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Largest Phenomena Determined by

Fundamental Processes BUt How?
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We Simulate the Universe, on All Scales
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Because, Astronomically:

| (1) We Can Manipuate Nothing
(2) Things Are Complicated




qudV= z fdtfdg-Fq

surface

Wang 2025a

Simulations on Discretized Space... ADIS, 227,63
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.. and GPUs Are Very Suitable for
Th ose ApJS, 227, 63

Wang 2025a




JANUARY 22,2024 | 5MIN READ

There Are Quicker Ways to Board a Plane—So
Why Don’t Airlines Use Them?

These boarding methods are more efficient, but they come at a cost

BY JOANNA THOMPSON EDITED BY ALLISON PARSHALL
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~800 km/h ~2000 km/h

Best at transporting Best at doing things that

100 people from PEK to CJU need speed and
manuverbility
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Chemistry ( “Microphysics” ) is
Necessary




Why we need it
—or, why not equilibrium?

. Proper
Because sometimes we have Ly drodynaai

Inconsistent

<
Tdyn ~ TChem thermo- Expensive!

Which occurs quite often o chemistry ~
O
5 26
g & 3 _g
C o a =
>S5 g2 =
S You won't I < ©

>30 Species >130 Reactions
Real-time Non-equilibrium
Cooling/Heating: Species by

species, process by process Improper
Hydrodynamics

get a PhD

dynamics




Algorithm 1: Parallel LU decomposition of ma-
trices on multi-thread devices
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Data : Matrix to be decomposed a;; (size N x N)
Result: LU-decomposed matrix stored in a;;;
Permutation vector p;.

i < thread index (0 <i < N —1);
v; < maximum absolute value in the ith row of a,;
for j <+~ 0 to N — 1 do
/* Compute U and unrescaled L */
for k <+ 0 tomin{i — 1.5 — 1} do

Qij < iy — QikQky,
/* Pivoting: Let diagonals hold greatest

possible absolute value */

synchronize threads;
if ¢ 2 ] then t; < |(1.ij|/'l.?i',
Imax < index for the maximum ¢; with i > j;
synchronize threads:
if j # imax then swap(a,, .. .i.a;5i):
if 7 1s 0 then swap(vi,...vj), Pi < Zmax;
/* Rescale L x/
synchronize threads;
if ] < ¢ then Ajj $— (l.ij/(ljj .
end

Yi |;1:::1:1 =Y |;1:::1:0 + Az ((511

4 | dy;
o Ji-j'-’l!oA"I;) e

dx

I=Iq

n-1

Thread 0

Thread 1

Thread 2

Concurrent LU Decomposition on

L1

Thread n-1

Wang 2025b

arXiv:2504.04941




(MHD
evolution

Post-

Post-processing proces

Eliminate inconsistency before data rejoin
(M)HD procedures

« Fix violations of conservations in elements and charge

 Detect non-converged chemistry, retry/reset

« Update energy density and chemical abundances Thermochem Pre-

« Update non-ideal MHD diffusivities solver processing

Wang 2025b

Realtime GPU Microphysics X 2504 0494
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CUDA HIP HIP-CPU Mesh Mesh Refinement
(NVIDIA GPU) (AMD GPU) (Any CPU) Generator Manager
Module Container
Thermochem Hydrodynamic Poisson
Solver Solver Solver

User-defined

Particle-based
Modules

Solver

User-defined Problem Generator; Python-based User Interface

Cosmology Exoplanet :

Wang 2025a

New Heterogeneous Code: Structures Astbi:




Test case: Outflows Code Performance: Million Cells per Second
and Bow Shocks 1200

Single-card:
109 cells/s on A100

Mixed-precision:
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i

o

09 cells/s on 4090
800
Also quick on
7900XTX . mSingle  m Mixed Double
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How Fast Is Fast e
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What can we do with Kratos?

There is a Chinese joke:
5—18#F, BEEET]F

When your best tool is a hammer,

p
TN

every job looks like a nall.



102%® cm IGM, Cosmology
10%% em CGM, CMZ
10'% ¢cm ISM, Mol. Clouds
105> cm PPD Winds
10° cm Planetary Atmospheres
10 cm Jet Engine
10° cm Laser Plasmas

* cm PPD Dust Opticals
10~° cm Li-ion Battery SElI

10~% cm Multiphase Astrochem

a=0.10,z = 8.79

y(AU)
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Class 2

~ 10971 Myr

~ 0.1 Myr (?)




Candidate: Photoevaporation
« Photoionization heating:
AE = hv — 1
(per reaction)
« Similar Heating Mechs:
« Photodissociation
« Photoelectric
* AE > ||, Gas Likely Escapes
« Important Facts:
« 1 proton @ 1 AU,|p|~9.2 eV
- Energy thermalized quickly
« NOT driving accretion...




* ~107? Mg/yr mass loss

« Deep penetrators absorbed

Tdyn = Tchem

in places with too many

coolants

« FUV and X-ray photons

102 10° 10* 10° 10° 107 10® 10%10'%10" 10% 102 10* 10° 10° 107 10® 10%°10%10!! 10% 102 10* 10° 10° 107 108 10%10!%10"!

always penetrate too deep,
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. 1.8 Fiducial 1.8 1.8 Soft FUV only
Ation ws 16 16
1.4 1.4 1.4
5 1.2 S 1.2 5 1.2
i < «
s Lo £ 1.0 = 1.0
=) = =
£ 0.8 © 0.8 & 08
0.6 0.6 0.6
0.4 0.4 0.4
0.2} 0.2 0.2
0.0L— 0.0 0.0
0.00.20.40.60.81.01.21.41.61.82.0 0.00.20.40.60.81.01.21.41.61.82.0 0.00.20.40.60.81.01.21.41.61.82.0

logio(r/AU) logio(r/AU) logio(r/AU)

Wang &

Photoevaporation: Neec Goodman 2017

ApJ, 847, 11
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« Field lines want to stretch

* lonized part does not want

vin
S T to move (due to pressure)
S .
 Flux freezing:

T . J |

L B | = You two shall fight
7/ xﬂsi  Neutral: No worries,

R | will help you coordinate

« Low ionization eases the

"formation of structures”

Ambipolar Diffusion: An Easy
Intro

Draine (2011)
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Wind-driven Accretion: Consistent Microphysics
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Wang, Bai &

Goodman
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Cosmic Ray

www.nature.com/natastron / August 2023 Vol. 7 No. 8

nature astronomy

Mapping out a
magnetohydrodynamic wind

AB(arcsec)

Lin, Wang, Fang, Ahmad & Goodman (arXiv:2401.15419)
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e CO “Last Emission Surface”

 MHD: Higher, broader, brighter,

+
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dual-components

200 300
R [au]

100

(CO survives due to shielding)

* Photoevaporation:

Lower, narrower, fainter

(dissociated at evaporation)

0 100 200 300 400 0
R [au] R [au]

Hu, Zhu,

What about Channel Maps of Molecules?aszsazs

2025 AplJ, 986, 161



-1.50 km/s 0.70km/s 0.00 km/s 0.70 km/s 2.00 km/s 50 “ . . »
' N * CO “Last Emission Surface
40E‘
ao‘é  MHD: Higher, broader, brighter,
§ 20%
5 . dual-components
2 o -2 2 o0 -2 2 o -2 2 0 -2 S ° (CO survives due to shielding)
offset [arcsec] offset [arcsec] offset [arcsec] offset [arcsec] offset [arcsec]
-1.50 km/s -0.70 km/s 0.00 km/s 0.70 km/s 2.00 km/s 50 Ph t t.
® otoevaporation:
40 g
3o§ LOWEI', Narrower, fainter
E
20 2 . : .
§ (dissociated at evaporation)

ns °¢  Channel Maps:

2 0
offset [arcsec] offset [arcsec]

2 0 -2 2 0 -2 2 0 -2 2 0 -2
offset [arcsec] offset [arcsec] offset [arcsec]

Possible to Tell the Difference!

Hu, Zhu,

What about Channel Maps of Molecules? iz
pJ, 986, 161



—_
°]
I
|
—_
o

10"

U
“ = 6=<510-010"10""10-10~10?

Spontaneous : o TE G s 01, v d
. ” I I I

symmetry breaking i i i
! ! T

3 3 3

2 2 2
1 1 1k
Or © ey
HH30 N | -l
[\ [\ )

w w w

Enx g% g»b
C ol C ol C ol
-3} -3} -3t
oo (o) = oot
©Or Or ©oFf

S S S

Wang et al.,

Disk Asymmetric Wind-driven Accretion 2024 Ap)

972, 142




Sbro/dbyo

R=10AU R=20AU

\

—————— - ———

|

L
> ——
-
~

Wang et al.,
2024 ApJ,

1/ [— br(asy)  —— dbg (sym)
} —— db, (asy) —— db, (sym)
0 1 3

972,142



101?

1004

10_1@

10_25

v/yr~!

10—3 _

10_43

10—5?

Wang et al.,

Disk Asymmetric Wind-driven Accretion 2024 Ap), 972, 142




()

~-CARL SAGAN




TR =
S R




“Super-Puff”, Wang & Dai, ApJL (2019 March Cover Paper)
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Stellar-Winded Planet Evap for WASP-107b, Wang & Dai, ApJ (2021a,b)




. Ultra-hot Jupiter:
. Very close to star

o Toq > 2200K

. « Tidally locked
e Example: WASP-121b

* a =0.026 AU
¢ Toq = 2700K
* R = 1.753 R,
« M =1.157 M,

e Special note:

Ryin = 3 Ry



« GCM: General Circulation Model

« Well-developed,
] 0.0at ! o Egress
well-defined for planetary atmospheres ' 5
, — A M
« Wait, for a tidally-locked ultra-hot... -
0.02f e
« Day-night circulation beneath rotation?!
3  H-a Evening segment
. Morning segment W Evening segment g 0.00 i ?eall Morning segment
Trailing Leading e
. TN o
......................... i S
" Ingress = " ki
=30 =20 ~10 0 10 20
Av [km/s]

Conventionally, GCM for ATM Nature 639,902




« Simulations with consistent thermochemistry conducted in 3D with Kratos
* 31 chemical species + internal energy + radiation (ray tracing, 7 eV to 3 keV)

« Orbital motion and stellar gravity necessary (Covering R < 160 Re,rth)

yllo

WORK

IN PROGRESS

Consistent 3D Simulations Necessary...



« I(Na) = 5.14 eV, but less susceptible to X-ray
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Spatial Distribution of Species: Na |



« I(Fe) =7.90¢eV, but more susceptible to X-ray
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Spatial Distribution of Species: Fe |



* n(H,=,) should be evaluated based on n(H*), n(e™), T, and UV fluxes

| ——aaa— | | — |
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WORK
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Spatial Distribution of Species: Ha
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Sub-stellar point, irradiated:
Heated, driving day-night circulations

Sub-stellar point, not irradiated:

5L“’-‘“’ f—7
Replenishing the mass source L I
Outflows: shaped by Coriolis force /

3 layers, 2 shears at ~10°~! km/s
Variations at hours timescale: /

to be further verified by observations

Day-night Circulation and Kelvin-Helmhotz

WORK

IN PROGRESS
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Athena++ Cosmology with Kratos Cosmology with

Exoplanet
Atmosphere
Photoevap

v

Realtime Halos and Thermochem More Consistent Feedback

Thermochemical MHD ' .
Tauri Molecular Clouds Thermochemical Non-ldeal MHD for ISM

Direct Imaging Characteristics

Super-Puff Exoplanets Transmission . .
Exoplanets Spectra on He | 10830 A Metal Lines, Transient Atmospheres, ...

Magnetized
Wind-driven
Transitional PPD

PPD
Photoevap

?

Consistent Theories of Sectral Sinals on PPD Winds

Innermost PPD Structures and Evolution (esp. Magnetic Fluxes)

Wind-driven
PPD Accretion

Microphys Microphys
0N v1.0

Microphys

Microphys v3.0

v2.0 Kratos Microphys v4.0:

Hydrostatics Athena++ Athena++ Hydro/MHD Hydro/MHD Adaptive!
Scipy ODE CVODE GPU/CPU Thermochem GPU

107° cm Li-ion Battery SE|

Thermochem

GPU Hydro
v0.1 Heterogeneous Infrastructures v1.0
Athena+ + (Hydro + MHD + Kinetics)
with Dev code: “Kratos”
GPU solvers

MHD Turbulence,
Dynamo, Solar wind, ...

2019 2020 2021 2022 2023 2024

2016 2017 2018
! | | | | | | | | |
hesis - PhD Postdoc
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°* QOFUS are extraorainarily suitabie 1or
simulations, especially multi-scale complex

ones
CYBER-UNIVERSE - Kratos has special algorithms maximizing the
DO"BRSH&DREAM OF efficiency on GPUs

E LECTR | C 5_H_EE_P7 - Protoplanetary disk dispersal deciphered with

GPU-accelerated simulations:
ALI EN S « MHD overwhelming;
« Spontaneous breaking of reflection
symmetry
- Exoplanetary atmospheres need 3D
simulations to explain observed transmission
spectra
Wang 2025a, ApJS, 227, 63; arXiv:2501.02317
Wang 2025b, submitted to ApJS; arXiv:2504.04941
Zhang, Yi, Wang et al. 2025, ApJ, 990, 105; arXiv:2504.14180

Liu, Wang & Peng, 2025 ApJ in-press; arXiv:2505.10524
and many more...




