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Abstract. Multidimensional hydrodynamical simulations have transformed the study of stellar interiors
over the past few decades. Most codes developed during that time use the anelastic approximation, which
fixes the thermal structure of simulations and filters out sound waves. Many of them also use explicit time
integration, which imposes severe constraints on the time step of the simulations. In this context, music is
developed to overcome these limitations. Its main scientific objective is to improve the phenomenological
approaches used in 1D stellar evolution codes to describe major hydrodynamical and MHD processes. Here,
we review recent applications of the music code, that focus mainly on convection, convective boundary
mixing and waves in stars that possess convective cores, shells and/or envelopes.
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1 Introduction

Understanding the internal dynamics of stars has been a major challenge in astrophysics for a long time.
Stellar evolution models are highly dependent on the transport of energy, angular momentum, and chemical
elements through processes such as convection, overshooting, rotational mixing, and wave-induced transport.
Traditionally, these processes have been modelled in one-dimensional stellar evolution codes using parameterized
approaches. Although these models have been successful in reproducing many global stellar properties, they
cannot capture the inherently three-dimensional, nonlinear, and anisotropic nature of fluid motions inside stars.
These motions are governed by the fluid dynamics equations, which remain very expensive to solve numerically
because of the range of time and length scales characteristic of stellar interiors. The MUltidimensional Stellar
Implicit Code (music Viallet et al. 2013, 2016; Goffrey et al. 2017) is developed to face these challenges. It
solves the dynamics equations of a fully compressible fluid coupled with thermal diffusion, employing an implicit
time-integration scheme that allows the efficient evolution of low Mach flows over long timescales (Viallet et al.
2011). In this proceeding, we review the recent applications of the music code.

2 Equations solved by MUSIC

The equations for mass, momentum, and internal energy conservation in music are written in the form:

∂ρ

∂t
= −~∇ · (ρ~v), (2.1)
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∂ρ~v

∂t
= −∇ · (ρ~v ⊗ ~v)− ~∇p+ ρ~g − 2ρ~Ω× v − ρ~Ω×

(
~Ω× ~r

)
, (2.2)

∂ρe

∂t
= −~∇ · (ρe~v)− p~∇ · ~v − ~∇ · ~Fr + ρεnuc, (2.3)

where ρ is the density, e the specific internal energy, ~v the velocity field in the rotating frame, p the gas
pressure, Ω is the rotational angular frequency, εnuc is the specific energy released by nuclear burning and ~g the
gravitational acceleration. The hydrodynamical simulations run for this work assumes spherically symmetric
gravitational acceleration, ~g = −g~er, which is computed within each implicitly solved timestep as:

g(r) = 4π
G

r2

∫ r

0

ρ(u)u2du, (2.4)

with ρ(r) radial density profile calculated by averaging over the sphere of radius r.
For simulations of stellar interiors, the major heat transport mechanism that contributes to thermal con-

ductivity is radiative transfer characterised by the radiative flux ~Fr, given within the diffusion approximation
by

~Fr = −16σT 3

3κρ
~∇T = −χ~∇T, (2.5)

with κ denoting the Rosseland mean opacity of the gas, σ the Stefan-Boltzmann constant and χ the thermal
conductivity respectively. music incorporates realistic stellar opacities (OPAL, Iglesias & Rogers 1996) for
metallicity in the range Z=0.0 to Z=0.04, and equations of state (OPAL EOS, Rogers & Nayfonov 2002)
suitable for describing stellar interiors.

3 Studying the interior of stars with MUSIC

music is designed to study the internal dynamics of stars, with a particular focus on convection, convective
boundary mixing (CBM) and waves. These processes are multidimensional, non-linear and anisotropic. Their
description based on 1D descriptions, as used in stellar evolution models, is therefore very uncertain.

3.1 Convection

Convection is a universal feature of stellar interiors. Depending on the structure of the star, it may occur at
the centre in the form of a convective core, near the surface as a convective envelope, or even as a convective
shell embedded within a large radiative layer. These three different configurations are illustrated in Fig. 1.

Fig. 1. Visualisation of the radial velocities in music simulations for: a) 2D young Sun (Dethero et al. 2024), b) 2D 5

M� star (Le Saux et al. 2023), c) 2D Cepheid variable star (Stuck et al. 2025) and d) 3D solar model (Vlaykov et al. in

prep).

In these regions, turbulent macroscopic fluid motions transport heat and chemicals very efficiently. In one-
dimensional models, this is usually described using the mixing length theory (MLT; e.g. Böhm-Vitense 1958).
However, this simplified description remains incomplete, and as such global stellar hydrodynamical simulations
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are needed to capture the relevant large-scale dynamics. The stratification in such zones impacts the properties
of convection, particularly close to the surface of solar-like stars, where this stratification becomes very steep.
In music simulations of a 1M� model, Vlaykov et al. (2022) show that including more or less outer layers of the
outer envelope significantly affects convective motions. Extending the outer boundary of the simulation domain
by only a few per cent of the stellar radius tends to increase the velocity and temperature perturbations linked
to convection. This study is based on 2D simulations, as their reasonable computational cost allows us to make
parametric studies. In Pratt et al. (2020) the comparison of 2D and 3D music simulations highlights that in
the 3D case, convective velocities are lower than in 2D. Nevertheless, the large-scale dynamics in 2D and 3D
simulations appears to be similar. In a recent study, Dethero et al. (2024) extended this work, lookin in more
detail at the shape of convection in stars of different masses and evolutionary stages. This shape, or geometry, of
convective motions is crucial for 1D parameterizations of convective overshooting as these are usually described
using a filling factor of convective inflows (e.g. Schmitt et al. 1984; Zahn 1991; Brummell et al. 2002; Käpylä
et al. 2017). This filling factor defines how much of the fluid motions are moving inward in the star (Stein &
Nordlund 1989). Dethero et al. (2024) show that the flows in stars with convective envelopes are asymmetric
close to the photosphere, but tend to become symmetric at the bottom of the convective zone. By looking at
the width and number of plumes travelling inward (in convective envelope) or outward (in core convection), the
authors are able to find different statistical properties between 2D and 3D convection. However, these do not
fully explain why the overshooting observed in 2D and 3D simulations has the same extent.

3.2 Convective Boundary Mixing

At the interface between convective and radiative zones, turbulent motions can overshoot beyond the formally
unstable region and mix material into adjacent stable layers. Depending on the balance between turbulent con-
vection and stabilizing stratification, CBM can be described as overshooting, when the temperature gradient in
the penetration region is kept radiative, or penetrative convection, where the extended region becomes nearly
adiabatic. In 1D stellar models, MLT predicts that convective motions stop at the interface with adjacent
radiative zones. To include the effect of CBM, simple prescriptions have been developed, based on a diffusion
coefficient D(r) to characterise the mixing in the penetration region. While these approaches offer some flexi-
bility, D(r) is difficult to estimate from theoretical arguments or calibrate from observations. Thus, there is no
universal agreement on the shape of D(r). Simulations have suggested exponential (Hurlburt et al. 1994; Jones
et al. 2017), step (Lecoanet et al. 2015) or Gaussian (Korre et al. 2019) profiles. Using 2D music simulations
of a young Sun, Pratt et al. (2017) developed a statistical method based on extreme values theory and assumed
that rare, extreme penetrating events – and not the average – characterise the relevant penetration depth, as
they contribute to mixing on the long term. This led to a statistical description based on a Gumbel distribution.
Based on this statistical method, Baraffe et al. (2021) demonstrated that penetrative motions induce shear and
thermal mixing in the penetrative region of solar-like model, modifying the local thermal background. The
associated local heating impacts the sound speed profile below the convective boundary, which tends to reduce
the disagreement usually reported between solar models and helioseismic observations (Basu et al. 2009). Never-
theless, this kind of thermal effect is challenging to study in global stellar simulations. These simulations remain
computationally expensive, so achieving thermal relaxation is unaffordable with current computing resources.
To overcome this challenge, a common technique, known as boosting, artificially increases the luminosity and
thermal diffusivity of a model by several orders of magnitude (e.g. Brun et al. 2011; Rogers et al. 2013; Andrassy
et al. 2024). While boosting accelerates relaxation, it also alters physical processes: enhanced heating in the
penetrative region modifies overshooting and wave dynamics, meaning that boosted models cannot be treated
as simple ”accelerated” versions of a reference model (Baraffe et al. 2021; Le Saux et al. 2022).

Recently, Stuck et al. (2025) ran 2D music simulations of a Cepheid model to study CBM in a radiative shell
between two convective regions. They developed a mixture model to be able to tell differences in the mixing of
different parts of this radiative shell, and whether there were layers in the radiative shell that could be mixed
by both the convective layer below and the convective layer above.

In stars with convective cores, CBM is particularly important because it determines how much extra fuel
a star can get to extend its life in the main-sequence. Standard stellar models generally predict lifetimes that
are too short for intermediate- and high-mass stars (Johnston 2021), and this is often corrected by artificially
increasing the size of the penetration zone lov. Observations suggest a mass dependence of lov (e.g. Claret &
Torres 2019; Castro et al. 2014). Using 2D music simulations of stars between 3 and 20 M� Baraffe et al. (2023)

derived a scaling law, lov ∝ L1/3r
1/2
conv, with L the luminosity of the star and rconv the size of the convective core.

Implementing this relation in 1D models improves agreement with observed main-sequence durations. Yet, for
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stars with M > 10M�, the predicted overshooting does not explain the width of the observed main-sequence in
a Hertzsprung-Russel diagram, pointing to additional mixing processes above the core. By performing a similar
work for overshooting beneath convective envelopes, Pratt et al. (2025) found some interesting similarities with
Baraffe et al. (2023), in particular a scaling law lov ∝ L1/4.

3.3 Waves

Turbulent motions in convective zones excite waves that propagate through stellar interiors. In non-rotating,
non-magnetic stars, the two main kinds of wave generated are acoustic, restored by pressure gradients, and
internal gravity waves (IGW), restored by buoyancy. Theory has long suggested that IGW are excited by
convection through Reynolds stresses (Stein 1967; Press 1981; Goldreich & Kumar 1990; Lecoanet & Quataert
2013) and by penetrative convection (Rieutord & Zahn 1995; Montalbán & Schatzman 2000; Pinçon et al. 2016).
Yet, despite decades of work, their excitation spectra remain poorly constrained. Using music , Le Saux et al.
(2022) showed that IGW energy flux is consistent with theoretical expectations for waves excited simultaneously
by Reynolds stress and convective penetration and that their damping follows the predictions of radiative
damping by Press (1981). Extending this to stars with convective cores, Le Saux et al. (2023) highlighted
that wave damping is very sensitive to the radiative diffusivity profile used in simulations, particularly in the
upper layers of a star. When studying whether IGWs can reach all the way to the photosphere, it is therefore
crucial to use realistic radiative diffusivity profiles. Recent observations suggest that IGW do indeed reach the
surface, which is proposed as an explanation for the Stochastic Low Frequency variability in O and B type
stars (Bowman et al. 2019, 2020), but these are contradicted by theoretical work (Lecoanet et al. 2021). Using
2D simulations with realistic thermal diffusivity profiles, Le Saux et al. (2023) suggested that low-frequency
waves are radiatively damped before reaching the surface, a result corroborated by 3D simulations Anders et al.
(2023). More recently, Morison et al. (2024) extended this analysis to stars at a more advanced stage on the
main sequence and showed that the strong stratification left behind by core contraction reduces the efficiency
of wave excitation and strongly damps them. This makes their detection at the surface more unlikely.

On Earth, IGW are known to mix materials in the atmosphere and in the ocean through nonlinear effects,
such as wave breaking (e.g. Lindzen 1981). This is less clear in stellar interiors. Chemical transport has been
predicted by waves damped by radiative diffusion (Press 1981) or by wave-induced shear (Garcia Lopez &
Spruit 1991). In hydrodynamical simulations, mixing in radiative regions has been linked to IGW (Rogers &
McElwaine 2017; Varghese et al. 2023), but it remains unclear what the actual physical mechanism responsible
for wave mixing is. In 2D simulations of a 20 M� star model, Morton et al. (2025) showed that the derived
mixing rate in radiative regions cannot be explained by the theoretical predictions of (Press 1981) and (Garcia
Lopez & Spruit 1991). This study also highlighted the challenge of quantifying wave mixing with Lagrangian
tracer particles.

Waves also provide the only probe of stellar interiors thanks to global oscillation modes. This is the field
of asteroseismology. Using acoustic modes, this method was exceptionally successful in measuring the internal
structure and rotation profile of the Sun down to 20% of the total radius (see the reviews by Christensen-
Dalsgaard 2021; Howe 2009). However, the innermost layers remain currently out of reach, as the acoustic
modes do not propagate so deep. Using wave topology and music simulations, Le Saux et al. (2025) confirmed
the theoretical work of Leclerc et al. (2022), which describes the fundamental f -mode at low angular degrees
` as a compressible bulk mode. More importantly, Le Saux et al. (2025) also predicted the existence of mixed
f/g modes in the Sun. These modes, with simultaneous amplitude in the core and in the envelope, offer a very
promising pathway for probing the solar core. This work illustrates the potential of combining global stellar
simulations with observational seismology to explore the interior of stars. It is currently extended to mixed
p/g modes in low-mass subgiants and red giants to study their amplitudes and understand their efficiency to
transport angular momentum (de Vries et al. in prep).

4 Future developments

Taken together, these studies illustrate how music simulations are progressively bridging the gap between
simplified 1D prescriptions and the high complexity of stellar interiors. In addition, fluid dynamics in stars is
influenced by rotation, magnetic field, and microphysics such as opacity and equation of state. To include these
effects, music is in constant development. Current studies now include rotation, in an effort to understand the
impact of rotation on the amplitude of acoustic modes in solar-like stars (Le Saux et al., in prep). Ideal and
non-ideal MHD is also implemented in music . Using box-in-a-star simulations in Cartesian geometry, we are
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currently quantifying the impact of magnetic fields on IGW. As predicted by Fuller et al. (2015) and Lecoanet
et al. (2017), we observe in music the conversion of IGW into Alfvénic waves for critical values of magnetic
field. This is illustrated in Fig. 2. We are also aiming at expanding the music range of physical applications,
particularly towards giant planet interiors. Indeed, despite a very different regime in terms of Prandtl number,
internal fluid dynamics of stars and giant planets share similar properties. However, the internal structure of
giant planets remains a mystery. The space missions Cassini and Juno have revealed that the interiors of Saturn
and Jupiter are not fully convective (Debras & Chabrier 2019; Mankovich & Fuller 2021). In order to reproduce
the observational constraints on gravitational moments, double-diffusive convection layers must exist in these
giant planets. We are currently investigating the formation and sustainability of such layers based on Cartesian
box simulations that include a stable composition gradient and an unstable temperature gradient (see Fig. 2).
The next steps will include stratification, spherical geometry, and a realistic equation of state for planetary
interiors.

Predicted  
turning point

Lecoanet et al. (2017)MUSIC

a)

b)

Fig. 2. New applications of music . Left: conversion of an IGW into an Alfvénic wave in the presence of vertical

magnetic field. Right: Double-diffusive convection with unstable composition gradient and stable temperature gradient.
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