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Outline: Quantum Simulators of Lattice Gauge Theories

0. Noisy Intermetidiate Scale Quantum (NISQ) devices
0.1 Quantum advantage in... useless problems so far
0.2 There are thing that NISQ cannot do at this stage

1. Quantum simulators
1.1 Ideology
1.2 Platforms and Tasks/Goals

2. Fundamental problems of physics - Systems

2.1 "Paradigmatic”, notoriously difficult, but relevant systems
2.2 Fundamental systems of condensed matter, HEP and QFT
2.3 Novel Quantum sImulAtors (NOQIA)

2.4 Novel systems, novel physics

3. Diagnostics/Design
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3.2 Entanglement/topology characterization (random unitaries)
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= There exist many interesting quantum
phenomena (such as superconductivity).

= These phenomena may have important
applications!

= These phenomena are often difficult to be described
and understood with the help of standard computers.

= Maybe we can use another, simpler and better
controllable quantum system to simulate, understand and
control these phenomena (R.P. Feynman)? Such a system
would thus work as quantum computer of special

purpose, i.e.
QUANTUM SIMULATOR


http://www.google.de/imgres?imgurl=http://portaldaciencia.freewebpages.org/richard_feynman.jpg&imgrefurl=http://portaldaciencia.freewebpages.org/cnfisica.htm&usg=__uWxpAne7ysBwiHC_P4wljonkDCw=&h=747&w=527&sz=35&hl=de&start=1&zoom=1&um=1&itbs=1&tbnid=wad-kuJZEytPRM:&tbnh=141&tbnw=99&prev=/images?q=richard+feyman&um=1&hl=de&client=firefox-a&sa=X&rls=org.mozilla:en-US:official&tbs=isch:1&ei=6LSATYiZHoSMswbKgo3mBg

1.2 The Coming Decade of Quantum Simulation ICEE_B
Platforms:

Superconducting qubits
Ultracold atoms
Trapped ions

Rydberg atoms

Circuit QED

Photonics systems ...

Tasks/6Goals

Classical/quantum optimization problems for technology

Quantum chemistry
Fundamental problems of physics 1
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Systems:
"Paradigmatic”, notoriously difficult, but relevant systems

Fundamental systems of condensed matter, HEP and QFT
Novel Quantum sImulAtors (NOQIA)

Novel systems, novel physics

Diagnostics/Design
Single cite/single “particle” resolution
Entanglement/topology characterization (random unitaries)
Entanglement characterization (experiment-friendly approaches)

Topology characterization (experiment-friendly approaches)

Synthetic dimensions *j
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Fig. 1. Quantum simulation of the Hubbard model. (A) Quantum gases trapped in optical lattices
realize the Hubbard model with tunable on-site interaction U and nearest-neighbor hopping t.
Quantum gas microscopy enables site-resolved readout of the quantum state. (B) Schematic of the
conjectured phase diagram of the finite-size 2D Hubbard model with the experimentally accessed
regime (green shading). (C) Outline of experimental observables used and theoretical models
evaluated. We evaluate theories using both standard observables and pattern-recognition-based

observables using snapshots of the quantum state.

theories for the doped

1odel

e Fermi-Hubbard model, which is
he Hamiltonian

—rE E (€] 4o + hoc.)

o=11 (ij)

4+ U Z & 51865, (1)
i

The first term describes tunneling
> £ of spin-14 fermions ¢; , with spin
adjacent sites i and j of a two-
| square lattice. The second term
rsite interactions of strength U be-
ons of opposite spin. We consider
correlated regime, where U »f and
bied sites are energetically costly.
-Hubbard model is well understood
nd is half-filled at an average of one
ite (Fig. 1B). For temperatures 7<.J,
t2 /U is the superexchange coupling,
itions appear. Although these mag-
itions are finite-ranged at nonzero
s, sufficiently cold finite-size systems
M order across the entire system (71).
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Self-verifying variational quantum
simulation of lattice models

C. Kokail"?3, C. Maier??, R. van Bijnen"?3, T. Brydges?, M. K. Joshi*?, P. Jurcevich? C. A. Muschik>2, P. Silvit2, R. Blatth2,
C. F. Roosh? & P. Zollerh2+

Hybrid classical-quantum algorithms aim to variationally solve optimization problems using a feedback loop between a
classical computer and a quantum co-processor, while benefiting from quantum resources. Here we present experiments
that demonstrate self-verifying, hybrid, variational quantum simulation of lattice models in condensed matter and
high-energy physics. In contrast to analogue quantum simulation, this approach forgoes the requirement of realizing
the targeted Hamiltonian directly in the laboratory, thus enabling the study of a wide variety of previously intractable
target models. We focus on the lattice Schwinger model, a gauge theory of one-dimensional quantum electrodynamics.
Our quantum co-processor is a programmable, trapped-ion analogue quantum simulator with up to 20 qubits, capable of
generating families of entangled trial states respecting the symmetries of the target Hamiltonian. We determine ground
states, energy gaps and additionally, by measuring variances of the Schwinger Hamiltonian, we provide algorithmic
errors for the energies, thus taking a step towards verifying quantum simulation.
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Variational parameters, 8

Projective measurement data
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classical computer and a quant "o e . 'es. Here we present experiments

that demonstrate self-verifyi  pig 1 | Classical-quantum feedback loop of VQS. Optimization of cost 10d€ls in condensed matter and
high—energy physics_ In cont: functions with function evaluations performed on a programmable 20- oes the requirement of rea]izing
the targeted Hamiltonian dire qubit (blue dots) trapped-ion analogue quantum simulator. Variational variety of pl‘E‘Vi{)llSly intractable

control parameters are passed to the analogue quantum simulator, which . -
target models. We focus on thy generates trial states /() through quench dynamics from a set of ional quantum electr odynarmcs.

Our quantfum co-processor is resource Hamiltonians with symmetry-protecting quantum circuits, r with up to 20 qllbitS, capable of
generating families of entangl  consisting of entangling operations (orange boxes) and single-qubit miltonian. We determine ground

i operations (shaded blue circles), corresponding to quantum resources. . . ithmi
states, energy gaps and addit Measurement results for correlation functions are obtained by rotating the ltonian, we pl'OVlClE algorlt 1¢

errors for the e€nergies, thus t: qubits to the proper basis (green boxes) followed by quantum projective
measurements in the standard basis. A central data repository stores the
information on the obtained many-body correlation functions and allows
for data re-evaluation for different Hamiltonian parameters (see Methods).
The classical central processing unit (CPU) optimizes the parameters 8
based on the measurement outcomes.
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Confinement and Lack of Thermalization after Quenches in the Bosonic Schwinger Model

Titas Chanda ,"? Jakub Zakrzewski ,]‘2 Maciej Lewenstein ,3‘4 and Luca Tagliacozzo
"nstytut Fizyki Teoretyeznej, Uniwersytet Jagielloniski, Lojasiewicza 11, 30-348 Krakow, Poland
*Mark Kac Complex Systems Research Center, Jagiellonian University in Krakow, Lojasiewicza 11, 30-348 Krakow, Poland
SICFO-Institut de Ciencies F otonigues, The Barcelona Institute of Science and Technology,
Av. Carl Friedrich Gauss 3, 08860 Castelldefels (Barcelona), Spain
i *ICREA, Passeig Lluis Companys 23, 08010 Barcelona, Spain
_ "Department of Physics and SUPA, University of Strathclyde, Glasgow G4 ONG, United Kingdom
ﬁDepaﬁmem de Fisica Quantica i Astrofisica and Institut de Ciéncies del Cosmos (ICCUB), Universitat de Barcelona,
Marti i Franqués 1, 08028 Barcelona, Catalonia, Spain

ﬂ (Received 7 October 2019; revised manuscript received 9 March 2020; accepted 31 March 2020; published 6 May 2020)

We excite the vacuum of a relativistic theory of bosons coupled to a U(1) gauge field in 1 + 1
dimensions (bosonic Schwinger model) out of equilibrium by creating a spatially separated particle-
antiparticle pair connected by a string of electric field. During the evolution, we observe a strong
confinement of bosons witnessed by the bending of their light cone, reminiscent of what has been observed
for the Ising model [Nat. Phys. 13, 246 (2017)]. As a consequence, for the timescales we are able to
simulate, the system evades thermalization and generates exotic asymptotic states. These states are made of
two disjoint regions, an external deconfined region that seems to thermalize, and an inner core that reveals
an area-law saturation of the entanglement entropy.

DOI: 10.1103/PhysRevLett. 124.180602
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FIG. 1. Semiclassical sketch of the conlining dynamics of
BSM. We prepare a well-separated pair of particle and anti-
particle connected by an electric-flux tube. Imually they start
spreading as 1f they were free, however, their trajectories bend
due to the energetic cost of creating larger electric-flux tubes.
New dynamical charges are also created during the evolution and
partially screen the electric field. Stll the electric field oscillates
coherently and can form an antistring, creating a central core of
strongly correlated bosons. The density of bosons in the core can
get depleted through the radiation of lighter mesons that freely
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CIRCULAR DICHROISM IN HIGHER-ORDER HARMONIC ... PHYSICAL REVIEW B 00, 004100 (2020)

(Q)

Phase
Boundary

—n/2 0 nj2 n

Harmonic-emission

FIG. 1. Phase diagram and band structures of the Haldane model. (a) Phase diagram in the plane (¢y, My /t2). with the different phases
labeled by their Chern number C; the green line shows the boundary of the topological phase transition. The band-structure diagrams
correspond to the points X, Y, Z, and Q as marked in (a), with the point Q at the phase transition showing the gapless Dirac cone at the
K point. (Y) and (Z) depict the band structure when the conduction-band topological invariants are C = +1 at the phase points ¢g = £ /2
and My = 2.541. (Y) shows how the midinfrared laser-source oscillations (red-solid line) drive the topological material; this can be with both
linear and circular polarizations. We also depict a physical cartoon of the electron-hole pair dynamics driven by a linearly polarized laser, i.e.,
creation, propagation, and annihilation or recombination by the black-dashed lines with arrows, and finally the subsequent harmonic emission
(violet oscillations). The dashed lines in (a) indicate the cuts used for the parameter scans below. Panels (b) and (c) show the Brillouin zone
and the real-space lattice of the Haldane model with the couplings in use.
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PHYSICAL REVIEW X 10, 041007 (2020)

Robust Topological Order in Fermionic Z, Gauge Theories: From Aharonov-Bohm
Instability to Soliton-Induced Deconfinement

Daniel Gonzalez-Cuadra ,1‘* Luca Tag]izwozzo,2 Maciej Lewenstein,l‘3 and Alejandro Bermudez®
YCFO—Institut de Ciéncies Fotoniques, The Barcelona Institute of Science and Technology,
Avinguda Carl Friedrich Gauss 3, 08860 Castelldefels (Barcelona), Spain
zDelrJarfamem de Fisica Quantica i Astrofisica and Institut de Ciencies del Cosmos (ICCUB),
Universitat de Barcelona, Marti i Franques 1, 08028 Barcelona, Spain
SICREA, Lluis Companys 23, 08010 Barcelona, Spain
4Deparfamenm de Fisica Teorica, Universidad Complutense, 28040 Madrid, Spain

“!) (Received 3 March 2020; revised 28 May 2020; accepted 14 August 2020; published 9 October 2020)

Topologically ordered phases of matter, although stable against local perturbations, are usually restricted
to relatively small regions in phase diagrams. Thus, their preparation requires a precise fine-tunning of the
system’s parameters, a very challenging task in most experimental setups. In this work, we investigate a
model of spinless fermions interacting with dynamical Z, gauge fields on a cross-linked ladder and show
evidence of topological order throughout the full parameter space. In particular, we show how a magnetic
flux is spontaneously generated through the ladder due to an Aharonov-Bohm instability, giving rise to
topological order even in the absence of a plaquette term. Moreover, the latter coexists here with a
symmetry-protected topological phase in the maiter sector, which displays fractionalized gauge-matter
edge states and intertwines with it by a flux-threading phenomenon. Finally, we unveil the robustness of
these features through a gauge frustration mechanism, akin to geometric frustration in spin liquids,
allowing topological order to survive to arbitrarily large quantum fluctuations. In particular, we show how,
at finite chemical potential, topological solitons are created in the gauge field configuration, which bound to
fermions and form Z, deconfined quasiparticles. The simplicity of the model makes it an ideal candidate
for 2D gauge theory phenomena, as well as exotic topological effects, to be investigated using cold-atom
quantum simulators.

DOI: 10.1103/PhysRevX.10.041007 Subject Areas: Atomic and Molecular Physics,
Condensed Matter Physics,
Particles and Fields



PHYS. REV. X 10, 041007 (2020)

Robust Topologi

Daniel Gonzailez
YCFO—In:

Ar

2Deparfame

i

4Depu.
®  (Received 3 )

Topologically
to relatively sma
system’s parame
model of spinles
evidence of topo
flux is spontane:
topological orde
symmetry-protec
edge states and i
these features tt
allowing topolog
at finite chemical
fermions and for
for 2D gauge the
quantum simula

DOI: 10.1103/Phy

Local Zo
symmetry -N J

Wegner-Wilson
magnetic flux

(a) Ising

Q
ﬁ'
& 0
! Wegner-Wilson J & Local 7 ‘\Spmless)
magnetic flux symmetry fermions
(b) (© o=+ oA =+[A)
ofle=—l< V) =—¥)
Q=1

Ryt

FIG. 1. Creutz-Ising ladder. (a) Spinless fermions, which reside
on the sites of a two-leg ladder (filled circles) and can tunnel
along and across the legs forming a cross-linked pattern. These
tunnelings are minimally dressed by Ising spin-1/2 fields. which
sit on the corresponding links (filled rhombi). We represent the
Wegner-Wilson fluxes across the two minimal plaquettes (tilted
trapezes in grey) and the generators of the local Z, symmetries
(red graphs). (b) Sketch of the phase diagram at half filling in
terms of the electric field & and the imbalance A. We find two
phases, both with topological order (TO). In one case, the latter
coexists with a SPT in the matter sector. (¢c) For A > 1, the
fermions populate the lower leg of the ladder. At i < 1, the Ising
fields rearrange Lo spontaneously generale a & {lux per plaquelte
through an Aharonov-Bohm instability, giving rise to TO. For
h > t, the latter survives due to a gauge frustration mecha-
nism. Fermions delocalize by forming bound quasiparticles with
topological defects created in an otherwise dimerized electric-
field background.
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Single-atom imaging of fermions in a

quantum-gas microscope

Elmar Haller, James Hudson, Andrew Kelly, Dylan A. Cotta, Bruno Peaudecerf, Graham D. Bruce®

and Stefan Kuhr*

Single-atom-resolved detection in optical lattices wusing
gquantum-gas microscopes’” has enabled a mew generation
of experiments in the field of quantum simulation. Although
such devices have been realized with bosonic species, a
fermionlc gquantum-gas microscope has remained elusive.
Here we demonstrate single-site- and single-atom-resalved
flusrescence imaging of fermionic potassium-40 atoms in a
quantum-gas microscope set-up, using electromagnetically-
induced-transparency cooling™'. We detected on average
1,000 fluorescence photons from a single atom within 1.5s,
while keeping it close to the vibrational ground state of
the optical lattice. A quantum simulator for fermions with
single-particle @ccess will be an excellent test bad to
imvastigate phenomena and properties of strongly correlated
fermionle quantum systems, allowing direct measurement
of ordered quantum phases™ and out-of-equilibrium dyna-
mies™", with access to quantities ranging from spin-spin
correlation functions to many-particle entanglemeant™.

guantum systems™. It could perform guantum simulation of the
Fermi-Hubbard model, which is conjectured to capiure the key
mechanism behind high-T, superconductors, allowing researchers
to gain insight into eectronic properties that could potentially be
applied in future materials engineering.

To achieve single-site-resolved detection of individual atoms
on the lattice, it is desirable to maximize the fuorescence yidd
while at the same time maintaining a negligible particle loss rate
and preventing the atoms from hopping between latfice sites.
These conditions can be efficiently achieved by simultaneously laser
cooling the atoms to sub-Doppler temperatures while detecting the
fluorescence photons emitted during this process. However, cooling
of fermionic alkaline atoms inoptical lattices is challenging, as their
low mass and small excited-state hyperfine splitting make it more
difficult to obtain low temperatures using the standard technique of
podarization-gradient cooding.

In this work, we achieved single-atom-resolved fluorescence
imaging of YK wsing electromagnetically-induwced-transparency
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Figure 1 | Exparimental sat-up, lzser beam configuration and level scheme. a, Farmicaic *0k atams Inan optical lattice were observad using fluorascance
detection with a high-resalution optical microscape (MA = 0.6, working distance = 12.8 mim; sea ref. 2). The optical lattice (red dots) Is composed of bwo
ratrarefiected beames In the x- and y-awes, and a vertical beam retrorefiected from the coated vacusm window. Retrorefiected EIT coaling baams (blue)
were overlapped with the harlzontal aptical lattice. Raman beames (green) were used to couple the motional states in the z-auks to the harlzontal plane.
Atoms were prepared In the facal piane of the microscope abjective (Insat). b, Level scheme of the raievant states of *0k, with off-resonant Raman baams
(grean) and near-resonant (detuming A) EIT coupling and prabe beams (Rabi frequencies @y and (3p, bue) with relative detuning A, +3.
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Figure 2 | Single-atom-ressived Muorescence Images of fermions. a, Flucrescence Image of a dilute cloud of *PK atoms in tha optical lattics (155 axposure
time with EIT coaling. b, %0 m = %0 pm subsaction of & white dots mark the lattice sites. ¢, Magnified subsection of a showing an Individual atom.

o, Horlzontal {red circles) and vertical (hlue squares) profiles throwgh the cantre of the averaged single-atom images shown in e, fitted (horizontal only)
with a Gausslan profie (red dashed line). The gray (Ine shows the difraction-imited paint-spread function (PSF) of the microscopa objective. e, Measured
palnt-spread function using 640 single-atom Images as prasented In €, averaged using subplxel shitting.
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Many-body Chern mumber from statistical correlations of randomized measurements

Ze-Pei Can,!'? Hossein Dehghani,l*? Andreas Elben,® 4 Benoit Vermersch,® 4%
Guanyu Zhu,® Maissam Barkeshli,l»7 Peter Zoller,® 4 and Mohammad Hafezil:?

! Joint Quantum Institute, College Park, 20742 MD, USA
*The Institute for Research in Electronica and Applied Physica,
University of Maryland, College Park, 20742 MD, US4
Center for Quantum Physica, University of Innabruck, Innsbruck A-6020, Austria.
{ Institute for Quantum Optica and Quantum Information of the Auatrian Academy of Sciences, Innabruck A-6020, Austria.
"Univ. Grenoble Alpes, CNRS, LPMMC, 33000 Grenoble, France.
“IBM T.J. Watson Research Center, Yorktown Heights, New York 10598, USA.

"Condensed Matter Theory Center, Department of Physics,

University of Maryland, College Park, 20742 MD, US4
(Dated: May 29, 2020)

Oine of the main topological invariants that characterizes several topolbgically-ordered phases is
the many-body Chern mamber (MBCN). Paradigmatic examples include several fractional quantum
Hsall phases, which are expected to be realized in different atomic and photonic quantum plstforms
in the near future. Experimental measurement and numerical computation of this invariant is
comventionally based on the linesr-response techniques which require having sceess to a family of
states, as a function of an external parameter, which & not suitable for many quantum simulators.
Here, we propose an ancilla-free experimental scheme for the measurement of this imvariant, without
requiring any knowledge of the Hamiltonian, Specifically, we use the statistical correlations of
randomized measurements to infer the MBCN of a wavefunction. Remarkably, our results apply to
disk-like geometries that are more amenable to current quantum simulator srchitectures.
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Entanglement Hamiltonian Tomography in Quantum Simulation

Christian Kokail,!:? Rick van Bijnen,':? Andreas Elben,!:? Benoit Vermersch,!-%* and Peter Zoller!-?

! Center for Quantum Physics, University of Innsbruck, Innsbruck, Austria
Institute for Quantum Optics and Quantum Information of the Austrian Academy of Sciences, Innsbruck, Austria

Univ. Grenoble Alpes, CNRS, LPMMC, 38000 Grenoble, France

Entanglement 1= the crucial ingredient of quantum many-body physics, and characternizing and
quantifying entanglement in closed system dynamics of quantum simulators 15 an outstanding chal-
lenge 1n today’s era of intermediate scale quantum devices. Here we discuss an efficient tomographic
protocol for reconstructing reduced density matrices and entanglement spectra for spin systems.
The key step 15 a parametrization of the reduced density matrix in terms of an entanglement Hamil-
toman involving only quasi local few-body terms. This ansatz 1s fitted to, and can be independently
vertfied from, a small number of randomised measurements. The ansatz 15 suggested by Conformal
Field Theory in quench dynamics, and via the Bisognano-Wichmann theorem for ground states.
Not only does the protocol provide a testbed for these theones i quantum simulators, 1t 15 also
apphcable outside these regimes. We show the vahdity and efficiency of the protocol for a long-range
[zing model in 11 using numerical simulations. Furthermore, by analyzing data from 10 and 20 10n
quantum simulators [Brydges et al, Science, 2019], we demonstrate measurement of the evolution
of the entanglement spectrum in quench dynamics.
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FIG. 1. EHT in experimental quench dynamics: Time evolution of the ES {A2 = E_&"} in Hamiltoman quench dynamics
with a long-range transverse-field Ising model (2) (B = J) from an initial Néel state |11 ...) on 10 and 20-spin trapped-ion
quantum simulators, for 5 and T-spin partitions, as shown in the insets. a), ¢) ES as a function of time. Colored circles show
the eigenvalues of p"(§) (defined in Eq. (A2) in the), obtained from EHT on experimental data with Ny = 150 measurements
taken 1n Ny = 500 different random bases. Solid lines show theoretical simulations of the Hamiltomian quench dynamics,
with different colors indicating the total magnetization of the Schmidt components. Orange colored bands in a) show the 68%
confidence interval obtained by repeatedly simulating the full EHT procedure with the same settings on the entire time interval.
Insets in a) and c): von Neumann entanglement entropy S4 = —Tr(pa logs pa) as a function of time. Black solid line indicates
exact results from simulation of coherent Hamiltonian dynamies. Colored points show Sy extracted from EHT on experimental
data, obtained from the spectrum of p5™(§), while orange points show Ss obtained from the full ansatz (see Eq. (A2) in
Appendix A) including imperfect initial state preparation and measurement errors. b), d) Reconstructed lowest eigenvalues
{£a} of the EH mn EHT at later times, and companson with ES obtained from pumerical simulations of exact Hamiltonian
dynamics. Error bars, caleulated via Jackknife resampling, are mostly smaller than symbols.
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QUANTUM NONLOCALITY

Detecting nonlocality in many-body
quantum states

J. Tura,' R. Augusiak,'* A. B. Sainz,’ T. Vértesi,> M. Lewenstein,”® A. Acin™?

Intensive studies of entanglement properties have proven essential for our understanding
of quantum many-body systems. In contrast, much less is known about the role of
quantum nonlocality in these systems because the available multipartite Bell inequalities
involve correlations among many particles, which are difficult to access experimentally.
We constructed multipartite Bell inequalities that involve only two-body correlations and
show how they reveal the nonlocality in many-body systems relevant for nuclear and
atomic physics. Our inequalities are violated by any number of parties and can be tested
by measuring total spin components, opening the way to the experimental detection of
many-body nonlocality, for instance with atomic ensembles.
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PHYSICAL REVIEW LETTERS 123, 170604 (2019)

Bell Correlations at Ising Quantum Critical Points
Angelo Piga,l‘* Albert Aloy,1 Maciej Lewenstein,"* and Irénée Frérot"'
YICFO-Institut de Ciencies Fotonigues, The Barcelona Institute of Science and Technology,
Av. Carl Friedrich Gauss 3, 08860 Barcelona, Spain
)
“ICREA-Institucio Catalana de Recerca i Estudis Avancats, Lluis Companys 23, 08010 Barcelona, Spain

")‘ (Received 14 July 2019; published 23 October 2019)

When a collection of distant observers share an entangled quantum state, the statistical correlations
among their measurements may violate a many-body Bell inequality, demonstrating a nonlocal behavior.
Focusing on the Ising model in a transverse field with power-law (1/r%) ferromagnetic interactions, we
show that a permutationally invariant Bell inequality based on two-body correlations is violated in the
vicinity of the quantum-critical point. This observation, obtained via analytical spin-wave calculations and
numerical density-matrix renormalization group computations, is traced back to the squeezing of
collective-spin fluctuations generated by quantum-critical correlations. We observe a maximal violation
for infinite-range interactions (a = 0), namely, when interactions and correlations are themselves
permutationally invariant.

DOI: 10.1103/PhysRevLett. 123.170604
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FIG. 1. (a) BI violation and (b) bipartite EE (b) for the one-
dimensional long-range TFIM (N = 40). Stars are extrapolations
for N = oo of the maximum of EE. Inset in (a): bipartite EE
and maximal violation of BI Eq. (1) for N = 170 and a = 1.2.
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PHYSICAL REVIEW LETTERS 125, 030504 (2020)

Simulating Twistronics without a Twist

Tymoteusz Salamon ,1 Alessio Celi ,2 Ravindra W. Chhajlany ,3 [rénée Frérot ,1’4 Maciej Le\z\/enstein,l’5

Leticia Tarruell ,1 and Debraj Rakshit 14

YICFO—Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology,
08860 Castelldefels (Barcelona), Spain
2D.f’_.r;m'rm'.'nem de Fisica, Universitat Autonoma de Barcelona, 08193 Bellaterra, Spain
’F aculty of Physics, Adam Mickiewicz University, 61614 Poznan, Poland
4Max—PIm1ck—!nsrirurﬁ'ir Quantenoptik, D-85748 Garching, Germany
Sstitucié Catalana de Recerca i Estudis Avangats (ICREA),
Passeig Lluis Companys 23, ES-08010 Barcelona, Spain

1 (Received 8 February 2020; accepted 22 June 2020: published 14 July 2020)

Rotational misalignment or twisting of two monolayers of graphene strongly influences its electronic
properties. Structurally, twisting leads to large periodic supercell structures, which in turn can support
intriguing strongly correlated behavior. Here, we propose a highly tunable scheme to synthetically emulate
twisted bilayer systems with ultracold atoms trapped in an optical lattice. In our scheme, neither a physical
bilayer nor twist is directly realized. Instead, two synthetic layers are produced exploiting coherently
coupled internal atomic states, and a supercell structure 1s generated via a spatially dependent Raman
coupling. To illustrate this concept, we focus on a synthetic square bilayer lattice and show that it leads to
tunable quasiflatbands and Dirac cone spectra under certain magic supercell periodicities. The appearance
of these features are explained using a perturbative analysis. Our proposal can be implemented using
available state-of-the-art experimental techniques. and opens the route toward the controlled study of
strongly correlated flatband accompanied by hybridization physics akin to magic angle bilayer graphene in
cold atom quantum simulators.
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PHYSICAL REVIEW B 100. 195141 (2019)

Stripes, Antiferromagnetism. and the Pseudogap in the Doped Hubbard Model
at Finite Temperature

Alexander Wietek,!* Yuan-Yao He,! Steven R. White,? Antoine Georges,*1* and E. Miles Stoudenmire!

lﬂen.terifcrr Computational Quantum Physics, Flatiron Institute, 162 Fifth Avenue, New York, NY 10010, USA
Depa,ﬂmfnt of Physics and Astronomy, University of California, Irvine, CA 926974575 USA
3 Collége de France, 11 place Marcelin Berthelot, 75005 Paris, France
1CPHT, CNRS, Ecole Polytechnique, IP Paris, F- .?IIE"S Palaiseau, France
DQMP, Université de Genéve, 24 quai Ernest Ansermet, CH-1211 Genéve, Suisse
(Dated: September 24, 2020)

The interplay between thermal and quantum fluctuations controls the competition between phases
of matter in strongly correlated electron systems. We study fimte-temperature properties of the
strongly coupled two-dimensional doped Hubbard model using the minimally-entangled typical ther-
mal states (METTS) method on width 4 cylinders. We discover that a novel phase charactenzed
by commensurate short-range antiferromagnetic correlations and no charge ordering occurs at tem-
peratures above the half-filled stripe phase extending to zero temperature. The transition from the
antiferromagnetic phase to the stripe phase takes place at temperature T'/t =2 0.05 and 15 accompa-
med by a step-like feature of the specific heat. We find the single-particle gap to be smallest close
to the nodal point at k = (7/2, 7/2) and detect a maximum 1n the magnetic susceptibility. These
features bear a strong resemblance to the psendogap phase of high-temperature cuprate supercon-
ductors. The simulations are verified using a vanety of different unbiased numerical methods in the
three hmiting cases of zero temperature, small lattice sizes, and half-filling.
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PHYSICAL REVIEW LETTERS 12§, 156601 (2020)

Polynomially Filtered Exact Diagonalization Approach to Many-Body Localization
Piotr Sierant ,1'2'4: Maciej Lewenstein ,E'S'T and Jakub Zakrzewski®'**
'Institute of Theoretical Physics, Jagiellonian University in Krakow, Lojasiewicza 11, 30-348 Krakow, Poland
2ICFO - Institut de Ciencies Fotoniques, The Barcelona Institute of Science and Technology,
Av. Carl Friedrich Gauss 3, 08860 Castelldefels (Barcelona), Spain
ICREA, Pg. Lluis Companys 23, 08010 Barcelona, Spain
‘Mark Kac Complex Systems Research Center, Jagiellonian University in Krakow,
Ltojasiewicza 11, 30-348 Krakow, Poland

® (Received 27 May 2020; accepted 13 September 2020; published 9 October 2020)

Polynomially filtered exact diagonalization method (POLFED) for large sparse matrices is introduced.
The algorithm finds an optimal basis of a subspace spanned by eigenvectors with eigenvalues close to a
specified energy target by a spectral transformation using a high order polynomial of the matrix. The
memory requirements scale better with system size than in the state-of-the-art shift-invert approach. The
potential of POLFED is demonstrated examining many-body localization transition in ID interacting
quantum spin-1/2 chains. We investigate the disorder strength and system size scaling of Thouless time.
System size dependence of bipartite entanglement entropy and of the gap ratio highlights the importance of
finite-size effects. We discuss possible scenarios regarding the many-body localization transition obtaining
estimates for the critical disorder strength.

DOI: 10.1103/PhysRevLett.125.156601
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Ildentifying quantum phase transitions using
artificial neural networks on experimental data

Benno 5. Rem'?, Niklas Kaming©', Matthias Tarnowski'?, Luca Asteria’, Nick Flaschner’,
Christoph Becker'?, Klaus Sengstock** and Christof Weitenberg ©?

Machine-learming technigues such as artificlal neural net-
works are currently revolutionlzing many technological areas
and have also proven successful In quantum physics appli-
catlons™. Here, we employ an artificlal neural network and
deep-learning technigues to ldentify quantum phase transi-
tions from single-shot experimental momentum-space den-
sity Images of ultracold quantum gases and obtain results that
were not feasible with conventlonal methods. We map out the
complete two-dimensional topological phase diagram of the
Haldane model and provide an Improved characterizatlon of
the superfluld-to-Mott-insulator transition In an inhomoge-
neous Bose-Hubbard system®". Our work polnts the way to
unravel complex phase diagrams of general experimental sys-
tems, where the Hamlltonlan and the order parameters might
not be known.

-

the Bose-Hubbard model, both realized employing cold atoms in
optical lattices. We show that we can perform tasks that were not
possible with conventional techniques, such as the determination
of non-local topological order from a single-shot image—a prob-
lem for which there is no physical model—and a localization of
the superfluid-to-Mott-insulator transition, superior to the usual
determination via interference contrast. Our examples show that
machine learning can help in the identification of observables that
were not previously obvious.

In a first set of experiments, we consider the Haldane model
on the honeycomb lattice’, a paradigmatic model for topologi-
cal bands without a net magnetic flux possessing possible Chern
numbers C=—1, 0, 1 {inset in Fig. Zb). The topological phase dia-
gram is spanned by the Peierls phase @ and the sublattice energy
DI:I:SJZ“I. Ay 1-'.-h1-:h quantify the bn:akmg -:rf llm-: r-:'.tr-.-'..al symmetry
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two Chern numbers in a small transition region with a full width of
100-200Hz, which is due to the inhomogeneity of the system.

We use the same trained network to map out the entire two-
dimensional phase diagram using just a few images per parameter
set. In Fig. 2c we plot the expectation value of the Chern number
C= E:___I C» P- as a function of the shaking frequency and shak-
ing phase. The network identifies the two lobes with Chern numbers
—1 and +1, which are characteristic for the Haldane model, in quan-
titative agreement with a numerical calculation of the Floquet sys-
tem (see Methods). The identification from single snapshots allows
mapping out the full two-dimensional Haldane phase diagram.

3

Flg. 2 | Mapping out a topalogical phase diagram using a neural network.
a, Examples of single experimental Images of ultracold fermionic atoms
released from the driven aptical [attice. The shaking phase 15 ge=—%0" and
the shaking freguancies are ay'28="5.0kHz (C=0), w/Ix= 6.4kHz (C=1)
and ey 2x= T8 kHz (C=10), respactivaly. The Images ara 151x151 plaels

In slze centred around rero momentum and Include the full first Brlllouin
zane {whita hexagon . b, Probabdity for the different Chern number classas
as ldentifled by the trained neural nebwork. The network was trained for
Floguet frequencies far away from the phase transitions (grey, thin short
lines In €. The probability 1= averaged over the results for 47 Individual
Images and the error bars denote Clopper-Pearson &8% confldence
Intervals using the Wald mathod. We Identify the positions of the phase
transitions at £124¢3) kHz and &.BE%3)kHz by fitting an arror function

fo the data and axtracting the paint of 50% probability. The dashed linas
show the transitions as expected from an ab initio numerical caloulation.
The: Inset (Hustrates the tight-binding scheme of the Haldane modal with
the staggered fluxes through the subplagueties. € The Haldane-like

phase diagram of the Floquet systemn obtained from 10,436 evaluated test
Images (3-7 Images par paramsater) using a neural network trained at the
parameters Indicated by the grey lines (In total 15,963 Images for training
and 3,992 Images for valldation of the network). The training reglons cower
only 3% of the phasa diagram. The solid ines indicate the predicted phase
transitions from cur ab Inttlo numerical calculation. d, The cirdes show the
pasltions of the phase transitions for circular shaking (g=—59%0") at varying
lattlice depths V identified by a network trained with the data at V=74E,
{sea Methods). The error bars denotie the width of the error funiction

fitted to the nebwork output as In b. The lines show the predided phase
fransitions from our ab Initlo numerncal calculation with the red reglons
Indicating the systematic uncertainty calculated for an ermor of 02" on

the polarization of the lattice beams. Source data for b-d are provided In
Supplarmantary Data 1-3.
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We demonstrate how to explore phase diagrams with automated and unsupervised machine learning to
find regions of interest for possible new phases. In contrast to supervised learning, where data is classified
using predetermined labels, we here perform anomaly detection, where the task is to differentiate a normal
dataset, composed of one or several classes, from anomalous data. As a paradigmatic example, we explore
the phase diagram of the extended Bose Hubbard model in one dimension at exact integer filling and
employ deep neural networks to determine the entire phase diagram in a completely unsupervised and
automated fashion. As input data for learning, we first use the entanglement spectra and central tensors
derived from tensor-networks algorithms for ground-state computation and later we extend our method and
use experimentally accessible data such as low-order correlation functions as inputs. Our method allows us
to reveal a phase-separated region between supersolid and superfluid parts with unexpected properties,
which appears in the system in addition to the standard superfluid, Mott insulator, Haldane-insulating, and
density wave phases.

DOI: 10.1103/PhysRevLett.125.170603
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Hamiltonian We test our method on the extended

Bose-Hubbard Model

H=-t)" (blb-m + E*Lﬁ*i)
E Zﬂ-a{ﬂi —-1)+ VZ M1, (3)

to reveal a phase- sepalated region between %upemolld and %upelﬂmd part% w1th unexpected plopeme%
which appears in the system in addition to the standard superfluid, Mott insulator, Haldane-insulating, and
density wave phases.

DOI: 10.1103/PhysRevLett.125.170603
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FIG. 2. Extended BH phase diagram with five distinct phases
obtained by the correlators Eqs. (3)—(5). The dashed lines indicate
the transition points observed from diverging correlation lengths
between MI-HI-DW and nonzero § in Eq. (6) between SF
and SF + SS.
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