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Forewords

It is our great pleasure to welcome you to Milan for the 23rd International Conference on
Recent Progress in Many-Body Theories. The RPMBT series began in Trieste in 1978, and
this meeting marks its return to Italy for the first time in forty-eight years. We are honoured
to host a conference with such a long and distinguished history, and we hope that Milan
will provide a welcoming setting in which to continue its tradition of scientific exchange
and collaboration.

Over nearly five decades, many-body theory has grown remarkably in both scope and
reach. Advances in analytical methods and computational power have opened new
directions across many areas of physics, while machine learning, artificial intelligence,
and quantum technologies are becoming increasingly important parts of our scientific
landscape. These developments bring new opportunities, but also new questions and
challenges for our community.

With this in mind, RPMBT-23 was preceded by a satellite School on Quantum Simulation.
The School offered advanced training designed to guide participants through the full
process of simulating many-body Schrédinger dynamics on quantum hardware, from the
theoretical formulation to practical implementation. Its lectures and hands-on sessions
brought together 69 students and early-career researchers, some from the local
community and many from abroad. Their enthusiasm, curiosity, and willingness to engage
made the School a particularly rewarding experience. We are grateful to the lecturers and
to everyone who contributed to its success, and we hope that it provided the participants
with useful tools and new perspectives for their future work.

A cherished tradition of the RPMBT series is the presentation of the Eugene Feenberg
Memorial Medal and the Hermann Kimmel Early Achievement Award. The distinction
associated with the Feenberg Medal is reflected in the remarkable record of its recipients:
Walter Kohn and Anthony Leggett received the medal before later being awarded Nobel
Prizes. This year, the Feenberg Medal is jointly awarded to Matthew Fisher, Leonid
Glazman, and Charles Kane, “for transformative contributions to the many-body theory of
interacting electrons, establishing the modern understanding of one-dimensional
conductors, quantum Hall transport, and topological quantum phenomena.” The Kimmel
Early Achievement Award is presented to Tomohiro Soejima, “for the development of
novel forms of the Density Matrix Renormalization Group and their use in discovering new
quantum phases.” We warmly congratulate all four awardees.

We received more than one hundred proposals for contributed presentations, of
consistently high quality. Selecting among them was a demanding task, and we sincerely
thank all those who submitted their work. The resulting programme comprises 57 oral
presentations and 52 posters, covering a broad and vibrant range of topics. We hope that
it will encourage lively discussions, unexpected connections, and lasting collaborations—
and that every participant will make the most of the scientific and personal opportunities
offered by RPMBT-23.

Finally, we gratefully acknowledge our many sponsors and supporting institutions.
Without their generous assistance, neither the School nor the Conference would have
been possible.

Thank you for joining us in Milan. We wish you an enjoyable, stimulating, and rewarding
RPMBT-23.

With best regards,
The Local Organizing Committee
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Recent progress in computational studies of the Hubbard model

Shiwei Zhang'

L Center for Computational Quantum Physics (CCQ)
Flatiron Institute

The Hubbard model is an iconic model in quantum many-body physics. Its properties have
proved highly challenging to determine, as they are often the outcome of a delicate balancing
act between multiple competing or co-existing tendencies. Robust predictions are difficult to
obtain. Recently, significant progress has been made via advances in computational methods, and
the combined use of complementary methods through collaborative efforts. I will share some
of the lessons learned and insights gained, and what these computations have revealed about
the properties of the Hubbard model. I will highlight how, together with exciting experimental
progress in neutral atom quantum simulations, this presents us with unique opportunities for
a new level of synergy to address a variety of long-standing questions in quantum matter. [
will also discuss how the methodological advances generalize to realistic correlated materials in
condensed matter, transition metal quantum chemistry, and beyond.

Mon, 9:45 VA



Mon, 10:15

Tensor network simulation of quantum scattering
in D > 1 spatial dimensions

Thomas Barthel

National Quantum Laboratory, University of Maryland, College Park, MD 20742, USA
Department of Physics, University of Maryland, College Park, MD 20742, USA
Department of Physics and DQC, Duke University, Durham, NC 27708, USA

Tensor network states are an indispensable tool for the simulation of strongly correlated quantum
many-body systems. In recent years, tree tensor network states (TTNS) have been successfully
used for two-dimensional systems and to benchmark quantum simulation approaches for con-
densed matter, nuclear, and particle physics. In comparison to the more traditional approach
based on matrix product states (MPS), the graph distance of physical degrees of freedom can be
drastically reduced in TTNS. In extension of corresponding results for MPS [1, 2], I will show
how to bound TTNS approximation errors using Rényi entanglement entropies of the target state.
Conversely, one obtains bounds on tensor-network bond dimensions needed to achieve a specific
approximation accuracy [3]. Surprisingly, it turns out that, for large systems in D > 1 spatial
dimensions, MPS simulations of low-energy states are more efficient than TTNS simulations.
We will discuss the scaling of computational costs for different boundary conditions under the
assumption that the system obeys an entanglement (log-)area law, implying that bond dimensions
scale exponentially in the surface area of the associated subsystems [4]. The ultimate goal of this
project is the investigation of quantum scattering events. I will discuss corresponding results for
lattice gauge theories and comment on the use of helical boundary conditions as well as a novel
gauge-fixing scheme for the tensor-network excitation ansatz.

[1] F. Verstraete and J. I. Cirac, Matrix product states represent ground states faithfully, Phys. Rev. B 73, 094423
(2006).

[2] N. Schuch, M. M. Wolf, F. Verstraete, and J. 1. Cirac, Entropy scaling and simulability by matrix product states,
Phys. Rev. Lett. 100, 030504 (2008).

[3] T. Barthel, Tree tensor network states represent low-energy states faithfully, arXiv:2512.20215 (2025).

[4] T. Barthel, Cost scaling of MPS and TTNS simulations for 2D and 3D systems with area-law entanglement,
arXiv:2601.08132 (2026).


https://doi.org/10.1103/PhysRevB.73.094423
https://doi.org/10.1103/PhysRevB.73.094423
https://doi.org/10.1103/PhysRevLett.100.030504
http://arxiv.org/abs/2512.20215
http://arxiv.org/abs/2601.08132

Ground state search and real-time evolution
with variational finite Projected Entangled-Pair States

M. Rizzi'?, et al.

U Institute of Theoretical Physics, University of Cologne, Germany
2 Institute for Quantum Control (PGI-8), Forschungszentrum Jiilich GmbH, Germany

Projected entangled pair states (PEPS) on finite two-dimensional lattices are a natural ansatz
for representing ground states of local many-body Hamiltonians, as they inherently satisfy the
boundary law of entanglement entropy. Here, we propose the optimization of PEPS via an
improved formulation of the time-dependent variational principle (TDVP), namely the minimum-
step stochastic-reconfguration (minSR) scheme recently introduced for neural quantum states [[1].
We further discuss possible numerical issues that might arise in such a sampling-based approach,
including an entanglement phase transition for random PEPS. To demonstrate the power of the
framework, we apply it to frustrated models giving rise to notoriously challenging chiral spin
liquids. We also exhibit our approach’s capability to naturally handle long-range interactions
without truncation by exploring the phase diagram of Rydberg atom arrays and dipolar systems.
Additionally, we demonstrate the feasibility of reduced basis surrogate methods, which allow for
faithful reconstruction of the phase diagram out of a few PEPS snapshots. We also offer some
considerations about real-time evolution within the same framework, benchmarking it for the
non-equilibrium dynamics of the Ising model and comparing it to some recent works of ours via
Tree Tensor Networks [2]. Parallelized easy-to-use code is made available [3].
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Figure 1: (a): Vanishing local magnetization (m> < 10™*) and chiral spin current localized at the
edge for a J; — J, model enriched by cyclic permutation terms on the plaquettes (data are from
16 X 16 square lattice). (b): Local Rydberg excitation density on a (12 x 12 x 3) Kagome lattice
in the so-called staggered phase, and the corresponding structure factor.

[1] D. Alcalde Puente, E.L. Weerda, K. Schroder, M. Rizzi, Phys. Rev. B 111, 195120 (2025);

[2] W. Krinitsin, N. Tausendpfund, M. Rizzi, M. Heyl, M. Schmitt Phys. Rev. Lett. 134, 240402 (2025).

[3] D. Alcalde Puente, E.L. Weerda, K. Schroder, M. Rizzi, QuantumNaturalfPEPS jl (2025),
https://github.com/NeTeNeSyQuMa/QuantumNaturalfPEPS j1
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Entanglement and DMRG in the generalized Landau paradigm

F. Verstraete

'Cambridge, UK

Landau's paradigm teaches us to understand phases of matter in terms of symmetry breaking and
local order parameters. Quantum mechanics, however, allows for phases whose essential structure
is encoded in patterns of entanglement. I will discuss how DMRG and tensor networks provide a
natural computational framework for this generalized Landau paradigm. In one dimension, matrix
product states make the relation between entanglement, symmetry and efficient simulation
particularly transparent, allowing symmetry-breaking phases, symmetry-protected phases and
critical points to be treated within a common language. More generally, the success of DMRG can
itself be understood as a consequence of the restricted entanglement structure of physically relevant
quantum states. I will discuss how these ideas turn entanglement from a diagnostic into an
organizing principle for quantum matter, and what they suggest for extending DMRG beyond its
traditional setting.

Mon, 11:35 @y,



Topological transition to a “non-Landau” Fermi liquid in a two-channel spin-1
anisotropic Kondo model and its experimental relevance

A. A. Aligia'
!Instituto de Nanociencia y Nanotecnologia, CNEA-CONICET, Bariloche, Argentina

The Kondo problem is one of the paradigms of strongly correlated systems. A recent
realization consist of magnetic molecules on noble metal surfaces. We present a numerical-
renormalization group study of a spin-1 two-channel Kondo model with anisotropy D(S.)>. We
find a topological quantum phase transition in which the Kondo peak in the spectral density is
suddenly turned to a dip with increasing D (see figure below) [1]. For large D the system is in a
“non-Landau” Fermi liquid phase (i.e. with no adiabatic connection with a non-interacting
system). Extending the theory to non-equivalent orbitals and non-zero magnetic field we can
explain several relevant experiments in the system of Fe phthalocyanine on Au(111) [2]. The
model is also relevant for similar systems, like Mn phthalocyanine on Au(111) and nickelocene
on Cu(100) [3]. In the latter case, two types of behavior are observed, depending on the details
of the geometry of the absorption of the molecule, a continuous transition to the non-Landau
phase (which we can explain in terms of the effects of intermediate valence in the
corresponding Anderson impurity model) and an abrupt transition, which can be understood
form the effects of relaxation of the position of the molecule [4]. In addition, for Fe atoms on
MoS2/Au(111) three different behaviors depending on the spectral density of the substrate: one
dominated by a single ion anisotropy, one by the Kondo effect, and an intermediate one [5].
We show that the different behaviors can be explained in a unified fashion with our theory [6].
Other experiments and relation with other impurity models are discussed [7].
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[1] G. G. Blesio, L. O. Manuel, P. Roura-Bas, and A. A.
Aligia, Phys. Rev. B 98, 195435 (2018), Phys. Rev. B
100, 075434 (2019).

[2] R. Zitko, G. G. Blesio, L. O. Manuel, and A. A. Aligia,
Nature Commun. 12, 6027 (2021).

[3] M. Ormaza et al., Nature Commun. 8, 1974 (2017), M. Mohr et al., Phys. Rev. B 101, 075414 (2020).
[4] G. G. Blesio, R. Zitko, L. O. Manuel, and A. A. Aligia, SciPost Phys. 14, 042 (2023).

[5] Trishin et al., Phys. Rev. Lett. 127, 236801 (2021).

[6] G. G. Blesio and A. A. Aligia, Phys. Rev. B 108, 045113 (2023).

[7]1 G. Blesio, L. O. Manuel, and A. A. Aligia, Mater. Quantum Technol. 4, 042001 (2024).
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Recent Progress on Ultrafast Laser Physics
with Strongly Correlated Systems

Maciej Lewenstein'

VICFO-Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology,
Castelldefels (Barcelona) 08860, Spain

Ultrafast laser physics (ULP) has undergone spectacular developments and achievements in
recent years, crowned with the Nobel Prize for ultrastrong table-top lasers [1, 2], and attosecond
physics [3, 4, 5]. Only recently, however, have the methods and techniques of ULP begun to be
applied to the analysis of properties of strongly correlated quantum systems. In this report, we
review the efforts of the Quantum Optics theory Group in this field over the past few years.

The report covers three sub-areas: i) Applications of High Harmonic Generation (HHG) by
strong, ultrashort laser pulses to search for signatures of strong correlations and phase transitions
in correlated materials, like high 7, superconductors [6] and Charge Density Waves (CDW)
[7, 8]; ii) Applications of HHG to topological and strongly correlated 1D systems [9, 10, 11, 12];
iii) Laser induced phase transitions and state control in strongly correlated materials [13, 14, 15].

All of these sub-areas call for new progress in many-body theory, creatively mixing and combining
whatever is accessible in condensed matter and atomic physics, quantum optics, and quantum
information, from mean-field and pairing theories, to exact diagonalization, quantum Monte
Carlo, and tensor network methods.

] G. Mourou, Extreme light physics and application, Rev. Mod. Phys. 91, 030501 (2019).

] D. Strickland, Generating high-intensity ultrashort optical pulses, Rev. Mod. Phys. 91, 030502 (2019).

[3] A.LHuillier, The route to attosecond pulses, Rev. Mod. Phys. 96, 030503 (2024).

] F. Krausz, Sub-atomic motions, Rev. Mod. Phys. 96, 030502 (2024).

] P. Agostini, Genesis and applications of attosecond pulse trains, Rev. Mod. Phys. 96, 030501 (2024).
] J. Alcala et al., High-harmonic spectroscopy of quantum phase transitions in a high-7,. superconductor, Proc.

Nat. Acad. Sci. 119, 2207766119 (2022).

[7]1 I Tyulnev et al., High harmonic spectroscopy reveals anisotropy of the Mott to Charge-Density-Wave phase
transition in TiSe,, 6, 152 (2025).

[8] L.Zhang et al., Revealing the anisotropic charge-density-wave order of TiSe, through high harmonic generation,
Phys. Rev. B 112, 085147 (2025).

[9] N. Baldelli et al., Detecting Majorana Zero Modes via Strong Field Dynamics, ACS Omega 7, 47424 (2022).

[10] M.L. Bera et al., Topological phase detection through high-harmonic spectroscopy in extended Su-Schrieffer-
Heeger chains, Phys. Rev. B 108, 214104 (2023).

[11] M. Dziurawiec et al., Unraveling multifractality and mobility edges in quasiperiodic Aubry-André-Harper
chains through high-harmonic generation, Phys. Rev. B 110, 014209 (2024).

[12] M. Dziurawiec et al., High Harmonic Tracking of Ultrafast Electron Dynamics across the Mott to Charge
Density Wave Phase Transition, Phys. Rev. B 113, 075117 (2026).

[13] Ch. Brahms ef al., Decoupled few-femtosecond phase transitions in vanadium dioxide, Nature Comm. 16,
3714 (2024).

[14] L. Zhang et al., Tensor network study of the light-induced phase transitions in vanadium dioxide, npj Quantum
Materials 10, 32 (2025).

[15] M. Recasens et al., Chirped pulse control over the melting of superconductors, Phys. Rev. B 111, 064513

(2025).



Evidence for multimodal superfluidity of neutrons

Dean Lee'

'Michigan State University, US

I present theoretical and experimental evidence for a new phase of matter in neutron-rich systems
called multimodal superfluidity. Using ab initio lattice calculations, our team has shown that the
condensate consists of coexisting S-wave pairs, P-wave pairs, and quartets composed of bound
states of two S-wave pairs. We identify multimodal superfluidity as a general feature of two-
component fermionic systems with attractive S-wave and P-wave interactions, provided the system
is stable against collapse into a dense droplet. Beyond neutrons at sub-saturation densities, we
demonstrate that this phase appears in generalized attractive Hubbard models across 1D, 2D, and
3D. We elucidate the mechanism for this coexistence using self-consistent few-body Cooper models
and make comparisons and contrasts with standard Bardeen-Cooper-Schrieffer theory. Finally, we
analyze experimental data to show that P-wave pair gaps and quartet gaps are present in atomic
nuclei, and we discuss the consequences of this new phase for neutron star crusts and cooling.
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Green’s functions investigation of nuclear matter from low to high densities

Francesco Marino', Carlo Barbieri’>, Gianluca Colo>>, and Weiguang Jiang'.

U Institut fiir Kernphysik and PRISMA+ Cluster of Excellence, Johannes Gutenberg-Universitiit
Mainz, 55128 Mainz, Germany
2 Dipartimento di Fisica “Aldo Pontremoli”, Universita degli Studi di Milano, 20133 Milano,
Italy
3 INFN, Sezione di Milano, 20133 Milano, Italy

Infinite nuclear matter is subject to intense investigations, thanks to its key role in describing
neutron stars, its connections with the physics of finite nuclei (e.g., neutron skins and collective
electromagnetic excitations), and its similarity (at very low densities) with the unitary Fermi
gas [1, 2]. As nuclear matter is not directly observable, nuclear ab initio theory, which combines
sophisticated many-body techniques with realistic models of the nuclear interaction rooted in
QCD, is important to achieve accurate, unbiased predictions.

In this contribution, we exploit our recently developed Self-consistent Green’s functions (SCGF)
approach [3, 4] to provide a comprehensive picture of nuclear matter. We first summarize the key
features of our method [4], which is based on Gorkov superfluid theory, and show how its accuracy
can be enhanced by incorporating coupled-cluster amplitudes in the self-energy. We discuss
predictions for the equation of state (EOS) across densities and isospin asymmetries obtained
with modern chiral interactions, benchmarking our method [3, 5] and providing estimates of the
empirical parameters of the EOS around saturation.

Then, we exploit the unique capabilities of Gorkov SCGF to investigate the low-density region,
where neutron matter enters the superfluid regime [6]. We predict the EOS, momentum
distributions, spectral functions, and, crucially, pairing gaps consistently within the same
theoretical framework, and discuss the relevance of these results for our understanding of pairing
properties in both nuclear matter and finite nuclei.

[1] G. Burgio et al., Progress in Particle and Nuclear Physics 120, 103879 (2021).

[2] K. Chatziioannou et al., Neutron stars and the dense matter equation of state, Rev. Mod. Phys. 97, 045007
(2025).

F. Marino, W. G. Jiang, and S. J. Novario, Phys. Rev. C 110, 054322 (2024).

F. Marino, C. Barbieri, and G. Colo, arxiv:2601.03763 (2026) [PRC in press].

R. Hu, S. Jin, X. Zhen, H. Shang, J. Pei, F. Xu, and F. Marino, arxiv:2508.09252 (2026).

A. Sedrakian and J. W. Clark, Eur. Phys. J. A 55, 167 (2019).
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Time-ordered diagrammatic Monte Carlo and next generation emulators

Stefano Brolli'?, Carlo Barbieri'-?, and Enrico Vigezzi’

! Dipartimento di Fisica, Universita degli Studi di Milano, via Celoria 16, 1-20133 Milano, Italy
2INFN, Sezione di Milano, via Celoria 16, I-20133 Milano, Italy

Within ab initio nuclear physics, incorporating high-order diagrams in the many-body expansion
is becoming increasingly important, both to match the precision of next-generation interactions
and to achieve a unified description of nuclear structure and reactions. Methods capable of
accurately resolving these high-order correlations in nuclei can also be naturally extended to
atomic and molecular systems.

This presentation introduces a novel time-ordered diagrammatic Monte Carlo (TO-DiagMC)
algorithm for finite systems at zero temperature. TO-DiagMC builds on our benchmark studies
of the Richardson pairing model, which showed that diagrammatic Monte Carlo can outperform
standard many-body truncation schemes in finite systems [1]. We apply TO-DiagMC to 60
using a modern chiral interaction in a controlled model space [2]. By sampling time-ordered
diagrams directly, TO-DiagMC avoids costly frequency integrations, reduces the dimensionality
of the sampling space, and mitigates the sign problem. While existing approaches are typically
limited to third-order diagrams, TO-DiagMC enables calculations up to fifth order.

Combining TO-DiagMC with fast surrogate models enables applications requiring repeated
evaluations, such as uncertainty quantification and parameter optimization. I will introduce a
novel emulator based on parametric matrix models (PMMs) [3]. Unlike standard approaches,
PMMs are designed to learn the underlying equations of the system rather than simply interpolate
training data. I will present a test application to the Richardson model, demonstrating high
accuracy in reproducing the exact Green’s function together with robust extrapolation capabilities.
This framework opens the door to new methods for interaction optimization and uncertainty
quantification, with broad impact across nuclear physics.

Figure 1: Visual representation of a walker sampling the diagrammatic space.

[1] S. Brolli, C. Barbieri, and E. Vigezzi, Phys. Rev. Lett. 134, 182502 (2025).
[2] S. Brolli, C. Barbieri, Time-ordered Diagrammatic Monte Carlo for atomic nuclei, submitted to arXiv (2026).
[3] P. Cook, D. Jammooa, M. Hjorth-Jensen, et al., Nat. Commun. 16, 5929 (2025).
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Full configuration-interaction quantum Monte Carlo for ab initio nuclear
structure calculations

R. Z. Hu!

1School of Physics, and State Key Laboratory of Nuclear Physics and Technology, Peking
University, Beijing 100871, China

Quantifying high-order many-body correlations is essential for reliable ab initio predictions
of finite nuclei and nuclear matter. We present applications of full configuration-interaction

quantum Monte Carlo (FCIQMC) to both systems using chiral nuclear interactions [1, 2, 3].

By propagating signed walkers in imaginary time, FCIQMC samples the wave function in the
full determinant space of a chosen single-particle basis, without an excitation-rank truncation
or a fixed-node constraint. The initiator approximation and adaptive-shift correction enable
large-space calculations, with residual finite-walker bias assessed through systematic convergence
studies and infinite-walker extrapolations.

For finite nuclei, we compute ground-state energies and charge radii of *He, 8Be, '>C and 60
with the chiral two-nucleon interaction N2L00pt, achieving estimated sub-percent many-body

uncertainties. Replica sampling of reduced density matrices provides pure estimators for radii.

Benchmarks reproduce deterministic full configuration interaction results in small spaces, while
larger calculations access spaces beyond conventional no-core shell model. Comparisons with
coupled-cluster, in-medium similarity renormalization group and many-body perturbation theory
reveal the importance of high-order many-body correlations, particularly in clustering nucleus
8Be. We also demonstrate the extension of FCIQMC to nuclear spectroscopy through the
low-lying excited states calculations of °Li.

For nuclear matter, we calculate the equations of state of pure neutron matter and symmetric
nuclear matter using chiral two- and three-nucleon interactions. Comparisons in identical
model spaces show substantially stronger effects of high-order correlations in symmetric matter,
especially for harder interactions and increasing density, which impacts our understanding for
nuclear saturation. Together, these studies establish FCIQMC as an accurate benchmark for other
nuclear many-body methods and help disentangle many-body errors from deficiencies of nuclear
interactions.

R.Z. Hu et al., Phys. Rev. Lett. 137, 062503 (2026).
[2] R.Z.Hu, F.R. Xu, B. S. Hu and A. Alavi, arXiv:2606.22341 (2026).
R.Z. Hu, F. R. Xu, B. S. Hu and A. Alavi, arXiv:2607.05525 (2026).



A multichannel Dyson-equation approach to theoretical spectroscopy

Pina Romaniello'

'Laboratoire de Physique Théorique, Université de Toulouse

In this talk, we present the multichannel Dyson equation (MCDE) as an alternative to the standard
single-channel Dyson equation. [1, 2, 3, 4, 5] While the latter involves a single many-body
Green’s function, the MCDE employs a multichannel Green’s function in which two or more
many-body Green’s functions are coupled to describe a particular spectroscopy. For example, by
coupling the one-body and three-body Green’s functions, one can calculate direct and inverse
photoemission spectra. This coupling naturally places quasiparticles and satellites on an equal
footing and therefore allows accurate results to be obtained from relatively simple approximations
to the multichannel self-energy. We illustrate our approach by applying the MCDE to various
spectroscopies, as well as to models [2, 4, 6, 7] and real systems.[8, 9]

[1] G.Riva, T. Audinet, M. Vladaj, P. Romaniello, and J. A. Berger, SciPost Phys. 12, 093 (2022)

]

[2] G. Riva, P. Romaniello, and J. A. Berger, Phys. Rev. Lett. 131, 216401 (2023)

[3] G. Riva, P. Romaniello, and J. A. Berger, Phys. Rev. B 110, 115140 (2024)

[4] G. Riva, T. Fischer, S. Paggi, J. A. Berger, and P. Romaniello, Phys. Rev. B 111, 195133 (2025)

[5] P. Sellié, J. A. Berger, and . Romaniello, accepted in Phys. Rev. B (arXiv:2604.01085)

[6] S.Paggi,J. A. Berger, and P. Romaniello, J. Chem. Phys. 163, 154109 (2025)

[7] T. Demartini, J. A. Berger, G. Blanchon, T. Duguet, D. Lacroix, P. Romaniello, V. Soma, arXiv:2607.26609
(2026)

[8] P. Romaniello and J. A. Berger, arXiv:2603.27329 (2026)

[9] S. Paggi, J. A. Berger, and P. Romaniello, arXiv:2607.20070 (2026)
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Topological quantum phase transitions and collective excitations
in ultracold Fermi gases: Creating and detecting Weyl Bosons

Carlos A. R. Sa de Melo

Georgia Institute of Technology, Atlanta, GA, 30332, USA

Inspired by investigations of Dirac, Majorana and Weyl fermions in the context of particle,
condensed matter and atomic physics, we propose theoretical and experimental platforms to create
and detect massless helical boson modes that we call Weyl bosons, the bosonic cousins of Weyl
fermions [1, 2, 3]. We show that these exotic excitations arise naturally in one-dimensional
interacting Fermi gases, when spin-orbit coupling and Rabi fields are present, through the mixing of
charge and spin degrees of freedom [1, 2, 3]. We obtain the phase diagram of chemical potential
versus Rabi fields for given spin-orbit coupling and interactions, showing regions where zero, one
or two types of Weyl bosons exist. We find that, when two types of Weyl bosons emerge, they must
propagate with different velocities. Furthermore, we show that the disappearance of any Weyl
boson species is described by a topological quantum phase transition of the Lifshitz type, where the
velocity of the disappearing Weyl boson vanishes, and the velocity of the surviving Weyl boson
develops a cusp at the transition boundary. Lastly, to detect the existence of Weyl bosons, we
propose measurements of the dynamic structure factor tensor (charge-charge, charge-spin and spin-
spin), where the energy dispersions, spectral weights and helicities of the emergent Weyl bosons
may be experimentally extracted in ultracold Fermi systems such as °Li, “°K, 'Yb and ¥’Sr.

[1] “Beyond spin-charge separation: Helical modes and topological quantum phase transitions in
one-dimensional Fermi gases with spin-orbit and Rabi couplings”, Xiaoyong Zhang and C. A. R. Sa
de Melo, arXiv:2405.20255v1 [cond-mat.quant-gas] 30 May 2024. https://arxiv.org/abs/2405.20255

[2] “Effects of spin-orbit coupling and Rabi fields in Tomonaga-Luttinger liquids: current status and
open questions”, Xiaoyong Zhang and C. A. R. Sa de Melo, Comptes Rendus Physique, Vol. 26, p.
483-514 (2025). DOI: https://doi.org/10.5802/crphys.254

[3] “Creating and detecting Weyl bosons with ultracold Fermi atoms”, Xiaoyong Zhang and C. A.
R. S& de Melo, Phys. Rev. A 113, L011303 (2026). DOI: https://doi.org/10.1103/4dj8-6wbb
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Higher-order corrections to pairing in ultracold Fermi gases:
testing many-body methods for neutron matter

Michael Urban'

YIICLab, Université Paris-Saclay, Orsay, France

The technique of softened interactions, which can be treated in Hartree-Fock-Bogoliubov (HFB)
theory with perturbative corrections, has allowed for important progress in “ab-initio” nuclear
structure calculations and it has also been used to compute the equation of state of superfluid
neutron matter [1], which is relevant for the modeling of neutron stars. However, the density
dependence of the pairing gap in neutron matter is still very uncertain and it is difficult to be pinned
down from neutron-star observations. Since neutron matter has some analogies with ultracold
Fermi gases with negative scattering length, these experimentally well-studied systems provide a
valuable benchmark for the many-body approaches used in the modeling of neutron matter. I will
present a recent diagrammatic calculation of the pairing gap and the Hartree shift in ultracold
Fermi gases from the BCS regime to the unitary limit [2], using a low-momentum interaction
with a cutoff that is scaled with the Fermi momentum. Including up to third-order corrections
on top of HFB, not only the Gor’kov-Melik-Barkhudarov result for the weak-coupling limit is
recovered, but also leading corrections to it, e.g., from the effective mass and the quasiparticle
interaction. A reasonable agreement with experiment is obtained even near unitarity. This makes
us confident that it will be possible to obtain reliable predictions of the pairing gap in neutron
matter with this approach.

[1] V. Palaniappan, S. Ramanan, M. Urban, Phys. Rev. C 111, 035803 (2025).
[2] M. Urban, S. Ramanan, Phys. Rev. A accepted (2026), arxiv:2602.17420.



Non-orthogonal Quantum Eigensolvers for Strongly Correlated Systems
K. Birgitta Whaley (University of California, Berkeley, Berkeley, USA)

Non-orthogonal quantum eigensolvers provide an attractive path to accurate calculation of ground
and excited electronic states for strongly correlated molecular systems. These quantum algorithms
realize efficient computation of Hamiltonian and overlap matrix elements between non-
orthogonal ansatz states that incorporate both strong and weak correlation. Ansatz states
expressed by either generalized UCCSD circuits (NOQE), which can be prepared in polynomial
depth, or by orbital-rotated matrix product circuits (TNQE), which can be prepared in linear
depth, have been developed. The quantum computations are followed by classical post-processing
in which the generalized eigenvalue problem constructed from these matrix elements is solved to
yield both electronic states and energies. These quantum eigensolvers possess several advantages:
they have exponentially less cost than the best classical multi-reference subspace methods, have
been established as computationally hard to dequantize for strongly correlated systems, and they
are both variational and size consistent. Furthermore, the output states can be input to quantum
phase estimation algorithms to obtain even more accurate energies with guaranteed accuracy. I
shall summarize this non-orthogonal approach to quantum algorithms for molecular electronic
energies and states, outlining the costs of the various components, and discuss the feasibility of
applying this approach to challenging large-scale systems relevant to biocatalysis.
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A quantum-chemical accurate helium-benzene interaction potential

Adrian Del Maestro', Vasileios Maroulas’, and Konstantinos D. Vogiatzis*

' Department of Physics and Astronomy, University of Tennessee, Knoxville, TN, 37996, USA
2 Min. H. Kao Department of Electrical Engineering and Computer Science, University of
Tennessee, Knoxville, TN, 37996, USA
3 Department of Mathematics, University of Tennessee, Knoxville, TN, 37996, USA
4 Department of Chemistry, University of Tennessee, Knoxville, TN, 37996, USA

Light atoms such as helium adsorbed on atomically thin substrates provide a rich platform for
exploring exotic quantum many-body phenomena, owing to the highly tunable and atomic-scale
nature of their interactions. However, the emergent physics depends sensitively on the detailed
form of the adsorbate—adsorbent potential. To advance the development of accurate adsorption
interaction models for two-dimensional systems, we present a study of helium interacting with
a single benzene molecule. By combining high-level coupled-cluster calculations [CCSD(T)
at the complete-basis-set limit validated by CCSDT(Q)] with multi-fidelity Gaussian process
regression, we construct a new potential energy surface with sub-kelvin accuracy. Quantum
Monte Carlo simulations of helium clusters surrounding benzene at low temperature reveal
qualitative differences in solvation structure and configuration compared with existing model
potentials. We conclude by discussing the transferability of this approach to larger polycyclic
aromatic hydrocarbons.

*This research was primarily supported by the National Science Foundation Materials Research
Science and Engineering Center program through the UT Knoxville Center for Advanced
Materials and Manufacturing (DMR-2309083).
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Figure 1: A multifidelity Gaussian Process (MFGP) fit to high fidelity CCSD(T)/CBS data
leveraging low fidelity density functional theory results for the interaction potential between
helium and benzene along a low-symmetry cut in the z-direction.
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Sample-based quantum algorithms in quantum chemistry:
to ground states and beyond

Stefano Barison'?

YIBM Research Europe — Zurich, Sciumerstrasse 4, 8803 Riischlikon, Switzerland
2 Institute of Physics, Eidgendssische Technische Hochschule Ziirich (ETHZ), Zurich, Switzerland

Simulation of quantum physical systems is among the most compelling applications of quantum
computing devices. In particular, the electronic structure problem in chemistry presents challeng-
ing use cases already at the scale of roughly one hundred qubits. Several strategies have been
developed in recent years to simulate these systems on current quantum devices [1]. However,
these approaches have so far been limited to small systems, due to the long timescales required
for energy estimation and the depth of chemically motivated quantum circuits.

In this talk, I will present a class of hybrid quantum—classical algorithms that bypasses these limi-
tations and have enabled the largest quantum chemical simulations to date. First, I will introduce
the concept of subspace diagonalization and its quantum counterpart (Sample-based Quantum
Diagonalization, or SQD) illustrating how the approach has been combined with a self-consistent
error mitigation technique and high-performance computing (HPC) to scale simulations beyond
50 qubits [2]. I will then address the problem of preparing chemically motivated quantum
circuits for sample-based algorithms, introducing Sample-based Krylov Diagonalization (SKQD)
and Sample-based qDRIFT (SqDRIFT) [3, 4]. I will show how SqDRIFT enables practical
quantum chemical SQD calculations on current devices, presenting studies of the ground states
of hydrocarbons such as naphthalene and coronene, with active spaces of up to 48 qubits. Finally,
I will present the case of the half-Md&bius molecule, recently published in Science, in which
a carbon ring was engineered to exhibit a nontrivial—and previously unobserved—electronic
structure topology. SqDRIFT was used to validate the experimental measurements, with active
spaces of up to 46 electrons in 50 orbitals, corresponding to a total of 100 qubits [5, 6]. This work
marks a transition from proof-of-principle demonstrations toward practical quantum-enhanced
electronic structure calculations.

However, the study of ground states alone is not exhaustive, as many important chemical
phenomena involve processes such as light absorption and emission, as well as transitions
between electronic states. For this reason, I will dedicate the final part of my talk to exploring
opportunities for sample-based algorithms beyond ground-state studies. In particular, I will present
a workflow for tailoring quantum-selected subspaces to excited states based on quantum subspace
expansion [7], as well as a strategy for preparing subspaces for dynamics by implementing
short-time evolution operators on a quantum device [8].

[1
[2

] K. Bharti et al., Rev. Mod. Phys. 94, 015004 (2022)

] J. Robledo-Moreno et al., Science Advances 11, 25 (2025).

[3] J. Yuet al. arXiv:2501.09702 [quant-ph] (2025)

[4] S. Piccinelli, A. Baiardi, S. Barison ef al, arXiv:2508.02578 [quant-ph] (2025)

[5] I Roncevié, F. Paschke, Y. Gao, L. Lieske, L. A. Godde, S. Barison et al, Science 0, eaca3321 (2026)
[6] S. Piccinelli, S. Barison ef al, arXiv:2603.08696 [quant-ph] (2026)

[7] S. Barison, J. Robledo-Moreno, M. Motta, Quantum Science and Technology 10, 025034 (2025).

[8] A. Santini, S. Barison, F. Vicentini, arXiv:2510.24911 [quant-ph] (2025)
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Many-body theory of positron interactions in polyatomic molecules

Dermot G. Green*

Queen’s University Belfast, Northern Ireland, United Kingdom

Positrons have important use in materials science, medical imaging and astrophysics, in funda-
mental AMO physics (including via positronium and antihydrogen), and for novel molecular
spectroscopy. Proper interpretation of experiments and materials science techniques, and devel-
opment of antimatter-based technologies (traps, beams, medical imaging) rely on fundamental
understanding of positron interactions with atoms and molecules. These interactions are, however,
characterised by strong correlations. They have an overwhelming effect, and make the description
of positron-molecule interactions a challenging many-body problem. I will present the many-body
theory of positron-molecule interactions developed by my group at QUB [1]. It has been used
to e.g., provide the first accurate ab initio description of positron binding to molecules [1],
extended to positron scattering on molecules [2], annihilation y spectra [3], to predict new class
of positronically-bonded molecules [4], and understand trends in binding energies across families
of molecules [5]. I will also discuss recent computational developments, including successful
summation of the electron-positron ladder series via diagrammatic Monte Carlo. See Figure 1.
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Figure 1: Positron-molecule many-body theory [1]; (a) Dyson equation with positron-molecule
self energy comprised of GW @BSE term and infinite electron-positron and electron-hole ladder
series [1]. (b)—(e) examples of results: (b) the first accurate calculations of positron-molecule
binding energies [1]; (c) prediction of new class of positronically-bonded molecule [3]; (d)
diagrammatic Monte Carlo evaluation of the virtual-positronium ladder series for LiH [6]; (e)
positron bound state (red lobe) from new calculations on heterocyclic molecules [3].

* This work was funded by the European Research Council, grant numbers 804383 and 101170577.

1] J. Hofierka,. . ., and D. G. Green, Nature 606, 688 (2022).

] C. M. Rawlins,. . ., and D. G. Green, Phys. Rev. Lett. 130, 263001 (2023).

] S. K. Gregg, A. R. Swann and D. G. Green, arXiv:2502.12364, and others in preparation (2026).

] J. Cassidy.. . ., and D. G. Green, J. Chem. Phys. (Emerg. Inves. Spec. annual collection) 160, 084304 (2024).
] E. Arthur-Baidoo,. . ., and D. G. Green, Phys. Rev. A 109, 062801 (2024), and arXiv:2605.06926.
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Crossing the 12,000-atom barrier with heterogeneous quantum-classical
supercomputing: quantum chemistry of protein-ligand complexes

M. Motta '

'IBM Quantum, T.J. Watson Research Center, United States of America

Ab initio wavefunction methods provide accurate molecular simulations but
their computational scaling restricts applications to small systems. We develop
a workflow combining quantum embedding to decompose a molecule into frag-
ments with a heterogeneous quantum-classical (HQC) method to simulate frag-
ments. We sample fragment electronic configurations on two 156-qubit quan-
tum processors (ibm_cleveland, ibm_kobe), using up to 94 qubits, running
9,200 circuits for over 100 hours, collecting 1.3 - 10° measurement outcomes —
the most resource-intensive HQC computation for quantum chemistry to date.
We compute fragment wavefunctions via optimized subspace diagonalization
on two supercomputers (Fugaku, Miyabi-G), achieving 72.5% parallel efficiency
with scalable distributed linear algebra kernels. We simulate two protein-ligand
complexes spanning dispersion- and electrostatics-dominated regimes (11,608
and 12,635 atoms), demonstrate > 40x increase in system size and up to 210x
improvement in accuracy over the previous state-of-the-art, with HQC matching
coupled-cluster (CCSD) accuracy in fragment energies, and establish a scalable
pathway for systematically improvable biomolecular simulations.
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Redesigning Trotter Decomposition via Local Symmetry for 2D material

Naoki Negishi'?, Bo Yang>*

'Dipartimento di Fisica, Universita di Roma Tor Vergata, Rome, Italy
2INFN, Sezione di Roma Tor Vergata, Rome, Italy
3Graduate School of Information Science and Technology, The University of Tokyo, Tokyo, Japan
4LIP6, Sorbonne Université, Paris, France

Quantum dynamics simulations of many-body correlated systems, such as two-dimensional (2D)
spin lattices, remain a central and challenging topic in quantum physics. Trotter decomposition
is commonly used to approximate the time-evolution operator in digital quantum simulation, and
its performance depends critically on how the Hamiltonian is partitioned into tractable blocks.
Standard decomposition schemes typically rely on the direct commutativity of Hamiltonian terms
in a chosen operator representation, which can lead to large residual errors and deep quantum
circuits for complex and practically relevant many-body systems.

We address this fundamental bottleneck by introducing a new decomposition principle that
goes beyond commutativity, grouping Hamiltonian terms into local three-site clusters according
to the underlying SU(2) symmetry of the local dynamics. We show that the resulting three-site
generators fall into at most four SU(2) symmetry classes, each admitting an effective two-qubit
SU(4) representation with exact and efficient implementations [1]. By reducing the number
of clusters, this decomposition strategy substantially suppresses approximation errors and
implementation costs while preserving physical structures that are violated by commutativity-
based decompositions. We demonstrate the proposed method on several spin-lattice models,
where the reduced cluster structure can even realize a second-order product formula without
doubling the circuit depth. In particular, the method can be applied much more efficiently
to numerical simulations of two-dimensional frustrated spin systems, such as the Kagome
Heisenberg model, reducing both state infidelity and average spin-chirality bias compared with
conventional decomposition schemes. These results establish local symmetry as a flexible and
practical design principle for product-formula-based quantum simulation, opening a route toward
more accurate and hardware-efficient simulations of a broader class of many-body systems.

Figure 1: Scheme of an SU(2)-respecting triangular decomposition on a Kagome lattice.

[1] N. Negishi and B. Yang, "Beyond Commutativity: Redesigning Trotter Decomposition via Local Symmetry."
arXiv preprint arXiv:2605.16016 (2026).
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Complexity-driven ground state estimation
of quantum many-body systems

S. Momme Hengstenberg! and Caroline E. P. Robin'?

YFakultdt fiir Physik, Universitdit Bielefeld, D-33615, Bielefeld, Germany
2GSI Helmholtzzentrum fiir Schwerionenforschung, Planckstrafie 1, 64291 Darmstadt, Germany

Understanding which quantum states can be efficiently represented and simulated classically is

essential for advancing both fundamental physics and the development of quantum technologies.

In this work, we want to leverage knowledge about the complexity of quantum many-body systems
to estimate ground states using an efficient balance between quantum and classical resources [1].

We characterize the quantum complexity of ground states through entanglement (e.g., n-tangles),
non-stabilizerness (e.g., Stabilizer Rényi entropies, non-local magic), and non-Gaussianity (e.g.,
fermionic anti-flatness) to illuminate how quantum resources behave throughout the system.

All these measures are not only interesting to improve quantum-classical workflows but can be
connected to the phase diagram of the Agassi model that we use as a benchmark. The three
different phases (spherical, deformed, and superfluid) make the Agassi model interesting for
various areas of physics such as Nuclear and Subnuclear Physics, Condensed Matter Physics and
Strongly Correlated Electronic Systems.

Finally, using the techniques developed in [2] we show that (superpositions of) stabilizer ground
states describe the ground state of the Agassi model with high fidelity. This allows more efficient
simulations of quantum systems by exploiting knowledge about their the quantum complexity,
and constitutes a step towards exploring more complex systems.

[1] S. Momme Hengstenberg, Caroline E. P. Robin, in prep.
[2] Caroline E. P. Robin, Phys. Rev. A 112, 052408 (2025).
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Quantum Computing and Neural Quantum States
in Nuclear Many-Body Theory

Arnau Rios!

Unstitute of Cosmos Sciences & Department of Quantum Physics
Astrophysics,
University of Barcelona

Ab initio nuclear theory has experienced remarkable progress in the last decade, enabling

microscopic predictions of nuclear structure and reaction dynamics across the isotopic chart [1].

However, solving the many-nucleon Schrodinger equation remains a fundamental challenge due
to both the complexity of the nuclear interaction and the exponential growth of the Hilbert space
with particle number. To overcome this wall, novel quantum-centric computational paradigms
are being developed with the potential to transform the nuclear many-body landscape.

In this talk, I will present recent advances in integrating quantum computing algorithms and
Neural Quantum States (NQS) into the ab initio framework [2]. Variational NQS representations
leverage deep neural network architectures to efficiently encode strongly correlated wave functions
with favorable scaling [3], providing a promising avenue towards medium-mass isotopes [4].

Concurrently, quantum algorithms offer direct pathways for simulating nuclear structure and
dynamics on noisy intermediate-scale quantum and early fault-tolerant devices [S]. T will highlight
recent algorithmic advances in this context, ranging from variational quantum eigensolvers [6, 7]
to real-time evolution protocols [8]. Finally, I will discuss how combining these quantum-oriented
approaches with established many-body techniques, such as Self-Consistent Green’s Function
(SCGF) theory, unlocks powerful hybrid strategies for evaluating spectral functions, response
functions, and open-shell systems [9].

] H. Hergert, Front. Phys. 8:379 (2022).
] J. Keeble, A. Rios, Phys. Lett. B 809, 135743 (2020).
] A. Lovato, G. Carleo, B. Fore, M. Hjorth-Jensen, J. Kim, A. Rios, N. Rocco, arxiv:2602.13826.
] B. Fore, J. Kim, A. Lovato, A. Tropiano, arXiv:2607.09223.
[5] E.F. Dumitrescu et al., Phys. Rev. Lett. 120, 21 (2018).
] A. Pérez-Obiol et al., Sci. Rep. 13 12291 (2023).
] M. Carrasco-Codina et al., Phys. Rev. C 113, 024332 (2026).
] E. Costa et al., SciPost Physics 19, 062 (2025).
] S. Aychet-Claisse, D. Lacroix, V. Soma, J. Zhang, Phys. Rev. C 113, 044324 (2026).



Insights into the physics of 2D correlated electrons from Neural Quantum States

Miguel A. Morales !

!Center for Computational Quantum Physics, Flatiron Institute, NY, DSA

In this talk, I will present an overview of the study of the modulated electron gas in 2 dimensions
using Neural Quantum States. The work is based on the Multi-Planewave Message-Passing Neural
Quantum State (MP?NQS), an accurate wavefunction ansatz designed for real-space quantum
Monte Carlo simulations. MP2NQS integrates a traditional Slater-Jastrow-Backflow wavefunction
with a powerful message-passing graph neural network architecture for both Jastrow and Backflow
functions, alongside aggressive orbital optimization in a plane-wave basis. This powerful approach
achieves ground-state accuracy for the electron gas that rivals, and usually surpasses, state-of-the-
art diffusion quantum Monte Carlo (DMC) calculations. By performing orbital optimization in the
presence of an accurate description of electron correlation, the approach can successfully locate
phase transitions with little human input.

Using this ansatz, we have re-investigated the homogeneous 2D electron gas, achieving consistent
improvements over prior DMC results. Notably, we identify the fluid-to-Wigner crystal phase
transition at a critical density defined by rs~37+1, lower than previously reported. More
importantly, our results uncover pronounced short-range nematic spin correlations across a wide
density range in the fluid phase. I will also discuss recent applications to Moiré continuum
Hamiltonians modeling transition metal dichalcogenide (TMD) bilayers. These studies examine the
effects of Moiré potential depth, gate screening, hole doping and external magnetic fields on
ground-state properties, offering new insights into correlated phases in these systems. Finally, I will
present a study of the influence of impurities on the properties of the electron gas, illustrating a
strong interplay between disorder and electron localization.
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Electron quasicrystal in semiconductor quantum wells:
an Al-powered discovery

Filippo Gaggioli!, Pierre-Antoine Graham', and Liang Fu!

'Department of Physics, Massachusetts Institute of Technology, Cambridge,
MA-02139, USA

The homogeneous electron gas is a cornerstone of quantum condensed matter physics, providing
the foundation for developing density functional theory and understanding electronic phases
in semiconductors. However, theoretical understanding of strongly-correlated electrons in
realistic semiconductor systems remains limited. In this work, we develop a neural network based
variational approach to study quantum wells in three dimensional geometry for a variety of electron
densities and well thicknesses. Starting from first principles, our unbiased Al-powered method
reveals metallic and crystalline phases with both monolayer and bilayer charge distributions. In
the emergent bilayer, we discover a new quantum phase of matter: the electron quasicrystal.

0 50 «/as

Figure 1: Bilayer (quasi-)crystal: Square (a), honeycomb (/) and quasicrystal (¢) bilayer. The
commensurate stackings (a) and () can be understood from minimizing the intra-layer and
inter-layer Coulomb repulsion. The electronic quasicrystal, on the other hand, does not have a
classical analogue and is stabilized purely by quantum fluctuations, via the zero-point energy
contribution of its extensive low-lying excitations. The colored insets show the Bragg peaks of
the in-plane structure factor S(k). This highlights the twelve-fold rotational symmetry of the
quantum quasicrystal. Bottom panels represent the individual layers.

[1] F. Gaggioli, P.A. Graham, L. Fu, arXiv:2512.10909 (2025).
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In search of systematically improvable models for correlated electron
materials

Lucas K. Wagner! and collaborators

YUniversity of Illinois Urbana-Champaign

We, among others in the field, have recently developed the capability to variationally optimize
strongly correlated wave functions for excited states using an extension of variational Monte
Carlo. For many systems, these calculations represent the limit of what is currently possible in

finding the many-body eigenstates of the ab initio Hamiltonian of explicit electrons and nuclei.

What is new is not only that we can compute these states, but that they are accurate enough to
serve as a reference against which the standard model-building machinery can be tested. For
the first time this lets us ask a question usually left implicit: how faithful are the Hubbard-like
models we build for these materials to the ab initio physics they are meant to represent? I will
address this at 3 levels:

Correlated electron excited states. Using the ensemble variational principle recently developed
in our group.[?], we assess the importance of determinant expansions, orbital optimization, and
correlation factors, optimizing tens of thousands of parameters for systems of a few hundred
electrons. We find that the relative importance varies significantly from system to system; in
some systems orbital optimization can be "worth" hundreds or thousands of determinants.

Effective models: evaluation of embedding techniques. With access to many-body ground
and excited states, we have investigated the most common way of treating strongly correlated
materials: embedding in a mean-field to treat the strongly correlated part separately, in particular
density functional theory with constrained RPA (DFT+cRPA) as the standard method. In model
systems such as vanadocene[?] and transition metal defects[?], we find that often the underlying
density functional theory calculation limits the accuracy in a non-systematic way. In particular
the orbitals used to define the correlated subspace heavily affect the accuracy.

Effecive models: derivation from many-body states. Time remaining, I will cover the idea
of using the many-body states directly as a base to derive models. We have explored a few
methods to do this. The most rigorous we call renormalized density matrix downfolding,[?]
which attempts to find the best renormalized model of a given class to reproduce the dynamics of
the ab initio data. We are also currently exploring more efficient but less rigorous methods using

accurate wave functions, which may be presented.
[1] Yueqing Chang, Erik G. C. P. van Loon, Brandon Eskridge, Brian Busemeyer, Miguel A. Morales,

Cyrus E. Dreyer, Andrew J. Millis, Shiwei Zhang, Tim O. Wehling, Lucas K. Wagner, and Malte
Rosner. Downfolding from ab initio to interacting model Hamiltonians: Comprehensive analysis and
benchmarking of the DFT+cRPA approach. npj Computational Materials, 10(1):1-12, June 2024.

[2] Kevin G. Kleiner, Sonali Joshi, Woncheol Lee, Alexander Hampel, Malte Rosner, Cyrus E. Dreyer,
and Lucas K. Wagner. Quantum Monte Carlo assessment of embedding for a strongly-correlated
defect: Interplay between mean-field and interactions, May 2025.

[3] William A. Wheeler, Kevin G. Kleiner, and Lucas K. Wagner. Ensemble variational Monte Carlo
for optimization of correlated excited state wave functions. Electronic Structure, 6(2):025001, April
2024.



Role of impurity statistics and constraints on the medium response in polaron-
polaron interactions

Jesper Levinsen !, Francesca Maria Marchetti? , Olivier Bleu I* and Meera M. Parish !

ISchool of Physics and Astronomy, Monash University, Melbourne, Australia
2 Departamento de Fisica Teorica de la Materia Condensada, Universidad Auténoma de Madrid,
Madrid, Spain
2 Institut fiir Theoretische Physik, Universitit Heidelberg, Heidelberg, Germany

We consider the behavior of a small density of mobile impurities (polarons) immersed in a quantum
gas, a generic scenario that can be realized in cold atomic gases, liquid helium mixtures and doped
semiconductors. We present a unified theoretical framework for understanding polaron quasi-
particles beyond the single-impurity limit, and we identify two key factors that control the polaron-
polaron interactions: (i) the statistics of the impurities, including whether or not they are degenerate,
and (ii) the constraints on the medium response, i.e., whether the medium density or chemical
potential is held fixed. By constructing wave functions for two bosonic, fermionic, or
distinguishable impurities immersed in a Bose or Fermi gas, we derive rigorous results for the
polaron interactions in the limit of weak impurity-medium interactions. We furthermore obtain an
exact relationship between the polaron interactions at fixed medium density and at fixed chemical
potential, a result which is valid for arbitrary interaction strength. Our work provides an important
guide for understanding experiments, and it acts as a starting point for future strong-coupling
theories of polaron interactions that capture all of the effects identified in this work.
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Figure 1: Sketch of the different constraints on the medium (blue particles): either its chemical
potential (a) or its density (b) is fixed. These can impact the strength of the interactions between
polarons.

[1]J. Levinsen, O. Bleu, M. M. Parish, Phys. Rev. Lett. 135, 113402 (2025)
[2] J. Levinsen, F. M. Marchetti, O. Bleu, M. M. Parish, arXiv:2512.01413
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Quantum droplets in a Bose-Fermi mixture

Sam Foster !, Olivier Bleu !, Jesper Levinsen ! and Meera M. Parish !

ISchool of Physics and Astronomy, Monash University, Melbourne, Australia
2 Institut fiir Theoretische Physik, Universitit Heidelberg, Heidelberg, Germany

We consider the canonical problem of a Fermi gas interacting with a weakly repulsive Bose-
Einstein condensate at zero temperature. To explore the quantum phases across the full range of
boson-fermion interactions, we construct a versatile variational ansatz that incorporates pair
correlations and correctly captures the different polaron limits. Remarkably, we find that self-bound
quantum droplets can exist in the strongly interacting regime, pre-empting the formation of boson-
fermion dimers, when the Fermi pressure is balanced by the resonant boson-fermion attraction. This
scenario can be achieved in experimentally available Bose-Fermi mixtures for a range of boson-
fermion mass ratios in the vicinity of equal masses. We furthermore show that a larger fermion
density instead yields phase separation between a Bose-Fermi mixture and excess fermions, as well
as behavior reminiscent of a liquid-gas critical point. Our results suggest that first-order quantum
phase transitions play a crucial role in the phase diagram of Bose-Fermi mixtures.

0 T @ T EF U T T
I Bose-Fermi ™. ]
2 B Mixture N
- Droplet ,
S 4l ]
2 | ?
< or .
Vacuum
3 - ]
L Q J
-8 L
i Dimer !
T ] I \/n—o| ‘ L J
-0.1 -0.05 0 0.05 0.1
app/agF

Figure 1: Phase diagram of a Bose-Fermi mixture as a function of boson chemical potential and
boson-fermion scattering length. The quantum droplet phase corresponds to coexistence between
mixture and vacuum, and occurs in the regime of strong interactions

[1] S. Foster, O. Bleu, J. Levinsen & M. M. Parish, arXiv:2601.12777
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Evolution of Kondo Resonance under Generalized Nonequilibrium Bath

Jong E. Han

Department of Physics, University at Buffalo, Buffalo, NY 14260, USA

Numerical renormalization group (NRG) is formulated for nonequilibrium steady state by convert-
ing finite-lattice many-body eigenstates into scattering states. Extension of the full-density-matrix
NRG for a biased Anderson impurity model, simplified by using the original orbital basis of the
Hamiltonian, enables detailed studies of the sub-Kondo spectral evolution in the zero-temperature
limit, confirming the double-resonance structure emerging at bias V equal to the Kondo energy
scale Tx. The distribution shows distinct multiscale spectral features of population inversion at
energy w below the Kondo scale (w < Tk) and very strong nonequilibrium excitations at energy
beyond the bias (w > V). The strong departure from the Fermi-Dirac distribution leads to the
local nonequilibrium temperature T, scaling as kpTioc ~ V for V > Tg. The current-voltage
relation at the low temperatures (T < Tx) in the strong Kondo regime [1]. We further extend
this formulation for an arbitrary non-thermal distribution function by transforming the baths to
fully-filled and fully-empty reservoirs, which will pave the way for an NRG-based nonequilibrium
dynamical mean-field theory for investigation of nonequilibrium in the lattice limit.

[1] J. E. Han, Phys. Rev. B 113, 045141 (2026).
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Quantum Monte Carlo and uncertainty quantification in nuclear systems

Alexandros Gezerlis'

'Department of Physics, University of Guelph, Guelph, Ontario NI1G 2W1, Canada

This talk will address a number of our recent works on first-principles studies of many-nucleon
systems (as well as extensions carried out after the present abstract was submitted). One such
line of research involves the propagation of theoretical uncertainties from the chiral nuclear
interaction all the way to the few- and many-nucleon level, using quantum Monte Carlo and
efficient emulators.[1] Another family of works addresses the novel statistical technique known
as conformal prediction, which we were the first to apply to nuclear physics [2] and are currently
extending to neutron-star equations of state. Finally, time permitting, I will also discuss our
ongoing studies of auxiliary-field quantum Monte Carlo for nuclear systems [3] or neural-network
wave functions [4].

[1] R. Curry, K. Hebeler, S. Gandolfi, A. Gezerlis, A. Schwenk, R. Somasundaram, and I. Tews, arXiv:2510.15860.
[2] H. Yousefi Dezdarani, R. Curry, and A. Gezerlis, Phys. Rev. C, 113, 014004 (2026).

[3] R. Curry, J. Kozar, A. Gezerlis, arXiv:2510.05233.
[4] P. Weng, A. Gezertlis, and J. Holt, arXiv:2505.11442.
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Revisiting the Equation-of-Motion Method:
A Universal Framework for Correlated Quantum Systems

A. Porro!-23

YCEA, DAM, DIF, 91297 Arpajon, France
2Technische Universitiit Darmstadt, Department of Physics, 64289 Darmstadt, Germany
3ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH,
64291 Darmstadt, Germany

The equation-of-motion (EOM) method is currently experiencing renewed interest across several
areas of quantum many-body physics, including quantum chemistry and quantum computing,
where recent implementations [1] have demonstrated significant improvements over configuration-
interaction-based approaches. In nuclear physics, where the method was originally introduced,
EOM techniques have long provided a powerful and versatile framework for the description of
excited states, enabling systematic extensions of the random phase approximation (RPA). In its
most general formulation, the EOM approach yields the normal modes of a quantum system
within a symplectic submanifold of the projective Hilbert space [2].

Despite this formal generality, practical implementations of the EOM method typically depend
strongly on the choice of reference ground state, often requiring tailored theoretical developments
for each specific many-body framework. This limits its flexibility and complicates its application
to modern correlated expansion methods.

In this work, we present a fully general formulation of the EOM method in which the operators
entering the secular equation are defined independently of the reference state. Within this
framework, the applicability of the method is reduced to the ability to evaluate ground-state
expectation values of many-body operators. Building on previous developments that express
moments of the strength function in terms of such expectation values [3], we construct a universal
approach to the nuclear response that is compatible with arbitrary correlated ground states, going
beyond the standard mean-field + RPA paradigm.

We demonstrate the impact of ground-state correlations by comparing response functions
obtained at the mean-field level with those computed using in-medium similarity renormalization
group (IMSRG) wavefunctions [4] in ab initio nuclear structure calculations based on chiral
Hamiltonians. These results highlight the quantitative and qualitative role of correlations in
shaping nuclear excitations.

[1] Ollitrault, Pauline J., et al. "Quantum equation of motion for computing molecular excitation energies on a
noisy quantum processor." Physical Review Research 2.4 (2020): 043140.

[2] Rowe, David J., A. Ryman, and G. Rosensteel. "Many-body quantum mechanics as a symplectic dynamical
system." Physical Review A 22.6 (1980): 2362.

[3] Porro, Andrea, Achim Schwenk, and Alexander Tichai. "Impact of ground-state correlations on the multipole
response of nuclei: Ab initio calculations of moment operators." Physical Review C 112.5 (2025): 054303.

[4] Tsukiyama, Koshiroh, S. K. Bogner, and A. Schwenk. "In-medium similarity renormalization group for nuclei."
Physical Review Letters 106.22 (2011): 222502.



Ab Initio Study of 7Li with Coupled Mass Partitions

Jakub Herko!, Petr Navratil 1.2, Konstantinos Kravvaris 3, Sofia Quaglioni 3,
and Guillaume Hupin 4

I(Presenting author underlined) TRIUMF, Vancouver, Canada
2 University of Victoria, Victoria, Canada
3 Lawrence Livermore National Laboratory, Livermore, USA
4 Universite Paris-Saclay, CNRS/IN2P3, IJCLab, Orsay, France

Lithium plays an important role in nuclear astrophysics, fusion energy generation, and nuclear
technology. From a theoretical point of view, the nucleus "Li presents a remarkable challenge, as its
bound states and resonances can be understood as being formed by a *He and *H pair, or
simultaneously, a single neutron/proton coupled to a °Li/*He core. In light of this complexity, a
consistent description of “Li bound-state and continuum properties in a unified model presents a
significant advancement towards a predictive theory of nuclear structure and reactions. Towards
achieving such a predictive description, we carried out calculations for 'Li within the ab initio no-
core shell model with continuum (NCSMC), which is capable of describing both bound and
scattering states in a unified framework, taking into account the mass/charge partitions “He + *H,
SLi + n, and *He + p in a single coupled-channels calculation, using chiral nuclear forces as input.
These calculations are the first ever application of the NCSMC with three coupled partitions. I will
show the effects of the coupling of the partitions on the spectrum of "Li and present cross sections
of charge-exchange and nucleon-transfer reactions, calculation of which is allowed by the coupling.
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Tackling the challenge of large model spaces

Lars Zurek'-?, Pepijn Demol’, Thomas Duguet*, Jean-Paul Ebran'-?, Mikael Frosini°,
Alexander Tichai®’-®, and Urban Vernik®’

YCEA, DAM, DIF, 91297 Arpajon, France
2Université Faris-Saclay, CEA, Laboratoire Matiére en Conditions Extrémes, 91680
Bruyeres-le-Chatel, France
3Université Libre de Bruxelles, Institut d’Astronomie et d’Astrophysique, 1050 Brussels, Belgium
4IRFU, CEA, Université Paris-Saclay, 91191 Gif-sur-Yvette, France
SCEA, DES, IRESNE, DER, SPRC, LEPh, 13108 Saint-Paul-lez-Durance, France
Technische Universitit Darmstadt, Department of Physics, 64289 Darmstadt, Germany
TExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH,

64291 Darmstadt, Germany

8 Max-Planck-Institut fiir Kernphysik, 69117 Heidelberg, Germany

The ab initio approach to nuclear structure allows us to describe atomic nuclei with controlled
and systematically improvable approximations. Applying it to nuclei that are at the same time
both heavy and open-shell is largely impossible with current many-body techniques. This is due
to the computational cost of handling huge dense tensors. I will show how some suprisingly
simple tricks may help us to tackle this hurdle [1]. These tricks are driven by the observation
that different contributions to ab initio calculations describe different physics. We leverage this
by using adapted model spaces. In addition, we use modern linear algebra methods to develop
dimensionality reduction techniques based on the singular value decomposition [2]. By avoiding
the construction of large many-body tensors in the first place, we are able to extend the reach of
ab initio calculations to nuclei where standard approaches would be too expensive to run.

[1] L. Zurek, P. Demol, U. Vernik, M. Frosini, A. Tichai, T. Duguet, in preparation (2026).
[2] M. Frosini, T. Duguet, P. Tamagno, Eur. Phys. J. A 60, 183 (2024).
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Exotic Superfluid Phases in Spin-Polarized Fermi Gases

E. Vitali!, P. Rosenberg?, and S. Zhang?

!Department of Physics, California State University Fresno, Fresno, USA
2 Center for Computational Quantum Physics, Flatiron Institute, New York, USA

Understanding exotic superfluid phases in imbalanced Fermi systems remains a central challenge in
quantum many-body physics, with important implications for ultracold atoms, unconventional
superconductivity, and quantum simulation. In this contribution, I will discuss recent advances in
both the characterization of exotic pairing states and the development of numerical methods capable
of describing them reliably.

Large-scale simulations of two-dimensional spin-polarized Fermi gases in optical lattices provide
compelling evidence for the stability of Fulde—Ferrell-Larkin-Ovchinnikov (FFLO) superfluid
phases in the regime of high density and small spin imbalance [1]. The analysis of spatial
correlation functions reveals nontrivial coexistence of pairing and density modulations, highlighting
the rich structure of the underlying broken symmetries.

To address such phases within a controlled computational framework, I will also present an
extension of auxiliary-field quantum Monte Carlo based on stochastic evolution in the manifold of
Hartree—-Fock—Bogoliubov wave functions [2]. By explicitly incorporating pairing correlations at
the mean-field level, this approach naturally accommodates finite-momentum pairing and more
general pairing mechanisms, enabling the computation of ground-state properties in strongly
interacting regimes that are difficult to access with conventional determinant-based methods.

Together, these results illustrate the interplay between emergent exotic order and algorithmic
innovation, and open new perspectives for the quantitative study of correlated fermionic matter.

[1] E. Vitali, P. Rosenberg, and S. Zhang, Phys. Rev. Lett. 128, 203201 (2022).
[2] E. Vitali, P. Rosenberg, and S. Zhang, J. Chem. Phys. 161, 134116 (2024).
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Kelvin-Helmholtz Instability in Fermionic Superfluids:
Numerical Approach

Michal Sliwiriski', Klejdja Xhani’, and Gabriel Wlazlowski'->

YFaculty of Physics, Warsaw University of Technology, Poland
2 Department of Applied Science and Technology, Politecnico di Torino, Italy
3 Department of Physics, University of Washington, USA

The Kelvin—Helmholtz instability (KHI) in superfluid systems with annular geometry has re-
cently attracted significant attention. While numerical studies based on Gross—Pitaevskii and
Zaremba—Nikuni—Griffin models have explained some of its dynamics, the inconsistency persists,
as evidenced by incorrect predictions of the instability’s growth rates [1, 2]. We employ the
SLDA framework [3] to simulate KHI in annular superfluid systems across interaction regimes
for temperatures 7 /Tc ~ 0.0 and 0.33, and compare the resulting dynamics and KHI growth rates
with existing theoretical models and experimental observations. We do not observe sensitivity
of the instability growth rate to the interaction regime (BCS vs UFQG), in contrast to experi-
mental findings. This discrepancy persists even when finite-temperature effects are included.
Additionally, systematic deviations from the Point-Vortex Model are identified for modes with
m/Aw € (0.6, 0.8), for which no clear mechanism has been established. In the deep BCS regime,
the dynamics change qualitatively: vortex proliferation at the inner edge of the ring dominates,
operating on shorter timescales than KHI and suppressing its development. Our results indicate
a discrepancy between experimentally observed interaction-dependent growth rates and their
numerically derived counterparts. Also, we reveal a competing instability mechanism in the BCS
regime. These findings highlight unresolved aspects of vortex dynamics in annular superfluids
and motivate further theoretical investigation.

[1] D. Herndndez-Rajkov, PhD thesis (2024).

[2] D. Hernandez-Rajkov, et al: Connecting shear flow and vortex array instabilities in annular atomic superfluids,
Nat. Phys., 20(6):939-944 (2024).

[3] G. Wlaztowski, P. Magierski, M. M. Forbes, A. Bulgac: W-SLDA Toolkit: A simulation platform for ultracold
Fermi gases (2026).
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Reproducible nucleation and control of stable quantum vortex rings in
Bose-Einstein condensates

Giorgia Iori', Klejdja Xhani?, Woo Jin Kwon!, Davide Emilio Galli!, and
Luca Galantucci’

! Dipartimento di Fisica “Aldo Pontremoli”, Universita degli Studi di Milano
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3 Istituto per le Applicazioni del Calcolo, Consiglio Nazionale delle Ricerche

We propose and numerically validate an experimentally feasible on—demand protocol for the

nucleation and manipulation of stable quantum vortex rings in trapped Bose—Einstein condensates.

The method relies on sweeping a laser—sheet barrier that locally constricts the superflow and
triggers vortex—ring formation by exceeding the critical relative velocity between the laser sheet
and the condensate atoms. By tuning the barrier height and width, and by scanning the barrier
velocity, we identify the onset of periodic generation of vortex rings achieve direct, deterministic
control over the ring nucleation position, radius, and hence propagation speed. After its formation,
ad-hoc optical potentials are applied to reshape the vortex ring, creating clean Kelvin—wave
excitations.

Our results provide a foundation for systematic studies of three-dimensional vortices in atomic
superfluids and open the door to tailored vortex dynamics and interactions, enabling controlled
access to quantum turbulence. Furthermore, recent evidence describes striking similarities
between quantum and classical turbulence [1], suggesting that turbulence, indipendently from its
intrinsic nature, may be depicted on the basis of collective and interactive dynamics of thin vortex
filaments of fixed circulation [2]: the study of controlled quantum vortex interactions could thus
lead to the enhancement of the understanding of the still open issues in classical turbulence. .

g > o0

g »00

Figure 1: Schematic rendering of generation and manipulation of quantum vortex rings in
Bose-Einstein Condensates

[1] L. Galantucci, J. Fluid Mech. 1022, F1 (2025).
[2] J. 1. Polanco, N. P. Muller and G. Krstulovic, Nat. Comms 12, 7090 (2021).
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Quantum dynamics at finite temperature with wavepackets:
The thermofield approach

Rocco Martinazzo' and Irene Burghardt®

'Department of Chemistry, Universita degli Studi di Milano, Via Golgi 19, 20133 Milano, Italy
2Institute of Physical and Theoretical Chemistry, Goethe University Frankfurt,
Max-von-Laue-Str. 7, 60438 Frankfurt, Germany

The description of finite-temperature quantum dynamics remains a major challenge in the

simulation of dissipative and nonadiabatic processes in molecular and condensed-phase systems.

In this talk, I will discuss wavepacket approaches to finite-temperature quantum dynamics based
on the thermofield formalism [1], which represents thermal mixed states as pure states in an
enlarged Hilbert space. This framework enables finite-temperature simulations using standard
wavefunction propagation techniques while retaining a fully quantum-mechanical description of
system and environment dynamics.

After introducing the purification of thermal bath states, I will discuss the role of thermal
Bogoliubov transformations in obtaining compact and computationally efficient wavefunction
representations, together with their implementations based on Multi-Layer Multi-Configuration

Time-Dependent Hartree wavepacket methods [2, 3] and their Gaussian-based variants [4, 5].

Applications will be presented for vibrational relaxation, decoherence, excitation-energy transfer,
and ultrafast chemical transformations in structured environments, including recent studies of
coherent-to-kinetic transitions in donor—acceptor systems [6] (Figure 1) and quantum dynamics at
conical intersections in solution [7, 8]. Finally, I will discuss recent extensions of the thermofield
framework to anharmonic environments and present simple applications highlighting the role of
anharmonicity in the dynamics.
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Figure 1: Ultrafast excitation-energy transfer in a non-Forster regime

[
[2

] Y. Takahashi, H. Umezawa, Collect. Phenom. 2 (1975) 55

] M. Beck, A. Jickle, G. Worth, H.-D.Meyer, Phys. Rep. 324, 1 (2000).

[3] H. Wang, M. Thoss, J. Chem. Phys. 119, (2003) 1289.

[4] I. Burghardt, H.-D. Meyer, L. S. Cederbaum, J. Chem. Phys. 111 (1999), 2927

[5] S. Romer, M. Ruckenbauer, I. Burghardt, J. Chem. Phys. 138 (2013) 064106.

[6] S.L.Choudhury, M. Horz, R. Hegger, R. Martinazzo, I. Burghardt, J. Phys. Chem. Lett. 17, 3117 (2026).
[71 B Btasiak, D Brey, R Martinazzo, [ Burghardt, J. Chem. Phys. 163, 124108 (2025); 163, 124109 (2025).
[8] B Btasiak, D Brey, R Martinazzo, [ Burghardt, J. Chem. Phys. 164, 044124 (2026).



Wavefunction optimization at the complete basis set limit
with Multiwavelets and DMRG

Martina Nibbi!, Luca Frediani’, Evgueni Dinvay?, and Christian B. Mendl'

U Technical University of Munich, School of CIT, Department of Computer Science,
Boltzmannstrafle 3, 85748 Garching, Germany
2 Hylleraas Centre, Department of Chemistry, UiT University of Tromsg, The Arctic University of
Norway, N-9037 Tromsgp, Norway

The Density Matrix Renormalization Group (DMRG) is a powerful numerical technique to solve
strongly correlated quantum systems [1]: it deals well with systems which are not dominated by
a single configuration and it converges rapidly to the full Configuration Interaction (FCI) limit.

In this work, we develop an algorithm that integrates DMRG within the Multiwavelet-based
Multiresolution Analysis (MRA) [2]. Unlike fixed basis sets, Multiwavelets offer an adaptive and
hierarchical representation of functions, approaching the complete basis set limit to a specified
precision. As a result, this combined technique leverages the multireference capability of DMRG
and the complete basis set limit of MRA and Multiwavelets. Specifically, we adopt a pre-existing
Lagrangian optimization algorithm for orbitals represented in the MRA domain [3] and improve
its computational efficiency by replacing the original CI calculations with DMRG [4].

Additionally, we substitute the reduced density matrices computation with the direct extraction of
energy gradients from the DMRG tensors. We apply our method to small systems such H;, He,
HeH,, BeH, and N,. The results demonstrate that our approach reduces the final energy while
keeping the number of orbitals low compared to FCI calculations on an atomic orbital basis set.
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Figure 1: (a) Our algorithm MRA+DMRG performs the orbital optimization via Multiwavelet-
based MRA, and optimizes the multireference wavefunction via DMRG. (b) While keeping the
number of orbitals fixed, MRA+DMRG reaches significantly lower energies compared to Hartree
Fock (HF), DMRG and FCI performed on atomic orbital basis sets.

[1]7 U. Schollwock, Ann. Phys. 326, 96 (2011).

[2] F. A. Bischoff, Advances in Quantum Chemistry, Vol. 79, Academic Press (2019).

[3] E.F. Valeev, R. J. Harrison, A. A. Holmes, C. C. Peterson, and D. A. Penchoff, J. Chem. Theory Comput. 19,
7230 (2023).

[4] M. Nibbi, L. Frediani, E. Dinvay, and C. B. Mendl, J. Phys. Chem. A 129 (2025)
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Predict, Probe, Reconstruct — Electron Correlation Across Scales: Beams,
Bands, and Galactic Chemical Evolution

Simone Taioli '

! European Centre for Theoretical Studies in Nuclear Physics and Related Areas (ECT*), Bruno
Kessler Foundation, Strada delle Tabarelle, 286, 38123 Trento, Italy

? Trento Institute for Fundamental Physics and Applications (TIFPA-INFN), Via Sommarive, 14,
38123 Trento, Italy

In this presentation, we introduce a general theoretical and computational framework that combines
ab initio and Monte Carlo methods to study the electronic, optical, and transport properties of
materials across different time and length scales [1,2]. Photon, electron, and ion beams are used as
probes to perturb the system, enabling investigation of its excitation spectrum and direct
comparison of simulations with experimental data.

Elastic and inelastic collisions are modelled from first principles by solving the many-body Dirac
equation and computing the macroscopic dielectric response using linear-response time-dependent
density functional theory. Inelastic processes include single-particle and collective excitations
(plasmons), electron—phonon interactions, ionisation, Auger emission, and secondary electron
generation.

The resulting scattering cross sections are incorporated into Monte Carlo simulations to track
electron cascade trajectories and model charge transport in solids. This approach reproduces
experimental Auger electron spectra (AES), reflection electron energy-loss spectra (REELS),
secondary electron spectra (SE), and total electron yield (TEY) across a wide range of materials.

Furthermore, 1 will demonstrate how our approach can be extended to solve the
Dirac—Hartree—Fock equation in many nucleon—electron systems for studying Big Bang and stellar
nucleosynthesis in astrophysical contexts.

Applications include cosmic radiation charging in the LISA mission [3], material growth [4], dose
deposition and DNA damage in hadron therapy [5], advanced imaging techniques such as atom
probe tomography with terahertz laser pulses [6], and beta-decay processes relevant to stellar and
Big Bang nucleosynthesis [7,8].

1) S Taioli, S Simonucci, L Calliari, M Dapor, Physics reports 493 (5), 237-319 (2010)

2) S Taioli, M Dapor, Surface Science Reports 80, 100646 (2025)

3) S Taiol et al., Classical and Quantum Gravity 40, 075001 (2023)

4) R Verucchi et al., Journal of the American Chemical Society 134 (42), 17400-17403 (2012)
5) S Taioli et al., The Journal of Physical Chemistry Letters 12 (1), 487-493 (2020)

6)_M De Tullio et al. Physical Review B 111 (4), 045428 (2025)

7) S Taioli et al., The Astrophysical Journal 933, 158 (2022)

8) S Taioli, F Triggiani, S Simonucci arXiv preprint arXiv:2601.12438 (2026)
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Novel forms of Density Matrix Renormalization Group theory
and the discovery of new quantum phases in two dimensional materials

Tomohiro Soejima (8] 58 )

Center for Computational Quantum Physics, Flatiron Institute,
162 5th Avenue, New York, NY 10010, USA

Center for Quantum Phenomena, Department of Physics, New York University,
726 Broadway, New York, New York 10003, USA

Two-dimensional materials provide highly tunable platforms for exploring strongly correlated
physics, but the sheer number of competing ground states means that uncovering the true physics
requires a careful combination of powerful techniques.

In this talk, I will first introduce cylinder Density Matrix Renormalization Group (DMRG),
combined with Matrix Product Operator compression, as a versatile method for resolving the
strongly correlated ground states of 2D materials. I will highlight how this approach has enabled us
to identify novel correlated phases of matter.

I will then focus on the effect of heterostrain in twisted bilayer graphene. Combining Hartree—Fock
calculations, DMRG ground-state searches, and an analysis of STM experiments, we find an
Incommensurate Kekulé Spiral (IKS) ground state characterized by spatially modulated symmetry-
breaking patterns.
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Single Impurity in a Luttinger Liquid and Beyond

Charles L. Kane

University of Pennsylvania

A dramatic consequence of electron interactions in one-dimensional conductors is the suppression
of transport at low energies due to a single weakly scattering impurity. The ‘single impurity
problem’ in a Luttinger liquid, which describes the crossover between the weak-backscattering
and weak-tunneling limits, provides a framework for understanding this phenomenon and is a
paradigm for a large class of quantum impurity problems described by boundary conformal field
theory. It is a problem that I have revisited several times throughout my career. In this talk, I will
review our early thinking about this problem, and discuss certain ‘intermediate fixed points’ that
arose in the theory of an impurity in a spinful Luttinger liquid. These intermediate fixed points
show up in a number of problems of more recent interest, including recent observations of the
three-channel Kondo effect in quantum dot devices, as well as theories of a point contact in a
quantum spin-Hall insulator and of a multi-channel Luttinger liquid-topological superconductor
junction.
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Nonlinear Luttinger Liquid

Leonid I. Glazman

Yale University

For many years, Luttinger liquid theory has served as a useful paradigm for describing one-
dimensional (1D) quantum fluids in the low-energy limit. This theory is based on a linearization
of the dispersion relation of the constituent particles. However, beyond the low-energy limit, the
nonlinearity of the dispersion relation becomes essential. Newly developed methods are capable
of tackling this nonlinearity, thus extending conventional Luttinger liquid theory. This new
nonlinear Luttinger liquid theory combines the phenomenology developed in the context of the
single-impurity problem in a conventional Luttinger liquid with perturbative Fermi liquid theory.
The new theory made it possible to uncover and fully characterize the threshold singularities
of various dynamic correlation functions, including the widely used energy- and momentum-
resolved dynamic structure factor and spectral function. It can be applied to a wide variety of
1D quantum fluids, from spin liquids to electrons in quantum wires and cold atoms confined by
1D traps. Moreover, nonlinear Luttinger liquid theory shows how dispersion nonlinearity leads
to finite lifetimes of excitations in one dimension. The theory has been successfully applied to
explain the results of several experiments with quantum wires and has motivated a number of
new experiments. The crossover between the low-temperature regime of a generic nonlinear
Luttinger liquid and the high-temperature regime described by the KPZ equation remains an
open and conceptually important question.



Edge state transport of Quantum Hall states

Matthew P.A. Fisher
UC Santa Barbara

Abstract

In a one-dimensional conductor, interactions between electrons destroy the free-fermion Fermi-
liquid description and generally lead to a Luttinger liquid. Observing clean Luttinger-liquid be-
havior in quantum wires is challenging, however, due to impurity scattering and localization. Re-
markably, quantum Hall edge states provide a particularly clean stting: right- and left-moving
modes reside on opposite edges of a Hall bar, strongly suppressing backscattering. For Laughlin
fractional quantum Hall states at filling ¥ = 1/m, these edge modes form a chiral Luttinger liquid
with a universal Luttinger parameter g = v. In this talk I will revisit theoretical developments
from the 1990’s that led to predictions of universal electrical and thermal conductance and noise in
quantum Hall edges, including disordered edges with multiple modes and both Abelian and non-
Abelian quantum Hall states. I will also discuss how a point contact between opposite edges can
reveal the underlying edge structure, most notably through the measurement of fractional charge
in shot-noise experiments. I will conclude by briefly discussing experiments and some remaining

open questions, particularly concerning the edge structure of non-Abelian quantum Hall states.
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Hadron-Hadron Interactions from Lattice QCD

Tetsuo Hatsuda

RIKEN iTHEMS
2-1, Hirosawa, Wako 351-0198, Japan

Abstract

Hadron—hadron interactions provide fundamental input for understanding hadronic and nuclear many-
body systems. I will review the current status of their first-principles determination from lattice QCD
using the HAL QCD method, which extracts energy-independent and nonlocal interaction potentials
from hadronic correlation functions. I will discuss the theoretical foundations of the method and its
recent applications to baryon—baryon, baryon—-meson, and meson—-meson interactions [1, 2].

References

[1T Y. Lyu, S. Aoki, T. Doi, T. Hatsuda, K. Murakami, and T. Sugiura, “Wave-function-based operator
optimization for two-hadron systems in lattice QCD,” Physical Review D, in press (2026), doi:10.1103/xypg-
12nz.

[2] T. Hatsuda, “Two-pion exchange paradigm in hadron-hadron interactions from lattice QCD,” Journal of
Subatomic Particles and Cosmology 5, 100341 (2026), doi:10.1016/j.jspc.2026.100341.
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Superconducting pairs dynamics in the two-dimensional Hubbard model

G. Sordi!, E. M. O’Callaghan', C. Walsh', M. Charlebois?, P. Sémon?, and A.-M. S.
Tremblay?
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The frequency structure of the superconducting correlations in cuprates provides insights into
the pairing mechanism. Here we analyse this problem in the two-dimensional Hubbard model
with cellular dynamical mean-field theory. We systematically quantify how the superconducting
gap, the frequency scales of d-wave pairing, and their relative contribution to pairing depend
on doping ¢ and interaction strength U. For all model parameters, we find that pair-forming
processes are confined to frequencies set by the superexchange interaction and are followed
by pair-breaking processes, ruling out both pair-forming and pair-breaking processes on the
scale of U. This indicates that at high frequencies, the effect of U is suppressed by the d-wave
paring, whereas at small frequencies, U generates the superexchange interaction, leading to
low-frequency pair-forming processes that provide the net contribution to pairing [1].

[1] G. Sordi, E. M. O’Callaghan, C. Walsh, M. Charlebois, P. Sémon, and A.-M. S. Tremblay, Dynamics of
superconducting pairs in the two-dimensional Hubbard model, arXiv:2512.01124 [Phys. Rev. Lett. (to be
published)].
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Ultradilute quasi-2D Bose-Bose liquid and droplets

L. Vranje$ Marki¢!, I. Popari¢'-?, K. Dzelalija!, P. Stipanovié¢!, and J. Boronat?

Y(Presenting author underlined) Faculty of Science, University of Split, Split, Croatia
2Departament de Fisica, Universitat Politécnica de Catalunya, Barcelona, Spain

We present the study of ultradilute Bose-Bose bulk mixtures and droplets in an external harmonic
potential that confines them in one spatial direction towards the two-dimensional (2D) limit,
extending and going beyond our earlier works [1, 2].

We focus on the mixture of two hyperfine states of >°K with attractive interspecies and repulsive
intraspecies interactions which we model with potentials that include information on s-wave
scattering length a and effective range r.g. Equations of state for several confinements are
obtained with Diffusion Monte Carlo method at 7=0. For several confinements we perform
the calculations using two different interaction potential models and determine the range of
confinements for which equations of state are universal in terms of a and 7.g.

Based on the quantum Monte Carlo (QMC) equation of state we develop a 2D QMC density
functional for each confinement strength and use it together with the local density approximation
to determine propeties of the self-bound drops, and to study the formation of vortices. We
compare 2D QMC functional results with the predictions we obtained using previously deter-
mined three dimensional (3D) QMC functionals [3] and 2D and 3D Lee—Huang—Yang (LHY)
functionals [4, 5]. For moderate squeezing, energies and droplet profiles obtained using 2D QMC
functional agree well with the profiles previously obtained using 3D functionals [1], while offering
a substantial reduction in computational cost, and a consistent approach in crossover to 2D. Our
results approach 2D mean-field + LHY theory predictions only for the most strongly confined
systems for which universality in terms of a and reg is observed, implying very narrow range of
confinements for which 2D LHY functionals are applicable. This has important consequences for
the study of vortices, which we demonstrate comparing 2D functional results with our previous
work [2].

[1] S. Ares, R. Barac, P. Stipanovié, L. Vranje§ Marki¢, J. Boronat, Phys. Rev. A 109 013313 (2024).
[2] I Popari¢, L. Vranjes$ Markicé, and J. Boronat, Phys. Rev. A, 112, 053317 (2025).

[3] V. Cikojevié, L. Vranjes Marki¢, and J. Boronat, New J. Phys. 22 053045 (2020).

[4] D.S. Petrov, Phys. Rev. Lett. 115, 155302 (2015).

[5] D.S. Petrov and G. E. Astrakharchik, Phys. Rev. Lett. 117, 100401 (2016).



Learning in the Quantum Universe

Hsin-Yuan Huang' >

YOratomic, Pasadena, CA 91106, USA
2Caltech, Pasadena, CA 91125, USA

In this talk, I will present our progress in building a rigorous theory to understand how scientists,
machines, and future quantum computers could learn models of our quantum universe.

The talk begins with an experimentally feasible procedure for converting a quantum many-body
system into a succinct classical description of the system, its classical shadow [1]. Classical
shadows can be applied to efficiently predict many properties of interest, including expectation
values of local observables and few-body correlation functions.

I will then build on the classical shadow formalism to answer two fundamental questions at the
intersection of machine learning and quantum physics: Can classical machines learn to solve
challenging problems in quantum physics [2]? And can quantum machines learn exponentially
faster and predict more accurately than classical machines [3]? The talk answers both questions
positively through mathematical analysis and experimental demonstrations.

[1] H.-Y. Huang, R. Kueng, J. Preskill, Nat. Phys. 16, 1050 (2020).
[2] H.-Y. Huang et al., Science 377, eabk3333 (2022).
[3] H.-Y. Huang et al., Science 376, 1182 (2022).
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Complexity of the many-body problem - entanglement and
beyond

Marcello Dalmonte -

! Abdus Salam International Centre for Theoretical Physics, Trieste, Italy
2 University of Bologna, Bologna, Italy

Synthetic quantum matter is revolutionizing the way we approach the many-body problem
- in particular, by demonstrating frameworks where concepts and methods from traditional
many-body theory conspire with ideas from quantum information and atomic physics. One
particularly interesting direction has been the relation between computational complexity,
and many-body properties. In this talk, | will review the historical origin of such a
connection, rooted in the context of tensor network states and entanglement, and present
a pair of fresh perspectives: sampling complexity and quantum magic. | will discuss their
experimental relevance, and discuss in detail recent progress on many-body magic,
utilizing examples from critical behavior and topological matter. Finally, | will show how
such basic understanding can enable better computational algorithms, where
entanglement and magic are incorporated in a single wave function ansatz, illustrating
their power utilizing lattice gauge theories.
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Observation of real-time string-breaking dynamics in a
programmable quantum simulator

A. Lerose’

'KU Leuven, Belgium

Quantum simulation emerged as a promising pathway to simulating otherwise inaccessible non-
perturbative aspects of real-time quantum-field-theory and quantum-many-body dynamics. One of
its most important long-term applications is the simulation of particle collisions involving the strong
force. Real-time fragmentation of con ning strings, in particular, is thought to play a central role in
the non-equilibrium quark con nement processes underlying hadronization. In the rst part of this
talk, I will discuss our recent observation of dynamical string breaking in a programmable trapped-
ion quantum simulator. Data revealed an unexpected edge-facilitated string-breaking mechanism,
distinct from and faster than the conventional Schwinger mechanism. In the second part of the talk,
I will describe a new approach to simulate the multi avor Schwinger model — a continuum gauge
field theory closely related to concrete particle-physics applications — on state-of-the-art neutral-
atom arrays.This document is the template for contributed abstracts and provides guidelines for
preparing and submitting abstracts to the RPMBT23 International Conference.

[1] A. De, A. Lerose et al., arXiv:2410.13815 (to appear in Nature Physics)
[2] A. Lerose, arXiv:2409.14544 + work in preparation

Thu, 17:20 VA



Signature in sound-mode of the exciton bilayer
two-dimensional superfluid transition

Giovanni Midei»*3, Filippo Pascucci?, Milorad V. Milosevic?, Jacques Tempere?,
David Neilson?, Andrea Perali’

! Pitaevskii BEC Center, CNR-INO, Trento, Italy
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SCOM Group, School of Pharmacy, University of Camerino, 62032 Camerino (MC), Italy
“TQC, Department of Physics, University of Antwerp, Universiteitsplein 1, 2610 Antwerp, Belgium

Obtaining definitive evidence of exciton superfluidity [1] in electron-hole bilayers in zero magnetic
field remains a major longstanding challenge since the condensate is electrically neutral, making its
phase coherence difficult to detect directly. We show that the Anderson-Bogoliubov sound velocity
provides a dynamical signature of exciton superfluidity. Across the BCS-BEC crossover, the
velocity is known to discontinuously drop to zero at the Berezinskii-Kosterlitz-Thouless (BKT)
transition. The magnitude of the drop has a strong density dependence. We compute this behavior,
with the inclusion of finite-temperature screening, and determine the BKT transition using a
renormalization-group approach [2]. We further identify a temperature window which is
experimentally accessible, where vortex-antivortex excitations strongly renormalize both the sound
velocity and the transition temperature [3].
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Figure 1: Panel (a), Exciton bilayer system. Panel (b) Temperature-density (T, n) phase-diagram for
double bilayer-graphene. Twmrc: mean-field critical temperature. ToBKT and TrgBKT: BKT
transition temperature without and with Renormalization Group (RG).

[1] A. Perali, D. Neilson, and A. R. Hamilton, High-temperature superfluidity in double-bilayer graphene, Phys. Rev.
Lett. 110, 146803 (2013).

[2] G. Midei, K. Furutani, L. Salasnich, and A. Perali, Predictive power of the BKT theory based on renormalization
group throughout the BCS-BEC crossover in 2D superconductors, Phys. Rev. B 110, 214502 (2024).

[3] Submitted article for this work: G. Midei et al. arXiv:2607.08353
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Nonequilibrium exciton dynamics
with ab initio real time propagation schemes

D. Sangalli!

U Istituto di Struttura della Materia-CNR (ISM-CNR), Milano, 20133, Italy

This presentation will review recent theoretical and numerical developments aimed at modeling
nonequilibrium dynamics in advanced materials from first-principles. Specifically, I focus on
capturing the generation and dynamics of coherent excitons within the Time-Dependent Screened
Exchange (TD-HSEX) scheme.

I will discuss recent results obtained in close collaboration with an experimental group at
Politecnico di Milano, where pump-probe measurements were performed with attosecond time-
resolution in the extreme ultraviolet (XUV) energy range. We analyze the XUV spectra of two
systems hosting tightly bound excitons: a monolayer of the 2D material MoS; [3l], and LiF [4], an
insulator featuring the largest known electronic band gap. For LiF, the signature of a high-energy
exciton embedded in the continuum will be analyzed (see Fig.[I)).

All numerical simulations are based on the 1umen project [1] (www.lumen-code.org), a fork of
the yambo code [2]] developed within the TIMES doctoral network.
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Figure 1: Experimental (left) and theoretical (right) transient absorption signal of LiF.

[1] D. Sangalli, et. al, 10.5281/zenodo.20121198 (2026);

[2] D. Sangalli, et. al, Journal of Physics: Condensed Matter 31, 325902 (2019).

[3] G. Fiorentini, N. Di Palo, G. Inzani, G. L. Dolso, S. Bonetti, Q. Li, F. Liu, X. Zhu, A. Giglia, N. Mahne, L.
Pasquali, M. D’Alessandro, M. Malakhov, M. Camarasa-Gomez, J. J. Esteve-Paredes, R. Borrego-Varillas,
M. Nisoli, A. Picon, D. Sangalli, and M. Lucchini, Extreme-ultraviolet optical response of atomically-thin
molybdenum disulfide, pre-print (2026).

[4] S. Bonetti, N. di Palo, G. Inzani, G. L. Dolso, M. Zukerstein, G. Fiorentini, M. Talarico, R. Borrego-Varillas,
M. Reduzzi, M. Nisoli, M. D’Alessandro, N. Tacogne-Dejean4, G. Cistaro, U. De Giovannini, D. Sangalli, M.
Lucchini, Hybrid excitonic resonance discovered by attosecond spectroscopy, pre-print (2026).
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Nonequilibrium Dynamical Mean Field Theory for Strongly Correlated
Systems: Combining Nonequilibrium Green’s Functions and Quantum
Master Equations

Enrico Arrigoni', Tommaso M. Mazzocchi!, and Daniel Werner'

Unstitute of Theoretical and Computational Physics, Graz University of Technology, Petersgasse
16, 8010 Graz, Austria

The auxiliary master equation approach (AMEA) offers an accurate, controlled framework
for investigating strongly correlated systems out of equilibrium [1]. By mapping the physical
Dynamical Mean Field Theory impurity problem onto a finite open quantum system, consisting
of bath orbitals and a Markovian environment, AMEA yields exponentially accurate fits of the
hybridization function. This approach bridges quantum master equations and nonequilibrium
Green’s functions, granting reliable access to steady-state Keldysh functions and transport
observables of strongly-correlated systems.

After an overview of the foundational framework, I will discuss two recent advancements designed
to enhance its precision and scale: (i) a functional interpolation expansion that extends the
hybridization fit reducing both the required bath size and systematic errors in the self-energy [2],
and (ii) a mixed configuration approximation that extends the reach of AMEA to approximately
address multi-orbital systems, with an application to SrVOs thin films out of equilibrium [3].

[1] E. Arrigoni et al., Phys. Rev. Lett. 110, 086403 (2013); A. Dorda et al., Phys. Rev. B 89 165105 (2014); A.
Dorda et al., Phys. Rev. B 92, 125145 (2015); D. Werner et al., Phys. Rev. B 107, 075119 (2023)

[2] D. Werner and E. Arrigoni, PRR Letters 7, 6 (2025)

[3] T. M. Mazzocchi et al., Phys. Rev. B 15, 112, (2025); T. M. Mazzocchi et al., arXiv:2604.15942 (2026)



All the ‘Buzz’ about the Nickelates:
A Dynamical Mean Field Theory (DMFT) Perspective

Khandker Quader

'Department of Physics, Kent State University, Kent, OH, USA

Superconducting nickelates have garnered tremendous interest in hopes of a better
understanding of unconventional superconductors. Observation of superconductivity across several
platforms under varying conditions, such as, doping, pressure or biaxial strain at ambient pressure
have created a distinct *buzz’ in the field. Among these are the Ruddlesden-Popper (RP) series, the
reduced oxygen RP (infinite layer) systems and hybrid structure compounds. To understand the
many-body normal state from which superconductivity emerges, it is important to ascertain the
nature and role of correlations in these materials. First-principle many-body approaches, such as,
embedded dynamical mean field theory (eDMFT) can be valuable for obtaining the correlated
ground and excited states of d- and f-electron systems such as these.

I will first present an overview of the various platforms of nickelates of current interest. Then,
I will give a simple picture of what underlies the eDMFT approach. Following this, I will discuss
our recent charge self-consistent DFT+ DMFT work on some of the nickelate systems, namely, RP
bi-layer [1] and tri-layer nickelates under compressive strain, and time-permitting, undoped [2] and
doped infinite-layer nickelates. In bi-layer nickelates, in contrast with DFT+U studies, around the
strain where superconductivity has been observed, we find the emergence of an extra Fermi surface
sheet associated with a flat Ni-d band, driven by dynamical correlations. This is consistent with
recent ARPES results, and may have implications for superconductivity. In doped infinite-layer
nickelate, our study, across a range of temperature and doping, suggests possible Ni site-selective
behavior.

[1] L. Bleys, N. Corkill, Yi-F. Zhao, G.L. Pascut, H. LaBollita, A.S. Botana, K.F. Quader,
arXiv:2509.00940v1 [cond-mat.str-el] (31 Aug 2025).
[2] G.L. Pascut, L. Cosovanu, K. Haule, K.F. Quader, Comm. Phys. 6, 45 (2023).
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Shapiro physics to verify interlayer exciton superfluidity

Filippo Pascucci' , Alexander R. Hamilton? , Milorad V. Milo3evi¢!' and David Neilson !

'COMMIT, Department of Physics, University of Antwerp, Antwerp, Belgium
2School of Physics, University of New South Wales, Sydney, Australia

Definitive evidence for zero-magnetic-field exciton superfluidity in electron—hole bilayers remains
elusive, despite recent experimental indications [1,2]. We propose a direct test based on Shapiro
physics in a Dayem-bridge excitonic Josephson junction. A narrow constriction forms an S—S'-S
weak link [3], allowing the neutral exciton supercurrent to follow a Josephson-like current—phase
relation. Under combined DC and AC driving, the high-frequency Josephson dynamics are converted
into measurable DC voltage plateaus, providing a clear phase-coherence signature of the condensate.
We calculate the Shapiro response and show that resolvable steps should occur in realistic double-
bilayer graphene devices [4], with possible extension to transition-metal dichalcogenide bilayers. By
tuning the carrier density, the system can be driven across the BCS-BEC crossover, revealing
signatures of the transition from bosonic to fermionic excitations. In particular, we predict Shapiro
plateaus in both current—voltage and density—voltage characteristics. Observation of these features
would provide direct evidence for a macroscopic exciton superfluid order parameter and open a route
toward neutral Josephson devices.

drive current top layer

Figure 1. Oblique view of the proposed S—S'—S Dayem-bridge device. The n-doped top layer and p-
doped bottom layer are separated by an insulating barrier. The bridge, of width w and length L,
connects bulk regions of width W. An AC drive current laive induces a drag current larg, while the
voltage drop V is measured across the bridge.

[1]L. Ma, P. X. Nguyen, Z. Wang, Y. Zeng, K. Watanabe, T. Taniguchi, A. H. MacDonald, K. F.
Mak, and J. Shan, Nature 598, 585 (2021).

[2] P. X. Nguyen, L. Ma, R. Chaturvedi, K. Watanabe, T. Taniguchi, J. Shan, and K. F. Mak,
Science 388, 274 (2025).

[3] C. D. Shelly, P. See, I. Rungger, and J. M. Williams, Phys. Rev. Appl. 13, 024070 (2020).

[4] A. Perali, D. Neilson, and A. R. Hamilton, Phys. Rev. Lett. 110, 146803 (2013).
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The FFLO transition and non-Fermi-liquid in the 2D spin-imbalanced Fermi
gas at zero temperature

Leonardo Pisani, Francesco Pirolo, Pierbiagio Pieri
University of Bologna, Department of Physics and Astronomy “Augusto Righi”, Via Irnerio 46, 1-40126 Bologna, Italy
INFN, Sezione di Bologna, Viale Berti Pichat 6/2, 1-40127 Bologna, Italy

The object of this study is the two-dimensional Fermi gas at zero temperature with attractive contact
interaction and spin population imbalance. Beyond the imbalance limit of Chandrasekhar and Clogston
homogeneous superfluidity is destroyed but Fulde and Ferrell [1] and, independently, Larkin and Ovchinnikov
[2] (FFLO) proposed in the 1960’s that it could persist through pairing at a finite centre-of-mass momentum. We
provide a comprehensive theoretical characterization of the FFLO transition in a two-dimensional (2D) spin
imbalanced Fermi gas going beyond the historical mean-field characterization by adopting a diagrammatic T-
matrix approach within two schemes: the non-self-consistent scheme and the partially self-consistent scheme.

The phase-diagram of the critical polarization versus coupling reveals significant differences between the
two schemes (see Fig. 1 panel (a)) owing to the crucial role of self-consistency as argued within the Luttinger
theorem. A marked effect of dimensionality is also found when compared to the three-dimensional (3D) phase-

diagram [3].
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Fig. 1. Left Panel: phase diagram of population imbalance versus coupling strength at zero temperature of a 2D attractive
Fermi gas within two computational schemes. Right Panel: quasi-particle weight for two representative coupling strengths

population imbalance

as a function of the population imbalance approaching the two respective critical values.

At the critical polarization line, we examine the effect of quantum fluctuations on the quasi-particle scattering
rate finding a non-Fermi-liquid behaviour with exponent 2/3 of the imaginary part of the self-energy on the
Fermi surface (rather than the standard value of the Landau theory of 2), akin to that of nematic or charge
density wave order in 2D quantum critical metals. However, the exponent is strongly dependent on the fermionic
momentum being on the Fermi surface, above or below. This critical behaviour is drastically different to that of
the 3D FFLO transition and represents an example of breakdown of the Hertz and Millis theory of quantum phase

transitions [4,5].

References

[1] P. Fulde and R. A. Ferrell, “Superconductivity in a strong spin-exchange field”, Phys. Rev. 135, A550 (1964).
[2] A. 1. Larkin and Y. N. Ovchinnikov, “Nonuniform state of superconductors”, Sov. Phys. JETP 20, 762 (1965) [Zh. Eksp. Teor. Fiz. 47, 1136
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[3] M. Pini, P. Pieri, and G. Calvanese Strinati, “Evolution of an attractive polarized Fermi gas: from a Fermi liquid of polarons to a non-
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[5] A. J. Millis,” Effect of a nonzero temperature on quantum critical points in itinerant fermion systems”, Phys. Rev. B 48, 7183 (1993).
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Strongly modulated superfluid phases of 4He on novel
adsorption substrates

Saverio Moroni
CNR-IOM Democritos and SISSA, Via Bonomea 265, 34136 Trieste, Italy

Francesco Ancilotto and Pier Luigi Silvestrelli
Dipartimento di Fisica e Astronomia ‘Galileo Galilei’ and CNISM, Universita di
Padova, via Marzolo 8, 35122 Padova, Italy

Luciano Reatto
Dipartimento di Fisica, Universita degli Studi di Milano,via Celoria 16, 20133
Milano, Italy

Graphite has been the standard substrate for study of adsorbed 4He on a smooth
and geometrically ordered substrate. Experimental and theoretical studies on this
system have produced important information on a bosonic strongly interacting
many-body system like localization of quantum particles or superfluidity in
restricted geometry. We have investigated if other ordered substrates might
expand our knowledge on many-body systems in restricted geometry.

We have investigated some of the new layered materials that have been developed
in the laboratory and found that two of them, fluorographene [1] and borophane [2],
turn out to be of great interest as substrate for 4He. In the first place we have
computed the adsorption potential of He with a suitable ab initio density functional
theory including dispersion forces. The computations of the properties of the
adsorbed 4He have been performed at finite temperatures with path integral Monte
Carlo and in some cases also at T= 0 K with variational path integral.

Fluorographene is a sheet of graphene in which each C atom is chemically bound
to a F atom. We find that the adsorption potential of a He atom has a very large
corrugation and it differs from that on graphite in several respects. For the first
adsorbed layer of 4He we find that the lowest energy state is not an ordered
commensurate state like on graphite but it is a disordered and superfluid state.
The first layer of 4He on fluorographene allows to probe superfluidity under special
conditions: the system is highly spatially modulated in the basal plane (the ratio of
the largest to the smallest density is about 6), the T=0 K superfluid fraction is
strongly reduced to about 50% and the roton energy has a strong dependence on
the direction of the wave vector in the basal plane.

Borophane is a sheet of boron atoms to which hydrogen atoms are chemically
bound. Borophane has a number of allotropes and we found of special interest the
one called Rect-2H. In fact the adsorption potential of He on Rect-2H

borophane is characterized by ridges with modest energy barriers in one direction
of the basal plane and a much higher barrier in the orthogonal direction, thus
forming channels for motion of the adsorbed atoms. This leads to strong planar
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anisotropy not only in the first adsorbed layer but also in additional layers with
presence of ordered and disordered regions. In the second, fourth, and fifth layers
we find superfluidity on the length scale of the simulated systems. In the second
layer, the superfluidity is one-dimensional (1D) along the grooves. In a narrow low-
coverage region of the fourth layer we observe an intriguing state with one
unidirectional structure across the grooves which supports a tiny superfluid signal.
In the fifth layer we find two states with two-dimensional (2D) superfluidity. At low
coverage of this layer the superfluidity is strongly anisotropic (the ration of the
superfluid fraction along the groves or across them is as large as 3) and for
coverages near layer completion there is a crossover to isotropic superfluidity.

In conclusion our prediction is that 4He adsorbed on fluorographene and on
Rect-2H borophane offers the possibility of studying strongly modulated superfluid
states in 1D and 2D as well as localized states.

[1] S. Moroni, F. Ancilotto, P. L. Silvestrelli, and L. Reatto, Lo-
calization versus inhomogeneous superfluidity: Submonolayer

4He on fluorographene, hexagonal boron nitride, and graphene,
Phys. Rev. B 103, 174514 (2021).

[2]S. De Palo, S. Moroni, F. Ancilotto, P.L. Silvestrelli, and L. Reatto:
“Borophane as substrate for adsorption of 4He: A journey across
dimensionality”, Phys. Rev. B 111, 144507 (2025).
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A walk through nuclear Density Functional Theory:
achievements and some open questions

Gianluca Colo 1

!Dipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16, 20133 Milano, Italy
2INFN, Sezione di Milano, Via Celoria 16, 20133 Milano, Italy

Nuclear Density Functional Theory (DFT) is a widely used theoretical framework that has been
developed over several decades and is accurate in describing nuclear ground-state properties such as
nuclear masses and radii, as well as excitation spectra, decay properties, reactions, and fission.
However, the results often depend on the specific Energy Density Functional (EDF) employed.
EDFs that are equally successful for all observables have not yet emerged, and systematic ways to
improve them remain unclear.

Nuclear DFT still lags behind electronic DFT in terms of its connection to exact conditions and to
more fundamental calculations. I will explain the differences between the nuclear and electronic
cases, as well as the current status and future perspectives of nuclear DFT grounded in ab
initio nuclear theory.

I will then discuss two further topics. The first is how DFT can be made efficient for heavy nuclei
and for complex, extended systems such as the crust of neutron stars; algorithmic improvements
and the role of orbital-free DFT will be highlighted. The second concerns the relationship between
DFT and many-body approaches. I will focus on many-body models of the nuclear response, such
as second RPA and particle-vibration coupling, which have counterparts in the electronic case.
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Multi-configuration time-dependent Hartree-Fock method
towards nuclear reaction

Yugo Komai', Tomoya Naito!-2, Takumi Ogata' -2, and Takeshi Sato'->

' The University of Tokyo, JAPAN
2 RIKEN, JAPAN

A many-body tunneling phenomenon has been paid attention to in nuclear physics community,
which is essential to describe nuclear fusion procmicroscopically; Nevertheless, it is still a difficult
to describe theoretically; for instance, a simple time-dependent Hartree-Fock (TDHF) calculation
cannot describe it because of the lack of the correlation and a time-dependent generator coordinate
method (TDGCM) was applied to this problem recently [1,2].

Motivated by this, multi-configuration time-dependent Hartree-Fock (MCTDHF) method is
applied for such a calculation. The trial wave function of the MCHF method is the superposition
of Slater determinants of the ground and excited states, while that of the GCM is the superposition
of the ground-state Slater determinant of different configurations such as shape. The MCTDHF
is the time dependent version of the MCHF and was originally developed for multi-electron
dynamics [3—6]. The time evolution of both single-particle orbitals and the coeflicients of the
trial wave function is considered.

In this work, we apply this MCTDHF method for the a-a scattering in one dimension compared
with the TDHF [1] and TDGCM [2] results. This will be a starting point for a detailed discussion
on many-body tunneling phenomena.

[1
[2
[3
[4
[5
[6

P.-G. Reinhard, R. Y. Cusson, and K. Goeke, Nucl. Phys. A 398, 141 (1983)

N. Hasegawa, K. Hagino, and Y. Tanimura, Phys. Lett. B 808, 135693 (2020)

T. Kato and H. Kono, Chem. Phys. Lett. 392, 533 (2004)

T. Sato and K. L. Ishikawa, Phys. Rev. A 88, 023402 (2013)

T. Sato and K. L. Ishikawa, Phys. Rev. A 91, 023417 (2015)

T. Sato, H. Pathak, Y. Orimo, and K. L. Ishikawa, Can. J. Chem. 101, 698 (2023)
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Covariant density functionals from relativistic Brueckner theory

Armen Sedrakian'

U Frankfurt Institute for Advanced Studies
2University of Wroclaw

Covariant density functional theory provides one of the most successful microscopic frameworks
for describing finite nuclei, nuclear matter, and compact-star matter within a unified relativistic
formulation. In its density-dependent form, many-body correlations are encoded through
effective meson-nucleon vertices that depend on the baryon density. This approach is particularly
attractive because it preserves the Lorentz structure of the nuclear self-energy while allowing
the functional to incorporate information from microscopic many-body calculations. We have
constructed a density-dependent covariant functional based on a Chebyshev expansion and
constrained by full-Dirac-space Brueckner single-particle potentials. The scalar and time-like
vector components of the microscopic single-particle potentials at the Fermi surface are mapped
onto the corresponding Hartree mesonic channels. The resulting parametrization is particularly
well suited to Bayesian analyses that combine laboratory and astrophysical constraints, because
the Chebyshev representation reduces spurious correlations among the coefficients governing the
density dependence of the functional.
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NuQShell: A New Quantum Nuclear Shell-Model Python Library

J. Ainaud!?, K. Gallego'-, and A. Rios'*?

'Departament de Fisica Quantica i Astrofisica (FQA), Universitat de Barcelona (UB), c. Marti i
Franqués, 1, 08028 Barcelona, Spain
2Institut de Ciéncies del Cosmos (ICCUB), Universitat de Barcelona (UB), c. Marti i Franqués,
1, 08028 Barcelona, Spain

Calculations of nuclear many-body physics are known to be computationally expensive. Quantum
computing is arising as a possible solution to this issue, as quantum processors might exploit
their quantum nature to simulate quantum systems more efficiently. To potentially exploit this
advantage, one needs to find a well suited algorithm for their system of interest.

The field currently features many mature Python libraries for quantum chemistry, but utilities
to deal with nuclear systems are notably absent. To address this gap, we present an efficient
Python package for the Nuclear Shell Model that enables easy implementation and testing of
quantum algorithms. This library handles the operator representation and provides seamless
integration with NumPy and quantum simulation frameworks such as Qibo. In this talk, we will
show the basics of the package and present some applications, showcasing the ease with which
it can reproduce previous results of our group [1]. Ultimately, this tool aims to bridge the gap
between quantum computing and nuclear physics, allowing researchers to exploit the inherent
structure of nuclear systems in the pursuit of quantum advantage.

[1] A. Pérez-Obiol, A. M. Romero, et al Sci. Rep. 13, 12291 (2023).
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Static string breaking in LSH SU(2) and prospects for quantum simulation

Andagana, Pablo ! , Muiioz, Enrique ' and Goyeneche, Dardo !

!Pontificia Universidad Catélica de Chile, Santiago, Chile

String breaking is a defining feature of non-Abelian gauge theories, yet first-principles studies remain
demanding. We investigate this phenomenon in an SU(2) lattice gauge theory in 1+1 dimensions
coupled to dynamical fermions, using the loop-string-hadron (LSH) formulation [2], which is
equivalent to the Kogut-Susskind Hamiltonian in the physical sector but carries only gauge-invariant,
local degrees of freedom and requires imposing only Abelian Gauss's law constraints.

This work reproduces the static string-breaking results of Gupta et al. [1] as an independent validation
and extends them to parameter regimes not covered in the original study. Using density matrix
renormalization group on lattices of up to 30 sites, we compute the ground-state energy in the
presence of static external charges and extract the static potential as a function of charge separation.
We identify the breaking distance at which the potential flattens and map its dependence on the
gauge coupling and the fermion mass, quantifying truncation and finite-volume effects throughout.

Because the LSH formulation is built from gauge-invariant degrees of freedom, it is a natural starting
point for quantum simulation. We outline a qubit encoding of the LSH Hilbert space and discuss the
resources required to prepare and measure these static configurations on digital quantum hardware.

[1TN. Gupta et al, arXiv: 2603.24698.
[2] I. Raychowdhury, J. R. Stryker, Phys. Rev. D 101, 114502 (2020)
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Symmetry-projected coupled-cluster theory
for strongly correlated nuclei

M. Avtekin !, B. Bally! , T. Duguet? and A. Tichai'>*
M. AyteKin y g

'Technische Universitit Darmstadt, Darmstadt, Germany
’IRFU, CEA, Université Paris-Saclay, Gif-sur-Yvette, France
3SExtreMe Matter Institute EMMI, GSI Helmholtzzentrum fiir Schwerionenforschung GmbH,
Darmstadt, Germany
‘Max-Planck-Institut fiir Kernphysik, Heidelberg, Germany

Atomic nuclei are complex quantum many-body systems characterized by rich emergent collective
phenomena. Describing these features from first principles requires advanced theoretical tools
capable of capturing both strong single-particle correlations and collective degrees of freedom. In this
work, we present an ab initio framework based on symmetry-broken and restored coupled-cluster
(CC) theory to investigate nuclear deformation using inter-nucleon interactions derived from chiral
effective field theory [1].

By employing axially and triaxially deformed reference states, the CC formalism efficiently captures
static correlations. Rotational symmetry is subsequently restored via angular-momentum projection,
enabling a rigorous microscopic description of laboratory-frame observables, including low-lying
spectroscopy and enhanced electromagnetic transitions, as currently applied to sd-shell nuclei [2, 3].
While recent advances have demonstrated the feasibility of extending coupled-cluster methods to
strongly deformed systems [4], these calculations remain computationally demanding and are often
restricted to axial symmetry. To circumvent this bottleneck and unlock unexplored mass regions, we
leverage symmetry-adapted tensor networks and GPU acceleration. These developments open the
door to a systematic and unified treatment of nuclei with complex intrinsic shapes across the nuclear
chart, while establishing strong methodological parallels with neighboring fields like quantum
chemistry and condensed matter physics [5].

* Funded by the ERC Grant Agreement No. 101162059.

[1]1 R. Machleidt and F. Sammarruca, Prog. Part. Nucl. Phys. 137, 104117 (2024).
[2] S. J. Novario et al., Phys. Rev. C 102, 051303(R) (2020).

[3] G. Hagen et al., Phys. Rev. C 105, 064311 (2022).

[4] B. S. Hu et al., Phys. Rev. C 110, LO11302 (2024).

[51Y.Qiu etal.,]J. Chem. Phys. 147, 064111 (2017).
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Symmetries in zero and finite center-of-mass momenta excitons

Robin Bajaj', Namana Venkatareddy', H. R. Krishnamurthy' and Manish Jain'

L Centre for Condensed Matter Theory, Department of Physics
Indian Institute of Science, Bengaluru, 560012

We present a symmetry-based framework|[1] for the analysis of excitonic states, incorporating
both time-reversal and space-group symmetries. We demonstrate the use of time-reversal and
space-group symmetries to obtain exciton eigenstates at symmetry-related center-of-mass mo-
menta in the entire Brillouin zone from eigenstates calculated for center-of-mass momenta in the
irreducible Brillouin zone. Furthermore, by explicitly calculating the irreducible representations
of the little groups, we classify excitons according to their symmetry properties across the
Brillouin zone. Using projection operators, we construct symmetry-adapted linear combinations
of electron-hole product states, which block-diagonalize the Bethe-Salpeter Equation (BSE)
Hamiltonian at both zero and finite exciton center-of-mass momenta. This enables a transparent
organization of excitonic states and provides direct access to their degeneracies, selection rules,
and symmetry-protected features. As a demonstration, we apply this formalism to monolayer
MoS,, where the classification of excitonic irreducible representations and the block structure of
the BSE Hamiltonian show excellent agreement with compatibility relations derived from group
theory. Beyond this material-specific example, the framework offers a general and conceptually
rigorous approach to the symmetry classification of excitons, enabling significant reductions in
computational cost for optical spectra, exciton-phonon interactions, and excitonic band structure
calculations across a wide range of materials.

[1] Robin Bajaj, Namana Venkatareddy, H. R. Krishnamurthy, and Manish Jain, Phys. Rev. B 112, 245127 (2025).
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Self-Consistent Green’s Function Simulations of the Isospin
Dependence in Infinite Nuclear Matter

M. Ballico', F. Marino?, C. Barbieri', and G. Colo'>

1Dipartimento di Fisica “Aldo Pontremoli”, Universita degli Studi di Milano, 20133 Milano, Italy
’Institut fiir Kernphysik and PRISMA+ Cluster of Excellence, Johannes Gutenberg-Universitiit Mainz, 55128
Mainz, Germany

3INFN, Sezione di Milano, 20133 Milano, Italy

The equation of state (EOS) of infinite nuclear matter is a cornerstone of nuclear many-body
theory and provides the microscopic foundation for describing nuclear systems, from finite nuclei
to neutron stars [1, 2]. In particular, the dependence of the EOS on the isospin asymmetry impacts
a variety of observables like masses of neutron-rich nuclei, collective excitations like the dipole
resonances, heavy-ion collisions and the properties of neutron stars as well as neutron star mergers.

Recent advances [3] in the treatment of pairing correlations have opened the possibility of
performing ab initio calculations of infinite nuclear matter at arbitrary isospin asymmetry using
self-consistent Green’s function (SCGF) methods. By means of a numerical implementation of
the SCGF equations, we investigate the properties of infinite nuclear matter across the entire
range of isospin asymmetries, from SNM to PNM.

Preliminary results exhibit the expected quadratic dependence of the energy per particle on the
1sospin symmetry, in agreement with the standard parabolic approximation (see Figure 1).

i ) 0.32
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Figure 1: Symmetry energy as a function of the isospin asymmetry parameter S at different
densities p. The calculations are performed within many-body perturbation theory up to third
order, MBPT(3), using the NNLOs,(450) nuclear interaction.

[1] G. F. Burgio, H. J. Schulze, I. Vidana and J. B. Wei, Prog. Part. Nucl. Phys. 120 (2021), 103879
doi:10.1016/j.ppnp.2021.103879 [arXiv:2105.03747 [nucl-th]].

[2] K. Chatziioannou, H. T. Cromartie, S. Gandolfi, I. Tews, D. Radice, A. W. Steiner and A. L. Watts, Rev. Mod.

Phys. 97 (2025) no.4, 045007 doi:10.1103/ymsq-cfcw [arXiv:2407.11153 [nucl-th]].
[3] F. Marino, C. Barbieri, and G. Colo, Phys. Rev. C 113, 064301 (2026). arXiv:2601.03763.
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Phonon-induced anyon condensation in open quantum spin liquids

Tim Bauer!-2, and Yukitoshi Motome'

'Department of Applied Physics, The University of Tokyo, Hongo, Tokyo 113-8656, Japan
2The Abdus Salam International Centre for Theoretical Physics, Strada Costiera 11, 34151,
Trieste, Italy

Dissipative dynamics play a crucial role in the quantum simulation and material realization of
exotic states of matter such as quantum spin liquids. In this work, we derive a Lindblad master
equation from a phenomenological spin-phonon coupling in Kitaev magnets to study the late-time
dynamics of Z; and non-Abelian spin liquids coupled to a thermal phonon bath. Using both
analytical and numerical techniques, we show that the resulting Lindbladian preserves the static
flux excitations of the Kitaev honeycomb model and drives the system toward a nonequilibrium
steady state (NESS). Within the representation provided by the Choi—Jamiotkowski isomorphism,
we interpret the NESS in terms of anyon condensation associated with the dynamical transition to
a steady-state Z, spin liquid, and characterize the thermal crossover induced by the phonon-bath
temperature. Our work elucidates novel phenomena that can emerge in open quantum spin liquids
under realistic dissipative conditions.
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Neural Network Quantum States on the Spatial Lattice
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Neural-network quantum states (NQS) have recently emerged as powerful tools for tackling quantum
many-body problems by recasting the variational optimization of a many-body wave function as an
efficient machine-learning problem [1]. In particular, restricted Boltzmann machines (RBMs) with
complex-valued parameters can represent the wave functions of lattice systems in the second-
quantization formalism, with each visible node associated with a lattice site. This formulation offers
several advantages: fermionic antisymmetry is handled intrinsically, the method is naturally suited to
ab initio calculations, and the number of visible nodes is independent of the number of particles,
facilitating efficient transfer learning to larger systems. We first tested the expressive power of this
approach in few-electron systems by calculating the ground-state energies and spatial configurations
of hydrogen, helium, and lithium confined in a box [2]. Our latest work extends the method to nuclear
lattice systems [3] through simulations of the deuteron ground state using the Argonne v6' nucleon—
nucleon interaction [4]. This proof-of-principle implementation exploits symmetries specific to the
two-nucleon system; a natural next step is therefore to generalize the sampling algorithm to many-
nucleon systems. Incorporating modern optimization techniques may ultimately provide access to
regimes in which traditional methods become computationally prohibitive.

Energy and error during training on Deuteron in a box
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Figure 1: (Left) Motion of two spin-up electrons in the equatorial plane of a Li atom, with the third
(spin-down) electron near the atom’s center. (Right) Energy during RBM training for the deuteron.

[1] G. Carleo and M. Troyer, Science 355, 602—606 (2017).

[2] L. Lazzarino, J. Paravizzini, and E. Redaelli, B.Sc. theses, Universita degli Studi di Milano.
[3] G. Borroni, B.Sc. thesis, Universita degli Studi di Milano (2025).

[4] R. B. Wiringa and S. C. Pieper, Phys. Rev. Lett. 89, 182501 (2002).
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Ultracold dilute Bose-Fermi (BF) mixtures are highly tunable and controllable systems, allowing
for the investigation of substantially different conditions and quantum effects in matter. In such
mixtures with a pairing interaction, one can study the competition between the formation of
fermionic composite molecules and the tendency of bosons to condense. One possible application
is a recent proposal to obtain a quantum simulator for p-wave superfluidity [1].

In previous work [2], we considered a 2D ultracold Bose-Fermi mixture at T = 0. We described
the system applying to two dimensions an (imaginary-time) T-matrix many-body approach, which
has also been successfully applied to 3D systems [3, 4].

In the present work, we focus on single-particle spectral properties, which could be relevant
for future radio-frequency spectroscopy experiments (as done in 3D in [5]). To calculate
dynamic quantities, we reformulate our theory for real-time and frequencies. We study the
evolution from the (Fermi) polaron regime to the case of a finite concentration of partially
condensed bosons. In the literature, the Fermi polaron has been abundantly studied (e.g., in [6]),
while the study of a finite bosonic density with arbitrary boson-fermion attraction is almost absent.

In our results, the presence of a finite condensate fraction generates a second dispersion of poles
of the T-matrix at negative frequencies (first predicted in 3D mixtures in [7]). The two dispersions
show an avoided-crossing behavior and have a hybrid nature between atomic and composite
fermion, mediated by the condensate.

In the fermionic spectral weight function, we observe structures at positive frequencies, directly
associated with the condensate, and at negative frequencies, associated with the bosonic statistics
of the minority species. We also observe the correspondence between the molecular dispersion
and the dispersions of poles of the fermionic Green’s function (exact for vanishing bosonic density).

For the bosonic spectral weight function, we observe how, at small bosonic concentration, the
dispersions of the attractive and repulsive polaronic branches are only slightly modified (but
acquire, however, a finite lifetime). Additionally, going from the polaronic case to a finite
condensate fraction generates additional structures in the bosonic spectrum, a prediction that
could be verified via RF spectroscopy experiments. Finally, considering a finite (weak) BB
repulsion, we study how the bosonic Goldstone mode displays a non-trivial dependence on the
BF and BB interactions, with a peak in its stiffness at intermediate BF attractions.

[1] B. Bazak and D. S. Petrov, Phys. Rev. Lett. 121, 263001 (2018).

[2] L. Pisani, P. Bovini, F. Pavan, and P. Pieri, SciPost Phys. 18, 076 (2025).

[3] A. Guidini, G. Bertaina, D. E. Galli, and P. Pieri. Phys. Rev. A 91, 023603 (2015).

[4] M. Duda, X.-Y. Chen, A. Schindewolf, R. Bause, J. von Milczewski, R. Schmidt, I. Bloch, and X.-Y. Luo.
Nature Physics 19, 720 (2023).

[5] L Fritsche, C. Baroni, E. Dobler, E. Kirilov, B. Huang, R. Grimm, G. M. Bruun, and P. Massignan. Phys. Rev.
A 103, 053314 (2021).

[6] R. Schmidt, Tilman Enss, V. Pietild, and E. Demler , Phys. Rev. A 85, 021603 (2012).

[7]1 T. Sogo, P. Schuck, and M. Urban, Phys. Rev. A 88, 023613 (2013).



P9

Comparative Many-Body Analysis of Electron Correlation Effects in the
Clock Properties of Alkaline-Earth Ions

Arup Chakraborty'?, Vaibhav Katyal' and B. K. Sahoo'

YAtomic, Molecular & Optical Physics Division, Physical Research Laboratory, Ahmedabad,
Gujarat, India
2Institute of Theoretical Physics, Faculty of Mathematics and Physics, Charles University,
Prague 8, Czech Republic (Present Affiliation)

We present rigorous first-principles calculations of the clock properties of the singly charged
calcium (Ca%), strontium (Sr*), and barium (Ba™) alkaline-earth ions [1]. Using the singles,
doubles, and triples approximated relativistic coupled-cluster (RCCSDT) method, we estimate
highly accurate scalar and tensor polarizabilities of the ground and metastable D3> 5/, states of
these ions. We also study the correlation effects across various many-body methods, such as the
Rayleigh-Schrodinger (RS) and Brillouin-Wigner (BW) many-body perturbation (MP) theories,
the random phase approximation (RPA), and the single and double excitation approximated
relativistic coupled-cluster method (RCCSD), along with the Dirac-Hartree-Fock (DHF) method
(see Figure 1). We further determine the quadrupole moments (®) of the metastable states using
various many-body methods. Our findings demonstrate that the inclusion of triple excitations
is important for achieving high precision in these highly correlated systems. Additionally, we
observe a different trend of correlations in the ® values than an earlier study with respect to
orbitals with higher angular momenta [2]. To validate our results, we present energies, lifetimes,
and magnetic dipole hyperfine structure constants of the clock states of *Ca*, 37Sr*, and 13Ba*
ions and compare them with experimental values. Nuclear quadrupole moments of these isotopes
are also estimated by combining our calculations with the measured electric quadrupole hyperfine
structure constants.
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Figure 1: Correlation trend in the electric scalar dipole polarizabilities of the ground states of
Cat, Sr*, and Ba™ ions.

[1] A. Chakraborty, Vaibhav Katyal, and B. K. Sahoo, Phys. Rev. A 113, LO11101 (2026).
[2] D. Jiang, B. Arora, and M. S. Safronova, Phys. Rev. A 78, 022514 (2008).
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We employ the relativistic coupled-cluster (RCC) theory, incorporating singles, doubles, and
triples (RCCSDT) excitations, to perform a rigorous assessment of the atomic and nuclear
properties of triply ionized Thorium-229 (>**Th3*) [1]. The isotope >*°Th stands as a sole
candidate for nuclear clocks due to its low-lying nuclear isomeric state [2, 3]. Using the RCCSDT
method, we report highly accurate values of isotope shift parameters, including field shift and
mass shift constants. By combining our theoretical results with experimental data [4], we estimate
the differential nuclear charge radii for the 23222°Th and 2**"2*Th.

We further determine the nuclear magnetic dipole (u;) and electric quadrupole moments for
both the ground and isomeric states of >*°Th and compare them with the available literature (see
Figure 1). Additionally, we provide evaluations of electric dipole polarizabilities and hyperfine-
induced quadrupole moments, which are critical for characterizing systematic uncertainties
and frequency shifts in thorium-based clocks. A significant finding in our analysis is the large
contribution from orbitals with higher angular momentum (/ > 6) and higher-order relativistic
effects, which are essential for reaching the accuracy required for next-generation metrology.
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Figure 1: Comparison of y; value of the nuclear ground state of ?°Th from different works.

[1] A. Chakraborty and B. K. Sahoo, Phys. Rev. A 113, L020801 (2026).
[2] E. Peik, T. Schumm, M. S. Safronova, A. Pélffy, J. Weitenberg, and P. G. Thirolf, Quantum Sci. Technol. 6,

034002 (2021).

[3] C.J. Campbell, A. G. Radnaev, A. Kuzmich, V. A. Dzuba, V. V. Flambaum, and A. Derevianko, Phys. Rev.

Lett. 108, 120802 (2012).
[4] C.J.Campbell, A. G. Radnaev, and A. Kuzmich, Phys. Rev. Lett. 106, 223001 (2011).
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A central goal of modern quantum physics is the characterization and understanding of emergent
phenomena in many-body systems. This objective is pursued experimentally through several
approaches, including ultracold-atom platforms. Among the various strategies available to
uncover novel physical behavior, the use of curved trap geometries stands out as particularly

powerful, since spatial constraints can deeply alter the collective behavior of many-body systems.

A paradigmatic example is provided by a system of identical bosons at low temperature subjected
to an external potential mimicking an isotropic bubble trap, which confines the particles to a
region of space near a spherical surface. We have employed Path-Integral Monte Carlo (PIMC)
simulations and the worm algorithm to investigate the spatial structure, superfluid fraction
and exchange-cycle statistics of a system with up to 120 bosons, interacting via the potential
V(r) = ce/ (rg + r%). In particular, we have explored the crossover from the hard-core to the
soft-core regime by varying the core radius ry from zero to the radius of the trap. Depending
on the number of particles, we observe the system spontaneously organize into 1 to 3 distinct
concentric spherical layers. By a proper tuning of the interaction strength cg and the quantumness
A = h?/2m, we map out the full phase diagram, revealing a rich variety of quantum phases that
include bilayer and trilayer insulators and superfluids, as well as cluster crystals and supersolids.
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We present a comprehensive study of different phases in the Dicke model incorporating both
anisotropy and dissipation. We begin with a concise review of the quantum phase transition in
this setting, highlighting how these two parameters shift the critical point. We then perform
a detailed investigation of the transition from ergodic to nonergodic phases by analyzing the
eigenvalue and eigenvector properties of the Liouvillian with the aid of scaling of the Liouvillian
gap (A) and the average participation ratio. Our results show that the eigenvector properties of
the Liouvillian are consistent with its spectral characteristics, leading to a phase diagram that has
similarities with the closed counterpart. Furthermore, we demonstrate that the Liouvillian gap
exhibits distinct scaling behaviors in these two phases. Finally, we extend our study to the driven
case by applying a Thue—Morse quasiperiodic drive. In this case, we find that bosonic dissipation
plays a crucial role in stabilizing the prethermal plateau, offering an effective mechanism to halt
the heating effect arising from the quasi-periodic drive.
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Figure 1: (a) InA vs In N plot for g; = 1.0, and « = 0.1. (b) The slope z (extracted from the
scaling of Liouvillian gap A as a function of atom number N) as a function of g, for fixed g; value,
where g1, g» are the anisotropic coupling strengths between spins and bosons. We consider the
dissipation strength, k = 0.1, 0.01. Here, nn,x = 26, and the atom number N is changing from
4 — 10. We find that the scaling is different for the ergodic and non-ergodic phases. We also
show that for changing «, the qualitative features of ENET (transition from nonergodic phase to
ergodic phase) remain the same.

[1] Pragna Das, Saptarshi Saha, arXiv:2505.20550.
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Quantum many-body systems exhibit rich dynamical phenomena, providing a testbed for exploring
new physics and driving the development of theoretical and computational tools. A central
challenge is simulating the real-time dynamics of such systems prepared in a non-equilibrium
state, a scenario that can be probed in a quantum quench [1]. This is generically hard owing to two
complementary notions of complexity: entanglement and non-stabilizerness, or magic. Classical
methods like tensor networks are limited by the generically linear growth of spatial entanglement
with time, making the required computational resources grow exponentially. Transverse
contraction methods, such as transverse folding and transverse light-cone contraction, reformulate
the problem so that the relevant bottleneck is instead the entanglement of transverse boundary
vectors, known as temporal entanglement (TE) [2, 3]. Complementarily, non-stabilizerness
quantifies how far a state is from the efficiently classically simulable stabilizer regime, and is
therefore relevant to quantum advantage [4]. In this work, we study these notions of computational
complexity for the boundary vectors in the kicked Ising model, a minimal Floquet spin chain
whose parameter space contains classical limits, integrable regimes, non-integrable dynamics,
and a dual-unitary point [5].

Fixing the coupling strength J = 7/4, we scan the parameter space of the longitudinal field 4, and
the transverse kick strength . We find that TE is much more structured than the generic volume-law
expectation [6, 7]. It is strongly suppressed near the classical limits » = 0 and b = 7/2, vanishes
exactly at the dual-unitary point » = /4 for most product initial states, and is rapidly restored to
volume-law growth under infinitesimal detuning from this point. In contrast, changing the longi-
tudinal field A, which controls integrability, mainly modulates the TE scaling rather than changing
its qualitative growth. The non-stabilizerness dynamics show a simpler pattern. Across most of
the parameter space, it grows approximately linearly in time, with the main qualitative exception
again occurring at the dual-unitary point, where it vanishes together with TE. Thus, regimes of
low temporal entanglement do not necessarily coincide with regimes of low non-stabilizerness.

Our results identify parameter regimes where transverse contraction remains efficient at long
times and show that entanglement-based and magic-based notions of complexity can separate

sharply in out-of-equilibrium quantum dynamics.
[1] P. Calabrese and J. Cardy, J. Stat. Mech.: Theory Exp. 2005, P04010 (2005).

[2] M. C. Baiiuls, M. B. Hastings, F. Verstraete, and J. I. Cirac, Phys. Rev. Lett. 102, 240603 (2009).

[3] M. Frias-Pérez and M. C. Bafiuls, Phys. Rev. B 106, 115117 (2022).

[4] V. Veitch, S. A. Hamed Mousavian, D. Gottesman, and J. Emerson, New J. Phys. 16, 013009 (2014).
[5] T. Prosen, Prog. Theor. Phys. Suppl. 139, 191-203 (2000).

[6] A. Foligno and B. Bertini, Phys. Rev. B 107, 174311 (2023).

[7]1 A.Foligno, T. Zhou, and B. Bertini, Phys. Rev. X 13, 041008 (2023).
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The renormalization group is an established approach in quantum many-body physics, and this
applies especially to one of its modern implementations known as the functional renormalization
group (fRG). In particular, the fRG constitutes a flexible and unbiased tool to study competing
orders [1, 2]. In this talk, I will outline recent progress in this direction for correlated electron
systems. To this end, I will first discuss the competition between antiferromagnetism, charge-
density waves and superconductivity in the two-dimensional Hubbard model, thus making a
connection with high-temperature superconductors such as cuprates.

A special emphasis will be given to a recent fRG scheme, called the multiloop fRG [3], which has
been shown to yield quantitatively accurate results for two-dimensional lattice systems [4, 5]. The
special role of a bosonization method, known as the single-boson exchange approach [6], will be
highlighted along the way as a means to reduce the numerical cost associated with fRG calcula-
tions [5, 7]. I will also show how the fRG can be combined with dynamical mean-field theory to
tackle strongly interacting regimes, with a focus on d-wave superconductivity [8]. Finally, I will
discuss extensions of the multiloop fRG allowing for an efficient treatment of electron-phonon
couplings, another relevant development for the description of superconductivity [9].

[1] W. Metzner, M. Salmhofer, C. Honerkamp, V. Meden, K. Schonhammer, Rev. Mod. Phys. 84, 299 (2012).

[2] N. Dupuis, L. Canet, A. Eichhorn, W. Metzner, J.M. Pawlowski, M. Tissier, N. Wschebor, Physics Reports 910,
1(2021).

[3] E.B. Kugler, J. von Delft, Phys. Rev. Lett. 120, 057403 (2018).

[4] C.Hille, F.B. Kugler, C.J. Eckhardt, Y.-Y. He, A. Kauch, C. Honerkamp, A. Toschi, S. Andergassen, Phys. Rev.
Research 2, 033372 (2020).

[5] K. Fraboulet, A. Al-Eryani, S. Heinzelmann, A. Kauch, S. Andergassen, arXiv:2512.11190.
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Lett. 112, 196402 (2014).
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Adiabatic elimination is a model reduction technique that can be applied to bipartite quantum
systems whenever the dynamics of the two components have a timescale separation. Since
the dimension of the Hilbert space is the product of the dimensions of the two subsystems,
the dynamics of the lower-dimensional model describing the slow degrees of freedom after
the transient of the fast ones is typically more tractable with both analytical and numerical
methods. This is in particular the case for open quantum many-body systems where the main
computational challenge is the doubly exponential growth of the dimension of the density
operator with the system size. A perturbative expansion in the timescale separation can provide
approximate slow-variable models involving induced dissipation at various orders, with higher
orders becoming relevant in cases where high-precision quantum control is involved [1].

As a relevant example of such a situation, we consider the generation of spin-squeezed states via
dispersive coupling of two-level atoms to an optical cavity. Spin-squeezed states are metrologically
useful quantum states where structured entanglement allows for enhanced sensing with respect to
the standard quantum limit. Relevant aspects are both the efficient preparation of spin-squeezed
states and the scalability of estimation precision with the number N of probes. Recently, it was
shown that increasing the atom-cavity coupling can be detrimental to spin-squeezing generation,

an effect that is not appreciated in the standard second-order cavity removal approximation [2].

We describe adiabatic elimination techniques to derive an effective Lindblad master equation up
to third order for the atomic degrees of freedom. We then show through numerical simulations
that the spin-squeezing scalability loss is correctly reproduced by the reduced open system
dynamics, pinpointing the relevant role of higher order contributions. Furthermore, we conjecture
an extension beyond leading order of the adiabatic elimination technique to the case of conditional
dynamics under quantum non-demolition continuous measurement and fast cavity loss, whose
reliability is again confirmed by numerical simulation of the dynamics and the corresponding
behavior of spin squeezing as a function of N [3].

[1]1 R. Azouit, A. Sarlette and P. Rouchon, 2016 IEEE 55th Conference on Decision and Control (CDC), 4559-4565
(2016)

[2] A. Caprotti, M. Barbiero, M. G. Tarallo, M. G. Genoni and G. Bertaina, Quantum Sci. Technol. 9, no.3, 035032
(2024).

[3] S. Giaccari, G. Dellea, M. G. Genoni and G. Bertaina, [arXiv:2506.22383 [quant-ph]].
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The static local field factor G (g) of the three-dimensional homogeneous electron gas is a direct
measure of exchange-correlation effects, yet accurate ground-state benchmark data have been
absent in the strongly coupled regime for three decades. Using diffusion Monte Carlo (DMC),
we present calculations of G (g) and the static density-density response function y (g) across the
liquid phase, up to the vicinity of Wigner crystallization. We find a pronounced nonmonotonic
structure in G(g) at intermediate wave vectors, whose amplitude grows with r, and identify
it as a fingerprint of short-range order in the electron liquid, simultaneously reflected in the
static structure factor S(g) and in a pronounced peak of the real-space kernel fi.(r) as the
crystallization is approached. Finally, we provide a parametrization of G (g), valid up to r; = 100,
which yields a well-defined collective mode that survives inside the particle-hole continuum
with a roton-like minimum, and is consistent with the low-energy excitonic mode found in recent
Bethe-Salpeter calculations.
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Bose-Einstein condensation is a ubiquitous phenomenon, present across a multitude of physical
scales, from coherence among some thousands of atoms, to macroscopic superfluidity in liquid
helium, up to theorised superfluid-superconducting neutrons and protons responsible for observed
glitches in neutron stars. At all of these scales, questions persist around the subject of non-
equilibrium dynamics, turbulence, and dissipation, to which the quantum, non-linear nature of
superfluidity introduce mechanisms and features intractable by classical approaches. Remarkably,
since the inaugural achievement of Bose-Einstein condensation in an ultracold atomic gas in 1995,
atomic superfluids have rapidly developed into a highly controllable and flexible platform to probe
ever more diverse and complex superfluid phenomena. One system which was fundamental to the
study of equilibrium, non-equilibrium, driven-response and dissipative dynamics of fluids in the
development of classical thermodynamics, is the engine. Recently, we have seen atomic superfluid
experiments demonstrate the feasibility of constructing an engine system in a real laboratory
system. Inspired by the work of Simmons et all'l, in collaboration with experimentalists at
Aarhus University we present an investigation of a quantum engine, with a 39K atomic superfluid
as the working fluid. We demonstrate efficiency and power performance characteristics subject
to variations in compression and interaction strength ratio, as well as finite temperature. We note
the rapid convergence of this system to its reversible limit efficiency in finite duration cycles, as
well as a novel driving regime which allows simultaneous maximisation of efficiency and power
of the cycle.

[1] E. Simmons et al., PRR 5, L042009 (2023).
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The calculation of thermal conductivity in insulating solids at temperatures below the Debye
temperature is problematic, due to the breakdown of classical and semi-classical approaches.
In this work, we present a fully non-perturbative quantum methodology to compute thermal
conductivity based on Path Integral Monte Carlo (PIMC) simulations combined with the Green-
Kubo linear response theory. The method is applied to rare gas solids modeled by a Lennard-Jones
potential, paradigmatic systems where quantum effects strongly affect both thermodynamic and
transport properties. From PIMC simulations, we obtain the temperature-dependent phonon
frequencies, lifetimes, and specific heat. From the imaginary time correlations of the energy
current, we extract the thermal transport coeflicients based on a physically motivated prior. We
show that the experimentally observed increase of the thermal conductivity of argon and neon
at low temperatures cannot be explained within a Peierls-Boltzmann framework using phonon
line-widths at equilibrium. In contrast, a distinct transport lifetime emerges from the analysis of
heat-current correlations. Our results demonstrate that quantum Monte Carlo methods provide
a robust, non-perturbative framework to investigate heat transport in insulating solids, beyond
the limits of classical molecular dynamics without relying on perturbative or semi-classical
approximations.

[1] V. Efremkin, J.-L. Barrat, S. Mossa, and M. Holzmann, cond-mat/2602.16405.
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Molecular dynamics beyond the Born—Oppenheimer approximation is a coupled electron—nuclear
many-body problem, and hybrid oscillator—qubit processors are naturally suited to it: the
Ha—MacDonell coupled multi-qubit—boson (cMQB) mapping [1] encodes electrons in qubits
and carries nuclei directly in bosonic modes. Gaussian and conditional-Gaussian operations
are native, while a time step’s cost concentrates in the non-Gaussian phase gates and their
Pauli-controlled rotations; we treat this as a finite-precision channel-formation problem with an
explicit cost model.

The core method is a Jacobi—Anger oscillator—qubit generalized quantum signal processing
(JA-OQ-GQSP) synthesis [2] of the trigonometric phase gates exp[—iA cos(u-Q +¢)] that appear
in the trigonometric-gate-implemented Fourier synthesis (TGIFS) representation of anharmonic
potentials [3]; here O collects the mode position quadratures Q= (a+a")/V2, pisan integer
Fourier index, ¢ a phase, and A the gate angle, set by the TGIFS Fourier coefficients. A Jacobi—
Anger expansion gives an OQ-GQSP query degree K = O(|A| + log(1/g)/loglog(e€/e)) at
target precision e—the near-optimal QSP scaling—against O(A?/¢) for a first-order small-angle
implementation. The same construction handles gates conditioned on an electronic Pauli string
at unchanged degree, giving a compilation strategy for the smooth position-dependent cMQB
terms. Position encodings with qubits could simulate conditional-Gaussian gates efficiently [4],
so any advantage is representational rather than intrinsic to the non-Gaussianity of bosons.

We evaluate the resulting inner-synthesis cost for molecular models that require multi-state,
multivariate, anharmonic bosonic phase gates, typically with sparse Fourier structure. At fixed
Fourier or ridge support, the construction reduces the number of inner synthesis queries by four
to five orders of magnitude relative to a first-order small-angle implementation. These estimates
are compared with native oscillator—qubit primitives, position-encoded qubit simulations [4], and
classical MCTDH/tensor-network descriptions as separate reference formulations.

The result identifies a concrete regime in which oscillator-native continuous-variable structure
changes the compilation cost of molecular many-body dynamics: the Gaussian and conditional-
Gaussian parts remain native, while the dominant non-Gaussian trigonometric gates admit
near-optimal signal-query synthesis. This provides a resource benchmark for assessing when
hybrid oscillator—qubit encodings offer a genuine representational advantage for pre-Born—
Oppenheimer quantum dynamics.

S

] J.-K. Ha and R. J. MacDonell, arXiv:2409.04427 (2024); Chem. Sci. 16, 19423 (2025).

] J. Hong, S. H. Kim, S. K. Min, and J. Huh, arXiv:2510.10495 (2025); Chem. Sci. (2026).
[3] T. Chalermpusitarak, K. Schwennicke, 1. Kassal, and T. R. Tan, arXiv:2511.22286 (2025).
] X. Lu, B. N. Bakalov, and Y. Liu, arXiv:2603.09233 (2026).
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Simulated annealing provide heuristic solutions to combinatorial optimization problems. In this
approach, the cost function of the problem is mapped onto the energy function of a many-body

system, with the goal of guiding the system toward its ground state, that is, the optimal solution.

During the time evolution of the system, fluctuations are initially set strong and then gradually
weakened over time, thereby promoting exploration of the state space while preventing the
system from becoming trapped in local energy minima, and ultimately driving the system toward
the global energy minimum. Previous studies [1, 2] have extensively debated the differences
between thermal and quantum fluctuations in the annealing process. Nevertheless, a fundamental
understanding of difference between them has yet to be established, and it remains unclear

how and for which problems quantum annealing achieves an advantage over thermal annealing.

Here we investigated the many-body dynamics under thermal and quantum annealing across all
possible interaction networks of the +J model with up to seven Ising spins [3]. As a result, we
found that performance differences between thermal and quantum annealing emerge for certain
specific interaction network structures. This indicates that thermal and quantum annealing can be
distinguished depending on the structure of the energy landscape. Furthermore, examining the
behavior of probability fluxes in state space reveals that while thermal and quantum annealing
exhibit globally similar behavior, there exist qualitative differences attributable to quantum
tunneling. Additionally, investigating the speed limits [4] of magnetization (order parameters)
computed from the probability fluxes shows that quantum annealing can surpass the speed limits
found in thermal annealing, and that the order parameter evolves at a rate close to the speed limit
in almost all cases. With the recent technological advances in cold atom experiments, our results
can be experimentally verified in the various platforms [5].

T. Kadowaki and H. Nishimori, Phys. Rev. E 58, 5355 (1998).

R. Hamazaki, PRX Quantum 3, 020319 (2022).

]
]
[3] Y. Horiike and Y. Kawaguchi, arXiv:2511.16457 (2025)
]
] W. Lechner, P. Hauke, and P. Zoller, Sci. Adv. 1, e1500838 (2015).

P. Hauke, H. G. Katzgraber, W. Lechner, H. Nishimori, and W. D. Oliver, Rep. Prog. Phys. 83, 054401 (2020).
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Understanding vortex dynamics in three-dimensional superfluid systems emerges as a key
challenge. While vortex generation and evolution are well studied in two dimensions, the
three-dimensional case remains only partially explored. Our work [1] aims to numerically
investigate three-dimensional vortex ring dynamics and to develop experimentally reproducible
methods for generating, manipulating and characterising vortex rings in harmonically trapped
cylindrical Bose—Einstein condensates.

We exploit moving repulsive laser-sheet barriers that locally constrict the superflow to achieve
controlled vortex ring nucleation and propagation in the condensate. We then investigate the
rings dynamics and assess how it is affected by the barrier parameters. Given the symmetry of
the system, we propose and validate the use of cylindrical coordinates to simulate the condensate
dynamics: this framework effectively reduces the three-dimensional problem to a two-dimensional
problem, leading to significant advantages in computational time while preserving an accurate
physical description.

We carry out an energetic analysis throughout the vortex ring generation process and during its
propagation in the system to gain insight into the microscopic physics underlying the nucleation
mechanism. We also present a preliminary analysis of vortex ring nucleation and dynamics
when employing attractive laser-sheet barriers. Moreover, by exploiting additional optical local
potentials that break the cylindrical symmetry, we trigger destabilisation of previously formed
vortex rings.

[1] G. Iori, K. Xhani, W.J. Kwon, D.E. Galli, L. Galantucci, Phys. Rev. Research 8, L022043 (2026)
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In this project, we explore different semiclassical methods, and how they can be applied to
study the impact of a surrounding environment on nuclear spin relaxation and various nuclear
magnetic resonance (NMR) phenomena. Of particular interest has been the application and
adaption of the Caldeira-Leggett formalism [1], in order to simulate line broadening effects
in NMR spectra. We do this by utilizing the ideas of Meyer & Miller [2] and others [3], by
treating the real and complex parts of the complex coefficients associated with the quantum spin
states as classical variables. This makes it easier to rationalize the coupling between the spin
degree of freedom and the classical harmonic oscillators of the surrounding environment. On the
contrary to how the Caldeira-Leggett formalism or the “Spin-Boson [4] model” is usually used,
i.e. to model the impact of the environment on the transition and tunneling between discrete
energy states, a large part of our adaptions for simulating line broadening effects instead focus
on how it can be used to model dephasing of the coherence associated with an ensemble of
spins. Our numerical simulation results, show how the model introduce a line broadening effect
in simulated NMR spectra, and how broadening increases with longer correlation times of the
surrounding environment, in line with existing relaxation theories of NMR. These are results
that show promise, and with some further improvements and details worked out concerning
thermodynamical properties of the oscillators of the environment, the methods can be useful
alternatives for modeling relaxation within the field of NMR.

[1] Caldeira, A.O.; Leggett, A.J. Annals of physics. 149, 374 (1983).

[2] Meyer, H.-D.; Miller, W.H. The Journal of Chemical Physics. 71, 2156 (1979).
[3] Strocchi, F. Reviews of Modern Physics . 38, 36 (1966).

[4] Leggett, A. J.; Chakravarty, S. et al. Reviews of Modern Physics. §9, 1 (1987).
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For several decades it has been known that divergences arise in the ground-state energy and
chemical potential of unitary superfluids, where the scattering length diverges, due to particle-hole
scattering. Leading textbooks [1, 2] and research articles [3] recognize that there are serious
issues but ignore them due to the lack of an approach that can regularize these divergences.

In this presentation, we find a solution to this difficulty by proposing a general method, called the
weighted Hartree-Fock-Bogoliubov theory, to handle multiple decomposition channels originating
from the same interaction [4]. We distribute the interaction in weighted channels determined by
minimization of the action, and we apply this idea to unpolarized Fermi superfluids. Using our
method, we solve a long-standing difficulty in the partitioning of the interaction into Hartree,
Fock, and Bogoliubov channels for Fermi superfluids, and we obtain a phase diagram at the
saddle-point level, which contains multichannel nonperturbative corrections. In particular, we
find a previously overlooked superfluid phase for weak interactions, which is dominated by
particle-hole processes, in addition to the usual superfluid phase only containing particle-particle
physics.

We emphasize that our method is so general, that it can be applied to any fermionic system that
can support competing interaction channels. This includes systems from particle and nuclear
physics, condensed matter physics, ultracold atoms, and even in astrophysical objects like the
crusts of neutron stars [5].

[1] C.J. Pethick, H. Smith, Bose-Einstein Condensation in Dilute Gases, 2" ed. (Cambridge University Press,
Cambridge, 2008)

[2] L. Pitaevskii, S. Stringari, Bose-Einstein Condensation and Superfluidity, International Series of Monographs
on Physics (Oxford University Press, Oxford, 2016)

[3] C. A.R. Sad de Melo, M. Randeria, J. R. Engelbrecht, Phys. Rev. Lett. 71, 3202 (1993) & Phys. Rev. B 55,
15153 (1997)

[4] N. Kaschewski, A. Pelster, C. A. R. S4 de Melo, Phys. Rev. Research 7, 033186 (2025)

[5] G.C. Strinati, P. Pieri, G. Ropke, P. Schuck, M. Urban, Phys. Rep. 738, 1 (2018)



P24

Search for BSM Boson via Precision Atomic Studies

Vaibhav Katyal!2, A. Chakraborty!, and B. K. Sahoo'

U Atomic, Molecular and Optical Physics Division, Physical Research Laboratory, Ahmedabad
380009, India
2Indian Institute of Technology Gandhinagar, Palaj, Gandhinagar 382355, India

Precision isotope shift (IS) spectroscopy is a sensitive probe of physics beyond the Standard
Model (BSM), where nonlinearities (NLs) in King’s plots can signal new interactions. We
present a relativistic many-body analysis of higher-order NL effects in low-lying transitions of
Ca™*, focusing on constraints on a hypothetical electron—neutron interaction mediated by a BSM
boson. The corresponding potential is (in atomic units) [1]]

| e—m¢r/c
Vps = (=1)""anp c - ey

s+1 YeYn
4nc *

with ayp = (-1
In standard IS theory, an atomic transition is dominated by the mass shift (MS) and field shift (FS),
which factorize into isotope- and transition-dependent parts, leading to a linear relation between
differential isotope shifts of two transitions known as the King’s plot relation. Deviations from
this linearity can arise from both BSM boson exchange and SM effects; therefore, unambiguous
identification of BSM signals requires precise control of all SM-induced NLs. A generalized

form of the King’s plot equation that incorporates nonlinear contributions is given by [4} 5]
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Here, G, GW, F@ and K@ characterize
higher-order SM contributions to the NL, while
D represents the BSM contribution. To assess 107
their interplay, we determine bounds on ayp in
two cases: Case I, neglecting SM-induced NLs, 1074
and Case II, including them explicitly. We find
that accounting for SM NLs significantly re-
laxes the constraint on the electron—neutron
coupling, from ayp < 7.9 X 107" in Case I -
to ayp < 5.9 x 10719 in Case II, underscor-
ing the importance of properly incorporating ' : '

SM nonlinearities in precision isotope-shift Bowon Mass m (V/c) o
analyses.
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Figure 1: Demonstrating ayp variation with m
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We investigate the lowest breathing and quadrupole oscillation modes of binary *°K ultradilute
droplets confined in one dimension by a strong harmonic potential. The confinement reduces the
critical number of particles needed to sustain a self-bound state by reducing a three-dimensional
problem to the quasi-two-dimensional regime. [1] Collective excitation modes, such as breathing
and quadrupole oscillations, are particularly useful probes of droplet properties since their
frequencies are highly sensitive to changes in the energy and geometry of the system. As a
consequence, they can provide insight into beyond-LHY physics.

We use the density functional constructed from first-principles quantum Monte Carlo calculations
(QMCO) [2], which incorporates the effects of the finite interaction range. This system is highly
tunable via Feshbach resonances, therefore our analysis is performed for three magnetic field
strengths. Increasing the magnetic field weakens the interspecies attraction, leading to signifi-
cantly lower oscillation frequencies. Additionally, our analysis reveals that stronger confinement
significantly lowers both the frequencies and the critical atom number required for a stable droplet.
While the quadrupole mode exhibits greater stability in smaller droplets, the breathing mode
shows a more pronounced dependence on the confinement strength. The differences between the
QMC and MF+LHY results are comparable to those in previously studied unconfined spherical
droplets [3], which indicates important beyond-LHY contributions.

[1] A. Sanuy, R. Barac, P. Stipanovi¢, and L. Vranje$§ Marki¢, J. Boronat, Phys. Rev. A, 109, 013313 (2024).
[2] V. Cikojevi¢, L. Vranje$ Marki¢, and J. Boronat, New J. Phys. 22, 053045 (2020).
[3] V. Cikojevié, L. Vranjes Marki¢, M. Pi, M. Barranco, and J. Boronat, Phys. Rev. A, 102, 033335 (2020).



P26

Fault-Tolerant Quantum Computing for Nuclear Physics

Lloyd La Ronde', Paul Stevenson', Matteo Vorabbi!, James Benstead'-?, Claudia Clarke >

U School of Mathematics and Physics, University of Surrey, Guildford, Surrey GU2 7XH, UK
2AWE Nuclear Security Technologies, Aldermaston, RG7 4PR, UK

Simulating complex nuclei can be challenging, since the dimension of most nuclear problems
grows exponentially with the number of nucleons. One approach to solving the nuclear many-body
Schrodinger equation is to use an Effective Field Theory (EFT) as it only focuses on relevant
low-energy degrees of freedom. However even then, the Hilbert space can grow large as the order
of the EFT is increased, requiring a new approach to solve it.

Quantum computing is an emergent technology that works fundamentally in a different way to
normal computers. While quantum computers currently suffer from noise and errors, there is
much promise that they will become fault-tolerant. Quantum computers make use of a funda-
mental unit of information, the qubit. Since the corresponding Hilbert space grows exponentially
with the number of qubits growing linearly, using quantum computing to model nuclei can be a
naturally advantageous approach.

We demonstrate the pion-less EFT at leading order on a lattice. We explain how the relevant
Hamiltonian can be expressed in the language of the quantum computer, using qubits. We solve
the nuclear many-body Schrodinger equation on a quantum computer by simulating a selection
of fault-tolerant quantum algorithms. Our results show that quantum computing is a hopeful

method for simulating complex nuclei.
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Figure 1: The Iterative Quantum Phase Estimation Algorithm (IQPE) is used to recover the

eigenspectra of nuclei by recycling one ancilla qubit.
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Silicene is a two-dimensional honeycomb allotrope of silicon, attracting interest for its graphene-like
electronic properties and potential as a platform for low-dimensional quantum transport, spin- and valley-
dependent phenomena, topological states, and silicon-compatible quantum technologies.'* Silver (111) is
one of the most studied substrates for growing monolayer silicene. Specifically, the formation of various
silicene reconstructions (4x4, V13xV13R13.9° type I and 11, 243 X2\/3R3O°, and others) has been observed*~,
yielding to polycrystalline samples, which in turn introduces scattering centers for charge carriers.

It is instead crucial to synthesize large-scale, misorientation-free single crystals of monolayer silicene.
Previous experiments have demonstrated that monolayer silicene of nearly isolated form, with a sample size
of the cm? scale, can be successfully grown on Ag,Sn/Ag(111) via molecular beam epitaxy (MBE)°. This
process has been well-supported by theoretical calculations®, highlighting the potential of a decoupled
silicene layer on a single-element-decorated Ag(111) surface.

We extend these studies and explore the feasibility of forming monolayer silicene on Ag,X surface alloys on
Ag(111), where X represents different doping elements (Sn, Ge, Sb, Pb, and Bi). Based on density functional
theory (DFT) as implemented in Quantum Espresso software, we examine the equilibrium adsorption
structures, silicene buckling, adsorption energies, charge transfer, and electronic properties of silicene on
Ag,X/Ag(111) substrates.

We considered three types of silicene superstructures, namely (4x4, V13x\13, and V3x\3) ', that require
different superlattices of Ag(111) (4V3x4V3, V39x139, and 2V3x2V3). Our results show that the buckling
increases with doping, following the order: Ge, Sb(Sn), Pb, and Bi. Regarding the strength of the Si-substrate
interaction, the trend is approximately reversed. These findings suggest that silicene on Bi, Sb, and Pb-
doped superlattices is more feasible to form decoupled silicene compared to that on Sn- and Ge-doped
superlattices.

Furthermore, charge transfer analysis reveals that for Sn-doped superlattices, minimal charge transfer occurs
from silicene to the substrate, while for Ge-doped systems, the charge transfer is considerably larger yet still
smaller than on pristine Ag(111). Finally, we investigated the electronic structures of silicene upon
adsorption on the Ag,X/Ag(111) substrates.

Our study offers valuable insights that could guide experimental efforts in the synthesis of high-quality,
decoupled silicene monolayers, which are essential for the advancement of future nanoelectronic devices
based on this material.

[1] Molle, A et. al. Silicene, silicene derivatives, and their device applications, Chem. Soc. Rev. 47, 63706387 (2018).

[2] Liu, C.-C. et. al. Quantum Spin Hall Effect in Silicene and Two-Dimensional Germanium, Phys. Rev. Lett. 107,
076802 (2011).

[3] Feng, B. et al. Evidence of silicene in honeycomb structures of silicon on Ag(111). Nano Lett. 12,3507 (2012).

[4] Jamgotchian, H. et al. Growth of silicene layers on Ag(111): Unexpected effect of the substrate temperature. J.
Phys.: Condens. Matter 24, 172001 (2012).

[S] Onoda, J. et al. Less-ordered structures of silicene on Ag(111) surface revealed by atomic force microscopy. Phys
Rev. Mater. 3, 104002 (2019).

[6] Achilli, S. ef al. Crystal phase engineering of silicene by Sn-modified Ag(111). Nanoscale 15, 1100511012
(2023).

F o

97



P28

Generator Coordinate Method with Symmetry-Restored HFB basis:
Theoretical Framework and Results

Takahiro Mizusaki'!, Kazunari Kaneko?, Noritaka Shimizu?®, and Yang Sun*

nstitute of Natural Sciences, Senshu University, Tokyo 101-8425, Japan
2Department of Physics, Kyushu Sangyo University, Fukuoka 813-8503, Japan
3 Center for Computational Sciences, University of Tsukuba, Tsukuba, Ibaraki 305-8577, Japan
4School of Physics and Astronomy, Shanghai Jiao Tong University, Shanghai 200240, China

The Generator Coordinate Method (GCM), utilizing symmetry-restored basis sets, is a crucial
technique for performing large-scale realistic shell model calculations. Its effectiveness has
been previously demonstrated in works such as Ref. [1, 2], where the Hartree-Fock (HF) basis
with angular momentum projection was employed. Although transitioning to the Hartree-Fock-
Bogoliubov (HFB) basis with angular momentum projection represents the logical next step,
this advancement was initially hindered by a notorious sign-determination problem encountered
when evaluating norm overlap using the Ohnishi formula [3, 4]. This issue stemmed from the
double-coverness inherent in the HFB transformation and was finally solved with the Pfaffian
method by L. M. Robledo [5], leading to subsequent deep theoretical developments [6]. Based
upon this foundation, we developed the GCM based on the HFB basis with angular momentum
projection [7, 8], making no assumption regarding nuclear shape. In this contribution, we
discuss its theoretical framework.

Using this symmetry-restored HFB-GCM, we have successfully investigated several aspects of
nuclear structure. In our recent work, we explored the concept of the Quantum Critical Point
(QCP) in nuclear structures [9]. This idea was initially introduced using the Interacting Boson
Model (IBM) by F. Iachello et al. [10], which described critical-point symmetries such as E(5)
and X(5). Since IBM is fundamentally a boson model of collective nuclear motion, investigating
this concept within the fermionic framework of the shell model represents an important theoreti-
cal extension. For this purpose, the HFB-GCM approach proves highly advantageous because it
is rooted in mean-field theory and accurately predicts precise spectroscopic quantities. By using
this method, we found a phase diagram—analogous to the extended Casten triangle—derived
using two quasi-SU(3) quadrupole coupling parameters. This diagram maps out phase bound-
aries, revealing energy spectra associated with various symmetries, including the dynamical
symmetries U(5), O(6), and SU(3), as well as the critical-point symmetries E(5) and X(5). In
this contribution, we explore the phase diagram presented herein, detailing both its underlying
physics and the resulting shape phase transitions.

K. Hara, Y. Sun and T. Mizusaki, Phys. Rev. Lett. 83, 1922 (1999).
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[2] T.Mizusaki, T. Otsuka, Y. Utsuno, M. Honma, and T. Sebe, Phys. Rev. C 59, R1846 (1999).
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[4] P. Ring and P. Schuck, The Nuclear Many-body Problem (Springer, Berlin, 1980).
[5] L. M. Robledo, Phys. Rev. C79, 021302(R) (2009).
[6] For example, T. Mizusaki, M. Oi, N. Shimizu, Physics Letters. B779, 237 (2018).
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Motivated by a compelling need for time-efficient and robust schemes for quantum-state
engineering in systems of neutral atoms in optical tweezers, we consider a ring-shaped array of
qubits with nearest-neighbor Ising-type (zz) coupling and transverse (x and y) global control
fields. This system to a large extent mimics — outside of the Rydberg-blockade regime — a
circular array of neutral atoms coupled through van-der-Waals type interaction. We investigate
the preparation of W and Dicke states in this system starting from the default initial state [00. .. 0)
using two different optimal-control approaches: (i) NMR-like pulse sequence, which consists
of instantaneous (delta-shaped) control- and Ising-interaction pulses, and (ii) time-dependent
control scheme, which entails shaped control pulses in the presence of always-on Ising interaction
between adjacent qubits. By making use of the underlying dihedral symmetry of this system —
which allows one to use a symmetry-adapted computational basis with O(2"/N) states in an
N-qubit system — and utilizing suitable global-optimization methods, we find optimal sequences
of pulses for realizing W and Dicke states within both approaches. In addition, we demonstrate
robustness of these sequences against unavoidable control errors. Finally, using typical values
of parameters in realistic Rydberg-atom systems, we show that our control schemes enable
the preparation of the desired multiqubit states on time scales much shorter than the relevant
coherence times of those systems.
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Strong-coupling properties of Fermi superfluidity
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2ISSP, Univ. of Tokyo

Since the experimental realization of synthetic Raman-type spin-orbit coupling (SOC) in ultracold
atomic gases[ 1], spin-orbit coupled quantum gases have attracted much attention as a controllable
platform for studying unconventional pairing and strong-coupling phenomena . So far, the
experimentally realized SOC in cold atoms has mainly been one-dimensional Raman-type SOC.
On the other hand, higher-dimensional Rashba-type SOC, whose experimental realization is
still an important challenge, has been theoretically predicted to cause more dramatic effects on
Fermi superfluidity. In particular, two- and three-dimensional Rashba-type SOC can enhance
two-body bound-state formation and drive a crossover from a BCS superfluid to a Bose-Einstein
condensate (BEC) of rashbons, even when the bare attraction is weak [2]. A characteristic feature
of rashbons is that their effective mass becomes larger than twice the mass of a constituent Fermi
atom, which is expected to modify low-energy collective dynamics as well as thermodynamic
properties.

In this work, we theoretically investigate the specific heat at constant volume, Cy, of a three-
dimensional Fermi superfluid with a tunable Rashba-type SOC. Pairing fluctuations associated
with rashbon formation are included within the Nozieres-Schmitt-Rink strong-coupling theory
[3]. Since the low-temperature specific heat in the superfluid phase is governed by the gapless
Goldstone mode in the ordinary BCS-BEC crossover [4], we use Cy as a thermodynamic probe
of rashbon collective excitations in the BCS—rashbon BEC crossover.

We show that, in the strong-SOC regime, the collective-mode contribution to Cy is strongly
affected by the enhanced rashbon effective mass. The heavier rashbon mass reduces the
collective-mode velocity and thereby amplifies the low-temperature specific heat compared with
the case of tightly bound molecules with mass 2m. Furthermore, by analyzing the temperature-
dependent power law of Cy, we identify three characteristic temperature regimes. At sufficiently
low temperatures, Cy is dominated by linearly dispersing rashbon collective excitations. At
higher temperatures, thermally excited collective modes probe the nonlinear part of the rashbon
dispersion, leading to an apparent power-law behavior different from that expected from a purely
linear mode. In the crossover region closer to the BCS side, fermionic quasiparticle excitations
also give a sizable contribution, reflecting the competition between collective and single-particle
excitations.

These results demonstrate that the specific heat is not merely a bulk thermodynamic quantity, but a
useful diagnostic of the excitation hierarchy in spin-orbit coupled Fermi superfluids. In particular,
Cy reveals how the heavy effective mass and nonlinear collective dispersion of rashbons emerge
across the BCS—rashbon BEC crossover.

[1
[2
[3
[4

P. Wang et al., Phys. Rev. Lett. 109, 095301 (2012).

J. P. Vyasanakere and V. B. Shenoy, Phys. Rev. B 83, 094515 (2011).

P. Nozieres and S. Schmitt-Rink, J. Low Temp. Phys. §9, 195 (1985).

D. Inotani, P. van Wyk, and Y. Ohashi, J. Low Temp. Phys. 196, 111 (2019).
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Understanding superfluid transport in ring geometries is central to a wide range of systems, from
superconducting circuits and quantum technologies to neutron star interiors. In these contexts,
persistent currents provide a direct probe of macroscopic phase coherence, and identifying the
mechanisms that limit their stability-namely, the critical currents-is of fundamental importance
[1]. Ultracold atomic gases offer a highly controllable platform to investigate superfluid transport,
particularly in toroidal traps where persistent currents emerge with quantized circulation set by
the winding number. Here, using the time-dependent superfluid local density approximation
(TDSLDA) [2], we demonstrate that even in the absence of external impurities [3], two distinct
critical winding-number (current) thresholds arise. The first corresponds to pair breaking,
leading to a mixed superfluid—normal state, while the second marks the complete suppression of
superfluid order, leaving only a normal fluid. The latter represents the analogue of the depairing
current in superconductors and connects to the physics of gapless superfluids relevant for neutron
star matter. We further show how these two critical currents depend on interaction strength
across the crossover from the strongly interacting unitary Fermi gas (UFG) to the weak-coupling
BCS regime, with the BCS limit exhibiting the lowest critical values. The intermediate mixed
phase is dynamically unstable and evolves into an array of quantized vortices, whose number
depends on both the interaction regime and the initially imprinted winding number. These results
provide a unified picture of current-induced instabilities in fermionic superfluids and clarify the
microscopic origin of critical currents across interaction regimes.

(@) () (©)

Figure 1: Order parameter amplitude in the strongly interacting unitary Fermi gas limit. (a) Static,
homogeneous order parameter amplitude for winding number (persistent current) below the
pair-breaking critical current, showing a stable uniform superfluid state. (b) Static order parameter
amplitude once the winding number exceeds the pair-breaking critical current, showing the onset
of spatial inhomogeneity. (c) Time evolution of the order parameter amplitude for the same
parameters as in (b), showing the system relaxing from the unstable mixed superfluid—normal
configuration into an array of quantized vortices.

[1] K. Xhani, A. Barresi, M. Tylutki, G. Wlaztowski, and P. Magierski, Phys. Rev. Res. 7, 013225 (2025).
[2] G. Wlaztowski, P. Magierski, M. M. Forbes, and A. Bulgac, arXiv:2602.08982 (2026)
[3] B. Tiizemen, A. Barresi, G. Wlazlowski, P. Magierski, and K. Xhani, Phys. Rev. Res. 8, 023204 (2026).
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Dark excitons constitute a large fraction of the excitonic landscape of two-dimensional transition-
metal dichalcogenides, but their optical characterization remains challenging because they cannot
be directly coupled to the ground state by conventional linear spectroscopy.[1, 2] Here we
present a fully ab initio framework for time-resolved transient absorption based on the GW
approximation and the Bethe—Salpeter equation. The method extends previous developments by
including excitons with finite center-of-mass momentum and treating intraband contributions in
a gauge-consistent fashion. We apply it to monolayer MoS; and investigate the optical response
following exciton relaxation. Our calculations show that the transient absorption spectrum cannot
be explained solely by transitions originating from the zero-momentum bright A exciton. At
finite effective temperatures, dark excitons and finite-momentum states around the I', K, M,
and Q valleys become thermally populated and jointly shape the spectrum. At 300 K, the
calculated response reproduces the main relative structures observed experimentally[3]. A state-
and symmetry-resolved decomposition assigns the main peaks to optically allowed transitions
from ATS excitons toward higher A;p-, A;p-, and B;p-like states. These results demonstrate that
time-resolved intra-excitonic absorption provides a sensitive optical probe of dark excitons and
establish a predictive framework for interpreting their complex nonequilibrium spectra.

[1] G. Wang, A. Chernikov, M. M. Glazov, T. F. Heinz, X. Marie, T. Amand, and B. Urbaszek, Rev. Mod. Phys. 90,
021001 (2018).

[2] D.Y. Qiu, F. H. da Jornada, and S. G. Louie, Phys. Rev. Lett. 111, 216805 (2013).

[3] S.Cha,]J. H. Sung, S. Sim, J. Park, H. Heo, M.-H. Jo, and H. Choi, Nature Communications 7, 10768 (2016).
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Superfluids may exhibit spatial density modulations either because of an external potential
or because the system is in a supersolid state. This is a topic of current interest, for instance,
in the field of cold atoms. We have investigated bosonic systems, studying how the dynamics
of a single vortex and of a vortex dipole is modified with respect to their behavior in a uniform
superfluid.

We consider 8’Rb bosons at 7' = 0 K in a flat geometry under the influence of an external
periodic potential, using Gross-Pitaevskii theory [1]. A single vortex excitation has an energy
that depends on the position of its core. This energy is lowest where the density is minimal;
hence, the equilibrium positions of a vortex coincide with the maxima of the external potential.

In a uniform superfluid, a vortex dipole, namely a pair of vortices with opposite chirality,
is a stable excitation that moves with constant velocity. This is no longer true in a modulated
superfluid. For a two-dimensional modulation, where the equilibrium positions of the vortices
are isolated points, the vortices move mainly by jumping between equilibrium sites and approach
each other until they annihilate within a short time. Since our theory includes neither thermal
nor stochastic effects, these jumps are manifestations of vortex tunneling between equilibrium
sites. This dynamics is very similar to that of a vortex dipole in a supersolid.

In the case of a one-dimensional modulation, where parallel density ridges are present, the
equilibrium positions of a vortex are localized in the channels between ridges. The dynamics of
the dipole depends on the positions of the two vortices. If they are in the same channel, the
vortices approach each other until they annihilate within a short time. If they are in distinct
channels, the dipole undergoes translation, with a velocity that depends on the intensity of the
external potential and can even change sign with respect to the uniform-superfluid case. Su-
perimposed on this translation, an oscillatory transverse motion is also present. This transverse
motion is one-sided, in the sense that the vortex cores never cross the equilibrium positions
nearest to their starting positions.

In the presence of a circular trap, an off-center single vortex undergoes uniform circular
motion around the trap center. Also in this case, the vortex dynamics is quite different when
a one-dimensional modulation is present: the motion is a superposition of translation along
a channel and oscillation. This oscillatory motion can be either longitudinal, i.e., along the
ridge, or transverse to it, depending on the geometry and on the initial state. In all cases, the
transverse oscillatory motion is one-sided.

In conclusion, a vortex dipole can be a short-lived excitation in a spatially modulated su-
perfluid, and a peculiar one-sided oscillatory motion can occur both for a single vortex and for
a dipole.

References

[1] F. Ancilotto and L. Reatto, “Controlling quantum vortex dynamics and vortex-antivortex
annihilation in Bose-Einstein condensates with optical lattices”, Phys. Rev. A 110, 013302
(2024).
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The Bose Hubbard model accurately describes ultracold bosonic atoms in optical lattices, which
present themselves as a clean and highly tunable platform for quantum simulation. Despite the
apparent simplicity of the Hamiltonian, the Bose Hubbard model is not analytically solvable, and
numerical simulations become intractable when including features like non-zero temperatures or the
presence of gauge fields, unless the system is too small. The Quantum Rotor Approach (QRA)
makes use of a coherent path integral formalism and an approximation consisting of the relaxation
of the unimodularity of a complex field into an average unimodularity across the lattice for
obtaining closed form expressions for observables and critical lines, while still taking into account
the geometry of the system. In this work we make use of the QRA to study the Bose Hubbard model
in the presence of a magnetic field and restricted geometry. This allows us to explore possible
incompressible states, reminiscent of Fractional Quantum Hall states, that appear around the first
Mott lobe at specific fillings in competition with the superfluid, without the limitations of numerical
simulations on the size of the system, as well as the possibility of including thermal effects [1].

[1] M. Rodriguez Martin, T. A. Zaleski, Phys. Rev. B 112, 214506 (2025).
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Beyond equal time correlations in driven-dissipative many-body systems
: a generic cumulant expansion scheme
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The cumulant expansion method is a powerful framework for studying the dynamics of many-body
open quantum systems, providing both computational efficiency and physical insight. In this
presentation, I will introduce a generalized approach for calculating unequal-time correlation
functions that extends the conventional cumulant expansion formalism. A central component
of this framework is a novel ansatz that enables the implementation of the quantum regression
theorem within the cumulant expansion setting. Building on this idea, I will present a hybrid
cumulant scheme that efficiently combines different orders of cumulant expansions for distinct
stages of the time evolution.

The method is applied to cascaded optical systems as shown below (Fig. 1). where it is used
to compute many-body correlation functions. Results will be compared with exact numerical
simulations as well as available experimental observations. Finally, I will discuss the regimes in
which the approach provides accurate predictions, highlight its computational advantages, and
examine its limitations and potential directions for future development [1].

o1 2 G
Atoms
Output field

Lo %
\\ ,r'Chiral waveguide <

Cascaded quantum optical system

Figure 1: A pictorial depiction of a cascaded quantum system is given here. Non-interacting
atoms are trapped in a 1D chiral waveguide and initially prepared in their excited state. I" is the
total emission rate. ST is the emission rate to the wave-guide. Free emission rate is (1 — 8)I".

[1] In preparation: Unequal time correlations from cumulant expansion scheme in driven-dissipative many-body
systems, Saha etal.
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The solution of the three-dimensional Schrodinger equations for large systems, without any
symmetry, requires efficient and robust numerical algorithms due to the large-scale nature of the
resulting eigenvalue problem. Conventional methods suffer from slow convergence and require
careful tuning depending on the spatial discretization. Conjugate gradient methods have been
proposed [1] to accelerate the convergence of symmetry-unrestricted calculations based on the
Skyrme energy density functional, widely used in nuclear structure, together with the use of
suitable preconditioning of the problem. In this work, we introduce the generalized conjugate
gradient method [2] for the self-consistent solution of the Hartree—Fock—Bogoliubov equations.
The performance of the proposed algorithm is demonstrated on representative nuclear systems,
showing improved convergence speed compared to standard approaches. The method is also
successfully applied to study superheavy exotic systems, without spatial symmetry assumptions.

[1] B.Li, Z. X. Ren, and P. W. Zhao, Phys. Rev. C 102, 1103 (2020).
[2] Y. Li, H. Xie, R. Xu, C. You, and N. Zhang, CCF Trans. on HPC 2, 111 (2020),
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Describing the dynamics of quantum many-body systems is a formidable problem in contemporary
physics. Understanding these dynamics is crucial for characterizing non-equilibrium phenomena
and for the development of quantum technologies. The simulation of such systems with variational
methods is a promising yet challenging task, especially in regimes where highly expressive ansitze
lead to numerical instabilities. We introduce an extension of the time-dependent variational
Monte Carlo (tVMC) method [1] that adaptively controls the expressivity of the variational
quantum state during the dynamics. Our adaptive tVMC (atVMC) [2] approach addresses
the ill-conditioned equations of motion arising in overparameterized regimes by selectively
evolving only the most relevant parameters at each time step. Relevance is quantified through the
local-in-time error (LITE), which measures the deviation between variational and exact evolution,
using only quantities already available in standard tVMC simulations. We benchmark the method
on quantum quenches in the one-dimensional transverse-field Ising model using both spin-Jastrow
and restricted Boltzmann machine wave functions. The adaptive scheme significantly improves
numerical stability and reduces the need for strong regularization, enabling reliable simulations
with highly expressive variational ansitze.

[1] G. Carleo, F. Becca, M. Schird, and M. Fabrizio, Sci. Rep. 2, 243 (2012).
[2] R. Salioni, R. Martinazzo, D.E. Galli, C. Apostoli, Phys. Rev. B 113, 014408 (2026).
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We study a system of particles interacting through an inverted dipolar interaction [1] in a
two-dimensional geometry, both in a single as well as a bilayer configuration. We consider zero
temperature and employ the Diffusion Monte Carlo method to study the equilibrium properties
of this many-body system. The inverted dipolar interaction is achievable in current state of the
art experiments by rapidly rotating the magnetic field applied to a system of dipolar atoms [1],
like 14Dy, or in experiments of microwave-dressed polar molecules [2]. For a single layer
geometry, we characterize the equation of state of the infinite, two-dimensional system for
different interaction parameters. At low densities, the system shows liquid properties, while at
higher densities it transitions to a crystal phase through a first order phase transition. Remarkably,
it does so at a considerably lower density than its dipolar counterpart. In the bilayer geometry,
we focus on the liquid phase and characterize the effect of one layer in the equilibrium properties
of the other (energy per particle, superfluidity and condensate fraction). We observe inter-layer
influence in all these properties.

[1] Yijun Tang, Wil Kao, Kuan-Yu Li, and Benjamin L. Lev, Phys. Rev. Lett. 120, 230401 (2018)
[2] Tim Langen, Jordi Boronat, Juan Sdnchez-Baena, Ratil Bombin, Tijs Karman, and Ferran Mazzanti, Phys. Rev.
Lett. 134, 053001 (2025).
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Low-energy positron interactions with atoms and molecules are characterised by strong many-
body correlations, including target polarisation (in which molecular electrons are excited above
the molecular ground state), virtual positronium formation (in which an excited molecular electron
tunnels to the positron), and repulsive positron-hole interactions. They have an overwhelming
effect, modifying scattering properties, enhancing annihilation rates, and enabling and enhancing
positron binding [1].

A powerful theoretical approach that enables the ab initio description of positron binding in
molecules is many-body theory. It was recently developed in our group and implemented in our
Gaussian-basis code EXCITON+ [1]. It gave the first ab initio calculations of positron binding in
molecules (including non-polar molecules) in agreement with pioneering experiments by the
UCSD experimental (Surko) group [2]. It has provided fundamental insight, including on the
role of pi bonds [1] and their competition with dipole moments [2], effects of halogenation of
hydrocarbons [3], and predictions of positronic bonding in new classes of anions [4]. We have
also developed the approach to calculate the continuum processes of positron scattering and
annihilation [5], including the Doppler broadened gamma ray spectra [6].

Here, in joint theoretical-experimental work, we present measured (via the Surko buffer gas trap)
and many-body theory calculated positron binding energies in three classes of molecules: methy-
lated pyridines (picolines), dimethylated pyridines (lutidines) and dimethylated benzines (xylenes).
Very good agreement is obtained between experiment and theory, and insight on e.g., the effect
of methylation provided. For example, we observe that a single methyl substitution increases the
binding energy by 30-50 meV relative to the parent molecule. In xylenes, variation in positron
binding among positional isomers is insignificant. However, for methylated pyridines contain-
ing nitrogen, positron binding increases the farther methyl groups are positioned from the nitrogen.

[1] J. Hofierka, B. Cunningham, C. M. Rawlins, C. H. Patterson and D. G. Green, Nature 606, 688 (2022).

[2] E. Arthur-Baidoo, J. R. Danielson, C. M. Surko, J. P. Cassidy, S. K. Gregg, J. Hofierka, B. Cunningham, C. H.
Patterson, and D. G. Green, Phys. Rev. A 109, 062801 (2024).

[3] J. P. Cassidy, J. Hofierka, B. Cunningham, C. M. Rawlins, C. H. Patterson, and D. G. Green, Phys. Rev. A 109,
L040801 (2024).

[4] J.P. Cassidy, J. Hofierka, B. Cunningham, D. G. Green, J. Chem. Phys. 160, 084304 (2024).

[5] C. M. Rawlins, J. Hofierka, B. Cunningham, C. H. Patterson, and D. G. Green Phys. Rev. Lett. 130, 263001
(2023); A. R. Swann, S. K. Gregg, G. F. Gribakin and D. G. Green, in preparation (2026).

[6] S. K. Gregg, J. P. Cassidy, A. R. Swann, J. Hofierka, B. Cunningham, and D. G. Green, arXiv:2502.12364.
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Strongly correlated materials remain challenging for conventional electronic structure methods.
While density functional theory (DFT) often fails to capture the correct many-body physics,
accurate post-Hartree-Fock methods become prohibitively expensive for realistic solids. We
combine density functional theory (DFT), constrained random phase approximation (cRPA), and
tensor-network (TN) methods to investigate quasi-one-dimensional cuprate chains. Starting from
DFT, maximally localized Wannier functions and cRPA are used to construct effective one-band
Hubbard models, which are then solved using matrix product states (MPS) [1, 2].

We apply this approach to the quasi-1D cuprates Ca;CuOs, SrpCuO3, StBaCuO3, and Ba,CuO3.
A purely one-dimensional (1D) treatment gives only very weak staggered magnetization (Mj),
reflecting the strong quantum fluctuations in one dimension [2]. To include the residual three-
dimensional coupling present in real materials, we treat the interchain interactions self-consistently
at the mean-field (MF) level while keeping the intrachain physics described by MPS [2]. This
MPS + MF framework stabilizes larger finite staggered magnetizations and reproduces the
experimentally observed magnetic order [2]. By comparing different cuprate compounds, we
find that the magnitude of the ordered moment is determined by both the interchain exchange
coupling and the underlying intrachain Hubbard parameters.

These results establish a direct connection between ab initio Hubbard parameters and measurable
magnetic order in quasi-one-dimensional cuprates, demonstrating how downfolding, TN, and
MF theory can be combined to study realistic strongly correlated materials [2]. In future work,
this MPS + MF description can be directly compared with fully two-dimensional TN approaches
such as infinite projected entangled-pair states (iPEPS).
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Figure 1: The staggered magnetization M, as a function of the inverse bond dimension 1/D for
Sr,CuQO3, shown with and without interchain interactions.

[1] D. Vrancken et al., J. Chem. Theory Comput. 21, 7830 (2025).
[2] Q. Staelens et al., arXiv preprint 2602.21695 (2026).
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We investigate the effects of adding few impurity atoms to an ultracold self-bound heterogeneous
Bose mixture composed of #'K and 37Rb, a realization of a three-component Bose mixture. The
impurity atoms of 'K in a different hyperfine state are immersed in a self-bound *'K-8’Rb Bose
mixture. We construct interaction potential models that match chosen scattering lengths and
effective ranges [1, 2]. Using an ab initio diffusion Monte Carlo (DMC) simulations with pure
estimators, we study the microscopic properties of the impurities across different interaction
regimes, focusing on the interplay between impurity localization and droplet stability.

The heteronuclear K-Rb platform is particularly appealing because of the mass imbalance and
experimentally accessible Feshbach resonances, which enable a fine tuning of interactions.
Self-bound states of the bosonic mixture ' K-37Rb have been observed [3], both in free space
and in an optical waveguide. Previous studies investigated one impurity in heteronuclear K-Rb
mixtures using Bogoliubov and eGPE/LHY approaches, predicting center- and surface-localized
impurity states [2], while independent diffusion Monte Carlo studies of pure K-Rb droplets
revealed significant beyond-LHY and finite-range effects [1].

Building on these results, we perform a fully microscopic DMC study of hyperfine-state impurities
embedded in a self-bound K-Rb quantum droplet, focusing on impurity localization, binding,
and correlation effects beyond mean-field and perturbative descriptions.

[1] V. Cikojevié, E. Poli, F. Ancilotto, L. Vranje§ Marki¢, and J. Boronat, Phys. Rev. A, 104, 033319 (2021).
[2] G. Bighin, A. Burchianti, F. Minardi and T. Macri, Phys. Rev. A 106, 023301 (2022).
[3] C.D’Errico et al., Phys. Rev. Res. 1, 033155 (2019).
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We theoretically investigate the BCS-type superfluid transition in a mixed dimensional Fermi gas
with a tunable s-wave pairing interaction, ranging from the 3D-3D case to the 2D-3D limit.
Including strong pairing fluctuations within the framework of the self-consistent 7-matrix
approximation (SCTMA), we numerically determine the superfluid phase transition temperature 7t
as a function of the interaction strength and the dimensional imbalance (a solid line in Fig.1)[1]. We
show that 7. always vanishes in the 2D-3D limit, irrespective of the interaction strength: In the
weak-coupling regime, the vanishing 7. is simply is due to the mismatch of the 2D and 3D Fermi
surfaces. In the strong-coupling regime where the mean field approximation (MFA) gives non-zero
T. (a dashed line in Fig. 1)[2], on the other hand, the suppresion of 7¢ is found to reflect the 2D
character of 2D-3D mixted dimensional pairing fluctuations: Inspite of the existence of 3D
component, the essence of this vanishing 7¢ in this regime is found to be the same as the
Hohenberg-Mermin-Wagner theorem[3] discussed in low-dimensional Fermi superfluids.

In our poster presentation, we explain the reason why the 3D component in a 2D-3D mixture cannot
stabilize the superfluid long-range order at all, in constrast to the ordinary 3D-3D Fermi superfluids.
We also show that 3D character of a 2D-3D mixture appears in the pseudogap phenomenon.

(kragg)
Fig.1. SCTMA result for 7t in a mixed-dimensional Fermi gas (a solid line)[1] and MFA result for
comparison (a dashed line). The interaction strength is measured in terms of the inverse

scattering (kraetr)”', being normalized by the Fermi wavelength. ¢1/¢r is a hopping parameter

nomralized by the Fermi enery, which tunes the system from a 3D-3D mixture (¢1/&r =1) to
the 2D-3D limit (¢1/&r =0).

[1] H. Takeda, S. Hirai, S. Iwasaki, and Y. Ohashi, in preparation.
[2] M. Iskin and A. L. Subasi, Phys. Rev. A 82,063628 (2010).
[3] N. D. Mermin, and H. Wagner, Phys. Rev. Lett. 17, 1133 (1966).
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The interplay between periodic driving and crystalline symmetry offers a powerful route to
engineer topological phases inaccessible in static systems. We demonstrate this in the context of
the Benalcazar-Bernevig-Hughes (BBH) model [1], a prototypical higher-order insulator that
hosts zero-dimensional corner modes protected by a Z; gauge structure and a projective PT
symmetry. We show that a suitable Floquet protocol fundamentally reshapes the symmetry
classification of this model: the drive effectively transmutes the spinless BBH model into one
with spinful-like properties, dynamically inducing first-order edge topology while preserving the
higher-order corner mode structure. The result is a hybrid-order topological phase in which the
dispersive edge states and the localized corner modes coexist at distinct quasi-energies, a phase
unfamiliar in the static counterpart. Extending the framework to the non-Hermitian regime via
non-reciprocal hopping, we find that this drive-induced spinful character manifests as a Z,-like
skin effect, characterized by a unipolar-to-bipolar localization transition of eigenstates. Further,
to restore the bulk-boundary correspondence in this driven non-Hermitian scenario, we construct
a seemingly challenging generalized Brillouin zone theory via a symmetry-reduced mapping to
an effective one-dimensional problem, from which non-Bloch topological invariants correctly
capture both higher-order topology and localization transitions. Our results establish periodic
driving as a versatile and controllable handle for engineering a rare confluence of higher-order
topology, symmetry transmutation, and non-Hermitian skin physics beyond the equilibrium
setting.

[1] W. A. Benalcazar, B. A. Bernevig, and T. L. Hughes, Quantized electric multipole insulators, Science 357, 61
(2017).
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Tensor network methods like density matrix renormalization group (DMRG) struggle in highly
entangled regimes, such as systems with periodic boundary conditions (PBC), long-range
interactions, or higher dimensions, where the required bond dimension quickly becomes
computationally unfeasible. To overcome this limitation, we introduce an approach that integrates
the stabilizer formalism directly into the DMRG algorithm. While previous methods have used
Clifford unitaries to minimize ground-state entanglement, our framework optimizes Clifford
transformations of the Hamiltonian to directly minimize the state’s energy. We benchmark our
method against standard DMRG at fixed bond dimensions on three challenging systems: the
one- and two-dimensional transverse-field Ising models with PBC at the critical point and the
one-dimensional long-range Ising model.

4
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In this project, we study the phase diagram of the paradigmatic Hofstadter model [1]. We focus
on interacting bosons on a square lattice, with periodic boundary conditions, in the presence of a
uniform perpendicular magnetic field.

In the low magnetic flux regime, energy bands are nearly dispersionless, mimicking continuum
Landau levels. In this regime, the continuum Laughlin wave function on the torus [2] provides
an accurate approximation even for the lattice ground state [3].

As the magnetic flux increases, lattice effects become prominent, causing bands to acquire
significant dispersion and rendering continuum-based models unreliable. This high-flux regime
remains relatively unexplored and may host interesting physics, as non-flat topological bands
have a characteristic energy scale that competes with the interaction scale.

To address both regimes, we employ Neural Network Quantum States (NNQS) [4]. We
demonstrate that continuum Laughlin states on the torus admit an exact mapping to a simple
neural-network wave function. Despite this exact representability, we find that optimization
remains challenging, consistent with other recent studies [5, 6]. We attribute these difficulties to
the limited ability of standard neural-network architectures to capture magnetic representations
of lattice symmetry transformations. To overcome this issue, we explicitly restore magnetic
translational symmetries via quantum-number projection.

We then optimize the neural-network wave function and benchmark its accuracy against exact
diagonalization results, finding reliable performance across both low- and high-flux regimes.
Furthermore, the use of quantum-number projectors enables access to excited states and thus
to the momentum-resolved excitation spectrum. Using these tools, we investigate the possible
emergence of phase transitions from Laughlin-type topological states to charge-density-wave
phases, as the interaction strength is varied.

[1] D.R. Hofstadter, Phys. Rev. B 14, 2239 (1976).

[2] F. D. M. Haldane and E. H. Rezayi, Phys. Rev. B 31, 2529 (1985).

[3] M. Hafezi, A. S. Sgrensen, E. Demler, and M. D. Lukin, Phys. Rev. A 76, 023613 (2007).
[4] G. Carleo and M. Troyer, Science 355, 602 (2017).

[5] F. Doschl, F. A. Palm, H. Lange, F. Grusdt, and A. Bohrdt, Phys. Rev. B 111, 045408 (2025).
[6] E.Ledinauskas and E. Anisimovas, SciPost Phys. 18, 011 (2025).
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Strongly correlated materials challenge standard electronic structure methods such as DFT
and Hartree-Fock, which often fail to capture essential many-body physics. We present a
framework that combines downfolding techniques with tensor network methods to achieve
accurate, first-principles descriptions of such materials [1]. Starting from a DFT calculation,
maximally localized Wannier functions define a low-energy target space, and the constrained
random phase approximation (CRPA) yields screened Coulomb interaction parameters, producing
an effective multiband Hubbard model (Fig. 1). This model is solved with tensor networks, giving
systematic control over accuracy through the bond dimension. We benchmark the approach on
trans-polyacetylene, polythiophene, and the quasi-1D charge-transfer insulator Sro,CuQs3, finding
band gaps in quantitative agreement with GW, EOM-CCSD, and experiment [1]. We further study
three-body interactions on top of the Hubbard model and find that in certain parameter regimes
they contribute significantly to the electronic structure. Ongoing work focuses on extracting
these terms for real materials via a novel Schrieffer—Wolff-based downfolding procedure.

Since purely 1D systems cannot sustain long-range magnetic order, we developed an extended
chain mean-field theory (CMFT) in which frustrating interchain couplings are treated at the
mean-field level while intrachain physics is solved exactly with matrix product states [2, 3]. This
yields a rich phase diagram of different magnetic phases, and correctly reproduces the magnetic
order of the cuprate Li,CuQO,. Looking ahead, we are extending the framework to quasi-1D
metal-organic frameworks (Fe-MOF-74, MIL-53(V)) and to two-dimensional systems using
infinite projected entangled-pair states (IPEPS).
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Figure 1: The downfolding procedure (left to right): initial DFT band structure, cRPA screening
of the low-energy subspace, effective Hubbard model solved with tensor networks.

[1] D. Vrancken et al., J. Chem. Theory Comput. 21, 7830 (2025).
[2] Q. Staelens et al., ArXiv preprint 2602.21695 (2026).
[3] D. Vrancken, J. Haegeman, and V. Van Speybroeck, in preparation (2026).
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Non-Hermitian (NH) quantum systems have emerged as a powerful framework for describing
open quantum systems, non-equilibrium dynamics, and engineered quantum optical materials.
However, solving the ground-state properties of NH systems is challenging due to the exponential
scaling of the Hilbert space, and exotic phenomena such as the emergence of exceptional points.
Another challenge arises from the limitations of traditional methods like exact diagonalization
(ED). For the past decade, neural networks (NN) have shown promise in approximating many-
body wavefunctions, yet their application to NH systems remains largely unexplored. In our
previous work [1] we showed that this class of systems especially parity-time (PT)-symmetric
ones where also solvable via NN. In this work, we introduce a complementary optimization
framework for progressive adaptive state search (COMPASS) based on biorthogonal adaptive
recurrent neural quantum states. Our approach combines an adaptive autoregressive architecture
with a biorthogonal variational Monte Carlo scheme as well as a complementary optimization
scheme that alternates adiabatically between energy and variance minimization. This enables
the stable convergence to ground-state eigenpairs with high fidelity, while avoiding Markov
chain sampling through exact autoregressive generation. We demonstrate that for PT-symmetric
Hamiltonians, unconstrained complex ansitze can spontaneously break PT symmetry during
optimization—even in the unbroken phase—leading to spurious imaginary energies. Real-valued
ansdtze in an appropriate basis, on the other hand, naturally constrain the optimization to the
correct physical manifold. Conversely, for generic non-Hermitian (NH) Hamiltonians without
symmetry protection and complex spectra, complex ansétze are essential for accurately capturing
complex ground-state properties. Our results establish that physically-informed ansatz selection
is crucial for reliable NH simulations. By combining adaptive architectures, biorthogonal
optimization, and symmetry-aware modeling, this framework enables a direct study of 1D and
2D NH many-body systems without Hermitian embeddings or adiabatic continuation.

[1] L. Wah, R. Zen, & F. K. Kunst, Physical Review Research, 7(4), 043291 (2025).
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Understanding superflow dissipation in inhomogeneous superfluids underlies key phenomena in
superconductors, neutron star crusts, and superfluid helium. Ring-trapped ultracold fermionic gases
provide an ideal platform to probe quantized persistent currents set by the winding number.

Using time-dependent density functional theory[1], we show how impurity density and size tune the

balance between pair breaking and vortex dynamics [2], the primary dissipation channels of
persistent currents in fermionic rings [3]. Below the vortex-emission critical winding w., denser or
larger impurities enhance pair breaking, dissipating flow energy without changing the winding
number, in contrast to clean rings. Above w., vortex—impurity interactions--set by impurity spacing,
size, coherence length, and flow velocity--produce distinct mobility regimes [Fig. 1]: deflected
trajectories, individual or collective pinning, and inter-site tunneling. These regimes shift the
dominant dissipation mechanism from pair breaking plus mobile vortices at low impurity densities
to mainly pair breaking at higher densities. Impurity size further governs the dependence of w. on
impurity density: small impurities render w. density-independent, while large ones increase it
toward the clean-ring pair-breaking limit. This impurity engineering enables precise control of
superfluid transport, informs the design of atomtronic devices and superconducting systems, and
offers insight into vortex dynamics in neutron star crusts relevant to pulsar glitches.

Figure 1: Magnitude of the pairing field |A(X, y)| (Wo = 7, different impurity number Ny) showing
the distinct vortex mobility regimes: individual pinning, deflected trajectories and collective vortex
pinning. Swirling arrows: imposed flow and vortices positions.

[1] Aurel Bulgac et al., “The Unitary Fermi Gas: From Monte Carlo to Density Functionals,” in The BCS-BEC
Crossover and the Unitary Fermi Gas, Lecture Notes in Physics, edited by Wilhelm Zwerger (Springer, Berlin,
Heidelberg, 2012) pp. 305-373

[2] B. Tiizemen, et al, arXiv:2510.24309 (2025).

[3] K. Xhani et al., Phys. Rev. Research 7, 013225 (2025)
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The functional renormalization group (FRG) is a theoretical framework for analyzing strongly
coupled and strongly correlated many-body systems, and it has been applied across a wide range
of fields, from condensed-matter physics to statistical physics and high-energy physics. In FRG,
the renormalization-group flow of a system is expressed in terms of exact and closed functional
differential equations (FDEs), based on which nonperturbative approximations are constructed.

The idea of applying FRG to density functional theory (DFT) to determine the energy density
functional (EDF)—the quantity that ultimately determines the accuracy of DFT calculations—was
proposed by Polonyi, Sailer, and Schwenk [1,2]. Within this framework, an FDE for determining
the EDF is derived, and in principle, the EDF can be obtained by solving this equation. However,
methods for solving the FDE have not yet been established, and ongoing research explores
how far FRG can be practically used to determine the EDF. To date, we have implemented
calculations based on vertex-function expansions, namely Taylor expansions around a target
density. In particular, we have achieved the numerical construction of EDFs within the local
density approximation for electronic systems [3—5], as well as applications to classical liquids,
including three-dimensional Lennard—Jones liquids [6,7].

In this talk, we explain the FRG and its application to DFT, and present case studies of this
approach, including applications to electronic systems.

] J. Polonyi and K. Sailer, Phys. Rev. B 66, 155113 (2002).

] A. Schwenk and J. Polonyi, arXiv:nucl-th/0403011 (2004).

] T. Yokota and T. Naito, Phys. Rev. B 99, 115106 (2019).

[4] T. Yokota and T. Naito, Phys. Rev. Research 3, L012015 (2021).

] T. Yokota and T. Naito, Phys. Rev. B 105, 035105 (2022).
] T. Yokota, J. Haruyama, and O. Sugino, Phys. Rev. E 104, 014124 (2021).
] T. Yokota, J. Haruyama, and O. Sugino, Phys. Rev. E 113, 014124 (2026).
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While the single-band Fermi-Hubbard model captures paradigmatic strongly correlated phe-
nomena, from superconductivity and magnetism to the Mott transition, multi-band extensions
are required whenever orbital degrees of freedom and Hund’s couplings become relevant, as
in correlated materials and multi-flavor cold-atom settings. In this context, “orbital" refers to
electronic orbitals residing on the same site, while “flavors" indicates distinct fermionic species
residing either on the same orbital or on different ones.

In this regard, recent advances have shown that in the single-band Hubbard model, as well as
in its SU(N) generalization with N flavors per site, quantum entanglement between fermionic
flavors on the same site must be absent, due to symmetry constraints on the single-site reduced
density matrix[1, 2]. Consequently, all local inter-flavor correlations are necessarily classical, and
are quantified by non-Gaussianity, namely the distance from the closest uncorrelated (Gaussian)
state.

In this talk, I will show how this remarkable feature persists in the multi-orbital Hubbard-
Kanamori model, thereby excluding local inter-flavor entanglement in a broad class of materials
and cold atom platforms. Using non-local extensions of Dynamical Mean Field Theory (DMFT),
I will further show how quantum correlations between fermionic orbitals can emerge both locally
and non-locally in the form of entanglement and non-Gaussianity. Our findings further imply the
absence of local non-stabilizerness[3], ruling out local “quantumness" in Hubbard-like models,
and provide a general framework for the characterization of quantum resources in interacting
fermionic systems.
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Figure 1: (a) Inter-site, (b) inter-orbital, and (c) inter-flavor non-Gaussianity in the two-bands
Hubbard-Kanamori model, solved with cluster DMFT.

[1] G. Bellomia et al., Physical Review B 113 (15), 155158 (2026).
[2] E. Zavatti et al., arXiv preprint 2512.03689 (2025).
[3] E. Zavatti et al., arXiv preprint 2605.18494 (2026).
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The dynamics of quantum resources in strongly correlated many-body systems provide valuable
insights into the emergence and propagation of quantum correlations. While entanglement,
which characterizes nonclassical correlations between subsystems, has been extensively studied
in this context, much less is known about the dynamical evolution of magic, or nonstabilizerness.
Magic quantifies a distinct form of quantum complexity and is closely connected to the classical
simulability of quantum states [1].

In this work, we investigate the dynamics of magic and entanglement in the transverse field Ising
model, in one and two spatial dimensions. We focus on open subsystems embedded in the lattice,
and characterize the resulting mixed states with the robustness of magic [1] and the entanglement
negativity [2]. This allows us to study the emergence and spreading of these quantities across
different spatial scales.

Using time-dependent variational Monte Carlo [3], we access the dynamics of quantum resources
in higher-dimensional systems. We characterize their emergence following quenches in the
transverse field, and establish the notion of mutual magic [4] as a crucial quantity for assessing the
spatial distribution of nonstabilizerness. Comparing it with entanglement between subsystems,
we find that the latter retains a predominantly short-range character, while magic exhibits a richer
and more extended spreading during the time evolution.

[1] M. Howard and E. T. Campbell, “Application of a resource theory for magic states to fault-tolerant quantum
computing”, Phys. Rev. Lett. 118, 090501 (2017).

[2] G. Vidal and R. F. Werner, "Computable measure of entanglement”, Phys. Rev. A 65.3, 032314 (2002).

[3] G. Carleo, F. Becca, M. Schird, and M. Fabrizio, Sci. Rep. 2, 243 (2012).

[4] H. Timsina et al., “Robustness of nonstabilizerness in the quantum Ising chain via quantum Monte Carlo
tomography”, Phys. Rev. B, 112, 165135 (2025).

* These two authors contributed equally.
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Recent experimental progess in Bose condensation of dipolar molecules [1] has motivated
theoretical studies that predict interesting layered quantum liquid and crystal phases due to the
peculiarity of the effective interaction between these microwave shielded dipolar molecules
[2, 3]. The theoretical models of the effective interactions between microwave-shielded polar
molecules typically rely on the assumption of pairwise additivity. In this work, we test the
validity of this pairwise approximation by evaluating the full many-body potential energy for
configurations of three and four molecules. We demonstrate that the pair-wise approximation
fails for molecule configurations in the plane of the circularly polarized microwave field. In these
planar geometries, many-body effects significantly increase the depth of the attractive potential
well and shift the position of the repulsive barrier; the strength of attraction is crucial for the
self-binding into quantum liquid planar cluster. Out-of-plane interactions in three-dimensional
arrangements weaken this non-additivity somewhat, but overall the effective interactions between
microwave-shielded dipoles cannot be taken as a sum of pair interactions. Our conclusion is that
the correct quantitative description of the interactions between microwave shielded molecules
requires a full many-body potential energy surface.[4]

[1] N. Bigagli et al. Nature 631, 289 (2024).

[2] T. Langen et al., Phys. Rev. Lett. 134, 053001 (2025).
[3] M. Ciardi et al., Phys. Rev. Lett. 135, 153401 (2025).
[4] F. Prieschl et al, arxiv:2609.01940 (2026).
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