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Abstract 

 

Multiferroic materials are noteworthy for their simultaneous possession of two or more 

ferroelectric properties, such as ferroelectricity and ferromagnetism. Based on first-

principles calculations and utilizing orbital interactions, we demonstrated the 

anomalous phenomenon of carrier doping-enhanced polarization in a class of layered 

ferroelectric systems, and designed a class of two-dimensional multiferroic material 

systems based on this. In our latest research, we theoretically predicted and 

experimentally confirmed two-dimensional multiferroic metallic systems caused by the 

splitting difference in interlayer orbital energy levels, and also demonstrated the 

coupling effect of ferroelastic and antiferromagnetic order caused by orbital 

interactions in staggered magnets. These principles provide new insights for the 

development of next-generation ferroic quantum devices.  
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ABSTRACT  

We will discuss two topics in the statistical mechanics of disordered systems. First, we 

revisit the transfer-matrix formulation of directed polymers in random media and show 

that a single ensemble of random transfer-matrix products provides a unified framework 

for the canonical one-point fluctuation laws of Kardar-Parisi-Zhang (KPZ) universality 

class in 1+1 dimensions. Different contractions of the same product matrix reproduce 

the standard KPZ subclasses. This matrix-based viewpoint not only organizes the 

known geometry-dependent subclasses in a common framework but also suggests new 

observables intrinsic to the transfer matrix itself, such as the leading eigenvalue, whose 

fluctuations display the KPZ scaling while remaining distinct from the canonical KPZ 

distributions over the accessible range. Second, we turn to disorder-driven quantum 

criticality at the Anderson metal-insulator transition. Using large-scale numerical 

simulations of the Chalker-Coddington network model for the integer quantum Hall 

transition, we examine multifractal spectra and scaling relations at criticality. Our 

results show excellent quantitative agreement with predictions from the conformal field 

theory, providing strong evidence that conformal symmetry constrains Anderson 

criticality in this setting. Together, these two topics highlight how disorder gives rise to 

universal fluctuation and scaling phenomena. 
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ABSTRACT 

Realizing fusion energy requires not only high-performance plasmas but also the ability to 

maintain stable operation. In tokamaks, major disruptions are rapid terminations of plasma 

confinement, typically involving thermal quench and current quench, remain one of the main 

obstacles to safe tokamak operation. They can cause severe damage, long interruptions of 

operation, and major economic losses. Reliable early warning is therefore required for disruption 

mitigation and, where possible, avoidance in future devices. Data-driven predictors have shown 

strong performance, but their extension to large, high-parameter devices is limited by the scarcity 

of target-machine disruption data. Disruption data on large, high-parameter tokamaks are 

inherently scarce because deliberately accumulating disruptive shots to train a predictor risks 

severe damage to the machine. We present a systematic framework addressing this challenge 

through physics-guided transfer learning, using J-TEXT as the source platform, EAST for small-

to-large-device transfer, and HL-2A for cross-regime studies at higher parameters. We developed 

single-device disruption predictors using both physics-guided feature extraction and deep 

architectures, demonstrating real-time density-limit disruption avoidance. We then studied 

transfer from J-TEXT to EAST, an ITER-like fully superconducting long-pulse tokamak, we 

studied transfer under deliberately limited target-machine data to simulate the conditions future 

large-device predictors will face, and extended this to adaptive prediction from the very first 

plasma discharge. On HL-2A, cross-regime transfer revealed that disruption precursor patterns 

are not universal. High-performance operational regimes exhibit distinct precursor signatures, 

requiring regime-aware transfer strategies rather than naive pooling of data from different 

regimes. Interpretability is used here not mainly to explain model outputs after training, but to 

study disruption physics from data, identify physically meaningful and transferable precursor 

information, and motivate physics constraints for prediction on data-scarce new tokamaks. Taken 



together, these studies support a practical route toward transferable disruption prediction under 

the data constraints expected in future tokamaks. 
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Title: 

Correlation analysis of protein condensate  

 

Abstract：  

Collective behavior is ubiquitous across biological scales—from protein folding 

and allostery to the recently highlighted liquid–liquid phase separation (LLPS) 

and condensate formation. We developed correlation–statistics analysis 

method and used molecular dynamics simulation to investigate the emergent 

correlation behavior inside protein condensates and intrinsically disordered 

protein (IDP). We identified spatial correlations between DOPA and positively 

charged residues in mussel adhesive proteins, scale-free long-range 

correlations in both IDP conformational fluctuations and conformational 

evolution within protein condensate 
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Low-energy excitations in one-dimensional (1D) repulsive ultracold atomic Fermi 
gases (Yang–Gaudin model) separate into two collective modes carrying solely spin 
or charge degrees of freedom-the hallmark of spin-charge separation unique to 1D 
systems. By contrast, attractive 1D fermionic systems host novel 
polarization-dependent BCS pairing states, including the Fulde-Ferrell-Larkin-
Ovchinnikov pairing state  and Luther–Emery liquid (LEL). The latter is a fully 
paired state with gapped spin excitations yet gapless charge excitations. Direct 
experimental detection and theoretical understanding of such exotic quantum liquids 
have long remained challenging and incomplete. 

Using the Bethe ansatz and bosonization, this talk  explores the microscopic 
mechanisms and experimental realization of these distinct properties in 1D 
interacting fermions. We tune a ⁶Li system via Feshbach resonance across repulsive 
and attractive regimes, and measure dynamic spin and charge structure factors using 
Bragg spectroscopy. Spin-charge separation is clearly resolved, with results in 
excellent agreement with nonlinear Luttinger liquid theory. Finally, we discuss the 
observation of the LEL.  In attractive fermions, unlike repulsive systems, spin waves 
propagate faster than charge density waves, revealing the pair-breaking character of 
spin excitations and a reversal of conventional spin-charge separation. These results 
establish an important basis for understanding collective motions  in low dimensions. 

1. Spin-charge separation in a one-dimensional Fermi gas with tunable 
interactions, Science 376, 1305 (2022), R Senaratne,...,  X Guan, R Hulet 

2. Low Energy Excitations of a 1D Fermi Gas with Attractive Interactions, 
arXiv:2512.08866, 2025, A Kafle,…, X Guan,  R Hulet 

3. Tomonaga-Luttinger liquid theory for one-dimensional attractive Fermi 
gases, arXiv:2603.13958, 2026, H Cui, Y Yeh,  R Hullet, H Pu, T 
Giamarchi, X Guan 
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ABSTRACT  

We present integrated numerical approaches for solving the many-electron Schrödinger 

equation that circumvent limitations of conventional Hartree-Fock and DFT methods. 

Our methodologies combine hyperspherical coordinates, one-dimensional basis 

functions, and nonlinear coordinate transformations with advanced iterative algorithms. 

In the hyperspherical approach, wave functions are expanded into orthonormal basis 

sets of hyperspherical harmonics and generalized Laguerre polynomials, reducing the 

many-body problem to a secular equation that accurately describes electron correlation 

in He atoms and charged excitons. The 1-D basis function method constructs three-

dimensional wave functions from linear combinations of one-dimensional hydrogenic 

functions along Cartesian axes. Implemented on uniform real-space grids with finite-

difference discretization, this approach utilizes the Residual Minimization Method-

Direct Inversion in the Iterative Subspace (RMM-DIIS) to minimize the Rayleigh 

quotient variationally. The method captures electron correlation explicitly, achieving 

virial ratios of -V/T ≈ 2.0 and energies comparable to Hylleraas variational results 

for He and H₂. For molecular systems, we employ a sign square-root coordinate 

transformation that concentrates grid points near nuclei while maintaining uniform 

grids in transformed space. This yields a Hamiltonian with faster potential decay and 

reduced kinetic energy, enabling accurate treatment of nuclear cusps and electron 

correlation using minimal grid points. To accelerate convergence, we developed 

Residual Direct Inversion in the Iterative Subspace (RDIIS) and Residual Vector 

Correction (RVC) algorithms that eliminate cubic scaling. These methods have been 

validated across hydrogen-like atoms, two-electron systems, and small molecules, 

demonstrating explicit treatment of electron correlation with favorable computational 

scaling. 
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ABSTRACT  
Understanding excited state phenomena is at the heart of many important materials 
problems, such as photovoltaics, photocatalysis, plasmonics and quantum information. 
In this talk, I will highlight our recent progress in developing accurate and efficient 
first-principles methods that enable us to probe electronic excitations in emerging 
materials. In particular, I’ll focus on a linear-response time-dependent density 
functional theory (LR-TDDFT) method with optimally tuned, screened and range-
separated hybrid (OT-SRSH) exchange-correlation functional that can compute exciton 
band structure, exciton charge density, excited state forces, and exciton-phonon 
coupling matrix accurately for large-scale extended systems. Formulated with spinor 
wavefunctions, the LR-TDDFT method enables calculations of noncollinear 
magnetism and spin-orbit coupling and can be combined with non-adiabatic molecular 
dynamics to explore exciton dynamics. Using this method, we have examined electron 
excitations in 2D van der Waals materials, including moiré excitons, moiré magnetism, 
exciton dynamics, and Bose-Einstein condensation of moiré excitons. 
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ABSTRACT  
Density Functional Perturbation Theory (DFPT) provides a rigorous theoretical and 
computational framework for studying the linear response properties of many-electron 
systems in real materials. We have developed a DFPT implementation based on the 
Projector Augmented-Wave (PAW) method, enabling self-consistent calculations of 
charge-spin density response functions and four-component polarizabilities under 
electromagnetic fields. This computational toolkit allows for first-principles calculation 
of spin-wave excitation spectra without relying on empirical models or adjustable 
parameters.[1] However, brute-force DFPT calculations of spin-wave dynamics can be 
computationally prohibitive. To address this challenge, we leverage first-order 
wavefunctions and density responses from DFPT calculations to solve the Niu-
Kleinman adiabatic spin dynamics equation, establishing an efficient and universal 
method for obtaining spin-wave dispersion relations and eigenmode collective 
excitations.[2] Finally, I will discuss theoretical approaches for investigating geometric 
phases and topological properties of spin-wave excited states within the DFPT 
framework.[3] 
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ABSTRACT  
In the tensor-network framework, the expectation values of two-dimensional quantum 
states are evaluated by contracting a double-layer tensor network constructed from 
initial and final tensor-network states. The computational cost of carrying out this 
contraction is generally very high, which limits the largest bond dimension of tensor-
network states that can be accurately studied to a relatively small value. In the nested 
tensor network method [1], we propose to solve this problem by mapping the double-
layer tensor network onto an intersected single-layer tensor network. This reduces 
greatly the bond dimensions of local tensors to be contracted and improves dramatically 
the efficiency and accuracy of the evaluation of expectation values of tensor-network 
states. Furthermore, by combining this with the automatic differentiation technique [2], 
our approach can reduce the computational cost by three orders of magnitude in bond 
dimension, and therefore enables highly efficient variational ground-state calculations 
[3]. Even without GPU acceleration or symmetry implementation, we have achieved a 
bond dimension of nine and obtained accurate ground-state energy and consistent order 
parameters compared to prior studies on tested interesting models. Our work provides 
a promising route for large-scale tensor network calculations of two-dimensional 
quantum systems. 
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ABSTRACT  
Scaling behavior of entanglement entropy serves as a powerful tool for investigating 
the ground states and low-energy excitations of quantum many-body systems. In 
particular, for systems exhibiting spontaneous breaking of continuous symmetry, the 
scaling behavior of entanglement entropy can reflect the number of Goldstone modes. 
By analyzing the scaling behavior of entanglement entropy with finite-size corrections, 
this number can be determined with considerable accuracy in practical numerical 
simulations. This talk will present our application of this tool to study the properties of 
lattice models realizing deconfined quantum criticality. We provide evidence for the 
presence of an emergent O(5) symmetry at the AFM-CVBS transition point and reveal 
that the phase transition is first-order. For the AFM-PSS (plaquette-singlet solid) 
transition, we observe the emergence of a specific coplanar order at the transition point 
and propose a novel emergent frustration mechanism responsible for inducing this 
coplanar order. 
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ABSTRACT
Variational quantum algorithms are widely viewed as one of the most promising routes to use-
ful computation on near-term quantum hardware, with the Quantum Approximate Optimisation
Algorithm (QAOA) emerging as a leading framework for combinatorial optimisation. Yet even
in its shallowest and most experimentally accessible regime, level-1 QAOA, a fundamental
obstacle persists: how can globally optimal or provably near-optimal variational parameters
be identified efficiently and reliably for realistic weighted problem instances? We show that
this problem is considerably more intricate than conventional intuition suggests. For general
Ising formulations of optimisation tasks, the level-1 QAOA landscape is not a simple smooth
surface, but can instead develop rapid oscillations whose fine structure becomes increasingly
pronounced with growing system size, graph density, and coupling strength. As a result, coarse
parameter scans—the standard approach in many studies—can significantly misrepresent the
landscape and fail to locate the true optimum. To address this, we develop a principled frame-
work based on a Fourier analysis of the QAOA objective. This allows us to derive closed-form
bounds on the highest relevant frequencies in the landscape, determine the sampling resolution
required to resolve them faithfully, and reduce the original two-parameter optimisation prob-
lem to a one-dimensional search with the second parameter obtained analytically. We further
prove that for regular graphs, the first local optimum near zero is, on average, already globally
optimal, providing a rigorous explanation for a striking empirical phenomenon and a firm foun-
dation for simple optimisation strategies. When integrated into Recursive QAOA, our method
yields substantial performance gains and enables it to outperform both coarse tuning methods
and semidefinite-programming baselines on large weighted Ising instances. These results pro-
vide new theoretical insight into shallow variational quantum algorithms and a practical route
toward scalable quantum optimisation.

1Corresponding author email: vjqntm@gmail.com



REFERENCE STYLE
Near-Optimal Parameter Tuning of Level-1 QAOA for Ising Models, arXiv preprint, arXiv:2501.16419,
2025, V. Vijendran, D.E. Koh, E. Bae, H. Kwon, P.K. Lam, S.M. Assad.

KEYWORDS
Variational Quantum Algorithms, Combinatorial Optimisation, Quantum Optimisation, Ising
Models, Parameter Tuning



Advances in Close-Coupling Methods for Electron-Atom Collisions 

in Plasma Environments  

 

 

Xiang Gao1,* 
 

1 Institute of Applied Physics and Computational Mathematics, Beijing, 100088, China. 

 

 

ABSTRACT 

Understanding the detailed dynamics of electron-atom/ion interactions is crucial 

for diverse plasma applications in fields such as astrophysics, fusion research, and 

semiconductor lithography. For atoms embedded in plasma environments, their 

structures and properties will be significantly altered due to the complicated many-body 

interactions with the surrounding plasmas, which pose a significant challenge in 

calculation these structure and dynamical properties.  

In this talk, I’ll present our recent progress on close-coupling (CC) computational 

methods for electron-atom collisions across diverse plasma environments. We 

developed a specialized CC method for highly charged ions with strong radiative 

damping [1,2]. By investigating J=1/2→1/2 transitions in Pb78+, we demonstrate that x-

ray polarization arises from distinct quantum interference, leading to unexpectedly 

large polarization even in nearly symmetric Fano profiles [1]. We also developed a CC 

framework for general screened potentials. By developing a numerical method to 

compute asymptotic regular and irregular wavefunctions efficiently, this approach 

resolves the technical challenge of extracting short-range scattering phase shifts under 

screened Coulomb interactions. The method ensures that scattering matrices remain 

invariant with respect to the matching point in the asymptotic region, providing a robust 

tool for calculating collision processes in warm dense plasmas [3]. We applied this 

plasma-screened CC theory to spectral line shape calculations. Systematic 

investigations of hydrogenic radiators reveal distinct patterns of line-broadening 

dependence on plasma conditions [4]. These works provide a comprehensive 

theoretical foundation for modelling of complex atomic systems in high-density plasma 

environments. 
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ABSTRACT  

Achieving plasma detachment is essential for managing divertor heat loads in 
magnetic confinement fusion devices. In this work, we investigate detachment physics 
in configurations relevant to a lower single-null Tokamak à Configuration Variable 
(TCV) using the 2D simulations with the HERMES-3 code. By scanning a range of 
upstream densities, we identify the onset and evolution of detachment within TCV 
geometry. The model incorporates self-consistent plasma-neutral interactions, 
including ionization, recombination, and charge-exchange process, enabling detailed 
analysis of momentum and power balance in the divertor region. Our result captures 
the characteristic ion flux “rollover”, marking the transition from attached to detached 
regimes characterized by strong volumetric power losses, reduction of target ion flux, 
and the formation of a cold, dense plasma region near the divertor plates. These results 
provide insight into the mechanisms governing detachment in TCV configurations and 
offer guidance for experimental scenarios and future predictive modeling of divertor 
operation in next-step devices. 
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ABSTRACT  
FINDING EIGENSTATES OF A GIVEN MANY-BODY HAMILTONIAN IS A 
LONG-STANDING CHALLENGE DUE TO THE 
PERCEIVED COMPUTATIONAL COMPLEXITY. LEVERAGING ON THE 
HARDWARE OF A QUANTUM COMPUTER ACCOM- 
MODATING THE EXPONENTIAL GROWTH OF THE HILBERT SPACE 
SIZE WITH THE NUMBER OF QUBITS, MORE QUANTUM 
ALGORITHMS TO FIND THE EIGENSTATES OF MANY-BODY 
HAMILTONIANS WILL BE OF WIDE INTEREST WITH PROFOUND 
IMPLICATIONS AND APPLICATIONS. IN THIS WORK, WE ADVOCATE A 
QUANTUM ALGORITHM TO FIND THE GROUND 
STATE AND EXCITED STATES OF MANY-BODY SYSTEMS, WITHOUT 
ANY PENALTY FUNCTIONS, VARIATIONAL STEPS OR 
HYBRID QUANTUM-CLASSICAL STEPS. OUR FULLY QUANTUM 
ALGORITHM WILL BE AN IMPORTANT ADDITION TO THE 
QUANTUM COMPUTATIONAL TOOLBOX TO TACKLE PROBLEMS 
INTRACTABLE ON CLASSICAL MACHINES. 
 
REFERENCE STYLE 
A penalty-free quantum algorithm to find energy eigenstates, Physical Review A, in 
press, 2026, Ma, N., Dai, H., & Gong, J. 
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ABSTRACT
Topology forms a cornerstone in modern condensed matter and statistical physics,
offering a new framework to classify the phases and phase transitions beyond the
traditional Landau paradigm. However, it is widely believed that topological
properties are destroyed when the bulk energy gap closes, making it highly nontrivial
to consider topology in gapless quantum critical systems. To address these challenges,
recent advancements have sought to generalize the notion of topology to systems
without a bulk energy gap, including quantum critical points and critical phases,
collectively referred to as gapless symmetry-protected topological states. Extending
topology to gapless quantum critical systems challenges the traditional belief in
condensed matter physics that topological edge states are typically tied to the presence
of a bulk energy gap. Furthermore, it suggests that topology plays a crucial role in
classifying quantum phase transitions even if they belong to the same universality
class, fundamentally enriching the textbook understanding of phase transitions. Given
its importance, here we give a pedagogical review of the current progress of
topological physics in quantum critical systems. We introduce the topological
properties of quantum critical points and generalize them to stable critical phases,
both for noninteracting and interacting systems. Additionally, we discuss further
generalizations and future directions, including higher dimensions, nonequilibrium
phase transitions, and realizations in modern experiments.

REFERENCE STYLE
1. Topological physics in quantum critical systems, Physics Reports, 1160, 1-56,
2026, Xue-Jia Yu, Limei Xu, Hai-Qing Lin
2. Topology and Edge Modes in Quantum Critical Chains, Physical Review Letters,
120, 057001, 2018, Ruben Verresen, Nick G. Jones, Frank Pollmann
3. Gapless Topological Phases and Symmetry-Enriched Quantum Criticality,
Physical Review X, 11,041059, 2021, Ruben Verresen, Ryan Thorngren, Nick G.
Jones, Frank Pollmann
4. Conformal Boundary Conditions of Symmetry-Enriched Quantum Critical Chains,
Physical Review Letters, 129, 210601, 2022, Xue-Jia Yu, Rui-Zhen Huang,
Hong-Hao Song, Limei Xu, Chengxiang Ding, Long Zhang
5. Universal Entanglement Spectrum in One-Dimensional Gapless Symmetry
Protected Topological States, Physical Review Letters, 133, 026601, 2024, Xue-Jia
Yu, Sheng Yang, Hai-Qing Lin, Shao-Kai Jian
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6. Topological Quantum Criticality in Quasiperiodic Ising Chain, arXiv: 2602. 01223,
2026, Sheng Yang, Hai-Qing Lin, Xue-Jia Yu
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ABSTRACT  
Turbulence spreading is a fundamental nonlocal process in which fluctuation energy 
propagates from unstable into weakly unstable or stable regions through nonlinear 
mode coupling. Its properties depend heavily on the underlying turbulence regime. In 
particular, drift-wave and interchange turbulence are characterized by different 
instability drives, mode structures, and transports, all of which can affect the radial 
propagation of turbulence intensity. In this work, turbulence spreading is investigated 
using two-dimensional drift-reduced two-field fluid simulations with TOKAM2D. The 
model evolves the density and vorticity fields and allows systematic variation of the 
interchange forcing parameter, g, and the adiabaticity parameter, C. This provides a 
controlled framework for examining how turbulence spreading changes across regimes 
ranging from drift-wave-dominated to interchange-dominated dynamics. The study 
helps clarify the regime dependence of turbulence spreading and offers a reduced-fluid 
perspective on the mechanisms governing its propagation. 
 
This research is supported by the National Research Foundation (NRF), Singapore. The 
computational work for this work was fully performed on resources of the National 
Supercomputing Centre (NSCC), Singapore. 
 
REFERENCES 
How turbulence sets boundaries for tokamak operation, Reviews of Modern Plasma 
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Journal of Physics: Conference Series, 2397, 012018, 2022, P. Ghendrih, G. Dif-
Pradalier, O. Panico, Y. Sarazin, H. Bufferand, G. Ciraolo. 
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ABSTRACT 

High-fidelity plasma simulations based on the Global Braginskii Solver (GBS) are 

essential for studying edge plasma dynamics, but they are often computationally 

expensive, especially when simulations start from random or uniformly prescribed 

initial conditions. Such initializations may require long transient evolution before 

reaching physically meaningful plasma states, leading to a considerable waste of 

computational resources. To address this issue, this work develops a generative 

reconstruction framework that combines a variational autoencoder (VAE) with latent 

flow matching for GBS simulation data. The VAE first learns a compact latent 

representation of high-dimensional plasma fields, while the flow-matching model 

learns the distributional evolution in the latent space and generates physically plausible 

plasma states. These generated states are then decoded back to the physical field space 

and used as simulation initial conditions, replacing conventional random or uniform 

initialization strategies. By initializing GBS simulations from data-informed generated 

fields, the proposed approach aims to reduce the initial relaxation stage and accelerate 

convergence toward statistically meaningful plasma dynamics. Preliminary results 

show that the VAE-based latent generative model can reconstruct the dominant spatial 

structures of GBS fields and produce initial states that are more consistent with learned 

plasma patterns than manually specified initial conditions. This suggests that generative 

modeling can serve not only as a surrogate reconstruction tool, but also as a practical 

initialization strategy for accelerating physics-based plasma simulations. The proposed 

framework provides a promising route toward combining data-driven generative 

models with first-principles simulation codes for efficient plasma modeling. 

 

REFERENCE STYLE 

Auto-Encoding Variational Bayes, Proceedings of the International Conference on 

Learning Representations, 2014, 1–14, 2014, D.P. Kingma, M. Welling. 

Flow Matching for Generative Modeling, Proceedings of the International Conference 
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M. Le. 

 
* Corresponding author email: kyungtak.lim@ntu.edu.sg 



StyleGAN as an AI deconvolution operator for large eddy simulations of turbulent 

plasma equations in BOUT++, Physics of Plasmas, 31, 033902, 2024, J. Castagna, F. 
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ABSTRACT  
Materials design using first-principles techniques is one of the ultimate goals in 
computational materials science. Recent advances in first-principles electronic 
structure theory and computing power have enabled us to perform knowledge-based 
computational design of materials with unique properties that are tuned to specific 
energy and optoelectronic applications. This approach has now become a vital tool in 
accelerating scientific discovery of energy and optoelectronic materials. In this talk, 
selective topics from our recent studies will be discussed to illustrate how 
computational methods can be used to understand and design functional materials, 
including solar cell materials; thermoelectric materials; and transparent conducting 
materials. 
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Energy materials, Optoelectronic materials, First-principles calculations, Inverse 
Design  
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ABSTRACT  
In this talk, I will introduce a simple and generic construction of the variational tensor 
network operators to study the quantum spin systems by the synergy of ideas from the 
imaginary-time evolution and the variational optimization of trial wave functions [1]. 
By applying these operators to simple initial states, accurate variational ground-state 
wave functions with extremely few parameters can be obtained. Furthermore, the 
framework can be applied to spontaneously study symmetry-breaking, symmetry-
protected topological, and intrinsic topologically ordered phases, and we show that 
symmetries of the local tensors associated with these phases can emerge directly after 
the optimization without any gauge fixing. This provides a universal way to identify 
quantum phase transitions without prior knowledge of the system. Finally, I will show 
the applications to the study of anisotropic Kitaev model under magnetic fields  
 
[1] Variational tensor network operator, Phys. Rev. Research, 4, 043153, 2022, Y.-H. 
Chen, K. Hsu, W.-L. Tu, H.-Y. Lee, Y.-J. Kao. 
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ABSTRACT
Quantum imaginary-time evolution (QITE) is a fundamental framework for preparing
ground and thermal states, yet its computational cost scales significantly with the
evolution duration τ. Reducing this duration is critical for practical quantum
advantage. Here, we establish a unified theoretical framework for the Mpemba effect
in QITE—a counterintuitive phenomenon where a state initially farther from the
ground state relaxes to it faster than one initially closer. We derive a remarkably
simple necessary and sufficient condition for the occurrence of this effect, showing it
is uniquely determined by the population ratios of excited states to the ground state.
For practical state preparation, we introduce a rigorous sufficient condition for the
finite-time Mpemba effect, ensuring the crossing occurs before reaching a prescribed
proximity threshold. Furthermore, we unveil unique dynamical features, including a
multiple-crossing phenomenon in multi-level systems and simultaneous intersections
for collinear initial states. Our results provide criteria for identifying favorable initial
states in QITE and offer deep insights into the speed limit of quantum state
preparation.
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Benjamin, X. Yuan.

* These authors contributed equally to this work.

† Corresponding author email: mgu@quantumcomplexity.org
‡ Corresponding author email: xiaoyuan@pku.edu.cn



[2] Practical quantum computation of chemical and nuclear energy levels using
quantum imaginary time evolution and Lanczos algorithms, npj Quantum Information,
6, 63, 2020, K. Yeter-Aydeniz, R.C. Pooser, G. Siopsis.
[3] Efficient step-merged quantum imaginary time evolution algorithm for quantum
chemistry, Journal of Chemical Theory and Computation, 16, 6256, 2020, N. Gomes,
F. Zhang, N.F. Berthusen, C.-Z. Wang, K.-M. Ho, P.P. Orth, Y. Yao.
[4] Measurement-based deterministic imaginary time evolution, Physical Review
Letters, 131, 110602, 2023, Y. Mao, M. Chaudhary, M. Kondappan, J. Shi, E.O.
Ilo-Okeke, V. Ivannikov, T. Byrnes.
[5] Determining eigenstates and thermal states on a quantum computer using quantum
imaginary time evolution, Nature Physics, 16, 205, 2020, M. Motta, C. Sun, A.T.K.
Tan, M.J. O’Rourke, E. Ye, A.J. Minnich, F.G.S.L. Brandao, G.K.-L. Chan.
[6] Implementation of quantum imaginary-time evolution method on NISQ devices by
introducing nonlocal approximation, npj Quantum Information, 7, 85, 2021, H. Nishi,
T. Kosugi, Y.-i. Matsushita.
[7] Quantum computation of finite-temperature static and dynamical properties of
spin systems using quantum imaginary time evolution, PRX Quantum, 2, 010317,
2021, S.-N. Sun, M. Motta, R.N. Tazhigulov, A.T. Tan, G.K.-L. Chan, A.J. Minnich.
[8] Digital quantum simulation of open quantum systems using quantum
imaginary-time evolution, PRX Quantum, 3, 010320, 2022, H. Kamakari, S.-N. Sun,
M. Motta, A.J. Minnich.
[9] Double-bracket quantum algorithms for quantum imaginary-time evolution,
Physical Review Letters, 136, 020601, 2026, M. Gluza, J. Son, B.H. Tiang, R. Zander,
R. Seidel, Y. Suzuki, Z. Holmes, N.H.Y. Ng.
[10] Optimal Hamiltonian simulation by quantum signal processing, Physical Review
Letters, 118, 010501, 2017, G.H. Low, I.L. Chuang.
[11] Hamiltonian simulation by qubitization, Quantum, 3, 163, 2019, G.H. Low, I.L.
Chuang.
[12] The complexity of the local Hamiltonian problem, SIAM Journal on Computing,
35, 1070, 2006, J. Kempe, A. Kitaev, O. Regev.
[13] Fragmented imaginary-time evolution for early-stage quantum signal processors,
Scientific Reports, 13, 18258, 2023, T.L. Silva, M.M. Taddei, S. Carrazza, L. Aolita.
[14] Optimal quantum simulation of linear non-unitary dynamics, arXiv preprint,
arXiv:2508.19238, 2025, G.H. Low, R.D. Somma.
[15] Double-bracket algorithm for quantum signal processing without post-selection,
Quantum, 9, 1954, 2025, Y. Suzuki, B.H. Tiang, J. Son, N.H.Y. Ng, Z. Holmes, M.
Gluza.
[16] Quantum dynamic programming, Physical Review Letters, 134, 180602, 2025, J.
Son, M. Gluza, R. Takagi, N.H.Y. Ng.
[17] Unitary imaginary time evolution and ground state preparation using multi-copy
protocols, arXiv preprint, arXiv:2603.11208, 2026, T. Schwartzman, T.V. Zache, H.
Pichler, H.R. Sadeghpour.



[18] Grover’s algorithm is an approximation of imaginary-time evolution, arXiv
preprint, arXiv:2507.15065, 2025, Y. Suzuki, M. Gluza, J. Son, B.H. Tiang, N.H.Y.
Ng, Z. Holmes.
[19] Cool?, Physics Education, 4, 172, 1969, E.B. Mpemba, D.G. Osborne.
[20] The freezing of hot and cold water, American Journal of Physics, 37, 564, 1969,
G.S. Kell.
[21] Supercooling and the Mpemba effect: When hot water freezes quicker than cold,
American Journal of Physics, 63, 882, 1995, D. Auerbach.
[22] The Mpemba effect: When can hot water freeze faster than cold?, American
Journal of Physics, 74, 514, 2006, M. Jeng.
[23] When hot water freezes before cold, American Journal of Physics, 77, 27, 2009,
J.I. Katz.
[24] Can natural convection alone explain the Mpemba effect?, International Journal
of Heat and Mass Transfer, 80, 243, 2015, M. Vynnycky, S. Kimura.
[25] Nonequilibrium thermodynamics of the Markovian Mpemba effect and its
inverse, Proceedings of the National Academy of Sciences, 114, 5083, 2017, Z. Lu, O.
Raz.
[26] When the hotter cools more quickly: Mpemba effect in granular fluids, Physical
Review Letters, 119, 148001, 2017, A. Lasanta, F. Vega Reyes, A. Prados, A. Santos.
[27] Exponentially faster cooling in a colloidal system, Nature, 584, 64, 2020, A.
Kumar, J. Bechhoefer.
[28] Exponentially accelerated approach to stationarity in Markovian open quantum
systems through the Mpemba effect, Physical Review Letters, 127, 060401, 2021, F.
Carollo, A. Lasanta, I. Lesanovsky.
[29] Quantum Mpemba effect in a quantum dot with reservoirs, Physical Review
Letters, 131, 080402, 2023, A.K. Chatterjee, S. Takada, H. Hayakawa.
[30] Multiple quantum Mpemba effect: Exceptional points and oscillations, Physical
Review A, 110, 022213, 2024, A.K. Chatterjee, S. Takada, H. Hayakawa.
[31] Thermodynamics of the quantum Mpemba effect, Physical Review Letters, 133,
140404, 2024, M. Moroder, O. Culhane, K. Zawadzki, J. Goold.
[32] Mpemba effects in nonequilibrium open quantum systems, Physical Review
Research, 6, 033330, 2024, X. Wang, J. Wang.
[33] Mpemba effects in open nonequilibrium quantum systems, Physical Review
Letters, 133, 136302, 2024, A. Nava, R. Egger.
[34] Inverse Mpemba effect demonstrated on a single trapped ion qubit, Physical
Review Letters, 133, 010403, 2024, S. Aharony Shapira, Y. Shapira, J. Markov, G.
Teza, N. Akerman, O. Raz, R. Ozeri.
[35] Non-Markovian quantum Mpemba effect, Physical Review Letters, 134, 220403,
2025, D.J. Strachan, A. Purkayastha, S.R. Clark.
[36] Thermomajorization Mpemba effect, Physical Review Letters, 134, 107101, 2025,
T. Van Vu, H. Hayakawa.
[37] Observation of quantum strong Mpemba effect, Nature Communications, 16, 301,
2025, J. Zhang, G. Xia, C.-W. Wu, T. Chen, Q. Zhang, Y. Xie, W.-B. Su, W. Wu,
C.-W. Qiu, P.-X. Chen, W. Li, H. Jing, Y.-L. Zhou.



[38] Accelerating quantum relaxation via temporary reset: A Mpemba-inspired
approach, Physical Review Letters, 135, 150403, 2025, R. Bao, Z. Hou.
[39] Microscopic origin of the quantum Mpemba effect in integrable systems,
Physical Review Letters, 133, 010401, 2024, C. Rylands, K. Klobas, F. Ares, P.
Calabrese, S. Murciano, B. Bertini.
[40] Observing the quantum Mpemba effect in quantum simulations, Physical Review
Letters, 133, 010402, 2024, L.K. Joshi, J. Franke, A. Rath, F. Ares, S. Murciano, F.
Kranzl, R. Blatt, P. Zoller, B. Vermersch, P. Calabrese, C.F. Roos, M.K. Joshi.
[41] Entanglement asymmetry and quantum Mpemba effect in the XY spin chain,
Journal of Statistical Mechanics: Theory and Experiment, 2024, 013103, 2024, S.
Murciano, F. Ares, I. Klich, P. Calabrese.
[42] Quantum Mpemba effect in random circuits, Physical Review Letters, 135,
040403, 2025, X. Turkeshi, P. Calabrese, A. De Luca.
[43] The quantum Mpemba effects, Nature Reviews Physics, 7, 451, 2025, F. Ares, P.
Calabrese, S. Murciano.
[44] Resource-theoretical unification of Mpemba effects: Classical and quantum,
Physical Review X, 16, 011065, 2026, A. Summer, M. Moroder, L.P. Bettmann, X.
Turkeshi, I. Marvian, J. Goold.
[45] Imaginary-time Mpemba effect in quantum many-body systems, Physical Review
Letters, 136, 100403, 2026, W.-X. Chang, S. Yin, S.-X. Zhang, Z.-X. Li.
[46] Quantum Pontus-Mpemba effects in real and imaginary-time dynamics, arXiv
preprint, arXiv:2509.01960, 2025, H. Yu, J. Hu, S.-X. Zhang.
[47] Role of Riemannian geometry in double-bracket quantum imaginary-time
evolution, Geometric Science of Information (Springer), 105-114, 2026, R. Zander, R.
Seidel, L. Xiaoyue, M. Gluza.
[48] Improved approximation algorithms for bounded-degree local Hamiltonians,
Physical Review Letters, 127, 250502, 2021, A. Anshu, D. Gosset, K.J. Morenz Korol,
M. Soleimanifar.
[49] Dynamical systems that sort lists, diagonalize matrices, and solve linear
programming problems, Linear Algebra and its Applications, 146, 79, 1991, R.
Brockett.
[50] Optimization and Dynamical Systems, Communications and Control
Engineering (Springer London), 1994, U. Helmke, J.B. Moore.
[51] Equating quantum imaginary time evolution, Riemannian gradient flows, and
stochastic implementations, arXiv preprint, arXiv:2504.06123, 2025, N.A. McMahon,
M. Pervez, C. Arenz.
[52] A fast quantum mechanical algorithm for database search, Proceedings of the
Twenty-Eighth Annual ACM Symposium on Theory of Computing (STOC ’96),
212-219, 1996, L.K. Grover.
[53] Strengths and weaknesses of quantum computing, SIAM Journal on Computing,
26, 1510, 1997, C.H. Bennett, E. Bernstein, G. Brassard, U. Vazirani.
[54] Grover’s quantum searching algorithm is optimal, Physical Review A, 60, 2746,
1999, C. Zalka.



KEYWORDS
Imaginary-time evolution, Mpemba effect, Ground state preparation, Population ratio,
Finite-time crossing


	327
	1774845981-Abstract-YunhaoLu
	1775083083-Sen_MU_Abstract
	1775708932-OCPA10_Abstract_CS_Shen
	1775736311--1
	1775745492-Abstract-OCPA-Sigapore-2026-Xi-Wen-Guan
	1776079878-2026OCPA10AbstractRQZhang
	1776126315-AbstractTemplate
	1776133954-ocpa_abstract_ji_feng
	1776141070-Abstract
	1776180326-Abstract
	1776243915-OCPA___Abstract
	1776265856-AbstractTemplate-xgao
	1776847577-Abstract
	1777259824-MANANNANOCPAAbstract
	1777280618-Xue_Jia_YuEIT_Abstract
	1777353130-OCPA26-Abstract
	1777450347-Abstract
	1778408561-Abstract_SHWei
	1778727866-AbstractTemplate_updated
	1778746272-Abstract_Yumeng_Zeng



