dT/T ~ - few %; Perego+ 2018); but no effects on GWs!
M1: Ye close to equilibrium values above the remnant 
M0 (cf. M1): transport happens only radially
M1 Eddington vs Minerbo: free streaming nus are slower ~1/sqrt(3) and interact further out

https://arxiv.org/abs/2111.14858


Radice,SB,Perego,Haas [https://arxiv.org/abs/2111.14858]

Impact of neutrino transport scheme

https://arxiv.org/abs/2111.14858


Yet another M1 gray+ scheme?!

Radice,SB,Perego,Haas 2021 
[https://arxiv.org/abs/2111.14858]   

Compare Foucart+ 2016 and Zelmani codes:
 
●  Diffusion limit : 2nd order asymptotically 

preserving scheme. 
Avoids ill-posed heat equation limit. 

● complete matter-radiation sources: 
Necessary even for simple tests 

https://arxiv.org/abs/2111.14858


Systematic study of remnant and ejecta properties: neutrino schemes and mesh resolutions 
Zappa, SB, Radice, Perego [https://arxiv.org/abs/2210.11491]  

Role of neutrino heating in nucleosynthesis 

Gray M1 scheme with complete radiation-matter sources Radice,SB,Perego,Haas [https://arxiv.org/abs/2111.14858]

https://arxiv.org/abs/2210.11491
https://arxiv.org/abs/2111.14858


Ab-initio calculation of AT2017gfo spectra

Reproduced Sr II feature identified in Watson+ 2019

https://arxiv.org/abs/1910.10510


A first simulation of ejecta evolution with radiation-
hydro and online nuclear network (2D ray-by-ray & 
SkyNet)

Nucleosynthesis yields are not accurately described 
by the initial thermodynamic profile of the ejecta 

Abundacies show significant deviations when 
compared to the usual post-processing approach

Coupling network-hydro can be relevant for 
quantitative predictions 

Elements formation

Magistrelli, SB+ [https://arxiv.org/abs/2403.13883]

https://arxiv.org/abs/2403.13883


      

Joint analyses to maximize science output 

Radice,Perego,Zappa,SB [ https://arxiv.org/abs/1711.03647 ]

simulations

waveform modeling

https://arxiv.org/abs/1711.03647


AT2017gfo Bayesian inference

 Bayesian model selection: 3-components + anisotropic models preferred 
 Breschi+ [https://arxiv.org/abs/2101.01201]

https://arxiv.org/abs/2101.01201


Exascale numerical relativity
GR-Athena++ [Daszuta+ 2021,Cook+ 2023] based on Athena++ (Stone et al)

https://arxiv.org/abs/2101.08289
https://arxiv.org/abs/2311.04989


Conclusion
Complete gravitational-wave models for BNSM are essential to constrain NS matter via the 
measurement of tidal polarizability parameters and constraints on mass-radius diagram. 
Systematics are not under control at the precision required for measurements.

Next-generation detectors will be senstitive to postmerger (~kHz) GWs and physical effects in 
extreme matter (thermal, new d.o.f./phase transitions, etc) although an unambiguous 
procedure for the detection of such effects is not yet available.

NS remnant produced with angular momentum (“super-Keplerian”) and mass in excess → 
massive winds developing on viscous timescales. NS remnants are stable against convection 
and MRI. Evolution to uniform rotation? How magnetic field breaks out of the star?

Neutrino transport impacts remnants, ejecta and nucleosynthesis (→ kilonova light curves.)
Realistic simulations must include neutrino heating. 

Simulations point to anisotropic, multi-component (different mechanisms) ejecta to explain 
AT2017gfo; they require, in particular, spiral-wave and disc winds. No simulation can yet 
quantitatively fit the observed data, although many features are nowadays explained.
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