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Athena++



Athena++

* A new public MHD simulation code for astrophysics
« Developed in international collaboration led by Jim Stone @ IAS
« Paper: Stone, Tomida, White, and Felker, 2020, ApJS
* Flexible Coordinates: variable spacing, Spherical, Cylindrical..
« Static/Adaptive Mesh Refinement (AMR) with uniform timestep
* Robust MHD solver with approximate Riemann solver + CT
« Various physical processes for astrophysical applications

- General Relativity, self-gravity, non-ideal MHD, EOS, radiation...
 High-performance and parallelization using dynamic scheduling
* Hybrid parallelization: MPI + OpenMP, auto load balancing
 Parallel 10 with MPI/HDF5, supporting standard software
« Easy to use, easy to learn, and easy to maintain
« Strict quality control: Found bugs in compilers and libraries.



Dynamic Scheduling with TaskList

The ordering of computation is usually
fixed at the time of programming

In Athena++, we split computation into
small Tasks and put them in TaskList.
TaskList defines the ordering and
dependency between the Tasks.

 Split implementation of Tasks and
relations between Tasks

— Improve modularity and flexibility

» The ordering of computation is
determined dynamically at runtime

— computation-communication overlap

= improve both development and
simulation performance.
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Athena++ Logo Demonstration




3D Blast Wave & Sedov Taylor solution
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Offset Blast wave in 3D spherical polar coordinates
e Athena++ can maintain symmetry well (beware of optical illusion)
* And can reproduce the Sedov-Taylor solution reasonably well too
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Weak scaling tests of ideal MHD using 643 cells / core

* >97% weak scalability up to >10,000 cores.

« >92% with more than half million threads on Fugaku.
 Faster than other public astrophysical MHD codes.

« We can do better than million$$$ projects if we do it right.
= Athena++ is ready for the Exa-scale era.
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AMR Strong Scallng
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Multlgrld Self- GraV|ty Solver
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Scientific Projects



Protoplanetary Disks
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(lwasaki et al. to be submitted)

High-resolution 3D global non-ideal MHD simulations of
protoplanetary disks resolving MRI turbulence using Fugaku.
Rich disk structures are produced by interaction between non-
iIdeal MHD effects + thermodynamics.

— Realistic mass/flux transport in disks and planet formation site



(lwasaki et al. in prep.
Mori et al. in prep.)

Protoplanetary Disks
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3D Global non-ideal (OD+AD, Hall in progress) MHD simulations
to determine the environment of planet formation.
Rich structure formation: active/dead zones, winds, rings, gaps, ...



(lwasaki et al. to be submitted)

Magnetic Flux Transport
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Magnetic flux transport is important in the context of the stellar magnetic flux as

well as the structure and evolution of protoplanetary disks.
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We found that relatively fast transport speed of a few X v, but the direction of

the transport depends on the dust properties.



(Takasao et al. 2018, 2019, 2022)

Star Disk Interaction
B oo L
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Left: Accretion flow onto a weakly magnetized protostar
fast accretion onto the high latitude region is realized even without
magneto-sphere — failed wind loses ang. mom. and accretes.
Right: A new model of giant flares produced by reconnecting disk B-field
can explain the observed energy release in giant flares



Professional Visualization

(Takasao et al. 2019, visualization by T. Takeda @ Vasa Entertainment)



(lwasaki et al. 2019
Kobayashi et al. 2020, 2022, 2023)

Molecular Cloud Formation

0=3 t=bM
’.;St?:;": % . yr

> A
\J u

0=11" t=b5Myr

y[pc]

.

To study the first step of star formation,
we simulated molecular cloud formation

In converging flows (model of SN, spirals,
galaxy merger, etc.).

Turbulence structure and cloud formation
oL, | | , | | efficiency depends on magnetic fields.
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(lwasaki & Tomida 2022)

Core / Filament Formation
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Left: super-Alfvenic turbulence suppresses coherent structure formation—cores/clumps
Right: filaments perpendicular to the field lines are formed
— Self-gravity is (obviously) the key ingredient in the core/filament formation



(lwasaki & Tomida 2022)

Universal Scaling Relations
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We found that the virial parameters molecular cloud cores follow
universal scaling relations (left, color = threashold densities 103->44-)
regardless of the simulation setup.

We also found that the magnetic field vs density relations are more or
less universal across different simulations (right)

— The origin of the universality of star formation (e.g., IMF) ?



Galactic-Scale Star Formation

In order to understand star formation
consistently across the scales, we need to
model the whole galactic scale with
appropriate physical processes.

With Athena++ and Fugaku, we have
started a new project to simulate the whole
galactic disk with very high resolution of a
few pc, including magnetic fields,
radiation and other processes.

We also plan to extract some molecular
clouds formed in the galactic-scale
simulation and perform zoom-in
simulations of star and disk formation.

NGC 7496 (PHANGS-JWST, Lee et al.
arxiv:2212.02667) — now JWST +

(Galactic) Disk to (Protoplanetary) Disks ALMA can directly resolve embedded
star formation in other galaxies.



"Disk to Disks” Project

Global MHD simulations of star formation

at the Galactic scale (led by Sugimura-san,

In collaboration with Princeton)

— XONFTAaSz ORI

« Athena++ AMR

» Magnetic fields

« Appropriate heating/cooling y

» Star formation feedback (currently random A _
but star particles in progress.) “Test” simulation with 8p resolution

 Self-gravity (currently gas only, but live including magnetic fields and supernova
star/DM with particle-mesh in progress.) feedback (Sugimura et al. in prep.)
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 Consistently model the star formation environment at the Galactic scale
» Galactic-scale magnetic fields (dynamo, link to star formation)
 Prediction for next-generation observations (SKA, CMB foreground, etc.)
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https://www.athena-astro.app/

anks a lot!
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