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Watts et al., Rev.Mod.Phys. 88 (2016) no.2, 021001

- collapsed core of massive star 

- smallest and densest known class of stellar 
compact objects

- typical size of 12 kilometer and masses 
between one and two solar masses
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Neutron Stars

Sarin&Lasky, Gen.Rel.Grav. 53 (2021) 6, 59

As several astrophysical objects, 
neutron stars can exist in binaries: 

The first binary neutron star merger has 
been observed on the 17th of August 2017



Binary Neutron Star Mergers

       https://www.youtube.com/watch?v=V6cm-0bwJ98
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Simulation variety: 

TD et al, CQG 35 (2018) 24LT01



BNS database
http://www.computational-relativity.org/

- first publicly available database for BNSs

- several hundred individual simulations

- more than 500 million CPUhs

TD et al, CQG 35 (2018) 24LT01

(c) Lino Mirgeler (dpa)
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numerical simulations

– find formulation suited for numerical simulations
– ensure good performance and parallelism
– new high-performance codes
– incorporate the physics you want to simulate
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Numerical Relativity
– basics–

4d metric 3d metric, extrinsic curvature 

Constraint Equations for each 
hypersurface

Evolution Equations



Real Life: Gravitational-Wave 
Astronomy



Gravitational Waves

(c) M.Hannam, C. NorthBNS signals significantly 
longer than BBH ones

hundreds of millions of templates
need to interpret the data 

https://www.youtube.com/watch?v=vTeAFAGpfso



Application: GW170817 – Tidal Effects

Determine the Equation of State
GW observations favor NSs with smaller radii

Phys.Rev. X9 (2019) 011001

determines tidal deformability

→ no assumption about the 
     type of the compact
     object
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Inspiral waveforms

+ solve Einstein equations
+ predictions of postmerger
 –   very slow

Numerical Relativity 
Simulations

Post-Newtonian Theory

Effective-one-body 
Formalism

+ fast to compute
 –  inaccurate near merger

+ agree well with most NR data
 –  slow to compute

Phenomenological Models

+ combination of PN/EOB/NR
+ accurate until merger
 –  just a fit



Waveform Model Development

Effective-one-body 
or Phenomenological Model

Numerical Relativity 
Simulations

predictionconfirmation
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TD & Hinderer, PRD 95 (2017) 12, 124006
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TD & Hinderer, PRD 95 (2017) 12, 124006

Numerical simulation

Numerical simulation

Model

Phase difference

Effective-one-body 
or Phenomenological Model

Numerical Relativity 
Simulations

confirmation

Difficulties

→ require large computational resources

→ numerical simulations also have 
uncertainties

Difficulties

→ require large computational resources

→ numerical simulations also have 
uncertainties



An Alternative Approach
G. Ashton & TD, aXiv:  2111.09214 [gr-qc]
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Electromagnetic Signals and Multi-
messenger Astronomy



EM Signals –  Kilonova

- neutron rich ejecta produce heavy r-process elements 

- pseudo-black body radiation from r-process elements

- mergers are major sites for the formation of heavy elements 

Coughlin, TD, et al., MNRAS/sty2174



EM Signals –  Kilonova

- neutron rich ejecta produce heavy r-process elements 

- pseudo-black body radiation from r-process elements

- mergers are major sites for the formation of heavy elements 

Coughlin, TD, et al., MNRAS/sty2174

wikipedia



Incorporating NR results
Predictions about ejecta mass and compositions

 disk windsdynamical ejecta

Combine predictions with radiative 
transfer simulations Kasen et al., Nature 551



EM Signals 
Kilonova

Photometric lightcurves

Full radiative transfer simulation linked 
to Gaussian Process Regression to access 
full parameter space

Coughlin, TD, et al., MNRAS/sty2174
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Fundamental physics with Multi-
messenger astronomy
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TD et al. Science, Vol. 370, Issue 6523, pp. 1450-1453
Huth et al., arXiv: 2017.06229 (under review in Nature)

CERN
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Multi-messenger astronomy: Hubble constant measurement 

Coughlin et al., Nature Commun. 11 (2020) 1, 4129
TD et al. Science, Vol. 370, Issue 6523, pp. 1450-1453
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