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The study of collective versus incoherent single-particle motion has a long history in nuclear
physics. In recent years, triggered by new experimental capabilities, these issues began to
attract considerable attention in other fields, ranging from spin chains over quantum optics to
thermalization in finite or infinite systems. Quantum Chaos, predominantly concerned with
single-particle systems for a long time, experiences a revival, as the many-body dynamics poses
a series of fundamental questions. I will present some of our work. We derive spreading, related
to thermalization in finite systems, in a toy model for a collective excitation. The dynamics of
spin chains will be the main part: we identify and distinguish semiclassically and analytically
incoherent and collective motion. We work microscopically, i.e. we do not resort to effective
models.



Engineering quantum coherence and control: dynamical sweet spots and strong
spin-photon coupling in diluted spin systems

Irinel Chiorescu

Department of Physics, Florida State University and the National High Magnetic Field
Laboratory, Tallahassee, FL 32310

Contact e-mail: ic@magnet.fsu.edu

Recently we have demonstrated experimentally the implementation of a novel and uni-
versal method to increase the decoherence time of spins qubits [1] in systems with different
anisotropies/symmetries/spin-orbit coupling and element type. The method is based on Floquet
engineering of spin qubit quasi-energies by adding a second microwave drive with a frequency
commensurate to that of the main Rabi drive. Qualitatively, the increase in coherence time can
be linked to dynamical sweet spots (level repulsion) in quasi-energy spectra. Quantitatively,
we add insight using numerical simulations [2] aiming to clarify the actual physical processes
that take place in the bath surrounding the qubit. We are also exploring the potential use of
spin systems as quantum memories [3] and, to that effect, we have performed spectroscopic
and pulsed studies of S=7/2 Gd ions placed on a coplanar stripline superconducting resonator.
In the weak coupling limit, continuous-wave spectroscopy of the cavity resonance perturbation
allows us to detect the forbidden electro-nuclear transition of the 155,157Gd isotopes by applying
a static field almost perpendicular to crystal c-axis [4]. By increasing the coupling of the spin
ensemble to the resonator we observe spin-cavity dressed states with a large mode splitting of
∼150 MHz. Numerical simulations based on the Dicke model shows a strong hybridization of
the first excited level in the presence of a photon and the second excited level with no photon,
as well as a strong perturbation of the spin ground state due to photons.

[1] S. Bertaina, H. Vezin, H. De Raedt, and I. Chiorescu, Experimental protection of quantum
coherence by using a phase-tunable image drive, Scientific Reports 10, 1 (2020).

[2] Hans de Raedt et al., submitted.

[3] M. Blencowe, Quantum computing: Quantum RAM, Nature 468, 44 (2010).

[4] G. Franco-Rivera et al., submitted



Deep Learning and Ab Initio Calculations for Infinite Matter

Jane Kim1, Bryce Fore2, Alessandro Lovato2 and Morten Hjorth-Jensen1,

1 Department of Physics and Astronomy, National Superconducting Cyclotron Laboratory,
Michigan State University, East Lansing, Michigan 48824, USA

2 Argonne National Laboratory, Lemont, IL 60439, USA

Contact e-mail: kimja@nscl.msu.edu

Artificial neural networks have shown tremendous promise as a flexible ansatz for quantum
many-body problems. In this work, we approximately solve the Schrödinger equation for infinite
matter by performing variational Monte Carlo calculations with a deep, permutation-invariant
neural network as a Jastrow correlator. We discuss the reinforcement learning scheme and the
stochastic reconfiguration algorithm which helps stabilize the optimization of the wave function
parameters. Ground state energies for the three-dimensional electron gas and infinite neutron
matter will be compared to standard variational and diffusion Monte Carlo results.

We acknowledge support from the U.S. National Science Foundation under grants No. PHY-
1404159 and PHY-2013047.
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Any discrete quantum process is represented by a sequence of quantum channels. In this
talk, we will consider ergodic sequences of stochastic channels with arbitrary correlations and
non-negligible decoherence, present a theorem which shows that the composition of such a
sequence of channels converges exponentially fast to a rank-one (replacement) channel, and use
this formalism to describe the thermodynamic limit of ergodic Matrix Product States. We derive
formulas for the expectation value of a local observable and prove that the 2-point correlations of
local observables decay exponentially. We then analytically compute the entanglement spectrum
across any cut.

∗Ramis Movassagh and Jeffrey Schenker, Phys. Rev. X 11, 041001 (2021).
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Research on laser-cold ions and atoms is of immense interest due to its impact on various
aspects of ultra-cold atomic physics. The study of controlled ion-atom cold collisions has been
suggested to be useful in future quantum information processing in several reports [1]. In this
regard, the precise information about the long-range interatomic interactions between the cooled
ions and atoms is very important because it plays a key role in diverse investigations, such
as atom-ion hybrid traps, determination of stability of Bose-Einstein condensates, and many
other [1-3]. Further, the elements of group-II, -XII, and -XVIII are considered very suitable
for van der Waals molecules and are also proposed as potential candidates for optical lattice
clocks. For this purpose, the dispersion coefficients of group-XVIII (rare-gas) dimers have been
extensively studied and accurately determined. However, less attention has been paid towards
the coefficients of group-II and -XII dimers, and very limited and sporadic data are available for
immediate use. Therefore, we have performed theoretical calculations for the two-dipole (C6)
and three-dipole (C9) dispersion coefficients involving alkaline-earth atoms (group-II) with their
atoms and ions. These coefficients are expressed in terms of the dynamic dipole polarizabilities,
which are calculated using relativistic methods. Thereafter, the obtained C6 coefficients for the
considered homonuclear dimers are compared with the previously reported values. Due to the
unavailability of earlier measurements or theoretical results for the C6 and C9 coefficients of
other considered combinations, we have performed separate fitting calculations and compared
them. Our values match in an excellent manner with the fitting calculations. We have also
reported the oscillator strengths for the leading transitions and static dipole polarizabilities for
the ground states of the, i.e., Be+, Mg+, Ca+, Sr+, and Ba+ as well as the alkaline-earth atoms,
i.e., Be, Mg, Ca, Sr, and Ba. On comparison with the available experimental results, our values
show good agreement.

1. N. Shukla, B. Arora, L. Sharma, and R. Srivastava, Phys. Rev. A 102, 022817 (2020).
2. N. Shukla, H. Kaur, B. Arora, and R. Srivastava, Phys. B Condens. Matter 624, 413422

(2022).
3. H. Kaur, N. Shukla, R. Srivastava, and B. Arora, Phys. Rev. A 104, 1 (2021).
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Optimal control algorithms are essential for improving modern quantum devices. While
model-based gradient techniques like GRAPE (gradient-ascent pulse engineering) are powerful
tools for efficiently finding control pulses, they are not applicable to feedback scenarios, where
the control must depend on measurement results. Conversely, modern model-free reinforcement
learning techniques can easily deal with feedback, but they are not very efficient, since they do
not make use of our knowledge of the underlying physics model. In this talk, I will present our
new approach (termed feedback-GRAPE) that enables us to combine model-based techniques
with quantum feedback. I will give examples of several tasks that can be efficiently solved using
that new approach.
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Dirac obtained the general solution of the Schrödinger equation for a quantum system in a time-
dependent perturbation lH¢(t) by expanding the wave function in terms of the eigenstates | n0 ñ of 
the unperturbed Hamiltonian H0.1,2 The coefficient of the excited state | k0 ñ is ck(t) exp[-iEkt/ħ], 
and the probability of excitation is very often taken as | ck(t) |2. In an alternative approach, Landau 
and Lifshitz suggested an integration by parts in Dirac’s expression for ck(t) to first order in the 
perturbation.3  This separates each ck(t) into a boundary term ak(t) and a remaining integral bk(t).3 
The coefficients ak(t) give results consistent with the adiabatic theorem of Born and Fock.4  The 
nonadiabatic transition probability amplitudes bk(t) depend on the time-derivative of the 
perturbation at times t¢ £ t.  Landau and Lifshitz3 stated that the probability of transition to an 
excited state k is determined by | bk(t) |2, rather than by | ck(t) |2.  Mandal and Hunt have reinforced 
this interpretation with further developments:  We proved that the energy also separates completely 
into adiabatic and nonadiabatic terms,5 with no cross terms, and that the power absorbed from an 
external field equals the time-derivative of the nonadiabatic term in the energy.6  We have 
investigated the differences between the transition probabilities interpreted as | bk(t) |2 vs. | ck(t) |2 
for a molecule in a pulsed perturbation7 and also in a “plateau pulse,” which rises via a half-
Gaussian to a constant value, remains constant for an interval, and then falls off via a declining 
half-Gaussian.8  In this case, while the perturbation is constant, no transitions can occur; the 
transition probability must remain constant.  The nonadiabatic transition probability | bk(t) |2 meets 
this criterion, while the Dirac form | ck(t) |2 necessarily continues to oscillate while the perturbation 
is constant.8  By applying a second pulse while the initial perturbation is constant, we have captured  
the differences between | bk(t) |2 and | ck(t) |2 “on the fly.”9  The perturbed ground state and the 
excited state may dephase, while the single state | k0 ñ represented by the Dirac coefficient ck(t) 
cannot dephase with itself.9  As a result of dephasing, differences in the predicted transition 
probabilities may persist, after all of the perturbing fields have vanished.9   
 
We acknowledge support from NSF grant CHE-1900399. 
 

1. P. A. M. Dirac, Proc. R. Soc. London, Ser. A 112, 661 (1926). 
2. P. A. M. Dirac, Proc. R. Soc. London, Ser. A 114, 243 (1927). 
3. L. D. Landau and E. M. Lifshitz, Quantum Mechanics, 3rd ed. (Elsevier Science, Oxford,  
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6. A. Mandal and K. L. C. Hunt, J. Chem. Phys. 143, 034102 (2015). 
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Reaction Networks as a Many-Body Problem

S. Ghosh1, B. S. Meyer1

1 Department of Physics and Astronomy, Clemson University,
Clemson, SC 29634-0978

Contact e-mail: sayanig@clemson.edu

Reaction networks are states or species and the reactions among them. The abundances of
species or probabilities of states in the network evolve in time via the reactions, and this evolution
can be followed by standard numerical techniques. In this work we look at a reaction network
as a many body problem. We show how the states or species make up the levels in this multi-
level system, while the energies are computed from branchings of a directed graph where the
edges of the graph are reaction rates and the vertices are the states or species. This approach
allows us to compute an energy spectrum for the network, and we are able to view the time
evolution of the network as transitions among levels in the spectrum. We apply this approach
to understand network equilibrium, dynamic equilibrium, quasi-static equilibrium, and reaction
freezeout, especially in nucleosynthetic systems in stellar environments.

We acknowledge support from NASA grant 80NSSC20K0338.
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Fluctuations corresponding to the differences between neighboring states have long been
studied with the statistical measure of the nearest-neighbor spacing distribution (NNSD). This
measure requires the unfolding of the energy spectrum, a process which normalizes the energy
spectrum to a fixed mean energy spacing allowing the comparison of the NNSD of different sys-
tems. Recently, a statistical measure was introduced which eliminates the need for unfolding of
the energy spectrum, the distribution of the ratio of consecutive level spacings (RCS). Expres-
sions of this distribution were derived for the integrable case (Poisson) and the RMT ensembles
(GOE, GUE, GSE). We are presenting interpolation formulas of a single parameter, which allow
the crossover between Poisson to GOE ensembles for the distribution of RCS. These formulas
are applied to energy spectra derived from the Interacting Boson Model and the configuration
interaction Shell Model and the results are compared to those extracted using the NNSD.

1. V. Oganesyan and D. A. Huse, Phys. Rev. B 75, 155111 (2007)
2. Y. Y. Atas, E. Bogomolny, O. Giraud, and G. Roux, Phys. Rev. Lett. 110, 084101 (2013)
3. A.L. Corps and A. Relano, Phys. Rev. E 101, 022222 (2020)
4. S. Karampagia, V. Zelevinsky, J. Spitler, Nucl. Phys. A (2022)
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Real quantum computers are subject to the cruel reality of noise and errors. This makes handing
of errors and noise central for the future research in quantum information science. Due to the
required qubit counts, quantum error correcting codes, although powerful, are impractical to
implement on modern and near-term quantum computers. As a result, alternative strategies are
necessary. In this presentation we will provide an overview of quantum noise. We will explore
methods to understand and characterize noise in quantum systems, including higher-dimensional
(qudit) systems. Then we will show error mitigation strategies, either driven by hybrid classical-
quantum loops or by inherent exploitation of quantum dynamics, that are applicable to present
and near-term quantum computers.
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Small admixture of the weak interaction induces parity-violating effects in the nuclear interac-
tions at the level of 10−7 relative to the strong interaction. On the other hand, extremely large
P-violating effects are observed in helicity-dependent neutron capture reactions. The largely
enhanced P-violation effects are observed in p-wave resonances located on tails of neighboring s-
wave resonances, which are currently explained as the results of the small energy spacing between
partial amplitudes into parity-unfavored compound nuclear states. The reaction mechanism of
the neutron capture reactions with large P-violation enhancement, such as 139La(n,γ)140La,
117Sn(n,γ)118Sn, 131Xe(n,γ)132Xe, etc., is being studied by measuring spin-angular correlation
terms of emitted gamma-rays, which is, so far, consistent with statistical treatment in compound
nuclear states [1, 2, 3]. In this paper, present status and plans of the study of the entrance chan-
nel in progress using the pulsed epithermal neutron at the Japan Proton Accelerator Research
Complex (J-PARC). The large enhancement is also expected to be applicable to the breaking of
time-reversal-invariance, which introduces a new possiibility to search for new physics beyond
the standard model of elementary particles. An estimation of possible experimental sensitivity
to the CP-violation will be also discussed in comparison with the search for the electric dipole
moment of neutrons, which are intensively in progress.

1. T.Okudaira et al., Phys. Rev. C 97 (2018) 034622.
2. T. Yamamoto et al., Phys. Rev. C101 (2020) 064624.
3. T.Okudaira et al., Phys. Rev. C 104 (2021) 01460.
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2LPS, Université Paris-Saclay, CNRS, UMR 8502, F-91405 Orsay, France

3Okinawa Institute of Science and Technology (OIST) Graduate University, Onna, Okinawa
904-0412, Japan

Contact e-mail: dykmanm@msu.edu

Electrons on the helium surface display sharp resonant absorption lines related to the tran-
sitions between the subbands of quantized motion transverse to the surface. We show that the
absorption spectrum has peculiar and revealing features related to the strong electron correla-
tions. These features emerge and are controlled by a magnetic field parallel to the surface. The
field admixes intersubband transitions to the in-plane quantum dynamics. Where the electrons
form a Wigner crystal, this is an admixture of the transition to the phonons of the crystal.
The effect is similar to the familiar admixing of electron transitions in color centers to phonons.
A Wigner crystal provides a unique setting where both the effective coupling strength and the
spectrum of phonons can be varied in situ by varying the in-plane and out-of-plane magnetic
fields. This enables using a Wigner crystal as a test bed for the quantum theory of the effect of
the electron-phonon coupling on the optical spectra of color centers. The analytical results are
in full quantitative agreement with the experiment, with no adjustable parameters.
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The negatively X− and positively X+ charged trions in bulk and monolayer semiconductors
are studied in the effective mass approximation within the framework of a potential model
[1, 2]. The binding energies of trions in various semiconductors are calculated by employing
Faddeev equation with the Coulomb potential in three-dimensional configuration space. Results
of calculations of the binding energies for X− are consistent with previous computational studies
while the X+ is unbound for all considered cases.

The negatively and positively-charged two-dimensional (2D) trions are studied in the frame-
work of the method of hyperspherical harmonics. This method maps the three-body problem in
2D configuration space onto a one-body problem in a four dimension space by invoking separa-
tion of variables in a four-dimensional hyperspace to decouple the radial and angular dependence
of the three-body wave function. Our approach yields the analytical solution for binding energies
of trions in the diagonal approximation for two limiting cases - the Coulomb and logarithmic
potentials. The binding energies of trions in monolayer semiconductors are calculated using
the method of hyperspherical harmonics by employing 2D screened potential [3] by the solution
of three-body Schrödinger equation numerically. We present results of calculations of trions
binding energy in transition metal dichalcogenides monolayers: MoS2, MoSe2, WS2 and WSe2.
It is shown that 2D X− and X+ trions are bound and the binding energy of the positive trion
is always greater than for the negative trion due to the heavier effective mass of holes. Our
calculations demonstrate that screening effects play an important role in formation of bound
states of trions in 2D semiconductors.

This work is supported by the National Science Foundation Centers of Research Excellence in
Science and Technology NSF CREST 1647022, the Department of Energy/National Nuclear Se-
curity Administration award NA0003979, NSF EiR award number DMR-2101220 and the U.S.
Department of Defense under Grant No. W911NF1810433.

1. I. Filikhin, R.Ya. Kezerashvili and B. Vlahovic, On binding energy of trions in bulk
materials, Phys. Lett. A, 382, 787 (2018).

2. I. Filikhin, R.Ya. Kezerashvili, Sh.M. Tsiklauri, and B. Vlahovic, Trions in bulk and
monolayer materials: Faddeev equations and hyperspherical harmonics, Nanotechnology
29, 124002 (2018).

3. P. Cudazzo, I. V. Tokatly, and A. Rubio, Dielectric screening in two-dimensional insulators:
implications for excitonic and impurity states in graphane, Phys. Rev. B 84, 085406
(2011).
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Non-equilibrium properties of quantum materials exhibit many intriguing phenomena, among
them athermal behavior, which violates the eigenstate thermalization hypothesis. While such
behavior has been studied primarily for disordered systems, recent experimental, and theoretical
evidence for athermal “quantum scars” has emerged in non-integrable disorder-free systems in
one dimension with constrained dynamics [1]. I will show the existence of quantum scars and
will investigate their dynamical properties in many simple two-body Hamiltonians in arbitrary
dimensions. These magnetic models include simple modifications of widely studied ones (e.g.,
the XXZ model) on a variety of lattices [2]. I will demonstrate our ideas by focusing on the two-
dimensional geometrically frustrated spin 1/2 kagome antiferromagnet, which was previously
shown to harbor a special exactly solvable point with “three-coloring” ground states in its
phase diagram [3]. I also discuss the related concept of Hilbert space fragmentation and how it
naturally arises in many frustrated magnets with low-energy “ice manifolds” which gives rise to
a broad range of relaxation times for different initial states [4].

Supported by NSF CAREER grant DMR-2046570, Florida State University and the National
High Magnetic Field Laboratory. The National High Magnetic Field Laboratory is supported
by the National Science Foundation through NSF/DMR-1644779 and the state of Florida.

1. H. Bernien et al., Nature 551, 579–584 (2017); C. Turner et al., Nature Physics 14, 745-749
(2018).

2. K. Lee, R. Melendrez, A. Pal, H.J. Changlani, Phys. Rev. B 101, 241111(R) (2020).
3. H.J. Changlani, D. Kochkov, K. Kumar, B. K. Clark, E. Fradkin, Phys. Rev. Lett. 120,

117202 (2018).
4. K. Lee, A. Pal, H.J. Changlani, Phys. Rev. B 103, 235133 (2021).
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We study analytically and numerically the onset of thermalization in isolated quantum systems
with a finite number of interacting Bose and Fermi particles. We show that thermalization
emerges due to strong quantum chaos quantified in terms of a chaotic structure of many-body
eigenstates. We developed semi-analytical approach allowing to describe the generic features of
the quench dynamics both before and after equilibration [1, 2]. One of the important predic-
tions is the analytical estimate of the exponential growth in time of the number of wave function
components in many-body representation, as a function of the number of particles, strength of
interaction and initial conditions. We also studied how the Bose-Einstein distribution emerges
in time, thus demonstrating the creation of quantum correlations between the occupation num-
bers, in spite of the loss of information about the initial excitation [3].

F.B. acknowledges support by the Iniziativa Specifica I.N.F.N.-DynSysMath and FMI acknowl-
edges financial support from CONACyT (Grant No. 286633).

1. F. Borgonovi, F.M. Izrailev, and L.F. Santos, Exponentially fast dynamics of chaotic many-
body systems, Phys. Rev. E 99 (2019) 010101(R).

2. S. Mailoud, F. Borgonovi, and F.M. Izrailev, Process of equilibration in many-body isolated
systems: diagonal versus thermodynamic entropy, New J. Phys. 22 (2020) 083087.

3. F. Borgonovi and F.M. Izrailev, Emergence of correlations in the process of thermalization
of interacting bosons, 99 (2019) 012115.
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The spectra of systems of N particles on 1 or 2 integer spin levels with random interactions
described by a rotationally invariant Hamiltonian have some very regular properties. Often the
distributions of physical quantities, such as B(E2) and the yrast lines, have structures that are
consistent with simple physical Hamiltonians, like that of the Interacting Boson Model. Here we
take a tour through the spectral regularities and suggest explanations. We specifically look at
ground state energies and spins, ground state occupation numbers, quadrupole moments, and
band structures.
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Unstable quantum many-body systems or those near thresholds exhibit many remarkable
features such as threshold discontinuities, collectivization of states relative to decay channels,
clusterization, symmetry breaking due to decay, interplay of internal dynamics, thermalization
and irreversible time evolution. In this presentation we use select examples from nuclear physics
to explore these phenomena.

Recent experiments on alpha clustering show strong correlations between alpha clustering
structure and the corresponding decay thresholds, isobaric mirror resonant reactions provide
further insight into competition between clustering and other features of many-body dynamics.
Studies of few-body decays, both direct and sequential, as well as evolution via virtual states
will be discussed. Finally, we will address time evolution of observables and thermalization in
realistic and model systems.

This work supported by the U.S. Department of Energy under Award Number DE-SC-0009883.
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Cold atom Fermi gases are of great interest in diverse areas of physics because they provide a
well-defined paradigm of strongly correlated systems that undergo a phase transition to a super-
fluid. The accurate calculation of their thermodynamic properties has been a major challenge,
with many theories using uncontrolled approximations that lead to widely different results even
on a qualitative level.

We investigate the crossover between the Bose-Einstein condensate (BEC) and the Bardeen-
Cooper-Schrieffer (BCS) limits in the two-species Fermi gas with attractive contact interaction
in three (3D) and two (2D) spatial dimensions. In 3D we focus on the unitary limit of strongest
interaction [1, 2], while in 2D we consider the strongly interacting regime in the crossover [3]. The
system undergoes a phase transition to a superfluid below a critical temperature but in 2D the
transition is of the Berezinskii-Kosterlitz-Thouless type. We use finite-temperature canonical-
ensemble auxiliary-field quantum Monte Carlo (AFMC) methods [4] on discrete lattices and
extrapolate to the continuum limit, thus eliminating systematic errors due to finite-range effects.

Of particular interest is the existence and extent of a pseudogap regime above the criti-
cal temperature for superfluidity, in which pairing correlations survive [5]. To determine the
pseuodogap regime, we calculate the condensate fraction, a model-independent pairing gap, the
free energy gap and the spin susceptibility.

A fundamental thermodynamic property of quantum many-body systems with short-range
interactions is the contact, measuring the pair correlations at short distances. We observe a rapid
increase of the contact as the temperature decreases below the critical temperature. Our results
for the contact of the unitary Fermi gas [2] are in excellent agreement with precision experiments
by the Swinburne and MIT groups [6], and provide the best quantitative agreement with these
experiments across the superfluid phase transition in comparison with other theoretical results.

This work was supported in part by the U.S. DOE grant No. DE-SC0019521.
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5. For a recent review of the pseudogap regime in the unitary Fermi gas, see S. Jensen, C.N.
Gilbreth, and Y. Alhassid, Eur. Phys. J. Special Topics 227, pp. 2241–2261 (2019).
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The coupled cluster method (CCM) [1] has become one of the most pervasive, most powerful,
and most successful of all ab initio formulations of quantum many-body theory. It has been ap-
plied to more systems in quantum chemistry, quantum field theory, atomic, nuclear, subnuclear,
condensed matter and other areas of physics than any other method. It has yielded numeri-
cal results that are among the most accurate available for a wide range of finite and extended
physical systems defined on a spatial continuum. These range from atoms and molecules of
interest in atomic physics and quantum chemistry, where the CCM has long been the recognized
”gold standard”, to atomic nuclei; from the electron gas to dense nuclear and baryonic matter;
and from models in quantum optics, quantum electronics, and solid-state optoelectronics to field
theories of strongly interacting nucleons and pions. This widespread success for physical systems
defined over a spatial continuum has spurred recent applications to similar systems defined on
an extended regular spatial lattice.

After outlining the key features of the CCM at the generic level, I describe recent work that
has applied it to strongly interacting and highly frustrated 2D spin-lattice models in quantum
magnetism [2]. I show how the CCM may be implemented to high orders in systematically
improvable hierarchies of approximations, e.g., in a localized subsystem (LSUBm) scheme, by the
use of computer-algebraic techniques. Values for ground-state (and excited-state) properties are
obtained which are fully competitive with those from other state-of-the-art methods, including
the much more computationally intensive quantum Monte Carlo techniques in the relatively
rare (unfrustrated) cases where the latter can be readily applied. I illustrate its ability to give
accurate descriptions of the ground-state phase diagram of a wide variety of frustrated magnetic
systems via the topical example of its high-order implementation to the spin-12 J1–J2 model on a
square-lattice bilayer [3], from among a large corpus of similar results. The raw LSUBm results
are themselves generally excellent. I show explicitly both how they converge rapidly and can
also be accurately extrapolated in the truncation index, m → ∞, to the exact limit.

I end by explaining at a more fundamental level why the CCM has proven to be so successful.
I describe how it may be re-cast as an exact classicization mapping from a quantum many-body
theory in a Hilbert space H to a classical many-body theory in the CCM phase space P, a
symplectic differentiable manifold. The classical fields are themselves many-body clusters, which
interact via well-defined non-local many-body interactions. The CCM phase space P can then
be used to generalize to an arbitrary quantum many-body system the well-known Wigner-Weyl-
Moyal-Groenewold programme of work to describe the quantum mechanics of a set of particles
described by coordinates xi and momenta pi as a form of non-deterministic statistical mechanics.

1. R.F. Bishop, Theor. Chim. Acta 80, 95 (1991).
2. D.J.J. Farnell and R.F. Bishop, in Quantum Magnetism (eds. U. Schollwöck, J. Richter,

D.J.J. Farnell and R.F. Bishop), Lecture Notes in Physics Vol. 645, Springer-Verlag,
Berlin (2004), 307.

3. R.F. Bishop, P.H.Y. Li, O. Götze, and J. Richter, Phys. Rev. B 100, 024401 (2019).
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Recent studies of nuclei far from stability set a problem of understanding the features of
nuclear structure for systems with an unusual neutron-proton composition. Medium and heavy
nuclei with N close to Z, such as in the vicinity of Sn-100, give a unique example of a two-
component fermionic system with coexisting pairwise and quartic correlations. To describe
these collective effects we generalize the variational BCS ground state wave function including
p-p, n-n, p-n and 2p-2n components under the assumption of attractive interaction in time-
conjugate orbitals. The analytical solution reveals the possibility of different condensates being
a nuclear analog of the BCS-BEC crossover in mesoscopic physics.
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The study of atomic nuclei depends on nuclear reactions to extract both reaction- and
structure-related observables. With the development of new realistic nucleon-nucleon interac-
tions, derived from chiral effective field theory, used in an ab initio no-core shell model (NCSM)
we can calculate one-body nuclear densities and scattering observables of carbon isotopes. For
the elastic scattering of protons and neutrons from nuclei, a microscopic optical potential is
derived with the Watson expansion of the multiple scattering series. This spectator expansion
allows for the use of the same nucleon-nucleon (NN) interaction when calculating the one-body
densities, which must be folded with the NN scattering amplitudes. We present the dependence
of scattering observables in the 65- 100 MeV range for Carbon isotopes on the NN interaction.
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The challenge of preparing a system in a pre-designated state spans diverse facets of quantum
mechanics. To achieve this task of steering towards target quantum states, one can employ
quantum control through a sequence of generalized measurements. A standard class of proto-
cols—passive protocols (a.k.a. blind measurements) comprise tracing out the readouts of the
detectors. To improve or optimize such protocols one may employ an active version of blind
measurements: the obtained measurement readouts are used to adjust the protocol on-the-go,
with a possibility for accelerated performance or fidelity increase. We have considered such
active measurement-driven steering as applied to the challenging case of many-body quantum
systems. The target states of highest interest would be those with multipartite entanglement.
Such state preparation in a measurement-based protocol is limited by the natural constraints for
system-detector couplings. We have developed a framework for finding such physically feasible
couplings, based on parent Hamiltonian construction. For helpful decision-making strategies, we
offered two paradigmatic approaches to this challenge, and have demonstrated that, applying
active steering to a set of examples, one may achieve an improvement of the steering speed (as
compared with passive steering) by an order of magnitude.

This work was supported by the Deutsche Forschungsgemeinschaft (DFG): Project No. 277101999
– TRR 183 (Project C01) and Grants No. EG 96/13-1 and No. GO 1405/6-1, as well as by the
Israel Science Foundation and the Helmholtz International Fellow Award, the National Science
Foundation through award DMR-2037654, the US-Israel Binational Science Foundation (BSF),
and the Netherlands Organization for Scientific Research (NWO/OCW).
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We calculate properties of a static impurity placed into a two dimensional Bose gas made of
trapped dipoles. We assume the impurity-boson interaction has a short-range part and a long-
range tail. To find the self-energy of the impurity, we solve a Gross-Pitaevskii equation. We
also compute the induced impurity-impurity interaction which can be high anisotropic for strong
dipolar interactions. Finally, we relate our findings to a Bose-polaron problem. In this case,
we transform into a frame co-moving with the impurity and obtain a modified Gross-Pitaevskii
equation that is numerically solved. The polaron self-energy is obtained as a function of the
strength of the dipole-dipole interaction and the trap confinement parameters.

We acknowledge support from the National Science Foundation/EPSCoR RII Track-1: Emer-
gent Quantum Materials and Technologies (EQUATE), Award OIA-2044049.
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We used IBM’s publicly accessible quantum computers [1,2] to evaluate the von Neumann entropy [3] and the Shannon
entropy [4,5] for n-qubit Schrödinger’s “cat” states.[6] An n-qubit cat state is a maximally entangled wavefunction
of the form,

|Ψn⟩ =
|00⟩ ⊗ ... |0n−1⟩+ |10⟩ ⊗ ... |1n−1⟩√

2

For a pure cat state and with a fault-free measurement, the Shannon entropy of the distribution over measurement
outcomes should equal one, and the von Neumann entropy should equal zero. Deviations from these values indicate
decoherences and faults in either the preparation or measurement of the qubit states. The Shannon entropy in a
case with 2n outcomes takes the the form,

SSo
=

2n∑
j=1

Pj log2 Pj

where Pj is the probability for the qubits to be found in the state |j⟩ = |q0q1...qn−1⟩ , qi ∈ {0, 1} upon measurement.
The von Neumann entropy is derived from the density matrix, ρ, in the form,

SvN = −Tr(ρ log2 ρ)

Quantum state tomography was performed on 2-5 qubit cat states to determine the density matrix of the states as
they reside on the quantum computers. Two kinds of circuits were constructed to determine Shannon entropy. We
found a near linear relationship between the number of qubits in the state and the Shannon entropy. We developed
a two-parameter model that reproduces the near-linearity of the entropy vs. the number of qubits, based on the
probabilities of observing 0 when a qubit is set to |0⟩ and 1 when it is set to |1⟩. The slope of the entropy vs. number
of qubits provides an index of the quality a quantum computer that is more sensitive than the current “Quantum
Volume” measure.[7]

This work has been supported in part by NSF grant CHE-1900399.
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Many-body nuclear physics offers us the ability to study physical systems, starting from how their
constituent particles interact with each other. These calculations can lead to accurate predictions
about the properties of the system; however, many calculations come with a high computational
cost, even with small systems. While parallel computing and other traditional optimization
techniques can drastically decrease the runtime of many-body calculations, many larger systems
of interest are still computationally prohibited due to runtimes and memory considerations. This
makes many-body physics a great field to apply non-traditional computational techniques, such
as machine learning and quantum computing. This talk will explore the application of a machine
learning method known as kernel ridge regression (KRR) to many-body methods which arrive at
their answer through convergent algorithms, namely coupled-cluster theory (CC) and similarity
renormalization group theory (SRG). This method will be applied to the pairing model, a good
test case because of the ease varying the size and interaction strength of the system, making it
possible to simulate a range of different nuclear systems.Using the KRR methods described in
this talk, CC and SRG converged energies were predicted for an array of related systems with
minimal training data and with significantly reduced runtimes and with a prediction RMSE
error of less than 0.01 (often significantly less).

This project is funded by NSF Grants No. PHY-1404159 and PHY-2013047.
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Modern nuclear experiments provide high-resolution data in the keV range [1], while for theoreti-
cal classical calculations [2] it is still challenging to reproduce excitation spectra of medium-mass
and heavy nuclei with the accuracy of ∼ 100 keV. Therefore, as an alternative, we explore the
use of quantum algorithms on Noisy Intermediate-Scale Quantum (NISQ) computers to guide
future nuclear simulations. To eliminate the issue of inaccurately known nuclear forces, we
consider exactly solvable Hamiltonians with tunable two-body interactions. First, we simulate
the spectra of the Lipkin model using the Quantum Equation of Motion (qEOM) [3] on IBM
quantum computers. The qEOM is used with first order (RPA) and second order (second RPA)
excitation operators together with the variational method. Second, we modify the quantum
algorithm for the Hartree-Fock (HF) on a quantum computer [4] by using optimal pulse control
[5] to realize the gates of the quantum circuit. We then use the modified quantum HF algorithm
to simulate the Negele model [6] with varying core strengths. We find that, with respect to the
model parameters, the simulation results are more accurate for i) weak than strong coupling, ii)
smaller than larger number of particles, and iii) higher than lower configuration complexity [7].
We boost the accuracy of our simulations by i) using an efficient encoding scheme that exploits
the Hamiltonian symmetries and the Gray code, ii) optimize the circuit gates through optimal
pulse control, and iii) utilize error mitigation techniques. Our work demonstrates that as the
quality of quantum hardware and efficiency of quantum algorithms improve, we could achieve
spectroscopically accurate nuclear simulations in the future.

MQH and EL acknowledges funding from US-NSF through the CAREER Grant PHY-1654379.
DL acknowledges financial support from the CNRS through the 80Prime program and is part
of the QC2I project. MQH and KW acknowledges that this work was performed under the
auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under
Contract No. DE-AC52-07NA27344. We appreciate cloud access of IBM quantum computers
to run simulations for parts of this work. The views expressed are those of the authors, and do
not reflect the official policy or position of IBM.
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5. E.T. Holland, Phys. Rev. A 101, 062307
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The Dicke model describes a system of N two-level atoms collectively coupled with a quantized
field, characterized by one bosonic mode. It provides a description of the superradiance phe-
nomenon in light-matter systems and is useful to understand nonequilibrium dynamics. It has
two classical degrees of freedom, and displays regular and chaotic dynamics, depending of the
Hamiltonian parameters and the energy region analyzed.

We have recently employed this model to analyze the relationship between instability, clas-
sical chaos and the evolution of out-of-time-ordered correlators [1, 2]. We have also studied the
presence of classical unstable periodic orbits. They are directly associated with the phenomenon
of quantum scarring, which restricts the degree of delocalization of the eigenstates and leads to
revivals in the dynamics [3].

Contrary to some common beliefs, we demonstrated that all eigenstates of the chaotic Dicke
model are actually scarred. Even the most random states of this interacting atom-photon system
never occupy more than half of the available phase space. For this reason, quantum ergodicity
is achievable only as an ensemble property, after temporal averages are performed [4].

1. J. Chávez-Carlos, B. López-del Carpio, M. A. Bastarrachea-Magnani, P. Stránský, S.
Lerma-Hernández, L. F. Santos, and J. G. Hirsch, Phys. Rev. Lett. 122, 024101 (2019),

2. S. Pilatowsky-Cameo, J. Chávez-Carlos, M. A. Bastarrachea- Magnani, P. Stránský, S.
Lerma-Hernández, L. F. Santos, and J. G. Hirsch, Phys. Rev. E 101, 010202(R) (2020)

3. D. Villaseñor, S. Pilatowsky-Cameo, M. A. Bastarrachea-Magnani, S. Lerma-Hernández,
L. F. Santos, and J. G. Hirsch, New J. Phys. 22, 063036 (2020).

4. S. Pilatowsky-Cameo, D. Villaseñor, M. A. Bastarrachea-Magnani, S. Lerma-Hernández,
L. F. Santos, and J. G. Hirsch, Nat. Commun. 12, 852 (2021).
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In nuclear reaction experiments, the measured decay energy spectra can give insights about
the shell spectroscopy of the systems. However, it is challenging to extract the underlying physics
from the measurements due to detector resolution and acceptance effects. The traditional ap-
proaches rely on fitting methods such as the chi-square that require the number of resonance
peaks in the spectrum to be known a priori, information this is not always accessible. Another
common technique used is the inverse problem method, but it may suffer from a singularity
during matrix inversion. We introduce a deblurring method, novel for nuclear physics appli-
cation, that utilizes the Richardson-Lucy algorithm that has proven to be successful in optics.
We demonstrate that the technique could help recover the physics from highly degraded nu-
clear decay energy spectrum measurements. The method does not require any prior knowledge
about the resonance states in the observed spectrum, and it circumvents the singularity issue
by iteratively adjusting a positive definite distribution. The only inputs are the observed energy
spectrum and the detector’s response matrix also referred to as the Transfer Matrix (TM). We
tested the method’s performance on a simulated spectrum generated using the in-house simula-
tion package for the MoNA-LISA-Sweeper setup and the associated TM. Finally, the approach is
applied to the energy spectrum of the 26O system decaying into 24O + n +n, from an experiment
conducted at NSCL by the MoNA Collaboration. We demonstrate its successful performance in
restoring the resonance states in the decaying systems from decay energy measurement.

We acknowledge support from US DOE grant DE-SC001920, and NSF grant PHY-2012040.



Accessing ground-state and excited-state energies in a many-body system after
symmetry restoration using quantum computers

Edgar Andres Ruiz Guzman* and Denis Lacroix**
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We explore the possibility to perform symmetry restoration with the variation after projection tech-
nique on a quantum computer followed by additional postprocessing. The final goal is to develop
configuration interaction techniques based on many-body trial states preoptimized on a quantum
computer. We show how the projection method used for symmetry restoration can prepare opti-
mized states that could then be employed as initial states for quantum or hybrid quantum-classical
algorithms. We use the quantum phase estimation and the quantum Krylov approaches for the post-
processing. The latter method combined with the quantum variation after projection leads to very
fast convergence toward the ground-state energy. The possibility to access excited states energies is
also discussed. Illustrations of the different techniques are made using the pairing Hamiltonian. [1]
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