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Approach

Finite Volume 
(Dyablo, Ramses, Idefix)

Discretize the solution on 
elementary volumes

- Shock capturing capabilities

- Simple to parallelize

- Adapted to AMR

- average convergence (         )

- Very dissipative in subsonic 

flows

- Boundary conditions often 

« messy »
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Smoothed Particle Hydrodynamics 
(Phantom, Shamrock)

Discretize the solution on Lagrangian 
particles
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- Open boundary conditions are 
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Smoothed Particle Hydrodynamics 
(Phantom, Shamrock)

Discretize the solution on Lagrangian 
particles

- AMR « for free »

- Open boundary conditions are 

simple to implement

- CFL condition less containing

- poor convergence (              )

- Shocks require some care

- Numerical noise can become 

problematic

Spectral 
(Ash, Magic, Snoopy)

Discretize the solution on a  
« well chosen » basis

- Fast convergence (        )

- algorithmically simple

- No numerical dissipation

- hard to parallelize efficiently

- Boundary conditions 

embedded in the basis

O(eN)

O(N2) O( N)



Practical example
Vertical Shear Instability with finite volume methods

[Lesur+2025] 
Idefix code (finite volume)  
- 40003 effective resolution,  
- high order reconstruction


Lesur, G., et al.: A&A, 703, A225 (2025)
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1/2 (see text).

framework of critically balanced turbulence, originally devel-
oped for magnetohydrodynamic (MHD) turbulence (Goldreich
& Sridhar 1995) and later extended to rotating flows (Nazarenko
& Schekochihin 2011). The Kolmogorov cascade assumes homo-
geneous and isotropic turbulence and predicts an energy spec-
trum scaling as E(k) ↓ k↔5/3. Although the spectral slope
observed in our data (Fig. 11) is broadly consistent with this
prediction, the pronounced anisotropy in the flow (Fig. 12)
clearly violates the Kolmogorov assumptions. In contrast, the
spectrum expected for wave turbulence follows a steeper scal-
ing of E(k) ↓ k↔5/2, which is incompatible with our results
and can therefore be confidently excluded. This leaves criti-
cal balance as the most appropriate interpretive framework. In
this scenario, the turbulent cascade is governed by a balance
between the linear wave propagation timescale and the nonlin-
ear interaction timescale. This regime naturally gives rise to
spectral anisotropy, characterised by different slopes along direc-
tions parallel and perpendicular to the rotation axis: E(k→) ↓ k↔1

→
and E(k↑) ↓ k↔5/3

↑ , respectively, with non-linear interactions
occurring primarily in the perpendicular direction (Nazarenko
& Schekochihin 2011; Nazarenko 2011). To test this critical bal-
ance hypothesis in the context of the VSI, we computed 1D
energy spectra along k↑ ↗ kr and k→ ↗ (k2

ω + k2
ε)

1/2 (Fig. 14).
The resulting anisotropic spectra support the interpretation of
VSI turbulence as critically balanced rotating turbulence: the
spectrum follows approximately E(k↑) ↓ k↔5/3

r , while it is shal-
lower with approximately E(k→) ↓ k↔1

→ , until the two match at
ki ↘ 20 and the spectrum becomes isotropic and much steeper.
This result is not necessarily surprising, since the VSI is pri-
marily an instability of inertial waves, while critically balanced
rotating turbulence describes a cascade of strongly interacting
inertial waves. It is, however, not an exact match, since the shear
prevents the usual k↑ non-linear cascade from developing along
kε. Hence, in our case, k↑ lies only along kr, while k→ also
retains the shearwise ε direction, implying that the shearing of
non-axisymmetric structures is a component of the linear wave
propagation in the critical balance framework. Critical balance
is expected to break down when the Rossby number ϑϖz/Ω ≃ 1.
We find that this is approximately the case around k ↘ 10, as the
vorticity ‘patches’ in Fig. 10 have a size of approximately H/10
with ϑϖz/Ω = O(1). We also note that despite the great care
taken to limit numerical dissipation, we are still unable to see a
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Fig. 15. Snapshot of ε-averaged vertical velocity (vz) in run HX at t =
900 orbits.

proper isotropic Kolmogorov cascade, which would be expected
for k > 20, but instead find the much steeper k↔6 spectrum. It is
unclear whether this steep spectrum is a genuine physical result
or if we are witnessing the effect of numerical diffusion.

We note that a similar broken spectrum was obtained by
MK18, with a break from k↔5/3 to k↔5 that they associate with
a 2D inverse cascade. A similar phenomenon was observed in
2D high-resolution models by Melon Fuksman et al. (2024b),
with a break to k↔7 that they propose could also be due to numer-
ical diffusion. While it is tempting to think we are witnessing
the same phenomenology as MK18, it is worth stressing that our
break is at k ≃ 15, while the break of MK18 is at k ≃ 0.7 (our
choice of units for k being equivalent to their m = 20ϱk = 40).
Hence, our break occurs on a scale about 20 times smaller than
that of MK18. Interestingly, MK18 used a resolution of 12 points
per H, i.e., about 20 times less than our EX simulation. This sug-
gests that the break length scale follows the resolution and hence
that the k↔6 part of the spectrum is probably due to numerical
diffusion.

3.8. Impact of small-scale turbulence on the large scales

A key question regarding the VSI concerns how the instability
saturates. Previous studies propose that parametric instabilities
could play a role (Cui & Latter 2022), while Rossby Wave insta-
bilities (Richard et al. 2016) or Kelvin–Helmholtz instabilities
(Latter & Papaloizou 2018) could also contribute. An useful
element in this discussion is the comparison of vz structures
between the cut in the (R, z) plane (Fig. 4, second panel) and
the ε↔averaged flow taken at the same time (Fig. 15). The ε-
averaged flow recovers the large-scale corrugation modes but
is much smoother than the ε = 0 cut; the small-scale fluc-
tuations visible in Fig. 4 disappear, and therefore must have
developed some degree of non-axisymmetry. This suggests that
the ε↔averaged flow could be treated as a ‘viscous’ 2D version
of the full 3D model.

Following this idea, we tested the hypothesis that the non-
axisymmetric flow acts as an effective viscosity on the VSI-
unstable axisymmetric flow. Hence, we looked for correlations
between the azimuthally averaged shear rate ς⇐vi⇒/ςx j and the
azimuthally averaged stress tensor due to non-axisymmetric fluc-
tuations ⇐v⇑iv⇑j⇒, where ⇐·⇒ denotes a ε-average and v⇑i = vi ↔ ⇐vi⇒.
To support this hypothesis, Fig. 16 compares the ε ↔ ω shear and
stress components, revealing that the largest turbulent stresses
occur where the large-scale shear is strongest. This motivated us
to look for general correlations of the form

⇐v⇑iv⇑j⇒ = φi jklς⇐vl⇒/ςxk, (6)

A225, page 9 of 13

turbulent 
cascade

numerical 
dissipation

A decade in resolution is « lost » by numerical dissipation



Geoffroy Lesur Astronum 2009 Conference 29 June-3 July 2009

The Snoopy code
✤ MHD equations solved in the sheared frame
✤ Use the Fourier basis to compute derivatives:
✤ Compute non linear terms using a pseudo spectral representation
✤ 3rd order low storage Runge-Kutta integrator
✤ OpenMP and/or MPI parallelization
✤ Written in C

✤ Advantages:
✤ Shearing waves are computed exactly (natural basis)
✤ Exponential convergence when resolution is increased
✤ Magnetic flux conserved to machine precision
✤ Sheared frame & incompressible approximation: no CFL constrain due to the 

background sheared flow/sound speed.
✤ Very weak numerical dissipation: tight control on physical dissipation processes

✤ Disadvantages:
✤ Slower than finite differences for the same resolution (number of real grid points)
✤ Shocks/discontinuities can’t be treated spectrally (Gibbs oscillations)
✤ Strongly parallel codes are not very efficient

4

∂x′ ↔ ikx(t) . . .

17 years ago…



Algorithm
Example: Incompressible hydro case
• Solve the Navier-Stokes equation  

(free to choose among a variety of time integrators)


• Pressure computed from incompressibility condition

computed in real 
space, and transformed 
back to Fourier space

<latexit sha1_base64="iIbViur6wvhnck+EJ/3IxaO0VTM="></latexit>

k · v̂k = 0

complex amplitude of 
velocity mode k viscous term

All of the derivatives become algebraic products in Fourier space 
Nonlinear terms require FFTs and iFFTs 

<latexit sha1_base64="GQVAWSVSMxh31mBgoTVlPsQ7IEI="></latexit>

Pk = →
k ·

[
k · (⊋v → v)k

]

k2

<latexit sha1_base64="wFcQpWh2stXjyGom8WL5nWE6lTY="></latexit>

ωv̂k

ωt
= →ik · (⊋v → v)k → ikP̂k → εk2v̂k

Pressure gradient



Leveraging new HPC architectures

The capability to use accelerated machines is now mandatory to have access 
to the largest French (and European) supercomputers 
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The ASTRA code
Accelerated Spectral code for TuRbulent plAsmas

• Easy-to-use spectral code, based on


• Snoopy algorithm (ANSI C, spectral CPU) 


• Idefix data structures (C++20, finite volume, GPU+CPU).


• C++20, Kokkos-based (performance portability):  
same code runs both on your laptop’s CPU and on 100s of GPUs 


• Uses Fourier basis in cartesian boxes (periodic/shear-periodic).  
Relies on Kokkos-FFT


• All-is-a-plugin approach, using generic C++ class template (from time-
integrators to equation right-hand side)


• Python interface to define initial conditions and customized « on the fly » 
outputs


• Automatic multi-architecture validation (CI/CD)

Feature Status

3D incompressible HD & MHD, 
compressible HD public

Ohmic resistivity, viscosity, hyperdiffusion public

Multiple time integrator (Euler, RK2, LS-
RK3) public

Non-ideal MHD (Ambipolar, Hall) coming 
soon

Boussinesq stratification coming 
soon

MPI, MPI+OpenMP, MPI+Cuda, MPI+HIP, 
MPI+Sycl public

Large-scale shear public

Python interface « astrapy » public

Dust (particle approach) planned

Dust (fluid approach) coming 
soon



Parallelization
Implementing MPI+GPU parallel FFTs

• Neither Kokkos nor Kokkos-fft support multi GPU FFTs


• ASTRA uses a slab domain decomposition, with a global transposition to 
perform distributed FFTs
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Performances & Scaling

Idea
l sc

alin
g

Scaling is « decent » for a spectral code 
(remember FFT is  ! 


Better performances could be achieved 
with specialized MPI_Alltoall

𝒪(n log(n))



Testing
Shearing wave test [Balbus & Hawley 2006]

Lesur, G. R. J., et al.: A&A proofs, manuscript no. aa46005-23

Fig. 15. Hall-dominated stationary shock at two different resolutions
(the high-resolution test has twice the number of points as the low-
resolution test). Top: normal velocity. The propagation of whistler waves
in the pre-shock region (right state) is evident. Bottom: relative error
between the numerical solution and the semi-analytical one. We observe
a slightly lower convergence rate than second order in this case.

0 2 4 6 8 10 12 14
≠t

°0.5

0.0

0.5

1.0
uR

u'

uz

Fig. 16. Temporal evolution of the velocity components of the hydro
Keplerian shearing wave problem of Balbus & Hawley (2006). The ana-
lytical solution is shown as a dashed line, while the IDEFIX solution
computed with 2563 points is shown as a plain line.

solenoidal condition at machine precision. The code can handle
Cartesian, polar, cylindrical, and spherical coordinate systems
with variable grid spacing in every direction. It also features
several time integrators including an explicit second- and third-
order Runge–Kutta scheme and Runge–Kutta–Legendre super

Fig. 17. Temporal evolution of the velocity (top) and magnetic (bottom)
components of the MHD Keplerian shearing wave problem of Balbus
& Hawley (2006). The analytical solution is the dashed line, while the
IDEFIX solution computed with 2563 points is shown as a plain line.

time-stepping for parabolic terms (viscosity, thermal, ambipolar,
and ohmic diffusion). A conservative orbital-advection scheme
(Fargo-type) is also implemented to accelerate the computa-
tion of rotation-dominated flows. The code is parallelized using
domain decomposition and the MPI library. Finally, several
additional physical modules are currently in development for
IDEFIX, including a multigeometry self-gravity solver and a
particle-in-cell module, which will be discussed in dedicated
papers.

All features in IDEFIX are implemented in a performance-
portable way, meaning that they are available for every target
architecture supported by KOKKOS (CPU or GPU). In contrast
to other codes where only a fraction of an algorithm is running
on a GPU, the philosophy behind IDEFIX is that all data struc-
tures and loops live in device space, while the host system is
only responsible for input and output operations. Benchmarks
show that IDEFIX performs similarly to PLUTO and other simi-
lar Godunov codes on CPU architectures, with an efficiency of
above 80% on up to 131 072 CPU cores. On GPU, the speed-up
is significant (an AMD Mi250 node being 50 times faster than
an Intel Cascade Lake CPU node), and the code is also signifi-
cantly more energy efficient, that is, by up to a factor of about 6,
comparing Intel Cascade Lake CPUs to AMD Mi 250 GPUs.
However, these performances are only achievable for sufficiently
large subdomains (typically more than 643), which is an intrinsic
limitation of GPU architectures. Finally, IDEFIX reaches a peak
performance of 3 → 1011 cell s↑1 in MHD on AdAstra at Cines
(1024 GPUs), with a parallelization efficiency of above 95%.

IDEFIX is not the only code that proposes performance porta-
bility. K-ATHENA (Grete et al. 2021) is similar to IDEFIX in
terms of algorithm and also uses KOKKOS, but is limited to
Cartesian and ideal-MHD problems. For these problems, the per-
formances of IDEFIX and K-ATHENA are quantitatively similar,
but IDEFIX allows the user to address more complex physics.
PARTHENON (Grete et al. 2023) is a KOKKOS-based AMR

A9, page 15 of 17
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(relative error<10-3)

exact 
solution

Better results with 4x less resolution (runtime divided by 200) 



Example: Magneto-rotational instability
Saturation at very high Reynolds number [2048^3]

electrical current toroidal magnetic field

3000h on 64 Mi300 GPU



Conclusion

• Astra is a spectral (Fourier) code for (compressible) hydro and MHD. 


• C++20, Kokkos-based with Python embeddings.


• Fast convergence (compared to FV and SPH).


• Performance portable, from laptop CPUs to GPU clusters.


• Available now: github.com/glesur/astra

https://github.com/glesur/astra


Announcement
Exastro2027 School of physics  
May 24 - June 4 2027, Les Houches

Registration opens Sep. 1st 2026

exastro2027.sciencesconf.org


