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# B : Al-Assisted Enhanced Sampling: What Remains Hard

# E : Artificial Intelligence (AI) has revolutionized enhanced sampling in
computational chemistry and biophysics, enabling the exploration of intricate energy
landscapes and the computation of free energy profiles. In this talk, we will delve into
the state-of-the-art Al-assisted enhanced sampling techniques, highlighting their
strengths and limitations while addressing the ongoing challenges faced by researchers
in this field. We will point out some essential difficulties and discuss potential solutions
in light of the progress made with generative pre-trained models.
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# E : Quantum annealing and its application to quantum simulation

## % : Quantum annealing is a quantum-mechanical algorithm to find the ground state
of the Ising model with general interactions [1]. Since many real-world optimization
problems can be mapped to the ground-state search of the Ising model, quantum
annealing has been studied very actively both in academia and in the industry [2, 3], in
particular stimulated by its hardware realization by D-Wave systems [4]. In the present
talk, I first overview the concept and significance of quantum annealing and then
proceed to the description of several recent developments in the understanding of non-
equilibrium dynamics of the transverse-field Ising model by quantum simulations on
the quantum hardware [5, 6].

[1] T. Kadowaki and H. Nishimori, Phys. Rev. E58, 5355 (1998)

[2] P. Hauke et al, Rep. Prog. Phys. 83, 05401 (2020)
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A E : Dynamics of cell state transitions emerges as a new frontier of studying complex
systems

## & : It has long been a perplexing question in the field of life sciences: How can a
single cell develop into a complex organism comprised of various types of cells? The
ability to reprogram terminally differentiated cells into pluripotent stem cells or other
cell types has opened up new avenues for regenerative medicine. These advancements
in biomedical research have also given rise to a nascent field focused on studying cell
state transitions within the framework of dynamical systems. This field naturally
extends the study of state transitions in physics and chemistry (Hanggi et al., Rev Mod
Phys, 62:251, 1990) to complex cellular systems that exist out of thermodynamic
equilibrium. Such systems exhibit a large number of highly interconnected degrees of
freedom and operate across broad timescales.

The recent explosion of single-cell data presents both challenges and unprecedented
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opportunities for physicists to analyze the data and uncover underlying mechanistic
principles. In this presentation, I aim to provide an introduction to this exciting and
rapidly evolving field, with a particular focus on the research conducted in my
laboratory.
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## & : Despite the importance of timing in our daily lives, our understanding of how
the human brain mediates sec- ond-scale time perception is limited. Here, we combined
intracranial stereoelectroencephalography (SEEG) recordings in epileptic patients and
circuit dissection in mice to show that visual cortex (VC) encodes timing information.
We first asked human participants to perform an interval-timing task and found VC to
be a key timing brain area. We then conducted optogenetic experiments in mice and
showed that VC plays an impor- tant role in the interval-timing behavior. We further
found that VC neurons fired in a time-keeping sequential manner and exhibited
increased excitability in a timed manner. Finally, we used a computational model to
illustrate a self-correcting learning process that generates interval-timed activities with
scalar-timing prop- erty. Our work reveals how localized oscillations in VC occurring
in the seconds to deca-seconds range relate timing information from the external world
to guide behavior.
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# H : A Brain-inspired Computational Model for Spatio-temporal Sequence
Recognition

% 2 . Temporal sequence processing is fundamental in brain cognitive functions.
Experimental data has indicated that the representations of ordinal information and
contents of temporal sequences are disentangled in the brain, but the neural mechanism
underlying this disentanglement remains largely unclear. Here, we investigate how
recurrent neural circuits learn to represent the abstract order structure of temporal
sequences, and how the disentangled representation of order structure facilitates the
processing of temporal sequences. We show that with an appropriate training protocol,
a recurrent neural circuit can learn tree-structured attractor dynamics to encode the
corresponding tree-structured orders of temporal sequences. This abstract temporal
order template can then be bound with different contents, allowing for flexible and
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robust temporal sequence processing.

We hope that this study gives us insights into the mechanism of representing the ordinal
information of temporal sequences in the brain, and helps us to develop brain-inspired
temporal sequence processing algorithms.
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## % : The human brain is the most complicated and fascinated system and executes
various important brain functions, but its underlying mechanism is a long-standing
problem. In recent years, based on the progress of complex network science, much
attention has been paid to this problem and many important results have been achieved,
thus it is the time to make a summary to help further studies. For this purpose, we here
make a brief but comprehensive review on those results from the aspect of brain
networks, i.e., from the angle of synchronization and complex network. First, we briefly
discuss the main features of human brain and its cognitive functions

through synchronization. Then, we discuss how to construct both the anatomical and
functional brain networks, including the pathological brain networks such as epilepsy
and Alzheimer’ s diseases. Next, we discuss the approaches of studying brain networks.
After that, we discuss the current progress of understanding the mechanisms of brain
functions, including the aspects of chimera state, remote synchronization, explosive
synchronization, intelligence quotient, and remote propagation. Finally, we make a
brief discussion on the envision of future study.
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AL E : The Ising model in high dimensions

f# % : Critical phenomena of the high-dimensional Ising model ($§d>d_c=4$) have been
proved to be trivial—i.e., governed by the Gaussian fixed point (GFP) in the
renormalization group. Nevertheless, we show that the high-d Ising model can display
rich critical phenomena, particularly from the perspective of percolation. First, the
finite-size scaling behavior is simultaneously governed by the GFP and the complete-
graph (CG) asymptotic (corresponding to the Landau mean-field theory). Second, the
Ising model in the random-cluster representation, regarded as a correlated percolation
model, exhibits simultaneously two upper critical dimensions at $d_c¢=4$ and $d_p=68.
The interplay of the GFP and the CG asymptotic can lead to extremely rich scaling
properties, some of which are dependent of boundary conditions. Our work establishes
a systematic understanding of the critical phenomena for the Ising model in high
dimensions.
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KL Z — NOEF 72 J& % P 3 K W B i 4 & 7] DAfE  RTKHI 3£ 7 £ 48+ KHI £ 3 2|
RTI = S #4## #|42 [Chenetal. PoF2020) ; TNE 2 5 % Bh M 2 % % 8% (&
Kn % #3R)x sh B #A4T #9598 [Ye, et al. Entropy 2020]) ; 7 & E AL #3h /7 %
B9, TNE AT A 4FAE ¥ LAAE 5 X 4 Al 48 2% A fo 1 5] i Bt B9 4 22 #1148 [ Zhang, et
al. FoP 2020); EAABAGANEFHAF, FHNAE 5 EWRHEH R E N &
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Mo RN, T E AT R AW AAE . R4 K H R4S U B [Sun, etal. PRE
2022); (/W) FEKE LAE INETARENAZ—, LIEKEKNE
Xt B2 S A B dL/dt % — M A B A8 NOMF 3| % B0 7= R0 Ak = 8 —
MREAME B, HFAER RTI A 3#E E 3\ #73 Br B #9472 #148 [ Chen, et al.
PRE2022); %% . K 5-8 % /L DBM A1k A 54,

M TERTH, “NRE ATHHRFEELHNEE. “NRE” ATHH
RN : BHENEE, AAFETFEHANLE. DBM B “NW” 445
(1) EREFE: BRAMNEEN; (2) EheerE: EHREELE ERA
FEAEBNS, EFET MD. “NRE”ATH, BEFEA; “NRE”TAHR,
BEMEHE, EHEEET!

R D13

WEA: KE

B ERFRE R RS RA

FE: BT 8 EENE WL/ F1 &5 % KR

BE: £XIMREY, KEBENEHEEEERENRIT A FITHESR VAN
(variational autoregressive networks). X /ME 22 16 By B B )3 44 5 ] 48 R A 2 B A 5
KRN ELBEL) A, ARIABUFINFTERFISH, TURRITHE R
ZMEEEE LR, WERARWEE, BREMANFE, F LR K 9454 #
TEEXH, RABKEUN BT EEFESTITWE, FH 2 B REBELF
WAL, B ke B P E R ESY, AT RKBENFETE,
% Ja K& E AN VAN 77 % 75 & T 2448 A% (quantum error correction) F & iz | o
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HEAN: EXE

B BERERMARR

FLE: CVTree&CLTree: # T 2R FHAMMAEMENE 5 KTk

BE: CVTree EMMEMIE LR EMAEERRES KRR T E. v ETAE
FHEBLF RIS, e EHAREREYHAHMEEZTERR. Y7, &
77 i ] i 3T W 45 A % 28 WebCVTree3 (http://cvtree.online) #4717 19 . ¥ LI T #
W EL2RFEAMEG LT ERXER T, &I MH WebCVTreed
(http://cviree.online/v4/) . 7E 2 W #ATMA F . #ELFEF CVTree, RATEET
—nEZWMEREENEM L, RINMRZAAHRT TARE-NEN TR, RETH
FH KA, FHRHEEET 16S rRNA 4 & R # (& TAll Species Living Tree” i
BB =% % 2, 3% T LVTreeViewer (http://cvtree.online/lvtree/) HIHF % 4 R ¥ AT
—— . RATKI, BRA L2 KRR KR L IR BET 16SRNA 57| 4
MER, BERETAEFHHAN CVTree FENER SN K ZAKZEN—3, A
EEMBREA L. XU CVTree %, A#BAMT2EHAFF F o EER,
#% T ET 16SIRNA FHIEBI 77 %, TR EEF R FBRWNHZA 04 H 6k
MR GG, —F 8, #TRE CVTree N AT, KN LH#H—FEET
CVTree Wiite, W T ET K SR HTH R GHNATHATHEFER,
FmANT —WH W E E (http://github.com/ghzuo/cvtree) . A T F Aubk 3 09 4% 5%
GRRZER KRG, FKANILF X T CLTree 12 /7 (http://github.com/ghzuo/collapse ),
LI E AT, HET Shannon MW EEELT HEZ AW ER. RIERE, H
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& A: Federico Ricci-Tersenghi

B FHRF (BEAAD

A H : Statistical physics of random constraint satisfaction problems

f# % : In this talk, I will first review some important results which have been obtained
in the study of random constraint satisfaction problems, thanks to the ideas and
techniques borrowed from the statistical physics of disordered systems. I will try to
make evident the key role played by spin glass states and the glassy dynamics in
determining the hardness to solve the constraint satisfaction problem. In the last part of
the talk, I will discuss some open problems and possible promising approaches to
solving them.
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WA A PRERAR

B LRIFTEAF

BE: EFZ5GNRAAEHT: AMYPNESER KL EEZAHED

WE: Sul, AREYFEARAENLABRNELRR, PEAMBERG. £4
A%, ARG, H2725%, UNdAE LB 2 WE X/ ERELIE,
e, ELRZARARBETANHARANEES Y, B TEL RGBT
AT-FELS, HEEERK. F2E AR, EHHEZTERIZERLFEAT
KBBRR G, L4, METEENRZEANEANLE, BRINTHEEZER
ZETA MR SRR A B Ed, mILT E X REHMAEN R G, RINTHRE F
BAT ok UL S BT 0 B A B Qe ST AR AT OW A B &M B I, B n R T R oRZAE
MAAERGEFBE, ARADNABETURE X N AERASHER, ULEF
GEETRAFRAE, NTEITEXZENAEHBANSER., #t—F, &L
BT AEHRAANERMBEL AMBAAELREEEMBEL DAY
NATHERSG., BRiEs, MERAS. AFEASR. AARAPARASRE. &
Ja, MEXRGHRUARLBHATTREL,

ey FHEEFPFERITIEEBEL
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WE: NLEFERURANFARLEATHNLRES, —FETHAOMERRER
TN, REANRKEMETHKERAER AR ERNERE T, ~E£T /PR
GEFERUMESEWRKANFFFAFER TR 7 FHITRA RO ER L
WEh AW EMEARELE, KRR REFES, EEDTAREERATFFHR
T o AR - A AT L RO R ) A B R B KR R AR RE TR Y
BLH 6
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wME A FHIE

B dhEAF

ME: ZMESEIERXE

ME: Bl FREBEEERHRARESZHF —AH -0, T FEETXE, 2
Bl F YR EFCERES T RO AEATANE, RACNIER EEETF o
Rl X B, RAOFAIAZ-HE R, &8 T — A0 8 s 7 X 800 0 M A7 U
WHFEST. UWTPHENG, FHNZ-HELELTN—IMHEZ THP A
EIHTRAEHK, BAF-HERERNFRRTZE UUTIR E 7L 5k 2 7
Ak [1-2), BlaF R ETE N, HATEHEE, EFAEHEIMESH
. BRINEEZEFZ-HE R RW A ER, #MEEHERLY - dlky
MR ENEST, dit, RNAALREEFEUALRUT, HESEELIHE
A (AAERPRETFE, o T-PAEE) &R TSR L s X8 =6
R, XNERTUHEFANMER CeBEERARR S KRR PHBENE
REFELEREIE. BlEFXEBN, XA M RANFRES ZH KT (HFEH
FK A% Cp) XA b R IEE L, SHENME T (KA P) -FEFW&
BHNAZYEZNTE A ERAIYERANBR TN E L FELG XEERT TR
BleRXBAHEE O — B ENEESER. B, XN BEoES-HEL
ARG —W A kAL X8 G B ilmF Xk ael3). 5% k-
[1] C.N. Yang and T. D. Lee, Phys. Rev. 87, 404 (1952). [2] T.D. Lee and C. N.
Yang, Phys. Rev. 87, 410 (1952). [3] X. Y. Ouyang, Q. J. Ye, and X. Z. Li,
arXiv:2303.16784
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A H: Weak ergodicity breaking and anomalous diffusion in collective motion of
active particles under spatiotemporal disorder

f# % : The effects of spatiotemporal disorder, i.e., both the noise and quenched disorder,
on the dynamics of active particles in two dimensions are investigated. We demonstrate
that within the tailored parameter regime, the non-ergodic superdiffusion and
nonergodic subdiffusion occur in the system, identifified by the observable quantities
(the mean squared displacement and ergodicity-breaking parameter) averaged over both
the noise and realizations of quenched disorder. Their origins are attributed to the
competition effects between the neighbor alignment and spatiotemporal disorder on the
collective motion of active particles. These results may be helpful for further
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understanding the onequilibrium transport process of active particles, as well as for
detection of the transport of self-propelled particles in complex and crowded
environments.
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wEA: x|

B EIBAF

# E: Anomalous diffusive behaviors of the intermittent stochastic process

# % : The intermittent stochastic phenomenon is observed in various systems and is
increasingly attracting attention, such that there is a need for a theoretical model of the
process. We present a prototypal two-state random walk model of a renewal process
alternating between the continuous-time random walk state and Lévy walk state. The
diffusive behavior is analyzed and discussed by calculating the mean squared
displacement analytically and numerically. The results reveal that the intermittent
stochastic process shows very different properties from the single-state process.

k44 105

HEAN: FEERE

B REAF

L E: Theoretical model for the Mpemba effect through the canonical first-order
phase transition (&8 — A8 & By 35 & B0 By B b A

WE: BE O AR AME & TRASRYAE R KRR ERGRKER
P& ARKEWFHAERE — A7 £ 08 EN—FAE X oy & C g Eib
A ZARA S bR AR E BK B IR TE R — A R A KR [ TR 2R 7 AR
A, MEABERSHHENIFEELTRANT L E—ZHEE, BMFHT
BECUM . A —ADB T, RAOHEF A K FEEDET Blume-Emery-
Griffiths(BEG) M &) #3812 72, 478 7 Fl 414638 % 1y BEG % 4 71618 3 2
—BABA, T EAARDAGE R RN R BN R R AR AR ]
At o 2t AR A B R B — R B
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®EA: 2EHF

B RAF

L E: Achieving the maximum power of a Brownian heat engine

f# & : The pursuit of achieving high power in micro-engines has gained increasing

interests in recent years. We consider a heat engine with a single Brownian particle as

the working substance and optimize control protocols of heat-engine cycles in general

damped situation. We obtain results of the maximum power (EMP) for an arbitrary

friction coefficient, ranging from the overdamped regime to the underdamped limit. It

is demonstrated that our approach recovers previous results about EMP in both the

overdamped regime and the underdamped limit regime. In addition, by interpolating

results from both the overdamped and underdamped limit, we derive an upper bound

on the maximum power of Brownian heat engines

$P_{\mathrm{bound} }\approx\sqrt{\lambda {H}}T {H}(1-\sqrt{T {L}/T {H}})(1-
57



\sqrt{(1+T _{L}/T _{H})/2})/28$, where $T {L}$ and ST {H}$ are temperatures of two
heat baths, and $\lambda {H}$ is the maximum stiffness of the cycle. Our results bring
valuable insights for designing high-performance Brownian heat engines in
experimental setups.
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A E: Non-reciprocity in macroscopic heat transfer

## % : Non-reciprocity is a key mechanism for realizing important thermal functional
devices such as thermal diodes. However, compared with other fields, the concept and
theory of non-reciprocal heat transfer dominated by thermal diffusion at the macro scale
remain unclear. Here, we establish a thermal scattering theory to properly define and
analyze the degree of non-reciprocity in heat transfer. Based on the theory, we proposed
a three-port thermal circulator based on moving medium, and studied its transmission
properties under both oscillational and constant temperature excitations. The external
bias of thermal convection splits the wave vector of the thermal signal, thus producing
thermal non-reciprocity with non-trivial dependence on field frequency and convection
velocity. A proof-of-concept experiment is implemented, which agrees well with both
the theoretical and simulation results. Being the first to experimentally realize
macroscopic thermal non-reciprocity resorting to the external bias method, this work
clarifies the long-standing doubts about this subject and provides a powerful theoretical
tool for the analysis of thermal scattering-related problems.

#iE IR & 108

WEAN: FEE

BA, ZEAYF

AE: HBEoTHEFREZPHNE TFIRE

WHE: 1974 & Aviram 7 Ratner NE b PR HET 2 F_RENMA, 2 50T
HYFNEMAE, ARBT ) ZRE. EFTEE; TFTEFHRITRES TEHTF X
FHZL, A RETFEHETHZSRIRETEETE. RITREELTET
MEZwETHEEFRLTHNRAE, BEBTF TALTHAITENE, URLETH
BieyeE Tz, RAETFTAURERBLZERS, MERSHE TR AE—
BH R E R, TSR AEE IR 8RR A RAE, 21 ¥ LR BUE A R 7,
MRAEBFTHRNEIT EREALT LS E TR, 4 FHTHENFETLUE
FHRTFES . EATHENETHZIES, 7 DA A 2 e Tl Fey—
B _REFraL, BT UFAEFHETERLEERARE,
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WEAN: FLHEA&

B AAFRERFR

A E: Instability dynamics of nonlinear normal modes in one-dimensional lattices
8 & : Nonlinear normal modes (NNMs) are periodic orbits which play an important
role in many-body Hamiltonian systems with nonlinear interactions. These orbits can
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lead to a long-time metastable state, which have been one of the core concerns in
statistical mechanics [1,2]. Our research show that in different models, the instability
threshold and stability time of NNMs as the function of system size and perturbation
strength obey the same law [3]. In this talk, I will report recent related results. It is found
that these NNMs have extremely rich dynamic behaviors. For example, period doubling
bifurcation, tangent bifurcation and Hope bifurcation can be observed in the same NNM
under different system sizes, which will lead to extremely rich dynamic properties of
the system. It is found that the instability threshold of NNM exhibits some beautiful
structures as the system size changes. Finally, the effect of instability dynamics on the
thermalization properties of a system will be briefly discussed.

B kA& 110
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B EMER

# E: Quantum fluctuation theorem for initial near-equilibrium system

## % : Quantum fluctuation theorem (FT) commonly requires the system initially
prepared in an equilibrium state. Whether there exists universal exact quantum FT for
initial states beyond equilibrium needs further discussions. In the present paper, we
initialize the system in a near-equilibrium state, and derive the corresponding modified
Jarzynski equality by using perturbation theory. The correction is nontrivial since it
directly leads to the principle of maximum work or the second law of thermodynamics
for near-equilibrium system, and also offers a much tighter bound of work. Two
prototypical near-equilibrium systems driven by a temperature gradient and an external
field, are taken into account, to confirm the validity and the generality of our theoretical
results. Finally, a fundamental connection between quantum critical phenomenon and
near-equilibrium state at really high temperature is revealed.
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B EIFR

A H : Subdiffusive energy transport and antipersistent correlations due to the
scattering of phonons and discrete breathers

## & : While there are many physical processes showing subdiffusion and some useful
particle models for understanding the underlying mechanisms have been established, a
systematic study of subdiffusive energy transport is still lacking. Here we present
convincing evidence that, in the range of system size investigated, the energy
subdiffusion can take place in a Hamiltonian lattice system with both harmonic nearest-
neighbor and anharmonic long-range interactions. In particular, we show that the
interaction range dependence of antipersistent energy-current correlations are relevant
to this special type of energy subdiffusion. The underlying mechanisms are related to
the various scattering processes of phonons and discrete breathers. Our results shed
light on understanding the extremely slow energy transport.
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HEAN: REZ

B EVEBREAFFREH AT

A E: String magnetic states: A possible way toward a unified understanding on 1D
and 2D quantum magnetic systems

## % : Based on the algebraic Bethe ansatz formalism, we study spin dynamics in the
anti-ferromagnetic spin-1/2 XXZ chain with the Ising anisotropy via the form-factor
formulae. Various excitations at different energy scales are identified crucial to the
dynamic spin structure factors under the guidance of sum rules. At small magnetic
polarization, gapless excitations of psinons and antipsinons corresponding to length-1
string (trivial string), dominate the low energy spin dynamics. In contrast, spin
dynamics at intermediate and high energies is characterized by the length two- and
three-string states. The dynamic spectra of the identified dominant excitations evolve
with clear energy separations when tuning the magnetic field, conveying a simple and
straightforward way to clearly identify the novel string excitations as well as its
dispersions in proper condensed matter systems [1]. Our predictions have been
experimentally confirmed on the quasi-one-dimensional material SrCo2V208 [2, 3]
and BaCo2V208 [4]. The concrete progress on string magnetic states further motivates
us to develop truncated string state space approach (TS3A) following a simple
observation of fast decay of spectra weight in the spin dynamic structure factor with
increasing string length [5]. The TS3A then successfully provides a string-state-based
unified picture for the spin dynamics observed in different magnetic phase in the
material of YbAIO3 whose effective model becomes non-integrable in the magnetic
ordering phases [6]. The TS3A we constructed paves down a possible way toward a
unified understanding on 1D and 2D quantum magnetic system [5]. [1] W. Yang, J. Wu,
S. Xu, Z. Wang, and C. Wu, Phys. Rev. B 100, 184406 (2019). [2] Z. Wang, J. Wu, W.
Yang, A. K. Bera, D. Kamenskyi, S. Xu, A. T. M. N. Islam, B. Lake, C. Wu, and A.
Loidl, Nature, 554, 219 (2018). [3] A. K. Bera, J. Wu, W. Yang, Z. Wang, R. Bewley,
M. Boehm, M. Bartkowiak, O. Prokhnenko, B. Klemke, A. T. M. N. Islam, J. M. Law,
Bella Lake, Nature Phys. 16, 625 (2020). [4] Z. Wang, M. Schmidt, A. Loidl, J. Wu, H.
Zou, W. Yang, C. Dong, Y. Kohama, K. Kindo, D. I. Gorbunov, S. Niesen, O. Breunig,
J. Engelmayer, T. Lorenz, Phys. Rev. Lett. 123, 067202 (2019). [5] J. Yang and J. W,
to submit (2023). [6] J. Yang, T. Xie, S. E. Nikitin, J. Wu, and A. A. Podlesnyak,
Accepted by Phys. Rev. B Letter (2023).
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B FHAFE

#LE: Phonon Transport in Low-Dimensional Material

## % : Nanoscale heat conduction has attracted substantial recent interests due to both
the technological importance of thermal management in nanoelectronic devices and the
scientific merits of novel transport physics. In this talk, I will present the recent
theoretical advances in my group on the phonon transport in low-dimensional materials
from the following three aspects. First, I shall discuss the novel phonon transport
mechanisms, including the phonon hydrodynamics, the coherent phonon transport in
periodic nanostructures, and a generalized decay law for thermal phonons. The impact
of phonon coherence on thermal transport will be revealed, and a few examples will be
discussed as the applications of the theories. Then, I will discuss the interfacial heat
transfer mechanisms in 2D heterogeneous systems, including solid/solid interface under
inter-layer rotation and solid/liquid interface with surface modifications. In particular,
I will demonstrate the power of atomic level simulations in probing the novel interfacial
phenomena different from the bulk case. Finally, I will briefly mention the advantages
of atomic simulations combined with machine learning techniques for studying heat
conduction in realistic materials, such as the multiple-target predictions, high-order
anharmonicity, and structure optimization.
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B FHAFE

L E: Autonomous Ratcheting by Stochastic resetting

i & : We proposed a generalization of the stochastic resetting mechanism for a
Brownian particle diffusing in a 1D periodic potential: randomly in time, the particle
gets reset to the bottom of the potential well it was in. Numerical simulation shows that
in mirror asymmetric potentials, stochastic resetting rectifies its motion with maximum
drift speed for an optimal average resetting time. As a result, an unbiased Brownian
tracer diffusing on an asymmetric substrate can rectify its motion by an adaptive stop-
and-go strategy. Our proposed ratchet mechanism can model directed autonomous
motion of molecular motors and micro-organisms.

bR E 116

& A A

B, WHEBHEAF
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WE: ACFHSN T Z4HEFRR T+ Ising F1 Baxter-Wu £ 8 B 47 4 44
T, T T EMATEY - AT AT NGB, St—, HART
I~ 6] B 48 45 4 Ao v B 72 A= AL T Majority-Vote 48 A 84 4 - #7 48 27 Il - & 8 BT K
TH. T F#AME, RAF Wang-Landau X F SR R EATE., F A K
ENE R AR 20T, B THEA T —H. WA =N HHEE, Ising 5
B9 — B 48 & F1 Baxter-Wu £ & 84 — B 48 & 89 40 IE U 40 AT 4 R 5 15 45 89 1E N 4947
SR —F., Wi, EFRNMERFHLINT —MEE, BT aM AT EEE,
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MEH: ETHABTETAGNETERERAANFIRMA

WE: MEE TERMMARAFHRELE, F£ETF Jarzynski 712, T#H <
. ETREREREETAFN ARG, FEREILREEE THRIEAR
NERENFHETEREANFER BABETFTRAEIARETHEN—IME
FERRG, WARHNETERREA. AREENE TR, KIEXFE. &
FAREFETRERAGHER, TUHRITR— I EETENE TREANAF
HAERFE, ENEFFEETEANAFIR, EEREF, BRELHKRTET
HABTRA, EETERRAANFELNEIREYSIEL AN —LHRHE,
g F=#/RREE, EHEEIHEXRE,
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FE: FHEBEMAREFED S F

## & : Deconfined quantum criticality (DQC) arises from fractionalization of quasi-
particles and leads to fascinating behaviors beyond the Landau-Ginzburg-Wilson
(LGW) description of phase transitions. The unusual aspects of DQC in equilibrium
also suggest exotic phenomena out of equilibrium, which are still largely unexplored.
Here we study manifestations of DQC when driving (quantum annealing) a two-
dimensional quantum magnet through a critical point separating antiferromagnetic and
spontaneously dimerized ground states. Numerical simulations show that the celebrated
Kibble-Zurek scaling (KZS) mechanism is inadequate for describing the annealing
process. To explain our results, we introduce the concept of dual asymmetric KZS,
where a deconfinement time enters in addition to the conventional relaxation time and
the scaling also depends on the direction in which the system is driven through the
critical point according to a duality principle connecting the topological defects in the
two phases. These defects -- spinons in the dimerized phase and space-time hedgehogs
in the antiferromagnetic phase -- require a much longer time scale for equilibration than
the amplitude of the order parameter. Beyond the new insights into DQC, our scaling
approach provides a new window into out-of-equilibrium criticality with multiple
length and time scales.
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FE: HARZRAGFAAZ I EE ST

WE: FR, EEMALEZET F-FHRITWEIEN) Z K E[1-3]. AL
EE MR EERNFIEAREANS G, —MEBNEAE: FLAAHTE
BEAZANNEE, sHEBEEMIERNNAZREE, kW, MaELS
KR, ERTULA AL, BTN E E® L 7[4-5]. RANMEFT% E
FERAERMAZIRA G F HALE B A B35 3 F 2 R A (8] B & B 2 & A A7 46 (L
BEWRAR AHMENEERCEFTAT M REN, FE-—IRAWEERE
A DL AR ROl e (B s B, S RokoR B R E B R R R . RATE
R B R 5 2 E R K[6].

[1] M. R. Evans and S. N. Majumdar, Phys. Rev. Lett. 106, 160601 (2011).

[2] M. R. Evans and S. N. Majumdar, J. Phys. A: Math. Theor. 44, 435001 (2011).

[3] M. R. Evans, S. N. Majumdar, and G. Schehr, J. Phys. A: Math. Theor. 53, 193001
(2020).

[4] S. Reuveni, Phys. Rev. Lett. 116, 170601 (2016).

[5] A. Pal and S. Reuveni, Phys. Rev. Lett. 118, 030603 (2017).

[6] H.S. Chen and F. Huang, Phys. Rev. E. 105, 034109 (2022)
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# E: Dynamical relaxation behaviors of a critical quench

## & : We study the universal dynamical relaxation behaviors of a quantum XY chain
following a quench, paying special attention to the case that the prequenched
Hamiltonian, or the postquenched Hamiltonian, or both of them are at critical points of
equilibrium quantum phase transitions. In such “critical quench”, we find very
interesting real-time dynamical scaling behaviors and the crossover phenomena
between them. For a quench from a noncritical point to a critical point, we find that,
compared to the noncritical quench, the universal power-law scaling behavior does not
change; however, there may be a crossover between the exponential decaying behavior
and the power-law scaling. For a quench from a critical point to a noncritical point, the
power-law scaling behaviors t— 3/2 and t— 3/4 in the noncritical quenches may be
changed to t— 1 and t— 1/2, respectively. If the prequenched Hamiltonian is set to be a
point that is close to but not exactly at a critical point, we find interesting crossover
phenomena between different power-law scaling behaviors. We also study the quench
from the vicinity of a multicritical point, we find crossover behaviors that are induced
by a different mechanism, and new crossover exponent is found. All the results are
related to the gap-closing properties of the energy spectrum of the critical points.
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A E: Exotic surface critical behaviors in two-dimensional quantum magnets

8 & : Atabulk critical point, the divergence of correlation length makes the influence
of boundaries more pronounced; therefore, the surface may show rich and novel critical
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behaviors. The subject of surface criticality has attracted numerous previous
investigations and obtained renewed attention when quantum phase transitions are
involved. In this talk, I will present our recent works on exotic surface critical behaviors.
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# E : Thermalization Frustration and Control of Intermodal Energy Flow in Graphene
Nanoresonators

8 % : As the essential cause of the intrinsic dissipation that limits the quality of
graphene nanoresonators, intermodal energy transfer is also a key issue in
thermalization dynamics. Typically systems with larger initial energy demand shorter
time to be thermalized. However, we find quantitatively that instead of becoming
shorter, the equipartition time of the graphene nanoresonator can increase abruptly by
one order of magnitude. This thermalization frustration emerges due to the partition of
the normal modes based on the hierarchical symmetry, and a sensitive on-off switching
of the energy flow channels between symmetry classes controlled by Mathieu
instabilities. A strain-based strategy to control this phenomenon and consequently the
intermodal energy transfer is proposed. The results uncover the decisive roles of
symmetry in the thermalization at the nanoscale, and may also shed lights for improving
the performance of graphene nanoresonators.
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A E: Nonequilibrium transport characteristics ofsubstancesin a rough potential field
f# & : A Langevin equation is proposed to describe the transport of overdamped
Brownian particles in a periodic rough potential and driven by an unbiased periodic
force. The equation can be transformed into the Fokker—Planck equation by using the
Kramers—Moyal expansions. The time-dependent solution of Fokker—Planck equation
demonstrates different modes of the probability flow. These modes include creeping in
a single direction, direction reversal and oscillating in both directions in the coordinate
space. By varying the roughness and noise intensity, the flow can transform between
the modes. The correlation between the noise and space indicates that the noise can
maintain the oscillation of the modes and prolong the transient time to the steady state
at which the flow tends to be zero.
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@ E: Critical Phenomena with Memory

i & : Memory is a ubiquitous characteristic of complex systems and critical
phenomena are one of the most intriguing phenomena in nature. Here, we propose an
Ising model with a prior formed memory and develop a corresponding theory of critical
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phenomena with such a memory for complex systems and discovered a series of
surprising novel results. We show that a naive theory of a usual Hamiltonian with a
direct inclusion of a power-law decaying long-range temporal interaction parameterized
by a decaying exponent 0 violates radically a hyperscaling law for all spatial dimensions
d even at and below the upper critical dimension dc. This entails indispensable
consideration of the Hamiltonian for dynamics, rather than the usual practice of just
focusing on the corresponding dynamic Lagrangian alone. A dimensional constant dt is
demanded to rectify a hyperscaling law, to produce correct unique mean-field critical
exponents via an effective spatial dimension originating from temporal dimension, and
to transform the time and change the dynamic critical exponent. For d <dc, we develop
a renormalization-group theory by employing the momentum-shell technique to the
leading nontrivial order explicitly and to higher orders formally in € = dc —d but to zero
order in 1- 0 and find that more scaling laws besides the hyperscaling law are broken
due to the breaking of the fluctuation-dissipation theorem. Moreover, because dynamics
and statics are intimately interwoven, even the static critical exponents involve
contributions from the dynamics and hence do not restore the short-range exponents
even for 6 = 1 and the crossover between the short-range and long-range fixed points is
discontinuous contrary to the case of long-range spatial interaction. In addition, a new
scaling law relating the dynamic critical exponent with the static ones emerges,
indicating that the dynamic critical exponent is not independent. However, once dt is
displaced by a series of € and 1- 6 such that most values of the critical exponents are
changed, all scaling laws are saved again, even though the fluctuation-dissipation
theorem keeps violating. For d > dc, we develop an effective-dimension theory by
carefully discriminating the corrections of both temporal and spatial dimensions and
find three different regions. For d > dc0 = 4, the upper critical dimension of the usual
short-range theory, the usual Landau mean-field theory with fluctuations confined to
the effective-dimension equal to dc0, correctly describe the critical phenomena with
memory, while for dc < d < 4, there exist new universality classes whose critical
exponents depend only on the space dimension but not at all on 0. All these results show
that the dimensional constant dt is the fundamental ingredient of the theories for critical
phenomena with memory. However, its value continuously varies with the space
dimension and vanishes exactly at d = 4, reflecting the variation of the amount of the
temporal dimension that is transferred to the spatial one with the strength of fluctuations.
Moreover, special finite-size scaling ubiquitously appears except for d = dc0.
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A B: A Non-Unitary Conformal Field Theory Approach to Two-Dimensional
Turbulence

8 & : Atabulk critical point, the divergence of correlation length makes the influence
of boundaries more pronounced; therefore, the surface may show rich and novel critical
behaviors. The subject of surface criticality has attracted numerous previous
investigations and obtained renewed attention when quantum phase transitions are
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involved. In this talk, I will present our recent works on exotic surface critical behaviors.
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J. Wang and A.-C. Li, "Dynamic crossover towards energy equipartition in the Fermi-
Pasta-Ulam-Tsingou B model with long-range interactions", Phys. Rev. E 106, 014135
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(2022).
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# B : Enhancing interfacial thermal conductance of amorphous interface by
optimized interfacial mass distribution

## % : Interfacial thermal resistance arises challenges for the thermal management as
the modern semiconductors are miniatured to nanoscale. Previous studies found that
graded mass distribution in interface can maximumly enhance the interfacial thermal
conductance of crystalline interface, however, whether this strategy is effective for
amorphous interface is less explored. In this work, graded mass distribution in the
amorphous interface between crystalline Si and crystalline Ge is optimized to increase
the interfacial thermal conductance by the extended atomistic Green’s function method.
The results show that atomic mass of 26 amu for one type of atomic mass, and 24 amu
and 31 amu for two types of atomic mass in the amorphous interface, can maximumly
increase the interfacial thermal conductance. Therefore, the strategy of graded mass
distribution i1s still effective when only considering the atoms in the amorphous
interface. In addition, applying the value of the smaller atomic mass of the two sides to
the amorphous interface can largely enhance the interface thermal conductance, which
is only 0.9% smaller than the maximum value. Further analyses show that atomic mass
of 26 amu can increase the phonon modal transmission at high frequency (> 4 THz),
and the phonon spectral transmissions are almost the same at low frequency (<2 THz)
for different distributions of atomic mass in the amorphous interface in this work. The
findings of this work are expected to provide references for optimizing the interfacial
thermal conductance of amorphous interfaces for semiconductor devices.
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# E: Quantum Phase Transition and Eigen Microstate Condensation in the Quantum
## % : We introduce an eigen microstate approach (EMA) in the quantum system to
describe the quantum phase transition without knowing the order parameter. Phases of
a quantum system is determined by the so-called eigen microstates and their
corresponding eigen values, which statisfy scaling relation in the critical regime. The
quantum Rabi model (QRM) is taken as an example to demonstate the EMA. Using
both analytical and numerical calculations, we obtain the critial point, critical exponents
and scaling functions of the superradiant phase transition in the QRM. It suggests that
a new phase emergency can be interpreted as a consensation of a specific eigen
microstate. We expect in further studies the EMA will be applied to more complex
quantum phase transition problems in which order parameters can not be easily defined.
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A E: The topological excitation and transport of the vortex-antivortex pairs in a
magnetically nanostructured superconductors

# % : The nonreciprocal charge transport, exhibiting dependence on the polarity of the
applied current, such as the diode effect and the rectification effect, is of great
importance for both theoretical research and device applications in low-power
electronics engineering. To achieve the nonreciprocal transport property in
superconductors generally requires to break both the spatial inversion symmetry and
the time-reversal symmetry, and therefore touches on the very fundamental issues in
superconductivity. Of particular interest is the superconducting diode effect, which
exhibits dissipationless superconducting transport for just one direction of the applied
current, being the base element of the emergent superconducting electronics and has
received extensive attention in recent years as a consequence. We studied the vortex
dynamics coupled with associated heat dissipation by numerically solving the time-
dependent Ginzburg-Landau equations and the heat transfer equation. The
nonreciprocal transport properties in a superconductor/nanoscale-magnetic-dot hybrid
structure are studied. Our vortex dynamics simulations reveal that the topological
excitations of the vortex-antivortex pairs and their motion are responsible for the
observed superconducting diode effect without applied magnetic fields, showcasing the
relevance of the field-free diode effect in both fundamental research and potential
applications. Refs: Field-Free Superconducting Diode in a Magnetically
Nanostructured Superconductor, Ji Jiang, M. V. Milousevic, Yong-Lei Wang, Zhi-Li
Xiao, F. M. Peeters, and Qing-Hu Chen*, Phys. Rev. Appl. 18, 034064 (2022)
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# E: Thermodynamic and dynamical signatures of a quantum spin Hall insulator to
superconductor transition

f# & : The thermodynamic and dynamical properties of a model of Dirac fermions with
a deconfined quantum critical point (DQCP) separating an interaction-generated
quantum spin Hall insulator from an s-wave superconductor [Liu et al., Nat. Commun.
10, 2658 (2019)] are studied using quantum Monte Carlo simulations. Inside the
deconfined quantum critical region bound by the single-particle gap, spinons and
spinless charge-2e skyrmions emerge. Since the model conserves total spin and charge,
and has a single length scale, these excitations lead to a characteristic linear temperature
dependence of the uniform spin and charge susceptibilities. At the DQCP, the order
parameter dynamic structure factors show remarkable similarities that support emergent
Lorentz symmetry. Above a critical temperature, superconductivity is destroyed by the
proliferation of spin-1/2 vortices.
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AL E: Phase Transitions of Models of XY Spins with Generic Direction Dependent
Interactions
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% : We study thermal phase transitions of models of XY spins with generic direction
dependent interactions, which preserve as symmetries only a combination of lattice and
spin rotations in both two and three dimensions. Our models may be thought of as
generalizations of the well studied classical versions of the compass models. Using both
renormalization group calculations and Monte Carlo simulations we present a theory
for the continuous transitions found in our models. Apart from their applications to
magnets with spin-orbit coupling we argue that such models are effective theories of
the thermal and quantum melting of valence bond solid order in quantum magnets.
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A E: Wetting transition in the transverse-field spin- 1/2 XY model with boundary
fields

## & : The wetting transition in the transverse-field spin-1/2 XY model with opposite
boundary fields hLx hRx < 0 is studied analytically and numerically. We find that the
phase diagram is complex and that the wetting transition is of three types: first, second,
and fourth order. The energy gap is obtained analytically, and the magnetization profile,
correlation functions, and wetting layer thickness are obtained numerically. For [hLx|,
|hRx| < hw, a first-order phase transition occurs at hLx = -hRx , where hw is the
continuous wetting transition point. For |hRx| larger than hw, the continuous wetting
transition occurs at hLx = hw, and vice versa. For g = 1-y2, the wetting transition is
second order, and commensurate and incommensurate phases occur for g < 1-y2 and g >
1-y2, respectively. For g = 1-y2, the wetting transition is fourth order. For this fourth-
order phase transition, the third derivative of the surface magnetization oscillates and
diverges near the transition point. The correlation length exponent is v = 2, and the
dynamic exponent is z = 2. Thus, this fourth-order transition belongs to a new
universality class.
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#LE: Universal gap scaling in percolation

1# % : Universality is a principle that fundamentally underlies many critical phenomena,
ranging from epidemic spreading to the emergence or breakdown of global connectivity
in networks. Percolation, the transition to global connectedness on gradual addition of
links, may exhibit substantial gaps in the size of the largest connected network
component. We uncover that the largest gap statistics is governed by extreme-value
theory. This allows us to unify continuous and discontinuous percolation by virtue of
universal critical scaling functions, obtained from normal and extreme-value statistics.
Specifically, we show that the universal scaling function of the size of the largest gap
is given by the extreme-value Gumbel distribution. This links extreme-value statistics
to universality and criticality in percolation.
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A E : Excitations, Entanglement, and Quantum Phase Transitions
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#LE: Ice Nucleation on Nanosize Substrates

## & : The microscopic mechanism of water freezing, especially about character of the
formed critical ice nucleus, remains elusive. Water freezing mostly occurs on the
contacted surfaces of water with various substrates (or impurities). Simulations and
theories (the classical nucleation theory) as well as experiments showed that the ice
nucleation had an abrupt transition while the size of substrates is comparable to that of
critical ice nucleus. It provides a general way to probe experimentally the size and its
temperature dependence of the small (a few nanometer) and transient (lifetime in
nanoseconds) critical nucleus in the water-ice (and another 1st order) phase transition.
In addition, it also provides a good method in simulations for detecting properties of
the coexistent phases (e.g., ice and water) under the supercooling condition, which is
crucial for understanding the microscopic pathway of phase transitions.
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A E: HTR: a High-Speed Cage Structure Recognition Algorithm

f# & : Clathrate hydrates have diverse and significant applications, including but not
limited to future energy resources, gas storage and transport, gas separation, water
desalination, and refrigeration. However, studying the nucleation, growth, dissociation,
and micro/nanoscale properties of clathrate hydrates, which are crucial for these
applications, is challenging through experiments but accessible through molecular
simulations. Nevertheless, extracting useful insights necessitates the identification of
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cage structures. In this work, we present a highly efficient and accurate hierarchical
topology ring (HTR) algorithm for recognizing cage structures. The HTR algorithm can
identify complete cages of all types and is particularly optimized for large-scale systems
comprising millions of water molecules. Furthermore, it enables the unique
identification of topological isomers of cages and n x guest@cage configurations.
Additionally, we validate the utility of HTR for identifying cages in clathrate hydrates
under mechanical loads until failure.
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%% CHR:

[1] H. Reiss, H.L. Frisch, J.L. Lebowitz, Statistical Mechanics of Rigid Spheres, J.
Chem. Phys., 1959, 31 (2), 369 - 380.

[2] H. Hansen-Goos, Communication: Non-Hadwiger Terms in Morphological
Thermodynamics of Fluids, J. Chem. Phys., 2014, 141 (17), 171101.

[3] S.C. Martin, H. Hansen-Goos, B.B. Laird, Surface Free Energy of a Hard-Disk
Fluid at Curved Hard Walls: Theory and Simulation, J. Phys. Chem. B, 2020, 124
(36), 7938 - 7947.

[4] C. Qiao, S. Zhao, H. Liu, W. Dong, Augmented Scaled Particle Theory, J. Phys.
Chem. B, 2020, 124 (7), 1207 - 1217.

[5] C. Qiao, S. Zhao, W. Dong, Augmented scaled particle theory for a hard disk
fluid, J. Mol. Liq., 2022, 367, 120507.
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M E: Clock Quantum Monte Carlo Method for Long-range Interacting Systems
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L E: Revealing diffusion and binding free energy landscape of transcription factor
protein around DNA for sequence detection and genetic regulation

8 % : How transcription factor (TF) proteins locate the target sites on the genome is
essential to genetic regulation. It has been demonstrated that the TF proteins alternates
between 3D searching in the bulk and 1D sliding along DNA for efficiently locating the
specific DNA sequences. But the dynamics of the spontaneous association/dissociation
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and diffusion of the TF proteins remain puzzling. Here we designed a simplified
spherical protein model with stochastic simulations for describing the globular TF
domain protein. By modeling TF protein-DNA potential profiles based on protein-DNA
electrostatic and HB interactions, the TF protein diffusion and dissociation time scales
are properly accounted. We noticed that the rotational degrees of the spherical protein
impact differently on the dynamics of diffusion and association/dissociation. Compared
with dissociation, the protein undergoes restrained oriental changes during diffusion
along DNA, which gives rise to a difference between the diffusion and binding free
energy landscapes. Notably, the simulations also suggested that protein dissociation
from specific target site proceeds dominantly via diffusion to neighboring sites, hence
protein dissociation kinetics likely reflect DNA sequence impacts from both core
binding site and flanking sites, which provides insight into the measurements of
dissociation kinetics and the relative protein-DNA binding affinity to the central DNA
binding site.
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AL E: Revealing atomic-scale molecular diffusion of transcription factors along DNA
## & : Transcription factor (TF) target search on genome is highly essential for gene
expression and regulation. High-resolution determination of TF diffusion along DNA
remains technically challenging. Here, we constructed a TF model system using the
plant WRKY domain protein in complex with DNA from crystallography and
demonstrated microsecond diffusion dynamics of WRKY on DNA by employing all-
atom molecular-dynamics (MD) simulations. Notably, we found that WRKY
preferentially binds to one strand of DNA with significant energetic bias compared with
the other, or nonpreferred strand. The preferential DNA-strand binding becomes most
prominent in the static process, from nonspecific to specific DNA binding, but less
distinct during diffusive movements of the domain protein on the DNA. Remarkably,
without employing acceleration forces or bias, we captured a complete one-base-pair
stepping cycle of the protein tracking along major groove of DNA with a homogeneous
poly-adenosine sequence, as individual hydrogen bonds break and reform at the
protein-DNA binding interface. Further DNA-groove tracking motions of the protein
forward or backward, with occasional sliding as well as strand crossing to minor groove
of DNA, were also captured. The processive diffusion of WRKY along DNA has been
further sampled via coarse-grained MD simulations. The study thus provides structural
dynamics details on diffusion of a small TF domain protein, suggests how the protein
approaches a specific recognition site on DNA, and supports further high-precision
experimental detection. The stochastic movements revealed in the TF diffusion also
provide general clues about how other protein walkers step and slide along DNA.
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A E: Widely Regulate Ice Nucleation via Small Interaction Perturbations

# % : Heterogeneous ice nucleation on material surfaces has been found to correlate
to numerous features of surfaces and/or interfacial waters, but the understanding
remains elusive after a long-termly pursuit. It needs to provide approaches to describe
generally the diverse nucleation efficacy of various surfaces in physics. Data-driven
estimators were recently developed to predict the nucleation temperature of many
surfaces without giving a clear physical picture. Here we present a theoretical approach
to formulating the nucleation free energy barrier on various surfaces from interaction
functions of surfaces to water molecules as well as the density difference of interfacial
water from ice. The change of nucleation barrier under small interaction perturbations
is correlated to the collective perturbation energy change of all water molecules in
forming critical ice nuclei, whose value can vary in an extensive range depending on
details of interaction perturbation functions. We verify the expectation via molecular
dynamics simulations and show that nucleation temperature is linearly shifted by the
amplitude (whose amplitudes are restricted below the thermodynamic fluctuation level)
of surfaces’ interaction perturbations up to a few tens of Kelvins. Thus, surfaces with
slightly different interactions with water molecules possibly have obviously different
efficacy in facilitating nucleation, indicating many challenges in predicting their
nucleation ability. This work provides quantitative insights into understanding
heterogeneous ice nucleation, and it is helpful in predicting of nucleation efficacy of
various surfaces.
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# E: Energy localization and equipartition in graphene lattice

## % : The equipartition theorem lies in the foundation of statistical physics, which has
attracted much attentions since the pioneering numerical experiments by Fermi, Pasta,
Ulam, and Tsingou (FPUT) [1]. Most of the works focus on two key issues: 1) the route
to thermalization; 2) the timescale for the energy equipartition. In this work, we focus
on the thermalization dynamics of graphene lattice with periodic boundary condition.
When only one mode is initially excited with small energy, the existence of [ -breathers,
firstly proposed by S. Flach et al.[2], is confirmed in the flexural modes of graphene,
which is the exact time-periodic solutions exponentially localized in the normal mode
space. The stability of [I-breather can be determined by Floquet theory. Furthermore,
based on the wave-turbulence theory [3], we predicted a square-inverse relation
between the equilibration timescale [1[][] and the specific energy [] of the system,
which are corroborated with extensively numerical simulations [Fig. 1]. These results
cast profound understandings to the thermalization dynamics at the nanoscale.
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[1] Q. Wang, Z. He, J. Wang, H. Hu*, Phys. Rev. E 105, 034118 (2022).

[2] H. Hu*, R. M. Ziff, Y. Deng, Phys. Rev. Lett. 129, 034118 (2022).
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# H: The role of high-order anharmonicity and off-diagonal terms in thermal

conductivity: a case study of multi-phase CsPbBr3

## % : In this talk, we show the effects of three- and four-phonon scatterings,

perturbative anharmonic phonon renormalization, and off-diagonal terms of coherent

phonons on thermal conductivity exemplified by the study of the CsPbBr3 phase change

perovskite. We cover a temperature range that spans its full structural spectrum using

state-of-the-art implementations and first-principles simulations. In particular, we

display that the interactions among acoustic phonons and optical phonons lead to an

opposite trend of phonon frequency shifts for the high-lying optical phonons in

orthorhombic and cubic CsPbBr3 as a function of temperature. Our identified thermal

transport mechanism in halide perovskites stresses wave-like tunneling of coherent

phonons in ultralow and glass-like thermal conductivity.

Keywords: Thermal conductivity, Anharmonic lattice dynamics, four-phonon, off-

diagonal terms
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#1 B : The origin of Hilbert quantum scars

## Z : Violations of the eigenstate thermalization hypothesis are rare in strongly
correlated quantum systems but are crucial due to their potential applications in
quantum information. Among these, the quantum many-body scar state is a recently
discovered example of weak ergodic breaking that offers a new way to mitigate
quantum decoherence caused by quantum thermalization. However, traditional many-
body scar states are mostly based on the constraint model, which is difficult to be
realized in many experimental platforms. Thus, could similar phenomena be found in
more quantum many-body systems? To answer this question, we propose a new class
of scar states based on the Bose-Hubbard model for arbitrary dimensions. From the
perspective of the Hilbert space, this state is in a subspace weakly coupled with the
thermalized region. At the same time, this novel state has been observed in the
superconducting quantum processor. Furthermore, we introduce its origin and potential
applications based on aspects of the quantum-classical correspondence and multipartite
entanglement, respectively.
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# B : Prethermal time-crystalline spin ice and monopole confinement in a driven
magnet

# % : Studies on systems far from equilibrium open up new avenues for investigating
exotic phases of matter. A driven-dissipative frustrated spin system is examined in this
talk, and we suggest an out-of-equilibrium non-magnetic phase where the spins do not
order but adhere to the ice rule in space and establish a long-range crystalline order in
time. In contrast to the conventional spin ice, the dynamics of monopoles is confined
due to the nonequilibrium feature of our model. Possible experimental realizations of
our model has been discussed.
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& E : Manipulation of Skyrmions and the Promising Applications

# % : There has been spectacular progress in the study on multiferroics, which is
expected to make a realistic step toward an electrical control of magnetism or four state
memories. We propose a tilted Heisenberg model of which the continuum limit is a
gauge Landau-Lifshitz equation that provides a unified description for various exotic
spin orders appeared. For certain gauge potential, we solved the magnetic skyrmion
phase and also predicted the emergence of meron phase [1]. We also propose a
mechanism to pin skyrmions in chiral magnet [2], and find that the position-dependent
electric field can induce the Hall motion of the skyrmion [3]. Furthermore, we study
spin-orbital driven ferroelectricity [4]; spin-orbital coupling and charge effect in Mott
insulators showing that the tilted Heisenberg model can be derived from the Hubbard
model in the presence of spin-orbital coupling as the large U limit [5]. The idea of tilted
Heisenberg model has been extended to the SU(3) case by experts working on high-
energy physics recently [6]. Moreover, we show that in the stationary regime the
chirality of the domain wall can be efficiently reversed when the electric field is applied
along the direction of the magnetic field. These characteristics suggest that the
multiferroic domain wall may provide a new prospective means to design faster and
low-power-consumption domain wall devices [7,8]. These results are expected to
motivate experimentalists to prepare new type of multiferroics material or design new
spintronics device [9-11].
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A E : Non-maximal chaos in some Sachdev-Ye-Kitaev-like models

8 % : We study the chaos exponent of some variants of the Sachdev-Ye-Kitaev (SYK)
model, namely, the N = 1 supersymmetry (SUSY)-SYK model and its sibling, the
(NIM)-SYK model which is not supersymmetric, for arbitrary interaction strength. We
find that for large q the chaos exponent of these variants, as well as the SYK and the N
= 2 SUSY-SYK model, all follow a single-parameter scaling law. By quantitative
arguments we further make a conjecture, i.e. that the found scaling law might hold for
general one-dimensional (1D) SYK-like models with large q. This points out a universal
route from maximal chaos towards completely regular or integrable motion in the SYK
model and its 1D variants.
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# E : Dynamics of quantum correlation on XXZ chain with Dzyaloshinskii-Molriya
interaction

# % : The non-equilibrium dynamics of quantum correlation on XXZ chain with
Dzyaloshinskii-Molriya interaction 1is investigated by wusing and quantum
renormalization group method. After importing the quantum quench, i.e., the sudden
introduction of DM interaction, the entanglement and quantum correlation between the
non-nearest-neighbor spin(or spin block) are calculated. It is found that there are some
similar properties in the entanglement and quantum correlation: they periodically
fluctuates with time under certain DM action. The effect of DM has an important
influence on the dynamic characteristic of entanglement and quantum correlation, i.e.,
the time of the quantum correlation evolution reaching the first maximum value. When
the system size becomes large and especially the thermodynamic limit is approaching,
the characteristic time has a mutation behavior at the quantum critical point, and its first
derivative also exhibits strange behavior and finite-size scaling behavior. It is found
that the scaling behavior of the time-evolution characteristic of the entanglement is
similar to that of entanglement in the equilibrium state. After a certain quench time, the
quantum correlation and entanglement show the concussion increase with the increase
of the DM interaction. When the system becomes large, the concussion change of
quantum correlation also can reflect that the quantum phase transition from quantum
antiferromagnetic N é el phase to spin liquid one occurs.
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# B : Measurement-based quantum thermal machines

## % : A modified Otto engine and a measurement-feedback cooler are introduced,
where invasive measurement provides the fuel to drive thermodynamic cycles. For the
engine, a standard process of thermalization is replaced by the projective measurement
operation. The performance of the quantum engine is improved by suitably controlling
the angles of the measurement basis. For the cooler, the measurement-feedback
information moves heat from the cold to hot bath without any work input and even
make the maximum coefficient of performance larger than the Carnot limit. A
generalized Clausius inequality including the information demonstrates that this
seemingly paradoxical result does not violate the laws of thermodynamics.
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# E : Quantum thermodynamics in the strong coupling regimes

## & : A system interacting with its surroundings exchanges energy in various forms,
such as through the flow of heat or particles. These transport processes contain valuable
information about both the system and surroundings. At the quantum scale, describing
such non-equilibrium processes is relevant to understanding, for example, how charges
flow through a semiconductor quantum dot or through a molecular junction. But how
do quantum phenomena govern energy transport processes, and how can the resulting
effects be harnessed to develop novel quantum technologies? Answering these
questions theoretically is a very difficult task, particularly for a system that is strongly
coupled to its surroundings. We present an approach based on a density matrix
expansion to study thermodynamic properties of a quantum system strongly coupled to
two or more baths. For slow external driving of the system, we identify the adiabatic
and nonadiabatic contributions to thermodynamic quantities, and we show how the first
and second laws of thermodynamics are manifested in the strong coupling regime.
Particularly, we show that the entropy production is positive up to second order in the
driving speed. When electron-electron interactions are included, we see exotic Kondo
resonances as well as Coulomb blackade appearing in thermodynamic quantities.
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# E: Coupled power and heat transport in nonlinear waveguide arrays

f# & : In isolated nonlinear optical waveguide arrays with bounded energy spectrum,
simultaneous conservation of energy and power of the optical modes enables study of
coupled thermal and particle transport in the negative temperature regime[1-2]. Here,
based on exact numerical simulation and rationale from Landauer formalism, we
predict generic violation of the Wiedemann-Franz law in such systems. This is rooted
in the spectral decoupling of thermal and power current of optical modes, and their
different temperature dependence. Our work extends the study of coupled thermal and
particle transport into unprecedented regimes, not reachable in natural condensed
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matter and atomic gas systems[3]. 1. F. O. Wu, A. U. Hassan, and D. N. Christodoulides,
Thermodynamic theory of highly multimoded nonlinear optical systems, Nat.
Photonics 13, 776 (2019). 2.Z Xiong, F. O. Wu, J.-T. Lii, Z. Ruan, D. N. Christodoulides,
Y. Chen, K-space thermodynamic funneling of light via heat exchange, Phys. Rev. A
105, 033529 (2022). 3.M. Lian, Y.-J. Chen, Y. Geng, Y. Chen, J.-T. Lii, Violation of the
Wiedemann-Franz law in coupled thermal and power transport of optical waveguide
arrays, in preparation.
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# E: An innovative insight into one century-old physics theorem

## & : The Nernst theorem and vanishing heat capacity at absolute zero temperature
are two consequences of quantum statistic physics, which are independent of each other.
It is proved through thermodynamic theory that the two consequences are mutually
deducible and equivalent to each other. Moreover, some innovative insights related to
the Nernst theorem are proposed.

0 SL 4R & 11110

®EA: L R

AL HINBEAF

A E : Multitask quantum thermal machines and cooperative effects

## & : Including the phonon-assisted inelastic process in thermoelectric devices makes
it possible to enhance the performance of nonequilibrium work extraction. In this work,
we demonstrate that inelastic phonon-thermoelectric devices have a fertile functionality
diagram, where particle current and phononic heat currents are coupled and fueled by
the chemical potential difference. Such devices can simultaneously perform multiple
tasks, e.g., heat engines, refrigerators, and heat pumps. Guided by the entropy
production, we mainly study the efficiencies and coefficients of performance of
multitask quantum thermal machines, where the roles of the inelastic scattering process
and multiple biases in multiterminal setups are emphasized. Specifically, in a three-
terminal double-quantum-dot setup with a tunable gate, we show that it efficiently
performs two useful tasks due to the phonon-assisted inelastic process. For the four-
terminal four-quantum-dot thermoelectric setup, we find that additional thermodynamic
affinity furnishes the system with both enriched functionality and enhanced efficiency.
Our work provides insights into optimizing phonon-thermoelectric devices.
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A E : Quantum thermal transport based on circuit quantum electrodynamics systems
## % : Quantum thermal transport has attracted increasing attention in hybrid quantum
systems, e.g., circuit quantum electrodynamics platforms[1-3]. It becomes an
interdisciplinary field, including quantum transport, quantum thermodynamics, and
quantum optics. Here we focus on thermal transport based on circuit quantum
electrodynamics (cQED) systems, which serves as one representative kind of hybrid
quantum systems[4,5]. Functional thermal device effects and distinct microscopic
transport pictures are exhibited[4-6], which are tightly related with cycle transition
processes[7]. [1]A. Ronzani, B. Karimi, J. Senior, Y. C. Chang, J. T. Peltonen, C. D.
Chen, and J. P. Pekola, Tunable photonic heat transport in a quantum heat valve, Nat.
Phys. 14, 991 (2018). [2]J. Senior, A. Gubaydullin, B. Karimi, J. T. Peltonen, J.
Ankerhold, and J. P. Pekola, Heat rectifification via a superconducting artifificial atom,
Comm. Phys. 3, 40 (2020). [3]J. P. Pekola and B. Karimi, Colloquium: Quantum heat
transport in condensed matter systems, Rev. Mod. Phys. 93, 041001 (2021). [4]WC, H.
Chen, and J. Q. Liao, Nonequilibrium thermal transport and photon squeezing in a
quadratic qubit-resonator system, Phys. Rev. A 104, 033701 (2021). [S]Z. H. Chen, H.
X. Che, Z. K. Chen, WC, and J. Ren, Tuning nonequilibrium heat current and two-
photon statistics via composite qubit-resonator interaction, Phys. Re. Research 4,
013152 (2022). [6] Z. H. Chen, F. Y. Wang, H. Chen, J. C. Lu, and WC, Chin. Phys.
Lett. 40, 050501 (2023). [7] L. Q. Wang, Z. Wang, WC, and J. Ren, Cycle flux ranking
of network analysis in quantum thermal devices, Phys. Rev. Lett. 128, 067701 (2022).
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1# % : We construct a unified theory of thermodynamics and stochastic thermodynamics
for classical nonequilibrium systems driven by non-conservative forces, using the
recently developed covariant Ito-Langevin theory. The thermodynamic forces are split
into a conservative part and a non-conservative part. Thermodynamic functions are
defined using the reference conservative system. Work and heat are partitioned into
excess parts and house-keeping parts, which are due to, respectively, conservative
forces and non-conservative forces. Excess entropy production (EP) and house-keeping
EP are analogously defined. The splitting of thermodynamic forces is subjected to an
arbitrariness resembling a gauge symmetry, with each gauge defining a reference
conservative Langevin system. In the special Gibbs gauge, the nonequilibrium steady
state (NESS) is characterized by Gibbs canonical distribution, the excess heat agrees
with that defined by Hatano and Sasa, and the excess EP agrees with that of Glansdorff
and Prigogine, i.e., it is the time rate of the second-order variation of system entropy
near the NESS. Adopting the Gibbs gauge, and focusing on the excess parts of
thermodynamic quantities, a complete analogy between thermodynamics of non-
conservative systems and that of conservative systems is established. One important
consequence of this analogy is that both the free energy and excess EP are minimized
at NESS. Our theory therefore constitutes a statistical foundation both for the steady-
state thermodynamics theory due to Sasa and Tasaki and for the stability theory of
NESS due to Glansdorff and Prigogine. These results are valid even if the system is far
from equilibrium. By studying detailed fluctuation theorem, we find striking
differences between systems with symmetric kinetic matrices and those with
asymmetric kinetic matrices. For systems with asymmetric kinetic matrices, the total
EP is the sum of house-keeping EP, excess EP, and pumped entropy. Entropy pumping
is an exchange of entropy between the system and environment without necessarily
involving dissipation. In the presence of entropy pumping, the system may behave as
either a demon or an antidemon. Fluctuation theorems and work relations are derived
both for total work and for excess work. For systems with symmetric kinetic matrices,
there is no entropy pumping, yet in the Gibbs gauge, the excess work and house-keeping
work each satisfies a separate fluctuation theorem. We illustrate our theory using many
concrete examples.
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# E : Quantum Theory for Exciton Polariton Condensations

% : The coherent effects at nanoscale are of great significance for studying the out-
of-equilibrium properties of matter. Recent advance in experiments is calling for the
generalization and deeper understanding of quantum fluctuations beyond thermal
equilibrium. These led to heightened interest and demand for an extensive theoretical
study of quantum thermodynamics far from equilibrium, which is just a beginning of
the field. In this talk I will give an overview of the quantum thermodynamics of the
nonequilibrium Bose condensations at mesoscopic scale, and their cooperative
phenomena [1,2,3]. These may bring us new knowledge about the nonequilibrium
phase of matter. I will present the quantum statistical theory for the exciton-polariton
condensation and phonon condensation, both of which highlight the Frohlich’ s
mechanism [1,2]. A nonlinear equation of motion was developed for the condensates in
the basis of reduced density matrix. The results predict a nonequilibrium phase
transition through the variation of particle statitics, and therefore elaborate the off-
diagonal long-range order (ODLRO) as an order parameter in the nonequilibrium
regime [2]. Our work provides a universal description for the nonequilibrium Bose
condensations ranging from microwave to optical regimes.
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#LE : Criticality-Based Avian Navigation and Quantum Metrology

i & : It has been long since we knew that many animals can utilize the weak
geomagnetic field for navigation. In the framework of radical-pair hypothesis, we
theoretically propose avian navigation assisted by quantum criticality. We show that
quantum criticality can not only be used for bionic devices, but also be utilized in avian
retina to improve the magnetoreception. Here, in the avian navigation, the radical pair
play the role as measuring apparatus for the weak geomagnetic field. We further
investigate the effects of different noises on the criticality-based quantum metrology.
We show that the scheme is robust against single-photon loss by analytical solutions,
while it may fail in the presence of two-photon loss. Finally, we suggest that our
theoretical proposals can be experimentally verified by quantum simulations.
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## % : Recurrence in the dynamics of physical systems is an important phenomenon
that has many far-reaching consequences. In classical physics, Poincare's recurrence
theorem states that a complex system will return to its initial state within a finite time
when left alone. This theorem has been extended to the quantum case and has been
observed experimentally. In this work, we investigate quantum recurrence for a
quantum system that interacts with periodic measurements. Specifically, we consider
interacting spin systems where the measurements are performed on one spin. We ask
the question: if the monitored spin is initially prepared in the upstate (for example), how
long will it take to measure the spin for the first time in the upstate again? We show that
the mean recurrence time is fractionally quantized and characterized by the number of
dark states, which are eigenstates of the spin system where the monitored spin and the
surrounding bath are not entangled. The mean recurrence time is invariant when
changing the sampling rate, and this invariance is topologically protected by the
quantized winding number.
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A E : Using models with static quantum many-body scars to generate time-crystalline
behavior under periodic driving

## & : We propose a scheme that generates period-doubled responses via periodically
driving certain Hamiltonians hosting quantum many-body scars, akin to recent
experimental observations in driven Rydberg atom arrays. Our construction takes
advantage of an su(2) spectrum generating algebra associated with the static quantum-
scarred Hamiltonian, which enacts a pi-rotation within the scar subspace after one
period of time evolution with appropriately chosen driving parameters. This yields
period-doubled (subharmonic) responses in local observables for any choice of initial
state residing in the scar subspace. The quasienergy spectrum features atypical pi-paired
eigenstates embedded in an otherwise fully thermal spectrum. The protocol requires
neither a large driving frequency nor a large driving amplitude, and is thus distinct from
the prethermalization physics in previous investigations of the driven PXP model. We
demonstrate our scheme using several spin-1/2 and spin-1 quantum scarred models
possessing an exact su(2) spectrum generating algebra, as well as a symmetry-deformed
PXP model, where the su(2) algebra is only approximate. Our results extend the class
of models hosting quantum many-body scars that can be leveraged to yield time-
crystalline behaviors under periodic driving.
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A E : Quantum sensing of complex quantum many-body physics

## % : Quantum many-body physics, a core issue in the forefront of condensed matter
physics, plays a highly crucial role in the fields of quantum control and quantum
information. Owing to the advances in quantum information technology, the full
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quantumness of sensors and targets can be harnessed to enable novel measurement
schemes that have no classical counterparts. Via a probe spin, we realize the first
experimental detection of Lee-Yang zeros in a thermodynamic many-body system. The
direct detection of Lee-Yang zeros is intrinsically difficult because they would occur
only at complex values of physical parameters, which are generally regarded as
unphysical. Recently, by employing quantum sensors, we propose and implement a
novel platform-universal protocol via quantum channel design for selectively detecting
arbitrary-high-order correlations in quantum many-body systems, which is missing in
conventional approaches such as nonlinear optics, transport measurement, magnetic
resonance spectroscopy. This new method will provide a new toolbox for quantum
many-body characterization, quantum noise study, quantum control, the non-
equilibrium quantum many-body physics and so on.
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# B : Thermodynamics and fluctuations in finite-time quantum heat engines under
reservoir squeezing

# % : Quantum heat engines have access to nano-scale open systems in which quantum
effects manifest themselves, such as coherence, correlation and squeezing, etc. We
investigate the thermodynamics and fluctuations of a finite-time quantum Otto engine
alternatively driven by a hot squeezed and a cold thermal reservoir. We show that
reservoir squeezing significantly enhances the performance by increasing the
thermodynamic efficiency and the power, and enables higher stability by decreasing the
relative power fluctuations and speeding up the convergence of quantum efficiency to
its most probable value. We also demonstrate the counterintuitive result that, owing to
purely quantum origin, the efficiency in finite time can be larger than the Otto limit
which is reached only the reversible case.
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A E : Superexponential behaviors of out-of-time ordered correlators, Loschmidt echo
and energy diffusion in nonHermitian Floquet systems

# % : In this talk, I will discuss our recent investigations on the superfast dynamics in
a kind of non-Hermitian Floquet systems. These systems combine the periodically-
modulated nonlinear interaction and non-Hermiticity, which can be realized in optical
setups incorporating the gain-or-loss and Kerr medium. Interestingly, we find that the
periodically delta modulation on nonlinear interaction leads to the double exponential
growth of mean energy, which arises from the feedback of non-Hermiticity-induced
exponential growth in the quantum state's amplitude due to the delta-kicking
modulation of nonlinearity. We have theoretically established the equivalence between
a particular class of Out-of-time ordered correlators and the fidelity of two quantum
states. This fidelity is directly proportional to the Loschmidt echo, and we have revealed
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the double exponential behavior of these quantities during time evolution. Our findings
demonstrate the occurrence of superexponential instability in wave chaos, which
represents a novel characteristic in non-Hermitian chaotic systems.
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# E : Quantum fluctuation and thermodynamics of quantum thermal machines
WFE: AR ETHAIEAAFRERAFENKETH, FHTRUE TR
ek, EXANMEF, REELAANFAHENBRNELFTEAIMNE 7 —
ERANFIHRAMRRAEZTHIAANFWERERALURETHTHNTZHE: =
ERAGAFEH e RBEN 0 T EMHRE TR F RITE L L & AT
AGEINBERUE, RATAANFAARIREEET RN TEZHHEL, A E
FTHTESEAZETHE. RIMNLARTEATERESXANE TAIFER,
BRI ARAEBEE N E T RN AR,

oSk 4 11122

®EA: TKA

Bl AEETA¥

# B : Quantum self-contained thermodynamical devices

## % : Abstract: Quantum thermodynamics is an interdisciplinary discipline of classical
thermodynamics and quantum mechanics, which not only studies the validity of
classical thermodynamic laws at the microscopic level, but also provides a platform for
designing quantum thermodynamic devices with special functions according to
quantum mechanical properties and studying the quantum characteristics of quantum
thermodynamic systems. Here we mainly begin with self-contained quantum
refrigerators and the working principle of quantum refrigerators, and introduce the
exploitation and utilization of strong internal coupling of quantum systems in the design
of various quantum thermodynamical devices.

B Sk 4 11123

RE A MK

B EAMEMAAF

AH: EFHRRRLHE RITE

BE: RNAHMET ETHAALHF L RENLE. ZERN—MUATE
ZETHERIUTF ARTXRY S ZEANHHETETE, RINWELF =
MR H B, BRELABMERWNER, ZRNWEFEHE A RHHK
THERAGHNETEE. LK, RINWEREATE - FHRITE: S0 U
R THETH TR B R IR 5fm, LI EOMRES KNG HIE A E S
M EEEEENETFRARNARELL, AENATEMNEENETTAS
B A Z 4 7T

0 3k 4 11124
®EAN: KE

89



B WALAF

# E : Quantum fluctuation theorem of dissipative information

## % : Information spreads in time evolution. For example, correlations dissipate when
the correlated system locally couples to a third party, such as the environment. This
simple but important fact is known as the quantum data-processing inequality. Here we
theoretically reveal the quantum fluctuation theorem behind the quantum informational
inequality. When the two-point measurement scheme is applied, the fluctuation theorem
of dissipative information captures the dynamics of classical information [PRX
Quantum3, 030315 (2022)]. The fluctuation theorem quantitatively predicts the
statistics of such process. To fully capture the quantum nature, we have extended the
fluctuation theorem established to the quasiprobability regime [arXiv: 2201.00385]. We
also experimentally applied an interference-based method to measure the amplitudes
composing the quasiprobability and verify our established fluctuation theorem on the
IBM quantum computers.
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# B : Quantum Dynamics of Continuous Time Crystals

## % : Continuous time crystals (CTCs) are found as a novel phase characterized by
the perpetual oscillations under the coupling between environments and the system. In
this work, we show that the perpetual oscillations in the CTCs are induced by the
competition between the quantum coherence in the system and the dissipation to the
environment. Such quantum feature of the CTCs is demonstrated by the boundary time
crystal (BTC) as an example, which preserves the quantum coherence for any initial
state in the thermodynamic limit. We also find that the CTCs can be exactly described
by an effective non-Hermitian Hamiltonian (NHH), which shows the PT symmetry
breaking. Furthermore, the two limits, $N \to \infty$ and $t \to \infty$, are non-
commutable in the time crystal phase, which indicates that the continuous time-
translational symmetry is spontaneously broken. Finally, we establish a general
phenomenological theory of the CTCs as a counterpart of the Landau's theory for
equilibrium systems.
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# B : Quantum performance of microscopic heat engines under outcoupling
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## & : Superfluids (e. g. liquid helium-II and Bose-Einstein condensates in cold atoms)
are important in both theoretical studies and practical applications. Researches on
quantum vorticity and quantum turbulence are not only crucial in understanding the
properties of superfluids, but also shed light on the development of turbulence models
of classic fluids. We will present an emergent gauge theory formulation to describe
vorticity and turbulence in quantum fluids. Based on the nonlinear Klein-Gordon
equation, we first consider a general relativistic quantum fluid and construct an
emergent gauge theory for quantum vortices, then compare the results with direct
numerical computations and simulations, as well as other methods such as the vortex
filament approach. We work in both two- and three-dimensional fluid systems. Studies
on the statistical properties of quantum vortices also lead to a better understanding about
the physical laws of their tangled state -- quantum turbulence.
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A E: Asymmetric Transport in Nonlinear Complex Wave Systems

# % : Nonlinearity-induced asymmetric transport (AT) can be utilized for on-chip
implementation of nonreciprocal devices that do not require odd-vector biasing. This
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scheme, however, is subject to a fundamental bound dictating the maximum
transmittance-asymmetry is inversely proportional to the asymmetry intensity range
(AIR) over which AT occurs. Contrary to the conventional wisdom, we show that the
implementation of losses can lead to an increase of the AIR without deteriorating the
AT. We develop a general theory that provides a new upper bound for AT in nonlinear
complex quantum graphs and highlights the importance of losses and their structural
complexity. Also, we give the statistical description of transmittance asymmetry via
random matrix theory. Our predictions are confirmed numerically and experimentally
using a microwave complex network of coaxial cables.
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#LE : Air arrival network: Characteristcs and optimal sequencing optimization

# % : Air transportation networks come with unique operational constraints that require
careful management. This study investigates the characteristics of the arrival network
in air transportation and their impact on transit time, with a focus on influx density,
holding time, and wake separation. The study's results emphasize the need for a well-
designed optimization algorithm to alleviate congestion and enhance the efficiency of
the arrival network. To this end, the study proposes an extension of an existing
optimization algorithm for dynamical route coordination that incorporates a message-
passing approach. The algorithm is specifically tailored for the air traffic context and
considers the unique operational constraints of the arrival network. One of its key
features is that it balances the trade-off between optimizing transit time and minimizing
unfairness in aircraft sequencing. Additionally, the algorithm's linear complexity makes
it apposite for real-time settings. Overall, this study provides valuable insights into the
development of optimization algorithms for air traffic management and offers a
promising solution to reduce congestion in arrival traffic flow.
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# B : Explosive Percolation Obeys Standard Finite-Size Scaling in an Event-based
Ensemble

## Z : Explosive percolation in the Achlioptas process, which has attracted much
research attention, is known to exhibit a rich variety of critical phenomena that are
anomalous from the perspective of continuous phase transitions. Hereby, we show that,
in an event-based ensemble, the critical behaviors in explosive percolation are rather
clean and obey the standard finite-size scaling theory, except for the large fluctuation
of pseudo-critical points. In the fluctuation window, multiple fractal structures emerge
and the values can be derived from a crossover scaling theory. Further, their mixing
effects account well for the previously observed anomalous phenomena. Making use of
the clean scaling in the event-based ensemble, we determine with a high precision the
critical points and exponents for a number of bond-insertion rules, and clarify
ambiguities about their universalities. Our findings hold true for any spatial dimensions.
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#E : The yielding of granular matter is marginally stable and critical

8 & : The mechanical yield of dense granular materials is a captivating rheological
phenomenon. Beyond this point, stress no longer increases with strain at a significant
deformation level. Understanding the behavior of mechanical responses associated with
yielding is a fundamental objective in granular physics and related fields such as glassy
physics, material sciences, geophysics, and active matter biophysics. However, despite
nearly half a century of theoretical efforts, the nature of yielding in amorphous solids
remains largely elusive compared to its crystalline counterpart. In this study, we
conducted experimental investigations on the mechanical responses of two-dimensional
bidisperse jammed disks under volume-invariant pure shear, with a specific focus on
the yielding behavior. Our findings reveal that the microscopic mechanical and
geometrical characteristics of configurations under shear can be described by two
critical exponents: one for weak-force distribution and another for small-gap
distribution, originally proposed for the isotropic jamming transition. We observe that
the yielding transition satisfies the condition of marginal mechanical stability, as
indicated by a scaling relationship between these two exponents. Furthermore,
following yielding, a state of global instability emerges. The criticality of yielding is
evidenced by a significant peak in susceptibility, which quantifies the fluctuation of a
glass overlap order parameter. Additionally, we identify a distinct transition preceding
yielding, which corresponds to the onset of structural anisotropy. These findings shed
light on the complex nature of yielding in amorphous solids and contribute to our
understanding of granular physics and related disciplines.

94



#BiERE V08

MEA: KA

BAL: BT AT

AE: TFEERYEIEFR

WE: TFEARHEMEERENTR T FHEMRTEARNER, flsss, &
B MR TFERERELSE, EAANEAT, FETFEEREEST, FUZE,
WK, BHERETIBRF 2R EEH. £ 2EZWEKT, BRI K
Ty, RAMELEEFWEERSY, EFNTREYRAAANGTIR,. AT HEX
—XAl, LB ZFREE T A ER, E2ER AT F il FEUY
b RNZANBFI G EEE, RHT EHEEER, IEANERAEE
& LAl FHEPERY A,

# 15 & V09

REA: EH

B PEMFEAAF

# B : Emerging exotic compositional order on approaching low-temperature
equilibrium glasses

# & : The ultimate fate of a glass former upon cooling has been a fundamental problem
in condensed matter physics and materials science since Kauzmann. Recently, this
problem has been challenged by a model with an extraordinary glass-forming ability
effectively free from crystallization and phase separation, two well-known fates of most
glass formers, combined with a particle-size swap method. Thus, this system is
expected to approach the ideal glass state if it exists. However, we discover exotic
compositional order as the coexistence of space-spanning network-like structures
formed by small-large particle connections and patches formed by medium-size
particles at low temperatures. Therefore, the glass transition is accompanied
unexpectedly by exotic compositional ordering inaccessible through ordinary structural
or thermodynamic characterizations. Such exotic compositional ordering is found to
have an unusual impact on structural relaxation dynamics. Our study thus raises
fundamental questions concerning the role of unconventional structural ordering in
understanding glass transition.
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[1] Huijun Zhang and Yilong Han, Compression-induced polycrystal-glass transition in
binary crystals, Physical Review X, 8, 041023 (2018).

[2] Huijun Zhang, Kaiyao Qiao, and Yilong Han, Fractional power-law in two-
dimensional binary glasses under compression. Nature Communications 11, 462 (2020).
[3] Huijun Zhang, Chengjie Luo, Zhongyu Zheng, and Yilong Han, Effects of size ratio
on particle packing in binary glasses. Acta Materialia 464 246, 118700 (2023).
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[1] Q1 Zhang, Wei Li, Kaiyao Qiao, Yilong Han, Surface premelting and melting of
colloidal glasses, Sci. Adv. 9, eadf1101 (2023)
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A E : Mechanism of hierarchical ion solvation in water

% 2 : lons exhibit highly ion-specific complex behaviors when solvated in water,
which remains a mystery despite the fundamental importance of ion solvation in nature,
science, and technology. The difficulty mainly comes from the characterization of water
structure under the impact of ions. Here we explain these ion-specific properties by the
ion-induced hierarchical dipolar, translational, and bond-orientational orderings of ion
hydration shell under the competition between ion-water electrostatic interactions and
inter-water hydrogen bonding. We first characterize this competition by a new length
lambda_HB, explaining the ion-specific effects on solution dynamics. Then, by
continuously tuning ion size and charge, we find that the bond-orientational order of
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the ion hydration shell highly develops for specific ion size and charge combinations.
This ordering drastically stabilizes the hydration shell; its degree changes the water
residence time around ions by 11 orders of magnitude for main-group ions. Based on
these results, we develop a theoretical model, incorporating the ion-specific effects on
solvation and water structure, which explains the concentration and temperature
dependences of solution dynamics in a unified manner. These findings are fundamental
to ionic processes in the aqueous solutions, paving the way toward a microscopic theory
of ionic solutions.
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A E : Thermodynamic crossovers in supercritical fluids

f# & : Can liquid-like and gas-like states be distinguished beyond the critical point,
where the liquidgas phase transition no longer exists and conventionally only a single
supercritical fluid phase is defined? Recent experiments and simulations report strong
evidence of dynamical crossovers above the critical temperature and pressure. Despite
using difffferent criteria, existing theoretical explanations generally consider a single
crossover line separating liquid-like and gas-like states in the supercritical fluid phase.
We argue that such a single-line scenario is inconsistent with the supercritical behavior
of the Ising model, which has two crossover lines due to its symmetry, violating the
universality principle of critical phenomena. To reconcile the inconsistency, we defifine
two thermodynamic crossover lines in supercritical flfluids as boundaries of liquid-like,
indistinguishable and gas-like states. Near the critical point, the two crossover lines
follow critical scalings with exponents of the Ising universality class, supported by
calculations of theoretical models and analyses of experimental data from the standard
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database. The upper line agrees with crossovers independently estimated from the
inelastic X-ray scattering data of supercritical argon, and from the small-angle neutron
scattering data of supercritical carbon dioxide. The lower line is verifified by the
equation of states for the compressibility factor. This work provides a fundamental
framework for understanding supercritical physics in general phase transitions.
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# B : Amorphous Solidification of a Supercooled Liquidin the Limit of Rapid Cooling
# % : We monitor the transformation of a liquid into an amorphous solid in simulations
of a glass forming liquid by measuring the variation of a structural order parameter with
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either changing temperature or potential energy to establish the influence of the cooling
rate on amorphous solidification. We show that the latter representation, unlike the
former, exhibits no significant dependence on cooling rate. This independence extends
to the limit of instantaneous quenches which we find can accurately reproduce the
solidification observed during slow cooling. We conclude that amorphous solidification
is an expression of the topography of the energy landscape and present the relevant
topographic measures.
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# B : Complete Realization of Energy Landscape and Non equilibrium Trapping
Dynamics in Spin Glass and Optimization Problem

## % : Energy landscapes are high-dimensional surfaces representing the dependence
of system energy on variable configurations, which determine crucially the system's
emergent behavior but are difficult to be analyzed due to their high-dimensional nature.
In this article, we introduce an approach to reveal the complete energy landscapes of
small spin glasses and Boolean satisfiability problems, which also unravels their non-
equilibrium dynamics at an arbitrary temperature for an arbitrarily long time. In
contrary to our common belief, our results show that it can be less likely to identify the
ground states when temperature decreases, due to trapping in individual local minima,
which ceases at different time, leading to multiple abrupt jumps with time in the ground-
state probability. Simulations agree well with theoretical predictions on these
remarkable phenomena. Finally, for large systems, we introduce a variant approach to
extract partially the energy landscapes and observe both analytically and in simulations
similar phenomena. This work introduces new methodology to unravel the non-
equilibrium dynamics of glassy systems, and provides us with a clear, complete and
new physical picture on their long-time behaviors inaccessible by modern numerics.

B LR EIVI9
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A E : Kibble-Zurek behavior in disordered topological systems

## & : The discovery of nonlocal order parameters in real space provides a feasible
scheme for studying dynamical critical behavior in topological systems. We study the
critical phenomena in the one-dimensional Su-Schrieffer-Heeger model by
investigating the inhomogeneities in the local winding number in real space. By slowly
quenching the system across the topological phase transition during a finite time
interval, we find that the length scale defined through the local winding number satisfies
the Kibble-Zurek mechanism. In contrast to the density of excitation, the scaling of this
length scale is in full analog to the behavior of traditional continuous phase transitions
with local order parameter and spontaneous symmetry breaking. These results extend
our understanding to the Kibble-Zurek mechanism and topological phase transition in
nonequilibrium.
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#1 B : Hierarchical cycle-tree packing model for K-core attack problem

{# % : The K-core of a graph is the unique maximum subgraph within which each vertex
connects to at least K other vertices. The K-core optimal attack problem asks to
construct a minimum-sized set of vertices whose removal results in the complete
collapse of the K-core. In this paper, we construct a hierarchical cycle-tree packing
model which converts a long-range correlated K-core pruning process into static
patterns and analyze this model through the replica-symmetric (RS) cavity method of
statistical physics. The cycle-tree guided attack (CTGA) message-passing algorithm
exhibits superior performance on random regular and Erdds - R é nyi graphs. It
provides new upper bounds on the minimal cardinality of the K-core attack set. The
model of this work may be extended to construct optimal initial conditions for other
irreversible dynamical processes.
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# B : An integrated modeling approach to characterizing substrate inhibition of
microbial growth

8 & : Substrate inhibition of bacterial growth that the growth rate first increases with
substrate concentration and then decreases is observed when nutrients supply exceeds
the critical concentration. The deviation from the Monod growth is previously
described by curve fitting of the empirical models to the experimental data. Here, we
propose a minimal two-pathway model by incorporating negative regulation of
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molecular processes into bacterial growth pathway. Using this integrated model, we
find that the conditions of substrate inhibition can be captured by the initial
physiological state and concentration of the inoculum cells. Furthermore, the model
predicts that the duration of lag phase in microbial growth is significantly prolonged by
the enhanced substrate supply, which has been reported in published experimental data.
These results indicate that microorganisms might adopt completely different growth
strategies regarding the adaptation and growth in response to nutrient-rich and nutrient-
poor environments. Finally, we clarify different mechanisms between substrate
inhibition and product inhibition through a more complex model involving product
inhibition, for example, lactic acid produced by bacterial fermentation can inhibit
bacterial growth. Remarkably, the model predictions of substrate concentrated-
dependent growth rates reproduce the experimental observations of available growth
data of Lactobacillus strains, regarding L. bulgaricus, L. casei, and L. plantarum. Our
modeling approach provides new insights into understanding a novel connection
between bacterial growth and substrate supply, facilitating efficient substrate utilization
and biodegradation in industry bioreactors.
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A E : A new variable-boostable 3D chaotic system with hidden and coexisting
attractors: Dynamical analysis,periodic orbit coding, circuit simulation,and
synchronization

8 & : The study of hidden attractors plays a very important role in the engineering
applications of nonlinear dynamical systems. In this paper, a new three-dimensional
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(3D) chaotic system is proposed in which hidden attractors and self-excited attractors
appear as the parameters change. Meanwhile, asymmetric coexisting attractors are also
found as a result of the system symmetry. The complex dynamical behaviors of the
proposed system were investigated using various tools, including time-series diagrams,
Poincare first return maps, bifurcation diagrams, and basins of attraction. Moreover, the
unstable periodic orbits within a topological length of 3 in the hidden chaotic attractor
were calculated systematically by the variational method, which required six letters to
establish suitable symbolic dynamics. Furthermore, the practicality of the hidden
attractor chaotic system was verified by circuit simulations. Finally, offset boosting
control and adaptive synchronization were used to investigate the utility of the proposed
chaotic system in engineering applications.
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# B : Combined effect of simplicial complexes and interlayer interaction: An example
of information-epidemic dynamics on multiplex networks

## & : In this paper, we investigate the effect of self-awareness (interlayer interaction)
for information-epidemic dynamics with simplicial complexes both near and away from
the epidemic threshold. It is shown that, contrary to previous views, self-awareness
plays a key role near the epidemic threshold. In small homogeneous networks, multiple
susceptibility peaks can emerge in the susceptibility of the epidemic layer under the
combined effect of simplicial complexes and self-awareness, even two types of multiple
susceptibility peaks with completely opposite mechanisms. This means that one needs
to be very careful when obtaining epidemic thresholds based on susceptibility.
Moreover, the self-awareness can regulate the presence or absence of bistable
phenomena both in epidemic prevalence and epidemic threshold. We also found that
the time series of disease may be nonmonotonic, with a peak, and that self-awareness
is one of the factors controlling the relative height between maximum and steady state.
In addition, we modify heterogeneous mean-field theory and partial effective degree
theory to accommodate the introduction of simplicial complexes in dynamics. We
believe that our study has implications for other dynamics concerning higher-order and
interlayer interactions.
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A E : Minimum Backbone of Complex Networks

i & : Connected minimal dominating set (CMDS) has been proposed as virtual
backbone or spine of wireless ad hoc networks. mathematical and heuristic algorithm
have been proposed in the literature for CMDS. In this paper, we have successfully
transformed global interactions into local interactions and proposed a statistical physics
model to calculate the size of the CMDS for the Regular random graph and ER random
graph. We develop Belief Propagation Decimation (BPD) algorithm to construct CMDS
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and predicted the ground state energy using the theory of replica symmetry. We
compared the results of BPD and greedy algorithm. The results of BPD are much better
than those of greedy algorithm, but when the connectivity is relatively large, the results
of BPD seriously deviate from the predicted value of RS (but still better than greedy
algorithm), because when the connectivity is relatively large, the belief propagation
equation (BP) no longer converges near zero entropy, which leads to the CMDS
constructed by BPD being greater than the predicted value of RS. We will use the first-
order replica symmetry breaking theory to study the solution space of CMDS and
discuss the convergence of the BP equation.
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& E : Apercolation-based analytical approach to combinatorial optimization problems
on graphs

# % . Combinatorial optimization problems on graphs are a typical class of hard
computational tasks, which is a common topic spanning the analysis of algorithms, the
computational complexity, and the statistical physics. It is usually believed that
analytical frameworks are quite limited on graphical combinatorial optimizations, and
existing methods focus on developing fast approximate algorithms for them. Here we
show that, for the specific matching and cover problems on graphs, based on the greedy
leaf removal (GLR) procedure in different versions as a local method, we can develop
a core percolation theory underlying the GLR procedure on random graphs, and finally
reach an analytical framework for their energy densities of ground states. We show our
analytical frameworks for matching and cover problems on undirected, directed, and
bipartite graphs. Our percolation-based analytical frameworks directly work at zero
temperature, and provide an alternate yet a more intuitive perspective to ground states
of optimization problems.
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# B : Financial Systems, Production Networks, and the Environment

## % : This paper presents empirical evidence on the complex interactions between
financial systems and pollution dynamics across the world. Drawing on a combination
of theoretical frameworks and empirical data, we present three key findings. Firstly, we
demonstrate that increasing shareholder awareness towards environmental issues can
lead to a statistically significant reduction in pollution levels within a given country.
Secondly, we find that firms facing greater shareholder pressures tend to strategically
outsource their pollution activities to countries with less stringent environmental
regulations, leading to a significant increase in pollution levels in those countries. Lastly,
our research suggests that financial market incentives alone do not lead to an overall
reduction in emissions; instead, they often result in the relocation of emissions through
product networks to other countries, creating negative environmental externalities. Our
study highlights the need for a comprehensive approach that considers the
environmental impact of financial activities. Our findings have important implications
for policymakers, investors, and firms, and contribute to the ongoing conversation
about sustainability and the role of financial systems in promoting environmentally
responsible practices. Overall, our empirical evidence provides new insights into the
complex interplay between financial systems and pollution dynamics, and contributes
to the growing body of literature on the environmental impact of economic activities.
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# B : Odd response-induced phase separation of active spinners

#%#: Due to the breaking of time-reversal and parity symmetries and the presence

of non-conservative microscopic interactions, active spinner fluids and solids,

respectively, exhibit nondissipative odd viscosity and nonstorage odd elasticity,

engendering phenomena unattainable in traditional passive or active systems. In this

talk, we report the effects of odd viscosity and elasticity on phase behaviors of active

spinner systems. We find the spinner fluid under a simple shear experiences an

anisotropic equilibrium-like gas-liquid phase separation driven by the odd-viscosity

stress, showing both binodal and spinodal decompositions and critical point. In the

formed dense liquid phase, the odd elasticity instantly takes over the odd viscosity to

condense the liquid into a solid phase. The unusual phase behavior essentially arises
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from the competition between thermal fluctuations and the odd response-induced
effective attraction. Our findings demonstrate that the cooperation of odd viscosity and
elasticity can lead to exotic phase behavior, revealing their fundamental roles in phase
transition.
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L E: Collective phenomena of chiral swimming microorganisms

## % : Swimming microorganisms can develop collective phenomena with extended
spatiotemporal coherence through interactions between individual cells. In this talk, I
will discuss two recent studies on this subject. First, we carried out experiments with
marine algae (Effrenium voratum), which swim in circles at the air-liquid interface, and
discovered that effective hydrodynamic repulsion between cells in the far field
suppresses density fluctuations and generates disordered hyperuniform states under a
wide range of density conditions. The second study focused on bacteria (Paenibacillus
vortex) colonies growing on agar plates. In this system, while active turbulence without
manifest chirality takes place in the bulk, cells self-organize into a wide, clockwise
(viewed from the air side) flow all along the typically tortuous centimeter-scale external
boundary. We traced the origin of these robust edge flows back to a weak chiral
symmetry breaking mechanism at the individual level. Experimental results in both
studies were quantitatively reproduced in simple particle models with hydrodynamic
and excluded-volume interactions.
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[1]C.Y. L1, C.J. Qian, Q. H. Yang and M. B. Luo, J. Chem. Phys., 2014, 140, 104902.
[2] C. Y. Li, M. B. Luo, J. H. Huang and H. Li, Phys. Chem. Chem. Phys., 2015, 17,
31877-31886.
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[3] X. W. Huang, Y. Peng, J. H. Huang and M. B. Luo, Phys. Chem. Chem. Phys., 2017,
19, 29975-29983.

[4] D. A. Tsehay and M. B. Luo, Phys. Chem. Chem. Phys., 2018, 20, 9582-9590.

[5] Q. H. Yang, H. K. Qi, X. Yang and M. B. Luo, Soft Matter, 2021, 17, 1000—1007.
[6] D.Y. Hua, R. A. A. Khan and M. B. Luo, Macromolecules 2022, 55, 10468—10478.
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# E: Effects of orientational and positional randomness of particles on photonic band
gap

# % : Using computer simulations, we explore how thermal noise-induced randomness
in a self-assembled photonic crystal affects its photonic band gaps (PBGs). We consider
a two-dimensional photonic crystal composed of a self-assembled array of parallel
dielectric hard rods of infinite length with circular or square cross section. We find that
PBGs can exist over a large range of intermediate packing densities and the largest band
gap does not always appear at the highest packing density studied. Remarkably, for rods
with square cross section at intermediate packing densities, the transverse magnetic
(TM) band gap of the self-assembled (i.e., thermal) system can be larger than that of
identical rods arranged in a perfect square lattice. By considering hollow rods, we find
the band gap of transverse electric (TE) modes can be substantially increased while that
of TM modes show no obvious improvement over solid rods. We further investigate
how PBGs are influenced solely by positional or orientational randomness of particles.
Our study suggests that particle shape and internal structure can be used to engineer the
PBG of a self-assembled system despite the positional and orientational randomness
arising from thermal noise.
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A B : Wrapping dynamics and critical conditions for active nonspherical nanoparticle
uptake

## & : The cellular uptake of self-propelled nonspherical nanoparticles(NPs) or viruses
by cell membrane is crucial in many biological processes with its universal dynamics,
however, remaining to be elucidated. In this study, using Onsager variational principle,
we obtain a general wrapping equation for nonspherical self-propelled nanoparticles.
Two analytical critical conditions are theoretically found, indicating a continuous full
uptake for prolate particles and a snapthrough full uptake for oblate particles. They
precisely capture the full uptake critical boundaries in the phase diagrams numerically
constructed in terms of active force, aspect ratio, adhesion energy density, and
membrane tension. It is found that enhancing activity (active force), reducing effective
dynamic viscosity, increasing adhesion energy density, and decreasing membrane
tension, can significantly improve the wrapping efficiency of the self-propelled
nonspherical nanoparticles. These results give a panoramic view of the uptake
dynamics of active nonspherical nanoparticles, and may offer novel instructions for
designing an effective active NP-based vehicle for controlled drug delivery.
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L E: Realizing the multifunctional metamaterial for fluid flow in a porous medium
# % : Metamaterials are artificial materials that can achieve unusual properties through
unique structures. In particular, their “invisibility” property has attracted enormous
attention due to its little or negligible disturbance to the background field that avoids
detection. This invisibility feature is not only useful for the optical field, but it is also
important for any field manipulation that requires minimum disturbance to the
background, such as the flow field manipulation inside the human body. There are
several conventional invisible metamaterial designs: a cloak can isolate the influence
between the internal and external fields, a concentrator can concentrate the external
field to form an intensified internal field, and a rotator can rotate the internal field by a
specific angle with respect to the external field. However, a multifunctional invisible
device that can continuously tune across all these functions has never been realized due

108



to its challenging requirements on material properties. Inside a porous medium flow,
however, we overcome these challenges and realize such a multifunctional
metamaterial. Our hydrodynamic device can manipulate both the magnitude and the
direction of the internal flow and, at the same time, make negligible disturbance to the
external flow. Thus, we integrate the functions of the cloak, concentrator, and rotator
within one single hydrodynamic metamaterial, and such metamaterials may find
potential applications in biomedical areas such as tissue engineering and drug release.

B kRS VI

HEA: BYFE

B EMRAF

FE: ST EANEE XA BT R

RE: GHWBELEE LR GHBNES AL, BAALELEFF. AMIKEHT
LERERRT, HEHTUHENENFEARIREAM. R YWEZEERE
HREELZNBREEN, Ew R A X BHRERR 2 FwE Y RRIET
BRAZRT, WHEAI T EENFEHREIETHLI LSRR, — AR —NE
EHyE ., RA1ZRET Vecsek BABR T HEHABRKESRGERELE LA
BEBNXR, 2EBHE L EHRTHASEEAR, HAERE LT EE B RREEN
A, AR AR WE T ERRE LR G AR E—FF R E R,

RS VI2

HEAN: HwAE

B ERAFWEFR

L E: Order behind disorder in non-equilibrium phase transitions

fi# 2 : Disordered systems exhibit unique properties that distinguish them from
conventional physical systems. These include a lack of overall structural order and
symmetry, non-equilibrium behavior in thermodynamics. As a result, traditional
physical theories, such as those based on crystal-based solid-state physics, equilibrium
statistical physics and phase transitions are inadequate to describe disordered systems.
To address these challenges, it is essential to develop new approaches to characterize
and understand the properties of disordered systems by uncovering hidden order behind
the disorder, particularly those that may not be immediately evident due to the absence
of long-range order. In this talk, I will discuss our recent progress on equilibrium and
non-equilibrium phase transition, and its connection between the structure,
thermodynamics, and dynamics of disordered systems. This is important for
understanding the behavior of disordered systems, and is critical for establishing a
universal theoretical framework for disordered systems.
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A E: Experimentally Revealing the Three-Component Structure of Water

f# % : Combining principal component analysis (PCA) of X-ray spectra with MD
simulations, we experimentally reveal the existence of three basic components in water.
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These components exhibit distinct structures, densities, and temperature dependencies.
Among the three, the two major components correspond to the low-density liquid (LDL)
and the high-density liquid (HDL) predicted by the two-component model, and the third
component exhibits a unique 5-hydrogen-bond configuration with ultra-high local
density. As the temperature increases, the LDL component decreases and the HDL
component increases, while the third component varies non-monotonically with a peak
around 20 °C to 30 °C. The 3D structure of the third component is further illustrated as
the uniform distribution of five hydrogen-bonded neighbors on a spherical surface. Our
study reveals experimental evidence for water's possible three-component structure,
which provides a fundamental basis for understanding water's special properties and
anomalies [1].

[1] Zhipeng Jin, Jiangtao Zhao, Gang Chen, Guo Chen, Zhenlin Luo, and Lei Xu, Soft
Matter 18, no. 39, 7486-96, 2022.

bk & Vid
MEA: TEE
B REAF
# B : Evaporation Induced Liquid Expansion and Bubble Formation in Binary
Mixtures
## & : Recently, binary solvents have been employed to tailor the structure and
thermodynamics of soft materials. Here we observe an anomalous liquid expansion
after quenching the coexistence binary mixtures in the vapor phase to low pressures by
using numerical calculations [1]. This evaporation-induced expansion can be attributed
to the pressure imbalance near the liquid-vapor interface, which originates from the
interplay between the complex thermodynamics of binary mixtures both in the vapor
and liquid phases, as well as their dynamical asymmetries. In addition, careful
modulation of the pressure quench in the vapor phase can result in spinodal bubble
formation inside liquid phase. The findings indicate that the thermodynamics-kinetics
interplay could foster our fundamental understanding of the evaporation process and
promote its practical applications.
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L E: Instabilities of disordered solids under load

## % : Under quasistatic shear or compression, a disordered solid undergoes plastic
deformations caused by mechanical instabilities. A widely accepted mechanism of the
plasticity is the fold instability, which predicts a power-law vanishing of the lowest
frequency of normal modes of vibration on approaching the instability. Assuming that
disordered solids are close to instabilities, we predict that the lowest frequencies
associated with fold instabilities contribute a density of vibrational states D(w) [ ®"3
with @ being the frequency. This is also verified by our direct calculations of the
density of vibrational states for disordered solids unstable to some deformations. We
further find that, in addition to the fold instability, there exists another type of instability
for systems with a non-vanishing second derivative of the interaction potential.
Compared with the fold instability, this instability exhibits more discontinuous features,
so we name it as discontinuous instability. We find that this instability is caused by the
breaking of a stabilizing bond. Here we define the stabilizing bond as the bond whose
removal will cause an unstable normal mode of vibration. We evidence that the
stabilizing bonds generally exist in disordered solids, which may be new local
indicators of mechanical failures of disordered solids.
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# E: Dynamics of Quincke particles with Tunable Memory

## & : Memory of active particles has profound effect on their collective behaviors.
Quincke particles propelled by a square wave electric field (SWE) exhibit memory of
velocity because of inertia and polarization. As the relaxation times of inertia and
polarization become comparable with the half period of the square wave, Quincke
particles exhibit frequency-dependent memory of velocity and propulsion. The memory
of Quincke particles can be tuned and enhanced by amplitude and frequency of SWE.
Most importantly, because of the dipolar interaction between particles with highly
aligned velocity and in-plane dipoles, the memory of Quincke particles is enhanced in
dense clusters. The dynamic clusters exhibit frequency-dependent collective behavior.
In addition, the activity, in terms of speed, of Quincke particles is frequency-dependent
as well. At high frequencies, where the activity of Quincke particles is highly reduced,
dense active crystals form in which shock waves are excited and propagate with a
persistent direction determined by memory.
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A E: Vestigial Osmotic Pressure

8 & : Recent experiments have indicated that at least a part of the osmotic pressure
across the giant unilamellar vesicle (GUV) membrane was balanced by the rapid
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formation of the monodisperse daughter vesicles inside the GUVs through an
endocytosis-like process. Therefore, we investigated a possible osmotic role played by
these daughter vesicles for the maintenance of osmotic regulation in the GUVs and, by
extension, in living cells. We highlighted a mechanism whereby the daughter vesicles
acted as osmotically active solutes (osmoticants), contributing an extra vestigial
osmotic pressure component across the membrane of the parent vesicle, and we showed
that the consequences were consistent with experimental observations. Our results
highlight the significance of osmotic regulation in cellular processes, such as
fission/fusion, endocytosis, and exocytosis.
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#E: Achieving adjustable elasticity with non-affine to affine transition

# % : For various engineering and industrial applications it is desirable to realize
mechanical systems with broadly adjustable elasticity to respond flexibly to the external
environment. Here we discover a topology-correlated transition between affine and
non-affine regimes in elasticity in both two- and three-dimensional packing-derived
networks. Based on this transition, we numerically design and experimentally realize
multifunctional systems with adjustable elasticity. Within one system, we achieve solid-
like affine response, liquid-like non-affine response and a continuous tunability in
between. Moreover, the system also exhibits a broadly tunable Poisson’s ratio from
positive to negative values, which is of practical interest for energy absorption and for
fracture-resistant materials. Our study reveals a fundamental connection between
elasticity and network topology, and demonstrates its practical potential for designing
mechanical systems and metamaterials.
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#LE: Directional Movement of Nano Substances on Asymmetric Surfaces
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A E: Self-Assembled Transformable Maxwell Crystals

## % : Under thermodynamic equilibrium, colloidal particles in the disordered fluid
state can self-assemble into ordered structures driven by either entropy or enthalpy. In
this work, by using Monte Carlo simulation, we study the self-assembly of perfectly
aligned rod particles with lateral flat cutting. We find that with the help of surface
attractions particles with different cutting degree can self-assemble into different crystal
phases characterized by different bond coordination z that varies from 3 to 6.
Importantly, we identify a transformable Maxwell structure with redundant bonds (z=5).
We find that this structure can support either bulk or edge floppy models depending on
its Poisson's ratio that can be tuned from positive to negative by a uniform soft twist.
This self-assembled transformable Maxwell structure may act as mechanical meta-
materials with potential application in micro-mechanical engineering.
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# B : Non-equilibrium thermodynamics of chiral active Brownian particles: from
pressure to sedimentation

8 & : The equation of state (EOS) of active particles is a central issue in the thermal
dynamics of active matter. While pressure is not a state function for non-chiral active
particles with external torque[1], it is unclear whether the EOS exists and how the
pressure behaves for active particles with intrinsic rotation (charity). By simulation and
analytical calculation, we find the EOS exists for the mechanical pressure of ideal disk
chiral active Brownian particles (CABPs). The pressure is independent of wall-particle
interaction strength. Furthermore, we find that the pressure behaviors ranges from
convectional flows to the thermal diffusion, and is strongly influenced by the system
size and chirality, as indicated by the intrinsic convectional and diffusive length scales.
Furthermore, we put the CABPs under gravity (sedimentation). We find the validity of
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the equilibrium-like exponential decay of the density profile depends on the critical
length scale of diffusion, while the failure of it essentially originates from the rich
polarization field of the CABPs. Surprisingly, we also find the pressure on the bottom
boundary is independent of charity. These findings deepen our understanding of the
thermal dynamical behaviors of chiral active particle systems.
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A E :  Frequency-amplitude correlation inducing first-order phase transition in
coupled oscillators

## & : The first-order phase transitions in coupled oscillators have been widely studied
because of their discontinuity and irreversibility. In previous research, the designed
coupling mechanisms between each pair of oscillators can cause the first-order phase
transitions occur stably. In the present study, we propose a new mechanism which
requires the existence of an inversely proportional relationship between the natural
frequencies and the intrinsic amplitudes in the homogeneously coupled oscillators.
Based on two classical oscillator models, i.e., the Poincar’e model and the Stuart -
Landau model, the emergence of explosive oscillation death is independent of the
frequency distributions. Our findings indicate that the first-order phase transitions can
be induced by the frequency-amplitude correlation for the first time. Therefore, it
provides a novel perspective to understand explosive phenomena in coupled oscillators.
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A E : Eigenvector-based analysis of cluster synchronization in general complex
networks of coupled chaotic oscillators

8 & : Whereas topological symmetries have been recognized as crucially important to
the exploration of synchronization patterns in complex networks of coupled dynamical
oscillators, the identification of the symmetries in large-size complex networks remains
as a challenge. Additionally, even though the topological symmetries of a complex
network are known, it is still not clear how the system dynamics is transited among
different synchronization patterns with respect to the coupling strength of the oscillators.
We propose here the framework of eigenvector-based analysis to identify the
synchronization patterns in the general complex networks and, incorporating the
conventional method of eigenvalue analysis, investigate the emergence and transition
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of the cluster synchronization states. We are able to argue and demonstrate that, without
a prior knowledge of the network symmetries, the method is able to predict not only all
the cluster synchronization states observable in the network, but also the critical
couplings where the states become stable and the sequence of these states in the process
of synchronization transition. The efficacy and generality of the proposed method are
verified by different network models of coupled chaotic oscillators, including artificial
networks of perfect symmetries and empirical networks of non-perfect symmetries. The
new framework paves a way to the investigation of synchronization patterns in large-
size, general complex networks.
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# E: How do neuromodulators promote cognitive flexibility

## % : Neuromodulator system is essential for maintaining the normal cognitive
function of biological brain, which can promote its flexibility to cope with complex
environment and draw on advantages and avoid disadvantages. Modeling the dynamics
of neuromodulator systems will help to understand their working mechanisms,
effectively support clinical research on neural dysfunction, as well as novel brain-like
intelligence research based on spiking neural networks. This talk introduces our recent
works of dynamic modeling from mechanism to function of neuromodulator systems,
such as dopamine, norepinephrine, and acetylcholine systems. And summarizes the
important role of neuromodulator systems in realization of perception, cognition,
memory, decision making and other functions, including the dopamine modulation of
prime-recency balance in decision making, acetylcholine modulation of speed-
precision balance in perception, norepinephrine modulation of attention and SNR
optimization. The potential application of the dynamic model of neuromodulator
systems in the field of brain-like intelligence is also briefly discussed.
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# E :  Solvable dynamics of coupled high-dimensional generalized limit-cycle
oscillators

## % : We introduce a new model consisting of globally coupled high-dimensional
generalized limit-cycle oscillators, which explicitly incorporates the role of amplitude
dynamics of individual units in the collective dynamics. In the limit of weak coupling,
our model reduces to theD-dimensionalKuramoto phase model, akin to a similar classic
construction of the well-known Kuramoto phase model from weakly coupled two
dimensional limit-cycle oscillators. For the practically important case of D=3, the
incoherence of the model is rigorously proved to be stable for negative coupling (K <
0) but unstable for positive coupling (K > 0); the locked states are shown to exist if K >
0; in particular, the onset of amplitude death is theoretically predicted. For D > 2, the
discrete and continuous spectra for both locked states and amplitude death are governed
by two general formulas. Our proposed D-dimensional model is physically more
reasonable, because it is no longer constrained by fixed amplitude dynamics, which
puts the recent studies of theD-dimensionalKuramoto phase model on a stronger
footing by providing a more general framework forD-dimensional limit-cycle
oscillators.
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# E: Collective Dynamics of Coupled Second-Order Oscillators

## % : Second-order oscillator networks generalize the famous Kuramoto model to take
into account the effect of oscillator inertias and they present a much wider variety of
dynamical behaviors. First, we discuss the self-consistent method that described the
stationary states of such systems and we analyze the effect of inertia. However, such
systems may also attain states that are not stationary. In these non-stationary states the
order parameter, characterizing the degree of synchrony among oscillators, changes in
time in an almost periodic manner. We demonstrate non-stationary states through
numerical simulations and we associate their appearance to the formation of secondary
synchronized clusters besides the main synchronized cluster. Then we discuss the role
of inertia and of the frequency distribution of individual oscillators in the formation of
secondary synchronized clusters using a combination of dynamical systems theory and
simplified dynamical models. Finally, we extend the discussion for both the self-
consistent method and the oscillatory states to the case of second-order Sakaguchi-
Kuramoto oscillators. Based on joint work with Jian Gao (Beijing University of Posts
and Telecommunications).
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# E: Enhanced explosive synchronization in coupled oscillators with higher-order
interactions

% B . Explosive synchronization underlying many realistic dynamic processes has
attracted great attention in the various fields. We generalize the Kuramoto model with
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heterogeneous coupling incorporating the higher-order interactions encoded with the
simplicial complexes. It is shown that the introduced nonlinear couplings can
significantly enhance the emergence of explosive synchronization in addition to the
pairwise interactions. In particular, we uncover that the critical thresholds manifesting
the onset or vanishing of the abrupt synchronization are enlarged as the fraction of the
higher-order interactions increases. As a consequence, the backward critical order
parameter characterizing the desynchronization transition and the width of hysteresis
supporting the bistability are remarkably improved. More importantly, we provide an
analytical treatment for untangling the stability properties of the equilibrium states at
different levels, which allows us to understand the bifurcation mechanism and locate
the associated critical points. This study is a step forward in highlighting the importance
of higher-order interactions among dynamical units, which might provide control
strategies for the induced abrupt emergent phenomena in networked system.
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A B : Noise-induced coexisting firing patterns in hybrid-synaptic interacting
networks
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# % : Variability in synaptic conductance has been evidenced by neuroscientists, but
the precise mechanisms whereby it contributes to coexisting firing activities are subtle
and remain elusive. We present an excitatory—inhibitory balanced neural network of
nodes with hybrid synaptic coupling to investigate the dynamic role of synaptic noise
intensity and excitatory weight in the appearance of coexisting firing patterns. This
neural network can produce two forms of coexisting firing patterns: time-varying and
parameter-dependent multistability under different combinations of synaptic noise
intensity and excitatory weight. Synaptic noise intensity and excitatory weight are
significant but different in producing two forms of coexisting firing states. Synaptic
noise is beneficial for the emergence of various firing patterns and their firing
transitions, and excitatory weight can change the synaptic noise intensity range of
coexisting firing states. Our results shed light on the emergence of multistability in
neuronal networks with hybrid interactions and peak synaptic variability.
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A E: Topological charge-density-vector method of identifying filaments of scroll

waves

8 & : Scroll waves have been found in a variety of three-dimensional excitable media,

including physical, chemical, and biological origins. Scroll waves in cardiac tissue are

of particular significance as they underlie ventricular fibrillation that can cause sudden

death. The behavior of a scroll wave is characterized by a line of phase singularity at

its organizing center, known as a filament. A thorough investigation into the filament

dynamics is the key to further explore the general theory of scroll waves in excitable

media and the mechanisms of ventricular fibrillation. In this paper, we propose a

method to identify filaments of scroll waves in excitable media. From the definition of

the topological charge of filaments, we obtain the discrete expression of the topological

charge density vector, which is useful in calculating the topological charge vectors at

each grid in the space directly. The set of starting points of these topological charge
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vectors represents a set of phase singularities, thereby forming a line of phase
singularity, that is, a filament of a scroll wave.
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#LE: Kramers Rate Theory of Pacemaker Dynamics in Noisy Excitable Media

## % : Rhythmic activities, which are usually driven by pacemakers, are common in
biological systems. In noisy excitable media, pacemakers are self-organized firing
clusters, but the underlying dynamics remains to be elucidated. Here we develop a
Kramers rate theory of coupled cells to describe the firing properties of pacemakers and
their dependence on coupling strength and system size and dimension. The theory
captures accurately the simulation results of tissue models with stochastic Hodgkin-
Huxley equations except when transitions from pacemakers to spiral waves occur under
weak coupling.
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# E: A minimal physiologically based model of the ultradian NREM-REM cycle
## % : The study of sleep dynamics has attracted the attention of researchers due to
their significance in maintaining normal development, stabilising various metabolic
functions, and improving the body’s immunity. We construct a sleep model with °3 flip-
flops’ to reproduce sleep’s circadian and ultradian rhythms. Switch between
wakefulness (Wake), rapid eye movement (REM) and non-rapid eye movement
(NREM) sleep. We find that there exist two kinds of node-saddle bifurcation by
applying the linear stability analysis for the new model with net drives, one controls the
transition between wakefulness and sleep, and another regulates the cycle of NREM
sleep and REM sleep. Further, we use the theory of potential landscapes to uncover the
physical mechanism of the transition of brain state. The topography of the underlying
landscape characterises the capability of changing from one form of the brain to another.
We investigate how barrier height is influenced by net drive. When the net drive
increases, the size and other states decrease. The corresponding transition of the brain
state is quantitatively measured by changing the height of barriers.Finally, normal sleep
with 24 hours of circadian rhythm and 1.5 hours of ultradian rhythm, which agrees with
physiological data, is reduplicated under circadian, ultradian drive, and homeostatic
processes with appropriate parameters.
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A E: A spatial vaccination strategy to reduce the risk of vaccine-resistant variants
f# & : The COVID-19 pandemic demonstrated that the process of global vaccination
against a novel virus can be a prolonged one. Social distancing measures, that are
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initially adopted to control the pandemic, are gradually relaxed as vaccination
progresses and population immunity increases. The result is a prolonged period of high
disease prevalence combined with a fitness advantage for vaccine-resistant variants,
which together lead to a considerably increased probability for vaccine escape. A spatial
vaccination strategy is proposed that has the potential to dramatically reduce this risk.
Rather than dispersing the vaccination effort evenly throughout a country, distinct
geographic regions of the country are sequentially vaccinated, quickly bringing each to
effective herd immunity. Regions with high vaccination rates will then have low
infection rates and vice versa. Since people primarily interact within their own region,
spatial vaccination reduces the number of encounters between infected individuals (the
source of mutations) and vaccinated individuals (who facilitate the spread of vaccine-
resistant strains). Thus, spatial vaccination may help mitigate the global risk of vaccine-
resistant variants.
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#LE: Synchronization of Chaotic Systems from the Perspective of Machine Learning
## % : Machine learning models, such as the reservoir computing, the long-short-term
memory, and the deep-belief neural networks have made great success in shor-term
prediction for chaotic systems. But whether these trained machine learning models have
really captured the characteristics of the learned systems is a basic scientific question
to be answered. In this investigation we try to answer it by means of the
synchronizations between the trained reservoir computing models and the
corresponding chaotic systems. Interesting findings include: (1) The topological
characteristics of a trajectory generated by a trained reservoir computing neural network,
such as the correlation-dimension, the multi-scale entropy, and the memory effect, are
very close with that for the real one. (2) The reservoir computing models successfully
trained with the trajectories of hyper-chaotic subsystems or spatiotemporally chaotic
systems can synchronize robustly with the learned real systems. (3) A drive-response
scheme of reservoir computers coupled by a nonlinear controller is proposed to realize
lag synchronization, providing a new data-driven route to achieve lag synchronization.
(4) The reservoir computing model, long short-term memory network and deep belief
network can reproduce successfully the statistical properties of correlation dimension
and recurrence time for chaotic systems. And by sharing a common signal, the pairwise,
cascading and ring-coupled synchronization between machine learning models are
realized. Hence, the models are equivalent in characterizing and modeling chaotic
systems. In a nut-shell, the machine learning model can not only predict chaotic systems
in the short term, but also capture the long-term characteristics of the learned system.
Robust synchronizations among the trained neural network models and the real chaotic
systems can be realized. These evidences show that the well-trained machine learning
models have captured the characteristics of complex chaotic systems.
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A E: Power-law statistics of synchronous transition in inhibitory neuronal networks
f# % : We investigate the relationship between the synchronous transition and the power
law behavior in spiking networks which are composed of inhibitory neurons and
balanced by dc current. In the region of the synchronous transition, the avalanche size
and duration distribution obey a power law distribution. We demonstrate the robustness
of the power law for event sizes at different parameters and multiple time scales.
Importantly, the exponent of the event size and duration distribution can satisfy the
critical scaling relation. By changing the network structure parameters in the parameter
region of transition, quasi-criticality is observed, that is, critical exponents depart away
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from the criticality while still hold approximately to a dynamical scaling relation. The
results suggest that power law statistics can emerge in networks composed of inhibitory
neurons when the networks are balanced by external driving signal.
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# E: The structure of uni-directional chain for the synchronization of networked
chaotic systems

# % : In this paper, we introduce the structure of uni-directional chain (UDC) as a
benchmark to probe the synchronizability of networked chaotic system. By studying
the relation between the length of UDC and its synchronizability, we identify a region
of coupling strength, referred to as strong controllable region (SCR), where a UDC with
arbitrary length could realize synchronization that is robust to non-local disturbance.
More importantly, it is found that there exists a kind of chaotic oscillators where the
region of negative master stability function (MSF) overlaps with the SCR. As MSF
implements local stability analysis to provide the necessary condition for the
appearance of synchronization, while SCR permits stable synchronization
corresponding to non-local disturbance pertinent to sufficient condition, the role of
MSF for such kind of oscillator may be equivalent to provide sufficient condition of
network synchronization. Besides, we propose methods for the control of network
synchronization based on the characteristic of UDC. For networks with fixed structure,
by obtaining a minimal spanning tree, each node chooses one of its neighbors and
follows its dynamics with uniform coupling strength to realize synchronization. For
growing networks, by establishing directed connection from newly added nodes to
existing nodes. An interacting structure which is similar to the combination of a group
of UDC:s is formed and the system is guaranteed to be controlled within the SCR.
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A B : Agent-based model of COVID-19 transmission for location-specific risk
assessment and control

1% % : Since the emergence of the Omicron variant in November 2021, control measures
that were highly effective against previous SARS-CoV-2 strains have been shown to be
insufficient to stop the virus, leading to sweeping outbreaks or lockdowns. Furthermore,
mass qPCR test has been practiced in many places as an ultimate means of source
control. Local authorities adjust the frequency of testing according to the overall scale
of the outbreak. Public venues such as shopping malls, airports, etc., allow entry only
when negative test result within a certain period is presented. So how effective are these
measures? To answer this question, we consider an agent-based model of disease
transmission which can be adapted to a great variety of community transmission
patterns. From the statistics of individual’s visit trajectories, a location-based network
model for transmission risk propagation can be established. Under a given daily routine
of individuals in the community, the model is able to predict the epidemic growth rate
) in terms of the characteristics of disease progression within an infected individual,
and of the propagation matrix linking a list of locations. Furthermore, a risk index can
be assigned to each location that corresponds to its significance as a transmission node.
The effectiveness of testing and quarantine measures in reducing [] can be evaluated
quantitatively without going into the details of the visit pattern. On the other hand,
transmission hotspots and amplifying mechanisms can be identified through a detailed
study of the risk propagation matrix. We illustrate these concepts and results via
simplified scenarios which nevertheless could aid the design of more efficient epidemic
control measures, particularly when combined with human mobility data and practices.
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## & : The rapid data accumulations in biology have motivated the development and
refinement of concepts and tools to dissect the physical mechanisms underlying living
systems. Notably, landscape and flux theory has proven useful in this endeavor.
Together with the concepts and tools developed in other areas of physics, significant
progress has been made in unraveling the principles underlying molecular and systems
biology. Here recent advances in nonequilibrium landscape and flux theory are
reviewed and their application to biological systems is surveyed. Many of these results
are expected to be important cornerstones as the field continues to build our
understanding of life.
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# E : Universal thermodynamic bounds on symmetry breaking in living systems
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% : Living systems are maintained out-of-equilibrium by external driving forces,
thus continuously dissipating energy. Non-equilibrium steady states are characterized
by emergent selection phenomena that break equilibrium symmetries dictated solely by
energetic properties. In our recent work [1], we use the matrix-tree theorem to derive
universal thermodynamic bounds on these symmetry-breaking features in biochemical
systems. The presented bounds are independent of the kinetics and hold for both closed
and open reaction networks, whether they are uni-molecular or catalytic. Our results
can also be extended to the Master Equations in the chemical space. Using our
framework, we recover the thermodynamic constraints in kinetic proofreading. Finally,
we show that the contrast of reaction-diffusion patterns can be bounded only by the
non-equilibrium driving force. The generality of these results paves the way to
understanding the potentialities and limitations of non-equilibrium conditions in
shaping steady-state properties of biochemical systems.
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A H : Intraspecific predator interference promotes biodiversity in ecosystems

¥ % : Explaining biodiversity is a fundamental issue in ecology. A long-standing puzzle
lies in the paradox of the plankton: many species of plankton feeding on a limited type
of resources coexist, apparently flouting competitive exclusion principle (CEP), which
holds that the number of predator (consumer) species cannot exceed that of the
resources at steady state. Here we present a mechanistic model, and show that the
intraspecific interference among the consumers enables strikingly a plethora of
consumer species to coexist at constant population densities with only one or a handful
of resource species. The facilitated biodiversity is resistant to stochasticity, either with
stochastic simulation algorithm or individual-based modeling. Our model naturally
explains the classical experiments that invalidate CEP, quantitatively illustrates the
universal S shape pattern of the rank-abundance curves across a wide range of
ecological communities, and can be broadly used to resolve the mystery of biodiversity
in many natural ecosystems.
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1# % : Gene transcription often occurs in discrete bursts, and it can be difficult to deduce
the underlying regulatory mechanisms for transcriptional bursting with limited
experimental data. Here, we categorize numerous gene states and identify six essential
transcriptional events, each comprising a series of state transitions; transcriptional
bursting is characterized as a sequence of four events, capable of being organized in
various configurations, in addition to the beginning and ending events. Associating the
transcriptional kinetics with the mean durations and recurrence probabilities of the
events enables us to unravel how transcriptional bursting is modulated by various
regulators including transcription factors. Through analytical derivation and numerical
simulation, this study reveals key state transitions contributing to transcriptional
sensitivity and specificity, typical characteristics of burst profiles, global constraints on
transcription noise, major regulatory modes in individual genes and across the genome,
and requirements for fast gene induction upon stimulation. Our results suggest that
transcriptional patterns are essentially controlled by a shared set of transcriptional
events operating under specific promoter architectures and regulatory modes, the
number of which is actually limited.
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A E : Studies on the Dynamic Structures of Several Key Proteins

8 & : In this talk, we give a report on our recently studies on the dynamic structures
of several key proteins. Lymphokine-activated killer T-cell-originated protein kinase
(TOPK) is a potential target for cancer therapy. We proposed the N-terminal premodel

131



(NTPM) of the TOPK monomer via homology modeling and molecular dynamic
simulations and analyzed the conformational dynamics by Markov state model analysis.
The electronegative insert (ENI) motif of the NTPM can be opened with a small
probability under wild type, regulated by the so-called “N-C” interaction zone
consisting of the N-terminal head, the coil between f3-strand and aC-helix, and the ENI
motif. Glutamate substitution at threonine residue 9 or tyrosine residue 74 promotes the
closed-open transition, revealing the details of phosphorylation. From the X-ray
experimental data, we identified the inactive and active states of p38a using principal
component analysis. To understand the auto-activation process and the internal driving
mechanism, a computational paradigm that couples the targeted molecular dynamics
simulations, the String Method, and the umbrella sampling strategy were employed to
generate the conformational landscape of p38a. Auto-activation of p38a is regulated by
pY323 through destabilization of the hydrophobic core structure and aided by R173,
which explain the conformational transition of p38a induced by Y323 phosphorylation.
Additionally, with the binding of TABI1, the conformational changes of p38a auto-
activation were characterized by the movement of the activation loop (A-loop) away
from the oG helix toward the oF, aE helixes and L16-loop. The conformational changes,
including the A-loop alpha-structure breaking and the stronger hydrogen bond network
formation, are accompanied by the extension of the A-loop and more intramolecular
interactions in p38a. TABI1 correlates with other regions of p38a that are distal from
the TAB1-binding site, including the A-loop, aC helix, and L16-loop, which regulates
the intramolecular correlation of p38a. And, the phosphorylation further enhances the
correlations between the A-loop and the other regions of p38a. The correlation results
imply the regulation process of p38a conformational transformations.
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A E: Quantification of macromolecule crowding at single molecule level

## & : Macromolecule crowding has a prominent impact on a series of biochemical
processes in the cell. It is also expected to promote macromolecular complexation
induced by excluded volume effects, which is conflicting with the recent advances in
the thermodynamic interaction between inert, synthetic polymers, and nucleic acids.
Along this line, a novel method combining high-resolution magnetic tweezers and
extended crowder-oxDNA model was applied to resolve these discrepancies by
systematically studying the kinetics and thermodynamics of the folding/unfolding
transition for an individual DNA hairpin in a crowded environment. More specififically,
from the magnetic tweezersbased experiments, the linear dependence of critical force
of DNA hairpin on the PEG concentration was demonstrated, which is consistent with
the results based on the crowder-oxDNA model in which the Lennard-Jones potential
was adopted to express the interaction between the crowders and DNA hairpin. These
consistencies highlight that the excluded volume effects are mainly responsible for the
interaction between PEG and DNA hairpin, which is different from the interaction
between dextran and DNA hairpin. In the meantime, the dependence of the folding rate
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on the molecule weight of PEG, which was difffferent from FRET-based results, was
fifirst identifified. The proposed method opens a path to detect the interaction between
an inert, and synthetic molecule, and the DNA hairpin, which is important to accurately
mimic the cytosolic environments using mixtures of different inert molecules.
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#LE : Persistent random walk: a phenomenological paradigm for cell migration on
solid substrates

## %Z: Cell physics; Cell migration; Persistent random walk; cell-matrix interactions
Abstract: Cell migration is essential to many biological processes such as embryonic
morphogenesis, wound healing, and cancer progression. The main challenge in the
study of cell motility is to understand how cells respond to external stimuli such as
chemical, geometrical, and physical signals. The response frequently involves
movement toward or away from an external stimulus, and such a response is called a
taxis. Many different types of taxis are known, including chemotaxis, haptotaxis,
curvotaxis, and durotaxis, etc. Such cellular taxis are characterized, in most biological
literature, simply as positive or negative, depending on whether it is toward or away
from the external stimulus. However, another important feature in the tactic movement
of living cells — the non-negligible active random fluctuations — has not been accounted
properly. In this talk, I adopt a simple way to account for such active fluctuations,
without resolving the underlying complex molecular mechanisms, by introducing
stochastic forces into the equations of motion of individual cells. Such
phenomenological description of the random motion of living cells has a long history
dating back to Przibram (1913) and Furth (1920), who introduced the notion of
persistent random walk (PRW) to the description of random swimming of living
microorganisms. However, the PRW model has not been applied to the migration of
crawling animal cells until Gail and Boone (1970) for fibroblasts on flat, homogeneous
solid substrates. Later on, the PRW model has been found to work also well for many
(although not all) cell types such as blood neutrophil leucocytes (Allan and Wilkinson,
1978), microvessel endothelial cells (Stokes et al, 1991), and lung epithelial cells
(Wright et al, 2008). I propose that the PRW model and the related self-propelled
particle models provide a phenomenological paradigm for the quantification of cellular
taxis, in which the fluctuations or randomness is taken into account by persistent
random motion and the taxis is included into some ‘“potentials” derived from
phenomenological cell models. Based on this simple idea, I will present our theoretical
models for some typical cellular taxis such as haptotaxis on substrates with fibronectin
gradients, curvotaxis on stiff cylinders, and durotaxis on substrates with stiffness
gradients. [1]. Xiaoyu Yu#, Haiqin Wang#, Fangfu Ye, Qihui Fan*, Xiaochen Wang*,
and Xinpeng Xu*, Biphasic curvature-dependence of cell migration inside
microcylinders: persistent randomness versus directionality, bioRxiv:2022.522287
(Doi: 10.1101/2022.12.30.522287), Submitted.
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#LE : The physical basis for the diversity of eukaryotic cell migration

## % : Cell migration is a vital process in wound healing, immune response and cancer
metastasis. One of the major challenges in understanding the eukaryotic cell migration
is the huge diversity of migration modes, despite the conserved machinery. Here we
develop a simple physical model that combines signaling dynamics and cell
morphology, and show that distinct cell migration modes emerge from the
mechanochemical coupling. Moreover, our investigation reveals that the observed
patterns of traction forces in different Dictyostelium cell types can be attributed to non-
specific frictional interactions between cells and their substrate. Our model provides a
simple but comprehensive framework to understand the diverse phenotype of cell
migration.
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A E : Pattern diversity emerges from a simple gene network

## & : Bacterial colony development involves cell growth and collective motion,
resulting in a spatiotemporal community with environmental heterogeneity and
stochastic cell positioning. Recent research has shown that Escherichia coli, with a
simple synthetic circuit known as the mutually repressing switch, exhibits growth-rate
dependent bistability mediated by cellular metabolic conditions. In this study, we report
on an autonomously patterned system that emerged from a simple cell-fate-decision
network with the power of deterministic bifurcation and stochastic gene expression
fluctuation. The deterministic bifurcation introduces a ring-shaped zone at the level of
the whole colony, which can be programmed by a set of parameters. The stochastic gene
expression induces segregation strips at the moving front, which are strongly affected
by the population heterogeneity of the early establishment stage of the bacterial colony.
Taken together, our results show that a simple network that responds to environmental
cues can create diverse patterns via environmental heterogeneity and intrinsic gene
expression fluctuation.
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@ E : Learning cell dynamics from single-cell genomic data

& : Agoal of single cell genome-wide profiling is to reconstruct dynamic transitions
during cell differentiation, disease onset, and drug response. Single cell assays have
recently been integrated with lineage tracing, a set of methods that identify cells of
common ancestry to establish bona fide dynamic relationships between cell states.
These integrated methods have revealed unappreciated cell dynamics, but their analysis
faces recurrent challenges arising from noisy, dispersed lineage data. Here, we develop
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coherent, sparse optimization (CoSpar) as a robust computational approach to infer cell
dynamics from single-cell transcriptomics integrated with lineage tracing. Built on
assumptions of coherence and sparsity of transition maps, CoSpar is robust to severe
down-sampling and dispersion of lineage data, which enables simpler experimental
designs and requires less calibration. In datasets representing hematopoiesis,
reprogramming, and directed differentiation, CoSpar identifies early fate biases not
previously detected, predicting transcription factors and receptors implicated in fate
choice. Documentation and detailed examples for common experimental designs are
available at https://cospar.readthedocs.io/. T will also briefly touch on our recent
progress in developing a new lineage tracing mouse model with extremely large
barcode capacity and possibility to computationally decode cellular lineages from
single-cell genomic measurements.
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& E : Fingering instability accelerates population growth of a growing cell collective
## % : During the growth of a cell collective, such as the development of microbial
colonies, the local cell growth increases the local pressure, which in turn suppresses
cell growth. How this pressure-growth coupling affects the growth of a cell collective
remains unclear. Here, we answer this question using a continuum model of cell
collective. We find that a fast-growing leading front and a slow-growing interior of the
cell collective emerge due to the pressure-dependent growth rate. The leading front can
exhibit fingering instability and we confirm the predicted instability criteria
numerically with the leading front explicitly simulated. Intriguingly, we find that
fingering instability is not only a consequence of local cell growth but also enhances
the entire population's growth rate as positive feedback. Our work unveils the fitness
advantage of fingering formation quantitatively and suggests that the ability to form
protrusion can be evolutionarily selected.
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A E : Quantification of cell phenotype transition manifold with information geometry
1# % : Cell phenotype transition (CPT) is widely happened in many biological processes
like development and precise control of CPT is critical in these processes. Recent
advancements in single-cell sequencing techniques have revealed that cell transition
dynamics in development are confined to low-dimensional manifolds. However, there
is currently no available method for quantifying the manifolds from experimental data.
Current methods, such as manifold learning, can only preserve the topology
information and only be used for visualization. In this work, we present a novel method
to quantify the cell phenotype transition manifold using information geometry. We
transform single cells’ high-dimensional expression vectors into probability
distributions with Gaussian embedding. The Fisher-Rao metric is then defined naturally
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in this embedding space. And with the defined metric, we calculated the Ollivier-Ricci
curvature of each single cell. Our analyzes revealed that cells with low curvature are
related to critical transition. To further analyze the invariant characteristics of the
manifold in CPT, we calculated the information velocity of each single cell based on
RNA velocity, which also contains the information of critical points. We applied this
method to different single-cell RNA sequencing datasets. Comparing with traditional
methods, our approach focuses on analyzing the invariant characteristics of the
manifold in CPT. And the results illustrated that it can be a general approach for
quantifying the CPT manifold.
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# H : Cross-regulation between proteome reallocation and metabolic flux

redistribution governs bacterial transition kinetics during nutrient shifts.

# % : Bacteria need to adjust their metabolism and protein synthesis simultaneously
to adapt to changing nutrient conditions. It’s still a grand challenge to predict how cells
coordinate such adaptation due to the cross-regulation between the metabolic fluxes
and the protein synthesis. Here we developed a dynamic Constrained Allocation Flux
Balance Analysis method, which integrates flux-controlled proteome allocation and
protein limited flux balance analysis. This framework can predict the redistribution
dynamics of metabolic fluxes without requiring detailed enzyme parameters. We reveal
that during nutrient up-shifts, the calculated metabolic fluxes change in agreement with
experimental measurements of enzyme protein dynamics. During nutrient down-shifts,
we uncover a switch of metabolic bottleneck from carbon uptake proteins to metabolic
enzymes, which disrupts the coordination between metabolic flux and their enzyme
abundance. Our method provides a quantitative framework to investigate cellular
metabolism under varying environments and reveals insights into bacterial adaptation
strategies.
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A KR FebRNA, MAER T DIET ZREM A T F XA RNA W= 4 &
TEaRBN; 3, R RT ETHFI 08 EeE ST # cgRNASP, 4% RNA
= AR TN 7 R A B SRR B --Puzzles £ A9 &, ML AL b STt A M RE AL
THARHRCL2RTRUBFT R, EHEREN AR TR BT 4 &
# MUt H 5. FebRNA F1 cgRNASP E 4 7l &l & 3t &t T 2 & A -
https://github.com/Tan-group/FebRNA ; https://github.com/Tan-group/cgRNASP ,
*Emails: yltan@wtu.edu.cn; zjtan@whu.edu.cn.
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# E : Dynamic Crosslinking of Chromatins Managed Nucleolus Ripening in Nucleus
% : The network structure of chromatins packing within the nucleus of eukaryotic
cells evolves with time due to the involved dynamic effects like non-equilibrium
biological processes and reposition of genes in response to environmental cues etc.,
which plays a critical role in governing the nucleolus ripening and thereby related
biological functions of cells. Through performing systematic numerical simulations to
investigate the ripening process of nucleoli in dynamically crosslinked chromatin
networks, it is demonstrated that the nucleolus ripening completes in the way of either
direct fusion or the well-known Ostwald ripening depending on whether the structural
relaxation of chromatin chains can or can not catch up with the size growth of nucleolus
droplets. Moreover, we construct a phase diagram to summarize the nucleolus ripening
at varied densities and lifetimes of dynamic crosslinks, providing potentially universal
predictions for understanding how dynamic crosslinking of chromatins manage the
nucleolus ripening in nucleus.
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[1] Zhang YY et al., Frustration and the Kinetic Repartitioning Mechanism of Substrate
Inhibition in Enzyme Catalysis, J. Phys. Chem. B 2022, 126 (36) 6792 - 6801

[2] Lu JJ et al., Role of Repeated Conformational Transitions in Substrate Binding of
Adenylate Kinase, J. Phys. Chem. B, 2022, 126 (41), 8188-8201

[3] Li WF et al., Overcoming the Bottleneck of the Enzymatic Cycle by Steric
Frustration. Phys. Rev. Lett. 2019, 122, 238102.

[4] Song RH et al., Principles Governing Catalytic Activity of Self-Assembled Short
Peptides, J. Am. Chem. Soc. 2019, 141, 223 - 231.
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[5] Li WF et al, Frustration, Specific Sequence Dependence, and Nonlinearity in Large-
amplitude Fluctuations of Allosteric Proteins. PNAS, 2011, 108,3504— 3509.
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# B : Quantifying chromosome structural dynamical pathways during cell fate decision
making processes

8 & : Cell fate decision making process, essential for cell and tissue development, is
determined by the underlying gene regulatory networks. As the scaffold for gene
expression, chromosomes fold into different 3D structures in the cell nucleus for
different types of cells. When cell switches its fate, the chromosome reorganizes its
structure to underpin the desired gene expression function. In light of the intimate
structure-function relationship, the dynamical picture of chromosome structural
reorganization during cell fate decision making is key to the understanding of the
process. However, this is very challenging to acquire. The current challenges are mainly
from the lack of simultaneous determination of chromosome structure and dynamics
(experimental challenges) and the lack of a physical description of the underlying
dynamics (theoretical and computational challenges). Here, we developed a data-driven
model that integrates the experimental Hi-C data into a coarse-grained polymer model
and built the 3D chromosome structural ensembles at different states of the cells [1-5].
We then devised a nonequilibrium landscape-switching simulation approach to study
the changes of the chromosome structural ensembles during the cell-state transition. We
quantified the chromosome structural reorganization pathways in cell fate decision
making transition among the stem cell and the terminally differentiated cells. The
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quantified pathways provided useful insights into the cellular-level processes at the
microscopic molecular level. The results, which show extensive good agreements with
experiments, demonstrate that our computational framework is promising to study
chromosome structure dynamics in complex cellular processes.
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&L E : Deciphering the principles of nucleosome dynamics and interactions through
integrative computational approaches

## % : Nucleosome comprises ~147 bp of DNA wrapped around a histone octamer and
is a central point in coordinating various signaling pathways in epigenetic regulation.
The molecular recognition of nucleosomes by chromatin factors frequently occurs
through the interactions with the nucleosomal and linker DNA, histone tails, histone
globular domains, and by recognizing their specific covalent modifications. Elucidating
the physicochemical properties of these interactions is essential for our understanding
of the principles of chromatin organization and regulation. In our recent work, we have
integrated molecular dynamics simulations, protein interaction network analysis,
electrostatic  calculation, and bioinformatics approaches to decipher the
physicochemical properties of nucleosome dynamics and interactions and the effects of
epigenetic modifications and histone cancer mutations on them. Through several
hundred microseconds of all-atom molecular dynamics simulations, we have generated
extensive atomistic conformational ensembles of full nucleosomes and characterized
the kinetic and thermodynamic properties of histone tails, histone octamer, and
nucleosomal DNA. We show that histone modifications and mutations affect tail
dynamics and tail-DNA interactions, altering tail residence time on DNA molecules to
modulate nucleosome recognition by binding partners. Our results also reveal that DNA
methylation induces pronounced changes in geometry for both linker and nucleosomal
DNA, modulating nucleosome dynamics and preventing spontaneous DNA
unwrapping for the methylated nucleosome. Finally, we have compiled a dataset of
more than 8000 histone cancer mutations and predicted the potential 'oncohistone'
mutations. We have mapped the cancer mutations onto our previously constructed
histone-interaction networks and our electrostatic analysis and binding free energy
calculations have revealed their potential effects on disrupting nucleosome interactions
with various chromatin factors. Our studies should provide novel insight to understand
the principles of nucleosome dynamics and interactions and corresponding regulatory
mechanisms related to epigenetic modifications and histone cancer mutations.
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A E : Al-based scoring function to evaluate native-like RNA-protein complexes
& : RNA-protein complexes underlie numerous cellular processes, including basic
translation and gene regulation. The high-resolution structure determination of the
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RNA-protein complexes is essential for elucidating their functions. Therefore,
computational methods capable of identifying the native-like RNA-protein structures
are needed. To address this challenge, we thus develop DRPScore, a deep-learning-
based approach to identify the native-like RNA-protein structures. DRPScore is tested
on representative sets of RNA-protein complexes of various degrees of binding-induced
conformation change ranging from fully rigid docking (bound-bound) to fully flexible
docking (unbound-unbound). Out of the top 20 predictions, DRPScore selects native-
like structures with a success rate of 91.67% on the testing set of bound RNA-protein
complexes and 56.14% on the unbound complexes. DRPScore consistently
outperforms the existing methods with a roughly 10.53-15.79% improvement, even for
the most difficult unbound cases. Furthermore, DRPScore significantly improves the
accuracy of the native interface interaction predictions. DRPScore should be broadly
useful for modeling and designing RNA-protein complexes.
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AL E : Cooperativity and Folding Kinetics in a Multidomain Protein with Interwoven
Chain Topology

## % : Although a large percentage of eukaryotic proteomes consist of proteins with
multiple domains, not much is known about their assembly mechanism, especially
those with intricate native state architectures. Some have a complex topology in which
the structural elements along the sequence are interwoven in such a manner that the
domains cannot be separated by cutting at any location along the sequence. Such
proteins are multiply connected multidomain proteins (MMPs) with the three-domain
(NMP, LID, and CORE) phosphotransferase enzyme adenylate kinase (ADK) being an
example. We devised a coarse-grained model to simulate ADK folding initiated by
changing either the temperature or guanidinium chloride (GdmCI) concentration. The
simulations reproduce the experimentally measured melting temperatures (associated
with two equilibrium transitions), FRET efficiency as a function of GdmClI
concentration, and the folding times quantitatively. Although the NMP domain orders
independently, cooperative interactions between the LID and the CORE domains are
required for complete assembly of the enzyme. Kinetic simulations show that, on the
collapse time scale, multiple interconnected metastable states are populated, attesting
to the folding heterogeneity. The network of kinetically connected states reveals that
the CORE domain folds only after the NMP and LID domains, reflecting the interwoven
nature of the chain topology.
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AL E : A dynamic kissing model for enhancer-promoter communication on the surface
of transcriptional condensate

## % : Enhancer-promoter (E-P) communication is key to gene transcription regulation
in eukaryotes. The formation of transcriptional condensates, which might be caused by
liquid-liquid phase separation, has been considered as an important mechanism for E-
P contacts. However, the detailed kinetic mechanism of how the condensates mediate
E-P contacts, and how such contacts may regulate gene transcription remain unclear.
Thus, we proposed a polymer physics-based E-P communication model. By comparing
multiple model settings, we found that one scenario matches experimental data most
when E-P contacts were constrained to the spherical surface of condensates. Based on
this observation, we proposed a model of gene expression regulation with E-P
dynamically kissing on the surface of transcriptional condensates. Last, we
demonstrated that a seeming contradiction of gene expression bursting observed in the
single-molecular tracking data can be well explained by this model. In summary, we
proposed a coarse-grained yet effective model of E-P dynamic kissing, which will
facilitate a more comprehensive understanding of enhancer-mediated gene regulation.
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A H : ATP hydrolysis kinetics and thermodynamics as determinants of calcium
oscillation in pancreatic B cells

## # : Cellular ATP plays an important role in the calcium oscillation signal
transduction pathway of pancreatic 3 cells. It triggers oscillation by binding the ATP-
sensitive K+ channels (KATP), and maintains the oscillation by providing ATP
hydrolysis free energy for the normal function of ion pumps on the plasma membrane.
To reveal how cellular ATP level and ATP hydrolysis free energy affect calcium
oscillation, we first constructed a simplified kinetic model of KATP and calcium pumps,
then analyzed their thermodynamic characteristics. Bifurcation of calcium oscillation
is determined by both cellular ATP concentration and ATP hydrolysis free energy such
that an insufficient ATP energy supply would result in dysfunctional calcium oscillation.
Second, to investigate the glucose sensing in 3 cells, we developed a glycolysis-calcium
model that considers the dynamics of ATP and free energy levels. The model simulated
three calcium patterns in wild type cells and impaired calcium response of KATP
mutant cells, allowing the use of the ATP-free energy phase plane to explore the
underlying mechanism. Our results reveal the thermodynamics of calcium oscillation
and provide a framework for understanding the thermodynamics of other ion transport
systems.
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# B : The Classification and Structural Characteristics of Amorphous Materials Based
on Interpretable Deep Learning
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## % : Defining the structure characteristics of amorphous materials is one of the
fundamental problems that need to be solved urgently in complex materials because of
their complex structure and long-range disorder. In this study, we develop an
interpretable deep learning model capable of accurately classifying amorphous
configurations and characterizing their structural properties. The results demonstrate
that the multi-dimensional hybrid convolutional neural network can classify the 2D
liquids and amorphous solids of molecular dynamics simulation. The classification
process does not make a priori assumptions on the amorphous particle environment,
and the accuracy is 92.75%, which is better than other convolutional neural networks.
Moreover, our model utilizes the gradient-weighted activation-like mapping method,
which generates activation-like heat maps that can precisely identify important
structures in the amorphous configuration maps. We obtain an order parameter from the
heatmap and conduct finite scale analysis of this parameter. Our findings demonstrate
that the order parameter effectively captures the amorphous phase transition process
across various systems. These results hold significant scientific implications for the
study of amorphous structural characteristics via deep learning.
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## % : Anomalous diffusion, a complex phenomenon that deviates from the normal
diffusion landscape, has been observed in various physical, chemical, and biological
systems. The characterization of anomalous diffusion trajectories is a crucial but
challenging task, with three main subtasks of interest: the determination of the
anomalous diffusion coefficient/exponent, the identification of the underlying diffusion
model, and the semantic segmentation of complex anomalous diffusion processes.
However, traditional statistical methods often require long trajectories and are sensitive
to the selection of fitting range, leading to potential inaccuracies and inconsistencies in
the characterization of anomalous diffusion dynamics. Given these challenges, we have
sought solutions in the realm of deep learning, which offers a promising avenue for
delivering robust and precise characterizations of anomalous diffusion. In our previous
works, we developed two deep learning models, WADNet and U-AnDi, to address the
aforementioned tasks in the analysis of anomalous diffusion trajectories. Here,
WADNet is designed to tackle the first two subtasks, with corresponding workflow
shown in Figure 1. It infers the anomalous diffusion exponent of a single short trajectory,
overcoming the limitations of traditional statistics-based methods. Furthermore,
WADNet can also classify the diffusion model of trajectories, a task that poses
significant challenges for classical methods. WADNet demonstrates excellent
performance and stability in these tasks, showing a particular strength in handling noisy
trajectory data. On the other hand, the U-AnDi model (Figure 2) focuses on the third
subtask, i.e., the semantic segmentation of anomalous diffusion. Utilizing deep
convolutional networks, U-AnDi excels in identifying transient changes of diffusion
states from raw trajectory data. In particular, when tested on real-world anomalous
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diffusion data, U-AnDi produced segmentation results that were highly consistent with
experimental observations. In summary, our work underscores the potential of deep
learning in advancing our understanding and characterization of anomalous diffusion
dynamics. The models we have developed, WADNet and U-AnDi, provide robust and
accurate solutions to the intricate challenges in this field. Their successful application
to real-world data further highlights the practical significance of deep learning
methodologies in the study of anomalous diffusion. Future research will continue to
refine these models and explore their potential in providing even more accurate and
comprehensive characterizations of anomalous diffusion.
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A B : Snake net with a neural network for detecting multiple phases in the phase
diagram

## & : Unsupervised machine learning applied to the study of phase transitions is an
ongoing and interesting research direction. The active contour model, also called the
snake model, was initially proposed for target contour extraction in two-dimensional
images. In order to obtain a physical phase diagram, the snake model with an artificial
neural network is applied in an unsupervised learning way by the authors of [Phys. Rev.
Lett. 120, 176401 (2018)]. It guesses the phase boundary as an initial snake and then
drives the snake to convergence with forces estimated by the artificial neural network.
In this work we extend this unsupervised learning method with one contour to a snake
net with multiple contours for the purpose of obtaining several phase boundaries in a
phase diagram. For the classical Blume-Capel model, the phase diagram containing
three and four phases is obtained. Moreover, a balloon force is introduced, which helps
the snake to leave a wrong initial position and thus may allow for greater freedom in
the initialization of the snake. Our method is helpful in determining the phase diagram
with multiple phases using just snapshots of configurations from cold atoms or other
experiments without knowledge of the phases.
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# E : Learning nonequilibrium statistical mechanics and dynamical phase transitions
## % : Nonequilibrium statistical mechanics inherit challenges of the equilibrium,
including accurately describing the joint distribution of a large number of
configurations, and also poses new challenges as the distribution evolves over time.
Characterizing dynamical phase transitions as an emergent behavior further requires
tracking nonequilibrium systems under a control parameter. While a number of methods
have been proposed, such as tensor networks for one-dimensional lattices, we lack a
method for arbitrary time beyond the steady state and for higher dimensions. Here, we
develop a general computational framework to study time evolution of nonequilibrium
systems in statistical mechanics by leveraging variational autoregressive networks,
which offers an efficient computation on the dynamical partition function, a central
quantity for discovering the phase transition. We apply the approach to prototype
models of nonequilibrium statistical mechanics, including the kinetically constrained
models of structural glasses up to three dimensions. The approach uncovers the active-
inactive phase transition of spin flips, the dynamical phase diagram, as well as new
scaling relations. Our study paves the way for machine learning dynamical phase
transitions in nonequilibrium systems.
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& B : Machine learning aided interfacial atomic structure identification from AFM
images

f# & : Relevant to broad applied fields and natural processes, interfacial ionic hydrates
has been widely studied by ultrahigh-resolution atomic force microscopy (AFM).
However, the complex relationship between AFM signal and the investigated system
makes it difficult to determine the atomic structure of such complex system from AFM
images alone. Using machine learning, we achieved precise identification of the atomic
structures of interfacial water/ionic hydrates based on AFM images, including the
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position of each atom and the orientation of water molecules. Furthermore, it was found
that structure prediction of ionic hydrates can be achieved cost-effectively by transfer
learning using neural network (NN) trained with easily available interfacial water data.
Thus, this work provides an efficient and economical methodology which not only
opens up avenues to determine atomic structures of more complex systems from AFM
images, but may also help to interpret other science-wide studies involving
sophisticated experimental results.
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#LE : The evolution of trust and trustworthiness based on Q-learning

## % : Behavioral experiments have shown that trust is universal among human beings,
contradicting the predictions from orthodox Economics. Most previous studies fail to
address the mechanism behind this, they primarily adopt the framework of imitation
learning, where individuals update their strategies through imitating the behavior of
others who have high payoffs. Here, we resort to a different paradigm by introspection,
where individuals’  decision-making is based on themselves’ past experiences and
expectations for the future. Specifically, with Q-learning algorithm, we show that trust
and trustworthiness naturally arise when individuals focus on both historical experience
and foresight. However, the maintenance of trust requires a relatively stable
environment, if too many misunderstandings happen, trust can break down, and the
level of investment trust increases significantly with the increase of the multiplier for
reciprocal trusting behavior. These findings hold for either two-person scenario or a
population setup. Our results suggest that we may need a paradigm shift from the
traditional imitation learning to reinforcement learning in understanding the emergence
of trust and trustworthiness in our society.
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A E : Numerically stable neural network for simulating Kardar-Paris-Zhang growth in
the presence of uncorrelated and correlated noises

## % : Numerical simulations are important tools for exploring the dynamic scaling
properties of the nonlinear Kadar-Paris-Zhang (KPZ) equation. Yet the inherent
nonlinearity frequently causes numerical divergence within the strong-coupling regime
using conventional simulation methods. To sustain the numerical stability, previous
works either utilized discrete growth models belonging to the KPZ universality class or
modify the original nonlinear term by the designed specified operators. However, recent
studies revealed that these strategies could cause abnormal results. Motivated by the
above-mentioned facts, we propose a convolutional neural network-based method to
simulate the KPZ equation driven by uncorrelated and correlated noises, aiming for
overcoming the challenge of numerical divergence, and obtaining reliable scaling
exponents. We first train the neural network to represent the determinant terms of the
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KPZ equation in a data-driven manner. Then, we perform simulations for the KPZ
equation with various types of temporally and spatially correlated noises. The
experimental results demonstrate that our neural network could estimate effectively the
scaling exponents eliminating numerical divergence.
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# E : Understanding the basic design principles of human brains from the

perspective of complex systems

# % : Our brain evolved under the constraints of space, energy supply, while adhering
to the universal principles governing natural complex systems. Understanding the
principles of brain design would not only help us better understand how our brains work,
but it would also help us develop more energy efficient artificial intelligence and
precision treatments for brain diseases. In this talk, I will present our serious works on
this topic to demonstrate that the physical principles such as stochastic resonance,
criticality, and heterogeneity are capable of promoting our brains' capacity in a variety
of ways—from energy efficient information processing in neurons and neuronal
networks to flexible balance between functional segregation and integration at large
scale brain networks to the cognitive capacity such as fluid intelligence. 1 will also
discuss the possible applications of these principles in future brain medicines.
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A E: A Simple Yet Effective Strategy to Robustify the Meta Learning Paradigm

f# & : Meta learning is a promising paradigm to enable skill transfer across tasks. Most
previous methods employ the empirical risk minimization principle in optimization.
However, the resulting worst fast adaptation to a subset of tasks can be catastrophic in
risk-sensitive scenarios. To robustify fast adaptation, this paper optimizes meta learning
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pipelines from a distributionally robust perspective and meta trains models with the
measure of expected tail risk. We take the two-stage strategy as heuristics to solve the
robust meta learning problem, controlling the worst fast adaptation cases at a certain
probabilistic level. Experimental results show that our simple method can improve the
robustness of meta learning to task distribution, alleviate the heavy tail effect in risk,
and reduce the conditional expectation of the worst fast adaptation risk.
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# E : Energy - Information Trade-off Induces Continuous and Discontinuous Phase
Transitions in Lateral Predictive Coding

% : Lateral predictive coding is a recurrent neural network which creates energy-
efficient internal representations by exploiting statistical regularity in external sensory
inputs. Here we investigate the trade-off between energy minimization and information
robustness in a linear model of lateral predictive coding. We observe phase transitions
in the synaptic weight matrix at several critical trade-off temperatures, especially a
continuous transition which breaks permutation symmetry and builds cyclic dominance,
and a discontinuous transition with the associated sudden emergence of tight
competition between excitatory and inhibitory interactions. Self-organized hierarchical
structures also form in the network at low temperatures. Our results indicate the
structural complexity of lateral predictive coding networks.
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A H : Liquid-to-glass transitions in supervised learning with deep neural networks

8 & : While deep learning has been successful in a large variety of applications, its
mechanism remains elusive. Under common over-parametrized settings, the loss
landscape of deep neural networks is characterized by a connected level set, which,
from the perspective of statistical physics, is analogous to the energy landscape of
liquids. However, this scenario is at odds with the good generalization ability of deep
learning, which is typically expected in solid-like systems. We resolve the paradox by
revealing the coexistence of liquid and glass phases in deep neural networks, via
metropolis dynamic simulations on the benchmark MNIST and random datasets. The
network parameters decorrelate rapidly in central hidden network layers, while slow
relaxations with aging effects are displayed in the layers near boundaries due to the
constraints imposed by inputs and outputs. The boundary-mediated liquid-to-glass
transitions are summarized in a phase diagram, which agrees qualitatively with a
previous theoretical prediction based on mean-field thermodynamic calculations using
random inputs and outputs[1]. Our simulations show that the impact of data structure
on dynamics is observable in the glassy phase, but not in the liquid phase. In the latter,
statistical physics treatments that rely on random structureless ensembles could be
directly relevant to the learning of real-world data.
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#LE : Transfer learning of phase transitions in percolation and directed percolation
## % : The latest advances of statistical physics have shown remarkable performance
of machine learning in identifying phase transitions. In this paper, we apply domain
adversarial neural network (DANN) based on transfer learning to studying
nonequilibrium and equilibrium phase transition models, which are percolation model
and directed percolation (DP) model, respectively. With the DANN, only a small
fraction of input configurations (two-dimensional images) needs to be labeled, which
is automatically chosen, to capture the critical point. To learn the DP model, the method
is refined by an iterative procedure in determining the critical point, which is a
prerequisite for the data collapse in calculating the critical exponent v 1. We then
apply the DANN to a two-dimensional site percolation with configurations filtered to
include only the largest cluster which may contain the information related to the order
parameter. The DANN learning of both models yields reliable results which are
comparable to the ones from Monte Carlo simulations. Our study also shows that the
DANN can achieve quite high accuracy at much lower cost, compared to the supervised
learning.
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A E : A deep variational free energy approach to dense hydrogen
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A E : Learning physical properties of membrane during endocytosis with PINN

8 & : Endocytosis is a fundamental cellular process in eukaryotic cells that facilitates
the transport of molecules into the cell. Extensive biochemical information regarding
the protein dynamics involved in endocytosis has been obtained through fluorescence
microscopy, and electron tomography has provided geometric information about
membrane shapes. However, accurately measuring biophysical information such as
osmotic pressure and membrane tension remains challenging due to the small
dimensions of endocytic invaginations. In this talk, I will present a novel approach that

150



combines Machine Learning with the Helfrich model of the membrane and a dataset of
membrane shapes extracted from electron tomography to infer biophysical information
about endocytosis. Our results demonstrate that Machine Learning can identify
solutions that both match the experimental profile and satisfy the membrane shape
equations. Additionally, we reveal that during the early stage of endocytosis, the
inferred membrane tension is negative, indicating the presence of strong compressive
forces at the boundary of the endocytic invagination. This method presents a generic
framework for extracting membrane information from super-resolution imaging.
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Al H : The characteristics of cycle-nodes-ratio and its application to network
classification

## % : Cycles, which can be found in many different kinds of networks, make the
problems more intractable, especially when dealing with dynamical processes on
networks. On the contrary, tree networks in which no cycle exits, are simplifications
and usually allow for analyticity. There lacks a quantity, however, to tell the ratio of
cycles which determines the extent of network being close to tree networks. Therefore,
we introduce the term Cycle Nodes Radio (CNR) to describe the ratio of number of
nodes belonging to cycles to the number of total nodes, and provide an algorithm to
calculate CNR. CNR is studied in both network models and real networks. The CNR
remains unchanged in different sized Erd “os-——Rényi (ER) networks with the same
average degree, and increases with the average degree, which yields a critical turning
point. The approximate analytical solutions of CNR in ER networks are given, which
fits the simulations well. Furthermore, the difference between CNR and two-core radio
(TCR) is analyzed. The critical phenomenon is explored by analysing the giant
component of networks. We compare the CNR in network models and real networks,
and find the latter is generally smaller. Combining the coarse-graining method can
distinguish the CNR structure of networks with high average degree. The CNR is also
applied to four different kinds of transportation networks and fungal networks, which
give rise to different zones of effect. It is interesting to see that CNR is very useful in
network recognition of machine learning.
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A : Inferring Attracting Basins of Power System with Machine Learning

% 2 : Power systems dominated by renewable energy encounter frequently large,
random disturbances, and a critical challenge faced in power-system management is
how to anticipate accurately whether the perturbed systems will return to the functional
state after the transient or collapse. Whereas model-based studies show that the key to
addressing the challenge lies in the attracting basins of the functional and dysfunctional
states in the phase space, the finding of the attracting basins for realistic power systems
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remains a challenge, as accurate models describing the system dynamics are generally
unavailable. Here we propose a new machine learning technique, namely balanced
reservoir computing, to infer the attracting basins of a typical power system based on
measured data. Specifically, trained by the time series of a handful of perturbation
events, we demonstrate that the trained machine can predict accurately whether the
system will return to the functional state in response to a large, random perturbation,
thereby reconstructing the attracting basin of the functional state. The working
mechanism of the new machine is analyzed, and it is revealed that the success of the
new machine is attributed to the good balance between the echo and fading properties
of the reservoir network; the effect of noisy signals on the prediction performance is
also investigated, and a stochastic-resonance-like phenomenon is observed. Finally, we
demonstrate that the new technique can be also utilized to infer the attracting basins of
coexisting attractors in typical chaotic systems.
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A E : The critical behavior of Hegselmann - Krause opinion model with smart agents
# % : The Hegselmann - Krause (HK) model allows one to characterize the continuous
change of agent opinions with the bounded confidence threshold ¢ . To consider the
heterogeneity of agents in characteristics, we study the HK model on homogeneous and
heterogeneous networks by introducing a kind of smart agent. Different from the
averaging rule in opinion update of HK model, smart agents will consider, in updating
their opinions, the environmental influence following the fact that the agent behavior is
often coupled with environmental changes. The environment is characterized by a
parameter that represents the biased resource allocation between different cliques. We
focus on the critical behavior of the underlying system. A phase transition point
separating a complete consensus from the coexistence of different opinions is identified,
which occurs at a critical value € c for the bounded confidence threshold. We state
analytically that ¢ c can take only one of two possible values, depending on the
behavior of the average degree ka of a social graph, when agents are homogeneous in
characteristics. Results also suggest that the phase transition point weakly depends on
the network structure but is strongly correlated with the fraction of smart agents and the
environmental parameter. We finally establish the finite size scaling law that stresses
the role that the system size has in the underlying opinion dynamics. Meanwhile,
introducing smart agents does not change the functional dependence between the time
to reach a complete consensus and the system size. However, it can drive a complete
consensus to be reached faster, for homogeneous networks that are far from the mean
field limit.

o Sk 4R 4 VIIR4
WEA: TEHK
B, BHEIAF

152



#LE : Early warning signals of tipping points in scomplex systems: deep learning via
surrogate data

f# 2 : Both theory and observation suggest that many complex systems can have
tipping points where a sudden shift to a contrasting dynamical regime is possible.
Recently, deep learning algorithms have been applied to predict bifurcation types with
better outcomes. However, the results show that the theoretical models are significantly
more accurate than the empirical systems since the algorithm does not fully exploit the
information in the data of the study system but instead learns from a universe of possible
models. Here, we use historical data from real systems to generate a dataset with similar
statistical properties to the original data through surrogate data. We also develop a deep
learning algorithm classifier that provides early warning signals of transitions in future
time series by exploiting information about the dynamic characteristics of pre-critical
transitions and non-critical transitions. Using surrogate data with machine learning
algorithms has been shown to be effective in predicting early warning signals for
complex systems.
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AL E : Network localization strength regulates innovation diffusion with macro-level
social influence

## % : Innovation diffusion in the networked population is an essential process that
drives the progress of human society. Despite the recent advances in network science,
a fundamental understanding of network properties that regulate such processes is still
lacking. Focusing on an innovation diffusion model with pairwise transmission and
macro-level social influence, i.e., more adopters in the networked population lead to a
higher adoption tendency among the remaining individuals, we observe discontinuous
phase transitions when the influence is sufficiently strong. Through extensive analyses
of a large corpus of empirical networks, we show that the tricritical point depends on
the network localization strength, which our newly proposed metric can effectively
quantify. The metric reveals the deep connection between the critical and tricritical
points and further indicates a trade-off: networks that allow less attractive products to
prevail tend to yield slower diffusion and lower market penetration and verse versa.
Guided by this trade-off, we demonstrate how marketers can rewire the networks to
modulate product diffusion according to their needs. Finally,we conclude that the core-
periphery structure, being sensitive to the change of the three structure quantities,
essentially determines localization strength, and further regulates the phase transition.
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A H : Resonance-like collective behavior induced by the diversity of system
components

i & : Diversity is omnipresent in natural and synthetic extended systems, the
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phenomenon of diversity-induced resonance (DIR), wherein a moderate degree of the
diversity can provoke an optimal collective response, provides researchers a brand-new
strategy to amplify and utilize the weak stimulation. As yet the relevant advances focus
mostly on the three ideal situations, where (I) the distribution of diversity is only
Gaussian distribution, (II) the interactions among components are only pairwise, and
(ITI) the interactions among elements are uncorrelated with the physical proximity of
agents. On the basis of our recent works, we show that: (I) this DIR can be extended to
arbitrary distribution of the diversity. (II) Such DIR can be induced by the
heterogeneous high-order couplings. (III) A system speed resonance can be viewed by
the motion of agents in systems of mobile oscillators.
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# E: Mechanism of spatial-temporal heterogeity of multiple regions during different
brain states

# % : The brain, through its complex, multi-levelled structure, comprised of numerous
neurons and brain regions, achieves an internal “division of labor” and coordination
that facilitates the performance of a wide range of diverse cognitive functions. During
different brain states, such as anesthesia state, the performance of advanced functions
is significantly disrupted, compared to the awake state. Understanding the mechanism
underlying the disruption or implementation of brain functions during different brain
states, however, is very challenging for such a multi-scale, structurally complex brain
system. To address this issue, we propose a design principle for brain structure that
balances energy economy and functional integration/cooperation, considering the
brain’s remarkably low energy consumption despite its complex cognitive functions.
We identify four balance rules of structural design at four levels of the brain. Under
these rules, the brain structure exhibits spatial heterogenous patterns at various levels.
Furthermore, we found different spatio-temporal features during anesthesia and awake
states, including the spatial pattern of the power spectrum, the spatial pattern and
temporal fluctuation for various eigen micro-states. We built a bottom-up large-scale
non-equilibrium field model based on the neuronal activity model. Then we revealed
the anatomical structural difference derived the heterogeneity of the firing rate of neural
activity in the various brain regions. Together, these findings suggest that the structural
heterogenous pattern may contribute to the heterogeneity of brain regional activity
during different brain states.
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AL E: Fractionalized conductivity and emergent self-duality near topological phase
transitions

i & : The experimental discovery of the fractional Hall conductivity in two-
dimensional electro gases revealed new types of quantum particles, called anyons,
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which are beyond bosons and fermions as they possess fractionalized exchange
statistics. These anyons are usually studied deep inside an insulating topological phase.
It is natural to ask whether such fractionalization can be detected more broadly, say near
a phase transition from a conventional to a topological phase. To answer this question,
we study a strongly correlated quantum phase transition between a topological state,
called a Z2 quantum spin liquid, and a conventional superfluid using large-scale
quantum Monte Carlo simulations. Our results show that the universal conductivity at
the quantum critical point becomes a simple fraction of its value at the conventional
insulator-to-superfluid transition. Moreover, a dynamically self-dual optical
conductivity emerges at low temperatures above the transition point, indicating the
presence of the elusive vison particles. Our study opens the door for the experimental
detection of anyons in a broader regime, and has ramifications in the study of quantum
materials, programmable quantum simulators, and ultra-cold atomic gases. In the latter
case, we discuss the feasibility of measurements in optical lattices using current
techniques.
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#LE: Ashortcut to finite-time memory erasure

# % : Inorder to achieve fast computation, it is crucial to reset the memory to a desired
state within a limited time. However, the inherent delay in the system's response often
prevents reaching the desired state once the control process is completed. To address
this challenge, we propose a shortcut strategy that incorporates an auxiliary control to
guide the system towards an equilibrium state that corresponds to the intended control,
thus enabling accurate memory reset. Through the application of thermodynamic
geometry, we derive an optimal shortcut protocol for erasure processes that minimizes
energy cost. This research aims to provide insights into the design of finite-time erasure
while reducing energy costs, thereby alleviating the burden of heat dissipation.
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