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Motivation

Cosmic web (observed by SDSS)Cosmic web (observed by SDSS) Isolated galaxy group/clusterIsolated galaxy group/cluster (everything not to scale)

Active Galactic Nucleus (AGN)Active Galactic Nucleus (AGN)

Collimated jetCollimated jet

Radio haloRadio halo

Cold front / shockCold front / shock

Weak magnetic fieldsWeak magnetic fields

(Decaying)(Decaying)
turbulenceturbulence

Hot diffuse plasmaHot diffuse plasma
(intragroup/intracluster medium)(intragroup/intracluster medium)

AGN feedback cycle and the self-regulation of galaxies
within groups and clusters
How is energy deposited and redistributed?

⇒ Need to bridge/resolve many scales
[Top left: NASA/Walker+. Bottom left: Cygnus A in radio (red, by VLA), X-ray (blue,

Chandra), Optical (by Hubble) Inset in radio (by VLBI)]
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XMAGNET Overview

XMAGNET project [XMAGNET collab. Grete+ arXiv:2502.13213]

eXascale simulations of Magnetized AGN feedback focusing on Energetics and Turbulence

Supported by DOE INCITE grant
Simulation setup using AthenaPK

isolated galaxy groups and clusters
static gravitational potential
accretion of cold gas
triggers AGN feedback

6 levels mesh refinement. Center:
[256 kpc]3 covered by 25603 cells
no multi-level artifacts
∆x = 100 pc ↔ effective mass
resolution ≈ 103M⊙

n
0.1 cm−3

but data analysis is tough

Philipp Grete XMAGNET – exascale magnetized AGN feedback 18 Jul 2025 3 / 15



XMAGNET Overview

XMAGNET project [XMAGNET collab. Grete+ arXiv:2502.13213]

eXascale simulations of Magnetized AGN feedback focusing on Energetics and Turbulence

Supported by DOE INCITE grant
Simulation setup using AthenaPK

isolated galaxy groups and clusters
static gravitational potential
accretion of cold gas
triggers AGN feedback

6 levels mesh refinement. Center:
[256 kpc]3 covered by 25603 cells
no multi-level artifacts
∆x = 100 pc ↔ effective mass
resolution ≈ 103M⊙

n
0.1 cm−3

but data analysis is tough

Philipp Grete XMAGNET – exascale magnetized AGN feedback 18 Jul 2025 3 / 15



XMAGNET Overview

XMAGNET in motion

Perseus-like initial conditions
Evolved for 4 Gyr
System is self-regulating
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XMAGNET Overview

AGN duty cycles [XMAGNET collab. Grete+ arXiv:2502.13213]
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XMAGNET Overview

Impact of magnetic fields and cooling [XMAGNET collab. Grete+ arXiv:2502.13213]

Temperature vs. radius phase plot at fixed time

Magnetic fields facilitate the presence of cold gas at larger radii
Strength of cooling less important
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XMAGNET Overview

Impact of magnetic fields and cooling [XMAGNET collab. Grete+ arXiv:2502.13213]

Temperature vs. radius phase plot at averaged over 500 Myr

Magnetic fields facilitate the presence of cold gas at larger radii
Strength of cooling less important

Philipp Grete XMAGNET – exascale magnetized AGN feedback 18 Jul 2025 6 / 15



XMAGNET Energy dynamics

Energy spectra in simulations [XMAGNET collab. Grete+ arXiv:2502.13213]

Kinetic energy spectrum shows
multiple breaks

“Kolmogorov” scaling around
injection scale
Flatter on intermediate scales

Tied to interpretation of observations

[Zhuravleva+ Nature 2019]

Spectra within [200 kpc]3
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XMAGNET Energy dynamics

Energy spectra in simulations and observations [XMAGNET collab. Grete+ arXiv:2502.13213]

Kinetic energy spectrum shows
multiple breaks

“Kolmogorov” scaling around
injection scale
Flatter on intermediate scales

Tied to interpretation of observations

[Zhuravleva+ Nature 2019]
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XMAGNET Energy dynamics

Energy spectra at various times [XMAGNET collab. Grete+ arXiv:2502.13213]

Kinetic energy spectra/slopes vary with time
Magnetic energy spectra approx. constant
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XMAGNET Velocity structure functions

(Observable) multiphase kinematics [XMAGNET collab. Fournier, PG+ arXiv:2502.19486]

Work by
Martin Fournier
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XMAGNET Velocity structure functions

Velocity structure functions theory [XMAGNET collab. Fournier, PG+ arXiv:2502.19486]

Amplitude of (average) fluctuations versus distance
Can be done

in 2D and 3D
separate for hot and cold phase

For incompressible, isotropic, hydrodynamic
turbulence equivalent to power spectrum
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XMAGNET Velocity structure functions

Velocity structure functions in practice [XMAGNET collab. Fournier, PG+ arXiv:2502.19486]

Projected 2D structure functions of the
cold phase
Observations (gray) from Li+20

Slope (m ≈ 1/2) steeper than
Kolmogorov

Simulation consistent with Kolmogorov
(but there is no reason to it!)
Tension between obs. and sim.
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XMAGNET Velocity structure functions

Velocity structure functions in practice [XMAGNET collab. Fournier, PG+ arXiv:2502.19486]

Good agreement when taking atmospheric seeing into account
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XMAGNET Velocity structure functions

VSF – Impact of viewing angle [XMAGNET collab. Fournier, PG+ arXiv:2502.19486]
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⇒ It depends!
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XMAGNET Velocity structure functions

VSF – Tracing phases [XMAGNET collab. Fournier, PG+ arXiv:2502.19486]

3D VSF of hot phase traces
2D projected VSF of the hot
phase

Hot and cold phase VSF do
not trace each other
(in the ICM with jet
feedback)
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XMAGNET Velocity structure functions

VSF – Temporal variations [XMAGNET collab. Fournier, PG+ arXiv:2502.19486]

100 101

3D = |ri rj| [kpc]
101

102

S 1
(

3D
)

1/3
3D

ICM
Cold gas

100 101

3D = |ri rj| [kpc]
100 101

3D = |ri rj| [kpc]
100 101

3D = |ri rj| [kpc]

0 20 40 60 80 100
t t t0 [Myr]

0.3

0.4

0.5

0.6

m
(t)

t 1 t 2 t 3 t 4S1(t, 3D = 3kpc) m(t)
3D

5 6 7 8logT [K]

VSF depend on dynamical state,
see also Wang+21
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Conclusions
eXascale simulations of Magnetized AGN feedback focusing
on Energetics and Turbulence

⇒ Magnetic fields matter for multiphase structure

⇒ Good agreement between obs. and sim. cold phase VSF

⇒ (Observable) kinematics vary with viewing angle and time

Exascale (GPU) computing is here!

Simulation powered by AthenaPK and Parthenon

⇒ Bridging computational scales with 70000+ GPUs
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