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BINARY NEUTRON STAR MERGERS
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POST-MERGER PHASE
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After the merger, a super- or hyper- massive neutron star can
be formed, oscillating for many hydro and rotation times.

e Contrary to inspiral, matter is hot and out of
(B-equilibrium.

o The resulting object emits gravitational waves which
frequency depends on the EoS.

= Need of a fast numerical tool to compute the modes and
evolution for many candidate EoSs.



CONFORMAL FLATNESS CONDITION

ISENBERG (2008 and before), CORDERO-CARRION et al.
(2009)

In General Relativity, metric can be decomposed within the
3 + 1 formalism:

gudatdz” = —N?dt* + v;j (da’ + B'dt) (dz’ + Bdt) .
CFC is an approximation in which
Yij = ¥ fij
with f;; being a flat 3-metric.

@ no gravitational waves (no dynamical degree of freedom)

o Einstein equation turns into a system of 5 coupled
elliptic-type PDEs

e exact in spherical symmetry, but e.g. rotating BH/NS
metrics cannot be exactly written in CFC.



PRIMITIVE VARIABLE GR

HYDRODYNAMICS
SERVIGNAT et al. (2023)

Assuming matter is a perfect fluid, from the conservation of

. e+
energy-momentum tensor one can derive for H = In < P ) :

o H

oU;

_|_

mpnp

. 12 o
2
—v'D;H — CSNFQ — AT (UlUJKij

U
12

‘ N r2(1—c2)
—ID;U; — D;N — — (DiH — —— %)
v D;U, I2 ( T2 — 212 - 1)

DH+DU’>

UinDjH>

U;D;3? + U;U'D;N

N¢? 0D, U7 + NT2%(c2 —1)

UU'K
2 — 22 -1) T eyt R

= the (cold and chemically equilibrated) EoS appears explicitly and
only in ¢;(H) (no recovery of any variable)
= not able to treat shocks.



NUMERICAL CODE AND TESTS

Based on the LORENE library using multi-domain spectral
methods in space (spherical coordinates), full non-linear hydro
code in CFC, with explicit Adams-Bashforth time-marching
scheme.

L — CoCoNuT
0.8 --- Spectral code
107!
0.7
1072 2
Z« & 0.61
; 10735 E
£ g 0.5r
g “
O gt
0.4r
107
0.3
T T T T T T I | I |
0. 0.05 01 015 02 025 03 0.35 0.5 1. 1.5 2.
Time [ms] Time [ms|

Tests with the spherically symmetric version of the code:
collapse of an unstable NS to a BH (left) and migration of an
unstable NS to toward the stable branch (right).



ROXAS:SIMULATING STARS IN 3D
SERVIGNAT & NOVAK (2025)

YETR e In 2D/3D the hydro grid is adapted

£ 2f s
wh l ! // to the star’s surface

o GW extracted using the modified
quadrupole formula

Amplitude
=

: o Initial data are perturbed sequences
1 of uniformly rotating polytropes
Lt e " with increasing rotation frequencies.
Model F H, Zfo Zf, Zf,
Cowling CFC Cowling CFC Cowling CFC Cowling Full GR Cowling Full GR

BU0O 015 083 000 038 048 063 000 083 0.00 0.83

BUI 011 070 020 082 027 012 051 009 0.09 0.56

BU2 012 115 054 059 090 043 098 048 0.09 0.10

BU3S 035 125 014 015 063 065 009 063 0.61 0.24

BU4 067 136 020 040 064 099 166 LIl 0.57 0.09

BU5 064 008 007 015 038 052 269 464 0.44 L4

BU6 0.93 3.10 0.20 0.30 1.82 0.86 2.01 12.3 0.40 1.82

BU7 070 042 002 057 131 177 1.0 x 1.88 3.94

Comparison of mode frequencies with Kriiger et al. (2010), Kriiger & Kokkotas
(2020), ...in %



Initial data with Komatsu et al. 1989 — KEH profiles.

ROXAS: DIFFERENTIAL ROTATION
JARABA et al. (2026)

Existence of an “additional” mode Fir in Cowling (Stergioulas

et al. 2004), not present with dynamical spacetime.
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harmonic of B4 initial data in Cowling (left) and CFC (right).

Model F Hy Zfo Zfa Zfo [ 6F (%) [ 6Hy (%) [ 6%f0 (%)
BO 1.443 3.953 1.595 1.564 1.564 1.06 0.46 0.58
B1 1.429 3.915 1.634 1.118 1.945 1.57 0.32 0.34
B2 1.392 3.914 1.674 0.881 2.072 1.37 0.33 0.27
B3 1.359 3.953 1.718 0.681 2.159 1.99 0.27 0.51
B4 1.327 4.003 1.759 0.514 2.216 3.12 0.27 0.7
B5 1.287 4.073 1.800 0.320 2.276 4.03 0.02 0.63
B6 1.246 4.122 1.840 0.138 2.312 5.74 0.10 1.18
BT 1.210 4.193 1.881 —0.055 2.353 12.36 0.33 1.48
B8 1.172 4.224 1.921 —0.235 2.392 8.54 0.28 1.1
B9 1.130 4.177 1.960 —0.471 2.459 19.60 6.54 2.23

Mode frequencies (kHz) and their comparison with Dimmelmeier et al. (2006)




MODELING TEMPERATURE EFFECTS

INITIAL DATA & ADDITIONAL EQUATION

e Rigid rotation (as a start)

o Rotating equilibrium sequences computed with constant
entropy/baryon profile (e.g. Goussard et al. 1997, Marques
et al. 2017)

e Entropy-dependent EoS ¢,(H, S), but no composition
information

e EoS: ideal gas (too simple) or a polytrope + analytic
thermal contribution of a Fermi gas as in Raithel et
al. (2019)

Addition of an evolution equation for the entropy per baryon S:
8tS = —UiDZ‘S,

very simple when no thermal sources/sinks are present.



MODELING TEMPERATURE EFFECTS
SOME VERY PRELIMINARY RESULTS
Runs from initial star with § =0 (cold) and S = 2,
corresponding to the gravitational mass and axis ratio of BU4
(Mg =1.54 Mg, rp/re = 0.8).
Perturbed either in enthalpy or in entropy.
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Spectrograms for S = 0 (left) and S = 2 (right). CFC dynamics for both.
= Same mode frequencies for both types of perturbations
= Recovery of “cold” modes in the case S =0
= Lower frequencies, as expected (larger radii).



SUMMARY — OUTLOOK
ROXAS is a full non-linear hydro code in CFC, based on

spectral methods and primitive variable hydro formulation.

Shown to work/retrieve oscillation frequencies of rotating
neutron stars in the literature.

Extended to differential rotation (first time 3D with
dynamical spacetime)

Latest upgrade to include thermal effects: first runs
successful, but more testing is needed.

Combine both to simulate BNS remnant modes.

ROXAS (without entropy evolution) is publicly available
on Zenodo: https://zenodo.org/records/14849547



https://zenodo.org/records/14849547
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Thank you!




