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EXTENDING TO STELLAR WIND
& STAR-EXOPLANET INTERACTIONS

Strugarek, Brun et al. 2022



A TECHNOLOGICAL SOCIETY SENSITIVE
TO EARTH’S SPACE ENVIRONMENT
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SO NEED BETTER MODELS OF THE SUN
AND HOW IT CONTROLS THE HELIOSPHERE
=>
EXASCALE SUPERCOMPUTERS
=>
NEwW CODE DEVELOPMENT
AND INTERNATIONAL BENCHMARK VALIDATION



2.5D MODEL TO CAPTURE THE 11 YR CYCLE:

A&A 483, 949-960 (2008) Astronomy
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A solar mean field dynamo benchmark

L. Jouve', A. S. Brun', R. Arlt?, A. Brandenburg®, M. Dikpati*, A. Bonanno’, P. J. Kiipyla*7,
D. Moss®, M. Rempel*, P. Gilman*, M. J. Korpi’, and A. G. Kosovichev®

Codes involves: STELEM, NDYND, MBRK, MESFISTO, HAO dynamo 1 & 2, CTDYN,
HOLLERBACH

952 L. Jouve et al.: A solar mean field dynamo benchmark

Table 1. Summary of the test cases. the cases followed by a prime have radial field boundary conditions (BC) at the top and the cases preceded
by § are supercritical (computed with a value of C, or C, well above the dynamo threshold).

Case Q-effect Poloidal source term Diffusivity Meridional flow Ca Ca Cs R. Top BC
A Eq.(13) a: Eq. (15) i7=1(n. = n in Eq. (14)) NO 1.40x 10° C&%(A) 0 0 Potential
A’ Eq.(13) a: Eq. (15) i7=1(n. = n.in Eq. (14)) NO 140 x 10° C=Y(A") 0 0  Radial

SA” Egq.(13) a: Eq. (16) i7=1(n. = n in Eq. (14)) NO 1.40x10° 35 0 0  Radial
B Eq.(13) a: Eq. (15) Eq. (14) NO 1.40x 10° C™(B) 0 0 Potential
B’ Eq.(13) a: Eq. (15) Eq. (14) NO 1.40 x 10° C=Y(B') 0 0  Radial
SB’ Egq.(13) a: Eq. (16) Eq. (14) NO 1.40x10° 35 0 0  Radial
C Egq.(13) BL: Eq. (17) Eq. (14) Eq. (19) 1.40 x 108 0 Cei(C) 700 Potential
C’ Egq.(13) BL: Eq. (17) Eq. (14) Eq. (19) 1.40 x 10° 0 Ce(C’) 700 Radial

SC' Eq.(13)  BL:Eq.(I8) Eq. (14) Eq.(19) 140x10° 0 35 700 Radial




Code

Case Resolution At o @

A STELEM 65 x 65 103 0.385 157

A NDYND 81 x 81 5x10°% 0385 158

A MBRK 81 x 81 5x107%  0.390 159

A CTDYN 70x 70 * - 0.388 160

A HAO2 101 x 101 10-3 0.388 156

A HOLLER 60x60* S5x10° 0385 159
Mean val 0.387 158.1
Std Dev. 0.002 1472
R.S.D. 0.006  0.009

A’ STELEM 65 x 65 1073 0.366 158

A’ NDYND 81 x 81 5x10°%  0.369 156

A’ MBRK 81 x 81 5x10% 0372 158

A’ MEFISTO 121 x 121 107° 0.368 158

A’ HAOI1 128% 128 3x107% 0.368 157
Mean val 0.369 1574
Std Dev. 0.002 0.89%4
R.S.D. 0.006 _0.006

Byat/Be@r=0.7R, Lat=80°

Test Accuracy of solutions
and Boundary conditions

Agreement within 1%

0.01

0.02
Dif. time




Table 4. Same as for Table 2, for cases C and C'.

Case Code Resolution

C*cril

Ar o w
C STELEM 129 x 129 10-6 2520 542
C NDYND 81 x 81 10°® 2513 525
C HAO2 101 x 101 107° 2515 546
C MBRK 151 x 151 1076 2540 532
C HOLLER 100x100* 5x10® 2355 538
Mean val 2.489 536.6
Std Dev. 0.075 8.295
R.S.D. 0.03 0.015
G STELEM 129 x 129 1078 2460 544
O NDYND 321x321 5x107 2469 534
€ MBRK 256 x256 5x 107 2473 537
[ 94 MEFISTO 201 x 201 10°¢ 2463 539
" HAOI 128x 128 3x10° 2450 537
Mean val 2.463 538.2
Std Dev. 0.009  3.701
R.S.D. 0.004  _0.007 _

Test convergence with resolution
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MORE INVOLVED: 3D CONVECTION AND 3D CONVECTIVE DYNAMO

lcarus 216 (2011) 120-135

Contents lists available at SciVerse ScienceDirect

Icarus

L 1 SEVIER journal homepage: www.elsevier.com/locate/icarus

Anelastic convection-driven dynamo benchmarks
C.A. Jones™®*, P. Boronski?, A.S. Brun®, G.A. Glatzmaier©, T. Gastine %, M.S. Miesch®, ]. Wicht¢

3. Polytropic reference state and the dimensionless formulation % +@xU= _v(Pg' E’N Tk )

With our assumption of gravity proportional to 1/r?, the anelas- +Pm [_ %i % U+ W(V x B) x B +F, + P’;R“ iz"]
tic equations admit an equilibrium polytropic solution, E '(22)
; ad
p=p" T=TL P=PL, (=c +'T (18) where
where n is the polytropic index, {; and {, are the values of { at the i au au, 2. .8 .0u
inner and outer boundaries respectively, d=r, — r;, and the con- w=Vam, Bk 7 (6x, ax.) 3° o ox 29
stants co and ¢, are defined by The dimensionless entropy equation becomes
o= b-1 _(1+p(1-L) 4

o ’ - ’ pette ] vt i1 1y-n

1-5 1-p) =l "'V VS+-[E (V x B)? +Q.,] (24)
{o= f+1 {i= M—_"" (19) with the dissipation parameter Di defined as

pexp(Ny/n) +1° B

. GM Pr C|Pr 1 3
Di= th(_‘p PmRa ~ PmRa’ Q=2 [Egeu _§(v -u) ].

1 fou; oy
= 2 (BXJ x HXg) (25)

The dimensionless induction equation is then

Coupled PDEs, 8 x 3D primary variables

B

2
7=V x(uxB)+ VB (26)



PURELY HYDRODYNAMICAL CASE:

Agree on an exact set of parameters

GMdAS v v v
Ra = we, Pr_E. Pm_ﬁ, E=—,
Np =In (&). n, 22'.
po To

Table 1

Parameters for the hydrodynamic benchmark. The chosen defining physical input
values determine the conversion from dimensionless to dimensional units.

Dimensionless parameters
E=10"3 Ny=5, §=035 Ra=351806 Pr=1,n=2

Defining physical input values
re=7x100an, Q=176 x 107%™ M=19x10¥g pij=1.1gam 3,
R=3503x10" ergg ' K ', G=667 x10°g "em’ s

Polytropic constants
lo = 0.256465, [ = 3.124385, o = —1.287800, ¢; =2.375792, V= 14598801

Dernived physical input values
r;=245 x 10° an, d <455 x 10° cm, v = 364364 x 10" cm?s ™,
K=364364 x 107 em®s™

Derived thermodynamic quantities in the model

pc=0112684gcm ™, p,=0.00741174gcm >, T; = 348 548 K, Te = 111 557K,
T,=28611K,

p; = 1.343061 x 10" dyne em~2, p_= 4403540 x 10" dyne cm2,
Do = 7428259 x 10° dyne am 2,

AS=8512257ergg 'K, ¢, = 1.0509 x 10f erg g~' K™, AS/c, = 0.0081,

Basic state luminasity = 7.014464 x 10¥%erg s~!

Dimensionless units

Velocity 8008 cms™'; time 5681818 x 10%s; distance 4.55 x 10%cm;
energy 6.806845 x 10* erg

Energy density 7.226228 x 10° erg an™3; luminosity 1.773999 x 102 erg 5!

25.0
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&= 50
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-25.0

Wave-like behavior.

Jones et al. 2011
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Testing integral values (global energies),
but also specific pointwise values

Table 2

Results from the hydrodynamic benchmark.
Code Leeds Glatzmaier ASH MAGIC
KE (erg) 5.57195 x 10 5.57028 x 10 5.52650 x 10% 5.57062 x 10%
K.E. dimensionless 81.8581 81.8335 81.1903 81.8385
K.E. density (erg an—3) 405188 x 10° 405066 x 10° 4.01882 x 10° 4.05091 x 10°
Luminasity (ergs™') 7.44878 x 10 7.44878 x 10% 7.44877 % 10% 7.44880 x 10%
Luminosity dimensionless 4.19886 4.19886 4.19886 419887
Zonal KE. (erg) 638294 x 10* 6.38099 x 10* 6.33063 x 10> 6.38151 x 10*
Zonal KE dimensionless 937724 937437 9.30039 937514
Meridional KE. (erg) 1.49875 x 10% 1.49825 x 10 1.48637 x 10 1.49843 x 10*
Meridional KE. dimensionless 0.0220183 0.0220109 0.0218364 0.0220136
Period T dimensional (days) 123264 123263 1.23263 1.23241
Period T dimensionless 0.0187440 0.0187440 0.0187439 0.0187404
@=2x/197 (rads™") 3.10511 x 10°° 3.10512 x 10°° 310512 x 10°° 3.10570 x 107
@ = 21/191 dimensionless 17.6427 17.6427 17.6428 17.6460
ugat u,=0(ams') 690.15 69027 687.65 689.66
us at u, = 0 dimensionless 0.86183 0.86197 0.85871 0.86122
Satu,=0(ergg' K") 79420 x 10° 79452 « 10° 7.9766 x 10° 7.9452 « 10°
S at u, = 0 dimensionless 0.93301 0.93338 0.93707 093338

Resolution
Timestep (s)
Timestep dimensionless

Run length (days)
Run length dimensionless

128 x 192 x 384
14.2
25x10°%

92
14

121 x 512 x 1024
33
58 x10°%

450
68

129 x 256 x 512
33
58 x 10°°

1544
235

121 x 192 % 384
2841
5x 10-5

19729
3.0

Agreement within 1%, sometimes better



MHD MODE VALIDATION + TURBULENCE STATE

- Highly stratified system requires long integration time
- Turbulent state implies long temporal averages
to compare outputs

Agreement within 1%, sometimes better

Table 6
Results from the unsteady dynamo benchmark. Time-averaged values are shown, with the corresponding standard deviation in square brackets, expressed asa percentage of the
average value.

Code Leeds Glatzmaier ASH MAGIC

M.E. (erg) 1.81 x 10% [12%] 1.80 x 107 [10%] 1.77 x 10% [13%] 1.84 x 10°% [11%]
M.E. dimensionless 242 x 10° 1] 2.40 x 10° [10%] 2.37 x 105 [13%] 2.46 x 10° [11%]
KE (erz) 1.74 x 10 [13%] 1.75 x 10% [12%] 1.72 x 10% [12%] 1.74 x 10°% [12%]
K.E. dimensionless 232 x 10° [13%] 234 x 10° [12%) 2.29 x 10° [12%] 2.32 % 10° [12%)
Zonal M.E. (erg) 7.07 x 10* [40%) 7.07 x 103 [38%) 7.12 x 103 [34%) 7.10 x 10°4 [41%]
Zonal M.E. dimensionless 945 x 10° [40%] 945 x 10° [38%] 9,51 x 10° [34%) 9.49 x 10° [41%]
Meridional ME. (erg) 1.59 x 10° [43%) 1.66 x 10™ [33%) 1.53 x 10™ [38%) 1.67 x 10°° [44%)
Meridional M.E. dimensionless 2.13 x 10° [43%] 222 x 10°33%] 2.04 x 10°[38%] 2.23 x 10° [44%]
Zonal KE. (erg) 1.02 x 10% [37%] 1.00 x 10 [43%) 1.02 x 10™ [55%)] 1.02 x 10°° [38%)
Zonal K.E dimensionless 136 x 10° [37%] 1.34 x 10° [43%) 1.36 x 104 [55%] 1.36 x 10° [38%)
Meridional KE. (erg) 7.84 x 107 [31%] 836 x 107 [30%) 8.90 x 10%% [29%) 8.28 x 10°7 [32%)
Meridional KE. dimensionless 105 [31%)] 112 [30%) 119 [29%] 111 [32%)
Luminasity (ergs™') 462 x 10™ 467 x 10 4.65 x 10* 4.64 x 10°!
Luminosity dimensionless 425 43.0 238 427

Standard deviation (bottom) 1% 1% 9% 1%

Standard deviation (top) 4% 4% 3% 5%

Resolution 96 x 288 x 576 129 x 256 x 512 129 x 256 x 512 121 x 256 x 512
Timestep (s) 681 100 100 11364

Timestep dimensionless 3x10°° 44x1077 44 %107 5 %1077

Run length (days) 3950 1022 2014 3644

Run length dimensionless 15 0.39 0.77 1.35




NEwW CODE: DYABLO FOR EXASCALE MACHINES

dyablo: a high-performance AMR framework

(T [ —
‘ ‘ ‘ Kernel specification + initial conditions + boundary conditions +...
. e $ oo
g

3y & 8 3 3

Distributed parallelism Shared parallelism

CEA/DRF/IRFU HPC activities
Computational Astrophysics (COAST) program



Dyablo-Whole Sun: Performance study

Sedov-Blasts in 3D. Max-resolution per blast 512”3
Run on Jean-Zay Intel Cascade Lake 6248 CPUs (40 cores per node); 4 MPI processes per node

Time in seconds

A. Durocher, M. Delorme (CEA/IRFU)

800 B Outputs

B DT
B Checkpoint
B MPI ghosts
B Hydro Update
~ AMR : Remap data
I I I I I I I l B Load balance
1024

B AMR

600

40

o

200

4 8 16 32 64 128 256 512 2048

(20480 cores)
MPI-processes count

20480 gpu cores



CONVECTION AT VARIOUS REYNOLDS NUMBER (FIXED GRID)

- ‘
6=10; 0=1.0 6=10; 0=0.3 0=20; 0=1.0 - .16=20; o=0.3

Setup inspired by Cattaneo et al. 1991, Astrophysical Journal, 370, 282

Using relatively old published papers sometimes leads to Pb:
Such as not well defined quantities or setups or unclear time or location of probing

or plotting of figures
rcWHQ LE




9 Codes involved CONVECTION BENCHMARK

Code Solver type Benchmarking institute
Dedalus Spectral methods UCB
Dispatch/HLLS Finite-volumes/Finite-differences ROCS
dyablo-Whole Sun Finite-volumes CEA
HPS Spectral methods USCS
Idefix Finite-Volume IPAG
Lare3d Finite-differences University of St. Andrews
MURaM/Yuto'’s Finite-differences MPS
PLUTO Finite-volumes/Finite-differences CEA
R2D2 Finite-differences Chiba University
0.08
0.00 = =g == o s GiSPALCTHLLS = = == = = -
- dyablo 007
— piute
~0.05 —— yuto'sMuram 0.06
wefix
& n2d2 & 0.05 4
3 -0.a0 \ Lare3D <
z ; 0.04
é -0a35 5 o
0.02 4
-0.20 0.01 4
0.00 1
~0.25
0.0c 0.2 0.4 0.0 08 10 0.0 02 04 06 08 10
Depth Depth

Buoyancy work Wo
Energy ratio re
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ANOTHER VERSION WITH NEWTON COOLING

Testing hydrostatic equilibrium
in fully compressible Finite Volume code (well-balanced scheme)

4 codes: 2 fixed grids, 2 AMR
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COMPARISON WITH COMMUNITY STANDARD CODE (NO AMR)
AND NEW SOLAR AMR CODES

Temperature at t=30.0 at z=0.10 Temperature at t=30.0 at z=0.19 Temperature at t=30.0 at z=0.40 Temperature at t=30.0 at z=0.98
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UNITARY TESTS: CHECKING VARIOUS MHD SOLVERS

Gam

Magnctic hield intensty (£ =F) Magnetic hie'd intensizy (8= 2P)

Magnetic hield intensity (t =0)
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FIRST SMALL SCALE DYNAMO WITH AMR

— 40e+00

LOCOOS
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Dynamo benchmark will follow up the convection benchmark




GOING SPHERICAL:
ISOMORPHISM BETWEEN UNITARY AMR CUBE AND SHELL/RING/SPHERE

Calhoun et al. 2008

2z
A\

I 777717
'......

Doebele, Delorme, Brun 2023




CONCLUSIONS

Understanding the Sun and its heliosphere is key for our modern society

Solar activity can have major impacts on Earth, even on supercomputers!
(solar energetic particles or GICs can dammage network and processors)

Developing exa-scale (and beyond) ready solar plasma codes is critical to
describe our star (high degrees of turbulence, large range of temporal/spatial scales,
multi physics and multi regimes, radiative transfer, high energy particles ....)

Unitary Tests and International Benchmarks are most needed to achieve such
ambitious goal as there are too many ways of doing something wrong.....
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KOKKOS LIBRARY

Kokkos: performance portability in C++

A solution to heterogeneous systems

Kokkos

Parallel Execution
b TA;;ow Spaces (:Where') . Execution Spaces ("Where")

Data Structures

- HBM, DDR, Non-Volatile, Scratch - CPU, GPU, Executor Mechanism
- Row/Column-Major, Tiled, Strided - parallel_forfreduce/scan, task-spawn
= emor Tars Chow)

- Streaming, Atomic, Restrict - Range, Team, Task-Graph

e Open-source modern C++ metaprogramming library
e Developer picks the memory structure, the type of algorithm and provides computation kernels
e Kokkos provides backends to automatically adapt the code to target architectures with minimum overhead

) https://github.com/kokkos/kokkos
Carter Edwards, H., Trott, C., Sunderland, D., “Kokkos: Enabling manycore performance portability
through polymorphic access patterns”, Journal of Parallel and Distributed Computing, 2014




