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First-principles models of multi-messenger signals

GW170817 August, 17th 2017, 12:41:01 UTC

Recent reviews: [Radice,SB,Perego 2020, SB 2020]

WANT: Quantitative predictions!
Outstanding issues in multi-scales & multi-physics BNSM modeling

In-house developed production codes:

BAM (Jena) Bruegmann, SB+
THC (PSU) Radice+ (based on Einstein Toolkit)
GR-Athena++ (Jena/PSU) Daszuta+ (based on Athena++; IAS)

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


GR formulations and Cauchy problem +
hydrodynamics & radiation

Numerical relativity in a nutshell

Coordinate systems, horizons, and 
singularities

High-performance computing
(hardware, exascale computing)

Numerics for nonlinear PDEs
Adaptive mesh for multiscale simulations



Public data release

CoRe www.computational-relativity.org

Largest public catalog of gravitational waveforms from
binary neutron star simulations [Gonzalez+ 2022]

http://www.computational-relativity.org/
https://arxiv.org/abs/2210.16366
https://core-gitlfs.tpi.uni-jena.de/core_database
https://zenodo.org/communities/nrgw-opendata/?page=1&size=20


High-precision gravitational waves models

First model of the complete BNSM spectrum 
constructed with a data-driven approach to 
complete advanced inspiral-merger analytical 
models [Breschi+ 2019, 2022, 2022]

Sensitivity of Einstein Telescope to effective 
nucleon mass [Fields+ 2023] 

Softness constraints on extreme remnant matter 
(Quarks, hyperons, etc) [Breschi,SB+ 2019]

Constraints on neutron-mass radius diagram with 
Einstein Telescope observations [Breschi,SB+ 2021]

Bayesian inference applications:

https://arxiv.org/abs/1908.11418
https://arxiv.org/abs/2205.09112
https://arxiv.org/abs/2205.09979
https://arxiv.org/abs/2302.11359
https://arxiv.org/abs/1908.11418
https://arxiv.org/abs/2110.06957


Entropy flux-limiter scheme: accurate and 4th order convergence waveforms
[Doulis,Atteneder,SB,Bruegmann 2022]

Entropy eq. residual log(Density)

https://arxiv.org/abs/2202.08839


Waveform systematic effects in gravitational-wave analyses 
of ground-based experiments (LIGO-Virgo, Einstein Telescope)
e.g. constraints on the neutron star’s equation of state
[Gamba+ 2020] [Doulis,Atteneder,SB,Bruegmann 2022]

Machine learning simulation-generated 
(hybrid) waveform for efficient data analysis 
[Tissino+ 2023]

https://arxiv.org/abs/2009.08467
https://arxiv.org/abs/2202.08839
https://arxiv.org/abs/2210.15684


Mass ejecta, nucleosynthesis & kilonova
Unbound mass (baryons) 
m~0.001-0.01M

Radioactive heating 
& thermalization 

( -decays, 𝛽
𝛼-decays, fission)R-process heavy 

elements production

Exploring neutrino driven winds from the merger 
remnant
i) ab-initio long-term microphysics simulation 
reaching the viscous phase and 
ii) a state-of-art general-relativistic neutrino transport 
scheme (M1). [Radice,SB+ 2022, Zappa,SB+ 2023]

KILONOVA

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


Microphysics and advanced neutrino transport

                      [Radice,SB+ 2022]  

New Two-Moment (M1) General-Relativistic scheme: 
Asymptotically preserving flux scheme; complete radiation-matter source terms (all v/c terms)

https://arxiv.org/abs/2111.14858


Systematic study of ejecta properties: 
neutrino schemes and mesh resolutions

[Zappa,SB+ 2023]

Resolution

~20M core-hrs
on SuperMUC-NG 

(pn68wi)

https://arxiv.org/abs/2210.11491


Exploring the viscous phase of the remnant ...

… nucleosynthesis, and kilonova light curves:

Time (days)





GR-Athena++: Towards exascale NR

GR and vertex-center oct-tree AMR 
extension of the Athena++ 
codebase [Daszuta+ 2021]

Binary black hole & neutron stars 
simulations

A kokkos version under 
development w/ Stone (IAS) & 
Radice (PSU) groups

https://www.athena-astro.app/
https://arxiv.org/abs/2101.08289


We thank the Leibnitz Supercomputing center for the 
incredible work that made our science possible !

www.computational-relativity.org
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