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@ BEIJING COMPUTATIONAL SCIENCE RESEARCH CENTER

Beijing Computational Science Research Center (CSRC)
is a multidisciplinary research organization under the
auspices of the China Academy of Engineering Physics
(CAEP). Established in August 2009, CSRC positions itself
as a center of excellence in computational science research
addressing current and critical issues in multidisciplinary
of Mathematics, Mechanics, Physics, Chemistry, Materials
Science, and Computational Science.

Specifically, CSRC supports the development and implement-
ation of grand challenging projects in natural science and
engineering where computational modeling and simulation
play a key role. CSRC also encourages its members to
engage in the development of computational algorithms and
software.

As of August 2024, CSRC has 29 faculty members, 2
engineers, 25 postdoctoral fellows and 115 students. With its
talented research staff, CSRC has established the following
seven divisions: Simulation of Physical Systems, Quantum
Physics and Quantum Information, Materials and Energy,
Complex Systems, Applied and Computational Mathematics,
Mechanics, and Algorithms. In research performance, CSRC
has published 146 papers, organized 8 academic conferences
and workshops, 8 tutorials, 1 colloquium on scientific
frontiers, and 68 CSRC seminars. CSRC has also forged
partnerships with many prestigious universities and research

institutes around the world.

Mission of CSRC

© Carry out fundamental, frontier, critical,
and multidisciplinary research with advanced
computational approaches, thereby attract talents
worldwide and train highly qualified research
personnel, to support grand scientific development
and technology innovation in China;

© Develop and maintain collaboration with
research institutes elsewhere by building a
comprehensive and internationalized research
platform, to support academic and technological
exchange and advancement;

© Innovate and reform organizational structures,
management policies and methods for enabling
creative and effective scientific research, to raise
our national competence in technology innovation
and enhance our comprehensive strength in
science and technology.



ROEMSBR

1. FERRZEEIGHE

O LIHBHZEMRAFR, UERHFERA
TEXKEMARERFKAZES], BIRSIHE
RINSBERAT, BEASEF, FREEM
tE. BUAME. REEMEZ MR IIE;
O MEBRMIIMFEARTAIR, (Rt SERAIS
HANERIEIE, BEFEN. SEH.
PRCBIRTFG;

O REETHIACIFRIEERARER, ELHLH
SR EUHT, IBAKEMXBEEIFHESN, 18
SBHERREGEE.

2. BIERISZINEL

O BREETAMSIEIAMNR, HEe.
LS. HT A RET S M B
P BB EASTG ;

o ShyBEREMNEEE, FEERZS
TRFTBISEA . #7775, MBH. #HF
B, PEFEHTE. SINE. . 5
RO

O EREF, WETUREEERER, 15
BIFRRRME . SSHW, BSFRM
ERAREERNES.

R ERZHRFEHO (LUTERPL) 2R
BTHEIEMEMRFEIMRILEARLY, LT
BHFAESINZSFHEMPARNG . FORZTF
2009F8H ., dLHNEMRFRITENZHF,
R RERRE, TE—TEFR—RFRITERZR
BXRFHRZXHARNEEFA.

hORIRSIHERRAS, SHRARTERZE
HEXZHRXMEFHT, TETTHARES: 9
HRFEUARES. EFVESEFERHFTER.
MHESRRARE. EXERHTI. NASHE
HEMRE. DERARIE. HELEHRREL. BE
20245%F8H, P UORIBAAZ AR 1AIHE
B SMUHIE. GABEIHIR. 6AFIEMARE. 3WUHS
BEIMRR. 2TEIMM25ME LR B, b
EEE /AR EI156. MBI RMERE

BMEEZNEM. BIoWE.

2023-2024F K FHiE), FOAXFRERERSF
ANEX 1465, ENEDEARIMFARAZINEE, Fir
HPE8:, FNDEIRENAHEIE, BIEFEARS
6887, EFIPEIFEBIL200AX, FORRIKSE
RIOMNBHRANBLUE DN, &FELE. ARE
IWEFENATFRGE, SHEDEHRZXI., NEF

.
Ao

EA—PEE. BEH. ARANEGHR
e, OB PYIFES DTS R eI
MARNEEE, FRMIMZRARZREIERIN
ZMAT, SRXAASIHSEANERE, RTE
N EH ERFEXFR R XA =E .

2023-2024 ANNUAL REPORT



@ BEIJING COMPUTATIONAL SCIENCE RESEARCH CENTER

ORGANIZATION  #uagias

\
oy EE
CENTER DIRECTOR
ORI EFE
DEPUTY DIRECTOR
N
N
.
FARAEZERS
ACADEMIC COMMITTEE
B E R TEER]
RESEARCH DIVISIONS ADMINISTRATIVE OFFICES
WERGEUFRSE ) BAEDAE
RS A A
( SIMULATION OF PHYSICAL SYSTEMS Y GENERAL OFFICE
= = =] 53 3 N 3] /N z=
- EFYESEFEEWMRI - | BAESHDAE
QUANTUM PHYSICS AND QUANTUM INFORMATION Y RESEARCH ADMINISTRATION OFFICE
s 26 3 =3 37 N m N\ =
mHE SRR | MEDN=E
— —
MATERIALS AND ENERGY FINANCIAL OFFICE
N N
S R G )
ZINIRN S A
COMPLEX SYSTEMS
N
- NMBSItEHFMRE -
APPLIED AND COMPUTATIONAL MATHEMATICS
- NZH R \_‘
FYTHO
MECHANICS
N
Ny s a7 N
[ | HEAERRE |
ALGORITHMS







(SR

SPIN TEXTURE AND RIEMANN CURVATURE FROM SPIN-POLARIZED QUASI-PARTICLE INTERFERENCE ¢ :ccctcccccccccec[19
B R P S e R E LR S S KEIHIER v v v vvrervrrnsnsenassesesuesaesesiseesssesussessssassssassssassasaens[20

DISCRETE TIME CRYSTAL IN AN OPEN OPTOMECHANICAL SYSTEM tcccccccccecccccecccccrccccrccnccccccccccccceee 2]
ﬁ&%t?%gﬁmﬂg%ﬂﬁjlmﬁw B R R R R I R R R R N 0

DIAGNOSING THERMALIZATION DYNAMICS OF NON-HERMITIAN QUANTUM SYSTEMS VIA GKSL MASTER

BT GKSLE SIS B K B R R IUIHULENTIEE v v vrerrnrensnareataaeeaeeaeaaesnesnesnesnesnesnessessessassanss[24

INVERSE DESIGN OF THE RADIATION TEMPERATURE FOR INDIRECT LASER-DRIVEN EQUATION-OF-STATE

S AT AR A A SR A AB BB S I3+ e e e e ae e suesessssesnssasasaetesssesastesasissetassatasirrasienanass[26

GENERALIZED QUANTUM MEASUREMENTS ON A HIGHER-DIMENSIONAL SYSTEM VIA QUANTUM WALKS cccccecceree:[27
ET%??iiim%ﬁgﬁﬂﬂr)ZE?fmUE B R R R R R R R o}

MANIPULATING PHOTONIC QUANTUM WALKS UNDER SYNTHETIC MAGNETIC FIELDS ccccccccccccccccccccccrcccesce[29
BRI FETITERIIRYL cccverereeeeeeenteteiitiititittttetetetetetatasscssssscsosesescssssssssasnsnscscscses[3)

STABILITY IMPROVEMENT OF NUCLEAR MAGNETIC RESONANCE GYROSCOPE ¢+t ccececcccccereccccccccncecereee [33
@ﬁﬁ#;‘)ﬁﬂ?ﬂ%{)‘l%ﬁ%ﬁﬂgﬁﬂ' B R I R I R IR e

DUAL-LEVEL ENHANCED NONRADIATIVE CARRIER RECOMBINATION IN WIDE-GAP SEMICONDUCTORS +¢+cccecvecece-[35
%%ﬁ"%WEFyyﬁggﬁiﬁaﬂgﬁﬁlﬁE?ﬂEEEQ#ESE{J%}EUL%U B R R R R R N [

HYBRID VAN DER WAALS EPITAXYY +cctceceecetceasscaastosassossosassosassossssossssassssnssosnsscsssscsscsnssee[37
B R e &1 R < R

MANIPULATION OF NONLINEAR OPTICAL RESPONSES IN LAYERED FERROELECTRIC NIOBIUM OXIDE

IR RS — B R IE B A MRIATIIIS  « v v v vverernneennnernneeunneenneeennseruneennseesnseennsenneennss[40

IONICHUBBARDMODELINTRILAYERMOIR]::SUPERLATTICESOFMOS2 R R R AR R RN I3 |
EEMOSJ%;J_\'EEF&EPE'ﬂ%_?uﬁm?%*ﬁﬂ B I I I R K I i)

ARTIFICIAL INTELLIGENCE ASSISTED AMORPHOUS ALLOY SIMULATION AND DESIGN s ccccreccccccecccceccccccerece[43
PR oo | 3t o o T

STICKY BACTERIAARE HOT +ecctecseceeeteteococesassssssssesassasssessssssssssassssasssesssssssnsesassssascses[45
T RIRFTEIAHIETIRAFTIIERL v v v vorerososososasasusaseeeeceteretecasosnsnsusasassssssssesesasssssnsnsnsnsnsnsescscs[46

OPTIMAL LONG-TIME DECAY RATE OF NUMERICAL SOLUTIONS FOR NONLINEAR TIME-FRACTIONAL
EVOLUTIONARY EQUATIONS +ccssssssssesseeeeeeeeeennnnnnnnnncecccaacacaossssssssssssscsscccnnnnnnnncsccnce[ 4]

5'Egﬁ:riﬁj\ﬁBﬁ&gﬁﬁgﬁ{gﬁgﬂg%{jﬁ&ﬁjfﬁl%;ﬂg% B R R I I I R I R I - 1]

HOLIMAP: AN ACCURATE AND EFFICIENT METHOD FOR SOLVING STOCHASTIC GENE NETWORK DYNAMICS :--+------[51
Holimap: B4 B B TN S I S S RSB EITE + v v v rerrereronesennnsetuneeetutetctatsetunssetansecransecnness[52

BOOSTING ROBOTIC ARM RELIABILITY WITH ARTIFICIAL TENDONS ccccccececcccccccccacctctctcccccccccccccacnses o [53
EﬂAImﬂE%EH‘LW%EgE"iT& B I R I R R R I IR IR Y §

MACHINE LEARNING OPTIMIZATION OF COMPACT FINITE VOLUME METHODS ON UNSTRUCTURED GRIDS ¢+« --[55
ﬂEéﬁmm%g&%‘%gﬁﬂﬁ{aqﬂj\ ;iEg*ﬂ%?gﬁﬁﬂ: L R R R I I 1Y

MACHINE LEARNING ENHANCED REAL-TIME AERODYNAMIC FORCES PREDICTION BASED ON SPARSE
PRESSURE SENSOR INPUTS ++ccceceetceastoasssassosassossasassesassesassossssassesassosssssssssssscsssscssssnss [5]
e N I | oy = R 1

SOLVING THE BOLTZMANN EQUATION WITH A NEURAL SPARSE REPRESENTATION :+ccccccccccccccccrccccccecccccece[6]
*ﬁmm%%ﬁﬁzﬂgﬁﬁﬁ%iﬁ;i I RN Y|

2023 -2024 ANNUAL REPORT



@ BEIJING COMPUTATIONAL SCIENCE RESEARCH CENTER

SPIN TEXTURE AND RIEMANN CURVATURE

FROM SPIN-POLARIZED

QUASI-PARTICLE INTERFERENCE

Shu-Hui Zhang®, Jin Yang, Ding-Fu Shao, Jia-Ji Zhu, Wen Yang*, and Kai Chang"

The energy band dispersion
and corresponding eigenstates
are key quantities in electronic
band theory. The former has
been widely recognized to
control the physical properties
of crystalline materials,
whereas the latter are not
valued until the accompanying
geometric phase is identified.
The geometric phase

has become an essential
component of modern

band structure theory and
generates various remarkable
phenomena. However, the
geometric aspect of the
energy dispersion remains
unexplored.

In this study, we derived a neat, universal formula for the real-space Green’s
function in any 2D system with translational symmetry. It shows that each part

of the Green’s function is determined by a single property of a particular point
(determined by the propagation direction of the Green’s function) on the Fermi
contour, hence allowing us to extract its information from spin-polarized quasi-
particle interference (QPI) measurements: (1) The phase part reveals the Fermi
momentum; (2) The magnitude part reveals the Riemann curvature; (3) The matrix
part reveals the spin texture or spinor wave function.

Recognition of (1) several decades ago triggered intensive research activities to
reconstruct the Fermi contour and energy dispersion, forming a fruitful research
field — “QPI in the Fourier space”. However, points (2) and (3) have not been
recognized yet. Here we demonstrate the possibility to make direct, momentum-
resolved detection of the Riemann curvature and spin texture using the QPI in real
space. This makes a basic step in STM technology. To our knowledge, only one
geometric quantity— the Berry phase/curvature — has been recognized so far. Our
work adds a new geometrical quantity — the Riemann curvature [ of the Fermi
contour — to this toolkit, by showing that [] deeply influences the Green’s function
and hence various physical properties. Therefore, our work also makes a step in
exploring the interplay between geometry, topology, and physics. It may trigger
new theoretical and experimental efforts in searching for related effects.

(b)

Impurity
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DISCRETE TIME CRYSTAL, vaN

OPEN OPTOMECHANICAL SYSTEM

Dongni Chen, Zhenyang Peng, Jiahui Li, Stefano Chesi, and Yingdan Wang

A time crystal is a system where time-translational invariance is spontancously broken. While this type of collective
dynamics is impossible in equilibrium, the realization of time crystals in periodically driven systems has recently attracted
great interest. In these discrete time crystals, the system observables show persistent and robust oscillations, with a period
which is a multiple (typically 2T) of the period T of the external drive. Proposals are mostly based on the collective
dynamics of certain interacting spin systems, while realizations in other types of quantum systems are much less explored.
In a recent study, however, a collaboration between the research groups of Prof. Stefano Chesi (Beijing Computational
Research Center) and Prof. Yingdan Wang (Institute of Theoretical Physics, CAS) has extended the applicability of the
time crystal concept, by proposing the first realization with optomechanical systems [1].

The specific setup is based on two mechanical elements interacting with the discrete mode of a quantum cavity. As a first
step, Dr. Dongni Chen and colleagues find a suitable working point where the optomechanical system can be mapped to the
well-known Dicke model, in which a superradiant phase takes place. Afterwards, they devise a special periodic modulation
of the optical drive which can switch between the two broken-symmetry states of the superradiant phase, with periodicity
2T. The theoretical analysis shows that the period-doubling dynamics is robust to variations of system’s parameters and is
compatible with currently available optomechanical technology, paving the way for the realization of discrete time crystals
with a new class of quantum devices.

(@)

Fig. (a) Schematics of the optomechanical system. (b) Oscillations in the difference between the number of phonons of the two mechanical
elements. The oscillations are damped when the total number of phonons N is finite but survive for arbitrarily long times in the thermodynamic
limit (dashed curve). These oscillations with 27 periodicity are the main signature of a discrete time-crystal.
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DIAGNOSING THERMALIZATION DYNAMICS
OF NON-HERMITIAN QUANTUM SYSTEMS

VIA (; [ S|, MASTER EQUATION

Yiting Mao, Peigeng Zhong, Haiging Lin, Xiaoqun Wang, and Shijie Hu

Dissipative quantum chaos Thermalization for a qubit

4 &) .. &)

\ post-selection /

Chaos systems are renowned for their high sensitivity to initial conditions and unpredictable long-term behavior. In non-
Hermitian chaotic systems, such as dissipative quantum systems described by Lindbladian or non-Hermitian Hamiltonian-
dominated non-unitary quantum dynamics, level statistics are predicted to follow the Ginibre distribution, exhibiting
significant cubic-level repulsion. Despite the establishment of these theoretical frameworks, the potential relationship
between dissipative quantum chaos and thermalization in open quantum systems remains unclear and has thus been widely
studies in recent years. Over the past year, the construction of eigenstate thermalization hypotheses based on non-Hermitian
random matrix theory and dissipative quantum chaos has become a contentious focus, aimed at describing thermalization
phenomena in general non-Hermitian systems. The process of thermalization is exceptionally complex, involving the
mutual influence of multiple time-evolution trajectories of the system in a reduced Hilbert space.

The research team derived two versions of the Gorini—Kossakowski—Sudarshan—Lindblad master equation by considering
the time evolution of density matrices for biorthogonal and right states, to describe the coupling of non-Hermitian systems
with a thermal equilibrium bosonic heat bath. Solving these equations identified sufficient conditions for thermalization
under two types of time evolution and yielded corresponding statistics for biorthogonal and right eigenstates in Boltzmann
form. This finding clearly indicates flaws in recently proposed biorthogonal random matrix theory and emphasizes the
necessity for its correction.
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INVERSE DESIGN OF THE

RADIATION TEMPERATURE FOR INDIRECT
LASER-DRIVEN EQUATION-OF-STATE
MEASUREMENT

Lingrui Liao, Jingxiang Shen, Liang Sun, Chongjie Mo, Wei Kang

Measurement of the equation of state (EOS) for matter under extreme conditions is of great significance to a variety
of research fields of planetary physics, geophysics, high-pressure science, and inertial confinement fusion. Owing
to the advent of high-power laser facilities, the difficulty of generating such a laser-driven extreme state under
laboratory conditions has been much relieved and laser-driven EOS measurement for the generated matter begins
to attract particular interest. The theoretical design for the time profile of radiation temperature plays an important
role in indirect laser-driven EOS measurement, which severely relies on a large number of radiation hydrodynamic
simulations.

In this work, we provide a concise data-driven method to optimize the radiation temperature profile, which combines
a time-varying Volterra model with data generated by radiation hydrodynamic simulations utilizing random
perturbations as inputs. We

find that the time-varying

Volterra model can be used

to investigate the time-

dependent relationship

between the radiation EOS Measurement TVV model

Hohlraum

temperature and the key .
physical quantities of  Material
interest, such as shock-
wave velocity and ablation
drive pressure. With this
method, we realize the
inverse designs of the
radiation temperature

profiles for dynamic shock

and ramp compression in

planar geometry according
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the advantage of practical Radiation Temperature Hydrodynamic Simulations
application in experiments.
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GENERALIZED QUANTUM

MEASUREMENTS o~ A HIGHER-

DIMENSIONAL SYSTEM VIA QUANTUM
WALKS

Xiaowei Wang#, Xiang Zhan#, Yulin Li, Lei Xiao, Gaoyan Zhu, Dengke Qu, Quan Lin, Yue Yu, Peng Xue”

Quantum measurements play a fundamental role in quantum mechanics. Especially, generalized quantum measurements
provide a powerful and versatile tool to extract information from quantum systems. However, how to realize them on

an arbitrary higher-dimensional quantum system remains a challenging task. Here this work proposes a simple recipe

for the implementation of a general positive-operator valued measurement (POVM) on a higher-dimensional quantum
system via a one-dimensional discrete-time quantum walk with a two-dimensional coin. Furthermore, as an application,
using linear optics, this work realizes experimentally a symmetric, informationally complete (SIC) POVM on a three-
dimensional system with high fidelity. The study paves the way to explore physics and information in higher-dimensional
quantum systems and finds applications in various quantum information processing tasks that rely on generalized quantum
measurements.
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Fig. (a)lllustration of the algorithm for the generation of an arbitrary rank-1 POVM on a qudit, where R;, denotes coin operation. (b) Realization
of a qutrit SIC-POVM via QWs. The coin qubit and the walker in positions are taken as a qutrit of interest, whereas the other positions of the
walker act as ancillae. Position-dependent coin operations are specified based on the algorithm. The 9 detectors E; correspond to the 9 outcomes
of the qutrit SIC-POVM. (c) Matrix forms of the elements E; of a qutrit SIC-POVM. Real and imaginary parts of the matrix forms of the 9
reconstructed elements are plotted by solid bars, while hollow bars represent their theoretical predictions.
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MANIPULATING pHOTONIC

QUANTUM WALKS UNDER SYNTHETIC
MAGNETIC FIELDS

Quan Lin, Wei Yi*, Peng Xue”

This study [1] explores the dynamic control of photonic quantum walks using synthetic magnetic fields. The manipulation
of photonic paths through non-Hermitian skin effects (NHSE) and geometric phases offers a groundbreaking approach to
influence the flow of light in novel photonic devices. The following figures demonstrate the critical aspects of the findings
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Fig. 1 Two-Dimensional Non-Hermitian Quantum Walk with a Synthetic Gauge Field

Figure 1 schematically represents the setup for a quantum walk in a two-dimensional photonic system, illustrating how synthetic

gauge fields dynamically direct photon movement. The manipulation through geometric phases is fundamental for understanding
and controlling quantum states in photonic structures.
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Building on Figure 1, Figure 2 demonstrates the
effects of the non-Hermitian skin effect (NHSE)
on photon distribution in a lattice, showing

the asymmetric propagation that results from
engineered losses and phase shifts. The control
over the flow direction is depicted quantitatively,
emphasizing its potential applications in photonic

circuits.
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Figure 3 illustrates how introducing a synthetic magnetic field influences the photonic transport, effectively suppressing the

NHSE-induced directional flow. This effect is critical for designing devices where control of photon flow is necessary without
physical barriers.

The results showcase the flexibility of photonic quantum walks in manipulating light transport through non-Hermitian effects and

synthetic dimensions, presenting a novel approach for developing advanced optical devices.
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STABILITY [MPROVEMENT

OF NUCLEAR MAGNETIC RESONANCE
GYROSCOPE

Guoping Gao, Jinbo Hu, Feng Tang, Wenhui Liu, Xiangdong Zhang, Baoxu Wang, Dongge Deng, Mingzhi Zhu, and Nan Zhao

In the field of nuclear magnetic resonance gyroscope (NMRG) research, enhancing stability has always been a goal
for scientists. The paper titled "Stability improvement of nuclear magnetic resonance gyroscope with self-calibrating
parametric magnetometer” by Prof. Nan Zhao’s group of CSRC and the team from Institute of Systems Engineering of
CAEDP, published in the journal Physical Review Applied, introduces significant academic innovations in this domain.

The paper's central contribution is the proposal of a self-calibrating method to compensate for the NMR phase drift during
the measurement by a rubidium (Rb) parametric magnetometer (Rb PM). The authors conducted a comprehensive analysis
of various control parameters affecting the stability of the NMR phase, including the DC magnetic field, the frequency and
phase of the modulation field, and the Rb resonance linewidth. Through theoretical analysis and experimental verification,
they demonstrated how these parameters influence system stability and proposed the self-calibration method based on these
insights.

The implementation of the self-calibrating Rb PM markedly improved the bias instability of the NMRG. Experimental data
revealed that with the self-calibrating Rb PM, the bias instability of the NMRG was improved from 1 degree per hour to 0.2
degrees per hour for datasets spanning 8 hours, and even to 0.02 degrees per hour for the best approximately 5000-second
dataset. This enhancement is crucial for high-precision inertial measurement over extended integration periods.

Moreover, the paper provides a thorough analysis of system errors and measurement methods for key physical parameters,
such as the drift of the Rb linewidth. These achievements are essential for further performance improvements in the future.
The authors also established a theoretical framework for the NMRG system, focusing particularly on the low-frequency
phase noise introduced by the Rb atomic spins under parametric modulation.

Overall, this paper makes a substantial contribution to the improvement of NMRG stability, not only by significantly
enhancing measurement precision through the self-calibrating technique but also by providing new theoretical and
experimental tools for future research in the fields of quantum measurement and inertial sensing.
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Fig. (a)The gyroscope signal with and without applying the self-calibrating Rb PM. The red curve depicts the gyroscope signal drift with a self-
calibrating process, and the gray curve is data from a selected segment of the red curve, whereas no self-calibrating method is employed for the
blue curve. (b) The noise spectrum of the gyroscope signal with and without the self-calibrating Rb PM. (c) The Allan deviation of the gyroscope
signal with and without the self-calibrating Rb PM.
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DUAL-LEVEL ENHANCED NONRADIATIVE
CARRIER RECOMBINATION IN WIDE-GAP

SEMICONDUCTORS

Chen Qiu, Yu Song®, Hui-Xiong Deng®, Su-Huai Wei*

The conventional single-defect-mediated Shockley—Read—Hall model suggests that the nonradiative carrier recombination
rate in wide-band gap (WBG) semiconductors would be negligible because the single-defect level is expected to be either
far from valence-band-maximum (VBM) or conduction-band-minimum (CBM), or both. However, this model falls short
of elucidating the substantial nonradiative recombination phenomena often observed experimentally across various WBG
semiconductors. Owing to more localized nature of defect states inherent to WBG semiconductors, when the defect charge
state changes, there is a pronounced structural relaxation around the local defect site. This suggests that a defect at each
charge state may exhibit a few distinct local configurations, namely, a stable configuration and a few metastable/transit
state configurations. Consequently, a dual-level nonradiative recombination model should more realistically exist in WBG
semiconductors. In this model, through the dual-level mechanism, electron and hole trap levels are different from each

other and could be closer to the CBM for the electron
trap and closer to the VBM for the hole trap, respectively;
therefore, significantly increasing the corresponding

~
o
~

electron and hole capture rates, enhancing the overall
Neutral stable * Deformation

= Neutral metastable
Charged metastable
-Charged stable

process of nonradiative recombination, and explains
the experimental observations. In this work, taking
technically important SiO, as an illustrative example,
we introduce the dual-level mechanism to elucidate the
mechanism of nonradiative carrier recombination in

UONBULIOJA(]

WBG semiconductors. Our findings demonstrated strong

Formation Energy (eV)

alignment with available experimental data, reinforcing
the robustness of our proposed dual-level model.

Our fundamental understanding, therefore, provides VBM CBM
a clear physical picture of the issue and can also be

applied to predict the defect-related nonradiative carrier

recombination characteristics in other WBG materials.[1] (b)

Fig 1. (a) Schematic plot of dual-metastable defect configurations 7
enhanced nonradiative carrier recombination. (b) Nonradiative VO‘y Ea
recombination processes of oxygen vacancy in amorphous SiO,, &
involving four distinct processes: (i) V5 captures a hole from the < ”
valence band, forming the metastable state Eg , (ii) the metastable 6}0 R "?o &
Eg relaxes to stable Ey after overcoming a small energy barrier, (iii) f‘f;o

the Ey captures an electron from the conduction band to form the ‘94 , &9
metastable state V,y, and (iv) a small energy barrier can be overcome D Ey Q
to transfer from the metastable I,y to the stable 5 configuration.
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HYBRID VAN DER WA A LS EPITAXY

L. Hu, D. Liu, F. Zheng, X. Yang, Y. Yao, B. Shen, and B. Huang*

Nobel Prize winner in Physics, H. Kroemer, said "The interface is the device." Therefore, interfaces hold significant
research value in material growth and property control. For traditional thinfilm growth, it can be classified into Frank-

Van der Merwe (FV), Volmer-Weber (VW), and Stranski-Krastanov (SK) modes, mainly based on the interaction strength
between thinfilm and substrate. In the FV mode, due to the lattice matching between the thinfilm and substrate, in-plane
growth is dominant. In contrast, in the VW mode, there is a significant lattice mismatch, which results in a larger resistance
to in-plane growth, replaced by an out-of-plane growth. The SK mode is a growth mode that lies between these two. Over
the past century, these three growth modes have been able to describe the growth mechanism of almost all the thinfilms

on substrates. Recently, experiments have shown that by using two-dimensional materials, such as graphene, as a buffer
layer, it is possible to grow high-quality nitride thinfilms on van der Waals substrate. However, this growth mode cannot be
simply explained by these three established modes mentioned
above, which has also sparked debates in the field.

a L FV model

- = _Ee
In a recent study, Prof. Huang in collaboration with the other e

researchers made a key step towards understanding this puzzling b S
growth mechanism. Taking the growth of aluminum nitride E E —> ﬁ E
(AIN) thinfilm on graphene as an example, they have used

c [

multiscale computation to study the growth of AIN thinfilm

on graphene. Simulations revealed a new type of bonding at L =

S T
the interface between the AIN and graphene: only the corners — — ,
have strong chemical bonds, while the center has weak van J
der Waals interactions. Interestingly, this hybrid bonding mode HVE model foueled
makes the growth mode distinct from the traditional FV mode,
named as hybrid van der Waals epitaxy (HVE). In this new
growth mode, growth in-plane and out-of-the plane are strongly 30 = Exp data

coupled and satisfies certain physical constraints. To confirm the
validity of HVE, we have performed experiments. Importantly,
experimental collaborators have also verified the correctness of
this growth mode through multiple experimental methods, such
as AFM and SEM. Overall, this work expands the traditional 10+
growth modes and proposes a new growth mechanism beyond
the current category of material growth, which may be adopted

design high-quality nitride semiconducting thinfilms with 020 40 60 80 100 120 140

Model calc

different height-size-shape correspondence. L (nm)

This work has recently been published in Physical Review Fig . A new growth model: hybrid van der Waals epitaxy

Letters [1]. In addition, this work is also selected as the Editors’ (HVE). HVE is fundamentally different from other known
growth models, in which the in-plane and out-of-plane

Suggestion. .
growth is strongly coupled.
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MANIPULATION OF NONLINEAR

OPTICAL RESPONSES IN LAYERED
FERROELECTRIC NIOBIUM OXIDE DIHALIDES

Liangting Ye#, Wenju Zhou#, Dajian Huang, Xiao Jiang, Qiangbing Guo, Xinyu Cao, Shaohua Yan, Xinyu Wang, Donghan
Jia, Dequan Jiang, Yonggang Wang, Xiaogiang Wu, Xiao Zhang, Yang Li*, Hechang Lei, Huiyang Gou*, Bing Huang*
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Fig. 1. Second-harmonic generation (SHG) response in NbOX, (X = Cl, I) and its tunability by external field.

Nonlinear optics, a study of the interaction of intense laser light with matter, provides theoretical support and experimental
results for applications such as laser frequency conversion, optical switching, and so on. Realization of highly tunable
second-order nonlinear optical responses, e.g., second-harmonic generation (SHG) and bulk photovoltaic effect, is

critical for developing modern optical and optoelectronic devices. Recently, the van der Waals niobium oxide dihalides

are discovered to exhibit unusually large second-harmonic generation [1-2]. However, the physical origin and possible
tunability of nonlinear optical responses in these materials remain to be unclear.

In this article, we reveal the mechanism of large second-harmonic generation in NbOX, (X = Cl, Br, and I) and observe
tunable SHG by structural phase transition [3]. By density functional theory, we analyze optical transitions under specific
polarization of incident light and find the large band nesting effect in the Brillouin zone. Using the advanced experiment
technique, the single-crystal X-ray diffraction analysis technique under high-pressure conditions, aided with extra SHG
spectra, we discover the intralayer ferroelectric-to-antiferroelectric phase transition in NbOCI2 and ferroelectric-to-
paraelectric phase transition in NbOI, under certain pressures, accompanied by the greatly tunable nonlinear optical
responses but with different microscopic mechanisms. Our study establishes the interesting external-field tunability of
NbOX, for nonlinear optical device applications.
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1o0Nic HUBBARD MODEL IN

TRILAYER MOIRE SUPERLATTICES OF MOS,

Hongzhen Zhong, Zhixin Su, Jun Kang*
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Fig 1. lonic Hubbard model in trilayer moiré superlattices of MoS,

Recently, the electronic properties in moiré superlattices, which consist of two-dimensional van der Waals materials,
have become a topic of great interest. The moiré potential with long periodicity results in the formation of flat bands
and strongly correlated states, making moiré superlattices a good platform to study strong-correlation physics. The
realization of different lattice model Hamiltonians in moiré superlattices has become the focus of researches. Here, it
shows that, compared to bilayer moir¢ superlattices where there is only one interface, the interference between moiré
patterns at different interfaces in 2D multilayer structures allows the physical realization of more complicated lattice
models. The concept is demonstrated by trilayer moiré superlattices (TMSLs) of MoS,, where it finds that isolated flat
moiré bands appear near the valence band edge, and they can be described by the honeycomb lattice ionic Hubbard
model. More importantly, the hopping strength, the on-site Coulomb repulsion, and the staggered potential in the
TMSLs are highly tunable through the control of the twist angle, the dielectric environment, and the perpendicular
electric field. It is possible to achieve various transitions between distinct quantum phases in the TMSLs, spanning
from weak to strong correlation regimes. Therefore, the proposed TMSLs can serve as a good platform to study the
strong correlation physics in the honeycomb lattice ionic Hubbard model.
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ARTIFICAL INTELLIGENCE

ASSISTED AMORPHOUS ALLOY
SIMULATION AND DESIGN

Pengfei Guan’s Group
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Fig 1. (a) Illustration of the oxide network in loaded and unloaded samples [1]; (b)Shear induced segregation of Co out of
the ordering region [2]

In the realm of material science, artificial intelligence-assisted machine learning multi-component potential functions

are revolutionizing high-precision property predictions and material design. The research team led by Pengfei Guan has
made significant strides in developing machine learning potential functions that enable molecular dynamics simulations
of multi-component amorphous systems at unprecedented time scales. (1) Zr-Cu-O Machine Learning Potential Function:
By constructing a machine learning potential function with first-principles accuracy, the team elucidated the effects of
oxygen on the properties of metallic glasses. This research revealed that low-dimensional oxidized metallic glasses can
form unique oxygen-rich topological networks. By facilitating elemental exchanges within the metallic glass spectrum, this
network exhibits exceptional elastic properties, guiding the synthesis of related materials and introducing a novel elastic
recovery mechanism. (2) TiZrHfCo Machine Learning Potential Function: The development of a first-principles-accurate
TiZrHfCo machine learning potential function led to groundbreaking findings in shear processes. The rapid diffusion

and uneven distribution of cobalt (Co) promote atomic rearrangement, interrupting the typical softening process and
enhancing hardening. In contrast, traditional metallic glasses often face conflicts between volume shrinkage due to atomic
rearrangement and expansion from deformation, leading to cracks and fractures. However, the newly developed multi-
principal element metallic glass achieves deformation-induced expansion through rearrangement, effectively preventing
crack formation. This innovation results in processing hardening behavior and intrinsic tensile plasticity, fundamentally
addressing the strain softening issue in amorphous alloys. The collaborative research team introduced a substantial amount
of Co into conventional TiZrHf alloys, resulting in the creation of Ti,sZr,;Hf,;Co,s; multi-component metallic glass.
Remarkably, this material exhibits a macroscopic tensile plasticity of up to 2% at room temperature, with processing
hardening approaching double the yield strength. Both tensile plasticity and fracture strength surpass currently reported
values for metallic glasses, achieving a remarkable combination of high plasticity and high strength. This work provides a
practical design framework for developing more high-strength and tough metallic glasses. The advancement of Al-assisted
machine learning potential functions will serve as a valuable tool in our ongoing research into the effects of trace elements
in disordered alloys and the challenges of simulating amorphous soft magnetic properties.
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STICKY BACTERIA ArRE HOT

P. Leishangthem, and X. L. Xu"

Swimming microorganisms are constantly influenced by the presence of boundary surfaces in their natural habitat, giving
rise to rich swimming behaviors. However, despite of the fact that interactions between microswimmers and nearby
boundary surfaces are vital to many biological functions and industrial applications, little is known about the mechanism
responsible for the surface entrapment of microswimmers. After six decades of active research, the mechanism responsible
for the surface entrapment of microswimmers is still under heated debate.

In a recent theoretical study led by Prof. Xinliang Xu at Beijing CSRC, the dynamical behaviors of flagellar bacteria

near surfaces are investigated. By relating surface entrapment to a fixed point in bacterial dynamics, it is proved that a
commonly neglected thermodynamic effect is essential for bacterial entrapment. Using Escherichia coli as an example
where experimental data are abundant, it is demonstrated that the incorporation of this thermodynamic effect to even a
simplified model of each bacterium as two spherical beads is capable to quantitatively reproduce all existing experimental
observations, including two key features that previous theories/simulations fail to resolve: The bacterial “nose-down”
configuration, and the anticorrelation between the pitch angle and the wobbling angle. Furthermore, the theory makes the
following important predictions that motivate future experiments for further verification: boundary entrapment of bacteria
is governed by two analytic relationships, which only exists within an entrapment zone dictated by two dimensionless
parameters: «, the ratio of thermal energy to self-propulsion, and a, a bacterial intrinsic shape factor. These results provide
guidelines for controlling biological and engineering active swimmers near surfaces, and the manuscript summarizing these
results authored by Dr. Premkumar Leishangthem (postdoc at CSRC) and Prof. Xinliang Xu is accepted at Phys. Rev. Lett.

Fig 1. Bacterial entrapment. Bacterial trajectory near a planar boundary in physical space (a), and in phase space defined by surface distance

d and pitch angle 0 (c¢). In (b) the temporal evolution of d and 8 is illustrated. In (d) it is illustrated that entrapment only exists when system
parameters a; = IVI(BT and a, = ’;—‘zl fall within region II (the green shaded area).
b

‘actftb
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oPTIMALLONG-TIME DECAY RATE

OF NUMERICAL SOLUTIONS FOR NONLINEAR
TIME-FRACTIONAL EVOLUTIONARY
EQUATIONS

Dongling Wang, Martin Stynes*

Fractional-order differential equations offer modeling properties that are superior to classical integer-order differential
equations in many physical processes with non-local effects or generic memory characteristics. The exact solutions
of these differential equations are of particular interest for large values of time t, as then they behave very differently
from the solutions of integer-order differential equations. Despite the significance of the long-time regime (i.c.,

when t — o), the behaviour of computed approximate solutions as £ — <o has not been extensively investigated, in
part because there are serious difficulties obstructing its numerical analysis. In the paper [1], the following nonlinear
initial-value problem is considered: Dfy(t) =—2y(t)" fort > 0 with y(0) > 0, where Df is the Caputo derivative

of order @ € (0,1) while A,y are positive parameters. Its exact solution ¥ (t) is known to exhibit 0(t~*/") decay as

t — oo, but no corresponding decay result for any discretisation of this problem has previously been proved. In [1]

it is established that for the class of Complete Monotonicity-preserving (C.(-preserving) schemes (which include the
well-known L1 and Griinwald-Letnikov schemes) on uniform meshes {t,,: = n/};-, , the discrete solution also has
0(t~*7) decay as t,— ° . This striking new result is then extended to C./(-preserving discretisations of certain time-
fractional nonlinear subdiffusion initial-boundary value problems of parabolic type, such as the time-fractional porous
media and p-Laplace equations. Furthermore, for the L1 scheme the 0 (t~%/") decay result is proved to remain valid
on a very general class of nonuniform meshes.

The analysis of [1] uses a discrete comparison principle with discrete subsolutions and supersolutions that are
carefully constructed to give tight bounds on the discrete solution. Numerical experiments are provided to confirm
the sharpness of the theoretical analysis.

It is expected that in the future, the innovative theory of this paper will be a significant contribution to the numerical
analysis of long-time behaviour of solutions of time-fractional differential equations that are computed by various

numerical methods.
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Fig 1. Log-log plot of numerical solutions of the nonlinear initial value problem, computed using the Griinwald-Letnikov scheme
with a = 0.4 (top) and a = 0.8 (bottom) and parameter y = 1/4,1/2,1,2,4.

REFERENCES:

[11 D.Wang, M.Stynes*, Optimal long-time decay rate of numerical solutions for nonlinear time-fractional evolutionary equations, SIAM
J. Numer. Anal. 61: 2011-2034 (2023).

2023 -2024 ANNUAL REPORT



@ BEIJING COMPUTATIONAL SCIENCE RESEARCH CENTER

10’ T o

=
§ 107!
a=04,7=1/4
®  o=04,1=1/4 o ac08 =14
r=16 10°% r=3.2
a4, 7=1/2 a8, =12
= 04, 1=1/2 = w08 =2
R e - — ot ]
— anlld, =1 — w8, w1
10# * sl =1 * 0Bl
—-— a4 Y]
“04,7m2 107 m0.8,7%2
=047 B
—¥— =04, 722 A 0a08-2
r=0.2 D4
8
a0, ed 1o Y )
s | * m0Bmé
—-—- =01 ——era02
102 L g 0% L i
10! 107 10! 102 108 0! 10° w0’ 10?2 108
log(t, ) og(t,)

1 : {#MGriinwald-Letnikovi& XK fRIE L M A 1E B BT IS EUE RV log-logBlR, HAD B «=04 () Fa=0.8
(T, EENEBRPSE Yy SR y=1/41/2,12,4. EMNFERORTRERSHNHERTNTE—5.



IS BN S RIS S E R
S KA R

F XA, Martin Stynes*

HFirZBEIEEEN S —RICIZEENDIETRES, 28N Mo AERNBMTEH
ENMo HRENZESY . XEMD HRRIEHREN SR A RMEBEBRIERE, (1189
THEENMS ARENBERANES. REBIKITRE (B1E to<i1) BAEERN,
EIZZE B RARVIAUARTE t— o BIAT AREREE 2R, BoRESEIMERICOTHF
HEFERRS. E[1]F, FRMNFBETRIFLMEDR: D "« yt)=-Ayt) y, t0, HY]
By(0)>0, HFD t"a £ affiCaputoSH, o« €(0,1), A,y ZIESH. ZOAAIEHERY(1)
Fto o FRIMBOWN(-a/ y )RR, BEXF XN eV AZEUL, LIRIEZBEHENEY
RRERAVIER. (119, FHANER T —EKE—ERIE {t_n:=nh}_(n=0)"~ EAMRTE R
(CM-preserving) &=, (BIERFTEXIAILIFIGrinwald-Letnikovi&=) , BEURTEt n— oo T
WRIMBO@_ - o/ y VIR X—SREAIFTEREIET B — L BT (8] 3 # B IR IR
¥ BADILEIRIRAYC M -preserving B &, HIa08TE) D #Z AL N EFp-Laplace 512 b5k, XTF
LIt&, EIFE—ARAVFE—ENIg_ E IR T BEEEB O (- «/ vy )BIZ= K-

(1%, XB7TBEttRFEEHTEIES T, HEhIFEBlibiais T Bl LR TR
BB E TR BESCSOUE TIEIC O TR

FuitfEARsk, EXEMEESASEINNESEMMS D REBRIKIT T AEED T,
AXHIEIFIEIC I E2AVERA.

REFERENCES:

[1] “Machine-learning inspired density-fluctuation model of local structural instability in metallic glasses”, Y Wu, B Xu, X Zhang, P
Guan®*. Acta Materialia 247, 118741 (2023).

2023-2024 ANNUAL REPORT IR III(eIACIir



@ BEIJING COMPUTATIONAL SCIENCE RESEARCH CENTER

HOLIMAP: AN ACCURATE AND EFFICIENT

METHOD FoRr SOLVING STOCHASTIC

GENE NETWORK DYNAMICS

Chen Jia#, Ramon Grima®

Gene-gene interactions are crucial to the control of sub-cellular processes but our understanding of their stochastic
dynamics is hindered by the lack of simulation methods that can accurately and efficiently predict how the
distributions of gene product numbers for each gene vary across parameter space. To overcome these difficulties,
here we present Holimap (high-order linear-mapping approximation), an approach that approximates the protein or
mRNA number distributions of a complex gene regulatory network by the distributions of a much simpler reaction
system (Fig. 1) [1]. We demonstrate Holimap's computational advantages over conventional methods by applying

it to predict the stochastic time-dependent dynamics of various gene networks, including transcriptional networks
ranging from simple autoregulatory loops to complex randomly connected networks, post-transcriptional networks,
and post-translational networks. Compared with the conventional stochastic simulation algorithm, Holimap reduces
the CPU time by 70 fold, and within the same CPU time, Holimap elevates the accuracy by 3 fold. Holimap is ideally
suited to study how the intricate network of gene-gene interactions results in precise coordination and control of gene

expression.
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Fig 1. Illustration of Holimap and its advantages over the stochastic simulation algorithm (SSA). Holimap decouples gene-gene
interactions in a nonlinear regulatory network and transforms it into a linear network with multiple effective parameters, some of
which may be time-dependent. The time evolution of protein number distributions (for all genes) of the nonlinear network can be
approximately predicted by solving the dynamics of the effective linear network using, e.g., FSP. Compared with the conventional SSA
approach, Holimap not only significantly reduces the CPU time, but it also yields an accurate, noise-free prediction of the protein number
distributions.
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BOOSTING ROBOTIC ARM

RELIABILITY WITHARTIFICIAL

TENDONS

Qiang Yue, Yang Ding”

Robotic arms are essential for tasks in tough and hazardous environments, but they often face challenges when a joint fails
and starts swinging freely. Our team has developed an innovative solution to this problem using artificial tendons [1].

In our study, we introduced elastic strings, or artificial tendons, to help robotic arms maintain their function even when a
joint fails. These tendons create the necessary force to control the failed joint, ensuring the arm can still reach most of its
intended positions. Our approach has significantly increased the arm’s operational area compared to traditional methods,
which often rely on locking the joint in place.

Our design features retaining rings and elastic strings running along both sides of the robotic arm. These strings, fixed
at both the base and the end segment, slide through the intermediate segments, allowing the arm to stay functional by
controlling the failed joint through tension.

This innovative method provides more stability and a larger operational area than older techniques. It offers a promising
solution for improving the reliability of robotic arms, especially in fields like medicine, space exploration, deep-sea
exploration, and nuclear industries.

Our work highlights the potential of artificial tendons to make robotic arms more resilient and reliable in hazardous
conditions. This research opens up new possibilities for developing advanced fault-tolerant robotic systems.

(a) (b)

Fig. 1. (a) The configuration of a spatial manipulator with elastic ropes. The discs in the figure are the joints, and the first joint is on the
left. The gray part is the arm, and the red and green lines on both sides of the manipulator are elastic ropes. (b) The crossed support arm
holding rings where the elastic ropes pass through.
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MACHINE [, JE ARNIN (5 OPTIMIZATION

OF COMPACT FINITE VOLUME METHODS ON
UNSTRUCTURED GRIDS

Chong-Bo Zhou, Qian Wang*, Yu-Xin Ren

Fourier analysis based optimization techniques have been developed for numerical schemes on structured grids

and result in significant performance improvements. However, there lacks an effective optimization technique

for numerical schemes on general unstructured grids, due to the mesh geometry complexity that makes Fourier
transformation infeasible. To address this issue, an optimization framework based on machine learning is developed
in this paper for numerical schemes on unstructured grids [1]. The optimization of a compact high-order variational
reconstruction [2] on triangular grids is performed to illustrate the framework. An artificial neural network (ANN)

is used to predict the optimal values of the derivative weights on cell interfaces that are the free parameters of the
variational reconstruction, given the local geometry as input. The ANN is trained by minimizing the solution errors
of a linear advection equation on a set of generated compact stencils, with a set of sampled sine waves as initial
conditions. The developed optimization framework is applicable to general numerical schemes on unstructured grids
as the training does not require explicit computation of dispersion or dissipation. Numerical results for inviscid flow
problems show that the optimized variational finite volume scheme is remarkably more accurate and efficient than its
non-optimized counterpart, demonstrating the effectiveness of the machine learning optimization.
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MACHINE LEARNING ENHANCED REAL-

vME AERODYNAMIC rorces

PREDICTION BASED ON SPARSE PRESSURE
SENSOR INPUTS

Junming Duan, Qian Wang*, Jan S. Hesthaven

Accurate real-time prediction of aerodynamic forces is crucial for navigation of unmanned aerial vehicles (UAVs).

This paper presents a data-driven aerodynamic force prediction model based on a small number of pressure sensors
located on the surface of UAV [1]. The model is built on a linear term that can make a reasonably accurate prediction
and a nonlinear correction for accuracy improvement. The linear term is based on a reduced basis reconstruction of
surface pressure, with the basis extracted from simulation data and basis coefficients determined by solving linear
pressure reconstruction equations at a set of optimal sensor locations, which are obtained by using the discrete empirical
interpolation method (DEIM) [2]. The nonlinear term is an artificial neural network (NN) that is trained to bridge the
gap between the DEIM prediction and the ground truth, especially when only low-fidelity simulation data is available.
The model is tested on numerical and experimental dynamic stall data of a 2D NACAOO015 airfoil [3], and numerical
simulation data of dynamic stall of a 3D drone. Numerical results demonstrate that the machine learning enhanced
model is accurate, efficient and robust, even for the NACAO0O015 case in which the simulations do not agree well with the
wind tunnel experiments.
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Fig 1. Procedures to build machine learning enhanced aerodynamic forces prediction model.
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sovinGg THE BOLTZMANN

EQUATION WITH A NEURAL SPARSE
REPRESENTATION

Zhengyi Li, Yanli Wang*, Hongsheng Liu, Zidong Wang, Bin Dong

Interests in the simulating the kinetic theory has grown significantly due to its extensive applications in the engineering
fields such as aerospace, plasma, and micro-electro-mechanical systems. However, solving the Boltzmann equation,
one of the most critical governing equations in kinetic theory, poses significant challenges. These challenges primarily
stem from the high dimensionality of the problem, which includes dimensions in time, physical space, and microscopic
velocity space. Additionally, the Boltzmann equation involves complex quadratic collisions with high-dimensional
integrals and singular collision kernels.

In this work, we introduce a novel ansatz, called Neural Sparse Representation (NSR), for efficiently solving the
Boltzmann equation using neural networks. NSR proves to be a promising approach for both the BGK and quadratic
collision models, allowing us to represent the distribution function with significantly fewer degrees of freedom
compared to traditional methods. Within the NSR framework, we build networks based on the Discrete Velocity
Method (DVM), with input parameters being physical position and time, and the output being the distribution function
at discrete velocity points. This eliminates the need for discretization in time and space, thus reducing the degree of
freedom and overcoming the curse of dimensionality. This flexibility allows us to extend the NSR method to high-
dimensional problems effortlessly. To further reduce the degrees of freedom within the microscopic velocity space,

we leverage the low-rank property of the distribution function. Different approximation methods are proposed for the
BGK and quadratic collision models. In the BGK model, we approximate using the Canonical Polyadic Decomposition
(CPD), a technique widely used in solving Partial Differential Equations (PDEs) and accelerating deep learning.

For the complex quadratic collision model, we employ the BGK solution to construct a series of data-driven bases
using Singular Value Decomposition (SVD) to approximate the quadratic collision terms. Furthermore, we leverage
prior knowledge of the Boltzmann equation to implement multi-scale inputs by scaling time and physical space with
parameters at varying magnitudes. This approach aligns with the multi-scale properties inherent in the Boltzmann
equation. We also utilize the Maxwellian splitting strategy to process the distribution function, making it easier to
capture the behavior of macroscopic variables. To enhance the approximation efficiency of NSR, an adaptive-weighted
loss function is designed for the network. In addition to the typical PDE residual loss found in most loss functions, we
include a loss term related to macroscopic variables, aligning with the properties of the Boltzmann equation, such as
the requirement that the density of the PDE residual should be zero. Moreover, we account for the varying contribution
of different microscopic velocity points by adding adaptive weights to the errors associated with each velocity point.
These techniques collectively accelerate the process and improve the overall approximation efficiency of NSR.

The effectiveness of the proposed neural network-based methods is validated through a series of numerical experiments.
These experiments encompass one-dimensional problems, including cases with both continuous and discontinuous
initial conditions, as well as a two-dimensional wave problem.
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During the 2023-2024 academic year, CSRC is undertakeing 68 projects from the Ministry of Science and Technology
of China, National Natural Science Foundation of China, China Academy of Engineering Physics, China Postdoctoral
Science Foundation and so on. 21 projects were concluded during the academic year.
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During the 2023-2024 academic year, CSRC has published a total of about 146 papers.
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Feng Xi-Xi; Chen Wen; Gao Xian-Long, Application of metric space method in quantum information in quasi-
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BERIBMRSHENNFER (CECAM-CN) Hfs RYEFHEENEE)IHE
International (CECAM-CN) Workshop on Excited States and Dynamics in Condensed Phases

EIESRIIRNGICR

Frontier Forum on Modeling and Simulation

EESRIRNGICR BRI A SRS

Frontier Forum on Modeling and Simulation ‘Workshop on Radiation Detection Technology and New Detector Materials




Sab

F=REFHCRENAHTS
3rd Workshop on Quantum Field Theory and Applications
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CERMEMR: FREMLR TS

Active Matter: Interfaces and Boundaries

=)l 3T

BF[& Date SINBFR Title

2024.6.12-14 BFHMSZ AT E I

2024.5.13-14 “HHEFBEIRRIERNG: MRS Bl
2024.4.26-28 R KPR R HLAEAE T & A M R 5511 BE
2024.4.22-23 “EMMR: RESHR B

2023.11.29-12.1 BF ARSI

2023.10.25-27 “URISEERENARIF: BIMAHTIEETIYSEE " 55U
2023.9.15-17 BRI LR T N ARG N BT E Y IR FHE B
2023.8.23-26 RFEFHEENE)IH

83



CSRC SEMINAR ' s&@Rs

LTRGBS E N IME LIS E B ERTEIIRE, EFRFASE, BEXFARBL4., 2023-2024F R FEH
OGS T B ESE (2129587) .

CSRC invites national and overseas leading researchers to give academic seminars. During academic year 2023-2024, CSRC has

already held 68 seminars.

DATE\HHA | SPEAKER\{REA | INSITUTE\E{L TITLEARESEH

FHE BiIXZF — i =
203830 o= B —HEEA PSR LR AR
Qi-Xing Wang Xiamen University
o |\ 2R A SCIS
Fhk @&T{ﬁFB*JI'W#;ix;ELE Atomic-Scale Analysis and Dynamic
2023-8-30 International Iberian Nanotechnology

Zhong-Chang Wang Observation of 2D Layered Materials

Laboratory (INL)

o JbsBE A
2023-9-7 o Beijing University of Posts and Telec I REBURNNHEHRREN
Zi-Xiang Yan .
ommunications
P TEEERFRYIR AT TR
g{x *“I’ . . o N o
2023-9-11 Physikalisch-Technische Th-229%Z IR R
Ke Zhang
Bundesanstalt, Germany
R EREEFAR S
2023-9-12 BT jt?lill}/j'\éﬂl?— HﬁT E . Modeling and Simulation of the Inflation of
Zheng-Yu Huang Beyjing InFernatlona i it Supersonic Parachutes for Mars Landing
Mathematics Research
B ERE YR ST B RRAT
2023-9-14 Institute of Applied Physics and BEEEEE THRATSEMAR
Hua-Sen Zhang . .
Computational Mathematics
Stefan Peter Griinberg .Instltu.te and Institute Recent Progress of the Full-Potential
. for Advanced Simulation (Germany) . .
2023-9-15 BliigelStefan . . . Linearized Augmented Plane-Wave
Bliiel Peter Griinberg Institute and Institute (FLAPW) Method
& for Advanced Simulation (Germany)
B ItREBERAZE Dynamical Analysis of The Infectious
2023-9-25 Mao-Xine Li Beijing University of Civil Disease Based on Scale-Free Networks and
ao-Amg Liu Engineering&Architecture Higher-Order Networks
® = PERFRAKRE
2023-10-12 . University of Science and Technology ~ IFEREMRNREAIREME
Ning Xu of China

2023-2024 ANNUAL REPORT
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DATE\HEA | SPEAKERRE A | INSITUTE\EE{i] TITLEARESRRE

2023-10-13

2023-10-16

2023-10-18

2023-10-18

2023-10-20

2023-10-24

2023-10-24

2023-10-24

2023-11-3

2023-11-21

2023-11-27

2023-11-28

R
Jing-Yuan Fu

(G
Na Chen

SRIF

You-Sheng Zhang

B B
Xiang Zhan

KB
Wen-Qing Zhang

%
Shuo Yang

Zhi-Hao Bian

T tepep
Kun-Kun Wang

Iannis Kominis
Iannis Kominis

Abolfazl
BayatAbolfazl
Bayat

;X
Wen Zheng

R B
Ran Ni

CRE YR STt BT
Institute of Applied Physics and
Computational Mathematics

RS

Tsinghua University

ICRE YR ST B AR
Institute of Applied Physics and
Computational Mathematics

FARIE TR

Nanjing University of Science and
Technology

R RHNKZE

Southern University of Science and
Technology

T

Tsinghua University

PPN

Jiangnan University

E N

Anhui University

miEREFETAY

University of Crete (Greece)

BFRIRAE

University of Electronic Science and
Technology of China

KFRETKF
Taiyuan University of Technology

FnRrEFE T A

Nanyang Technological University
(Singapore)

BEEEZE FRayleigh-Taylor AN RE MR
FJSEREEENIFEEELHAR

RTIFR A SRR EARR

FEFMEERERREGHAREHR

EFEXHINE. EB5NA

Modeling Complex Materials with Chemical
Bond Hierarchy: A Machine-Learning
Interatomic Potential Approach

Non-Hermitian Parent Hamiltonian and
Composite Quantum Phases

HIECF R PR EF IR AR E T
ERIAAEURFEEAIIN

LB KRFEFNEM T RS

The Scientific and Technological Promise of
Quantum Biology

Quantum Many-Body Probes

%?'F—ﬁ)\l%’ﬁ?ﬁ’ﬂ%aaa EALEHDFHE
R

Stable and Metastable Non-equilibrium
Hyperuniform Fluids



DATE\HEA | SPEAKERREA | INSITUTE\EE{i; TITLEARESERE

2023-11-30

2023-12-4

2023-12-8

2023-12-8

2023-12-11

2023-12-15

2023-12-25

2023-12-30

2024-1-4

2024-1-18

2024-1-26

2024-3-11

BB
Xing-You Lang

F ¥
Ping Wang

Giovanni
RussoGiovanni
Russo

Francis
FilbetFrancis
Filbet

KE—
Chui-Yi Zhang

5 7
Zi Cai

K=

Yong-Liang Zhang

B =
Hong Qi

5 B
Evan Ma

ERE
Li-Jin Wang

&R
Jin-Jin Du

A

Zhi-Hao Bian

SR

Jilin University

JIERIBEAFIKBREX

Beijing Normal University at Zhuhai

BARRERI A
University of Catania (Italy)

ZEBERZE=KZE
Université Toulouse III - Paul
Sabatier

EEEWEIRE
Princeton University (USA)

LigRiERE
Shanghai Jiaotong University

PRI SRR

Institute of Semiconductors (CAS)

LIFARFE R ARG
Complex Systems Research Center,
Shanxi University

FARRIEAE

Xi'an Jiaotong University

RBHKRF
Anhui University

BRI ERITAE RS
Okinawa Institute of Science and
Technology Graduate University
(Japan)

pANEpN

Jiangnan University

WRZHEBEHEVKD BRI

A P R B ZRAE T3 ERI N A
Weakly Non-Linear Shallow Water

Equations Over Periodic Bathymetry

On the Convergence of Discontinuous
Galerkin/Hermite Spectral Methods for the
Vlasov-Poisson System

MNERFREIRFK. BRI ERSFE: 1l
BRF I RAAIE—MERED FEIHFREY

Fractal Quantum Matters

FEFESEN RV LA

ERREWEE

MABFREFIEX

RIBES RE S B R

St

Fast Single-Shot Imaging of Individual
Impurities in Cold Atomic Gas

ETF fine-grained MRAEXRENEF S5 IX
PR JE A sel f-testAYSCIGIGIE
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DATE\HHA | SPEAKERViRES A | INSITUTE\EE{i] TITLEARZSERE

2024-3-12

2024-3-15

2024-3-18

2024-3-19

2024-3-26

2024-3-27

2024-3-28

2024-4-1

2024-4-2

2024-4-2

2024-4-7

2024-4-9

E 3
Xiang Zhan

[ VA
Li Chen

2 7
Wei Yi

i)
Lu-Qi Yuan

VFRAR
Zhen-Peng Xu

XX
Yong-Chun Liu

X< BH
Jin-Ming Liu

QL7
Yang-Hui He

FEBH
Shu-Lin Wang

FEE
Cheng-Zhi Qin

AEIR
Ji-Qing Fu

fala ik
Ling-Bing He

ARETAZ

Nanjing University of Science and
Technology

iy

Shanxi University

FRERIS A AR
University of Science and Technology
of China

LigRiERE
Shanghai Jiaotong University

THKRE
Anhui University

e

Tsinghua University

LN NN
East China Normal University

B ERZRRRT
The London Institute for
Mathematical Sciences

sech RIS
Huazhong University of Science and
Technology

Sech Rl
Huazhong University of Science and
Technology

HETHERIF TR
The National Institute of Metrology
(China)

ek

Tsinghua University

—HEEFTEPHRINIFRSHBEFX

Imaginary-Temperature Zeros for Quantum
Phase Transitions

Quantum Stochastic Resonance in a
Dissipative Rydberg Gas

BRI GEE R AR H PRI RIS

Quantum Network-Entanglement: Detection,
Measures and Applications

ETIEREFREHEENE

RSB ER TETRMES FREFE
B4R

The AI Mathematician

BRI F RS SRR

BREENFHCEEREC7EE

RN R E 2 ENS AT ERAR

Global-in-time Stability of the Non-
negativity Property in the Spatially
Homogeneous Landau Equation with Soft
Potentials



DATE\HHA | SPEAKERVIRES A | INSITUTE\EE(if TITLEARSERE

2024-4-9 RS
Zhen-Fu Wang
N
2024-4-17 Sz.;ﬁ
Hui-Qian Luo
=3
1z
2024-4-17 s Zj .
Zhang-Qi Yin
o=
2024-4-17 BRR .
Feng-Dong Jia
2024-4-19 , ré'j'lﬁ
Jiang-Wei Shang
4 0
2024-4-19 ﬁj(%
Da-Zhi Xu
2024-4-25 MR
Ce Shang
4
2024-4-30 <l
Ji-Wei Li
Ebhi)
2024-5-8 _ 2
Rui-Zhen Huang
2024-5-17 E’ﬁﬁ;
Wan-Biao Ma
2024-5-22 E "
Lin Wan

FERERSFHAR O
Beijing International Center for
Mathematical Research

FERIF IR AT
Institute of Physics (CAS)

ItRETKRE
Beijing Institute of Technology

FERFERAF
University of Chinese Academy of
Sciences

ItREBET KRS
Beijing Institute of Technology

ItRETRE
Beijing Institute of Technology

PERFREXEE IR
Aerospace Information Research
Institute (CAS)

RN ARSI EEFHRAT

Institute of Applied Physics and
Computational Mathematics

REFKE
Ghent University (Belgium)

JERRHRKZE

University of Science and Technology
Beijing

FEMNFRHFSERERFHRR
Academy of Mathematics and
Systems Science (CAS)

Entropic Propagation of Chaos for 2D
Viscous Vortex Model

BSHMERRET . Ak, B
AERFEE

BRZANEFEENE

RGBSR IIE R B E R F UK

Estimating Many Properties of a Quantum
State via Quantum Reservoir Processing

ETERRARANEFRAEHENF

LR ST FE PRI B AL E R

AR RR TR AR R KR

Symmetric Deformation and Finite
Entanglement Scaling

— R E R EYDEEIE T 5 R W EEIRIRR
RSB MR D EERENE RN

RINEBER FTNENEREIENERS
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DATE\HEA | SPEAKERVRESA | INSITUTE\EE{i] TITLEARESER

2024-5-26

2024-5-26

2024-6-6

2024-6-14

2024-6-14

2024-6-26

2024-6-26

2024-7-10

2024-7-10

2024-7-16

2024-7-19

2024-7-26

[EIERS
Zheng-Wei Zhou

Zhi-Yuan Zhou

ERgE IR

Jian-Xian Qiu

Bt
Wan-Xiang Feng

RS2
Cui-Cui Lu

ERBRIE
Xiao-Feng Xue

A
g

Zhi-Chao Peng

Pedro
RibeiroPedro
Ribeiro

ZHHE
Ming-Xing Luo

= B

Chang Gao

K &
Xu Zhang

B =

Lei Shao

rRERIS A A
University of Science and Technology
of China

hEMFRAKRE
University of Science and Technology
of China

BiIxE

Xiamen University

ItRETXZE
Beijing Institute of Technology

ItRIEBTXE
Beijing Institute of Technology

JERBAE
Beijing Jiaotong University

BBRKE
The Hong Kong University of Science
and Technology

BHEFBRIAKRE
University of Lisbon (Portugal)

FALREAE

Southwest Jiaotong University

HIET X
Wuhan University of Technology

EEMMMNZAZAIR DR
California State University,
Northridge (USA)

ks

Sun Yat-sen University

HEEFESETNIFCRESHIMaES

ETFIFEIDCBEMRREHRE

High Order Finite Volume Method for
Solving Compressible Multicomponent
Flows

MR REARE IR Bt A S —
HEREAF

ETARHEETIA TSR IMIER
BN

A Survey of Limit Theorems of the Tagged
Particle in the SSEP

A Reduced Order Model Enhanced Iterative
Solver for Parametric Radiative Transfer
Equation

Universal Features of Quantum Dissipative
Dynamics

Quantumness of Energy-Storing Quantum
Systems

HALRREY RN ST RS — S RE
R

First-Principles Study of Excitons and Their
Dynamics in 2D Materials

Photoluminescence Modulation of 2D
Semiconductors by Plasmonic Metal
Nanostructures
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BEMEREEZEHTYRFARER . ERTERZHRFL. LR
BEMEMRPOKEENNSHFERRIE. RIZARBIBFERIMLE
FEMECARFERE . REMETREMBZMR, BOTATABHT
EERHARNNA, RHERTIRNTE, RHEFBRIXBEREL,
NEENRFHRHBITER. BARESE2ED/\H.




Since its establishment, more than 5000 visiting scholars from over 20 countries and regions have visited CSRC.

CSRC faculty members went out for academic eschange for more than 2000 times. During the academic year
2023-2024, CSRC has hosted around 200 visiting scholars.

CSRC warmly welcomes scientists around the world to visit for collaboration and exchange. CSRC frequently
hosts academic activities such as conferences, workshops, and seminars together with its counterparts. Living
allowance and housing subsidies are provided during visitor's stay at CSRC.

FIOENMESRFEE SREEER, FRRALRDERINERSW S, UEMRHARSERIIMNE
MRANEZ BN EIAZR. RZES, F0EFTRE20SMNE RN X A0 FEEBILTS000R AR, FiOR
A RINE SN AR R SEFNFEIT 20004 A K. 2023-2024 R EEAE], FlMEERIGFERBIT200AK.

FUORGE E RSN HAE R T W AR A RMEIG, MipEZEMZERRTARNOEARG, #TEEK

HEERR. ROt ERITN—EFNERFEHNSW. HIPE. AR OAERIEE, R OBRMR—ENEER
FEPANE

9N



To facilitate scientific interactions between CSRC scientists and scientists elsewhere, CSRC has developed
partnerships with several universities and research institutions around the world. Besides engaging in long-term
scientific collaborations, CSRC staff also host conferences, workshops, and seminars with collaborators. Through
these activities, CSRC is working towards extending the frontier in computational science research and improving
its competitive edge and prestige.

ERTERERRPOEEEUSHANME SR EE, ERBRALKDENIIMERS WA, B
MARSERNIIEMBAANNEZ BN EFZR, §REAAFNY KEAZW. BoCSERSARANES
TEEML AITERMENEFR-RNTRITENZRAXANZXMRNGE T AW .
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RS- RIAPOER RS
LUSTER TIANHE2-JK

The CSRC is equipped with the state of art high performance computing
facilities, which include a dedicated in-house 14,000+ core cluster
TianHe2-JK in addition to many smaller clusters.

For more details about CSRC Computing, please visit: http://www.csrc.

ac.cn/en/facility/cmpt/

14112cores

ON-line farm

Login Servers Lustre Servers gluster Servers

TPservers
10Gbps

IHEP (computing. & Storage
Network)

Home Dirs(AFS)
+Monitoring
+Scheduler

Backup
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