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APrinceton MHD
A Stone, Tomida, White, and Felker (2020) ApJS
A . non-uniform spacing, Spherical, Cylindricale
AStatic / Adaptive Mesh Refinement (AMR)
A CT MHD
A
- é
A

AHybrid parallelization: MPI + OpenMP
with MPI/HDF5,

Intel Compiler Cray MPI
; Intel, IBM BG/Q, Xeon Phi etc.
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Athena++

MHD w/ PLM & PPM
Flexible coordinates

Static and Adaptive
Mesh Refinement

Special and General
Relativity (fixed metric)

MPI + OpenMP
Passive scalars
Self-Gravity (MG, FFT)
Shearing-Box

Orbital Advection
Resistivity & diffusion
General EOS

Website / Tutorial
Code Paper

Non-ideal MHD (Hall)

Radiation transfer
(Direct transfer)

Chemical reactions

Full General Relativity
(dynamic metric -
GRAthena++ Daszuta et al.)

Particles (star / dust)
Cosmology

Post-processing
radiation transfer

Hybrid PIC Plasma
GPU/multi architecture

Devel oper 6s

Radiation transfer
(VTEF+implicit etc.)

Ambipolar Diffusion
(two fluid approx.)

Heterogeneous
parallelization
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Athena++

HOME Athena++ Radiation MHD code

Download

Documentation

Publications Athena++ is a complete re-write of the astrophysical magnetohydrodynamics (MHD) code

into C++. Compared to earlier versions, the Athena++ code has (1) much more flexible coordinate
and grid options including adaptive mesh refinement, (2) new physics including general relativity,
(3) significantly improved performance and scalability, and (4) improved source code clarity and
modularity. Please understand that this is a BETA version, and expect frequent updates and
improvements.

James M. Stone

Professor

Department of Astrophysical Sciences
Princeton University

Kengo Tomida

Assistant Professor

Department of Earth and Space Science
Osaka University

Christopher White
Department of Astronomy
University of California, Berkeley

https://www.athena-astro.app/
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Photo by Eve Ostriker, June 16th 2019

With Varvakeion Athena at The National Archeological Museum of Athens
(The most accurate reproduction of Athena in Parthenon, dated to 200-250 AD,
The original in Parthenon was 11.5m tall and produced in 5th century BC but lost.)
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Athena++
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Athena++

California 9
White Radiation
Japan GR, Radiation > ... Cosmology

Tomida, Iwasaki,
Tanaka, .
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Developers & Users meeting: Las Vegas, 2019
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(Tanaka et al. in prep.)
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Ono, Muto, Tomida and Zhu,

2018, ApJ, 864, 70
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Ono et al., 2018, ApJ, 864, 70
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(Takasao et al. 2018, 2019)
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(Takasao et al. 2019, visualization by T. Takeda @ Vasa Entertainment)



(Kuwahara et al. 2019)
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DB: torus_lif_3d_mod.out1.00000.athdf.xdmf
ycle: 0 Time:0

DB: torus_hlld_3d.out1.00000.athdf.xdmf
Cycle: 0 Time;0

Pseudocolor
Var gas_density

_densi
'0.0081

—0.7486

— 0491

DB: torus_hlld_3d.out1.00000.athdf.xdmf

-30 user cjwhite
Thu Sep 24 10:52:36 2015

GRMHD (fixed-metric) (White, Stone & Gammie 2016)

Event Horizon Telescope
Porth et al. 2019, ApJS
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Mesh Refinement
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Adaptive Mesh Refinement

Y Adaptive Mesh Refinement

Y A circumplanetary disk

embedded in a protoplanetary

disk with Athena++.
(by Zhaohuan Zhu @ UNLV)
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Athena++

e

A: Block-based

B: Patch-based

T
ol

HH

144

C: Cell-(Tree-)based

Pros High efficiency Simple relations btw levels Highest efficiency
Uniform within block Uniform within block Logically beautiful
Use of existing scheme Use of existing scheme Parallelization by space-
Parallelization by space- filling curve
filling curve
Cons Grids are not unique Lower efficiency Performance Issue
Non-trivial grid generation | (depending on patch size) Complicated grids
Complex parallelization (non-trivial neighbor cell)
Hard to write,read,analyze
Examples | Original: Berger & Colella 1989 FLASH(PARAMESH) RAMSES, ART
Orion, PLUTO(Chombo) Peano, Ni rvana, SFUMATO, é
CASTRO(Boxlib) Enzp, é Athena++




AMesh:
class
MeshBlock
AMeshBlock:

AMR

Mesh class:

information of the whole grid structurg

time, ncycle, size of the domain,...
MeshBlock List and Tree

RegionSize mesh_size;
MeshBlock *pblock;

/

MeshBlock: —
A linked list of MeshBlocks on this
MPI process (*prev, *next)

contains each decomposed unit

Relations to neighbor MeshBlocks
int gid; // global unique ID
LogicalLocation loc;

RegionSize block_size;
Coordinates *pcoord,;
BoundaryValues *pbval;

Hydro *phydro;

Field *pfield;

Hydro: fluid variables and functions
u: conservative variables
w: primitive variables

Field: B-field variables and functions
b.x1f, b.x2f, b.x3f: cell-interface B
bce: cell-center magnetic fields

Coordinates: coordinates & metrics
x1f, x2f, x3f: interface positions
x1v, x2v, x3v: cell-center positions




MeshBlockTree

X————— |
X X2
1 2 5 6 17 1 2 8 9 35
4 | 5
3 4 7 8 18 3 BEARL Y 36
6 | 7 121346
9 10 13 14 19 18 19 zgg 28 |29 32 37
24 | 25| 30 | 31
11 12 15 16 20 26 27 33 34 38
physical logical physical logical
level level level level

Left: , right: AMR 2 -eeecee- @ Rt S
AMeshBlock 8 4

AGlobal ID (gid) : Z-ordering ID
ALogicalLocation (loc): (Ix1,Ix2,1x3,level)
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Adaptive Mesh Refinement

(Stone, Tomida, White, Felker, 2020, ApJS)
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Performance [cells/sec/process)

Time [sec]

AMR

" AMB 8 HD ——

AMR 16° HD :
Eﬂé%ﬂﬁ%“ | HD/MHD Blast wave tests
Jnform MHD Uniform: 5123

1.0%x 10% |

. AMR: 3 levels with 83 and

f 163 MeshBlocks

: | 2nd-order PLM,

=" "~ -4l HLLE for HD, HLLD for MHD

1.0x10° |

o LT Cray XC50 @ NAOJ, Skylake

T
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a
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1.0x 10° |
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Athena++

athena/

src/ -- source code directory
bvals/ -- boundary conditions including communications
coordinates/ -- coordinate definitions
eos/ -- equation of state
field/ -- magnetic field integrator
hydro/ -- hydrodynamics integrators
mesh/ -- grid generation, refinement
outputs/ -- 1/O functions
pgen/ -- problem generators
utils/ -- other utilities

Inputs/ -- sample input parameter files

tst/ -- regression test scripts

vis/ -- visualization scripts



Y hydro/
Y field/
Y mesh/
*Y main.cpp, task_list/
**Y mesh/, bvals/ **:
*: Athena++ TaskList

TaskList::DoTaskList

80| while (nmb_left > 0) {v
81 {ftpragma omp parallel for reduction(- : nmb_left) num_threads(nthreads) schedule(dynamic, 1)
82 for (int i=0; i<nmb; ++i) {¢

83 if (DoAllAvailableTasks (pmesh->my_blocks (i), stage, pmesh->my_blocks (i)->tasks)
84 == TaskListStatus::complete) {'

85 nmb_left—;

86 }o

87 }o

88| }v
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Euler Lagrange

u(x,t)

Euler Euler
Lagrange

0

—. —. O¢@l

Oo T o

Lagrange
SPH = Smoothed Particle

Hydrodynamics Moving Mesh
Euler Lagrange

Athena++ Euler
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X

: Sod ¢ XxAv)
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Riemann solver



Riemann Solver

Riemann Solver
AExact Solver:

ARoeds Solver:

AHLL, HLLE:
Rankine-Hugoniot

AHLLC:
Roe



Godunov
o) o)
o) o)

Total Variance Diminishing
Total Variance
46(0 ) O 0 8
46(6 ) 46(6) TVD
TVD



MUSCL

Godunov
Monotonic Upstream-centered Scheme for Conservation Laws (van Leer 1979)
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Slope (Flux) Limiter

u i
L
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X
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Casel: Discontinuity Case2: Extremum
0 7 0 ¢
slope limiter
1 T minmod limiter

https://en.wikipedia.org/wiki/Flux_limiter



