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We study the quantum phases of bosons with repulsive contact interactions on a two-leg ladder in the presence
of a uniform Abelian gauge field. The model realizes many interesting states, including Meissner phases, vortex
fluids, vortex lattices, charge density waves, and the biased-ladder phase. Our work focuses on the subset of these
states that breaks a discrete symmetry. We use density matrix renormalization group simulations to demonstrate
the existence of three vortex-lattice states at different vortex densities and we characterize the phase transitions
from these phases into neighboring states. Furthermore, we provide an intuitive explanation of the chiral-current
reversal effect that is tied to some of these vortex lattices. We also study a charge-density-wave state that exists
at 1/4 particle filling at large interaction strengths and flux values close to half a flux quantum. By changing
the system parameters, this state can transition into a completely gapped vortex-lattice Mott-insulating state. We
elucidate the stability of these phases against nearest-neighbor interactions on the rungs of the ladder relevant for
experimental realizations with a synthetic lattice dimension. A charge-density-wave state at 1/3 particle filling
can be stabilized for flux values close to half a flux quantum and for very strong on-site interactions in the
presence of strong repulsion on the rungs. Finally, we analytically describe the emergence of these phases in
the low-density regime, and, in particular, we obtain the boundaries of the biased-ladder phase, i.e., the phase
that features a density imbalance between the legs. We make contact with recent quantum-gas experiments that
realized related models and discuss signatures of these quantum states in experimentally accessible observables.
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I. INTRODUCTION

An important part of the physics of quantum particles
moving in a two-dimensional plane under the action of a
magnetic field is related to the quantum Hall effect [1,2].
While the essence of the integer quantum Hall effect can
be understood from considering noninteracting electrons,
interacting particles in two dimensions and in the presence
of an Abelian gauge field provide an ideal playground to
explore exotic many-body physics [3—5], encompassing, most
notably, the fractional quantum Hall effect. Periodic lattice
potentials introduce additional intriguing physics. A magnetic
field applied perpendicularly to the plane of motion of a
charged particle in a lattice produces a fascinating structure of
energy levels known as the Hofstadter butterfly [6], resolved
experimentally in solid-state systems only recently [7-9].

The experimental progress in the field of ultracold atomic
gases with emulating gauge fields or spin-orbit coupling in
these systems of neutral particles has opened new prospects
for observing many-body physics in the presence of gauge
fields in a very clean and highly tunable environment
[10-12]. While pioneering experiments have demonstrated
the successful implementation of spin-orbit coupling in Bose
gases in the continuum [13,14], the field has seen tremendous
activity in studying the combined effects of optical lattices
with artificially engineered gauge fields [15-19], accessing
the physics of the Hofstadter model [18,19] as well as the
famous Haldane model [20,21].
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So far, quantum gas experiments have focused on non- or
weakly interacting quantum gases. In this regime, some key
hallmark features of topological states of matter [22,23] were
measured, such as the Zak phase in one-dimensional systems
[24], the Berry curvature in a Floquet system [25], the Chern
number [21,26], or the Berry flux in momentum space [27].

The strongly interacting regime in conjunction with ar-
tificial gauge fields, though, remains largely unexplored by
ultracold-atomic-gas experiments. Theoretically, numerous
studies have addressed the interplay of interactions, gauge
fields, and lattice topology and have made many predictions for
exciting physics that could be observed with quantum gases in
optical lattices. These include (interacting) Chern insulators of
both fermions and bosons [28-32], fractional Chern insulators
[33-36], and exotic forms of quantum magnetism [37-42],
to name but a few examples (see recent reviews for a more
comprehensive overview [11,12]).

Our work is primarily motivated by the experimental
realization of ladder systems combined with uniform Abelian
gauge fields in ultracold atomic gases. Ladders, which here we
have in mind to be arrays of plaquettes as indicated in Fig. 1,
are the simplest possible extensive lattices that allow one to
study nontrivial orbital effects in the presence of a synthetic
magnetic field. Such ladder structures can either be obtained
using superlattices or a so-called synthetic lattice dimension
[43]. The former approach has been utilized in [44] to study
a weakly interacting Bose gas loaded into an optical lattice
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FIG. 1. (a) Sketch of the two-leg ladder model and interaction
and tunneling terms as defined in Egs. (1), (3), and (19). Current
patterns and on-site density in (b)—(d) the different vortex lattices with
vortex density (b) p, = 1/2, (¢) p, = 1/3, and (d) p, = 1/4, (e) the
biased-ladder phase (BLP) phase, and (f) in the charge-density-wave
(CDW,,4) phase at particle density p = 1/4. The arrows indicate
the direction and by their length, the strength of local currents. The
density is represented by the size of the circles and the background
shading.

with the two-leg ladder geometry. This experiment heavily
relied on the measurement of local currents and could access
the chiral edge current predicted to exist in this system in the
presence of a uniform flux per unit cell [45,46]. Moreover, the
experiment established a similarity to superconductors (also
previously discussed in theoretical papers [45,46]), since the
chiral current at small flux behaves similarly to the screening
current in the Meissner phase (with no current in the bulk,
which, for a ladder, implies a vanishing of local currents on
its rungs) while at large fluxes, finite rung currents emerge,
reminiscent of a vortex phase in type-II superconductors.

The synthetic lattice dimension approach combines an
actual optical lattice, which is typically one-dimensional, with
Raman lasers that drive transitions between a subset of the
hyperfine states of bosonic or fermionic atoms [43]. In the
first two implementations of this scheme, two- and three-leg
ladders have been realized using this method [47,48], and both
experiments also succeeded in measuring edge currents (more
specifically momentum distributions), for fermions [47] and
bosons [48]. More recent experiments realized two-leg ladders
using an optical clock transition [49,50] (based on the proposal
from [51]) or even using an all-synthetic-lattice approach [52].

These examples demonstrate that the experimental study
of the effects of synthetic gauge fields in neutral ultracold
atomic gases in low-dimensional lattice geometries constitutes
an active field of timely research. Despite the enormous
recent progress with experimental observations of fascinating
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single-particle behavior due to synthetic gauge fields, the
strongly interacting regime remains hard to access. One
possible reason that is being investigated is heating in
driven many-body systems [53—-56] due to the various driving
schemes used to mimic the artificial gauge fields [16,18,19,21].

The interest in bosonic ladders dates back to the develop-
ment of the theory of arrays of Josephson junctions [57-60],
adequately described by high density and weak interactions.
Subsequently, a first bosonization study for weakly coupled
legs of a bosonic two-leg ladder explored the strongly inter-
acting regime, predicting the stability of Meissner-like vortex
fluids and vortex lattices [45], whose existence was initially
established for the weakly interacting regime only [57-60].
Then, fueled by the experimental progress with emulating
artificial gauge fields, Dhar et al. [61,62] demonstrated the
existence of so-called chiral Mott insulators in bosonic two-leg
ladders at flux ¢ = & per plaquette [see the sketch of the model
in Fig. 1(a)], which spontaneously break time-reversal symme-
try. A bosonization study of the orbital response of a bosonic
ladder in the strongly interacting regime at arbitrary flux was
presented in [64], predicting Meissner and vortex phases also
in the Mott-insulating case. Understanding the orbital response
of interacting fermions on two-leg ladders has been the topic of
Refs. [65,66].

The experiments on bosonic [44,48] and fermionic lad-
ders [47] have led to numerous theoretical studies of the
strongly correlated quantum phases of such systems [67-77].
A particular interest has been in the possible existence of
one-dimensional versions of fractional quantum Hall states
[69-71,74]. Whether topologically nontrivial states that resem-
ble properties of, e.g., the v = 1/2 Laughlin state are indeed
realized in bosonic or fermionic ladders remains a topic of
ongoing research [78].

Other efforts addressed the fate of the Meissner and vortex-
like states inherited from the noninteracting limit of bosonic
two-leg ladders. Their origin can be traced back to the existence
of either a unique minimum in the single-particle dispersion at
quasimomentum or two equivalent minima at incommensurate
momenta, the former corresponding to the Meissner, the latter
to the vortex phase [44,46]. Similar states survive even in the
limit of strongly interacting bosons [64,67,68], both on top of
Mott insulators and superfluids. Overall, interactions lead to a
suppression of vortex phases.

While most of the theoretical work has investigated the case
of pure contact interactions of the type Hine = U/2 )", n;(n; —
1), where n; measures the density in a site of a lattice (U
is the interaction strength), in the experimental realizations
using a synthetic lattice dimension [47,48], atoms experience
long-range interactions. The reason is that the physical
interaction is of contact type, meaning that all atoms in a rung
interact with each other, regardless of their hyperfine state.
The effects of longer-range interactions have been studied in
[71,74,79-87].

Returning now to the case of bosonic two-leg ladders
with contact interactions in the model, while Meissner-like
and vortex-liquid phases exist in the presence of strong
interactions, vortex lattices, on the contrary, have remained
elusive in the strongly interacting regime, with the exception
of the chiral Mott insulators [61,62], which in fact represent
a vortex-lattice state with a maximal possible vortex density
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oy = 1/2 and a unit cell of two plaquettes as shown in [63].
In Ref. [63], we determined the range of stability of the
above-mentioned vortex lattice at vortex densities of p, = 1/2
and of another vortex-lattice state p, = 1/3 (having a unit
cell made of three plaquettes) in the regime of intermediate
interactions 1 < U/J < 10and alow filling p < 1. Moreover,
we discovered that interactions can lead to a spontaneous
reversal of the circulation direction of the boundary chiral
current in certain vortex-lattice states: the atoms there behave
as if the direction of the external magnetic field (or the sign
of the flux) had been inverted. This effect can be understood
as resulting from the periodicity of the chiral current with
27, the increase of the effective flux from ¢ to g¢ in vortex
lattices with unit cells of g plaquettes, and the quantum nature
of atoms. Only those vortex lattices that are stable at values
of the flux for which m < g¢ < 27w lead to this reversal.
Remarkably, this reversal is stable against temperatures that
are possible to realize in current experiments and hence it
can be used as an experimental probe of the existence of
vortex lattices. In bosonic ladders, such a reversal of the chiral
current occurs only in the interacting case, while for fermions,
in a complicated band structure that results from adding the
flux, changing the filling can lead to a chiral-current reversal
already in noninteracting systems simply due to the Pauli
principle [65].

The purpose of the present work is to provide a compre-
hensive analysis of quantum phases in bosonic two-leg ladders
subject to a uniform flux ¢ per plaquette that spontaneously
break some discrete symmetry of the microscopic model.
We primarily focus on the low-density regime p < 1 and
study such states as a function of interaction strength, flux,
and the ratio J, /J of hopping matrix elements along rungs
J1 and legs J [see the sketch of the model shown in
Fig. 1(a)].

Most notably, the list of states with broken discrete sym-
metries includes vortex lattices, which break lattice translation
invariance. We study the previously known vortex lattices at
vortex densities p, = 1/2 [61-63] and 1/3 [63] and we report
numerical evidence for the existence of an additional vortex
lattice at p, = 1/4. Typical configurations for the local particle
currents and densities in these three vortex lattice states are
plotted in Figs. 1(b)-1(d). The position of the vortex cores is
denoted by the symbol V in the figure. While the screening
current in a Meissner phase goes counterclockwise around
the boundary of the system, the vortices carry currents of
the opposite chirality, thus reducing the overall chiral current.
In addition, the vortex lattices with p, < 1/2 feature density
modulations that are locked to the structure of the vortex
lattice. The results shown in Figs. 1(b)—1(f) were obtained from
density matrix renormalization group (DMRG) simulations
[88-90], the primary tool in our analysis.

Our main results beyond those of Ref. [63] for the vortex
lattices are the discovery of a stable p, = 1/4 vortex lattice,
the stability analysis of the p, =1/3 against increasing
interactions, the analysis of the phase transitions between the
vortex lattices and the neighboring phases, and an intuitive
discussion of the chiral-current reversal that we develop by
comparing systems with spontaneously enlarged unit cells
to systems with explicitly larger unit cells. Moreover, we
demonstrate that nearest-neighbor interactions on the rungs
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of a two-leg ladder suppress vortex phases in favor of the
Meissner state. From a conceptual point of view, it is very
important to compare different measures of the vortex density,
which does not have a microscopic definition. We also
discuss the signatures of vortex lattices in the experimentally
accessible quasimomentum distribution function, comparing
different gauges.

Another state that breaks a discrete symmetry is the
biased-ladder phase (BLP), first discussed by Wei and Mueller
[76] and also studied in [63,77,91]. In this state, the density
between the two legs of the ladder is imbalanced, which
serves as an order parameter. Thus, this state breaks the Z,
symmetry associated with inversion of the two legs together
with inversion of the sign of flux. A typical configuration
of the local currents and density in the BLP state is shown
in Fig. 1(e). We determined the phase boundaries of the BLP
phase at intermediate interaction strength in [63] from accurate
DMRG simulations, thus providing robust evidence for its
existence beyond mean-field [76] and bosonization [77,91]
predictions. In our present work we also introduce a theory
of the emergence of the Meissner state, vortex fluids, and
the biased-ladder phase based on the limit of a dilute Bose
gas that some of us originally developed for the description of
frustrated spin chains just below their saturation magnetization
[92,93].

Finally, we discuss charge-density-wave (CDW,) states.
CDW 4 states exist, in particular, in the limit of hard-core
bosons at a filling of p = 1/4 and for sufficiently large values
of the hopping on the rungs J; > J [68,72]. In Ref. [68], we
provided a theoretical explanation for their existence based on
a mapping to an effective spin-1/2 Hamiltonian valid in the
regime of J; > J. In the present work, we primarily focus
on the stability of the CDW, 4 state against going to lower
values of U/J < co. As a result, we find that the CDW, 4
state survives downto U/J 2, 30 at quarter filling p = 1/4. At
smaller values of U/ J, the system transitions from the CDW /4
state into a Mott insulator that carries a vortex lattice with p, =
1/2. The existence of this Mott insulator is very interesting
since it results from the combined effects of interactions, flux,
and filling, unlike other Mott insulators that exist in the bosonic
two-leg ladder [61,64,67,68,94] that can be traced back to the
limit of ¢ = 0. A typical configuration of the local currents
and density in the CDW, state is shown in Fig. 1(f). For
strong interactions in the synthetic dimension U/J — oo and
V/J — oo we observe the stability of a CDW 3 state, i.e., at
filling p = 1/3.

Table I provides an overview over the quantum phases
that are realized in the bosonic two-leg ladder with on-
site interactions and some of their characteristic properties.
These include the Meissner superfluid (M-SF), the Meissner-
Mott insulator (M-MI), vortex-liquid superfluids (V-SF) and
vortex liquids on top of Mott insulators (V-MI), vortex-lattice
superfluids at a vortex density p, (V,, -SF) as well as the
VL;/>-MI that sits on top of a Mott-insulating state, the
charge-density-wave state (CDW,4), and the biased-ladder
superfluid phase (BLP). Other states that have also been
proposed to exist in this model [71,78] are not at the main
focus of the work and are thus not included in the table.
The terminology for these phases as well as the acronyms
already suggest the existence of transitions in two sectors:
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TABLE 1. Quantum phases of bosons with repulsive contact
interactions on a two-leg ladder with a uniform Abelian gauge field
studied in this work. We list those states that we actually detected
in our numerical simulations with no claim of exclusiveness as
additional states exist, which we do not explicitly discuss in this
work. Meissner, vortex liquid, and vortex lattice phases exist either
atop superfluid (SF) or Mott-insulating (MI) states. We also list
characteristic properties (see the text for details) such as the central
charge c, counting the number of gapless modes, the vortex density
pv, the size of the effective unit cell of the ground state g (plaquettes),
the average local rung current in the thermodynamic limit avg|jg|
[see Eq. (7)], and the leg-density imbalance An [see Eq. (27)]. The
“shaded” states break a discrete symmetry and are at the main focus
of this study.

¢ p g avgljrl An
Meissner phase M-SF 1 0 1 0 0
M-MI 0 0 1 0 0
vortex liquid V-SF 2 >0 1 0 0
V-MI 1 >0 1 0 0
vortex lattice VL, ,-SF 1 1/2 2 >0 0
VL,5-SF 1 1/3 3 >0 0
VL4-SE 1 1/4 4 >0 0
VL;,-MI 0 1/2 2 >0 0
charge-density-wave CDW, 3 0 0 3 0 0
CDW,;; 0 0 2 0 0

biased-ladder phase BLP-SF 1 0 1 0 >0

the charge sector, in which the Mott-insulator-to-superfluid
transition takes place and the antisymmetric sector, in which
the Meissner-to-vortex-to-vortex-lattice transitions occur. A
classification of these states can be obtained from computing
the central charge c or certain order parameters for the vortex
lattice (namely the vortex density p, or the average value
of local currents jg on rungs) or the density imbalance An
between the two legs that is nonzero in the BLP phase. We
also list the number ¢ of elementary four-site plaquettes that
the unit cell in a given phase contains.

The plan of the paper is the following. We first introduce the
model in two different gauge conventions as well as some key
observables in Sec. II. Details on our main method, the DMRG
technique, are provided in Sec. III. Section IV discusses the
various vortex lattices that are stable at low particle densities as
well as the transitions into neighboring phases. In Sec. V, we
provide an intuitive explanation of the chiral-current reversal
that is tied to certain vortex lattices and study the effect of
temperature. Section VI is devoted to the CDW 4 state that
exists at filling p = 1/4. The BLP state is studied in Sec. VII,
both analytically and numerically. We summarize our findings
in Sec. VIII. An Appendix contains our results for additional
incommensurabilities in the Meissner phase and a discussion
of their possible interpretation.
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II. MODEL AND CHIRAL CURRENT

The system is described by the following Hamiltonian:

Hung = —J Z(b‘lt,rbl,r‘i’] + b;rblr-&-l)

- U
—J Zr:ezwb},bz,, +He + o rzl;n,z,,.(nz,, -1,

(D

with the matrix elements corresponding to hopping along the
rungs and legs of the ladder J, and J, respectively. U is
the strength of the on-site interaction (we consider repulsive
interactions in this work unless stated otherwise). bzr creates

a particle in the rth site on the leg £ = 1,2 and n, , = bzrbg,,.
The total number of bosons is denoted by N, while the number
of sitesineachlegis L (i.e., 1 < r < L). We define the particle
filling as p = N/(2L). In the following, we set J = 1 as the
unit of energy (A = 1).

The model exhibits a gauge freedom in choosing different
distributions of the Peierls phases as long as the total flux per
ladder plaquette remains invariant. For instance, by means of
a unitary transformation to new bosonic operators

~ —ir? o~ ir?®
bl,r =e lrzbl,h b2,r = elrzbZ,rs (2)

we can make the hopping matrix elements along the rungs
real, but instead the hopping matrix elements along the legs
become complex. The Hamiltonian (1) is then given by

S o~ o~ b~ o~
Heg ==Y (¢"B] by a1 +e 2B} by pi1)

r

T U
—Jl Zb;rbz,r + H.c. + 3 Zﬁg,r(ﬁg,r — 1)
r l,r

3)

We shall refer to these two gauge choices described by the
Hamiltonians Eqs. (1) and (3) as rung gauge and leg gauge,
respectively.

An important, experimentally accessible [44,47,48] observ-
able in ladder systems is the local current, defined on either
bonds in the bulk of the system or on the boundaries. From the
continuity equation (‘Z‘;) =i([H,n.]) = — Z<S> j({@r — s) we
can define the current j(r — s) from a site r to a neighboring
site s [where r = (£,r)]. In particular, for the model (1), we
obtain the local currents on legs and rungs from

jt“,r = ia(b},mbe,r - bzrbﬁ,r-k—l)
i =idiae 0] by, — €0B) b))

r

Apart from the configuration of local currents, the average
current that circulates along the boundary of the system may
reveal important properties of the quantum phases. This so-
called chiral current (also dubbed edge, screening or Meissner
current) is defined as

1

Jo= 5 2ot = i), 5)

r

For a two-leg ladder, we may obtain j. from the Hellmann-
Feynman theorem as the derivative of the ground-state energy
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E\ per particle with respect to the flux ¢,
Je =0pEo/N. (6)

This, in particular, shows that the expectation value of the
chiral current is gauge invariant. The experimental realizations
of ladder models with either superlattices [44] or synthetic
lattice dimensions [47,48] correspond to the gauge choice
with complex hopping matrix elements along the rungs as in
Eq. (1). The superlattice experiment [44] used flux values of
¢ ~ £m /2, while the synthetic lattice dimension experiments
were operated at ¢ ~ +27/3 [48] and ¢ =~ £0.37x [47].

III. NUMERICAL METHOD: DENSITY MATRIX
RENORMALIZATION GROUP TECHNIQUE

Most results of this work are obtained by means of
large-scale numerical density matrix renormalization group
[88-90] simulations (DMRG), which is a standard method
for the simulation of one-dimensional chains or ladder-like
systems at zero temperature. We simulate the ladder model of
Eq. (3) withup to L = 160 rungs, typically using 1000 DMRG
states. We control the accuracy by enforcing a sufficiently
small discarded weight.

The repulsive interactions allow us to employ a cutoff for the
occupation of bosons per site to address large system sizes. We
typically use a cutoff of ny.x = 4 bosons for U 2 J, nyax = 3
for U 2 10J, and ny.x = 2 for U 2 30J and fillings p <
1. By comparison with larger and smaller cutoffs we have
ensured the independence of the numerical data on the cutoff,
for the quantities shown in this work. A detailed analysis of the
dependence on 7y, is contained in the Supplemental Material
of Ref. [63].

Close to the V-SF to VL, -SF boundaries, the DMRG
simulations tend to converge to metastable excited states with a
varying vortex density. To overcome this problem, we perform
several calculations (sometimes, up to sixteen runs) starting
from different randomly chosen initial states. Selecting those
states with the lowest energy gives the piecewise continuous
results for, e.g., the chiral current j. shown in Fig. 10.

IV. VORTEX LATTICES

The existence of vortex lattices in the bosonic two-leg
ladder in the presence of a uniform gauge field was ini-
tially predicted from the consideration of large-capacitance
Josephson-junction arrays in the so-called classical limit [57].
Since vortex lattices break a discrete symmetry of the model,
they are robust to finite quantum fluctuations, as confirmed by
a bosonization analysis of the J; < J regime [45]. For the
strongly interacting, low-density regime and arbitrary J, /J,
vortex lattices were first seen for filling p =1 and ¢ =7
[61,62]. In those studies [61,62], the emphasis was put on
the spontaneous breaking of time-reversal symmetry and thus
this state was dubbed a chiral Mott insulator [61,62] (see
also [95] for a discussion of chiral Mott insulators in two
dimensions). In this state, translation symmetry is also broken
spontaneously, which is, however, not independent from time-
reversal symmetry breaking, since translation with respect to
one ladder plaquette accompanied with time reversal remains
intact. Hence, one can talk about breaking of translation
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symmetry instead of time-reversal symmetry in this state,
interpreting it as a usual vortex lattice state packed with the
maximal number of vortices (siting on every other plaquette)
[63].

Our DMRG study of the hard-core boson limit U/J = oo
did not observe any vortex lattice (at any density p) but merely
Meissner and vortex-liquid states [68]. Vortex-lattice states
are, at low densities p < 1, stable at intermediate interactions
as we demonstrated in Ref. [63]: there, we reported evidence
for the existence of vortex lattices at o, = 1/2 and p, = 1/3
for interaction strength 1 < U/J < 10. While detailed phase
diagrams for such intermediate values of U/J and low
densities have been reported and discussed in Ref. [63], we
here focus on the properties of vortex lattices at particle fillings
o = 0.8 and p = 0.5 and the transitions between these vortex
lattices and other quantum phases (see Secs. IV C and IV D).
Moreover, we have detected another stable vortex lattice at
pv = 1/4 (see Sec. IVF). This vortex lattice is interesting
since with such a large unit cell, more information on the
location of vortices and their extension can be extracted.

In our discussion, we devote particular attention to various
measures of the vortex density p,. For instance, one can
extract p, from the Fourier transform of rung-current patterns
(in the case of open boundary conditions), the momentum
distribution function (at least in the leg gauge as defined
above), or from modulations in the particle density (see
Secs. IVA and IV B). While these three measures yield
consistent results in vortex lattices and (most) vortex liquids,
the outcome can differ in, for instance, the Meissner phase for
certain parameter regimes. Finally, in Sec. IV G we discuss the
stability of vortex lattices against augmenting the Hamiltonian
with nearest-neighbor repulsive interactions on the rungs (as
appropriate for synthetic-lattice dimension realizations).

A. Overview: Quantum phases and vortex
lattices at density p = 0.8

Figure 2 depicts various observables for the characterization
of vortex-lattice and vortex-liquid phases in the model given
in Eq. (1) as a function of flux ¢. The numerical results were
obtained from DMRG simulations for U = 2J and alow filling
p = 0.8. A sequence of phases starting from the M-SF, a first
vortex liquid, the VL, ,3-SF, another sliver of the V-SF, and
finally, the VL, /,-SF is realized for these parameters.

In the Meissner and vortex-lattice phases, the chiral current
Jo exhibits a characteristic quasilinear increase with the flux ¢
as shown in Fig. 2(a). The average rung current [also plotted
in Fig. 2(a)]

2 .
aveljel =7 ). 17 ™

exhibits a stable large plateau in the vortex-lattice phases. The
transition from the vortex-lattice phases to the V-SF phases is
indicated by a marked drop of avg| jg]|.

Apart from identifying the vortex-lattice and Meissner
phases by their characteristic local current configurations (see
the discussion in Ref. [63] and Fig. 1), they may clearly
be discriminated from the vortex-liquid phase by calculating
the central charge ¢, which may be extracted from scaling
properties of the entanglement entropy Syn(/) of a subsystem
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FIG. 2. Sequence of quantum phases at p =0.8, J, = 1.6J,
U =2J as a function of flux ¢ probed by several measures: (a)
Chiral current j. and average rung current avg| jg|, (b) central charge
¢, and (c) estimates of vortex density p,. The vortex density is
computed from the Fourier transform of the rung current pattern
on systems with open boundary conditions using Eq. (9) or from
analyzing local density fluctuations and plotting the wave number
kp . of the maximum in the corresponding Fourier transformation
(see Sec. IVA). k. denotes the position of the maximum in the
Fourier transform of the local density fluctuations (see the text). The
inset in (b) shows the block-entanglement entropy Syn for (from top
to bottom) ¢ /7 = 0.8 (V-SF), 0.74 (VL,,3-SF), 0.62 (M-SF), and
0.96 (VL, »-SF).

of length [ embedded in a chain of a finite length L [96,97]

c L . ml
SvN(l):61n ;smr 4+, ®)

where we have omitted nonuniversal constants and higher-
order oscillatory terms due to the finite size of the system. For
a more detailed discussion of the behavior of the entanglement
entropy in this model and the extraction of ¢, see the
Supplemental Material of [63,68]. In praxis, we compute Syn
for blocks that contain r rungs; i.e., we discard blocks that
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would cut a rung and thus we plot SyN versus the number of
rungs r in the block in the figures.

In Fig. 2(b), we depict the extracted central charge from
fitting Eq. (8) to the numerical data, which is quite consistent
with ¢ = 1 in the vortex lattices atop the superfluid phase (such
as the VL »-SF and VL, /3-SF states) and the M-SF phase and
¢ = 2 in the V-SF phase. Interestingly, as shown in the inset
of Fig. 2(b), the entanglement entropy in systems with open
boundaries exhibits small oscillations that follow the lattice
structure of the vortex-lattice phases.

We next estimate the vortex density p, by analyzing the
rung-current configurations (j). We follow our previous
analysis detailed in [68], where we introduced a measure
for the vortex density, given by the inverse typical distance
between the vortex cores /,:

po=17". ©)

We extract this distance from the Fourier transform of the
real-space patterns of the rung currents (j-) (which in the
vortex fluids are obviously discernible due to finite-size effects
for open boundary conditions). The resulting vortex density
depicted in Fig. 2(c) shows the typical devil’s staircase—like
structure predicted in Ref. [45,57], i.e., a sequence of the
Meissner phase (p, = 0), incommensurate vortex liquids, and
vortex lattices. We draw the reader’s attention to the sharp
jump of the vortex density at the boundary of the M-SF to
the neighboring vortex-liquid phase located in the vicinity
of ¢ = 0.7x. This jump may be indicative of a first-order
transition.

Alternatively, the vortex density may be related to local
density fluctuations in systems with open boundaries (as
already discussed by Ref. [44] for noninteracting particles).
The Fourier transform of such local density fluctuations
exhibits a sharp peak at a momentum kJ;, , which, outside
of the VL, ,,-SF and Meissner phases, coincides with p, [see
Fig. 2(c)]. In the VL/,-SF, there are no density fluctuations
by symmetry [63] and hence kj;,, = 0. Interestingly, in the
Meissner phase and for a finite flux, we also observe finite,
small-amplitude fluctuations in the density as a precursor of
the transition to the vortex phases. As we shall see below
in Sec. IV B, in the superfluid phase, where single-particle
correlation functions decay algebraically, we can also estimate
the vortex density from the momentum distribution function.
We will continue our discussion of the vortex density in
Sec. IVB.

B. Momentum distribution function: Experimental observable
and a possible measure of vortex density

In the following, we study the momentum distributions
along the legs of the ladder n,(k), with £ = 1,2:

1 . ,
nok) =23 e b be). (10)

which are measurable in time-of-flight experiments [98].
Using Eq. (2) one can see that the momentum distributions
in the two different gauges defined in Sec. II are related to
each other via

ni(k) =ik —¢/2), na(k) =ik + ¢/2). (1)
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FIG. 3. Momentum distribution for p = 0.8, J, = 1.6J, U = 2J for (a) the leg gauge [see Eq. (3)] and (b) the rung gauge [see Eq. (1)].
Note that (a) and (b) are related by a linear shift by ¢ /2 due to the exact gauge transformation of Eq. (17).

Figure 3(a) shows that, in the leg gauge, the central peak of
ny(k) perfectly coincides with the vortex density p, of the
system [compare Fig. 2(c)]. For the rung gauge, the peak
position exhibits an additional shift and behaves qualitatively
similarly to the chiral current j. [compare Fig. 2(a)].

We next compute the momentum distributions in Meissner,
vortex-lattice, and vortex-liquid phases with the help of an
effective field-theory approach based on bosonization. We
introduce two pairs of bosonic fields (6;,¢;), describing the
phase and density fluctuations of bosons on leg ¢, respec-
tively, with [0;(x),0,¢¢(y)] = i8¢,¢6(x — y). The low-energy
properties of the model Eq. (1) are governed by the following
Hamiltonian density:

|:(8x¢+)2
Ky

v [ (0,0 ( Ly
+2|: X + K_ 8x0,+m

- Z cosmqe_ Z Ag.m

q=1,2,...
x cos [mv 8wy + 4mmnx], (12)

where ¢+ = (¢1 & ¢2)/v/2, 04 = (6 + 65)/+/2. The expres-
sion for 6_ depends on the gauge: for the case where the Peierls
phases are along the rungs, 6_ = (6, — 6, — ¢x//7)/V/2,
whereas for the gauge where the Peierls phases are along the
legs, 6_ = (8, — 6:)/+/2. K+ are Luttinger-liquid parameters
corresponding to the total and relative fluctuations on the
two-leg ladder and v are the corresponding velocities, which
in general need to be determined from a comparison with
numerics.

Since the flux couples to the topological charge of the
sine-Gordon model describing the antisymmetric sector, we
explicitly separate out the zero-momentum mode in the field
expansion which is related to the vortex density [57]

="t

5 + K+<axe+>2}

m=0,1,...

0_(x) = —27 pyx + % > €0, (13)

p#0

For small values of ¢, the most important term in Eq. (12)
is the one proportional to A; ¢ ~ J,, which at any filling and
U opens a gap in the antisymmetric sector already for an
arbitrarily small interchain tunneling and pins (/) (i.e., it
locks the relative phase of bosons on the two legs). Thus, the

system is in the Meissner phase as long as ¢ < ¢., where ¢,
is a soliton gap of the quantum sine-Gordon model describing
the antisymmetric sector [57].

With increasing flux, the terms proportional to A, o with
g > 1 can become commensurate (for integer values of gp,)
and relevant (for ¢g> < 4K_) in vortex-lattice states with a
q-fold-degenerate ground state and a spontaneously enlarged
unit cell with g plaquettes [45].

Using the representation

VT (O420_)/32

b](z) — e (14)

[where the + (—) sign corresponds to £ =1 (2)] we can
calculate the momentum distributions, say along the first leg of
the ladder in vortex-lattice phases (the expression also applies
to the Meissner phase where p, = 0), resulting in

ni(k) ~ [k — k%5 " (15)

On the other hand, in the vortex-liquid phase, where the
antisymmetric sector is also described by the Luttinger liquid,
we obtain

k) ~ [k — k,| % (16)

The position of the peak in the momentum distribution is gauge
dependent,

ky = —70p, + /2, (17)

where o = 1 for the rung gauge and o =0 for the leg
gauge. Since the Luttinger-liquid parameters K are positive
numbers, one can see by comparing Eqgs. (15) and (16) that in
vortex-lattice states, the momentum distribution has a larger
weight at its peak value than in vortex-liquid states, which is
confirmed by the numerical data shown in Fig. 3.

In the rung gauge (the case relevant for experiments), the
kinematic and canonical momenta of particles coincide and
hence the position of the peak in the momentum distribution
function is related to the chiral current [all bosons on leg 1 (2)
can be thought of as being quasicondensed at the momentum
ky(—kp)]. In the weak-coupling limit we can hence use the
approximation

Je ~ sin(k,) — sin(—k,) = 2sin(¢p/2 — wp,), (18)

where the sin functions appear due to the presence of the lattice
and the fact that the currents are related to particle velocities
rather than to their quasimomenta.
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FIG. 4. Phase diagram for p = 0.5 and ¢ = 0.97 in the U/J
versus J, plane. Symbols denote estimated points of the vortex-fluid-
to-vortex lattice (o), the VL, /,-MI-to-M-MI (A), and the MI-SF (x)
phase transitions (see Sec. IV C). Straight lines and shadings are
guides to the eye.

From Eq. (18), one can also see that the chiral current
reverses its circulation direction in certain VL, states and,
in particular, in VL, states. The chiral current can change
its sign in other vortex lattices as well. For instance, if a
VL3 state is realized for flux values including the point
¢ = 2 /3 then, from Eq. (18), we infer that a sign change of j,
occurs at ¢ = 2w /3, where j. vanishes. A similar conclusion
has been reached previously by Orignac and Giamarchi [45].
The physical mechanism underlying the chiral-current reversal
is a spontaneous increase of the effective flux piercing the
unit cell of vortex-lattice states, as discussed in our recent
work [63].

C. Vortex lattice at p, = 1/2 and density p = 1/2

In the following we study the vortex-lattice phase for p, =
1/2 at filling p = 1/2. Figure 4 shows the phase diagram as
a function of J, /J and U/J. While in the limit of hard-core
bosons U/J — 00, there is just a direct transition from a V-MI
to a M-MI phase [68], for finite values U/J, an intermediate
VL, »-MI phase exists.

First indicators of the vortex-liquid (V-SF) to VL,/-SF
transition can be detected in the behavior of j. and avg|jg|.
Namely, there is a marked increase of avg|jgr| and a kink
in the chiral current j. [see Fig. 5(a)]. Vortex lattices break
translational symmetry and hence the finite values of local rung
currents are their true thermodynamic feature (open boundaries
select one of the degenerate ground states), whereas nonzero
values of local rung currents that we observe in vortex-liquid
states are caused by the combined effect of open boundaries
and finite system size. Hence, upon increasing the system
size the jump in avg|jg|, when transitioning from the vortex-
liquid to the vortex-lattice state, becomes more and more
pronounced. A more precise estimate of the phase transition
point is possible via the calculation of the vortex density po,.
The results are illustrated in Fig. 5(b). For small values of
U/J suchas U/J = 4 [see Fig. 5(a)], the vortex-lattice phases
VL,/2-SF and VL /;-MI give rise to an inversion of the sign
of the chiral current j. < 0 as discussed in Ref. [63].

The transitions from the SF to MI phases are of the
Berezinskii-Kosterlitz-Thouless (BKT) type and their position
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FIG. 5. Quantum phases at p = 0.5, ¢ = 0.97: Cut through the
phase diagram Fig. 4 at U/J = 4. (a) Chiral current j./J and average
rung current avg| jz|; (b) vortex density p,, all versus J, /J. Dashed
lines denote the positions of the phase transitions.

is the point where the Luttinger-liquid parameter K, takes
the value K, = 1. We extract K, from the long-wavelength
behavior of the static structure factor, % i eIk nin ;)
[99]. For the VL, »-SF to VL »-MI phases we may verify this
estimate by an analysis of single-particle correlation functions,
which are predicted to decay as (a,TraL,_H) ~x~1 at the
transition. We study the finite-size scalfng behavior of peaks in
the quasimomentum distribution function [63] for extracting
the BKT-transition point. An example is illustrated in Fig. 6.
For large values of J, /J, we observe a continuous Ising-
type phase transition from the VL;/,-MI to the M-MI phase.
In order to examine this phase transition, we calculate the

0.7 T T T
0.6
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FIG. 6. Scaling of the peak of the momentum distribution
n1(kmax) as a function of U/J close to the BKT transition from the
VL, ,»-SF to the VL, ,,-MI phase (J, = 1.6J, p =0.5, ¢ = 0.97).
For the exponent, we choose « = 1/4 corresponding to the expected
scaling of the single-particle correlation functions. The crossing point
of all curves marks the BKT-transition point. The inset shows ki,
over a larger range of U/J including the V-SF to VL, ,-SF transition
where kp.x = /2.
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FIG. 7. Fidelity susceptibility close to the VL;,;-MI to M-MI
transition for p = 0.5, ¢ =0.97, and U/J = 8, showing the Ising
character of the transition.

ground-state fidelity susceptibility xrs [100]

) i —21In|F]|

= lim —————
Xrs(JL 510 (07,)
from the overlap of the ground-state wave functions F =
(Wo(JD)|Wo(JL +8J1)). Figure 7 depicts the behavior of
xrs(J1) in the vicinity of the VL ,-MI to M-MI transition for
several system sizes L. The quadratic increase of ypgs(J1) ~
L? confirms an Ising-type character [100—102].

D. Vortex lattice at p, = 1/3 and p = 0.8

Apart from the vortex lattice at p, = 1/2 we have also
resolved a VL, /3-SF state in the regime of weak interparticle
interactions but low density in our previous work [63]. At this
point we would like to discuss the fate of the VL;,3-SF state
as the interaction strength is increased, keeping the value of
the flux at ¢ ~ 37 /4 and filling p = 0.8 fixed. Figure 8 shows
the vortex density p, [obtained from the Fourier transform
of the rung currents, Eq. (9)]: it is first constant and pinned
at p, = 1/3, as expected for a VL3 state, then it increases
once the system enters into a vortex-liquid state at U /J ~ 4.5.
Thus, this vortex lattice survives up to intermediate values of
U/ J only, at least for the selected parameters. Surprisingly, p,

1 1 1 Il Il
() ©
0.4
< L=120
1 1 ] 1 1 1 1
03— 4 6 8 10 -

u/

FIG. 8. Stability of the vortex lattice at p, = 1/3: (a) Chiral
current and (b) vortex density from Eq. (9) versus U/J (J,. = 1.6J,
¢/m =0.75, p = 0.8, L = 120).
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FIG. 9. Current pattern and density modulations for the hard-core
boson limit of Fig. 8 (J, = 1.6J, ¢/m =0.75, p = 0.8, L = 120).
The length and width of the arrows are proportional to the local
currents and the radii of the green dots to (n,, — 0.75) so as to
highlight the density modulations.

becomes flat again at p, = 2/5 and remains constant even up
toU/J = oo.

As another measure of the stability of the VL, 3-SF state,
we monitor the dependence of the central charge c on U/J.
Inside the VL, 3-SF state, ¢ = 1, while it increases to ¢ = 2
in the neighboring V-SF at U/J 2 4.5. Curiously, the central
charge drops to ¢ = 1 again for large values of U/J > 7. The
nature of this ¢ = 1 phase is discussed in the next section.

E. Commensurate vortex structure at p, = 2/5:
Vortex lattice, Meissner, or Laughlin-like state?

The data shown in Fig. 8 suggest the existence of another
state with a commensurate structure in the rung currents.
An obvious candidate state would be a vortex lattice at
Py =2/5. We show the pattern of local currents and the
density modulations in Fig. 9. The finite-size ground-state
configuration is seemingly periodic and thus resembles the
structure of a vortex lattice. However, a more detailed analysis
suggests that this is not the case. First of all, based on
arguments from bosonization, the stabilization of a VLy/s
state at large values of U/J where vortex lattices with
smaller periodicities have already melted into vortex liquids is
extremely unlikely.

To further elucidate this case we carry out a finite-size
analysis of the amplitude of the local density and current
modulations for the limit of hard-core bosons (see the Ap-
pendix) which indicates that the average rung current vanishes
as avg|jgr| ~ 1/L* with « & 0.4 in the thermodynamic limit.
Hence, similarly to the vortex-liquid and Meissner states, this
state would not break a translational symmetry in the ther-
modynamic limit as local oscillations die out with increasing
the system size. A possible interpretation of this region is a
Meissner phase with a Luttinger-liquid parameter K, < 1/2,
which leads to strong correlation effects, a blurred momentum
distribution, and enhanced density modulations.

There is, however, another possibility that would lead to a
commensurate locking of density, namely the one-dimensional
analog of the v =1/2 Laughlin state (see [69,71] for a
discussion). Here, v = N /Ny is the ratio of particle number
over flux quanta. For this ratio, the results of [78] may hint at
the presence of another commensurate phase in the hard-core
boson limit. In our case, i.e., for the parameters of Fig.
8, the condition of v = 1/2 is also approximately fulfilled
with ¢/m =3/4 and p = 0.8 [the condition of v =1/2
would be fulfilled with p = 0.8 and ¢/(27) = 0.4, since
p = 0.8 is equivalent to p = 0.2 for hard-core bosons due
to particle-hole symmetry]. While giving a definite answer
to this interesting question is beyond the scope of our work,
in the Appendix, we describe a similar situation, which we
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FIG. 10. Vortex lattice with p, = 1/4 (VL,4-SF): (a) Chiral
current j., (b) vortex density p,, and (c) average rung current avg| jg|
versus flux ¢ forp =0.8, J, =1.6J,U = J.

have encountered studying hard-core bosons close to the
boundary between Meissner and vortex-liquid phases for low
particle densities [68], which is also the regime discussed by
Petrescu et al. [78].

Finally, the case studied here leads us to another conceptual
issue, namely, the ambiguity in defining and estimating the
vortex density. First, we note that the vortex density has no
direct microscopic definition, unlike particle densities and
currents. As explained in Secs. IV A and IV B, we extract the
vortex density from different quantities, but primarily from the
Fourier transform of rung currents from finite-size data with
open boundary conditions Eq. (9) or from the position of the
maximum in the momentum distribution function computed
in the leg gauge of Eq. (3). In most of the cases considered
here and, in particular, in vortex-lattice and most vortex-liquid
states, the vortex densities extracted from these different
methods agree with each other. However, this is not necessarily
the case in certain other parameter regimes, including the
state that we described above at large U/J > 7, p = 0.8, and
¢ = 3/4. Another example is the Meissner phase at small
U/J =2 (compare Fig. 2 and its discussion in Sec. IV A).
An analogous behavior in the Meissner phase in the hard-core
boson limit will be discussed in the Appendix.

F. Vortex lattices with p, = 1/4

For small values of U/J, we resolve another vortex-lattice
state at vortex density p, = 1/4. Figure 10 provides our
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numerical evidence for the existence of such a vortex lattice.
The corresponding configuration of local currents is shown in
Fig. 1(d).

We can use the example of the VL4 state to discuss the
location and extension of vortices. In general, the current con-
figurations in VL, phases are best interpreted [63] as small
portions of Meissner regions (extended over ¢ — 1 consecutive
plaquettes and with the screening current circulating around
the boundary of the region), separated by vortices, which
occupy every gth plaquette. An analytical estimate of the
vortex size [y can be obtained in the weak-coupling limit and it
gives Iy ~ /J/(2J1)a [57], which suggests that the vortices
are rather tightly localized objects. Note, however, that in the
VL, ,4-SF state, the rung currents do not fully vanish inside the
Meissner portion due to the nonzero screening length.

This observation leads us to the interesting question of how
the vortex size compares to the mean distance between the
vortex cores. In our previous analysis of VL;,, and VL3
states (and vortex fluids in systems with open boundaries)
[63,68], we usually observe one length scale. However, VL,
and VL3 states are the most densely packed vortex lattices
and hence are not the optimal cases to resolve the size of
individual vortices.

Moreover, due to symmetry reasons, in the VL3 states,
in the middle rung of each Meissner portion, the rung current
vanishes exactly. Such a behavior is expected for any VL, state
with odd g, since the Meissner phase of the ladder with an odd
number of rungs has a reflection symmetry with respect to the
middle rung of the ladder, accompanied with a reversal of the
current circulation direction, which implies an exact vanishing
of the rung current in the middle rung.

The local particle density shows a strong modulation in
the vortex-lattice phases (except for the vortex lattice at the
maximal possible vortex density p, = 1/2). This effect has not
been captured in previous bosonization studies [45]. Moreover,
in the VL 4-SF, we also observe a modulation of the absolute
values of the local rung currents, also not captured by previous
bosonization analyses.

To summarize, our interpretation of certain plaquettes as the
position where the vortex cores are localized in vortex lattices
is based on two facts: first, the direction of the local particle
currents around theses plaquettes is opposite to the direction of
the chiral current circulating around the Meissner region (thus
vortices reduce the overall chiral current, consistent with the
flux and J, dependence of j.). The second reason is that local
particle densities are reduced in the plaquettes where vortices
are localized. In order to numerically study the size of vortices,
we would need access to less closely packed vortex lattices,
which is left for future studies.

G. Stability of vortex lattices in systems
with a synthetic lattice dimension

For experimental realizations using a synthetic lattice
dimension [43,47,48], long-range interactions in the rung
direction have to be taken into account. In our case this amounts
to

Hy =V nimn,. (19)
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FIG. 11. Stability of vortex phases against nearest-neighbor
interactions on the rungs: Phase diagram for p = 0.5 for ¢ = 0.9,
J, = 1.6J asafunction of U/J and V /J. Symbols denote estimated
points of the V-VL (o), VL-M (A), and the MI-SF (x) phase
transitions (see the discussion in Sec. IV G). Straight lines and
shadings are guides to the eye.

The ratio U/ V depends on the properties of the atomic species
and might be controlled externally by means of Feshbach
resonances [98] or lattice modulation techniques [103]. A
reasonable first approximation is to set U = V, while here
we will allow V to vary between 0 < V/J < 1.

In Fig. 11, we present the phase diagram for finite positive
values of V, J, = 1.6J, and ¢ = 0.97. The presence of large
rung interactions V' /J favors the M-MI phases and suppresses
vortex phases, in agreement with the observation made for
hard-core bosons on a three-leg ladder [79].

For the parameters of Fig. 11 and for the relevant case
of U =V, a transition from the VL, to the Meissner phase
would be expected for U = V & J. However, it is important to
note that the regime of stability strongly depends on the particle
filling since for a low filling, the interaction V becomes less
relevant: Anticipating the results of Sec. VI, at quarter filling
p = 0.25 a stable VL;,; phase (as well as other interesting
phases discussed there) can be found up to large values U =
V ~30J.

V. CHIRAL-CURRENT REVERSAL: SPONTANEOUS VS
EXPLICIT SYMMETRY BREAKING

A main result of our previous work [63] is the observation
of a sign change of the chiral current (i.e., a reversal of
its circulation direction) in certain vortex lattice phases. We
explained this via the mechanism of an increase of the effective
flux seen by the particles as a result of the spontaneous breaking
of lattice translation symmetry in the vortex lattices, which
results in a g-fold-enlarged unit cell. If ¢ is the flux per
plaquette, then the effective flux is ¢ = g¢ and therefore
the chiral current is j. = j.(g¢). Since the chiral current is
2m-periodic, this can correspond to a negative current if, for
instance, m < q¢ < 2m, since j.(q¢) = j.(q¢p — 2m).

Among the examples shown in Fig. 1, the VL;, states
exhibit this behavior, since these vortex lattices are typically
stable for ¢ < 7. Examples for the sign change of the chiral
current are shown in Figs. 2(a) and 5(a).
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FIG. 12. Two-leg ladder lattices: The small circles indicate lattice
sites. Solid lines connecting lattice sites indicate bonds along which
hopping is allowed. (a) Sketch of uniform two-leg ladder with flux ¢
per elementary plaquette [J. (b) Sketch of the ladder lattice with
explicitly enlarged unit cell of glJ plaquettes. Along the rungs
indicated by dashed lines hopping is blocked. (c) Uniform two-leg
ladder with g times larger lattice constant in the direction of the
legs, g¢ flux per plaquette, and g times fewer links along the legs. In
particular,if ¢ € (0,7)andg¢ € (—m,0), mod (27), the chiral current
circulates counterclockwise around the system in (a) and clockwise
in (b) and (c).

Here, we will provide an intuitive explanation for the effect
of the chiral-current reversal in bosonic ladders with a unit cell
that is larger than just one plaquette.

As a starting point, consider the uniform two-leg ladder
geometry presented in Fig. 12(a) [i.e., the geometry that
corresponds to Eq. (1)] and the simplest case of noninteracting
bosons. As a modification, in Fig. 12(b) the hopping along the
rungs indicated by dashed lines is fully suppressed such that
the shortest closed path to pick up a phase is the boundary of
q elementary plaquettes that the system in Fig. 12(a) is built
up from. Hence, the relevant flux in this case is g¢. We will
argue that the chiral current for the case shown in Fig. 12(b) is
expected to be related to the chiral current of a two-leg ladder
with g times fewer plaquettes, but with a flux g¢ per plaquette
as shown in Fig. 12(c). If the ladder sketched in Fig. 12(c) is in
the Meissner phase, which is the case for J; > 2tan % sin %,
then its chiral current will be given by

Je = i sin ﬂ, (20)

q 2

where the 1/¢g factor follows from the fact that there are g
times fewer links along the boundary of the ladder (i.e., links
contributing to the chiral current) for the ladder with ¢ times
fewer plaquettes as shown in Fig. 12(c) as compared to the
case of Fig. 12(a). As a generalization of the cases shown in
Figs. 12(a) and 12(b), we introduce a parameter § = J, /J,
where 0 < J; < J| is the hopping along the dashed links in
Figs. 12(b). The case 6 = 1 corresponds to the uniform ladder
shown in Fig. 12(a) and the case § = 0 applies to the case
shown in Fig. 12(b). We will next present concrete examples
for the minimal cases of ¢ = 2 and ¢ = 3.

A. Rung-dimerized ladders: The case of ¢ = 2

First, we consider the minimal case of a rung-dimerized
ladder, i.e., ¢ = 2. In Fig. 13, we present the chiral current as
a function of flux for § = 1,0.5, and 0. For comparison, in the
same plot we also depict the chiral current corresponding to a
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FIG. 13. Chiral currents for noninteracting bosons for the cases
6 =1,6 =0, and flux g¢ of Figs. 12(a)-12(c), respectively, for a
rung-dimerized ladder ¢ = 2. We also include results for § = 0.5.

uniform ladder with a flux of 2¢ per plaquette, but twice fewer
links along the legs corresponding to the situation shown in
Fig. 12(c).

Obviously, Fig. 13 shows that the chiral current for
6 = 0 changes its circulation direction for 0.5 < ¢/ < 1.
The agreement between the chiral currents of the cases of
Figs. 12(b) and 12(c) for ¢ = 2 is excellent for values of
the flux corresponding to the Meissner phase of the model
in Fig. 12(c). Most importantly, the effective uniform ladder
with doubled flux reproduces correctly the sign of the chiral
current for the case of Fig. 12(b) with ¢ = 2. Clearly, the two
curves are not identical because they correspond to two distinct
microscopic models.

B. Rung-trimerized ladders: The case of ¢ = 3

Next, we discuss the rung-trimerized ladder, i.e., ¢ = 3. In
Fig. 14, we present the chiral current as a function of flux for
8 = 1,0.5,0. For comparison, in the same plot, we also depict
the chiral current corresponding to the uniform ladder with a
flux of 3¢ per plaquette, but a factor of 1/3 fewer links along
the legs as shown in Fig. 12(c).

The chiral current of noninteracting bosons for § = 0 and
for the case of ¢ = 3 changes its circulation direction for
1/3 < ¢/ < 2/3. Similarly to the g =2 case, for ¢ = 3,
the agreement between the chiral currents of the cases of

0.4
5
£ 0
o
3
\
=1 —— ~ 7
04 5=0.8 - - - -- 7
. §=0 ———-
f30)/3 o , ,
0 o/m 1

FIG. 14. Chiral currents for noninteracting bosons for the cases
6=1,6 =0, and flux g¢ of Figs. 12(a)-12(c), respectively, for a
rung-trimerized ladder ¢ = 3. We also include results for § = 0.5.
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FIG. 15. Temperature dependence of the chiral current j./J
within the weak-coupling approximation for various values of the
flux ¢ /7.

Figs. 12(b) and 12(c) is excellent for values of the flux
corresponding to the Meissner phase of the model shown in
Fig. 12(c). Most importantly, the effective uniform ladder with
tripled flux reproduces correctly the sign of the chiral current
for the case of Fig. 12(b) with g = 3.

C. Finite temperatures: Weak-coupling approach

In order to study the temperature dependence of the chiral
current under experimentally realistic conditions [44], i.e.,
typically large particle numbers per site, one may use a
weak-coupling approximation of model Eq. (3), introduced
in the context of Josephson-junction ladders [57] and applied
in the present context in Ref. [63]. In the regime of a large
filling p > 1 and weak but finite interactions, a suppression
of density fluctuations occurs and one can thus map the system
to a frustrated XY model of classical spins

L
H— —2Jp Z cos(O¢.r+1 — Oe.r)
(=1,2;r=1
L
—2J1p ) cosr, — s, — ). Q1)

r=1

This model has been studied using either the effective-
potentials method [59,104] or a transfer-matrix approach [60]
at finite temperatures. We use the latter approach based on
the transfer-matrix method [60] directly in the thermodynamic
limit to evaluate the chiral current for finite temperatures 7
(kg = 1) through the generalization of the Hellman-Feynman
theorem Eq. (6). We compute the derivative of the free energy
with respect to the flux

T dlnZ

Je@)=—+ b

(22)

Figure 15 illustrates the temperature dependence of the chiral
current for different values of ¢/m. In particular, in the
proximity of the VL;/,-SF phase (see the ¢ = 0.97 curve
of Fig. 15), it is possible to observe a chiral-current reversal
up to temperatures of the order of T =~ J /2 (for more details,
see Ref. [63]). Interestingly, j. may exhibit a local maximum
at finite temperatures, which is related to the frustration of the
model and may also be observed for noninteracting particles.
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FIG. 16. Comparison of the behavior of the chiral current in
vortex-lattice states obtained for weakly interacting bosons in the
high-density limit at small temperature by the transfer matrix
approach (continuous curve) to Eq. (20) (dotted curves).

It is important to note that the transfer-matrix technique
does not capture the correct high-temperature behavior of the
model (21) due to the assumed mapping to a one-dimensional
chain. Nonetheless, the leading temperature dependence for
T > J still comes out correctly, with a decay of the current as
Je ™~ T3, In fact, also for noninteracting particles, one finds
a similar decay:

Jf_ sin(¢)

ey T o). (23)

Je(T) =

D. Phenomenological chiral-current curve in vortex-lattice
states of weakly interacting bosons

We now use the method discussed in the previous section to
study the high-density regime and very low temperatures. We
thus consider bosons on a uniform ladder [i.e., the geometry
of Fig. 12(a)] but in the weakly interacting regime p > 1
and U < Jp. In [63], we have shown that, for example, for
J1 = 0.5J, there are pronounced vortex-lattice states (for the
smallest temperature that we could access in the transfer-
matrix approach) for the following vortex densities: p, =
0,1/2,2/5,1/3,1/4,1/5 (for which the unit cell thus consists
of g = 1,2,5,3,4,5 plaquettes, correspondingly). Other vortex
lattices are washed out already by a small temperature, which
we cannot avoid in the transfer-matrix approach. The vortex-
lattice state with ¢ = 1 is the Meissner state.

Now, in the weak-coupling regime, we can reconstruct a
chiral-current curve for those flux values, for which vortex-
lattice states are realized from just knowing the vortex-density
curve as a function of flux by the following method: in the
vortex-lattice states, we use the expression for the chiral current
of free bosons with a correspondingly enlarged unit cell.
Hence, in the vortex-lattice states with a g-times-increased
unit cell we will use the expression Eq. (20), provided that
J1 > 2Jsin % tan % (which happens to be the case for all
vortex-lattice states that we observe).

InFig. 16, we see that in vortex-lattice states with a g-times-
enlarged unit cell the behavior of the chiral current is captured
well by Eq. (20). Hence, we conclude that the response of the
chiral current of bosons to a spontaneous increase of the unit
cell in the weak-coupling regime is not only qualitatively but
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also quantitatively similar to the response of the chiral current
of noninteracting bosons to an explicit enlargement of the unit
cell.

VI. CDW PHASE

At quarter filling p = 1/4 and for sufficiently large J, ,U >
J, afully gapped CDW |4 phase with a spontaneously broken
translational symmetry and a twofold-enlarged unit cell can
be observed. We first reported evidence and a theoretical
explanation for this state in [68]. An example for the typical
configuration of currents and density with staggered rung-
density oscillations is sketched in Fig. 1(f) (the data are
compiled from the central part of a system with L = 80
rungs, ¢ = 098w, J; = 3J). The ground-state currents look
Meissner-like, the rung currents being suppressed.

As initially described in Ref. [68], the emergence of this
CDW, 4 phase is best understood from the limit of strong
interchain tunneling J, /J — oo. By introducing a pseudo-
spin-1/2 degree of freedom on a rung r via

1)y > (11,00, 410,1),)/+/2,
14)r = 10,0),, (24)

one may write down an effective spin-1/2 model. To first order
in 1/]J11, the Hamiltonian is Hy = J HY + J?/|J | H! with
2 2

H = cos (g) > SFSs;,, +He.

r

1 ¢
H;—_COS< ) ZS+ 1/2+Sr+l)Sr+2+HC

——sm( ) Zs+ 1/2 - 8%,,)S,, + He.
1+3c0s (@) ZSZ 25)
r+1

While for small fluxes and in this effective model, the term
H? dominates and describes a usual (¢ = 1) Luttinger-liquid

phzase, corresponding to the M-SF phase, for fluxes ¢ — 7, the
correlated hopping and nearest-neighbor Ising-type interaction
terms become relevant. At ¢ =, we may simplify the
effective model to

J? 1
— +( _ -
Hy = =57 § [S, (2 ,+1>S,+2+H.c

r~r+1

— 282 8¢ }
(26)

Since for a large filling and due to the correlated hopping
basically all tunneling processes are strongly suppressed, the
Ising term S7S; | induces a transition to a doubly degenerate
Néel state at quarter filling (o = 1/4) and in the vicinity of
¢ = m. For the original bosonic particles, this corresponds to
a CDW, /4 phase.

In Fig. 17, we show the phase diagram of the CDW|
phase as a function of the flux ¢ /7 and J, /J in the limit of
hard-core bosons U/J — oo. We estimate the position of the
SF-to-CDW, /4 transition by calculating the Luttinger-liquid
parameter K,, which at the transition should be K, = 1/2.
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FIG. 17. Phase diagram for p = 0.25 and hard-core bosons
(U/J — 00) as a function of ¢ /7 versus J, /J. Symbols represent
estimated points of the Meissner-to-vortex (A) and the Meissner-to-
CDW 4 (x) phase transitions (see the discussion in Sec. VI). Straight
lines and shadings are a guide to the eye.

The CDW, 4 phase remains stable for fluxes ¢ 2 0.87 and
Ji 2 1.5J.

We next analyze the stability of the CDW,4 phase at finite
interactions U /J < oo (see Fig. 18). Forsmall U/ J, we expect
a VL;/,-SF phase for sufficiently large fluxes ¢ — 7. As
shown in Fig. 18, remarkably, we observe a large regime of
a fully gapped VL;,-MI phase with finite staggered rungs
currents and a flat entanglement entropy profile Syn(r) [see
the inset of Fig. 18(b)]. In this MI, one particle is delocalized
in each plaquette, with suppressed charge fluctuations between
plaquettes. This state results from applying the flux and is not
linked to a trivial band insulator in the absence of the flux.

For J; = 3.2J, we estimate the BKT-transition point from
the VL 2-SF to the VL, ,,-MI phase to be at U =~ 10J, again
from determining the point at which the Luttinger-liquid pa-
rameter becomes K, = 1.For U 2 30J, we finally observe the
CDW, 4 phase, with vanishing avg| jr| and a finite staggered
charge-density-wave order, indicated by the peak value of the
static density structure factor S"(k = ) [see Fig. 18(a)]. The
possibly Gaussian phase transition can be located precisely
from the pronounced peak of the fidelity susceptibility xps/L,
which we find to diverge as max(xrs/L) ~ L2

We also study the CDW,,, phase for systems with a
synthetic lattice dimension including the rung interactions
Eq. (19) for the case U = V. It is important to note that we
observe broad regimes of both stable CDW /4 and VL, ,,-MI
phases for similar parameter ranges as in Fig. 18 forthe V =0
case (data for V > 0 not shown here). Our preliminary results,
however, suggest the possibility of an intermediate V-MI phase
for U =V ~ 30J for V > 0. These results will be published
elsewhere.

In Fig. 19, we present the equation of state p = p(u)
for the case of strong nearest-neighbor rung and on-site
interactions, V/J — oo and U/J — oo. Hence, in this limit,
only a maximal occupation of a single particle per rung is
allowed. The DMRG simulation shows that, due to the strong
interactions, already for small interchain tunneling J, ~ J
an extended CDW/,, phase is stabilized at quarter filling
o = 1/4. Very interestingly, close to the limit of ¢ = 7 (see
Fig. 19), a CDW, 3 also emerges at filling p = 1/3. This state
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FIG. 18. CDW,,; phase: Emergence of insulating phases at
quarter filling p = 0.25 as a function of U/J for ¢ = 0.987 and
J1 =3.2J. (a) Average rung current avg|jz| and CDW,, order
parameter S"(k = m), i.e., the value of the static density structure
factor S"(k = m), for several system sizes L = 80 (+ symbols),
L =60 (A),and L = 40 (V). (b) Scaling of the fidelity susceptibility
xrs/L for L = 40, 60, and 80 rungs. The inset shows examples for the
entanglement entropy Syn(r) for (from top to bottom) the VL, ,-SF
[U = J, with a fit of Eq. (8) for ¢ = 1 to the data indicated by the
black solid line], CDW,4 (U = 58J), and VL,;,,-MI (U = 20J).
Dashed lines indicate the estimated locus of phase transitions.

has a threefold-enlarged unit cell and a density oscillation
corresponding to a Néel state of type | - - - 111 - - ) inthe
rung-singlet basis. A detailed analysis of these CDW states in
the rung-hard-core limit will be published elsewhere.

VII. BIASED-LADDER PHASE

In this section, we turn to the discussion of the biased-
ladder phase (BLP), first discussed using mean-field theory by
Wei and Mueller [76]. In the BLP phase, the Z, symmetry
associated with interchanging the leg index £ = 1 — 2 and
£=2—1 (or, in other words, reflection symmetry with
respect to reflections about the middle of each rung) is
spontaneously broken. This results in a density imbalance An
between the two legs, which serves as the order parameter for
this phase. We define An as

An = "[n, —ny,)/N. 27)

The BLP phase was studied previously in several works
[63,76,77,91]. In [63], we established the existence of the
BLP phase at intermediate values of U/J ~ 2 from DMRG
simulations for p < 1. Here, we will apply a theoretical
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FIG. 19. Equation of state p = p(u) forU/J — o0, V/J — o0
and J, = J, ¢ = 0.997 (L = 120 rungs). At fillings p = 1/4, p =
1/3, and p = 1/2 (indicated by dashed lines) extended plateaus cor-
respond to the gapped CDW, /4, CDW| 3, and MI phase, respectively.

framework valid in the regime of a dilute Bose gas to describe
this state and to obtain the phase diagram in the dilute-gas
limit. That theory relies on a mapping of the system to a
two-component Lieb-Liniger gas, whose parameters we relate
to microscopic parameters by studying the scattering problem.
This theory is described in Sec. VII A, while we complement
the analytical analysis by DMRG results for finite densities
o < 1 presented in Sec. VII B.

A. Biased-ladder phase in the dilute limit

In this section, we address the limit of a dilute gas of
bosons, which in one dimension is a strong-coupling regime,
invalidating a mean-field type approach. Moreover, it is not
possible to develop an effective field-theory approach based on
bosonization because the velocities obtained from linearizing
the single-particle dispersion vanish together with the density.
We will follow an approach that we developed for frustrated
one-dimensional spin systems close to their saturation magne-
tization [92,93], a method that works qualitatively the best in
the dilute limit.

For convenience, we use the leg gauge to render the system
explicitly translationally invariant. Thus (quasi)momentum is
a good quantum number. In that gauge, the Hamiltonian is
given by Hie, from Eq. (3).

1. Single-particle dispersion

First, we study the single-particle dispersion on a ladder
with a nonzero flux. The dispersion consists of two branches
(or bands), labeled by =+:

€+(k) = =2 coskcos % + \/Jf_ + 4 sin? % sink. (28)

For small values of fluxes, J, > 2tan % sin %, the lower
single-particle band has a unique minimum at k = 0, corre-
sponding to the Meissner phase [45]. It develops a double

minimum for J, < 2tan % sin £ at two points kg as depicted

2
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e(k)

FIG. 20. Two branches of the single-particle dispersion with
doubly degenerate minima at £k, in the lowest band for parameters
J, =J and ¢ =0.87. ko,k; and ko,ki are the incoming and
outgoing momenta in the two-body scattering problem described in
Sec. VIT A 3.

in Fig. 20,

2

L
4tan®(¢/2) 29

+koy = £ arcsin \/Sin2(¢/2) -
In the free case U = 0, the many-body ground state is infinitely
degenerate for periodic boundary conditions. Interactions can
lift this degeneracy, which leads to the many interesting
quantum phases detected in this model. The relevant question
is whether the interacting system prefers to form a condensate
that is a fifty-fifty mixture of condensates at each of the minima
or to exclusively populate one of the two equivalent minima
in the dispersion.

2. Two-component Lieb-Liniger model
We next follow an approach that we have developed for the
dilute Bose-gas limit [92], using a mapping of the original
bosonic system with a doubly degenerate single-particle
dispersion to a two-component Lieb-Liniger model

. 92 . 92
Hyp = / dx| =W () =0, () — Ul o)== By (x)
2m 2m

+ g(n% +n3) + g’nlnz}, (30)

[\

where W, ,(x) are boson field operators corresponding to
particles from left and right dispersion minima and n, , are
the corresponding density operators. The coupling constants
of the effective two-component Lieb-Liniger model are given
by

2 . 2

g=—— €2y
ma ma

where a and d are intra- and interspecies scattering lengths,

respectively, related to the corresponding scattering phase

shifts via

. cots
a = lim —. (32)
r—0 p

. coté
a = lim —,
p—0 p
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In Eq. (32), p is the relative momentum of the low-energy
two-boson scattering problem modulo ky. The effective mass
m is the same for both species,

sin 9 tan? 9,/12 + 4 sin? %
(33)

m= ,
4 sin? "’tan -J?

and it diverges at the Lifshitz transition when the two minima
of the single-particle dispersion at -k, merge into a single one
atk = 0.

From the effective model Eq. (30) it follows that for g < g,
the ground state corresponds to a single-component Luttinger-
liquid state (thus an immiscible state where only one species of
bosons are present) with a spontaneously broken Z, symmetry,
whereas for g > g, energetically a two-component Luttinger-
liquid state (and thus a miscible state with both species of
bosons present in the ground state) is preferred. The phase
transition line between these two states is given by g = g and
the phase transition is first order.

3. Scattering problem

We will extract the relevant scattering lengths from solving
the low-energy two-boson scattering problem on-shell, hence
neglecting the upper dispersion branch in Fig. 20. The
scattering state of two particles (i = 1,2) with momenta k;
and k; has the following energy:

E = Z (—ZCoskicosg —\/Ji+4Sin2§Sin2ki)~

i=1,2
(34
The two-particle wave function is represented as
vy =Y (Cllala] ;10) + C}7al a] 10))
i<j
+Y " Cijaf al ;10). (35)

ij

The upper indices on the amplitudes C iy * indicate that both
particles belong to the same leg £. If there are no such upper
indices, then those amplitudes correspond to the case in which
one particle is on the first leg and the other one on the second
leg.

Introducing the total momentum A = k; + k;, we separate
the center-of-mass motion

0,0 i LA ~0e i LA
Cj=e27C", C=¢e72"C, (36)
where we introduced a relative coordinate »r = j —i. The
Schrodinger equation

HIy(N)) = E[Y(A)) (37

leads to the following system of equations for the amplitudes
CHt, Cpyand C_, forr > 1,

A
ECH' = — 2cos [% + (—1)63}(05;‘5, +cht)
- JJ_(Cr + C—r)a
A i? _i2
EC, = — 2cos E[e 2Cr_1+e ' 2Crpq]
— JL(Crl’l + Cr2,2)’
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A i¢ _i2
EC_, = — 2cos 3[6 2Cmp+e'2C 4]

_ (M ), (38)

and to the following system of equations for r < 1,

A
(E —U)Cy* = —2cos ¢ +(=Df=|cht
2 2
— J1Co,
A
ECH = — 2cos [% + (—1)‘33}(205-‘ +C5")
— J1.(C1 +Cy),
A _i? i?
(E = V)Co=—2cos (7 Cr+¢>Cp)
—2J.(Cy" + ¢,
AL Fid
ECil = — 2cos 3(6 2C()+€ ZCﬂ)

—Ji(cP + ). (39)

From the structure of Eqs. (38) and Egs. (39), it follows that
Ct*arereal forallr > 0, whereas C_, = C; and, in particular,
Cy is real.

To extract the intraspecies scattering length we set k; =
ko + p1 and k, = ko + p> and take the limits p; — 0 and
p2> — 0. Next, we define the relative momentum p = (k; —
k>)/2 and construct scattering states for r > 1 as follows:

C}' = 2cos b, cosby, cos (pr +8) + vi[ar1 2} + af(z}) ]
+va[axzh + a5(23) ] + vs[aszs + a5(z3) ],
C}* = 2sin 6y, sinfy, cos (pr + &) + v [bi2] + bj(z})]
+v2[b22h 4+ b5(23) ] + vs3[bazh + b33 ]
C, = cos by, sinby,e' P 4 sin @y, cos O, e P
+vi[aiz] + @) + vafc2zh + @3]
+vs[c3zs + @3] (40)

where § is the scattering phase shift. Furthermore, we intro-
duced Bogoliubov coefficients in analogy to the free boson

case
I } (41)
cos (ki — ¢/2) — cos (ki + ¢/2)

The scattering states of Eq. (40) should, for large relative
distance r >> 1 and for § = 0, reproduce the scattering states
of noninteracting bosons U = 0, hence |z;| < 1 fori = 1,2,3.
The real numbers vy, v, and v will be fixed later together with
the scattering phase shift 8. First, we insert the ansatz given by
Eq. (40) into Egs. (38) to determine the complex coefficients
a,b,c, and z, where, for physically acceptable solutions, we
require |z;| < 1. This leads to the following set of equations:

1
O, = = arctan [
2

o A
Ea+JL(c+l)+2acos<§—3>(Z+1/z)=0

Eb+ J (c+ 1)+ 2bcos <% + %)(Z+ 1/2)=0
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A : )
E +2cos E((f'?z + et /) + Ji(a+b)/c =0,
A e _i?
E+20055(e’21+e 2/0)+ Ji(a+b)=0. (42)

Taking only physically meaningful solutions of this system of
equations (in general, there are exactly three such solutions)
for a;,b;,c;, and z; for i =1,2,3, we insert the ansatz
Eq. (40) into Eq. (39) to solve for the unknown quantities
8,Cé’1,C§’2,C0,v1,v2, and v3.

Along similar lines, we extract the scattering phase shift
for the interspecies scattering §. In that case, we can fix total
momentum to zero A = 0 by considering one boson with
momentum k; = ko + p, p — 0, and another one with —k;.
Hence, one can search for solutions satisfying Crl’1 = Crz,z’
reducing the number of unknown constants. However, one
needs to take into account the fact that low-energy scattering
states for interspecies scattering with a given total momentum
and energy are doubly degenerate. There is no such degeneracy
for the intraspecies scattering problem outlined above: for
intraspecies scattering the scattering state is uniquely char-
acterized by total momentum and energy. From the form of
the single-particle dispersion, the origin of the degeneracy
of the interspecies scattering problem is obvious. For example,
the scattering state of zero total momentum and asymptotic
momenta k; and —k; is clearly degenerate with the scattering
state of two bosons with momenta &; and —k; as indicated in
Fig. 20. When constructing the scattering state for interspecies
scattering one therefore has to admix different asymptotic
momenta: the incoming state with momenta k; and —k; will
produce a state with similar outgoing momenta superposed
with a scattering state with outgoing momenta k; and —k;.
Denoting k, = —k; and k, = —k,, we write the following
ansatz for interspecies scattering for r > 1,

Cf” = —2cos Oy, cos O, cos(k;r + 8) + vz’
— 2v; cos O, cos O, cos(kyr — §),

C, = cos O, sin O, e "®17F) 1 §in @, cos O, e'*17

+v1(cos O, sin @ e *1r =Y

+ sin @, cos @,;2ei(k"_‘3)) + vz,

c.,=c, 43)

where v,v;, and z are real numbers with |z| < 1 to ensure
physically meaningful solutions and v, can be any complex
number. We note that since k; and k, (as well as k; and k»)
have opposite sign one has to take the proper branches of the
arctan in the definition of the coefficients ®y,. The unknowns
vy and z are fixed by inserting Eq. (43) into the system of
Egs. (38). In particular, for z, we obtain

_ E+ VE? — 16052 (¢/2)

4sin(¢/2) ’ “4)

and for v,

2i 7, cot($/2)
VE? —16¢c0s? (¢/2)

(45)

V) =
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FIG. 21. Ground-state phase diagram of the bosonic ladder in the
dilute limit for V = 0 for (a) ¢ = 0.5z and (b) ¢ = 0.87. The dashed
line does not represent a phase transition; rather it indicates the line
where the intraspecies scattering length vanishes. Above the dashed
line, in the V-SF phase, the intraspecies interaction enters into the
super-Tonks regime. The Lifshitz point, beyond which the M-SF sets

in, is indicated by a filled circle at J, = 2J sin % tan %

The remaining five unknowns S,Cé’l = Cg’z,Co,v, and v;
are determined by inserting the ansatz Eq. (43) into the system
of Egs. (39).

With the help of relations Eq. (31) and Eq. (32) we
determine the intra- and interspecies scattering lengths and
the corresponding Lieb-Liniger coupling strengths. For g > g,
both minima at £k, are equally populated in the ground
state and a two-component Luttinger-liquid phase is realized
for a finite but small density. This is the vortex-superfluid
phase. There is no density imbalance between the legs of
the ladder since C!'! = C>? for the interspecies scattering
problem. However, for g < g, only one of the minima in the
single-particle dispersion is populated and a one-component
phase is selected, where a density imbalance between the two
legs exists, which, for the U — 0 limit, is given by

5
%~ cos26y,. (46)

o
This state is the BLP superfluid.

4. Phase diagram with the BLP state in the dilute Bose gas regime

In Figs. 21(a) and 21(b), we present the ground-state phase
diagram as a function of J, and U obtained in the dilute-gas
limit for the case of V =0 and for two values of the flux
¢ = 0.5 and ¢ = 0.87, respectively. One can see that the
region in parameter space, in which the BLP-SF phase exists,
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grows significantly in the parameter plane U/J versus J, /J
when increasing the flux from ¢ = 7 /2 to ¢ = 0.87x.

Apart from the phase transition lines we also indicate
the line (dashed line) above which, in the V-SF phase, the
intraspecies interaction enters into the so-called super-Tonks
regime [105-107] with a > 0, meaning that intraspecies
repulsion (i.e., repulsion between the particles with almost
the same momenta) is effectively stronger than the hard-core
contact repulsion. There, instead of relating the scattering
length a to the Lieb-Liniger coupling constant g through
Eq. (31) (which would wrongly imply attractive g), the
intraspecies scattering length should be interpreted as an
excluded volume. Interspecies interactions, on the contrary,
never enter the super-Tonks regime. The interesting property of
the gauge field is that the super-Tonks regime (for intraspecies
interactions) is attained for the case of contact interactions for
finite values of the repulsive interaction. The critical value of
the repulsive interactions for attaining the super-Tonks regime
in intraspecies scattering goes to zero when approaching the
Lifshitz point, where the effective mass of the Lieb-Liniger
model given in Eq. (33) diverges.

Including repulsive interactions along the rung with V > 0
increases the region of stability of the BLP phase. For example,
for ¢ = 0.57 and at J, = 1.2J, the transition from the BLP-
SF to the V-SF for V = 0is at U >~ 0.37J, whereas for V =
U, that transition shifts to U/J >~ 0.5. For ¢ = 0.87 and at
J1 = 3.5J, the transition from the BLP-SF to the V-SF is,
for V.=0,atU/J =~ 2.65, whereas for V = U, the transition
shiftsto U/J >~ 7.

Attractive interactions along therung V < Owith |[V| < U,
on the contrary, shrink the region of stability of the BLP-SF,
consistent with expectations on physical grounds. For stronger
attractions, bound states can develop and a pair superfluid
can get stabilized with no density imbalance between the legs
of the ladder. For example, for ¢ = 0.87, J, = 3.5/, and
U = 3J there is a resonance in interspecies scattering § = 0
at V=V.~ —1.84J, and for V < V,, instead of the two-
component V-SF, a single-component pair-superfluid phase
(P-SF) is stabilized. Further decreasing V, the system can
eventually collapse. We estimate the instability to a collapse
to occur when the intraspecies interaction constants become
attractive g < 0. For ¢ = 0.87, J, = 3.5/, and U = 3J this
happens at V/J ~ —2.6.

B. BLP at finite densities

We next study the BLP phase using DMRG calculations at
finite densities. The current configuration of the BLP phase
is very similar to the Meissner phase, as can be seen in
Fig. 1(e): the current flows only along the boundary of the
ladder while the rung currents are suppressed. The particle
density, however, exhibits a marked imbalance between the
legs, which we calculate from Eq. (27).

In the thermodynamic limit the ground state is thus
twofold degenerate, spontaneously breaking the Z, mirror
symmetry between the legs. In order to numerically stabilize
the simulation of the BLP phase, we add small potentials at
the boundary of the ladder explicitly breaking the symmetry
of the system. By comparing to simulations with smaller or
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FIG. 22. Biased-ladder phase: (a) Order parameter An (imbal-
ance) for the BLP phase, the chiral current j., and the averaged
rung current avg| jg| for p = 0.8, U/J =2, and J, /J = 3 (DMRG
calculation, L = 120 rungs). (b) Enlarged view of the BLP-to-VL,,
transition region. Again, in the VL, ,,-SF phase, the chiral current
reverses its sign.

larger edge potentials, we verify that their presence does not
influence the magnitude of the order parameter.

We identify the phase transition by a sharply increasing
particle density imbalance between the legs An, as presented in
Fig. 22. The data are consistent with a second-order Ising-type
transition between the M-SF and the BLP phase, as one might
expect from the spontaneous breaking of a Z, symmetry. Still,
a weak first-order nature of the transition cannot be excluded.

VIII. SUMMARY

In summary, we presented an extensive study of the ground-
state physics of repulsively interacting bosons on a two-leg
ladder in the presence of a uniform Abelian gauge field. In
particular, we focused on the discussion of quantum phases
with (spontaneously) broken discrete symmetries, including
various vortex-lattice phases, a charge-density-wave phase at
quarter filling, and the biased-ladder phase. We analyzed the
vortex-lattice phases at vortex densities p, = 1/2, 1/3, and
1/4 in detail and studied different properties and observables
such as the central charge, the structure of local currents,
and the momentum distribution function in different gauges.
The vortex density p, can be extracted numerically in several
ways, such as from analyzing the local current structure or
the momentum distribution. We furthermore characterized
the various phase transitions between these phases and
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FIG. 23. Momentum distribution n,(k) for U/J — oo, p = 0.2
as a function of (a) J,/J for ¢/m = 0.8 and (b) the flux ¢/7 for
J1 = 1.6J. The dotted line indicates the value of J, (flux) beyond
which we observe an incommensurate behavior (icM-SF) inside the
Meissner phase. The transition into the vortex-liquid state (V-SF)
occurs at (J{,¢.), indicated by the dot-dashed line.

neighboring ones. We investigated the stability of vortex
lattices against including nearest-neighbor interactions on the
rungs, relevant for synthetic-lattice dimension experiments
[47,48].

As we showed in our previous work [63], vortex-lattice
phases may feature an exotic chiral-current reversal effect.
We here discussed how this phenomenon may be understood
intuitively for a simplified model of noninteracting bosons with
an explicitly broken translational symmetry. Thus, the effect is
clearly related to the effective flux seen by the particles, which
either results from spontaneously enlarging the unit cell or by
constructing models with intrinsically larger unit cells.

From the limit of strong rung couplings J, /J, we may
understand the emergence of the CDW phase at quarter filling
introduced in Ref. [68]. Here, we presented results for its
stability as a function of J, /J, ¢, and also U/J. Remarkably,
at large values of U/J, we observe a direct transition to a
fully gapped VL;,,-MI phase. For strong nearest-neighbor
interactions on the rungs (as realizable with a synthetic lattice
dimension), additional CDW phases are stabilized.

Finally, we discussed the properties of the BLP phase
starting from an analytical analysis that is set up for the limit

a b
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FIG. 24. (a) Chiral current j. and (b) average rung currents
avg|jr| for U/J — oo, p = 0.2, and L = 80 as a function of the
flux ¢/ for J, = 1.6J. For small values of ¢ < ¢, (dot-dashed
line), we are in the Meissner phase. For ¢, < ¢ < ¢., we observe
two broad maxima in the momentum distribution n,(k) shown in
Fig. 23(b).
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FIG. 25. Scaling of the average rung current avg|jg|/J with the
system size L for ¢ = 0.757, p = 0.2, and J, = 1.6J. A fit to the
data yields o = 0.39.

of a dilute Bose gas (i.e., a low filling p — 0), which allows
for an intuitive understanding of the nature of the BLP phase.

Open questions naturally arising from the discussion of
our model (1) concern its connection to the physics studied
extensively in two dimensions such as the fractional quantum-
Hall effect or more specifically, fractional Chern insulators
[108-110]. In particular, the proposal that Laughlin-like
phases exist in this model as conjectured in Ref. [69-71,78] of-
fers exciting further possibilities for studies of this apparently
simple yet ultimately very rich two-leg ladder model.
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APPENDIX

In this Appendix, we address the problem of defining the
vortex density in certain parameter regimes. For the sake
of simplicity, we focus on the limit of hard-core bosons.
We consider the case of a low particle filling p = 0.2
and increase the flux starting from the Meissner phase (or
alternatively, we increase J, starting from the vortex-liquid
state).

We start by analyzing the momentum distribution function
in the symmetric leg gauge of Eq. (3), as a function of either
J1/J [Fig. 23(a)] or ¢ [Fig. 23(b)]. The transition to the
vortex-liquid state V-SF is indicated by the dashed-dotted

063628-19



S. GRESCHNER et al.

PHYSICAL REVIEW A 94, 063628 (2016)

(a) (b) (c)
fl kl T ‘ T 1! I(k) |_=8(I) ‘ TT T L_4(') ‘ -
005 e - TYETE -
w. = : L nq(k), L=120 = ——- | d L=80 — —=—-
".’\ JZ]CM-SF ~ 3 cM-SF 0.5 ‘ F[1JR Ll=120 L . 01k | L780 m |
S0 e N : | 7
Ir e RN N, S ceeerereranion rore amer] - |
2 T RN = ‘ - ‘
z | RN 5 2 |
= oy . S £ = Lo
X A | ]
* | i
z! L=40 -~} |
L L=80 - -~ -i- i
¢ i L=120 ; |
0 5 ! = L 0 I L L
1 2 3 4 5 3 4
Ji/d J
d e
( )25 TT T T T ( ) : — .
| L=80 j——H 0.03 L=40 |
L=120 #—s—i =80 - -
2R : L=120 i~ - = - -
o : o : |
S | g
g 15F ; - = :
5 | 2 j
g 1 ‘ S :
c T ! S |
B sl | s _—
0.5 ‘ | 4 3
‘ | 0.01
0 ‘I 1 1 1 1 [ i
1 2 3 4 5 3 4
Ji/d Ji /1

FIG. 26. (a) Average rung currents avg|jg|, (b) position ky,x of the maximum of n,(k) and (c) fidelity susceptibility F[jr](k), (d) central
charge c, (e) excitation gaps for L = 80, and (f) Luttinger-liquid parameter K ,, as a function of J, /J forU/J — oo, p = 0.2,and ¢/ = 0.8.
For small values of J, < J{ (dot-dashed line), we are in the Meissner phase. Upon increasing J;, we observe two broad maxima in the
momentum distribution 7, (k) shown in Fig. 23(a). The transition into the vortex-liquid phase takes place at J{ /J ~ 3.2 (dot-dashed line).

line. From Fig. 23, we see that below a certain value of
Jif or flux ¢;. indicated by the dotted lines, the momentum
distribution function becomes blurred in the Meissner phase.
Anticipating the results of the following discussion we denote
the two regions as commensurate (cM-SF) and incommen-
surate (icM-SF) regions of the Meissner-superfluid phase.
Thus, n;(k) ceases to be sharply peaked at zero momentum,
which we otherwise would expect for the Meissner phase if
we linked the position of the maximum of the momentum
distribution to the vortex density. In addition to the shallow
maximum at k = 0, another maximum at a k,, # 0 appears in
the momentum distribution function for Ji¢ < J, < J§ and
Pic <@ < ¢, at a k =k, # 0, respectively, and the weight
of the momentum distribution continuously shifts from k = 0
to k = k,, when moving towards the vortex-liquid phase. In
the same parameter regime, we observe strong modulations of
local particle densities and currents, which extend deep into
the Meissner phase and diminish smoothly when departing
from the phase transition (J{,¢.) (dot-dashed lines in the
figure) from the vortex-liquid states into the Meissner regime.
These oscillations are the combined effect of open boundaries
and finite system sizes and die out with increasing the
system size as can be seen in Figs. 24(b), 25, and 26(a). As
shown in Fig. 25 the numerical data indicate that the average
rung current avg|jg|/J vanishes as ~1/L* as expected for
boundary-driven effects. The vortex density extracted from
the Fourier transform of the rung currents shows a plateau at
kmax = 0.4 as depicted in Fig. 26(b). That plateau extends deep
into the Meissner phase and its presence can thus not be used
as an unambiguous measure of vortex density.

Most importantly, we could not find any trace of an actual
phase transition between the icM-SF regime with multiple
peaks in the momentum distribution and the conventional
c¢M-SF phase with its single maximum in the momentum
distribution at k = 0. In particular, the fidelity susceptibility
[see Fig. 26(c)] is featureless and the block entanglement
entropy does not indicate the presence of a conventional
second-order phase transition [see Fig. 26(d)]. The blurring
of the momentum distribution may indicate either that single-
particle excitations become gapped, which would result in a
phase that is thermodynamically distinct from the Meissner
phase, or that the single-particle correlations still decay
algebraically, but much slower than in the Meissner phase
at either small J, /J or ¢ [see Fig. 26(f)]. Even if we did not
observe any drastic change in the ground-state characteristics
between the Meissner phase and the regime with pronounced
finite-size modulations realized close to the boundary of the
vortex-liquid state, we observe a distinct level crossing in
excited states with negligible finite-size effects as shown in
Fig. 26(e). In the bulk of the Meissner phase, the lowest
excitation is a single-particle excitation AE. = [Eo(L,N —
1) —2Eo(L,N) + Eo(L,N + 1)]/2 with E,,(L,N) being the
mth eigenenergy of a system of L rungs and N particles, while
near the boundary between the Meissner and vortex-liquid
phases, the lowest excitation is a charge-neutral excitation
from the subspace that has the same number of particles
as the ground state, AE,(L,N)= E{(L,N) — Eo(L,N). We
mark this level-crossing position, which coincides with K, =
0.5 [compare Figs. 26(e) and 26(f)], with a dotted line in
Figs. 23-26.
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Based on our current data, it remains unclear whether we
are dealing with a thermodynamically distinct state from the

PHYSICAL REVIEW A 94, 063628 (2016)

Meissner state, suchasav = 1/2 Laughlin state [71,78], where
the vortex density is pinned to two times the particle density.

[1] K. v. Klitzing, G. Dorda, and M. Pepper, Phys. Rev. Lett. 45,
494 (1980).

[2] D. C. Tsui, H. L. Stormer, and A. C. Gossard, Phys. Rev. Lett.
48, 1559 (1982).

[3] R. B. Laughlin, Phys. Rev. Lett. 50, 1395 (1983).

[4] G. Moore and N. Read, Nucl. Phys. B 360, 362 (1991).

[5] N. R. Cooper and J. Dalibard, Phys. Rev. Lett. 110, 185301
(2013).

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

[7] B. Hunt, J. D. Sanchez- Yamagishi, A. F. Young, M. Yankowitz,
B.J. LeRoy, K. Watanabe, T. Taniguchi, P. Moon, M. Koshino,
P. Jarillo-Herrero, and R. C. Ashoori, Science 340, 1427 (2013).

[8] C.R.Dean, L. Wang, P. Maher, C. Forsythe, F. Ghahari, Y. Gao,
J. Katoch, M. Ishigami, P. Moon, M. Koshino, T. Taniguchi,
K. Watanabe, K. L. Shepard, J. Hone, and P. Kim, Nature
(London) 497, 598 (2013).

[9] L. A. Ponomarenko, R. V. Gorbachev, G. L. Yu, D. C. Elias,
R. Jalil, A. A. Patel, A. Mishchenko, A. S. Mayorov, C. R.
Woods, J. R. Wallbank, M. Mucha-Kruczynski, B. A. Piot, M.
Potemski, I. V. Grigorieva, K. S. Novoselov, F. Guinea, V. 1.
Falko, and A. K. Geim, Nature (London) 497, 594 (2013).

[10] J. Dalibard, F. Gerbier, G. Juzelitinas, and P. (jhberg, Rev. Mod.
Phys. 83, 1523 (2011).

[11] V. Galitski and I. Spielman, Nature (London) 494, 49 (2013).

[12] N. Goldman, J. Budich, and P. Zoller, Nat. Phys. 12,639 (2016).

[13] Y.-J. Lin, R. L. Compton, K. Jiménez-Garcia, J. V. Porto, and
1. B. Spielman, Nature (London) 462, 628 (2009).

[14] Y.-J. Lin, R. L. Compton, K. Jiménez-Garcia, W. D. Phillips,
J. V. Porto, and I. B. Spielman, Nat. Phys. 7, 531 (2011).

[15] K. Jiménez-Garcia, L. J. LeBlanc, R. A. Williams, M. C.
Beeler, A. R. Perry, and 1. B. Spielman, Phys. Rev. Lett. 108,
225303 (2012).

[16] J. Struck, C. Olschlﬁger, M. Weinberg, P. Hauke, J. Simonet, A.
Eckardt, M. Lewenstein, K. Sengstock, and P. Windpassinger,
Phys. Rev. Lett. 108, 225304 (2012).

[17] M. Aidelsburger, M. Atala, S. Nascimbene, S. Trotzky, Y.-A.
Chen, and I. Bloch, Phys. Rev. Lett. 107, 255301 (2011).

[18] M. Aidelsburger, M. Atala, M. Lohse, J. T. Barreiro, B. Paredes,
and L. Bloch, Phys. Rev. Lett. 111, 185301 (2013).

[19] H. Miyake, G. A. Siviloglou, C. J. Kennedy, W. C. Burton, and
W. Ketterle, Phys. Rev. Lett. 111, 185302 (2013).

[20] FE. D. M. Haldane, Phys. Rev. Lett. 61, 2015 (1988).

[21] G. Jotzu, M. Messer, R. Desbuquois, M. Lebrat, T. Uehlinger,
D. Greif, and T. Esslinger, Nature (London) 515, 237 (2014).

[22] M. Z. Hasan and C. L. Kane, Rev. Mod. Phys. 82, 3045 (2010).

[23] X.-L. Qi and S.-C. Zhang, Rev. Mod. Phys. 83, 1057 (2011).

[24] M. Atala, M. Aidelsburger, J. T. Barreiro, D. Abanin, T.
Kitagawa, E. Demler, and I. Bloch, Nat. Phys. 9, 795 (2013).

[25] N. Flaschner, B. S. Rem, M. Tarnowski, D. Vogel, D.-S.
Liihmann, K. Sengstock, and C. Weitenberg, Science 352, 1091
(2016).

[26] M. Aidelsburger, M. Lohse, C. Schweizer, M. Atala, J. T.
Barreiro, S. Nascimbene, N. R. Cooper, 1. Bloch, and N.
Goldman, Nat. Phys. 11, 162 (2015).

[27] L. Duca, T. Li, M. Reitter, 1. Bloch, M. Schleier-Smith, and U.
Schneider, Science 347, 288 (2015).

[28] G. Moller and N. R. Cooper, Phys. Rev. Lett. 103, 105303
(2009).

[29] C. N. Varney, K. Sun, M. Rigol, and V. Galitski, Phys. Rev. B
82, 115125 (2010).

[30] C. N. Varney, K. Sun, M. Rigol, and V. Galitski, Phys. Rev. B
84, 241105 (2011).

[31] J. A. Kjall and J. E. Moore, Phys. Rev. B 85, 235137 (2012).

[32] Y.-C. He, S. Bhattacharjee, R. Moessner, and F. Pollmann,
Phys. Rev. Lett. 115, 116803 (2015).

[33] A. S. Sgrensen, E. Demler, and M. D. Lukin, Phys. Rev. Lett.
94, 086803 (2005).

[34] N. Regnault and B. A. Bernevig, Phys. Rev. X 1, 021014
(2011).

[35] T. Neupert, L. Santos, C. Chamon, and C. Mudry, Phys. Rev.
Lett. 106, 236804 (2011).

[36] G. Moller and N. R. Cooper, Phys. Rev. Lett. 115, 126401
(2015).

[37] L.-K. Lim, C. M. Smith, and A. Hemmerich, Phys. Rev. Lett.
100, 130402 (2008).

[38] P. P. Orth, D. Cocks, S. Rachel, M. Buchhold, K. LeHur, and
W. Hofstetter, J. Phys. B: At. Mol. Opt. Phys. 46, 134004
(2013).

[39] J. Radié, A. Di Ciolo, K. Sun, and V. Galitski, Phys. Rev. Lett.
109, 085303 (2012).

[40] W. S. Cole, S. Zhang, A. Paramekanti, and N. Trivedi, Phys.
Rev. Lett. 109, 085302 (2012).

[41] X. Zhou, Y. Li, Z. Cai, and C. Wu, J. Phys. B: At. Mol. Opt.
Phys. 46, 134001 (2013).

[42] M. Piraud, Z. Cai, I. P. McCulloch, and U. Schollwock, Phys.
Rev. A 89, 063618 (2014).

[43] A. Celi, P. Massignan, J. Ruseckas, N. Goldman, I. Spielman,
G. Juzeliunas, and M. Lewenstein, Phys. Rev. Lett. 112, 043001
(2014).

[44] M. Atala, M. Aidelsburger, M. Lohse, J. T. Barreiro, B. Paredes,
and L. Bloch, Nat. Phys. 10, 588 (2014).

[45] E. Orignac and T. Giamarchi, Phys. Rev. B 64, 144515 (2001).

[46] D. Hiigel and B. Paredes, Phys. Rev. A 89, 023619 (2014).

[47] M. Mancini, G. Pagano, G. Cappellini, L. Livi, M. Rider, J.
Catani, C. Sias, P. Zoller, M. Inguscio, M. Dalmonte, and L.
Fallani, Science 349, 1510 (2015).

[48] B. K. Stuhl, H.-I. Lu, L. M. Aycock, D. Genkina, and I. B.
Spielman, Science 349, 1514 (2015).

[49] L. F. Livi, G. Cappellini, M. Diem, L. Franchi, C. Clivati, M.
Frittelli, F. Levi, D. Calonico, J. Catani, M. Inguscio, and L.
Fallani, Phys. Rev. Lett. 117, 220401 (2016).

[50] S. Kolkowitz, S. Bromley, T. Bothwell, M. Wall, G. Marti, A.
Koller, X. Zhang, A. Rey, and J. Ye, arXiv:1608.03854.

[51] M. L. Wall, A. P. Koller, S. Li, X. Zhang, N. R. Cooper, J. Ye,
and A. M. Rey, Phys. Rev. Lett. 116, 035301 (2016).

[52] E. Alex, E. Meier, and B. Gadway, arXiv:1609.09467.

[53] L. D’ Alessio and A. Polkovnikov, Ann. Phys. 333, 19 (2013).

[54] L. D’ Alessio and M. Rigol, Phys. Rev. X 4, 041048 (2014).

063628-21


https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.45.494
https://doi.org/10.1103/PhysRevLett.48.1559
https://doi.org/10.1103/PhysRevLett.48.1559
https://doi.org/10.1103/PhysRevLett.48.1559
https://doi.org/10.1103/PhysRevLett.48.1559
https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1103/PhysRevLett.50.1395
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1016/0550-3213(91)90407-O
https://doi.org/10.1103/PhysRevLett.110.185301
https://doi.org/10.1103/PhysRevLett.110.185301
https://doi.org/10.1103/PhysRevLett.110.185301
https://doi.org/10.1103/PhysRevLett.110.185301
https://doi.org/10.1103/PhysRevB.14.2239
https://doi.org/10.1103/PhysRevB.14.2239
https://doi.org/10.1103/PhysRevB.14.2239
https://doi.org/10.1103/PhysRevB.14.2239
https://doi.org/10.1126/science.1237240
https://doi.org/10.1126/science.1237240
https://doi.org/10.1126/science.1237240
https://doi.org/10.1126/science.1237240
https://doi.org/10.1038/nature12186
https://doi.org/10.1038/nature12186
https://doi.org/10.1038/nature12186
https://doi.org/10.1038/nature12186
https://doi.org/10.1038/nature12187
https://doi.org/10.1038/nature12187
https://doi.org/10.1038/nature12187
https://doi.org/10.1038/nature12187
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1103/RevModPhys.83.1523
https://doi.org/10.1038/nature11841
https://doi.org/10.1038/nature11841
https://doi.org/10.1038/nature11841
https://doi.org/10.1038/nature11841
https://doi.org/10.1038/nphys3803
https://doi.org/10.1038/nphys3803
https://doi.org/10.1038/nphys3803
https://doi.org/10.1038/nphys3803
https://doi.org/10.1038/nature08609
https://doi.org/10.1038/nature08609
https://doi.org/10.1038/nature08609
https://doi.org/10.1038/nature08609
https://doi.org/10.1038/nphys1954
https://doi.org/10.1038/nphys1954
https://doi.org/10.1038/nphys1954
https://doi.org/10.1038/nphys1954
https://doi.org/10.1103/PhysRevLett.108.225303
https://doi.org/10.1103/PhysRevLett.108.225303
https://doi.org/10.1103/PhysRevLett.108.225303
https://doi.org/10.1103/PhysRevLett.108.225303
https://doi.org/10.1103/PhysRevLett.108.225304
https://doi.org/10.1103/PhysRevLett.108.225304
https://doi.org/10.1103/PhysRevLett.108.225304
https://doi.org/10.1103/PhysRevLett.108.225304
https://doi.org/10.1103/PhysRevLett.107.255301
https://doi.org/10.1103/PhysRevLett.107.255301
https://doi.org/10.1103/PhysRevLett.107.255301
https://doi.org/10.1103/PhysRevLett.107.255301
https://doi.org/10.1103/PhysRevLett.111.185301
https://doi.org/10.1103/PhysRevLett.111.185301
https://doi.org/10.1103/PhysRevLett.111.185301
https://doi.org/10.1103/PhysRevLett.111.185301
https://doi.org/10.1103/PhysRevLett.111.185302
https://doi.org/10.1103/PhysRevLett.111.185302
https://doi.org/10.1103/PhysRevLett.111.185302
https://doi.org/10.1103/PhysRevLett.111.185302
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1103/PhysRevLett.61.2015
https://doi.org/10.1038/nature13915
https://doi.org/10.1038/nature13915
https://doi.org/10.1038/nature13915
https://doi.org/10.1038/nature13915
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.82.3045
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1103/RevModPhys.83.1057
https://doi.org/10.1038/nphys2790
https://doi.org/10.1038/nphys2790
https://doi.org/10.1038/nphys2790
https://doi.org/10.1038/nphys2790
https://doi.org/10.1126/science.aad4568
https://doi.org/10.1126/science.aad4568
https://doi.org/10.1126/science.aad4568
https://doi.org/10.1126/science.aad4568
https://doi.org/10.1038/nphys3171
https://doi.org/10.1038/nphys3171
https://doi.org/10.1038/nphys3171
https://doi.org/10.1038/nphys3171
https://doi.org/10.1126/science.1259052
https://doi.org/10.1126/science.1259052
https://doi.org/10.1126/science.1259052
https://doi.org/10.1126/science.1259052
https://doi.org/10.1103/PhysRevLett.103.105303
https://doi.org/10.1103/PhysRevLett.103.105303
https://doi.org/10.1103/PhysRevLett.103.105303
https://doi.org/10.1103/PhysRevLett.103.105303
https://doi.org/10.1103/PhysRevB.82.115125
https://doi.org/10.1103/PhysRevB.82.115125
https://doi.org/10.1103/PhysRevB.82.115125
https://doi.org/10.1103/PhysRevB.82.115125
https://doi.org/10.1103/PhysRevB.84.241105
https://doi.org/10.1103/PhysRevB.84.241105
https://doi.org/10.1103/PhysRevB.84.241105
https://doi.org/10.1103/PhysRevB.84.241105
https://doi.org/10.1103/PhysRevB.85.235137
https://doi.org/10.1103/PhysRevB.85.235137
https://doi.org/10.1103/PhysRevB.85.235137
https://doi.org/10.1103/PhysRevB.85.235137
https://doi.org/10.1103/PhysRevLett.115.116803
https://doi.org/10.1103/PhysRevLett.115.116803
https://doi.org/10.1103/PhysRevLett.115.116803
https://doi.org/10.1103/PhysRevLett.115.116803
https://doi.org/10.1103/PhysRevLett.94.086803
https://doi.org/10.1103/PhysRevLett.94.086803
https://doi.org/10.1103/PhysRevLett.94.086803
https://doi.org/10.1103/PhysRevLett.94.086803
https://doi.org/10.1103/PhysRevX.1.021014
https://doi.org/10.1103/PhysRevX.1.021014
https://doi.org/10.1103/PhysRevX.1.021014
https://doi.org/10.1103/PhysRevX.1.021014
https://doi.org/10.1103/PhysRevLett.106.236804
https://doi.org/10.1103/PhysRevLett.106.236804
https://doi.org/10.1103/PhysRevLett.106.236804
https://doi.org/10.1103/PhysRevLett.106.236804
https://doi.org/10.1103/PhysRevLett.115.126401
https://doi.org/10.1103/PhysRevLett.115.126401
https://doi.org/10.1103/PhysRevLett.115.126401
https://doi.org/10.1103/PhysRevLett.115.126401
https://doi.org/10.1103/PhysRevLett.100.130402
https://doi.org/10.1103/PhysRevLett.100.130402
https://doi.org/10.1103/PhysRevLett.100.130402
https://doi.org/10.1103/PhysRevLett.100.130402
https://doi.org/10.1088/0953-4075/46/13/134004
https://doi.org/10.1088/0953-4075/46/13/134004
https://doi.org/10.1088/0953-4075/46/13/134004
https://doi.org/10.1088/0953-4075/46/13/134004
https://doi.org/10.1103/PhysRevLett.109.085303
https://doi.org/10.1103/PhysRevLett.109.085303
https://doi.org/10.1103/PhysRevLett.109.085303
https://doi.org/10.1103/PhysRevLett.109.085303
https://doi.org/10.1103/PhysRevLett.109.085302
https://doi.org/10.1103/PhysRevLett.109.085302
https://doi.org/10.1103/PhysRevLett.109.085302
https://doi.org/10.1103/PhysRevLett.109.085302
https://doi.org/10.1088/0953-4075/46/13/134001
https://doi.org/10.1088/0953-4075/46/13/134001
https://doi.org/10.1088/0953-4075/46/13/134001
https://doi.org/10.1088/0953-4075/46/13/134001
https://doi.org/10.1103/PhysRevA.89.063618
https://doi.org/10.1103/PhysRevA.89.063618
https://doi.org/10.1103/PhysRevA.89.063618
https://doi.org/10.1103/PhysRevA.89.063618
https://doi.org/10.1103/PhysRevLett.112.043001
https://doi.org/10.1103/PhysRevLett.112.043001
https://doi.org/10.1103/PhysRevLett.112.043001
https://doi.org/10.1103/PhysRevLett.112.043001
https://doi.org/10.1038/nphys2998
https://doi.org/10.1038/nphys2998
https://doi.org/10.1038/nphys2998
https://doi.org/10.1038/nphys2998
https://doi.org/10.1103/PhysRevB.64.144515
https://doi.org/10.1103/PhysRevB.64.144515
https://doi.org/10.1103/PhysRevB.64.144515
https://doi.org/10.1103/PhysRevB.64.144515
https://doi.org/10.1103/PhysRevA.89.023619
https://doi.org/10.1103/PhysRevA.89.023619
https://doi.org/10.1103/PhysRevA.89.023619
https://doi.org/10.1103/PhysRevA.89.023619
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1126/science.aaa8736
https://doi.org/10.1126/science.aaa8515
https://doi.org/10.1126/science.aaa8515
https://doi.org/10.1126/science.aaa8515
https://doi.org/10.1126/science.aaa8515
https://doi.org/10.1103/PhysRevLett.117.220401
https://doi.org/10.1103/PhysRevLett.117.220401
https://doi.org/10.1103/PhysRevLett.117.220401
https://doi.org/10.1103/PhysRevLett.117.220401
http://arxiv.org/abs/arXiv:1608.03854
https://doi.org/10.1103/PhysRevLett.116.035301
https://doi.org/10.1103/PhysRevLett.116.035301
https://doi.org/10.1103/PhysRevLett.116.035301
https://doi.org/10.1103/PhysRevLett.116.035301
http://arxiv.org/abs/arXiv:1609.09467
https://doi.org/10.1016/j.aop.2013.02.011
https://doi.org/10.1016/j.aop.2013.02.011
https://doi.org/10.1016/j.aop.2013.02.011
https://doi.org/10.1016/j.aop.2013.02.011
https://doi.org/10.1103/PhysRevX.4.041048
https://doi.org/10.1103/PhysRevX.4.041048
https://doi.org/10.1103/PhysRevX.4.041048
https://doi.org/10.1103/PhysRevX.4.041048

S. GRESCHNER et al.

[55] A. Lazarides, A. Das, and R. Moessner, Phys. Rev. E 90,
012110 (2014).

[56] M. Bukov, M. Heyl, D. A. Huse, and A. Polkovnikov, Phys.
Rev. B 93, 155132 (2016).

[57] M. Kardar, Phys. Rev. B 33, 3125 (1986).

[58] E. Granato, Phys. Rev. B 42, 4797 (1990).

[59] J. J. Mazo, F. Falo, and L. M. Floria, Phys. Rev. B 52, 10433
(1995).

[60] C. Denniston and C. Tang, Phys. Rev. Lett. 75, 3930 (1995).

[61] A. Dhar, M. Maji, T. Mishra, R. V. Pai, S. Mukerjee, and A.
Paramekanti, Phys. Rev. A 85, 041602 (2012).

[62] A. Dhar, T. Mishra, M. Maji, R. V. Pai, S. Mukerjee, and A.
Paramekanti, Phys. Rev. B 87, 174501 (2013).

[63] S. Greschner, M. Piraud, F. Heidrich-Meisner, I. McCulloch,
U. Schollwock, and T. Vekua, Phys. Rev. Lett. 115, 190402
(2015).

[64] A.Petrescuand K. Le Hur, Phys. Rev. Lett. 111, 150601 (2013).

[65] G. Roux, E. Orignac, S. R. White, and D. Poilblanc, Phys. Rev.
B 76, 195105 (2007).

[66] S.T. Carr, B. N. Narozhny, and A. A. Nersesyan, Phys. Rev. B
73, 195114 (20006).

[67] A. Keles and M. O. Oktel, Phys. Rev. A 91, 013629 (2015).

[68] M. Piraud, F. Heidrich-Meisner, I. P. McCulloch, S. Greschner,
T. Vekua, and U. Schollwock, Phys. Rev. B 91, 140406(R)
(2015).

[69] F. Grusdt and M. Honing, Phys. Rev. A 90, 053623 (2014).

[70] E. Cornfeld and E. Sela, Phys. Rev. B 92, 115446 (2015).

[71] A. Petrescu and K. Le Hur, Phys. Rev. B 91, 054520 (2015).

[72] M. DiDio, S. De Palo, E. Orignac, R. Citro, and M.-L. Chiofalo,
Phys. Rev. B 92, 060506 (2015).

[73] M.D. Dio, R. Citro, S. D. Palo, E. Orignac, and M.-L. Chiofalo,
Eur. Phys. J.: Special Topics 224, 525 (2015).

[74] S. Barbarino, L. Taddia, D. Rossini, L. Mazza, and R. Fazio,
Nat. Commun. 6, 8134 (2015).

[75] S. Barbarino, L. Taddia, D. Rossini, L. Mazza, and R. Fazio,
New J. Phys. 18, 035010 (2016).

[76] R. Wei and E. J. Mueller, Phys. Rev. A 89, 063617 (2014).

[77] S. Uchino and A. Tokuno, Phys. Rev. A 92, 013625 (2015).

[78] A. Petrescu, M. Piraud, I. McCulloch, G. Roux, and
K. L. Hur, Bulletin of the American Physical Soci-
ety 61 (2016), abstract: R50.00009, http://meetings.aps.org/
link/BAPS.2016. MAR.R50.9.

[79] E. Kolley, M. Piraud, I. McCulloch, U. Schollwock, and F.
Heidrich-Meisner, New J. Phys. 17, 092001 (2015).

[80] T.-S.Zeng, C. Wang, and H. Zhai, Phys. Rev. Lett. 115, 095302
(2015).

[81] Z. Yan, S. Wan, and Z. Wang, Sci. Rep. 5, 15927 (2015).

[82] S. K. Ghosh, U. K. Yadav, and V. B. Shenoy, Phys. Rev. A 92,
051602 (2015).

[83] S. Natu, Phys. Rev. A 92, 053623 (2015).

PHYSICAL REVIEW A 94, 063628 (2016)

[84] T. Bilitewski and N. R. Cooper, Phys. Rev. A 94, 023630
(2016).
[85] L. Taddia, E. Cornfeld, D. Rossini, L. Mazza, E. Sela, and R.
Fazio, arXiv:1607.07842.
[86] S. K. Ghosh, S. Greschner, U. K. Yadav, T. Mishra, M. Rizzi,
and V. B. Shenoy, arXiv:1610.00281.
[87] E. Anisimovas, M. Racianas, C. Strater, A. Eckardt, 1. B.
Spielman, and G. Juzelitinas, arXiv:1610.00709.
[88] S.R. White, Phys. Rev. Lett. 69, 2863 (1992).
[89] U. Schollwock, Ann. Phys. 326, 96 (2011).
[90] U. Schollwock, Rev. Mod. Phys. 77, 259 (2005).
[91] S. Uchino, Phys. Rev. A 93, 053629 (2016).
[92] M. Arlego, E. Heidrich-Meisner, A. Honecker, G. Rossini, and
T. Vekua, Phys. Rev. B 84, 224409 (2011).
[93] A. K. Kolezhuk, F. Heidrich-Meisner, S. Greschner, and T.
Vekua, Phys. Rev. B 85, 064420 (2012).
[94] T. Vekua, G. Japaridze, and H.-J. Mikeska, Phys. Rev. B 67,
064419 (2003).
[95] M. P. Zaletel, S. A. Parameswaran, A. Ruegg, and E. Altman,
Phys. Rev. B 89, 155142 (2014).
[96] G. Vidal, J. I. Latorre, E. Rico, and A. Kitaev, Phys. Rev. Lett.
90, 227902 (2003).
[97] P. Calabrese and J. Cardy, J. Stat. Mech.: Theory Exp. (2004)
P06002.
[98] 1. Bloch, J. Dalibard, and W. Zwerger, Rev. Mod. Phys. 80, 885
(2008).
[99] A. Moreno, A. Muramatsu, and S. R. Manmana, Phys. Rev. B
83, 205113 (2011).
[100] S.-J. Gu, Int. J. Mod. Phys. B 24, 4371 (2010).
[101] L. Campos Venuti and P. Zanardi, Phys. Rev. Lett. 99, 095701
(2007).
[102] S. Greschner, A. Kolezhuk, and T. Vekua, Phys. Rev. B 88,
195101 (2013).
[103] L. Cardarelli, S. Greschner, and L. Santos, Phys. Rev. A 94,
023615 (2016).
[104] R. B. Griffiths and W. Chou, Phys. Rev. Lett. 56, 1929
(1986).
[105] G.E. Astrakharchik, D. Blume, S. Giorgini, and B. E. Granger,
Phys. Rev. Lett. 92, 030402 (2004).
[106] M. Batchelor, M. Bortz, X. Guan, and N. Oelkers, J. Stat.
Mech.: Theory Exp. (2005) L10001.
[107] G. E. Astrakharchik, J. Boronat, J. Casulleras, and S. Giorgini,
Phys. Rev. Lett. 95, 190407 (2005).
[108] Y.-F. Wang, H. Yao, C.-D. Gong, and D. N. Sheng, Phys. Rev.
B 86, 201101 (2012).
[109] Z. Liu, E. J. Bergholtz, H. Fan, and A. M. Lauchli, Phys. Rev.
Lett. 109, 186805 (2012).
[110] A. Sterdyniak, C. Repellin, B. A. Bernevig, and N. Regnault,
Phys. Rev. B 87, 205137 (2013).

063628-22


https://doi.org/10.1103/PhysRevE.90.012110
https://doi.org/10.1103/PhysRevE.90.012110
https://doi.org/10.1103/PhysRevE.90.012110
https://doi.org/10.1103/PhysRevE.90.012110
https://doi.org/10.1103/PhysRevB.93.155132
https://doi.org/10.1103/PhysRevB.93.155132
https://doi.org/10.1103/PhysRevB.93.155132
https://doi.org/10.1103/PhysRevB.93.155132
https://doi.org/10.1103/PhysRevB.33.3125
https://doi.org/10.1103/PhysRevB.33.3125
https://doi.org/10.1103/PhysRevB.33.3125
https://doi.org/10.1103/PhysRevB.33.3125
https://doi.org/10.1103/PhysRevB.42.4797
https://doi.org/10.1103/PhysRevB.42.4797
https://doi.org/10.1103/PhysRevB.42.4797
https://doi.org/10.1103/PhysRevB.42.4797
https://doi.org/10.1103/PhysRevB.52.10433
https://doi.org/10.1103/PhysRevB.52.10433
https://doi.org/10.1103/PhysRevB.52.10433
https://doi.org/10.1103/PhysRevB.52.10433
https://doi.org/10.1103/PhysRevLett.75.3930
https://doi.org/10.1103/PhysRevLett.75.3930
https://doi.org/10.1103/PhysRevLett.75.3930
https://doi.org/10.1103/PhysRevLett.75.3930
https://doi.org/10.1103/PhysRevA.85.041602
https://doi.org/10.1103/PhysRevA.85.041602
https://doi.org/10.1103/PhysRevA.85.041602
https://doi.org/10.1103/PhysRevA.85.041602
https://doi.org/10.1103/PhysRevB.87.174501
https://doi.org/10.1103/PhysRevB.87.174501
https://doi.org/10.1103/PhysRevB.87.174501
https://doi.org/10.1103/PhysRevB.87.174501
https://doi.org/10.1103/PhysRevLett.115.190402
https://doi.org/10.1103/PhysRevLett.115.190402
https://doi.org/10.1103/PhysRevLett.115.190402
https://doi.org/10.1103/PhysRevLett.115.190402
https://doi.org/10.1103/PhysRevLett.111.150601
https://doi.org/10.1103/PhysRevLett.111.150601
https://doi.org/10.1103/PhysRevLett.111.150601
https://doi.org/10.1103/PhysRevLett.111.150601
https://doi.org/10.1103/PhysRevB.76.195105
https://doi.org/10.1103/PhysRevB.76.195105
https://doi.org/10.1103/PhysRevB.76.195105
https://doi.org/10.1103/PhysRevB.76.195105
https://doi.org/10.1103/PhysRevB.73.195114
https://doi.org/10.1103/PhysRevB.73.195114
https://doi.org/10.1103/PhysRevB.73.195114
https://doi.org/10.1103/PhysRevB.73.195114
https://doi.org/10.1103/PhysRevA.91.013629
https://doi.org/10.1103/PhysRevA.91.013629
https://doi.org/10.1103/PhysRevA.91.013629
https://doi.org/10.1103/PhysRevA.91.013629
https://doi.org/10.1103/PhysRevB.91.140406
https://doi.org/10.1103/PhysRevB.91.140406
https://doi.org/10.1103/PhysRevB.91.140406
https://doi.org/10.1103/PhysRevB.91.140406
https://doi.org/10.1103/PhysRevA.90.053623
https://doi.org/10.1103/PhysRevA.90.053623
https://doi.org/10.1103/PhysRevA.90.053623
https://doi.org/10.1103/PhysRevA.90.053623
https://doi.org/10.1103/PhysRevB.92.115446
https://doi.org/10.1103/PhysRevB.92.115446
https://doi.org/10.1103/PhysRevB.92.115446
https://doi.org/10.1103/PhysRevB.92.115446
https://doi.org/10.1103/PhysRevB.91.054520
https://doi.org/10.1103/PhysRevB.91.054520
https://doi.org/10.1103/PhysRevB.91.054520
https://doi.org/10.1103/PhysRevB.91.054520
https://doi.org/10.1103/PhysRevB.92.060506
https://doi.org/10.1103/PhysRevB.92.060506
https://doi.org/10.1103/PhysRevB.92.060506
https://doi.org/10.1103/PhysRevB.92.060506
https://doi.org/10.1140/epjst/e2015-02382-2
https://doi.org/10.1140/epjst/e2015-02382-2
https://doi.org/10.1140/epjst/e2015-02382-2
https://doi.org/10.1140/epjst/e2015-02382-2
https://doi.org/10.1038/ncomms9134
https://doi.org/10.1038/ncomms9134
https://doi.org/10.1038/ncomms9134
https://doi.org/10.1038/ncomms9134
https://doi.org/10.1088/1367-2630/18/3/035010
https://doi.org/10.1088/1367-2630/18/3/035010
https://doi.org/10.1088/1367-2630/18/3/035010
https://doi.org/10.1088/1367-2630/18/3/035010
https://doi.org/10.1103/PhysRevA.89.063617
https://doi.org/10.1103/PhysRevA.89.063617
https://doi.org/10.1103/PhysRevA.89.063617
https://doi.org/10.1103/PhysRevA.89.063617
https://doi.org/10.1103/PhysRevA.92.013625
https://doi.org/10.1103/PhysRevA.92.013625
https://doi.org/10.1103/PhysRevA.92.013625
https://doi.org/10.1103/PhysRevA.92.013625
http://meetings.aps.org/link/BAPS.2016.MAR.R50.9
https://doi.org/10.1088/1367-2630/17/9/092001
https://doi.org/10.1088/1367-2630/17/9/092001
https://doi.org/10.1088/1367-2630/17/9/092001
https://doi.org/10.1088/1367-2630/17/9/092001
https://doi.org/10.1103/PhysRevLett.115.095302
https://doi.org/10.1103/PhysRevLett.115.095302
https://doi.org/10.1103/PhysRevLett.115.095302
https://doi.org/10.1103/PhysRevLett.115.095302
https://doi.org/10.1038/srep15927
https://doi.org/10.1038/srep15927
https://doi.org/10.1038/srep15927
https://doi.org/10.1038/srep15927
https://doi.org/10.1103/PhysRevA.92.051602
https://doi.org/10.1103/PhysRevA.92.051602
https://doi.org/10.1103/PhysRevA.92.051602
https://doi.org/10.1103/PhysRevA.92.051602
https://doi.org/10.1103/PhysRevA.92.053623
https://doi.org/10.1103/PhysRevA.92.053623
https://doi.org/10.1103/PhysRevA.92.053623
https://doi.org/10.1103/PhysRevA.92.053623
https://doi.org/10.1103/PhysRevA.94.023630
https://doi.org/10.1103/PhysRevA.94.023630
https://doi.org/10.1103/PhysRevA.94.023630
https://doi.org/10.1103/PhysRevA.94.023630
http://arxiv.org/abs/arXiv:1607.07842
http://arxiv.org/abs/arXiv:1610.00281
http://arxiv.org/abs/arXiv:1610.00709
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1103/PhysRevLett.69.2863
https://doi.org/10.1016/j.aop.2010.09.012
https://doi.org/10.1016/j.aop.2010.09.012
https://doi.org/10.1016/j.aop.2010.09.012
https://doi.org/10.1016/j.aop.2010.09.012
https://doi.org/10.1103/RevModPhys.77.259
https://doi.org/10.1103/RevModPhys.77.259
https://doi.org/10.1103/RevModPhys.77.259
https://doi.org/10.1103/RevModPhys.77.259
https://doi.org/10.1103/PhysRevA.93.053629
https://doi.org/10.1103/PhysRevA.93.053629
https://doi.org/10.1103/PhysRevA.93.053629
https://doi.org/10.1103/PhysRevA.93.053629
https://doi.org/10.1103/PhysRevB.84.224409
https://doi.org/10.1103/PhysRevB.84.224409
https://doi.org/10.1103/PhysRevB.84.224409
https://doi.org/10.1103/PhysRevB.84.224409
https://doi.org/10.1103/PhysRevB.85.064420
https://doi.org/10.1103/PhysRevB.85.064420
https://doi.org/10.1103/PhysRevB.85.064420
https://doi.org/10.1103/PhysRevB.85.064420
https://doi.org/10.1103/PhysRevB.67.064419
https://doi.org/10.1103/PhysRevB.67.064419
https://doi.org/10.1103/PhysRevB.67.064419
https://doi.org/10.1103/PhysRevB.67.064419
https://doi.org/10.1103/PhysRevB.89.155142
https://doi.org/10.1103/PhysRevB.89.155142
https://doi.org/10.1103/PhysRevB.89.155142
https://doi.org/10.1103/PhysRevB.89.155142
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1103/PhysRevLett.90.227902
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://doi.org/10.1088/1742-5468/2004/06/P06002
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1103/PhysRevB.83.205113
https://doi.org/10.1103/PhysRevB.83.205113
https://doi.org/10.1103/PhysRevB.83.205113
https://doi.org/10.1103/PhysRevB.83.205113
https://doi.org/10.1142/S0217979210056335
https://doi.org/10.1142/S0217979210056335
https://doi.org/10.1142/S0217979210056335
https://doi.org/10.1142/S0217979210056335
https://doi.org/10.1103/PhysRevLett.99.095701
https://doi.org/10.1103/PhysRevLett.99.095701
https://doi.org/10.1103/PhysRevLett.99.095701
https://doi.org/10.1103/PhysRevLett.99.095701
https://doi.org/10.1103/PhysRevB.88.195101
https://doi.org/10.1103/PhysRevB.88.195101
https://doi.org/10.1103/PhysRevB.88.195101
https://doi.org/10.1103/PhysRevB.88.195101
https://doi.org/10.1103/PhysRevA.94.023615
https://doi.org/10.1103/PhysRevA.94.023615
https://doi.org/10.1103/PhysRevA.94.023615
https://doi.org/10.1103/PhysRevA.94.023615
https://doi.org/10.1103/PhysRevLett.56.1929
https://doi.org/10.1103/PhysRevLett.56.1929
https://doi.org/10.1103/PhysRevLett.56.1929
https://doi.org/10.1103/PhysRevLett.56.1929
https://doi.org/10.1103/PhysRevLett.92.030402
https://doi.org/10.1103/PhysRevLett.92.030402
https://doi.org/10.1103/PhysRevLett.92.030402
https://doi.org/10.1103/PhysRevLett.92.030402
https://doi.org/10.1088/1742-5468/2005/10/L10001
https://doi.org/10.1088/1742-5468/2005/10/L10001
https://doi.org/10.1088/1742-5468/2005/10/L10001
https://doi.org/10.1103/PhysRevLett.95.190407
https://doi.org/10.1103/PhysRevLett.95.190407
https://doi.org/10.1103/PhysRevLett.95.190407
https://doi.org/10.1103/PhysRevLett.95.190407
https://doi.org/10.1103/PhysRevB.86.201101
https://doi.org/10.1103/PhysRevB.86.201101
https://doi.org/10.1103/PhysRevB.86.201101
https://doi.org/10.1103/PhysRevB.86.201101
https://doi.org/10.1103/PhysRevLett.109.186805
https://doi.org/10.1103/PhysRevLett.109.186805
https://doi.org/10.1103/PhysRevLett.109.186805
https://doi.org/10.1103/PhysRevLett.109.186805
https://doi.org/10.1103/PhysRevB.87.205137
https://doi.org/10.1103/PhysRevB.87.205137
https://doi.org/10.1103/PhysRevB.87.205137
https://doi.org/10.1103/PhysRevB.87.205137



