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Motivation and history

● Simulating perturbed, isolated neutron stars → BNS post-merger dynamics.

● Studied since the 1960s.
○ Chandrasekhar 1964 → radial oscillations.
○ Thorne, Campolattaro 1967 → non-radial modes.

● Progress on the numerical side has been drastic in the last few decades.
○ Valencia formulation (Banyuls et al., 1997): conservative formulation of GR hydrodynamical eqs.
○ First 3D binary neutron star merger simulation (Shibata, Uryu 2000).
○ Proliferation of different codes for Numerical Relativity:

■ CoCoNut
■ Einstein Toolkit
■ BAM
■ SpEC
■ SACRA
■ …
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https://ui.adsabs.harvard.edu/abs/1964ApJ...140..417C/abstract
https://ui.adsabs.harvard.edu/abs/1967ApJ...149..591T/abstract
https://ui.adsabs.harvard.edu/abs/1997ApJ...476..221B/abstract
https://arxiv.org/abs/gr-qc/9911058


ROXAS 

● Relativistic Oscillations of non-aXisymmetric neutron stArS.

● Developed mainly by Gaël Servignat (Servignat, Novak 2025).

● Aims to be as lightweight as possible. Runs in laptops, O(hours, few days).

● Based on formalism developed in Servignat et al. 2023 using primitive variables.

○ Energy density e, pressure p, baryon density nB, log-enthalpy H,
○ Coordinate velocity vi, Eulerian velocity Ui.
○ Opposed to conserved variables, 

● Uses spectral methods (Chebyshev).

● Publicly available at https://zenodo.org/records/14849547
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https://arxiv.org/abs/2410.16764
https://arxiv.org/abs/2212.10853
https://zenodo.org/records/14849547


LORENE (Langage Objet pour la RElativité NumériquE)

● ROXAS is implemented on top of LORENE.

● LORENE: set of C++ classes for numerical relativity.

● Continuous development from 1997, mainly in Paris Observatory.

● LORENE can be used to find the configurations of rotating NSs in equilibrium.
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⊙
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First-step assumptions

● Cold NS (T=0) in β-equilibrium → one-parameter equation of state (EoS), p=p(ρ).
○ ROXAS currently supports 2-parameter (ρ, Ye) EoS, accounting for out of β-equilibrium NS.
○ 3-parameter EoS (ρ, Ye, T) are planned to be implemented.
○ Assumed polytropic (p=κργ) for the results in this presentation.

● No electromagnetic fields.

● Conformal flatness (CFC): in the 3+1 formalism, 
, with flat.

○ Can be done as long as:
■ The deviation from axisymmetry is small enough.
■ The impact of GWs on the dynamics is negligible (no backreaction).

● Equilibrium stars are rigidly rotating,
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Dynamical evolution with ROXAS

● The equilibrium star is generated with LORENE.

● A perturbation combining l=m=0 and l=m=2 modes is added.

● ROXAS dynamically evolves the perturbed star. 6



Well-balanced formulation

● The hydrodynamical equations are

● We divide quantities in equilibrium term + “perturbation”

● Equilibrium identities can be used to eliminate some terms (order 0).

● We only need to evolve the perturbation, which gains numerical accuracy.
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Waveforms

● CFC removes the radiative degrees of freedom → no GW from the metric.

● GW extraction is still possible through the quadrupole formula.
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Oscillation frequencies in rigid rotation (Servignat, Novak 2025)

● Comparison with axisymmetric modes from CFC simulations (Dimmelmeier et al. 2006) 
and non-axisymmetric modes from GR (Krüger, Kokkotas 2020) simulations.

● Most relative errors of order 1% or below.

9Mode frequencies in kHz, relative errors in %.

https://arxiv.org/abs/2410.16764
https://arxiv.org/abs/astro-ph/0511394
https://arxiv.org/abs/2008.04127


Differential rotation

● Additional terms need to be taken into account in equilibrium wrt rigid rotation.

● Must be accounted for both
○ LORENE equilibrium solvers → implemented and tested with literature.

○ Hydrodynamical equations in ROXAS: extra term                                               in equation for Ui.

● We need a rotation profile F(Ω), which we choose to be
the KEH profile (Komatsu, Eriguchi, Hachisu 1989)

○ Traditional choice due to simplicity,
but more complex models available.
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https://academic.oup.com/mnras/article/237/2/355/976460


Differential rotation: results

● Differential rotation has been successfully implemented for KEH profiles.
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Differential rotation: comparison with previous works

● Consistency of equilibrium values with Dimmelmeier et al. 2006 is excellent.
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https://arxiv.org/abs/astro-ph/0511394


Differential rotation: comparison with previous works

● Consistency of axisymmetric freqs. with Dimmelmeier et al. 2006 also excellent for H1 
and 2f0, worse for the fundamental mode F in the most demanding cases.

○ Reasons still unclear: different formalisms, resolutions, etc.
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https://arxiv.org/abs/astro-ph/0511394


Summary

● ROXAS: lightweight code to simulate isolated neutron star oscillations.

● Based on primitive variables, uses spectral methods, CFC, well-balanced formulation.

● Extracts waveforms through quadrupole formula.

● Consistent with the literature with rigid rotation.

● Mostly consistent with the literature with differential rotation.
○ Moderate discrepancies on only one mode, needs further investigation.

● Ongoing work:
○ Simulations with more realistic differential rotation profiles.
○ Improving accuracy and stability.

● Next steps:
○ Using realistic equations of state.
○ Generalizing beyond CFC? Magnetic fields?
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