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First-principles models of multi-messenger signals
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WANT: Quantitative predictions!

Outstanding issues in multi-scales & multi-physics BNSM modeling
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Recent reviews: [Radice,SB,Perego 2020, SB 2020]

Secular ejecta

Jet

&y

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

"= —24Y da + 2x |-l i AR — E‘i & In
% T (2K +8©)—8maHY ‘:] + 7% 8,8
+5790,008" + B 0,1 — (Ta) 0,8
- :;r W) 88 —2ax, I = (i".{;-"l
6 in[fﬁ ; AY :-—[K -28)° R ’ ; ; Ea
GR formulations and Cauchy problem + Coordinate systems, horizons, and
singularities

hydrodynamics & radiation

Numerical relativity in a nutshell

High-p“erformance coputing

Numerics for nonlinear PDES
(hardware, exascale computing)

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

Public data release

]
~ ~ ~ Q
[ o X <~ ~ N
o~ o~ awvn (%)
83 < 5 8 & ¥ 5 g ol
3.3 .
3.0 . .
2.25
2.00
1.75 .
1.50 o oo
1.25 . o e
1.00 . . eocccsescsce eeececece o eee®
0.2 ] 5
« 0.1 @ee 000 000 ® o 5 5 sese
* 0.0fesee ssss s ew,, o®” o esesse’ @ ©  sese e
-0.1 ® e ® ®8
eee®ge00
eoe . ®ee * se0
. .
. A7
) 3|® Xy xxx XXX XxXXX
< 10 8000080000 ® L
102p o
0 20 .
= 159 .. e o, o e, " eee
= 101, . 9
) 5% . o * . .,
0 s s
0.37. .
N . . o oo .o .
8 02 ....‘ .l‘.l.loouoo ° . .
0.1% R |
0.0 N~ =5 o N = ~ ~ =~
38 3 8§53 8§ 5 3 3 T s g s sgsg g s s g s s s g Fgsgsg g g g s g o
X xr & x @ & & & ¥ x xr o r o oo x X o xox oo oo o oo o oo
N 1B S 1 O 1 O 1 O 1w & 1 & 1 O 1 O 1 O 1 S 1B S 1 O ;Lo WL O ;1 o ;1 9o I
o O ~ ~ o o m m < < wn wn ©o © ~ ~ =) @ =3 = o (=) ~ ~ o~ N Q9 9 ~ ~ N N m m
o O o o j=) o o o j= o o o o o o o j=3 o j=) o ~ ~ ~ ~ ~ ~ 9 9 j=J j=J j=3 j=J j=J j=1
SL 2 28 28 £ 28 £ 8 28 28 28 28 8 29 8 8 8 888 eeeepaa88a88ec°8¢@
TR RN R R R R R R i IR
DN 0 0D 00000000 0 0aaqa6aaaa0aaakf~FRRRERFRE
.

NR-GW OpenData

®o))

Communities

View

Recent uploads

Perego, Albino; Daszuta, Boris;

Dynamical ejecta synchrotron emission as a possible contributor to the rebrightening
Endrizzi, Andrea;

of GRB170817A
Nedora, Vsevolod; (& Radice, David; { Bernuzzi, Sebastiano;
Schianchi, Federico:
Dynamical ejecta synchrotron emission as a possible contributor to the rebrightening of GRB170817A Nedora, Vsevolod;

Prakash, Aviral
Radice, David; Bemuzzi, Sebastiana; Perego, Albino; Daszuta, Boris; Endrizzi, Andrea; Prakash, Aviral; Schianchi, Federico

We release light curves of the synchrotron emission of d
View

Fast, faithful, frequency-domain effective-one-body waveforms for compact binary

coalescences

Gamba, Rossella; 9 Bernuzzi, Sebastiano; Nagar, Alessandro;
We release the data and the scripts used to produce the figures and tables of [1] We additionally release a handful of
scripts which may be used to reproduce our results (see README.md). TEOBResumSPA [1] is a frequency-domain

effective-one-body multipolar approximant valid frem any low frequency t

relativity.org


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

T
inspiral (slow motion) merger (fast motion)

postmerger

First model of the complete BNSM spectrum

—— Numerical Relativity (NR)
—— Analytical Relativity (AR)

Overlap region

Time

constructed with a data-driven approach to
complete advanced inspiral-merger analytical
models [Breschi+ 2019, 2022, 2022]
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Softness constraints on extreme remnant matter
(Quarks, hyperons, etc) [Breschi,SB+ 2019]

0.4 Softness Effects
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Bayesian inference applications:

Constraints on neutron-mass radius diagram with

Sensitivity of Einstein Telescope to effective
Einstein Telescope observations [Breschi,SB+ 2021]

nucleon mass [Fields+ 2023]
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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
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Entropy flux-limiter scheme: accurate and 4™ order convergence waveforms

[Doulis,Atteneder,SB,Bruegmann 2022]
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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]
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FIG. 21. Faithfulness as a function of the resolution for the
BAM: 97 simulation.

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) Exploring neutrino driven winds from the merger
m~0.001-0.01M remnant

' I) ab-initio long-term microphysics simulation
reaching the viscous phase and
i) a state-of-art general-relativistic neutrino transport
scheme (M1). [Radice,SB+ 2022, Zappa,SB+ 2023]
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~ Radioactive heating
- & thermalization
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~ a-decays, fission)

Relative abundances

R-process heavy
elements production



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

Microphysics and advanced neutrino transport

New Two-Moment (M1) General-Relativistic scheme:
Asymptotically preserving flux scheme; complete radiation-matter source terms (all v/c terms)
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Figure 3. Diffusion and advection of Gaussian pulse of radiation in a purel
9250 W g p purely
— - scattering moving medium. The medium is moving with velocity v = 0.5.
0 500 1000 0 500 1000 The reference profile is a translated semi-analytic solution of the diffusion
T [kIﬂ] T [kﬂl} equation. Our results show that it is essential to properly treat all of the source
terms in the M1 equations to correctly capture the advection of trapped
radiation.

Figure 18. Electron fraction (color) of the dynamical ejecta cloud formed for the SLy 1.3 Mg — 1.3 M, binary. The black lines are isodensity contours of
p= 10°, 10%, 107, 108, 10, 10'°, 10", and 10" g em ™. The purple contour shows corresponds to p = 1013 g cm™ and denotes the approximate location
of the surface of the merger remnant. MO and M1 results are in good qualitative agreement, but M1 predicts higher electron fractions for both the polar and

equatorial ejecta. [Radice,SB+ 2022]


https://arxiv.org/abs/2111.14858

Systematic study of ejecta properties:
neutrino schemes and mesh resolutions
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Exploring the viscous phase of the remnant ...
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GR-Athena++:

Towards exascale NR
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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 !
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