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Metastable order protected by destructive many-body interference
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The phenomenon of metastability can shape dynamical processes on all temporal and spatial scales. Here,
we induce metastable dynamics by pumping ultracold bosonic atoms from the lowest band of an optical lattice
to an excitation band, via a sudden quench of the unit cell. The subsequent relaxation process to the lowest
band displays a sequence of stages, which include a metastable stage, during which the atom loss from the
excitation band is strongly suppressed. Using classical-field simulations and analytical arguments, we provide
an explanation for this experimental observation, in which we show that the transient condensed state of the
atoms in the excitation band is a dark state with regard to collisional decay and tunneling to a low-energy
orbital. Therefore the metastable state is stabilized by destructive interference due the chiral phase pattern of the
condensed state. Our experimental and theoretical study provides a detailed understanding of the different stages
of a paradigmatic example of many-body relaxation dynamics.

DOL: 10.1103/PhysRevResearch.2.043210

L. INTRODUCTION

The relaxation dynamics of a many-body system that has
been driven out of equilibrium can either be governed by
a single time scale, as in an exponential decay process, or
take a more intricate form [1]. In the latter case, the relax-
ation dynamics of the system might first progress towards a
long-lived, metastable state, before relaxing to thermal equi-
librium [2,3]. The time evolution of this scenario naturally
separates into three stages. The first stage is the relaxation
to the metastable state. The second one is the long-lived
metastable state itself, the third stage is the relaxation from the
metastable state to equilibrium. A common origin of the long
lifetime of the metastable state is the existence of a free energy
barrier that inhibits relaxation at sufficiently low temperatures
[4-9]. Furthermore, the phase coherent properties of a system
evolving according to quantum dynamics can enhance or sup-
press transitions via constructive or destructive interference.
A striking example for long-lived states that are stabilized
by destructive interference are dark states in the electronic
structure of atoms or molecules [10], which are at the basis of
prominent phenomena as electromagnetic transparency [11].
For the example of a three-level system, the dark state emerges
due to destructive interference of the coupling to the two other
states. We note that the phase coherence of the quantum state
is imperative for the stability of the dark state, as it cannot be
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understood within a rate equation description of the system.
Finally, we note that metastable states of Bose-Einstein con-
densates, and their dynamics in general, are strongly modified
due to bosonic enhancement and statistics, in comparison to
a classical gas [12]. Further studies on metastable dynamics
have been reported in Refs. [13-16].

Metastability is not only an important concept for our
understanding of thermalization processes, but can also be
used as a starting point to study states that are inaccessible
in the equilibrium phase diagram. A well-defined platform to
study a many-body system far out of equilibrium are ultracold
atomic gases in general and in particular, when prepared in
excited Bloch bands of an optical lattice [17]. Exciting atoms
to higher bands gives access to orbital physics, which also
plays a crucial role for metal-insulator transitions, supercon-
ductivity, and colossal magnetoresistance in transition-metal
oxides [18,19]. Ultracold atoms in excited bands are naturally
prone to relaxation towards the lowest band, however, their
orbital nature opens a promising arena for studying scenarios
of metastability.

In this work we present an experimental and theoreti-
cal study of metastable dynamics of ultracold atoms in the
second band of an optical lattice. We provide a theoretical
interpretation of the observation of inhibited decay based on
numerical and analytical arguments that identify destructive
quantum interference of distinct decay channels as the under-
lying mechanism.

Our experiments begin with the preparation of an ultracold
gas of bosonic atoms in the ground state of an optical lat-
tice. This lattice is composed of shallow and deep potential
wells, forming a checkerboard pattern in the xy plane, see
Fig. 1(a). The atoms are weakly bound along the z direction
by a harmonic trap potential, such that the lattice wells acquire
a tubular shape. The atoms are then pumped into the first
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FIG. 1. (a) A single plaquette of the chequerboard lattice com-
prising A and B wells with tunable well depths difference AV.
Here, A is the lattice wavelength and k = 2w /A the wave vector.
(b) The second Bloch band of the lattice in (a), plotted across the first
Brillouin zone with the two inequivalent energy minima at X, high-
lighted. Blue denotes low and white denotes high energy. (c) Sketch
of the many-body ground state wave function of the second band.
The deep A wells host p, and p, orbitals, depicted by dumbbells.
These are phase locked by interaction to form (p, £ i p,) orbitals.
The shallow B wells host s orbitals. The locations, where the local
phase ¢ takes the values e e {1,i, —1, —i}, are indicated by colors,
showing a chiral pattern of staggered currents.

excitation band by a sudden quench of the unit cell. This
induces relaxation dynamics to the lowest band that we ob-
serve in the momentum-resolved band occupation, obtained
via band mapping, see Figs. 4(c)—4(g). We thus derive the total
atom number, and the condensed atom number, see Fig. 4(a).
Initially, the atoms are found to condense in the excitation
band. Subsequently the system forms a metastable state in
which the total number of atoms changes only slowly, while
the number of condensed atoms decreases. When the con-
densed fraction reaches zero, the total atom number decays
exponentially.

We present a detailed theoretical understanding of the
relaxation dynamics. We identify three relaxation stages
illustrated in Fig. 2, in which we depict snapshots of our semi-
classical c-field simulation, see Appendix B and Refs. [20,21].
Directly after the quench, the atomic gas forms an incoherent
excited state. In stage I the atoms condense, the phase co-
herence increases, and the atoms form a coherent metastable
state, which we identify as the metastable state observed in
experiment. This condensate has been predicted and detected
in previous work [22-31]. It has a finite occupation of p
orbitals in the deep wells and of s orbitals in the shallow wells,
see Fig. 1(c). We confirm the proposed chiral phase winding
on p orbitals within our simulations, see Fig. 2: coherent
metastable state. The next stage, stage I, is characterized by
a comparatively slow decay and a finite amount of condensed
atoms. At the onset of stage III, the coherent metastable state
is entirely converted to the thermal excited state, which relaxes
exponentially towards the thermal ground state.

By combining the results of our numerical simulations with
analytical arguments we identify the origin of the observed
metastability as destructive interference. This interference ef-
fect arises due to the chiral phase texture of the condensate.
The chiral phase winding on p orbitals induces a staggered
order of the s orbitals, see Fig. 1(c). Therefore the wave
function of s-orbital atoms on opposing sides of a given deep
well has opposite sign and the corresponding hopping pro-
cesses interfere destructively. We find a similar mechanism of
destructive interference for the second decay channel, which
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FIG. 2. The time evolution passes through four states connected
by three stages of relaxation I, II, and III, as explained in the text.
All states are plotted in terms of the occupations of local s orbitals,
depicted by disks, and p orbitals, depicted by dumbbells, obtained
for a snapshot of a single xy layer of our numerical simulation. The
colors indicate the local phases according to the color wheel in the
left lower corner and amplitudes are indicated by contrast, where
light gray indicates low amplitude. For the sake of clarity, we show
the idealized case of very low initial temperature, 7 = 0.5 nk, that
leads to nearly perfect phase coherence after stage 1.

is an interaction-induced decay where two p-orbital atoms
collide and scatter into the s orbital on the same site. As a con-
sequence of these interference mechanisms, the condensate
with respect to collisions constitutes a many-body dark state
and therefore direct relaxation of the coherent metastable state
to the thermal ground state is inhibited, see Fig. 2. Instead,
decay arises solely via the thermal excited state.

II. EXPERIMENTAL AND THEORETICAL SETUP

A Bose-Einstein condensate (BEC) of 10° 8’Rb atoms
is prepared in the |F =2, mp = 2) hyperfine state in an
isotropic magnetic trap. The BEC is adiabatically loaded
into the lowest band of the double-well chequerboard lat-
tice with the two inequivalent sublattice sites denoted .4 and
B. The lattice is formed by laser beams with a wavelength
A = 1064 nm, see Fig. 1(a). For more details see Appendix A
and also Refs. [25-31]. The key tool is the tunability of the
potential offset AV between the A and B sublattice wells,
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FIG. 3. The atoms are prepared in the lowest band at large nega-
tive offset AV < 0. The red arrow depicts a sudden quench of 300 us
duration to AV > 0 that transfers the atoms into the second band.
Insets show exemplary A and 3 wells with horizontal lines indicating
s- and p-orbital energies. Ascending and descending solid lines show
the energies at zero quasi-momentum of the lowest band of the A
sublattice and the three lowest bands of the 3 sublattice, respectively.

see Fig. 3. Initially, the A-site wells are deep and the B-site
wells are shallow such that AV is negative. We load the
BEC at large negative offset AV « 0, such that the resulting
ground state has vanishing occupation on the 5-sublattice
sites. The atoms, which exclusively reside on the A sublattice,
are phase-incoherent even for temperatures as low as 50 nk
due to on-site particle number squeezing resulting from the
sizable repulsive interaction in the deep lattice wells in the xy
plane. We perform a rapid quench within 300 us to AV > 0
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such that the two lowest bands cross and a significant frac-
tion of atoms is excited to the second band (cf. Fig. 3). In
order to study the resulting relaxation dynamics the atoms are
observed via a band mapping technique. We extract the con-
densed and thermal fractions in the second band as explained
in Appendix A.

For our c-field simulations we use a tight-binding model
for the four lowest bands of the lattice and solve the time
evolution by computing classical equations of motion for an
ensemble of complex-valued fields. The details of this algo-
rithm are described in Appendix B and Refs. [32-37]. We
model both the dynamics within the lattice in the xy plane as
well as the dynamics within the tubes in the z direction. The
same quench of AV as in the experimental procedure excites
the atoms into the second band. In order to model the band
mapping process we project the wave function onto the Bloch
functions of the tight-binding lattice.

III. RELAXATION DYNAMICS

The central experimental observation is the momentum
resolved occupation of the bands, obtained via band mapping,
and depicted in Figs. 4(c)—4(g). From these measurements we
derive the number of condensed and thermal atoms, which
evolve in time as shown in Fig. 4(a). We simulate a similar
protocol numerically, and depict the resulting number of con-
densed and thermal atoms per tube in Fig. 4(b).

Immediately after the quench, the condensate fraction van-
ishes and all available Bloch modes in the second band
are nearly equally populated, see Fig. 4(c). The relaxation
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FIG. 4. Time evolution of the total number of atoms, the condensate and the thermal fraction in the second band after a quench to AV =
0.43 V. Panel (a) shows experimental and panel (b) numerical data. The different background colours identify the three relaxation stages of
Fig. 2. Black lines show exponential fits to the data points in stage III. (c)—(g) Time of flight images for experimental data points marked by
black squares in (a). We perform band mapping, such that the resulting time of flight image depicts the population of quasi-momentum space.
Panel (h) illustrates the first and second Brillouin zone and the X, points of the lattice. The temperature of the initial state for both experiments
and simulation is 7 =~ 0.5 E,../kg & 50 nk. We note that atom numbers for experiment and simulation are adjusted to be comparable in the

center of each tube as is described in Appendix B.
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dynamics begins with a condensation stage, denoted stage
I, where the number of condensed atoms increases and the
number of thermal atoms decreases. In the experimental data
in Fig. 4(a) this condensation stage takes 20 ms, while in the
numerical simulations in Fig. 4(b) it occurs on a slower time
scale of 70 ms. We explain in Appendix F that the increased
duration is a result of using shorter tubes in the z direction
for our numerical simulations. The formation of coherence
within the lattice plane (xy) is associated with increased phase
fluctuations along the z direction [38]. Despite the different
durations of the condensation stage, qualitatively, the same
dynamical features are found in the observations and calcu-
lations. We find that the role of the tubes in the z direction
as an entropy reservoir is crucial for the initial condensation
stage. In fact, the atoms would not condense for an effective
two-dimensional system, see Appendix F.

At the beginning of stage II there is a large number of con-
densed atoms, which manifests itself in the accumulation of a
significant fraction of atoms in the two inequivalent minima of
the second band, i.e., see Fig. 4(d). These minima are the X,
points as depicted in Fig. 1(b). As has been shown in previous
work, the atoms form a condensate with a chiral phase texture
composed of vortical currents with opposite signs for adjacent
plaquettes [30]. The numerical data depicted in the second
panel of Fig. 2 for the coherent metastable state, suggest that
this order emerges dynamically as a result of the recondensa-
tion process.

Stage II is characterized by a finite number of condensed
atoms, a stable or even increasing number of thermal atoms
and a slower than exponential decay of the total number of
atoms. The last observation can be seen from the deviation of
the total number of atoms from an exponential fit in Figs. 4(a)
and 4(b). In the numerical simulation the decay is almost
linear during stage II. At the beginning of stage III, the critical
temperature for condensation is reached and only thermal
atoms remain, see Fig. 4(f). At this point, the atoms decay
exponentially as is predicted in Fig. 4(b) and confirmed by the
observations in Fig. 4(a). Eventually at the end of stage III all
atoms have relaxed to the lower band with only small thermal
excitations of the upper band, see Fig. 4(g).

We identify the initial slow decay during stage II as a
signature of the proposed mechanism for metastability. As
mentioned above and as we will describe in more detail in
the following section, the chiral phase pattern, as observed
in our simulations, stabilizes the condensate against decay
to the first Bloch band through destructive interference of
the dominant decay channels. In fact, the condensate itself is
expected to show perfectly balanced destructive interference
and hence represents a dark state with infinite lifetime. Decay
should arise exclusively via the thermal fraction of atoms
in the second band, see thermal excited state in Fig. 2. In
other words, condensate atoms become thermal atoms, which
can decay to the lowest band. This prediction determines the
dynamics during stage II. The underlying physics leading to
this behavior is as follows: the thermal fraction of the second
band relaxes to the lowest band, whereby significant kinetic
energy is gained, which heats the thermal atoms in the second
band through collisions with decayed atoms. This in turn
depletes the condensate fraction into the thermal fraction and
hence overcompensates its exponential decay. The remarkable
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FIG. 5. Time scales of the exponential decay in stage III as a
function of the final potential offset AV approached in the quench.
(a) and (b) show observations and numerical results, respectively.
The dashed and solid red line graphs show calculations for Wi, and
Whop set to zero, respectively. The temperature of the initial state for
(a) and (b) is T =~ 0.5 E,.. /kg =~ 50 nk.

agreement with the observations in Fig. 4(a) shows that di-
rect relaxation of the condensate towards the lowest band is
inhibited, as predicted by the model in Fig. 4(b). Calculations
and corresponding observations deferred to Appendix D also
show that a higher initial temperature with an initially larger
thermal fraction leads to an earlier onset of stage III and hence
a significantly faster decay.

IV. NATURE OF DECAY MECHANISM

In order to understand why the chiral phase pattern of the
condensate inhibits decay, we analyze the contributing decay
mechanisms. The character of the dominant decay channels
depends on the value of the potential offset AV. We consider
values of AV between the first two band crossings in Fig. 3.
For AV = 0 the sublattice sites have equal depth and hence
their s orbitals are degenerate, while at the second band cross-
ing for AV = 0.86 V, the p orbitals on 3-sublattice sites are
degenerate with s orbitals on .4-sublattice sites. Since only
the thermal fraction of atoms in the second band is expected
to decay to the lowest band, we utilize the exponential de-
cay during stage III, to determine the decay times observed
for different final values of AV shown in Fig. 5(a), see
Appendix A. The decay is slow for intermediate values of
AV, while becoming increasingly fast towards the two band
crossings at AV = 0 and AV = 0.86 V.

Our simulation leads to the white circles in Fig. 5(b), which
shows good qualitative agreement with (a), particularly re-
producing the life time maximum close to AV/Vy = 0.4. The
simulation, however, provides additional insight into the char-
acter of the distinct underlying relaxation processes on both
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sides of that maximum. The main decay channel on the right
side close to AV = 0.86 Vj is an interaction-driven decay, as
has been already proposed in Ref. [38]. In this regime the p
orbitals on B sites are nearly degenerate with s orbitals on .4
sites and hence are strongly occupied. Therefore, the domi-
nant interaction term leading to band relaxation is associated
with the collision of two py or p, atoms on a deep B well at
site R, which are both scattered into the s-orbital on the same
site

Wi = D b b ((broxbr.x + broybR.y) - (1)
ReB

Here b; o) (bR, (x,y,5)) creates (annihilates) an atom on site
R in orbital {p,, py, s}. On the left side of the maximum, how-
ever, close to AV = 0, we identify the main decay channel to
be associated with an atom in the s orbital of a shallow well,
belonging to the second band, hopping to the s orbital of an
adjacent deep well, belonging to the first band. This process
is expected to be increasingly strong the closer the involved s
orbitals are to degeneracy. The responsible decay term is

Whop = D b (bR ers + bRoerns): )
ReB,vefx,y}

where the vectors e,, e, connect A and B sites along the x and
y directions, respectively. We confirm these considerations by
selectively switching off either of the terms Wiy, and Wy, for
the entire duration of our simulation. If W, is set to zero,
we find the dashed red line in Fig. 5, which only accounts
for Whop. As expected, the decay times given by the white
disks are well approximated on the left side of the life time
maximum. Similarly, for Wy, = 0, the red solid line is found
in Fig. 5, which provides a decent approximation on the right
side of the life time maximum. For intermediate values of AV
there is a competition between the two decay channels. The
maximal life time is observed close to AV = 0.4 V. Calcula-
tions predict a slight shift depending on, e.g., temperature, see
Appendix E.

Next, we consider the effect of the two relaxation channels
Wine and Wyop on the condensate fraction. This chiral con-
densate, denoted |p, £ ip,), can be well approximated as a
product of local coherent states, residing at each lattice site.
More precisely, |p. & ip,) = | A) ® |B) with

1A =TT IsR),
ReA

1B) = [] 1p:®R)) ® |py(R)) ® |O)r.s - 3)
ReB

Here, |A) comprises local coherent states with on average
|s(R)|? atoms in the s orbitals of the shallow wells, while
|B) accounts for coherent states with on average |p.(R)|?
atoms in the p, orbitals and | py(R)|2 atoms in the p, or-
bitals in the deep wells. Note also the empty s orbitals in
the deep wells, denoted |0)r . The phases of the complex
functions s(R) on the A sublattice and p.(R), py(R) on the
B sublattice take values in {1, i, —1, —i}, thus forming the
chiral phase texture, shown in Fig. 1(c). This phase texture
imposes the relation p,(R) = +i (—1)"**p,(R) with R =
(u +v)e, + (u — v)e,, with the interaction-induced relative
phase factor +i and a sign change (—1)"** for adjacent B sites

interaction-induced

hopping-induced
decay

(@) (b)

FIG. 6. Sketch of the two dominant decay mechanisms and the
inhibition of decay for the condensate mode. (a) shows the case of
interaction-induced decay, where two p, atoms or two p, atoms in a
deep well collide and are transferred to the s orbital in the same well.
For condensate atoms populating (p, & ip,) orbitals, the transition
amplitudes for these two processes interfere destructively. (b) shows
the case of hopping-induced decay: an atom in the s orbital of a
shallow well, belonging to the second band, hops to the s orbital of
an adjacent deep well, belonging to the first band. Condensate atoms
in the s orbitals of the two shallow wells on opposite sides of a deep
well have opposite local phases. Hence the tunneling of such atoms
to the s orbital of the deep well destructively interferes.

[28]. As a consequence, using bgr .|p.(R)) = p.(R) |px(R))
and bg ,|py(R)) = py(R) |p,(R)), and assuming equal popu-
lations of p,- and p, orbitals, i.e., |p,(R)|* = |p,(R)|?, one
finds

Wintl px £ipy) =0 “

and hence perfect destructive interference. This process is
schematically illustrated in Fig. 6(a). The annihilation of two
atoms in a p, orbital or in a p, orbital, phase-shifted by 7 /2,
leads to different signs, such that both transition amplitudes
eliminate each other.

A consideration similar to that for W, shows that the
condensate is also stable with respect to the hopping-induced
decay channel, i.e.,

Whop|px + ipy) =0. (5)

As illustrated in Fig. 6(b), condensate atoms in the s orbitals
of the two shallow wells on opposite sides of a deep well have
opposite phases. Hence the tunneling of such atoms to the s
orbital of the deep well destructively interferes.

V. TWO-FLUID MODEL

Our understanding of the dynamics in stages I, II, and
IIT of Fig. 4 suggests the concept of two interacting fluids,
i.e., a stable condensate in equilibrium with a thermal frac-
tion that decays and thereby heats. In stage I, the thermal
fraction exceeds the value compatible with the present tem-
perature and hence a condensate fraction forms. In stage II,
the condensate fraction is again redistributed to the thermal
fraction, while it undergoes decay and heating. In stage III,
the condensate has vanished and the thermal fraction decays
exponentially. We capture this dynamical mechanism with a
simplified two-fluid model which reproduces the dynamics in
stages I, II, and III and gives qualitative insight into the asso-
ciated heating dynamics. The two-fluid model is not expected
to deliver quantitative information on timescales or fractional
populations, and hence is formulated in terms of unitless
quantities.

We split the total number of atoms into a thermal and
a condensed part Nyt = Ny, + M. The thermal part decays
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FIG. 7. Two-fluid model for self-stabilization. We show the to-
tal, thermal and condensed particle number as well as temperature
computed within a two-fluid model, for details see Appendix C. The
model shows qualitative agreement with experimental and simulated
data shown in Fig. 4. All quantities within the two-fluid model are
without units. We use ygec = 1, I'eq = 3, @ =2 and AE = 3.

exponentially with constant yg.., while the condensed part is
stable. Each decaying atom gains an energy AE proportional
to the band gap between the first excited and lowest band.
This additional energy is assumed to thermalize among all
atoms and hence increase the temperature 7. Additionally,
we assume that thermalization between the thermal and the
condensed fraction occurs at fixed total energy on a time scale
[eq. The resulting differential equations are

Nth = —YdecNm + I‘eq(TOt — Nw),

Ivtol = _VdecNth, (6)

; S
T = Yaee AE — —— (T — Nup),
Nin

where T is scaled in terms of an arbitrary unit temperature,
an exponent « has been introduced and further details are
described in Appendix C. Equation (6) explicitly encodes the
assumption that the condensed number of atoms does not
decay, as the atom loss only depends on the thermal atom
number. We find that the resulting time evolution, shown in
Fig. 7, captures the different decay stages and hence stresses
the general applicability of the inhibited-decay mechanism
presented in this paper. Furthermore, the validity of the two-
fluid description is highlighted by an approximate analytical
solution that predicts linear scaling for the decay in stage
Il as compared to exponential scaling during stage III, see
Appendix C,

Ntol(t) = jvtut(o) - ydecTat .

The decay rate of stage II is suppressed relative to the single
particle decay rate ygec, at low temperatures. This separation
of time scales defines the metastable state. The slope of the
linear decay ygecT“ highlights the fact that a perfect conden-
sate at 7 = 0 is a dark state that does not decay.

VI. CONCLUSIONS

We have observed metastable dynamics in the relaxation
process of ultracold bosonic atoms from an excitation band
to the band of lowest energy. By measuring the momentum

resolved occupation of the bands via band mapping, we have
observed three stages of dynamics, which are the relaxation
dynamics to the metastable state, the metastable state itself
and the relaxation to the thermal equilibrium state. Utilizing
both numerical and analytical reasoning, we have provided
an interpretation of this dynamical process. In particular, our
simulations suggest that the metastable state is stabilized by
the chiral, transient order that emerges in the excitation band.
This chiral order suppresses the relaxation processes via de-
structive interference.

We emphasize that the mechanism described here is not
only conceptually interesting, but provides a framework to
create nonequilibrium ordered states in solids. By optically
pumping electrons into higher bands, an ordered state can be
long-lived if this ordered state is a dark state with regards to
particle relaxation to the lower band, as we have argued in this
work. We note that the transient order observed in this work
can be related to the critical slowdown near renormalization
group fixed points [39,40], to be discussed elsewhere.
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APPENDIX A: EXPERIMENTAL PROTOCOLS

The light-shift potential for the bipartite square optical
lattice reads

V(x,y) = —Vp[cos>(kx) + cos>(ky)

+ 2 cos(8) cos(kx) cos(ky)], (A1)

where V(1 + 2cos(0)) is the total depth of the lattice and
k = 2m /A with wavelength A = 1064 nm, see Ref. [31]. The
lattice is composed of two classes of wells, denoted A and
B, with different depth arranged according to the black and
white fields of a chequerboard, see Fig. 8(a). The control
parameter 6, that can be experimentally adjusted on a few-
ten-microsecond time-scale with better than 7 /300 precision
by interferometric techniques [41], determines the difference
of the depths of the .A- and B-sublattice sites, which is given
by AV = —4V,cos(0). In its second Bloch band this lattice
provides two inequivalent degenerate energy minima, denoted
X, and X_, at the edge of the first Brillouin zone (BZ), see
Fig. 1(b) in the main text and Fig. 8(b).

A BEC of 10° 3Rb atoms in the |F = 2, mp = 2 > hyper-
fine state is prepared in an isotropic magnetic trap with trap
frequencies (wy, wy, ;) = (39, 42, 35) Hz. By adiabatically
ramping up the lattice depth in 100 ms to Vy = 7.2 E,., the
atoms are loaded into the lowest band of the optical lattice.
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FIG. 8. (a) Lattice geometry and unit cell (gray area). (b) Sketch
of first (red area) and second (blue area) Brillouin zones with the high
symmetry points I', M, X, and X_. (b) Sketch of the disk-shaped
(area within dashed white circle) and ring-shaped (area within red
and white dashed circles) regions of interest used for data evaluation.

The time phase at this stage is set to § = 0.4 & corresponding
to a potential difference AV = —1.2 V. After a short waiting
time of 10ms, 6 is tuned in 300 us to a final value via a
band-mapping technique: The lattice potential is adiabatically
ramped down to zero in 2 ms followed by a ballistic expansion
during 30 ms. This maps the quasimomenta of the Bloch func-
tions onto the momenta of the free particles, thus giving rise
to a map of the populations of the BZs of the lattice, which is
recorded via an absorption image.

To determine the condensed part of the atomic sample, we
define four disk-shaped regions of interest (ROIs) and four
ring-shaped ROlIs, see Fig. 8(c), all enclosing the same area,
centered around the Xy points. By subtracting the number
of atoms found within the outer ring from the atoms within
the inner disk, we get rid of the thermal part and remain
with the number of condensed atoms. The number of thermal
atoms in the first and second band are determined by counting
the atoms within ROIs comprising the first and second BZs,
respectively, however, with the intersections with the disk-
shaped ROIs around X cut out and with the intersections with
the ring-shaped ROIs counted twice. For the total population
in the second band we add up the population of the thermal
atoms in the second BZ and the condensed atoms.

For extracting the decay time scale shown in Fig. 5, we
perform an exponential fit to the data points in stage III
We identify the onset of stage III as the time where the
condensate fraction, i.e., the number of condensed atoms di-
vided by the number of total atoms, drops below a certain
threshold value. This threshold is chosen to be 20% for the
experimental data and 5% for the simulated data shown in
Fig. 5. Due to collisions during the time-of-flight images and
other broadening effects we expect the experimental data to
overestimate the actual condensate fraction and therefore use
the higher threshold value. We fit an exponential of the type
f@)=a e /s 4 p and extract the decay time scale Tj.

APPENDIX B: DETAILS
ON CLASSICAL-FIELD-THEORY SIMULATIONS

For our numerical simulations we employ a tight-binding
model that includes both the dynamics between individual
tubes within the xy plane as well as the dynamics within each
tube in the z direction. We first describe how we model the
dynamics within a single xy plane and afterwards explain how

FIG. 9. Sketch of all hopping terms included in the Hamiltonian
H,, for each xy plane. Circles denote s orbitals while dumbbells
denote p orbitals. Next to each hopping strength we indicate the two
tight-binding orbitals involved in the corresponding hopping process
by an arrow of the same color. Panel (a) shows all hopping terms
between s orbitals on A sublattice sites and p orbitals on B sublattice
sites, while panel (b) shows all hopping terms that involve at least
one s orbital on a 3 sublattice site. The latter s orbitals are indicated
by red circles in panel (b).

we extend this to include the dynamics in the tubes along the
z direction.

For the dynamics within the xy plane we use a lattice with
12 x 12 sites with periodic boundary conditions. In contrast to
the experimental setup we do not include an additional weak
harmonic trap for our simulations. Instead we only model
the dynamics in the center of the trap where the additional
trapping potential is flat to good approximation. In the Hamil-
tonian Hyy for each xy plane we include all nearest- and
next-nearest-neighbor hopping terms as indicated in Fig. 9.
Additionally we include on-site interaction terms. After the
quench that excites the atoms to higher bands, such that
AV > 0, the lowest band is almost entirely composed of
s orbitals on B sublattice sites. Keeping this in mind, it is
convenient to group the terms of Hyy into four subsets

ny == Hlb + Heb + Hnn + Hexc. (Bl)

The first subset Hj, denotes those terms that only involve s or-
bitals on BB sublattice sites, hence those orbitals that comprise
the lowest band for AV > 0. Its explicit form is

Hy, = —J Z bIHd,svaS +V Z bgs‘va‘s

ReB, ReB
d = e, Te|

U _
+ > b b brosbr.s (B2)
ReB

Here the operator bj,x,y,R (bs,x,y,r) creates (annihilates) an
atom on the site R in the s, p, or p, orbital, respectively. The
unit vectors e, and e, connect A and B sites along the x and
y directions, respectively, e, = e, — e, and e, = e, + e,. The
term Hj, involves a hopping term between nearest neighbor B
sites with strength J;, an on-site potential V; and an interac-
tion term.

The second subset H, involves only those orbitals that
comprise the excited bands
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Heb— Jéé Z bJIrH-d?bRé—i_VZvabRé—i_‘]bPZ bR+e vaX+bR —ey, vb b1l-{+e rbR¥+bR —ey, vay+HC
Re A, ReA ReB
d = te|, *e
- ‘]H Z R+d UbR vt Z Yy Z bR va v Z b£+d,xbR~)' +H.c.
ReB,ve{xy) v ReB R e B,
d = *e, | d = *e, |
U, +
5 2 b Drabrs 2% S b b brobr + Z by (bR Dy bR y
ReA R € B, ReB
v e {x,y}
Us Tt
+5 Z[bR’xbR’xbR,be.y +Hecl. (B3)
ReB

Here all combinations of hopping processes between s orbitals
on A sites and p orbitals on B sites as well as interaction
and on-site potentials for these orbitals are included. The third
subset Hy, contains only one density-density-type interaction
term that does involve both the lowest and excited bands, but
leaves each of their occupations unchanged

.
Hyw=Us Y bk broby br.s.
R e B,
€ {x, y}

(B4)

The fourth subset Hex. contains the most interesting terms, as
these lead to an exchange of particles between excited bands
and the lowest band. Hence only these terms can lead to decay
from excited bands to the lowest band. The explicit form is

Hexe = JS’ Z (lerl e,s bTRJre’, )bR’-’C +H.c.
Re B,
€ {x,y}
05 D (Drines T TR e, )bRy + He.
Re B,
o ==+l
— J4Whop + — Wi + H.c. (BS)

We find numerically that the first two terms proportional to Jsdp
are negligible for AV > 0. Hence the only two terms that can
lead to decay from excited bands to the lowest band are the
latter two terms with the operators

Wi = Y by bk ,(brocbros + brybry).  (B6)
ReB
Whop = D b (PR-e,.s + DRoe, ) (B7)
Re B,
€ {x,y}

as also defined in the main text. For all cases the relative
prefactors of the interaction terms have been obtained by
computing the overlap of harmonic oscillator wave functions
for s and p orbitals in the xy plane.

Next we describe how we adjust the tight-binding param-
eters. For each value of AV we adjust all hopping terms
and on-site potentials such that the resulting tight-binding
band structure has optimal agreement with the correspond-
ing numerically determined Bloch band structure at certain

(

symmetry points. For our case we use the symmetry points I,
M, X and the points half way between I" and M, as indicated
in Fig. 8(b). Some of the tight-binding parameters we deter-
mine from analytical expressions for the tight-binding band
structure at these symmetry points. Others we determine nu-
merically using a variational Monte-Carlo-type optimization
routine. The resulting set of hopping parameters and on-site
potentials for Vy = 7 E\ is shown in Fig. 10. For the interac-
tion parameters we determine the effective one-dimensional
interaction strength of each tube as gisc = 2ha/ (mx&c),
see, e.g., Ref. [42], where a = 5nm is the three-dimensional
scattering length and m is the mass of 8’ Rb, C = A, B and
Xo,c 18 the harmonic oscillator length. We determine the har-
monic oscillator length by expanding the lattice potential
around each well and comparing to a harmonic oscillator
potential. Depending on the value of AV and the sublattice
site considered we obtain values in the range 0.04 um E;. <
g1a < 0.06 um E..

In order to include the dynamics within each tube along
the z direction we artificially introduce a lattice with spacing
d,. The artificial discretization allows us to impose a tight-
binding model with hopping constant J, and lattice potential
V, along the z direction. This constitutes a reasonable ap-
proximation as long as the discretization length d, is small
compared to the healing length of the condensate and the
thermal de-Broglie wavelength. For our case this is fulfilled
for d, = 0.13 um. The full Hamiltonian then splits into a part
for each xy plane and the part for the z direction

H=Hy+H, (BS)
+
Hz =—J, Z bR_;'_d,UbR,v
R,v e {s,x,y},
d e {£e;}
+V, Z b bRy - (B9)
R,ve{s,x,y}

By requiring that the lowest tight-binding band of the artificial
lattice for small quasimomenta is approximately equal to the
free particle dispersion relation, we obtain for the hopping
constant J, = R’ / (2md22) = 1.7E,. Since it is numerically
too expensive to consider a trap in the z direction that is as
large as in the experiment, we instead determine the density
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FIG. 10. Tight-binding parameters as a function of 6 for Vy = 7E\, A, = 1064 nm and the rubidium mass m = 87m,,. All parameters are

given in units of E...

in the center of the trap nge, from a Thomas-Fermi approxi-
mation and adjust the occupation of the corresponding lattice
sites ne, C = A, B, such that ne = neened;. Note that neey
depends on C via gj,. For 300 atoms per tube we find n¢c ~
3. Furthermore, we choose the interaction strengths Ug, for
C = A, B, such that Uc nc = g1ghcen. We obtain Uy = Up =
0.4E... We use a lattice of N, = 25 sites in the z direction
and adjust the trapping potential V, such that the occupations
ne vanishes at the edge of the trap. Hence we use a trap that
is shorter and steeper as compared to the experimental values,
while at the same time matching the density and mean-field
interaction in the center of the trap. This leads to an overall

@ 111

I II

lower number of atoms per tube as can be seen in Fig. 12 and
in Fig. 4 in the main text.

For the time evolution we start at & = 0.35 w correspond-
ing to AV ~ —1.8 V; and use a classical-field approach, for
reviews see Refs. [32-37]. For large occupation of modes
it is a good approximation to replace creation and annihi-
lation operators by their expectation values and solve the
resulting Heisenberg equations of motion for these operators
numerically. We initialize the system using Monte Carlo min-
imization, starting from an empty lattice and working at fixed
chemical potential. For the Monte Carlo procedure we use
the Hamiltonian as the minimization functional and adjust the

(b) IT1I 111
_ total
5 -=-=-  thermal
= condensed
------ temperature

0+ } }
0 0.5 1
t

FIG. 11. Two-fluid model for self-stabilization at low initial temperature (a) and high initial temperature (b). We show the total, thermal
and condensed particle number as well as temperature computed within a two-fluid model, for details see Appendix C. The model shows
qualitative agreement with experimental and simulation data shown in Fig. 4 of the main text. All quantities within the two-fluid model are
unitless. We use Ygec = 1, I'eq = 3,0 =2 and AE = 3.
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FIG. 12. Time evolution of the total number of atoms in the second band as well as its condensate and thermal fraction after a quench to
AV = 0.43 V,. Panel (a) shows experimental and panel (b) numerical data. We identify three main decay stages: the coherence buildup stage
(I), the inhibited relaxation stage (II) and the fast relaxation stage (III). The blue lines show exponential fits to the data points in stage III.
(c) Time of flight images for experimental data points marked by black squares in (a). The temperature of the initial state for both experiments
and simulation is 7 = 1.1 E,../kg & 110 nk. We note that atom numbers for experiment and simulation are adjusted to be comparable in the

center of each tube as is described in Appendix B.

Monte Carlo temperature to the desired temperature of the
lattice. For the low temperature data we perform annealing
starting at higher temperature and reducing the temperature
to the desired one during the Monte Carlo procedure. For our
simulations we repeat this procedure and the subsequent time
evolution 300-600 times. We average all observables over all
of these Monte Carlo trajectories. This accounts for thermal
fluctuations. Note that a rather low number of Monte Carlo
trajectories is sufficient due to the self-averaging along the
z direction. We read out the occupations of individual bands
by projecting onto the Bloch functions of the tight-binding
lattice. As an estimate for the condensed atoms we use the
number of atoms occupying the X points of the lattice.

APPENDIX C: TWO-FLUID MODEL

A simple two-fluid model captures the main aspects of the
three different decay stages and qualitatively shows the same
behavior as the experimental data and our full simulation. We
consider only the atoms in the upper band and assume that
we have a thermal fraction Ny, and a condensed fraction N, of
atoms. The total number of atoms is N,y = Ny, + N.. Further-
more, we assume that the equilibration within the thermal and
condensed atoms happens on a much faster time scale than the
equilibration between the two, such that we can assume the
equilibration within each fraction to be instantaneous. Without
loss of generality we assume that the condensed atoms have
zero energy. Following the description in Chap. 2 of Ref. [42]
we assume a generic density of states

g(€) = cqe . (C1)

We can then compute the total number of thermal atoms and
the total energy E as

1 o
No = [ de gte) i T ©

— ; a+1
E = /de g(e)ee/(kBT) 1 x T,

We absorb the proportionality constants into the units of tem-
perature and energy and therefore obtain

(C3)

No=T% NuT =E. (C4)
As we have seen above the condensed atoms do not decay
due to perfect destructive interference. We, therefore, assume
that only the thermal atoms decay with time scale 1/y4ec. Fur-
thermore, we assume that the thermal and condensed fraction
equilibrate on a time scale of 1/I'¢q. On average whenever a
thermal atom decays the total energy is decreased by the mean
energy of a thermal atom E /Ny,. Additionally the atom gains
an energy AE corresponding to the energy difference between
the upper and the lower band. We assume that this energy is
redistributed to the atoms in the upper band and hence the
energy of these atoms is increased by this amount. Hence the
equations of motion for our model system are

Mh = _Vdeclvth + l_‘eq(TOZ - Nth)a
Ntot = _Vdec]vth,

. E
E (AE - N_th>ydec]\]th'

(C5)
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We derive the equation for the temperature of the system
by taking the derivative of T = E /Ny,. We obtain

; TeqT
T = Ygee AE — ——(T" — N) . (Co)

N
These equations are of cause only valid as long as there is a
condensed fraction, otherwise Ny, = Ny, and

Mh = _Vdecl\]th, (C7)

T = yaec AE . (C3)
In our case, having one harmonically trapped and two free
dimensions, we obtaine ~ 1/2 +1/2+1=2.

From Eq. (C6) we can see that moving an atom from the
condensate to the thermal cloud effectively cools the atoms.
The reason is that the mean kinetic energy of thermal atoms is
larger than the mean kinetic energy of condensed atoms. This
cooling process counteracts the heating effect due to the decay
of thermal atoms.

Within the two-fluid model we can also obtain an approx-
imation for the scaling of the decay of total atoms. To this
end we assume that the equilibration time scale I'¢q is much
faster than all other time scales, such that Ny, ~ T*. We find
that this approximation is reasonable during stage II. Within
this approximation we can solve Eq. (C5) and derive the
corresponding time dependence of the temperature

T(t) = (AE — (AE — Ty)e~a1")". (C9)

Hence the temperature always equilibrates at AE*. For any
fixed temperature we can now solve the equation of motion
for the total number of atoms

Ntot(t) = ]Vtol(o) - VdecTat’ (ClO)

and see that it scales linearly. We note that for large AE
the condensate fraction may be depleted before the constant
temperature is reached and hence linear scaling of the total
number of atoms is not always observed.

For completeness we also show the results of the two-fluid
model for lower and higher initial temperature in Fig. 11.
By construction, the decay of the two-fluid model is expo-
nential when the condensate fraction vanishes. We also see
from Fig. 11 that the inflection point of the curve for the
total number of excited atoms is exactly the point where the
condensate fraction vanishes.

APPENDIX D: DECAY OF THERMAL STATE

As a cross check that the coherence of the chiral condensate
is indeed the origin of the inhibition of decay, we consider a
cloud of atoms at higher initial temperature in Fig. 12. As a re-
sult we obtain a lower condensate fraction and larger thermal
fraction. The decay is now dominated by the thermal fraction
of the atoms. We, therefore, find that an exponential fit shows
good agreement even for short times. This is in contrast to the
low temperature sample discussed in Fig. 4 of the main text.

APPENDIX E: DECAY-TIME-SCALE
FOR DIFFERENT TEMPERATURES

Within our numerical simulations we can determine the
decay time for the exponential decay in stage III for a range

o @ T=4.8nK
? 03' A T=48nK
— LN
E ¢T=110nK
o i B e @7 =192nK
£ 02 m © °
] @ A
g o1l 3 *
9] : o = §
©
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(b)
— o (o)
2
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()
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b 1r (o) °
t | A A
S o 004 o
n 0 ] o
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FIG. 13. (a) Simulated decay time scale as a function of final
potential offset AV at several different temperatures as indicated
in the legend. After loading the atoms into the second Bloch band
they relax back to the lowest band. During stage III the decay
is exponential and we show the associated time scale versus AV.
(b) Crossover time from stage II-1II. We extract the time where the
condensate fraction drops below 3%, which indicates the crossover
from stage II to III and is the starting point for the exponential fits.
We see that the crossover time crucially depends on temperature
while the temperature dependence of the decay time scale is not as
strong.

of different temperatures. The results are shown in Fig. 13(a).
The decay time shows no strong dependence on the initial
temperature of the atomic cloud. Only the maximum of the
decay times shifts to slightly lower values of AV for higher
temperatures. This can be explained as follows: the initial
temperature of the cloud determines the condensate fraction
at the beginning of stage II. Hence we expect larger coherence
and slower decay during stage II. Subsequently heating leads
to increasing temperature and hence reducing phase-space
density. The onset of stage III is essentially determined by the
time when the phase-space density has reduced below the crit-
ical value for condensation. Hence independent of the initial
temperature the phase-space density in the beginning of stage
IIT is always the same. A lower initial temperature only leads
to a later crossover from stage II to III. We confirm this by
showing the crossover time point from stage II to Il in Fig. 13,
which indeed changes dramatically with temperature, indicat-
ing significantly longer durations of stage II and hence longer
lifetimes of the condensate for lower initial temperature.

APPENDIX F: COMPARISON OF DECAY
FOR DIFFERENT TUBE LENGTHS

As described in Appendix B we use shorter tubes in
the z direction in our numerical simulations as compared
to the experimental setup, while at the same time adjusting the
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condensed fraction

FIG. 14. Condensed fraction of atoms as a function of time for
three different tube lengths. In order to adjust for different atom num-
bers per tube we plot the condensed fraction, which is the number of
condensed atoms normalized with the total number of atoms in the
second band. We consider three different numbers of sites in the z
direction N, as indicated in the legend. The corresponding length of
the tubes is obtained by multiplying with the discretization length
d, = 0.13 um, for details see Appendix B. Both the condensation
speed and the maximal number of condensed atoms depend crucially
on N,. The temperature of the initial state is 7 =~ 0.5E,../kg =
50 nk.

density and mean-field interaction in the center of the trap.
This step is necessary in order to keep the numerical effort
feasible. Here we compare different tube lengths in the z
direction. Longer tubes, while at the same time matching the
density in the center and ensuring a vanishing density at the
edge of the trap imply shallower traps and an overall larger
number of atoms within each tube. We see in Fig. 14 that
longer tubes lead to a faster condensation stage and a larger
final condensate fraction. This is consistent with the idea that
the extra dimension acts as an entropy reservoir for the con-
densation within the xy plane. More atoms in each tube imply
a larger entropy reservoir and hence more efficient cooling
towards the condensed state.

Furthermore we see that no tubes in the z direction, i.e.,
N, = 1, implying an effective two-dimensional system, result
in a vanishing condensate fraction. We note that this is not
generally the case. We do obtain a small condensed frac-
tion of atoms for an effective two-dimensional system, when
starting at a much lower temperature of 5 nK in our sim-
ulations. This temperature is, however, currently unfeasible
experimentally.

[1] E. Fermi, Thermodynamics (Dover, New York, 2012).

[2] T. Mori, T. N. Ikeda, E. Kaminishi, and M. Ueda, Thermal-
ization and prethermalization in isolated quantum systems: a
theoretical overview, J. Phys. B: At. Mol. Opt. Phys. 51, 112001
(2018).

[3] K. Mallayya, M. Rigol, and W. De Roeck, Prethermalization
and Thermalization in Isolated Quantum Systems, Phys. Rev. X
9, 021027 (2019).

[4] P. W. Anderson, B. I. Halperin, and C. M. Varma, Anomalous
low-temperature thermal properties of glasses and spin glasses,
Philos. Mag. A 25, 1 (1972).

[5] V. V. Brazhkin, Metastable phases and metastable phase dia-
grams, J. Phys.: Condens. Matter 18, 9643 (2006).

[6] Y. Kornyushin, Studying thermodynamics of metastable states,
Facta Universitatis, Series: Physics, Chemistry and Technology
3, 115 (2005).

[71 A. Smerzi, S. Fantoni, S. Giovanazzi, and S. R. Shenoy,
Quantum Coherent Atomic Tunneling Between Two Trapped
Bose-Einstein Condensates, Phys. Rev. Lett. 79, 4950 (1997).

[8] L.-M. Kuang and Z.-W. Ouyang, Macroscopic quantum self-
trapping and atomic tunneling in two-species Bose-Einstein
condensates, Phys. Rev. A 61, 023604 (2000).

[9] K. Kasamatsu, Y. Yasui, and M. Tsubota, Macroscopic quantum
tunneling of two-component Bose-Einstein condensates, Phys.
Rev. A 64, 053605 (2001).

[10] E. Arimondo and G. Orriols, Nonabsorbing atomic coherences
by coherent two-photon transitions in a three-level optical
pumping, Lett. Nuovo Cimento 17, 333 (1976).

[11] S. E. Harris, Electromagntically induced transparency, Phys.
Today 50(7), 36 (1997).

[12] H.-J. Miesner, D. M. Stamper-Kurn, J. Stenger, S. Inouye, A. P.
Chikkatur, and W. Ketterle, Observation of Metastable States
in Spinor Bose-Einstein Condensates, Phys. Rev. Lett. 82, 2228
(1999).

[13] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A. Omran,
H. Pichler, S. Choi, A. S. Zibrov, M. Endres, M. Greiner, V.
Vuleti¢, and M. D. Lukin, Probing many-body dynamics on a
51-atom quantum simulator, Nature (London) 551, 579 (2017).

[14] C. J. Turner, A. A. Michailidis, D. A. Abanin, M. Serbyn, and
Z. Papi¢, Weak ergodicity breaking from quantum many-body
scars, Nat. Phys. 14, 745 (2018).

[15] W. W. Ho, S. Choi, H. Pichler, and M. D. Lukin, Periodic
Orbits, Entanglement, and Quantum Many-Body Scars in Con-
strained Models: Matrix Product State Approach, Phys. Rev.
Lett. 122, 040603 (2019).

[16] L. Droenner, R. Finsterholzl, M. Heyl, and A. Carmele,
Stabilizing a discrete time crystal against dissipation,
arXiv:1902.04986.

[17] M. Lewenstein and W. V. Liu, Orbital dance, Nat. Phys. 7, 101
(2011).

[18] Y. Tokura and N. Nagaosa, Orbital physics in transition-metal
oxides, Science 288, 462 (2000).

[19] S. Maekawa, T. Tohyama, S. E. Barnes, S. Ishihara, W.
Koshibae, and G. Khaliullin, Physics of Transition Metal Oxides
(Springer-Verlag, Berlin, 2004).

[20] V. P. Singh, W. Weimer, K. Morgener, J. Siegl, K. Hueck, N.
Luick, H. Moritz, and L. Mathey, Probing superfluidity of Bose-
Einstein condensates via laser stirring, Phys. Rev. A 93, 023634
(2016).

[21] V. P. Singh, N. Luick, L. Sobirey, and L. Mathey, Josephson
junction dynamics in a two-dimensional ultracold Bose gas,
Phys. Rev. Research 2, 033298 (2020).

[22] W. V. Liu and C. Wu, Atomic matter of nonzero-momentum
Bose-Einstein condensation and orbital current order, Phys.
Rev. A 74, 013607 (2006).

[23] V. M. Stojanovic, C. Wu, W. V. Liu, and S. Das Sarma, Incom-
mensurate Superfluidity of Bosons in a Double-Well Optical
Lattice, Phys. Rev. Lett. 101, 125301 (2008).

043210-12


https://doi.org/10.1088/1361-6455/aabcdf
https://doi.org/10.1103/PhysRevX.9.021027
https://doi.org/10.1080/14786437208229210
https://doi.org/10.1088/0953-8984/18/42/010
https://doi.org/10.2298/FUPCT0502115K
https://doi.org/10.1103/PhysRevLett.79.4950
https://doi.org/10.1103/PhysRevA.61.023604
https://doi.org/10.1103/PhysRevA.64.053605
https://doi.org/10.1007/BF02746514
https://doi.org/10.1063/1.881806
https://doi.org/10.1103/PhysRevLett.82.2228
https://doi.org/10.1038/nature24622
https://doi.org/10.1038/s41567-018-0137-5
https://doi.org/10.1103/PhysRevLett.122.040603
http://arxiv.org/abs/arXiv:1902.04986
https://doi.org/10.1038/nphys1894
https://doi.org/10.1126/science.288.5465.462
https://doi.org/10.1103/PhysRevA.93.023634
https://doi.org/10.1103/PhysRevResearch.2.033298
https://doi.org/10.1103/PhysRevA.74.013607
https://doi.org/10.1103/PhysRevLett.101.125301

METASTABLE ORDER PROTECTED BY DESTRUCTIVE ...

PHYSICAL REVIEW RESEARCH 2, 043210 (2020)

[24] X. Li and W. V. Liu, Physics of higher orbital bands in optical
lattices, Rep. Prog. Phys. 79, 116401 (2016).

[25] G. Wirth, M. Olschl'aiger, and A. Hemmerich, Evidence for
orbital superfluidity in the P-band of a bipartite optical square
lattice, Nat. Phys. 7, 147 (2011).

[26] M. Olschliger, G. Wirth, and A. Hemmerich, Unconventional
Superfluid Order in The F Band of a Bipartite Optical Square
Lattice, Phys. Rev. Lett. 106, 015302 (2011).

[27] M. Olschliger, G. Wirth, T. Kock, and A. Hemmerich,
Topologically Induced Avoided Band Crossing in an Optical
Checkerboard Lattice, Phys. Rev. Lett. 108, 075302 (2012).

[28] M. Olschliiger, T. Kock, G. Wirth, A. Ewerbeck, C. M. Smith,
and A. Hemmerich, Interaction-induced chiral p, & ip, super-
fluid order of bosons in an optical lattice, New J. Phys. 15,
083041 (2013).

[29] M. Di Liberto, T. Comparin, T. Kock, M. Olschl'aiger, A.
Hemmerich, and C. M. Smith, Controlling coherence via tun-
ing of the population imbalance in a bipartite optical lattice,
Nat. Commun. 5, 5735 (2014).

[30] T. Kock, M. Olschléger, A. Ewerbeck, W.-M. Huang, L.
Mathey, and A. Hemmerich, Observing Chiral Superfluid Or-
der by Matter-Wave Interference, Phys. Rev. Lett. 114, 115301
(2015).

[31] T. Kock, C. Hippler, A. Ewerbeck, and A. Hemmerich, Orbital
optical lattices with bosons, J. Phys. B 49, 042001 (2016).

[32] P. B. Blakie, A. S. Bradley, M. J. Davis, R. J. Ballagh, and
C. W. Gardiner, Dynamics and statistical mechanics of ultra-
cold Bose gases using C-field techniques, Adv. Phys. 57, 363
(2008).

[33] C. W. Gardiner, J. R. Anglin, and T. I. A. Fudge, The stochastic
Gross-Pitaevskii equation, J. Phys. B: At. Mol. Opt. Phys. 35,
1555 (2002).

[34] C. W. Gardiner and M. J. Davis, The stochastic Gross-Pitaevskii
equation II, J. Phys. B 36, 4731 (2003).

[35] S. P. Cockburn and N. P. Proukakis, The Stochastic Gross-
Pitaevskii equation and some applications, Laser Phys. 19, 558
(2009).

[36] A.Polkovnikov, Phase space representation of quantum dynam-
ics, Ann. Phys. 325, 1790 (2010).

[37] M. J. Davis, T. M. Wright, P. B. Blakie, A. S. Bradley,
R. J. Ballagh, and C. W. Gardiner, C-Field Methods for Non-
Equilibrium Bose Gases, in Quantum Gases (World Scientific,
Singapore, 2011), pp. 163-175.

[38] S. Paul and E. Tiesinga, Formation and decay of Bose-Einstein
condensates in an excited band of a double-well optical lattice,
Phys. Rev. A 88, 033615 (2013).

[39] L. Mathey and A. Polkovnikov, Light cone dynamics and re-
verse Kibble-Zurek mechanism in two-dimensional superfluids
following a quantum quench, Phys. Rev. A 81, 033605 (2010).

[40] L. Mathey, K. J. Giinter, J. Dalibard, and A. Polkovnikov, Dy-
namic Kosterlitz-Thouless transition in two-dimensional Bose
mixtures of ultracold atoms, Phys. Rev. A 95, 053630 (2017).

[41] A. Hemmerich, D. Schropp, and T. W. Hinsch, Light forces in
two crossed standing waves with controlled time-phase differ-
ence, Phys. Rev. A 44, 1910 (1991).

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

043210-13


https://doi.org/10.1088/0034-4885/79/11/116401
https://doi.org/10.1038/nphys1857
https://doi.org/10.1103/PhysRevLett.106.015302
https://doi.org/10.1103/PhysRevLett.108.075302
https://doi.org/10.1088/1367-2630/15/8/083041
https://doi.org/10.1038/ncomms6735
https://doi.org/10.1103/PhysRevLett.114.115301
https://doi.org/10.1088/0953-4075/49/4/042001
https://doi.org/10.1080/00018730802564254
https://doi.org/10.1088/0953-4075/35/6/310
https://doi.org/10.1088/0953-4075/36/23/010
https://doi.org/10.1134/S1054660X09040057
https://doi.org/10.1016/j.aop.2010.02.006
https://doi.org/10.1103/PhysRevA.88.033615
https://doi.org/10.1103/PhysRevA.81.033605
https://doi.org/10.1103/PhysRevA.95.053630
https://doi.org/10.1103/PhysRevA.44.1910

