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Scalable Ab initio Light- Matter simulator for Optics and Nanoscience

<t SALMON

SALMON Scalable Ab- o Light-Ma nd Nanoscience

m About SALMON

B Home |Se|ected Features
Open-Source Software project: y

4’\\ H’V“ Z:z:

m Use SALMON “

https://salmon-tddft.jp

Optical near field

Computation of light-matter interaction from atomic scale
using first-principles computational method in materials science
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How did SALMON start?
(Self-) Interdisciplinary Computational Science

University of Tsukuba

&5 Center for Computational Sciences

PFEAY HANPHELY2— - Co-Design by computational and computer scientists

- Multidisciplinary Computational Science

Division and Group

| am affiliated to two application-divisions:
Division of Division of Division of Division of

Particle Physics ~ Astrophysics | | Nuclear Physics | Juantum Condensed - Quantum Condensed Matter Physics

Matter Physics

- Nuclear Physics

Division of Division of Division of Division of
Life Science Life Science Global High Performance
Environmental Computing Systems
Biological Fun d Science
Informat ies
Division of Division of
Computational Computational
Informatics Informatics

mpetational Nedin Grovp



Nuclei Atoms, Molecules, Solids
10-14m -9
Different scale « > ) 107 m R
o Proton
9 o Neutron
<\® ‘1)
Q
Different Nuclear force between Coulomb force between
interaction protons and neutrons electrons and nuclei
Common Quantum mechanics for the dynamics of fermions
physics law (protons and neutrons in nuclei, electrons in atoms, molecules, and solids).

Common theories are useful: (Time-Dependent) Density Functional Theory



In electronic systems, Density Functional Theory (DFT) has been quite
successful (Novel prize awarded). But only for static problem.

i (r) = [5=0% + Vion () + Vi () + Vi (1) | )

Static (eigenvalue) problem, Kohn-Sham equation W. Kohn

Initiate DFT in electronic systems
1998 Nobel prize in chemistry

Extension to dynamics: Time-Dependent Density Functional Theory (TDDFT)

io: ) = [5=P? + Vion () + Vi () + Ve (1, 6) + Ve (r, )| 11, )

Popular method in nuclear physics, from 70’s.



TDDFT simulation for nucleus-nucleus collisions

Before | entered graduate course in 1982.

H. Flocard, S.E. Koonin, M.S. Weiss,
Phys. Rev. 17(1978)1682.

17 THREE-DIMENSIONAL TIME-DEPENDENT HARTREE-FOCK...

t=26.0 t=27.8
FIG. 2. Contour lines of the density integrated over the coordinate normal to the scattering plane for an 60+ ¥Q
collision at E, =105 MeV and incident angular momentum L=13%. The times f are given in units of 10~ sec.
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Time evolution of proton and
neutron orbitals.
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Spatial grid 30x28x16, time step 4x102
using CRAY-1 (SOMFLOPS)



Synthesis of superheavy elements

1‘{::ﬁ->1 2 3 4 5 6 7 8 9 10 117 12 13 14 15 16 17 18
+
1 [ 2
H He
2 <l 4 5 6 7 8 9 || 10
Li || Be B C N || O F || Ne
3 (1112 13| 14| 15|16 || 17 || 18
Na | (Mg Al 1| Si P S ||Cl || Ar
a |19(| 20 211122(123(124||25||126(|27||128(129|130| 31| 32|| 33||34||35]| 36
K || Ca Sc||Ti ||V ||Cr||Mn||Fe||Co||Ni|lCu|lZn]||Ga||Ge||As ||Se || Br || Kr
5 |37]|| 38 39(140(1 411 42||43||44(|45||46 || 47 || 48| 49|| 50|| 51|| 52 (|53 || 54
Rb || Sr Y || Zr |[Nb ||Mo || Tc||Ru |[|Rh || Pd Cdi[In |[Sn||Sb||Tel|l I ||Xe
6 |55(|56|*|71|172|/73||74||75||76||77||78|179|/ 80| 81||82(|83|/84||85]|| 86
Cs || Ba Lu ||Hf || Ta||W ||Re ||Os || Ir || Pt |[Au |[Hg ][ TI |[Pb |[ Bi [|Po || At |[Rn
7 | 87| 88|=|103|]1 105/(1 107]1108{ (109 | 110{} 117{112}|113{[1141|115{|116{|117]| 118
Fr||Ra|=|Lr ||Rf ||Db||Sg ||Bh||Hs||Mt||Ds|/Rg ||Cn |[Nh || FI [[Mc||Lv || Ts ||Og
> -
*=|57|/58|/59||60||61(|62||63||64 /?5*’ 66| 67|/ 68(| 69|70
La ||Ce || Pr ||Nd ||Pm ||Sm || Eu || Gd+7Tb || Dy ||Ho || Er||Tm|| Yb
=1 89|/90|/91||92||93(| 94L 96 (|97 || 98 || 99(|100{|101(| 102
=|Ac||Th || Pa || U |[Np [LBa[[Am ||Cm || Bk || Cf || Es ||Fm |[Md||No,
Nh=Nihonium

Discovered by Japanese team, 2004.

/=118:

Largest element at present

TDDFT simulation to produce Z=120 element

K. Sekizawa, K. Yabana, Phys. Rev. C93, 054616 (2016)

238|J + 64N

(proton number: 92 + 28 = 120)



In electronic systems, Density Functional Theory (DFT) has been quite
successful (Novel prize awarded). But only for static problem.

i (r) = [5=0% + Vion () + Vi () + Vi (1) | )

Static (eigenvalue) problem, Kohn-Sham equation W. Kohn

Initiate DFT in electronic systems
1998 Nobel prize in chemistry

Extension to dynamics: Time-Dependent Density Functional Theory (TDDFT)

io: ) = [5=P? + Vion () + Vi () + Ve (1, 6) + Ve (r, )| 11, )

Popular method in nuclear physics, from 70’s.

We extended static DFT in material science to electronic dynamics using nuclear-theory method.



Quantum electronic dynamics in a unit cell of silicon crystal

() = [5=02 + Vien () + Vi () + Ve ()| 17

eigenvalue ~> energy band

\E\Qergy band of silicon

middle 90’s

First-principles DFT
Band calculation

Y-Axis

Time-dependent Kohn-Sham equation

nk(r, £) = [ﬁ (p+ e+ §A(t))2 V() + Vi (r, t)l i (1, )

A®) = —c [T E()dt

hw=1.55eV

Electron density under pulsed light
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Traditional computational methods in optical science

ELECTROMAGNETISM (EM)

QUANTUM MECHANICS (QM)

Light propagation
solving Maxwell’s equations

V-B=0
VxFE+—=0

First-principles quantum mechanics
calculations of optical constants

9B Linear and local

2
2 10 :
ot constitutive relation £ =1+ 2Ne a’fOK ) >’

V-D=p

— / Y /
VxH—a—D:j D(I’,t)—/dte(t t)E(r, t)

ot

e.g, FDTD (Finite-difference
time-domain method)

Eh 77 ‘0,2-0 —(a)+i;/)2

e.g, GW-BS, TDDFT

They are not sufficient
in current optics frontier.




One of directions in current optics:

Generate and Utilize Intense and Ultrashort Laser Pulse

Nobel Prize in Physics 2018

Arthur Ashkin Mahmou
Gérard Mourou Donna Strickland



In SALMON, we combine Maxwell and TDDFT

Light propagation solving
Maxwell’s equations (Classical)

Electron dynamics by TDDFT

VXV xA+
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Two frameworks connecting two descriptions

Microscopic (single-grid) vs Macroscopic (multi-grid)




Microscopic (Single-scale) vs. Macroscopic (Multi-scale)

Microscopic Maxwell+ TDDFT roscopic Maxwell+ TDDRT
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Single-scale approach using a common spatial grid

Multiscale approach using different spatial grid

S. Yamada et al, PRB 98, 245147 (2018). Yabana et al., PRB 85, 04513



Nonlinear light propagation: multiscale Maxwell-TDDFT simulation

Grid points for light propagation

W+



Nonlinear light propagation: multiscale Maxwell-TDDFT simulation
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K. Yabana, T. Sugiyama, Y. Shinohara, T. Otobe, G.F. Bertsch,
“Time-dependent density functional theory of strong electromagnetic fields in crystalline solids”, Phys. Rev. B85, 045134 (2012).



Macroscopic (multi-scale) Maxwell-TDDFT: pulsed light on Si nano-film

Front
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Change of electron density
from ground state

An(r,t) = n(r,t) — ngs(r)

Thin film
Silicon, 1 um thick

Laser pulse
800nm (1.55eV=below gap)
4x1012W/cm?
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Macroscopic (multi-scale) Maxwell-TDDFT: pulsed light on Si nano-film
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High harmonic generation in reflection/transmission waves

Laser pulse

Thin film
- . 800nm (1.55eV=below gap)
Silicon, 1 pm thick Ax1012W/cm?
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S. Yamada et.al, Phys. Rev. B107, 035132 (2023)
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Development of SALMON
Co-Design

University of Tsukuba

(S5 Center for Computational Sciences

PFEAY HANPHELY2— - Co-Design by computational and computer scientists

- Multidisciplinary Computational Science

Division and Group

Division of Division of Division of Division of
Particle Physics Astrophysics Nuclear Physics | Quantum Condensed (:()(163 (163\I€3|()[)r11€2r1t'
Matter Physics -
b . - Physics researchers in Quantum Condensed Matter Physics
- Computer researchers in High Performance Computing Systems
Division of Division of Division of Division of
Life Science Life Science Global High Performance

Environmental Computing Systems

Science

e In-house collaboration between

. e computational and computer scientists.
Compuia!ional (ompuialiu;al

Informatics Informatics

Database Group Computational Nedin Group



2014.04-2018.09 Univ. Tsukuba, Grad. Student, Department of Computer Science
supervised by Prof. Boku.
Ph.D thesis
“Co-design for first-principles electronic dynamics simulation
in cutting-edge high performance computing systems”
2018.10-2020.10 Researcher, CCS, University of Tsukuba
2020.11- Private company

Dr. Yuta Hirokawa

$ python ../configure.py ——arch=ARCHITECTURE —-prefix=../
$ make
$ make install

In executing the python script, you need to specify ARCHITECTURE that indicates the architecture of
the CPU in your computer system such as intel-avx . The options of the ARCHITECUTRE are as

follows:
arch Detail Compiler Numerical Library
intel-knl Intel Knights Landing Intel Compiler Intel MK
intel-knc Intel Knights Corner Intel Compiler Intel MK
intel-avx Intel Processer (lvy-, Sandy-Bridge) Intel Compiler Intel MKL
. . intel-avx2 Intel Processer (Haswell, Broadwell ..) Intel Compiler Intel MKL
_C:o m p I Ie o ptl ons intel-avx512 Intel Processer (Skylake-SP) Intel Compiler Intel MKL
In SA L IVI O N fujitsu-fx100 FX100 Supercomputer Fujitsu Compiler SSL-1I
fujitsu-ab4fx-ea A64FX processor (Fugaku, FX1000, FX700) Fujitsu Compiler SSL-II

nvhpc-openmp
nvhpc-openacc

nvhpc-openacc-cuda

NVHPC OpenMP (CPU)
NVHPC OpenACC (GPU)

NVHPC OpenACC+CUDA (GPU)

Nvidia HPC Compiler
Nvidia HPC Compiler

Nvidia HPC Compiler

Nvidia HPC SDK

Nvidia HPC SDK

Nvidia HPC SDK




Large-scale computing using Fugaku
Microscopic (single-scale) Maxwell + TDDFT + MD

Dynamics of light EM fields, electrons,
and ions of more than 10,000 atoms

Fugaku Supercomputer

Incident
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§
Top 500 15t (2020.6) Ny O-
415 Pflops O ——— A/;-13[””‘] sil
158,976 AGAFX (48 core) 3.95 [nm] |

27,648 nodes, about 1/6 of full system




Execution time / iteration [milliseconds]

Performance (Weak Scaling)

SALMON: O(N2) scaling
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FFT for Hartree

I Hamiltonian

- Halo (r)

- Allreduce (atom)
Density

- Allreduce (o)
Current

- Halo (r)

- Allreduce (atom)

- Allreduce (all)
Maxwell-FDTD
Force

- Allreduce (atom)

- Allreduce (all)
Update pseudo-pt.
[ Misc. op.
[ Hartree

432 1728 6912 27648
# of compute node

1,704 3,408 6,816 13,632
# atoms

Achieved ~1s/iter up to 10,000 atoms.

Hamiltonian operation (Stencil, nonlocal
PS) costs about half of total time.

60 — 70 % communications (halo, sum, etc).

FFT is bottleneck in view of weak scaling.



SALMON in GPU machine

- Code mostly written in fortran90
- To get performance, need to carry out all calculations in GPU

- Code frequently developed and modified by physics researchers

-4 =

OpenACC + Unified Memory



Performance comparison: CPU vs GPU

Electron dynamics calculation in 512 atom unit cell of silicon

4 x Intel Xeon Phi 4 x NVIDIA Tesla V100

(Oakforest PACS) (Cygnus)

3TFLOPS/CPU 1TFLOPS/GPU
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K-point. 13 E S 40 \ Density
Orbitals 1024 E = (All Reduce)
= 30
é 20 local
>
o 10
>
Ll
0 X 2.8

OFP Cygnus

GPU > CPU using OpenACC+Unified Memory

W writing info etc.
W calc_total energy periodic
W calc_eigen_energy
B writing energies
W calc. projection
m calculating curr
m Exc _Cor routine
Hartree routine
m calculating rho
W time propagation

| \Vbox



Weak scaling performance

Electron dynamics calculation in 512 atom unit cell of silicon

25 e
W writing info etc.
m calc_total energy periodic
S 20 -
= W calc_eigen_energy
- - 3 L
Spatial grid 64 E § . m writing energies
K-point. 13vs 23 E 5 W calc. projection
_
. o i
Orbitals. 1024 E 2 10 W calculating Cl.,lrr
g 5 m Exc_Cor routine
(@] +
S Hartree routine
L o) .
m calculating rho
0 W time propagation
W Vbox
k (1,1,1) (2,2,2)
4 x V100 32 x V100 (8 nodes)

Almost perfect scaling performance



Summary

https://salmon-tddft.jp

We develop SALMON, first-principles calculation for optics and nano-sciences. {W

It describes electronic dynamics induced by light. SALMON
Unique feature: light-propagation calculation from first-principles.

In the development,

- (self-) interdisciplinary computational physics (nuclear method meets first-principles calculation).
- In-house co-design was successful.

- Large-scale computing, efficient use of GPU.
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