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® Yoshikawa, Yoshida, Umemura, ApJ, 762, 116 (2013)

® Tanaka, Yoshikawa, Minoshima, Yoshida, ApJ, 849, 76 (2017)
® Yoshikawa, Tanaka, Yoshida, Saito, ApJ, 904, 159 (2020)

® Yoshikawa, Tanaka, Yoshida, SC '21: Proc. of the International Conference on High
Performance Computing, Networking, Storage and Analysis, Article No. 5, (2021)
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B EONKS=ZalL—>23>
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phase space distribution
v

N-body simulation
t v

N-body Simulation

B |n collisionless N-body simulations, the matter distribution in
phase space is statistically sampled by a set of super-particles.

B The motion of each super-particle is integrated according to the EoM.

e

~

dSBZ' —
dt
d‘UZ‘
= —Vo(x;
= ~Vo(z))

B adaptive resolution : good spatial resolution in high-density regions

B sophisticated schemes for huge number of particles and parallelization

B shot noise contamination associated with statistical sampling

B not good at handing kinematic effect (e.g. free streaming) due to poor
sampling at the tail of velocity distribution



Vlasov-Poisson Simulation

phase space distribution

v B |n Vlasov simulations, the phase space density is discretized

directly in a finite volume manner.

B The distribution function is time-integrated in according to

L the collisionless Boltzmann equation (aka Vlasov equation).
0 0 0
—f + v - f — Vo - f =0
) ot ox Ov

V3¢ = 4nGp = 47rfod3'v
Vlasov simulation b
v B capability to accurately handle the free streaming effect

B free from shot noise

B |arge amount of memory space and computational cost

World first Vlasov simulation in 6D phase space
Yoshikawa, Yoshida, Umemura (2013)



Vlasov-Poisson Simulation

B Head-on collision of two self-gravitating spheres

® N, =1283 N, =643

of of of

density field

distribution function
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® FHODEBE=E=DAXK¥%ZEHHSD cold dark matter
(CDM) DEAC KD TR =N DIEIE
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Hybrid of Vlasov/N-body Simulation
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oo = 0.970, £, =0.030
1.0 T

Hybrid of N-body + Vlasov Simulation

CDM density neutrino density

edshift(z) = 9.885 log{ Pt Pryh)
T T

Yoshikawa, Tanaka, Yoshida, Saito (2020)



EEDERICEKDE=ZaL—>3>

m SO —RIFE 69123
B Viasov>=12L—>3>0OAW 330 11523 x 643
B/ —RER: 147456

B Viasov> =1L —=>3 20853 (& strong scaling
/ weak scaling &E(290% L _EDilliFl{ExhER

m 202190 ACM Gordon-Bell Prize 7717 1)
A MMTEEIN T,

“A 400 Trillion-Grid Vlasov Simulation on Fugaku Supercomputer:
Large-Scale Distribution of Cosmic Relic Neutrinos in a Six-
dimensional Phase Space”
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B neutrino density field

Vlasov

N, = 180N,

M,=0.4 eV

M,=0.1 eV




NES =10 —S3>&DLEs

N-body Vlasov
N, = 64N, N, = 180N,

C

M,=0.4 eV

M,=0.1 eV
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Vlasov

N{&S/

B neutrino velocity field

M,=0.4 eV

M,=0.1 eV




NE> =10 —S3>&DLEs

B neutrino velocity dispersion

N, = 180N,

M,=0.4 eV

M,=0.1 eV




Comparison of Numerical Resources

Vlasov

memory 137 GIB 420 GiB 2688 GIB 7386 GIB 1122 GIB
wall time 2.00 h 2.28 h 4.83 h 10.39 h 2.30 h

B Vlasov simulation is clearly superior to the N-body approach in the simulation of cosmological neutrinos.
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(single instruction multiple data)
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- f0+g0 | fl+gl | f2+g2 | f3+g3
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SIMDL XA ETD
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#define DF(ix,iy,iz) df[((iz)+NMESH Z*((iy)+NMESH Y*(ix)))]

for(int ix=0;ix<NMESH_X;ix++) {
for(int iz=0;iz<NMESH_Z;iz+=vector length) {
svfloat32 t ro, rl, r2, r3, r4;

re=svldl(pred, &DF(ix,iy,iz));
ril=svldil(pred, &DF(ix,iy+1,iz));
r2=svldl(pred, &F(ix,iy+2,iz));

r3=svldl(pred, &DF(ix,iy+3,iz)); / 4x4 - — DELE
svtranspose 4x4 f32(&ro, &rl, &r2, &r3);

BmAF—LDETE

sweep _1d_sve(&ro, &rl, &r2, &r3);
svtranspose 4x4 f32(&r0, &rl, &r2, &r3);

svstl( pred, & F(ix, iy, iz), re );

svstl( pred, &F(ix, iy+1, iz), rl );
svstl( pred, &F(ix, iy+2, iz), r2 );
svstl( pred, &F(ix, iy+3, iz), r3 );
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B svzipl @R & svzip2 tn DA ENTE TEIR
® sv{type} svzip1_f32(sv{type} op1, sv{type} op2)

Intel AVX7R ED unpacklo e (CHEE

ZIP1: Interleave elements from low halves of two inputs

output i T 6 [ 5 5 4 4 3 3 2 2 1 1 0 0

input 2 15 14 13 12 1 0 9 8 7 6 5 4 3 2 1 0

® sv{type} svzip2_f32(sv{type} op1, svitype} op2)

ZIPZ: Interleave elements from high halves of two inputs

output 15 15 14 4 13 13 12 12 1 11 0 10 9 9 8 8

HFEDqiitasc B K DEns

B 44T —SHEADDABEZRL RS DERED

svzip svzip2
Idoo 01 02 03
10 11 12 13
20 21 22 23 GrE
130 31 32 33
vzip1
00 20 01 21 00 10 20 30
10 30 11 31 JI 01 11 21 31
02 22 03 23 |~ 02 12 22 32
12 32 13 33 ‘,_J—qo3 13 23 33
svzip2
B 16x16 T —A~ D& (L646nD CEITOIEE




SE(cHT{HammE(b
CMGHIEDDVlasov= =1L —>3>D)I\ T A - >R

m w/o SIMD inst. | w/ SIMD inst. w/transp05|t|on

4.84 Gflops 176.7 Gflops
vy 7.14 Gflops 233.3 Gflops N/A
v, 7.44 Gflops 17.9 Gflops 224.2 Gflops
X 5.51 Gflops 150.0 Gflops N/A
y 6.88 Gflops 154.1 Gflops N/A
Z 6.50 Gflops 149.2 Gflops N/A

(cf. EHFEEIRHE — 148E : 1.5Tflops/CMG )
B Vlasov> =1 L —>3 > 0DEE e (R IEEED12-15% 2 1ZE R
B (SE)HKADERAF—LA : B/F=023
AGAFXDEEFEE Z B/ NI BB COHBM2 X E U (CX$ 9 BB/F(£0.18



Further Application : Magnetized Plasma

B Particle-In-Cell (PIC) simulation 3D PIC simulation of collisionless shock

® particle-based method for collisionless plasma

® EoM for protons and electrons

d 7 7 7 B
v — Q’_ F + &
dt m; CY;

® E and B obtained by solving Maxwell eq.

Matsumoto et al. (2017)

PIC simulation of magnetic reconnection
m Similar drawbacks to grav. N-body simulation

® shot-noise contamination

® mesh spacing in solving Maxwell eq. must be smaller than the Debye scale.

m) difficult to cover the MHD scales.

(pCANS web page)



Vlasov-Maxwell Simulation

B Viasov-Maxwell equation

Ofs v Ofs s v Ofs
v, E+—xB). —
8t+’y 8m+ms( +C"}/>< ) ov 0

oOF vV, 3
E:cva—zwa ngqsfgfsdv
B

%:‘CVXE

B Mesh spacing not restricted to the Debye scale

Oat =10 gt =2 0qt = 4 Wt =6

® Vlasov-Maxwell simulation of solar wind and
O AH = 10\p planets with weak intrinsic B-field.

o b oo

Low Resolution
Y/Ry

@ b MO M b O
G\-hwt:vh'.r.l';d't

-6

-4
2 -
o
N
4
6

® no significant difference between the runs with
AH=MA, and 10A,

=AY R X

4 2 0 2 424 20 2 42420 2 4420 2 4

i
o

© AH = A\p ® Vlasov simulation works well even for AH>A,

Moo M B

High Resolution
/R,

6

4

2

of ¢
;N
4

6

- -

T s N O M B

%420 2 4% 2 0 2 4% 2 2 4 4 -2 0 2 4

X/R X/RL xR xR
Umeda, Fukazawa (2015)




Solving Gyration around B-field

B rigid body rotation in velocity space W SL-MPP5 / SL-MPP7 schemes
8_f + (v xw): 8_f —0 o vye.found our ao!vection scheme works excellently in
ot ov rigid-body rotation

® numerical solution of rigid-body rotation
Is sensitive to numerical diffusion.

m=) artificial heating of plasma

spatially 3rd order PFC scheme SL-MPP5 scheme velocity dispersion

PFC scheme

SL-MPP5/7 scheme

# of rotation



Vlasov-Maxwell Simulation

B Vlasov-Maxwell equation B Vlasov-Maxwell simulation of magnetic reconnection
8 8 8 -4.0010° 260102 N=LELT=00 ) 3,92 1L6e 10 ]
s v s s v S ———
f _|_ _ . f _l_ q E _|_ X B . f — 0 1]
at v Jdxr  mgy cy Jv 5
OF v 2 0
EZCVXB—ZJ:TFJ J:Z(]S/Qflsd'gv )
p :
3B -10
a = —CV X E 0 10 20 30 40 50
Add,

(simulation by T. Minoshima)
B Vlasov-Maxwell simulation

® free from shot noise seen in the PIC simulation

® free from the constraint of the minimum scale to the Debye length

® consistent simulation from the kinetic scale to the MHD scale.
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Toward Boltzmann Simulation

B collision term in the Boltzmann equation

Of of af
E—F‘U 8:13 V(i)(az) -

Q[f]('vl):/ / f(vl)f(UQ)—f(vl)f(vQ)”v?_v1| dﬂd?”vz

= Qf]

® sclf-interacting dark matter (SIDM) as a remedy for the CDM crisis in
galaxy scales

® collisional plasma

® particle-based approach will miss the interaction where particles do
not reside in the velocity space

B calculation of the collision term can be significantly accelerated by GPUs

® we can now conduct the Boltzmann-Poisson simulation in 6D phase space
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Qk) = Q" (k) - Q™ (k)
R M ~ X Kk rAm -
gainlg Qt(k) ~ Z Z wrwp, F (K, ty-, 0y, Z Zf ki) exp [ klg;/nm m’] f(k2)exp [ 2;Vn m]

r=1m=1 =k—ks2 ko
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B EAHALEAEEFFTTERL
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AND BVEIC KB EBZEIRDTE

ERIAYS I EXIADTEIShE Effective wall time
R
GPU(A100) 512 1.15
CPU 1 1126 1126

B EHOERAY S 1IN TOEEIEOSTEZSIL
B SR ITZEROISE
B GPUDFIFATZRIA Y S 1 &z DEBBOEEL

B 3R TZER(6R TR ZER) TOM) LY N > AR DOSRFEE
DOFES =1L —> 3 >h 08,
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6 R BZEfE L TDVlasov-Poisson> =1 L —> 3 > Z R THIH TEIR,
FEAMRBBE(CMEIDIZ1— ) JDYAMFZORADE =1L —>3 (XS,
WMRTSAYDEES =1 L —> 3 > (BN eIk,
SIMDéERGZRAUZVIasov> =1 L —2 3 > DOE&R1t,

BEZEIEAZELD AN/=Boltzmann = =1 L —=> 3 >ADYhR.
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