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Dissipative generation of currents by nonreciprocal local and global environments
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We investigate the mechanisms necessary for the stabilization of complex quantum correlations by exploring
dissipative couplings to nonreciprocal reservoirs. We analyze the role of locality in the coupling between the
environment and the quantum system of interest, as we consider either local couplings throughout the system
or a single global coupling. We contrast the results obtained for the two scenarios in which a chain of strongly
interacting hard-core bosonic atoms is coupled directly to Markovian kinetic dissipative processes or experiences
effective dissipation through the mediation of the field of a lossy optical cavity. To investigate the dissipative
dynamics of the many-body quantum systems considered, we perform numerical simulations employing matrix
product state methods. We show that by coupling atomic tunneling terms to the global field of a dissipative cavity
we can stabilize at long times both finite currents and current-current correlations throughout the atomic chain.
This is in contrast to the setup in which dissipation acts directly via local tunneling processes, where currents
arise in a narrow region of the system and the current-current correlations are rapidly decaying.
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I. INTRODUCTION

The out-of-equilibrium dynamics of interacting particles
stemming from the competition between conservative and dis-
sipative forces has been attracting enormous interest in many
fields of physics, ranging from classical [1–4] to quantum sys-
tems [5–8]. In the field of active matter, classical particles are
taken out of equilibrium by locally breaking detailed balance
[1,2,9,10], which can lead to motional collective behavior
without an equilibrium counterpart [11]. For example, the
active particles can spontaneously choose the direction of mo-
tion [12,13], which in equilibrium would be forbidden by the
Mermin-Wagner theorem. Recently, the connection has been
made between classical active matter and dissipative quantum
systems, where dissipative couplings are employed to induce
nonreciprocal processes that can break detailed balance [8,14–
32]. A central question in the field of quantum active matter
relates to how quantum coherence and the long-range quan-
tum correlations can survive under the action of the dissipative
processes.

The problem of maintaining quantum coherence and many-
body entanglement in the presence of dissipative couplings
has received a lot of attention within the field of dissipative
engineering [33–39]. As it turns out, dissipation can be used
constructively as an avenue to obtain complex quantum phe-
nomena. Theoretical efforts have been focused on obtaining
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steady states with nontrivial nature, e.g., topological states of
fermionic matter [40–42], exotic transport properties [43], or
exhibiting dynamical synthetic gauge fields [44–47], and on
how to engineer the external coupling to control the dynam-
ical properties of a quantum system [48–54]. An important
concept in dissipative engineering is the decoherence-free
subspace, i.e., the subspace spanned by the dark states of
the dissipative channels, in which the long-time dynamics of
the open quantum system takes place. When the Hamiltonian
and the dissipative processes commute, the decoherence-free
subspace contains states that decouple from decay, while in
case the Hamiltonian includes many-body couplings com-
peting with the dissipative channels, one can extend the
notion of the decoherence-free subspace to capture also the
slowly decaying metastable states [48,50,53,55–57]. Under-
standing the quantum states contained in the decoherence-free
subspace, including the metastable states, is very impor-
tant when investigating the dynamical behavior of complex
correlation. For example, while the superconducting BCS
state can be obtained as a dark state of dissipative channels
[58], the two-time current-current correlations are strongly
damped in the long-time dissipative dynamics [49]. Thus,
strategies are desired in which the coherence of complex
quantum correlations in dissipative scenarios is maintained at
long times.

In this work, we investigate the long-time dynamics of
quantum correlations in the presence of nonreciprocal dissi-
pative couplings for a one-dimensional quantum system of
strongly interacting bosonic atoms. We contrast numerical
exact results obtained with methods based on matrix product
states (MPS) for systems in which the dissipative processes
are either local or mediated globally by a bosonic field.
We show that finite atomic currents can be stabilized by
employing local nonreciprocal dissipative kinetic processes.
However, the current-current correlations are either absent or
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quickly decay with distance, signaling a lack of long-range
quantum coherence in the long-time state of the system. In
order to induce current-current correlations, we couple the
interacting atoms to a dissipative optical cavity. By employing
a transverse pump laser beam, we couple the photon field
to atomic tunneling terms. We show that in the atom-cavity
setup, in which the atoms effectively experience dissipation
via a nonreciprocal global reservoir, both atomic currents and
the corresponding quantum correlations can be stabilized at
long times.

There are several motivations for investigating the dynam-
ics of currents in many-body quantum systems and devising
frameworks for their generation and measurement. For ex-
ample, in transport measurements like the Hall effect, one
monitors the transverse current resulting upon the application
of a potential. This measurement led to the identification of
the exotic quantum Hall states [59–61]. The Hall response has
recently become accessible also for ultracold atoms, where it
has been measured in weakly interacting gases [62,63] and
ladder systems [64,65]. While a complete understanding of
the Hall response for interacting systems is an open question,
studies for ladders have shown that it is a sensitive probe of
the underlying many-body phase diagram of chiral phases
[66–70]. Furthermore, the interplay of orbital effects stem-
ming from artificial magnetic fields and the coupling to cavity
fields can lead to nonequilibrium steady states characterized
by persistent currents [44–47,71–74].

The plan of the paper is as follows: In Sec. II, we describe
the systems we investigate, with the atomic model under
dissipative kinetic processes shown in Sec. II A and the atom-
cavity model in Sec. II B. The parameter regimes considered
in this work are detailed in Sec. II C. In Sec. III, we define
the current operators and the associated correlations on which
we focus our discussions. In Sec. IV, we briefly present the
numerical methods based on matrix product states employed.
We present our results in Sec. V, with Sec. V A focusing on
the results for the atomic model under kinetic dissipation and
Sec. V B focusing on the results for the atom-cavity model and
the comparison between the two scenarios. We conclude with
Sec. VI.

II. SETUPS AND MODELS

We consider interacting bosonic atoms confined to a one-
dimensional optical lattice, under the action of nonreciprocal
dissipative couplings aimed at inducing atomic currents. In
the first model, described in Sec. II A, dissipation acts directly
on the atoms in the form of local tunneling processes. In the
second model, described in Sec. II B, the field of an optical
cavity is coupled to atomic tunneling terms, with photon
losses occurring via the mirrors of the cavity. In this scenario,
the atoms experience an effective global dissipation.

A. Kinetic dissipation

The first setup that we investigate is a one-dimensional
Bose-Hubbard model with directional tunneling dissipative
processes, as sketched in Fig. 1(a). We consider that the
dissipative processes are Markovian; thus, the dynamics
of the atomic density matrix ρ is given by the following

FIG. 1. Sketches of the models: (a) A one-dimensional chain
of interacting bosonic atoms under the action of directional kinetic
dissipation. The coherent tunneling processes have the amplitude
t , the repulsive on-site interaction strength U , and the dissipative
rate is γ . (b) A one-dimensional chain of interacting bosonic atoms
coupled to the field of an optical cavity. The atom-cavity coupling
is realized with the help of a retroreflected transverse pump beam
and the strength of the coupling is �. Photons are leaking out of the
cavity with the dissipation strength �.

Gorini-Kossakowski-Sudarshan-Lindblad (GKSL) master
equation [75–78]:

∂

∂t
ρ̂ = − i

h̄
[ĤBH, ρ̂]

+ γ

2

L−1∑

j=1

(2L̂ j ρ̂L̂†
j − L̂†

j L̂ j ρ̂ − ρ̂L̂†
j L̂ j ), (1)

with the dissipative processes of strength γ given by the jump
operator L̂ j = b̂†

j b̂ j+1. The jump operator has a similar form to
the ones used in other dissipative engineering proposals, e.g.,
in Refs. [16,17,29,33,34]. Such a dissipative process can be, in
principle, realized experimentally by employing two-photon
Raman transitions making use of lossy photon modes acting
on each bond of the chain. By realizing couplings of the form
ω(a†

j b
†
jb j+1 + H.c.), with a†

j the creation operator for a photon
mode labeled by the lattice site and ω the effective strength of
the Raman transition, and considering very short lifetimes of
the photon modes, one can effectively obtain the dissipative
processes from Eq. (1) [29,79,80]. The coherent part of the
dynamics is described by the Bose-Hubbard Hamiltonian

ĤBH = Ĥint + Ĥkin,

Ĥint = U

2

L∑

j=1

n̂ j (n̂ j − 1),

Ĥkin = −t
L−1∑

j=1

(b̂†
j b̂ j+1 + H.c.), (2)

where t is the amplitude of the atomic tunneling and the re-
pulsive on-site interactions have the strength U . b̂ j and b̂†

j are

bosonic operators and the local density operator is n̂ j = b̂†
j b̂ j .

We consider N particles on a one-dimensional chain of length
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L. In the following, we refer to Eqs. (1) and (2) as the local
atomic model.

B. Cavity-mediated dissipation

The second setup is a hybrid system consisting in a one-
dimensional lattice of interacting bosonic atoms inside a high
finesse optical cavity, transversely pumped with a standing-
wave laser beam, and experiencing photon losses through
the cavity mirrors, sketched in Fig. 1(b). Ultracold atoms in
optical cavities have emerged as one of the main platforms
to engineer dissipative couplings and long-range interactions
[5,81]. The density matrix of the coupled atom-cavity degrees
of freedom, μ, evolves under the following GKSL master
equation [5,75–78,81]:

∂

∂t
μ̂ = − i

h̄
[Ĥac, μ̂] + �

2
(2âμ̂â† − â†âρ̂ − μ̂â†â), (3)

where � describes the strength of the photon losses through
the mirrors and the atom-cavity Hamiltonian is given by

Ĥac = ĤBH + h̄δâ†â − h̄�

L−1∑

j=1

(â†b̂†
j b̂ j+1 + H.c.), (4)

where besides the Bose-Hubbard Hamiltonian ĤBH we also
have the energy of the cavity mode and the atom-cavity cou-
pling terms. The coupling is realized by two-photon Raman
transitions employing a cavity photon and a pump photon via
an intermediate excited state and the application of a linear
potential [72,82]. This coupling has been shown to give rise to
atomic currents in noninteracting and small systems [72,82].
δ is the detuning of the cavity with respect to the pump fre-
quency and the atom-cavity coupling has an effective strength
�. We note that the coupling of the cavity mode to tunneling
terms can arise also in other geometries and gives rise to
nontrivial steady states of the coupled system [44,46,71,83–
88]. The cavity photon losses represent a nonreciprocal dissi-
pative process, as the cavity does not absorb photons from
the electromagnetic environment to which the photons are
lost. Furthermore, the cavity is coupled to a non-Hermitian
atomic operator; thus, also the atoms are effectively coupled
to a nonreciprocal environment. In the following sections, we
refer to Eqs. (3) and (4) as the global atom-cavity model.

C. Parameter regimes

In this work, we compare results for the quantum dy-
namics of the two models described in Sec. II A, the local
atomic model [Eqs. (1) and (2)], and Sec. II B, the global
atom-cavity model [Eqs. (3) and (4)], with a focus on the
dissipative effects on the atomic currents and the associated
current-current correlations. Thus, it is helpful to contrast the
nature of the two setups, underlying the main differences. The
local atomic model given in Eqs. (1) and (2) corresponds to
the atoms experiencing local nonreciprocal Markovian envi-
ronments, while in the atom-cavity model, given in Eqs. (3)
and (4), the atoms are coupled to a global quantum field that is
subjected to nonreciprocal losses. We emphasize that atomic
model [Eqs. (1) and (2)] does not represent an effective atom-
only description of the atom-cavity model. Finding the proper
atom-only description of the atom-cavity model is beyond the

scope of our work; however, as we detail in the following, it is
useful for understanding the effective processes that the atoms
experience.

By adiabatically eliminating the cavity degree of freedom
[5,81], one can obtain a GKSL description with a Hamiltonian
term ∝ h̄δ�2

δ2+�2/4O†O, describing the long-range interactions
induced by the cavity, and an effective Markovian dissipation
with the jump operator O with strength h̄��2

2δ2+�2/2 , where O is
the operator to which the cavity is coupled to. In our case,
O = ∑L−1

j=1 b̂†
j b̂ j+1, which is not a Hermitian operator. Thus,

the atoms effectively experience nonreciprocal dissipation.
However, such a description is valid only in the limit in which
the cavity energy scales h̄δ and h̄� are much larger than
the atom-cavity coupling and the atomic energies; beyond
this adiabatic limit, deviations appear [53,54,79,80,89–95].
In particular, by adding corrections to O, one can extend
the range of validity of the atom-only effective GKSL de-
scription [79,80] or consider descriptions in which the atoms
are coupled to a non-Markovian environment [93,96,97].
We note that as we employ numerical exact simulations we
can capture the dynamics of the quantum correlations re-
gardless of the parameter regime [53,90–92], as detailed in
Sec. IV. To summarize, in the strongly dissipative regime,
� > δ, we can view the coupling to the cavity [Eqs. (3)
and (4)] as the coupling to a global environment, with the
main contribution given by a dissipative channel correspond-
ing to O = ∑

j b̂†
j b̂ j+1, but with non-negligible memory and

retardation effects. The fact that O = ∑
j b̂†

j b̂ j+1 is a global
operator leads to an important distinction compared to the
model with locally acting dissipation [Eqs. (1) and (2)], as
the decoherence-free subspace will have a much larger di-
mension, leading to the possibility of stabilizing complex
long-range correlations at long times, as we explore in our
results (Sec. V).

We consider strong on-site interactions for the bosonic
atoms corresponding to the hard-core limit, U → ∞. As we
perform simulations for a finite-size system, this will prevent
the atoms to accumulate all on the first site of the chain under
the action of the emerging currents. In this case, under just the
action of the dissipative terms in Eq. (1), the steady state will
be the state |1 · · · 10 · · · 0〉, with one particle per site for the
first N sites. However, once the coherent Hamiltonian is taken
into account, deviations from this steady state can occur.

The main parameters used in this work are as follows. We
consider a finite-size chain with L = 32 sites of hard-core
bosons at quarter filling, i.e., N = 8 particles. As we aim to
understand the dissipative effects, for the local atomic model
with kinetic dissipation [Eqs. (1) and (2)], we take the range of
the dissipation strength from being comparable to the kinetic
energy to being the dominant process, with 0.5 � h̄γ /t � 8.
Similarly, for the global atom-cavity model [Eqs. (3) and (4)],
we want the dominant effects stemming from the coupling to
the cavity to be due to the global dissipative coupling to an
environment and not due to the long-range coherent interac-
tions; thus, we take δ < �. In particular, we use h̄�/t = 2.5,
h̄δ/t = 5, and 10 � h̄�/t � 60. For reference, this would
result in an effective coupling strength of the long-range in-
teractions varying between 0.625t � h̄δ�2

δ2+�2/4 � 0.033t , and
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the effective dissipation strength varying between 0.625t �
h̄��2

2δ2+�2/2 � 0.202t . One should note that both the long-range

interaction term and the global dissipative terms scale ∝ L2,
while the kinetic Hamiltonian term scales ∝ L; thus, even
though the values of the effective couplings are smaller than
t , the cavity-induced processes are still the dominant ones.

For both systems, we consider the same protocol: the initial
state consists in the ground state of the hard-core bosonic
atoms, and at time τ = 0, we quench the kinetic dissipation
or the coupling to the cavity. We calculate the time evolution
of the systems following the quench up to times approaching
the steady state.

III. CURRENT OPERATORS

We define the current operators based on the continuity
equation, which relates the time evolution of the local density
to the currents flowing in and out:

∂

∂t
n̂l =

∑
Ĵin −

∑
Ĵout. (5)

In particular, we have contributions from the Bose-Hubbard
terms, which are our main focus in this work, but also con-
tributions from the dissipative part [98] for the local atomic
model given in Eqs. (1) and (2) and from the cavity coupling
for the global atom-cavity model given in Eqs. (3) and (4).
While in the steady state the local densities do not evolve,
∂
∂t n̂l = 0, our results show that the individual contributions are
not necessarily independently vanishing.

A. Bose-Hubbard currents

For the Bose-Hubbard Hamiltonian [Eq. (2)], we obtain the
following continuity equation:

∂

∂t
n̂l = i[ĤBH, n̂l ]

= −it (b̂†
l−1b̂l − b̂†

l b̂l−1) + it (b̂†
l b̂l+1 − b̂†

l+1b̂l ). (6)

This allows to define the following expression for the current
operator:

Ĵl = −it (b̂†
l b̂l+1 − b̂†

l+1b̂l ), (7)

with its expectation value being related to the imaginary part
of single-particle correlations:

〈Ĵl〉 = 2t Im 〈b̂†
l b̂l+1〉. (8)

The associated long-range current-current correlations can
be written as

ĈJJ (l, d ) = 1

t2
Ĵl Ĵl+1+d , (9)

with the expectation value given in terms of four-point corre-
lation functions

〈ĈJJ〉(l, d ) = 2 Re 〈b̂l b̂
†
l+1b̂†

l+d+1b̂l+d+2〉
− 2 Re 〈b̂†

l b̂l+1b̂†
l+d+1b̂l+d+2〉. (10)

B. Contributions to the currents from kinetic dissipation

For the case in which the dissipative couplings to the en-
vironment act directly on the atomic tunneling, as in the local

atomic model given in Eqs. (1) and (2), the time evolution of
the local densities is changed as in the following:

∂

∂t
n̂l = i[ĤBH, n̂l ] + γ

2

∑

j

(2L̂†
j n̂l L̂ j − L̂†

j L̂ j n̂l − n̂l L̂
†
j L̂ j )

= Ĵl−1 − γ b̂†
l b̂l b̂l−1b̂†

l−1 − Ĵl + γ b̂†
l+1b̂l+1b̂l b̂

†
l . (11)

Thus, we can identify the following dissipative contribution to
the currents:

K̂γ

l = − γ b̂†
l+1b̂l+1b̂l b̂

†
l , (12)

which for hard-core bosons has the following dependence on
the density-density correlations between neighboring sites and
the local densities:

〈K̂γ

l 〉 = γ (〈n̂l n̂l+1〉 − 〈n̂l+1〉). (13)

C. Cavity contributions to the currents

For the global atom-cavity model in which the cavity field
couples to tunneling terms [Eqs. (3) and (4)], while we do not
have contributions from the dissipative part as the losses act
only on the cavity field, we do have contributions from the
atom-cavity coupling term:

∂

∂t
n̂l = i[Ĥac, n̂l ]

= Ĵl−1 − ih̄�(â†b̂†
l−1b̂l − âb̂†

l b̂l−1)

− Ĵl + ih̄�(â†b̂†
l b̂l+1 − âb̂†

l+1b̂l ). (14)

We observe that the terms coming from the atom-cavity cou-
pling stem from the correlated motion of the atoms with the
creation, or annihilation, of a cavity photon:

K̂ac
l = − ih̄�(â†b̂†

l b̂l+1 − âb̂†
l+1b̂l ), (15)

with the corresponding expectation value
〈
K̂ac

l

〉 = 2h̄� Im 〈â†b̂†
l b̂l+1〉. (16)

IV. NUMERICAL METHODS

Our results for the numerically exact quantum dynamics of
the models presented in Sec. II are based on MPS techniques
[99,100]. We deal with the dissipative couplings by employing
the stochastic unravelling of the master equation with quan-
tum trajectories [101–103]. In this approach, one simulates
wavefunctions, i.e., quantum trajectories, instead of density
matrices, however, with the additional complexity of having
to perform the Monte Carlo average over all sampled tra-
jectories. For the atomic model with short-range interactions
[Eqs. (1) and (2)], we perform the time evolution making use
of the quasiexact time-dependent variational matrix product
state method based on the Trotter-Suzuki decomposition of
the time evolution propagator [99,104,105]. The numerical
results for the global atom-cavity model [Eqs. (3) and (4)],
which contains the global range couplings, were obtained
with an implementation of the two-site version of the time-
dependent variational principle approach (TDVP) based on
matrix product states [106,107]. Our methods have been im-
plemented with the use of the ITensor Library [108]. For both
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models, the hard-core limit of the bosonic atoms is imple-
mented by considering a local Hilbert space of two states.

For the atomic model with kinetic dissipation [Eqs. (1) and
(2)], the convergence of the presented results was ensured
by the following convergence parameters: a maximal bond
dimension of 250 states, which ensured a truncation error
of at most 2 × 10−10 at the final time, and a time step of
dτ t/h̄ = 4 × 10−3. We average the results over 5000 quantum
trajectories. We present the results with the error bars based on
the standard deviation of the Monte Carlo sampling; when the
error bars are absent, the stochastic errors are smaller than the
size of the symbols employed.

For the global atom-cavity model [Eqs. (3) and (4)], the
convergence of the presented results was ensured by the fol-
lowing convergence parameters: a maximal bond dimension
of 400 states, which ensured a truncation error of at most
10−9 at the final time, a time step of dτ t/h̄ = 4 × 10−3, and
the adaptive cutoff of the local Hilbert space of the photonic
mode ranged between Npho = 35 and Npho = 7 [109,110]. We
average the results over 500 quantum trajectories. As for
the other model, we present the results with the error bars
based on the standard deviation of the Monte Carlo sam-
pling; when the error bars are absent, the stochastic errors
are smaller than the size of the symbols employed. Additional
details regarding the TDVP implementation based on MPS for
the atom-cavity dissipative model, together with convergence
benchmarks and comparisons with implementations based on
the Trotter-Suzuki decomposition and swap gates [109,111],
can be found in Ref. [110].

V. RESULTS

In the following, we present the results for the dissipative
dynamics for the two models we consider. We focus our
discussion on the behavior of current observables and the
associated current-current correlations (see Sec. III); however,
we show results also for other observables in order to get a
deeper understanding of the resulting dynamical behavior. We
first discuss in Sec. V A the results for the system of hard-core
bosonic atoms experiencing kinetic dissipation [sketched in
Fig. 1(a)] [Eqs. (1) and (2)]. We contrast these results with the
ones obtained for the hard-core bosonic atoms coupled to a
dissipative cavity [sketched in Fig. 1(b)] [Eqs. (3) and (4)] in
Sec. V B.

A. Dynamics of hard-core bosons with kinetic dissipation

In the local atomic model, by turning on the nonrecipro-
cal dissipation [Eq. (1)] for a chain of bosonic atoms with
hard-core interactions, it is expected that the atoms will move
toward the left end of the chain for the open boundary condi-
tions considered. We see this behavior in Fig. 2, where we plot
the density profile at the time τ t/h̄ = 50 for different values of
the dissipation strength. When dissipation dominates, a state
with a sharp interface between the filled and empty sites is
the steady state, as obtained for the curve corresponding to
h̄γ /t = 8. However, if we decrease the value of γ , the bound-
ary between the filled and empty sites becomes smoother, as
for h̄γ /t = 2 and h̄γ /t = 4. The timescales for the density to
stabilize to the shown profiles is inversely dependent on γ .

FIG. 2. The local density profile, 〈n̂l〉, at time τ t/h̄ = 50, for the
local atomic model with kinetic dissipation [Eqs. (1) and (2)] and
different values of the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}.
We consider L = 32 sites and N = 8 particles.

We can observe in Fig. 3, where the dynamics of the local
densities is depicted, that for large values of the dissipation
strength the local densities quickly reach the steady-state val-
ues. In contrast, for h̄γ /t = 0.5 and h̄γ /t = 1, the steady
state has not yet been reached for the considered final time
[see Figs. 3(a) and 3(b)]. Thus, we expect that the density
profiles shown in Fig. 2 will become sharper around the sites
l = 8 and l = 9 in the steady state. In order to understand
the dynamics of the atoms as the dissipation is turned on,
it is interesting to analyze the behavior of the expectation
value of the kinetic energy, 〈Ĥkin〉, as depicted in Fig. 4. We
observe that the kinetic energy is quickly suppressed to zero
for all values of the dissipation strength, with a timescale that
is shorter than the timescales of the dynamics of the local
densities (Fig. 4 in comparison with Fig. 3). In particular, the
kinetic energy is zero even for h̄γ /t = 0.5 and h̄γ /t = 1, for
which the local densities are still evolving at the latest times
considered. This implies that the coherence between neigh-
boring sites, as measured by the real part of the single-particle
correlations Re 〈b̂†

j b̂ j+1〉, i.e., the tunneling terms, is rapidly
decaying. In the following, we analyze the dynamical behav-
ior of the imaginary part of the single-particle correlations
between neighboring sites, Im 〈b̂†

j b̂ j+1〉, i.e., the current terms
given in Eq. (8), and of the dissipative contributions to the
currents.

In Eq. (12), we saw that the dynamics of local densities
for the local atomic model is controlled by currents stemming
from the Hamiltonian tunneling terms, Ĵl , and the dissipative
coupling to kinetic terms, K̂γ

l . While in the steady state the
local densities do not evolve anymore and their derivative is
zero, this does not imply that the individual terms in Eq. (12)
are vanishing; thus, it is possible to get finite value of the cur-
rents originating from the Hamiltonian that are then exactly
compensated by the currents having a dissipative origin. We
first explore the behavior of 〈Ĵl〉, for which we show the dy-
namics in Figs. 5 and 6. We observe that for large dissipation
strengths, h̄γ /t � 2, for the first sites in the chain, l � 6, the
current 〈Ĵl〉 initially increases, signaling the redistribution of
atomic density, and after reaching a maximum it is damped
to a vanishing value. The time at which the maximum occurs
in 〈Ĵl〉 appears to have a linear dependence on the site l , with
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FIG. 3. The time dependence of the local densities, 〈n̂l〉, for the first half of the chain, 1 � l � 16, for the local atomic model with kinetic
dissipation [Eqs. (1) and (2)]. The different panels correspond to different values of the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}. We
consider L = 32 sites and N = 8 particles.

the slope increasing with h̄γ /t . This behavior is observed in
the plots corresponding to h̄γ /t � 2 in Figs. 5(a), 5(b), 6(c),
and 6(e). For the sites that are empty at long times, l � 9, 〈Ĵl〉
has small values throughout the evolution [see Fig. 5(d)]. In
contrast, at the interface between the filled and empty sites
for l = 8, after an initial increase, the current 〈Ĵl〉 stabilizes to
a large finite value that persists in the steady state, as seen
in Figs. 5(c), 6(c), and 6(e). For the smaller values of the
dissipation strength considered, h̄γ /t = 0.5 and h̄γ /t = 1,

FIG. 4. The time dependence of the kinetic energy, Ĥkin, for the
local atomic model with kinetic dissipation [Eqs. (1) and (2)] and
different values of the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}.
We consider L = 32 sites and N = 8 particles.

〈Ĵl〉 has not reached yet the steady-state value. However, we
observe that even though the maximal values of the currents
〈Ĵl〉 are smaller compared to ones obtained for larger h̄γ /t ,
there are finite currents also for sites away from l = 8 at long
times. We see this also in Fig. 7, where the space dependence

FIG. 5. The time dependence of the current, 〈Ĵl〉, for the local
atomic model with kinetic dissipation [Eqs. (1) and (2)] and differ-
ent values of the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}. The
different panels correspond to the different sites for which 〈Ĵl〉 was
computed, l ∈ {1, 4, 8, 12}. We consider L = 32 sites and N = 8
particles.
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FIG. 6. The time dependence of the current, 〈Ĵl〉, for the first half of the chain, 1 � l � 16, for the local atomic model with kinetic
dissipation [Eqs. (1) and (2)]. The different panels correspond to different values of the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}. We
consider L = 32 sites and N = 8 particles.

of 〈Ĵl〉 is shown at the time τ t/h̄ = 50. The width of the
peak in 〈Ĵl〉 occurring around l = 8 becomes larger as the
dissipation strength is lowered. Interestingly, the largest value
of the current 〈Ĵl〉 for l = 8 is obtained for h̄γ /t = 4, hinting
that a finite optimal value of the dissipation strength might
exist for obtaining a strong current.

We discuss in the following the dissipative contribution to
the currents, 〈K̂γ 〉, for the local atomic model, for which the
time dependence is depicted in Figs. 8 and 9. As shown in

FIG. 7. The space dependence of the current, 〈Ĵl〉 at time τ t/h̄ =
50, for the local atomic model with kinetic dissipation [Eqs. (1)
and (2)] and different values of the dissipation strength, h̄γ /t ∈
{0.5, 1, 2, 4, 8}. We consider L = 32 sites and N = 8 particles.

Eq. (13), the current 〈K̂γ 〉 is given by the expectation values
of density-density correlations and local densities; thus, as
these observables have finite values in the initial state, 〈K̂γ 〉
is nonzero as soon as we turn on the dissipative processes.
We observe in Fig. 8 that for large dissipation strengths,

FIG. 8. The time dependence of the dissipative contribution to
the current, 〈K̂γ 〉, for the local atomic model with kinetic dissipation
[Eqs. (1) and (2)] and different values of the dissipation strength,
h̄γ /t ∈ {0.5, 1, 2, 4, 8}. The different panels correspond to the differ-
ent sites for which 〈K̂γ 〉 was computed, l ∈ {1, 4, 8, 12}. We consider
L = 32 sites and N = 8 particles.
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FIG. 9. The time dependence of the dissipative contribution to the current, |〈K̂γ 〉|, for the first half of the chain, 1 � l � 16, for the local
atomic model with kinetic dissipation [Eqs. (1) and (2)]. The different panels correspond to the different values of the dissipation strength,
h̄γ /t ∈ {0.5, 1, 2, 4, 8}. We consider L = 32 sites and N = 8 particles.

h̄γ /t � 2, 〈K̂γ 〉 has a large value at short times, corresponding
to the rapid dynamics observed in the local densities in Fig. 3,
which afterward relaxes to the same spatial profile as obtained
for 〈Ĵl〉 (Fig. 10 in comparison with Fig. 7). Thus, after the
short time dynamics, 〈K̂γ 〉 acquires a peak at l = 8, with its
width dependent on the value of h̄γ /t , as seen in Figs. 9(c)–
9(e). For the smaller values of the dissipation strength, h̄γ /t =
0.5 and h̄γ /t = 1, the values of 〈K̂γ 〉 are initially smaller than
in the case of the stronger dissipation; however, they remain
finite at the longest times considered throughout the chain [see

FIG. 10. The space dependence of the dissipative contribution
to the current, 〈K̂γ 〉 at time τ t/h̄ = 50, for the local atomic model
with kinetic dissipation [Eqs. (1) and (2)] and different values of
the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}. We consider L = 32
sites and N = 8 particles.

Figs. 8, 9(a), and 9(b)], determining the dynamics of the local
densities.

In the final part of this section, we discuss the behavior of
the current-current correlations ĈJJ (l, d ), defined in Eq. (9),
for the local atomic model. These correlations measure the co-
herence between the currents that arise from the Hamiltonian
tunneling terms. We aim to identify whether such correlations
can have a finite value and how they are behaving if the dis-
tance d between the sites that are probed increases. In Fig. 11,
we plot the short distance, d = 1, behavior of ĈJJ throughout

FIG. 11. The space dependence of the current-current correla-
tions, 〈ĈJJ〉(l, d ) at time τ t/h̄ = 50 and distance d = 1, for the
local atomic model with kinetic dissipation [Eqs. (1) and (2)] and
different values of the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}.
We consider L = 32 sites and N = 8 particles.
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FIG. 12. The time dependence of the current-current correlations, 〈ĈJJ〉(l, d ), for distance d = 1 and the sites 1 � l � 14, for the local
atomic model with kinetic dissipation [Eqs. (1) and (2)]. The different panels correspond to the different values of the dissipation strength,
h̄γ /t ∈ {0.5, 1, 2, 4, 8}. We consider L = 32 sites and N = 8 particles.

the chain at the final time considered, while the dynamics is
shown in Fig. 12. Similar to the behavior of the local currents
〈Ĵl〉, shown in Fig. 7, the largest value is obtained for the sites
involving the interface between the filled and empty sites, for
ĈJJ (l = 7, d = 1). As shown in Figs. 12(b)–12(e), the maxi-

FIG. 13. The time dependence of the current-current correla-
tions, 〈ĈJJ〉(l, d ) for the site l = 7, for the local atomic model
with kinetic dissipation [Eqs. (1) and (2)] and different values of
the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}. The different pan-
els correspond to the different distances for which ĈJJ (l, d ) was
computed, d ∈ {1, 2, 5, 10}. We consider L = 32 sites and N = 8
particles.

mum of ĈJJ (l, d = 1) moves from the first sites toward l = 7,
where it stabilizes at long times, with the speed at short times
and the width of the spatial profile throughout the evolution
dependent on the strength of γ . Interestingly, the largest value
of ĈJJ (l, d = 1) as a function of the dissipation strength is for
the intermediate value of h̄γ /t = 2 [see Figs. 11 and 12(c)].
In particular, for h̄γ /t = 8, we obtain very small values of
the correlations [see Figs. 11 and 12(e)], which we attribute

FIG. 14. The distance dependence of the current-current correla-
tions, |〈ĈJJ〉|(l, d ) at time τ t/h̄ = 50 and the site l = 7, for the local
atomic model with kinetic dissipation [Eqs. (1) and (2)] and different
values of the dissipation strength, h̄γ /t ∈ {0.5, 1, 2, 4, 8}. We use a
semilog scale for the decay of the correlations. We consider L = 32
sites and N = 8 particles.
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FIG. 15. The local density profile, 〈n̂l〉, at time τ t/h̄ = 50, for
the global atom-cavity model [Eqs. (3) and (4)] and different values
of the dissipation strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The other
parameters are L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and
atom-cavity coupling strength h̄�/t = 2.5.

to the very narrow spatial distribution of 〈Ĵl〉 for this value of
dissipation (see Fig. 7) and due to the loss of coherence for
large dissipation strengths.

To analyze the behavior with the distance d of the current-
current correlations ĈJJ (l, d ), we focus on the starting site on
which we obtain the largest values for d = 1, namely, l = 7.
We plot the time dependence of ĈJJ (l = 7, d ) for several
distances in Fig. 13 and the correlations as a function of d for
τ t/h̄ = 50 in Fig. 14. We obtain that while finite values of the

correlations are obtained at short distances for 1 � h̄γ /t � 4,
ĈJJ (l, d ) is rapidly suppressed with the distance. In particular,
within the accuracy of our numerical data for the correla-
tions at longer distances, the decay of the current-current
correlations, ĈJJ , seems to be exponential with the distance
d for h̄γ /t � 1, with a faster decay for stronger dissipation
strengths.

To summarize the results of this section, we obtained
that for a chain of hard-core bosons, on which dissipation
acts through kinetic terms, local currents can arise when
dissipation dominates the dynamics. However, the finite val-
ues of the currents at long times are confined to the sites
around the interface between the filled and empty sites. The
currents stemming from the Hamiltonian tunneling terms are
compensated in the steady state by the dissipative current
contributions. Finite current-current correlations are obtained
for these sites, albeit of small value and quickly decaying
with the distance. In the following section, we investigate how
the same observables behave when the atoms experience the
nonreciprocal dissipative processes mediated through the field
of an optical cavity.

B. Dynamics of hard-core bosons coupled to a dissipative cavity

In this section, we analyze the results of the atom-cavity
model [Eqs. (3) and (4)] in which the cavity is globally
coupled to atomic tunneling terms. As the cavity is under
the action of photon losses, this is a nonreciprocal scenario,

FIG. 16. The time dependence of the local densities, 〈n̂l〉, for the first half of the chain, 1 � l � 16, for the global atom-cavity model
[Eqs. (3) and (4)]. The different panels correspond to different values of the dissipation strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The other
parameters are L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and atom-cavity coupling strength h̄�/t = 2.5.
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FIG. 17. (a) The time dependence of the kinetic energy, Ĥkin, for
the global atom-cavity model [Eqs. (3) and (4)]. (b) The time depen-
dence of the photon number, Npho = a†a. We show different values
of the dissipation strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The other
parameters are L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and
atom-cavity coupling strength h̄�/t = 2.5.

in which one of the atomic tunneling directions is favored
compared to the other. We can see this behavior in Fig. 15,
where the density profile at time τ t/h̄ = 50, and in Fig. 16,
where the time evolution of the local densities is shown. The
atoms accumulate toward the beginning of the chain; however,
there is not a sharp interface between filled and empty sites,
as obtained for the local atomic model containing kinetic
dissipation (see Fig. 2). This can be understood from the fact
that for the effective atomic dissipative channel in the presence
of the coupling to the cavity, controlled by O = ∑

j b̂†
j b̂ j+1,

the decoherence-free subspace contains other states besides
|1 · · · 10 · · · 0〉. Furthermore, in the strongly dissipative regime
on which we have focused, we observe that by increasing
the photonic dissipation strength �, we obtain a smoother
crossover between the low-density and high-density sites (see
Fig. 15). As the effective atomic dissipation strength is ∝
1/�, we also obtained a slowdown of the dynamics as �

is increased (see Fig. 16) due to the Zeno effect (this can
also be identified in the dynamics of the some of the other
observables presented in the following). For all the dissipation
strengths considered, it seems that at the final evolution time
we are either in or very close to the steady state of the coupled
atom-cavity system.

In Fig. 17(b), we depict the dynamics of the photon number
for different values of the dissipation strength �. As the initial
state is the ground state of the hard-core bosonic chain that

FIG. 18. The time dependence of the current, 〈Ĵl〉, for the global
atom-cavity model [Eqs. (3) and (4)] and different values of the dis-
sipation strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The different panels
correspond to the different sites for which 〈Ĵl〉 was computed, l ∈
{1, 4, 8, 12}. The other parameters are L = 32 sites, N = 8 particles,
detuning h̄δ/t = 5, and atom-cavity coupling strength h̄�/t = 2.5.

contains a finite expectation value for the tunneling terms to
which the cavity is coupled, at short times we have a rapid
increase in the number of photons. The height of the initial
peak is larger for the smaller values of �. After the initial
increase, the photon number decays to a small but finite value,
at which it stabilizes toward the steady state.

We show the dynamics of the contributions to the currents
stemming from the atomic kinetic energy, 〈Ĵl〉, for the atom-
cavity model in Figs. 18 and 19. We observe that the onset
of the currents depends both on the position in the chain and
the value of the dissipation strength �. 〈Ĵl〉 increases first
for smaller l , with the propagation front depending approx-
imately linearly on the site position l and with the slope of
this front decreasing with the value of h̄�/t (see Figs. 18
and 19). In contrast to the behavior of the currents 〈Ĵl〉 in
the local atomic model with kinetic dissipation (Figs. 5 and
6), where after the initial increase the currents remained finite
only for a few sites, in the atom-cavity model we obtain that
the currents 〈Ĵl〉 have a finite magnitude for most of the sites of
the atomic chain (see Figs. 18 and 19). The site dependence
of 〈Ĵl〉 at long times is shown in Fig. 20. Interestingly, the
spatial region with large values of the currents and the mag-
nitude of these values increases as we increase the dissipation
strength �. This signals that the decoherence-free subspace
can indeed host states with local atomic currents throughout
the chain.

As the time derivative of the local densities [Eq. (14)] is
vanishing in the steady state of the system, this implies that
the finite values of the currents 〈Ĵl〉 need to be compensated
by finite values of the contributions to the currents from the
coupling to the cavity, 〈K̂ac

l 〉 [Eq. (15)]. We plot the dynamics
of 〈K̂ac

l 〉 in Figs. 21 and 22. We observe a rapid increase at
short time followed by a decay toward a steady value for all
the values of � and distances considered. The initial peak can
be attributed to the large increase in the photon number at
short times, as seen in Fig. 17(b), which couples to the finite
expectation value of the kinetic energy in the initial state. The
value at long times to which 〈K̂ac

l 〉 evolves compensates the
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FIG. 19. The time dependence of the current, 〈Ĵl〉, for the first half of the chain, 1 � l � 16, for the global atom-cavity model [Eqs. (3)
and (4)]. The different panels correspond to different values of the dissipation strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The other parameters are
L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and atom-cavity coupling strength h̄�/t = 2.5.

one of 〈Ĵl〉, as seen when comparing Fig. 23 to Fig. 20. This
implies that atomic kinetic terms in the Hamiltonian generate
a particle current in one direction, while the cavity induces
particle currents in the opposite direction.

We can now tackle one of the main questions posed by
this study: can we also stabilize current-current correlations
at long times and, in particular, long-range correlations? We
saw in Sec. V A that for the atomic chain coupled to kinetic
dissipation we can stabilize finite current-current correlations,

FIG. 20. The space dependence of the current, 〈Ĵl〉 at time
τ t/h̄ = 50, for the global atom-cavity model [Eqs. (3) and
(4)] and different values of the dissipation strength, h̄�/t ∈
{10, 15, 25, 40, 60}. The other parameters are L = 32 sites, N =
8 particles, detuning h̄δ/t = 5, and atom-cavity coupling strength
h̄�/t = 2.5.

〈ĈJJ〉(l, d ), only in a narrow spatial region and that they are
rapidly decaying with the distance d . We contrast this with
the results for 〈ĈJJ〉(l, d ) in the global atom-cavity model
[Eqs. (3) and (4)]. We first analyze the influence of the starting
site for the correlations at distance d = 1, for which we depict
the value at τ t/h̄ = 50 in Fig. 24 and the time dynamics in

FIG. 21. The time dependence of the cavity contribution to
the current, 〈K̂ac

l 〉, for the global atom-cavity model [Eqs. (3)
and (4)] and different values of the dissipation strength, h̄�/t ∈
{10, 15, 25, 40, 60}. The different panels correspond to the different
sites for which 〈K̂ac

l 〉 was computed, l ∈ {1, 4, 8, 12}. The other
parameters are L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and
atom-cavity coupling strength h̄�/t = 2.5.
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FIG. 22. The time dependence of the cavity contribution to the current, 〈K̂ac
l 〉, for the first half of the chain, 1 � l � 16, for the global atom-

cavity model [Eqs. (3) and (4)]. The different panels correspond to different values of the dissipation strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The
other parameters are L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and atom-cavity coupling strength h̄�/t = 2.5.

Fig. 25. As for the local currents, we obtain finite values
for 〈ĈJJ〉(l, d = 1) throughout the chain. For h̄�/t = 10 and
h̄�/t = 15, we observe smaller values and a chain of sign
around l = 8; however, the correlations become stronger as
we increase the dissipation strength, with the largest value
for the considered parameters and the spatial region shown
obtained for h̄�/t = 60. Thus, the coupling to the cavity can
indeed induce finite current-current correlations, 〈ĈJJ〉(l, d ).
In order to understand the behavior at longer distances, in

FIG. 23. The space dependence of the cavity contribution to
the current, 〈K̂ac

l 〉 at time τ t/h̄ = 50, for the global atom-cavity
model [Eqs. (3) and (4)] and different values of the dissipation
strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The other parameters are L =
32 sites, N = 8 particles, detuning h̄δ/t = 5, and atom-cavity cou-
pling strength h̄�/t = 2.5.

Fig. 26 we show the dynamics of 〈ĈJJ〉(l = 7, d ) for differ-
ent distances d . As for h̄�/t = 10 and h̄�/t = 15, 〈ĈJJ〉(l =
7, d ) has a relatively small value already at d = 1; we fo-
cus on the results obtained for h̄�/t � 25. We observe that
after the initial increase for all the distances shown, includ-
ing d = 10 ≈ L/3, 〈ĈJJ〉(l = 7, d ) has finite values at longer
times, which, importantly, are increasing with the value of �.
The late time values of 〈ĈJJ〉(l = 7, d ) are shown in Fig. 27.
Here, we observe both the finite values of 〈ĈJJ〉(l = 7, d ) for

FIG. 24. The space dependence of the current-current correla-
tions, 〈ĈJJ〉(l, d ) at time τ t/h̄ = 50 and distance d = 1, for the
global atom-cavity model [Eqs. (3) and (4)] and different values
of the dissipation strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The other
parameters are L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and
atom-cavity coupling strength h̄�/t = 2.5.
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FIG. 25. The time dependence of the current-current correlations, 〈ĈJJ〉(l, d ), for distance d = 1 and the sites 1 � l � 14, for the
global atom-cavity model [Eqs. (3) and (4)]. The different panels correspond to the different values of the dissipation strength, h̄�/t ∈
{10, 15, 25, 40, 60}. The other parameters are L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and atom-cavity coupling strength h̄�/t = 2.5.

large values of the dissipation strength and the fact that the
correlations are only slowly decaying with the distance d . This
is in sharp contrast with the rapid decay shown in Fig. 14 for
atoms under kinetic dissipation.

FIG. 26. The time dependence of the current-current correla-
tions, 〈ĈJJ〉(l, d ) for the site l = 7, for the global atom-cavity
model [Eqs. (3) and (4)] and different values of the dissipation
strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The different panels corre-
spond to the different distances for which ĈJJ (l, d ) was computed,
d ∈ {1, 2, 5, 10}. The other parameters are L = 32 sites, N = 8
particles, detuning h̄δ/t = 5, and atom-cavity coupling strength
h̄�/t = 2.5.

One interesting question that can be asked in hybrid atom-
cavity systems relates to the role of the quantum fluctuations
in the coupling of the atoms to the cavity [53,54,80,91]. To
compute this, we compute the following quantity:

F ≡
∑

l

(〈âb̂l b̂
†
l+1〉 − 〈â〉〈b̂l b̂

†
l+1〉), (17)

which quantifies the fluctuations in the coupling. This quantity
would be zero if by performing the mean-field decoupling of
the atoms and the cavity field one could recover the exact

FIG. 27. The distance dependence of the current-current corre-
lations, 〈ĈJJ〉(l, d ) at time τ t/h̄ = 50 and the site l = 7, for the
global atom-cavity model [Eqs. (3) and (4)] and different values
of the dissipation strength, h̄�/t ∈ {10, 15, 25, 40, 60}. The other
parameters are L = 32 sites, N = 8 particles, detuning h̄δ/t = 5, and
atom-cavity coupling strength h̄�/t = 2.5.
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FIG. 28. The time dependence of the fluctuations of the (a) real
and (b) imaginary parts of the fluctuations of the atom-cavity cou-
pling F [Eq. (17)] for different values of the dissipation strength,
h̄�/t ∈ {10, 15, 25, 40, 60}. The other parameters are L = 32 sites,
N = 8 particles, detuning h̄δ/t = 5, and atom-cavity coupling
strength h̄�/t = 2.5.

dynamics [5,81]. We plot the time dependence of the real and
imaginary parts of F in Fig. 28. We observe a very large in-
crease at short times, related to the nonequilibrium dynamics
of coupling the atoms and the cavity by a quench. This is
followed by an intermediate regime in which both the real
and imaginary parts of F are finite. However, at long times,
Re [F ] saturates to a finite value, marking the importance of
fluctuations in the steady state of the coupled system, while
Im [F ] vanishes. The fact that Im [F ] = 0 can help us un-
derstand the dynamics of the cavity-induced currents 〈K̂ac

l 〉 ∝
Im 〈â†b̂†

l b̂l+1〉 [Eq. (16)]. As Im [F ] = 0 and Im 〈a〉 = 0 (not
shown) in the steady state for the considered parameters,
we obtain 〈K̂ac

l 〉 ∝ Re 〈â†〉 Im 〈b̂†
l b̂l+1〉 ∝ Re 〈â†〉〈Ĵl〉, relat-

ing the currents stemming from the kinetic terms and the
coupling to the cavity. Furthermore, this implies a value of the
cavity field of Re 〈â〉 = − t

2h̄�
in the steady state, interestingly

independent of the dissipation strength, which is consistent
with the value obtained in our results for all values of �.
Interestingly, the cavity field is inversely proportional to the
coupling strength. This dependence is possible due to exis-
tence of multiple steady states for the atom-cavity system. The
study of the influence of the initial states on the dynamics and
long-time properties and the analysis of the decoherence-free
subspace spanned by the operator O = ∑L−1

j=1 b̂†
j b̂ j+1 are left

for future studies.
To summarize the results presented in this section, we

obtained that for a chain of hard-core bosons, which are
globally coupled to the field of a dissipative cavity by tun-
neling terms, strong local currents are obtained throughout
the chain when the cavity photon losses have a large value.
Furthermore, the atoms also exhibit finite current-current
correlations that are only slowly decaying with the dis-
tance. This shows the complex coherent quantum dynamics
that can emerge from the global coupling to a dissipative
environment.

VI. DISCUSSIONS AND CONCLUSIONS

To conclude, we investigated the out-of-equilibrium dy-
namics of strongly interacting bosonic atoms confined to a
one-dimensional chain in two different scenarios exhibiting
nonreciprocal dissipative couplings. In the local atomic model
[Eqs. (1) and (2)], the dissipative processes act locally on the
atomic chain in the form of tunneling terms. This realizes a

setup in which each bond connecting two neighboring sites is
coupled to a distinct Markovian environment that moves par-
ticles in a certain direction. In the atom-cavity model [Eqs. (3)
and (4)], the atoms are globally coupled to the field of an
optical cavity via tunneling terms. As the photons in the cavity
experience losses, the atoms effectively experience the action
of a nonreciprocal nonlocal environment inducing a preferred
directionality for their motion. Furthermore, for cavity energy
scales away from the adiabatic elimination limit, the photon
field realizes an effective non-Markovian reservoir. We have
computed the numerically exact dissipative dynamics of the
quantum correlations for both models by employing matrix
product state methods. We focused on the question on how
to induce a directional motion for the atoms, manifested by
finite values of the current operators, while maintaining their
quantum coherence, as captured by the current-current corre-
lations. For the local atomic model with kinetic dissipation
[Eqs. (1) and (2)] for strong dissipation, the atoms accumu-
late at one end of the chain forming a rather sharp interface
between the filled and empty sites. We obtain finite values of
the currents only around this interface, with the contributions
stemming from the Hamiltonian kinetic terms and the dissi-
pative processes canceling each other. This can be visualized
in a semiclassical picture in which the Hamiltonian tunneling
moves the atoms away from the interface, but the kinetic dis-
sipation brings them back. Finite values of the current-current
correlations are also restricted to the narrow region around
the interface and decay rapidly with the distance between the
sites. In contrast, for the atom-cavity model [Eqs. (3) and
(4)], we obtain finite values of the currents throughout the
chain, with their values increasing as the photon losses are
stronger. In this scenario, the contributions to the currents,
which cancel in the steady state, either stem from the tunnel-
ing terms or the cavity-assisted tunneling, where the atoms
move by creating, or annihilating, photons. When the atoms
are coupled to the cavity, we do obtain finite values for the
current-current correlations in extended regions of the systems
and they only slowly decay with the distance. We attribute
the contrasting behavior of the two models considered to the
different nature of their decoherence-free subspaces, as they
are either spanned by a large number of local operators or by
a single global operator. This allows for the coupling to the
cavity to induce the current-current correlations and to protect
them at long times. Thus, by coupling the interacting atoms
to the field of the optical cavity, we obtain a platform capa-
ble of exhibiting complex long-range quantum correlations.
One can further envision the exciting prospect for study-
ing multitime correlations in such hybrid dissipative systems
[49,112–114], in order to investigate the interplay of nonlo-
cality and nonreciprocity.

The setups investigated in this work are directly rele-
vant for experiments in which ultracold atoms trapped in
optical lattices are coupled to the field of optical cavities
[115–117]. New generations of experiments, which combine
the optical cavities with microscopes [118,119], or tweezer
arrays [120–122], are bringing the detection of complex long-
range correlations within reach. The dynamics of currents has
been studied in other experimental setups employing ultracold
atoms, either in transport measurements between reservoirs
[123,124] or in the context of artificial magnetic fields [125]
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and the Hall effect [64,65]. Recently developed experimental
schemes allow access even to the local currents stemming
from tunneling terms [126,127]. Furthermore, while in this
work we concentrated on setups relevant for ultracold atoms
in optical cavities, we expect that our results can have a wider
relevance for other hybrid quantum systems in which inter-
acting particles are coupled to quantum bosonic fields, e.g.,
trapped ions coupled to phonons [128,129], superconducting
circuits [130,131], or electrons in solid state cavities [7,132–
134].
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[50] K. Macieszczak, M. Guţă, I. Lesanovsky, and J. P. Garrahan,
Towards a theory of metastability in open quantum dynamics,
Phys. Rev. Lett. 116, 240404 (2016).

[51] A. del Campo and K. Kim, Focus on shortcuts to adiabaticity,
New J. Phys. 21, 050201 (2019).

[52] E. C. King, L. Giannelli, R. Menu, J. N. Kriel, and G.
Morigi, Adiabatic quantum trajectories in engineered reser-
voirs, Quantum 8, 1428 (2024).

[53] C.-M. Halati, A. Sheikhan, G. Morigi, and C. Kollath, Con-
trolling the dynamics of atomic correlations via the coupling
to a dissipative cavity, Phys. Rev. Lett. 134, 073604 (2025).

[54] C.-M. Halati, A. Sheikhan, G. Morigi, C. Kollath, and S. B.
Jäger, From light-cone to supersonic propagation of corre-
lations by competing short- and long-range couplings, Phys.
Rev. Lett. 135, 190402 (2025).

[55] J. J. García-Ripoll, S. Dürr, N. Syassen, D. M. Bauer, M.
Lettner, G. Rempe, and J. I. Cirac, Dissipation-induced hard-
core boson gas in an optical lattice, New J. Phys. 11, 013053
(2009).

[56] P. Zanardi and L. Campos Venuti, Coherent quantum dynam-
ics in steady-state manifolds of strongly dissipative systems,
Phys. Rev. Lett. 113, 240406 (2014).

[57] Y.-D. Jin, C.-D. Qiu, and W.-L. Ma, Theory of metastability
in discrete-time open quantum dynamics, Phys. Rev. A 109,
042204 (2024).

[58] W. Yi, S. Diehl, A. J. Daley, and P. Zoller, Driven-dissipative
many-body pairing states for cold fermionic atoms in an opti-
cal lattice, New J. Phys. 14, 055002 (2012).

[59] K. von Klitzing, The quantized Hall effect, Rev. Mod. Phys.
58, 519 (1986).

[60] H. L. Stormer, D. C. Tsui, and A. C. Gossard, The fractional
quantum Hall effect, Rev. Mod. Phys. 71, S298 (1999).

[61] D. Xiao, M.-C. Chang, and Q. Niu, Berry phase effects on
electronic properties, Rev. Mod. Phys. 82, 1959 (2010).

[62] M. Aidelsburger, M. Lohse, C. Schweizer, M. Atala, J. T.
Barreiro, S. Nascimbène, N. R. Cooper, I. Bloch, and N.
Goldman, Measuring the Chern number of Hofstadter bands
with ultracold bosonic atoms, Nat. Phys. 11, 162 (2015).

[63] T. Chalopin, T. Satoor, A. Evrard, V. Makhalov, J. Dalibard,
R. Lopes, and S. Nascimbene, Probing chiral edge dynamics
and bulk topology of a synthetic Hall system, Nat. Phys. 16,
1017 (2020).

[64] T.-W. Zhou, G. Cappellini, D. Tusi, L. Franchi, J. Parravicini,
C. Repellin, S. Greschner, M. Inguscio, T. Giamarchi, M.
Filippone, J. Catani, and L. Fallani, Observation of universal
Hall response in strongly interacting fermions, Science 381,
427 (2023).

[65] T.-W. Zhou, T. Beller, G. Masini, J. Parravicini, G. Cappellini,
C. Repellin, T. Giamarchi, J. Catani, M. Filippone, and L.
Fallani, Measuring Hall voltage and Hall resistance in an
atom-based quantum simulator, Nat. Commun. 16, 10247
(2025).

[66] S. Greschner, M. Filippone, and T. Giamarchi, Universal Hall
response in interacting quantum systems, Phys. Rev. Lett. 122,
083402 (2019).

[67] M. Buser, S. Greschner, U. Schollwöck, and T. Giamarchi,
Probing the Hall voltage in synthetic quantum systems, Phys.
Rev. Lett. 126, 030501 (2021).

[68] R. Citro, T. Giamarchi, and E. Orignac, Hall response in in-
teracting bosonic and fermionic ladders, Phys. Rev. Lett. 134,
056501 (2025).

[69] C.-M. Halati and T. Giamarchi, Exploring frustration effects of
strongly interacting bosons via the Hall response, Phys. Rev.
Res. 7, 013199 (2025).

[70] C.-M. Halati and T. Giamarchi, Interaction dependence of the
Hall response for the Bose-Hubbard triangular ladder, Phys.
Rev. Res. 7, 023112 (2025).

033174-17

https://doi.org/10.1103/PhysRevA.78.042307
https://doi.org/10.1038/nphys1342
https://doi.org/10.1038/nphys1614
https://doi.org/10.1016/B978-0-12-396482-3.00001-6
https://doi.org/10.1103/PhysRevA.87.063608
https://doi.org/10.1103/PhysRevLett.125.240404
https://doi.org/10.1103/PhysRevLett.109.130402
https://doi.org/10.1088/1367-2630/15/8/085001
https://doi.org/10.1103/PhysRevA.91.042117
https://doi.org/10.1103/RevModPhys.94.045006
https://doi.org/10.1103/PhysRevLett.116.060401
https://doi.org/10.1103/PhysRevLett.118.045302
https://doi.org/10.1103/PhysRevA.96.063621
https://doi.org/10.1103/PhysRevLett.118.073602
https://doi.org/10.1103/PhysRevLett.111.195301
https://doi.org/10.1103/PhysRevLett.114.170401
https://doi.org/10.1103/PhysRevLett.116.240404
https://doi.org/10.1088/1367-2630/ab1437
https://doi.org/10.22331/q-2024-07-30-1428
https://doi.org/10.1103/PhysRevLett.134.073604
https://doi.org/10.1103/tt11-vcpr
https://doi.org/10.1088/1367-2630/11/1/013053
https://doi.org/10.1103/PhysRevLett.113.240406
https://doi.org/10.1103/PhysRevA.109.042204
https://doi.org/10.1088/1367-2630/14/5/055002
https://doi.org/10.1103/RevModPhys.58.519
https://doi.org/10.1103/RevModPhys.71.S298
https://doi.org/10.1103/RevModPhys.82.1959
https://doi.org/10.1038/nphys3171
https://doi.org/10.1038/s41567-020-0942-5
https://doi.org/10.1126/science.add1969
https://doi.org/10.1038/s41467-025-65083-6
https://doi.org/10.1103/PhysRevLett.122.083402
https://doi.org/10.1103/PhysRevLett.126.030501
https://doi.org/10.1103/PhysRevLett.134.056501
https://doi.org/10.1103/PhysRevResearch.7.013199
https://doi.org/10.1103/PhysRevResearch.7.023112


CATALIN-MIHAI HALATI PHYSICAL REVIEW RESEARCH 8, 033174 (2026)

[71] A. Sheikhan, F. Brennecke, and C. Kollath, Cavity-induced
generation of nontrivial topological states in a two-
dimensional Fermi gas, Phys. Rev. A 94, 061603 (2016).

[72] W. Zheng and N. R. Cooper, Superradiance induced particle
flow via dynamical gauge coupling, Phys. Rev. Lett. 117,
175302 (2016).

[73] C.-M. Halati, A. Sheikhan, and C. Kollath, Cavity-induced
spin-orbit coupling in an interacting bosonic wire, Phys. Rev.
A 99, 033604 (2019).

[74] E. Colella, F. Mivehvar, F. Piazza, and H. Ritsch, Hofstadter
butterfly in a cavity-induced dynamic synthetic magnetic field,
Phys. Rev. B 100, 224306 (2019).

[75] V. Gorini, A. Kossakowski, and E. C. G. Sudarshan, Com-
pletely positive dynamical semigroups of N-level systems,
J. Math. Phys. 17, 821 (1976).

[76] G. Lindblad, On the generators of quantum dynamical semi-
groups, Commun. Math. Phys. 48, 119 (1976).

[77] H. Carmichael, An Open Systems Approach to Quantum Optics
(Springer, Berlin, 1991).

[78] H. P. Breuer and F. Petruccione, The Theory of Open Quantum
Systems (Oxford University Press, Oxford, 2002).

[79] S. B. Jäger, T. Schmit, G. Morigi, M. J. Holland, and R.
Betzholz, Lindblad master equations for quantum systems
coupled to dissipative bosonic modes, Phys. Rev. Lett. 129,
063601 (2022).

[80] T. Schmit, C.-M. Halati, T. Donner, G. Morigi, and S. B. Jäger,
Master equation for a quantum gas of polarizable particles in
cavities, Phys. Rev. A 113, 033719 (2026).

[81] H. Ritsch, P. Domokos, F. Brennecke, and T. Esslinger, Cold
atoms in cavity-generated dynamical optical potentials, Rev.
Mod. Phys. 85, 553 (2013).

[82] C. Laflamme, D. Yang, and P. Zoller, Continuous measure-
ment of an atomic current, Phys. Rev. A 95, 043843 (2017).

[83] C. Maschler, I. B. Mekhov, and H. Ritsch, Ultracold atoms in
optical lattices generated by quantized light fields, Eur. Phys.
J. D 46, 545 (2008).

[84] H. Habibian, A. Winter, S. Paganelli, H. Rieger, and G.
Morigi, Bose-glass phases of ultracold atoms due to cavity
backaction, Phys. Rev. Lett. 110, 075304 (2013).

[85] S. F. Caballero-Benitez and I. B. Mekhov, Quantum optical
lattices for emergent many-body phases of ultracold atoms,
Phys. Rev. Lett. 115, 243604 (2015).

[86] S. F. Caballero-Benitez and I. B. Mekhov, Bond order via
light-induced synthetic many-body interactions of ultracold
atoms in optical lattices, New J. Phys. 18, 113010 (2016).

[87] T. Chanda, R. Kraus, G. Morigi, and J. Zakrzewski, Self-
organized topological insulator due to cavity-mediated corre-
lated tunneling, Quantum 5, 501 (2021).

[88] T. Chanda, R. Kraus, J. Zakrzewski, and G. Morigi, Bond or-
der via cavity-mediated interactions, Phys. Rev. B 106, 075137
(2022).

[89] F. Damanet, A. J. Daley, and J. Keeling, Atom-only descrip-
tions of the driven-dissipative Dicke model, Phys. Rev. A 99,
033845 (2019).

[90] C.-M. Halati, A. Sheikhan, H. Ritsch, and C. Kollath, Nu-
merically exact treatment of many-body self-organization in
a cavity, Phys. Rev. Lett. 125, 093604 (2020).

[91] A. V. Bezvershenko, C.-M. Halati, A. Sheikhan, C. Kollath,
and A. Rosch, Dicke transition in open many-body systems

determined by fluctuation effects, Phys. Rev. Lett. 127, 173606
(2021).

[92] C.-M. Halati, A. Sheikhan, and C. Kollath, Breaking strong
symmetries in dissipative quantum systems: Bosonic atoms
coupled to a cavity, Phys. Rev. Res. 4, L012015 (2022).

[93] V. Link, K. Müller, R. G. Lena, K. Luoma, F. Damanet, W. T.
Strunz, and A. J. Daley, Non-Markovian quantum dynamics in
strongly coupled multimode cavities conditioned on continu-
ous measurement, PRX Quantum 3, 020348 (2022).

[94] L. Tolle, A. Sheikhan, T. Giamarchi, C. Kollath, and C.-M.
Halati, Fluctuation-induced bistability of fermionic atoms cou-
pled to a dissipative cavity, Phys. Rev. Lett. 134, 133602
(2025).

[95] G. Orso, J. Zakrzewski, and P. Deuar, Self-organized cavity
bosons beyond the adiabatic elimination approximation, Phys.
Rev. Lett. 134, 183405 (2025).

[96] B. Debecker, J. Martin, and F. Damanet, Controlling mat-
ter phases beyond Markov, Phys. Rev. Lett. 133, 140403
(2024).

[97] B. Debecker, L. Pausch, J. Louvet, T. Bastin, J. Martin, and
F. Damanet, Role of non-Markovian dissipation in quantum
phase transitions: Tricriticality, spin squeezing, and directional
symmetry breaking, Phys. Rev. A 112, 012210 (2025).

[98] K. V. Hovhannisyan and A. Imparato, Quantum current in
dissipative systems, New J. Phys. 21, 052001 (2019).

[99] U. Schollwöck, The density-matrix renormalization group in
the age of matrix product states, Ann. Phys. 326, 96 (2011).

[100] S. Paeckel, T. Köhler, A. Swoboda, S. R. Manmana, U.
Schollwöck, and C. Hubig, Time-evolution methods for
matrix-product states, Ann. Phys. 411, 167998 (2019).

[101] J. Dalibard, Y. Castin, and K. Mølmer, Wave-function ap-
proach to dissipative processes in quantum optics, Phys. Rev.
Lett. 68, 580 (1992).

[102] C. W. Gardiner, A. S. Parkins, and P. Zoller, Wave-function
quantum stochastic differential equations and quantum-jump
simulation methods, Phys. Rev. A 46, 4363 (1992).

[103] A. J. Daley, Quantum trajectories and open many-body quan-
tum systems, Adv. Phys. 63, 77 (2014).

[104] S. R. White and A. E. Feiguin, Real-time evolution using
the density matrix renormalization group, Phys. Rev. Lett. 93,
076401 (2004).

[105] A. J. Daley, C. Kollath, U. Schollwöck, and G. Vidal,
Time-dependent density-matrix renormalization-group using
adaptive effective Hilbert spaces, J. Stat. Mech. (2004)
P04005.

[106] J. Haegeman, J. I. Cirac, T. J. Osborne, I. Pižorn, H.
Verschelde, and F. Verstraete, Time-dependent variational
principle for quantum lattices, Phys. Rev. Lett. 107, 070601
(2011).

[107] J. Haegeman, C. Lubich, I. Oseledets, B. Vandereycken, and
F. Verstraete, Unifying time evolution and optimization with
matrix product states, Phys. Rev. B 94, 165116 (2016).

[108] M. Fishman, S. R. White, and E. M. Stoudenmire, The ITensor
software library for tensor network calculations, SciPost Phys.
Codebases 4 (2022).

[109] C.-M. Halati, A. Sheikhan, and C. Kollath, Theoretical meth-
ods to treat a single dissipative bosonic mode coupled globally
to an interacting many-body system, Phys. Rev. Res. 2, 043255
(2020).

033174-18

https://doi.org/10.1103/PhysRevA.94.061603
https://doi.org/10.1103/PhysRevLett.117.175302
https://doi.org/10.1103/PhysRevA.99.033604
https://doi.org/10.1103/PhysRevB.100.224306
https://doi.org/10.1063/1.522979
https://doi.org/10.1007/BF01608499
https://doi.org/10.1103/PhysRevLett.129.063601
https://doi.org/10.1103/dlf7-9yl4
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1103/PhysRevA.95.043843
https://doi.org/10.1140/epjd/e2008-00016-4
https://doi.org/10.1103/PhysRevLett.110.075304
https://doi.org/10.1103/PhysRevLett.115.243604
https://doi.org/10.1088/1367-2630/18/11/113010
https://doi.org/10.22331/q-2021-07-13-501
https://doi.org/10.1103/PhysRevB.106.075137
https://doi.org/10.1103/PhysRevA.99.033845
https://doi.org/10.1103/PhysRevLett.125.093604
https://doi.org/10.1103/PhysRevLett.127.173606
https://doi.org/10.1103/PhysRevResearch.4.L012015
https://doi.org/10.1103/PRXQuantum.3.020348
https://doi.org/10.1103/PhysRevLett.134.133602
https://doi.org/10.1103/PhysRevLett.134.183405
https://doi.org/10.1103/PhysRevLett.133.140403
https://doi.org/10.1103/4wq2-wyh4
https://doi.org/10.1088/1367-2630/ab1731
https://doi.org/10.1016/j.aop.2010.09.012
https://doi.org/10.1016/j.aop.2019.167998
https://doi.org/10.1103/PhysRevLett.68.580
https://doi.org/10.1103/PhysRevA.46.4363
https://doi.org/10.1080/00018732.2014.933502
https://doi.org/10.1103/PhysRevLett.93.076401
https://doi.org/10.1088/1742-5468/2004/04/P04005
https://doi.org/10.1103/PhysRevLett.107.070601
https://doi.org/10.1103/PhysRevB.94.165116
https://doi.org/10.21468/SciPostPhysCodeb.4
https://doi.org/10.1103/PhysRevResearch.2.043255


DISSIPATIVE GENERATION OF CURRENTS BY … PHYSICAL REVIEW RESEARCH 8, 033174 (2026)

[110] L. Tolle, A. Sheikhan, C. Kollath, and C.-M. Halati, Matrix
product state methods for many-body quantum systems cou-
pled to a dissipative bosonic mode, in preparation.

[111] M. L. Wall, A. Safavi-Naini, and A. M. Rey, Simulating
generic spin-boson models with matrix product states, Phys.
Rev. A 94, 053637 (2016).

[112] M. Buchhold and S. Diehl, Nonequilibrium universality in the
heating dynamics of interacting Luttinger liquids, Phys. Rev.
A 92, 013603 (2015).

[113] J. C. Halimeh, M. Punk, and F. Piazza, Aging dynamics in
quenched noisy long-range quantum Ising models, Phys. Rev.
B 98, 045111 (2018).

[114] S. Wolff, J.-S. Bernier, D. Poletti, A. Sheikhan, and C. Kollath,
Evolution of two-time correlations in dissipative quantum spin
systems: Aging and hierarchical dynamics, Phys. Rev. B 100,
165144 (2019).

[115] J. Klinder, H. Keßler, M. R. Bakhtiari, M. Thorwart, and
A. Hemmerich, Observation of a superradiant Mott insulator
in the Dicke-Hubbard model, Phys. Rev. Lett. 115, 230403
(2015).

[116] R. Landig, L. Hruby, N. Dogra, M. Landini, R. Mottl, T.
Donner, and T. Esslinger, Quantum phases from competing
short- and long-range interactions in an optical lattice, Nature
(London) 532, 476 (2016).

[117] L. Hruby, N. Dogra, M. Landini, T. Donner, and T. Esslinger,
Metastability and avalanche dynamics in strongly correlated
gases with long-range interactions, Proc. Natl. Acad. Sci. USA
115, 3279 (2018).

[118] F. Orsi, N. Sauerwein, R. P. Bhatt, J. Faltinath, E. Fedotova,
N. Reiter, T. Cantat-Moltrecht, and J.-P. Brantut, Cavity
microscope for micrometer-scale control of atom-photon in-
teractions, PRX Quantum 5, 040333 (2024).

[119] G. S. Bolognini, Z. Xue, M. A. Eichenberger, N. Sauerwein,
F. Orsi, E. Fedotova, R. P. Bhatt, and J. P. Brantut, Design and
assembly of a cavity microscope with high numerical aperture
for quantum simulations, Opt. Express 33, 44051 (2025).

[120] L. Hartung, M. Seubert, S. Welte, E. Distante, and G. Rempe,
A quantum-network register assembled with optical tweezers
in an optical cavity, Science 385, 179 (2024).

[121] J. Ho, Y.-H. Lu, T. Xiang, C. C. Rusconi, S. J. Masson, A.
Asenjo-Garcia, Z. Yan, and D. M. Stamper-Kurn, Optome-
chanical self-organization in a mesoscopic atom array, Nat.
Phys. 21, 1071 (2025).

[122] M. Seubert, L. Hartung, S. Welte, G. Rempe, and E. Distante,
Tweezer-assisted subwavelength positioning of atomic arrays
in an optical cavity, PRX Quantum 6, 010322 (2025).

[123] D. Husmann, S. Uchino, S. Krinner, M. Lebrat, T. Giamarchi,
T. Esslinger, and J.-P. Brantut, Connecting strongly correlated
superfluids by a quantum point contact, Science 350, 1498
(2015).

[124] M.-Z. Huang, J. Mohan, A.-M. Visuri, P. Fabritius, M. Talebi,
S. Wili, S. Uchino, T. Giamarchi, and T. Esslinger, Superfluid
signatures in a dissipative quantum point contact, Phys. Rev.
Lett. 130, 200404 (2023).

[125] M. Atala, M. Aidelsburger, M. Lohse, J. T. Barreiro, B.
Paredes, and I. Bloch, Observation of chiral currents with
ultracold atoms in bosonic ladders, Nat. Phys. 10, 588 (2014).

[126] A. Impertro, S. Karch, J. F. Wienand, S. Huh, C. Schweizer,
I. Bloch, and M. Aidelsburger, Local readout and control of
current and kinetic energy operators in optical lattices, Phys.
Rev. Lett. 133, 063401 (2024).

[127] A. Impertro, S. Huh, S. Karch, J. F. Wienand, I. Bloch, and
M. Aidelsburger, Strongly interacting Meissner phases in large
bosonic flux ladders, Nat. Phys. 21, 895 (2025).

[128] M. Tomza, K. Jachymski, R. Gerritsma, A. Negretti, T.
Calarco, Z. Idziaszek, and P. S. Julienne, Cold hybrid ion-atom
systems, Rev. Mod. Phys. 91, 035001 (2019).

[129] C. Monroe, W. C. Campbell, L.-M. Duan, Z.-X. Gong, A. V.
Gorshkov, P. W. Hess, R. Islam, K. Kim, N. M. Linke, G.
Pagano, P. Richerme, C. Senko, and N. Y. Yao, Programmable
quantum simulations of spin systems with trapped ions, Rev.
Mod. Phys. 93, 025001 (2021).

[130] K. Le Hur, L. Henriet, A. Petrescu, K. Plekhanov, G. Roux,
and M. Schiró, Many-body quantum electrodynamics net-
works: Non-equilibrium condensed matter physics with light,
C. R. Phys. 17, 808 (2016).

[131] A. Blais, A. L. Grimsmo, S. M. Girvin, and A. Wallraff,
Circuit quantum electrodynamics, Rev. Mod. Phys. 93, 025005
(2021).

[132] K. Cong, Q. Zhang, Y. Wang, G. T. Noe, A. Belyanin, and
J. Kono, Dicke superradiance in solids [invited], J. Opt. Soc.
Am. B 33, C80 (2016).

[133] A. Frisk Kockum, A. Miranowicz, S. De Liberato, S. Savasta,
and F. Nori, Ultrastrong coupling between light and matter,
Nat. Rev. Phys. 1, 19 (2019).

[134] P. Forn-Díaz, L. Lamata, E. Rico, J. Kono, and E. Solano,
Ultrastrong coupling regimes of light-matter interaction, Rev.
Mod. Phys. 91, 025005 (2019).

[135] C.-M. Halati, Figure data for article “Dissipative Gener-
ation of currents by nonreciprocal local and global envi-
ronments,” [Dataset], Zenodo, 2025, https://doi.org/10.5281/
zenodo.17357835.

033174-19

https://doi.org/10.1103/PhysRevA.94.053637
https://doi.org/10.1103/PhysRevA.92.013603
https://doi.org/10.1103/PhysRevB.98.045111
https://doi.org/10.1103/PhysRevB.100.165144
https://doi.org/10.1103/PhysRevLett.115.230403
https://doi.org/10.1038/nature17409
https://doi.org/10.1073/pnas.1720415115
https://doi.org/10.1103/PRXQuantum.5.040333
https://doi.org/10.1364/OE.567982
https://doi.org/10.1126/science.ado6471
https://doi.org/10.1038/s41567-025-02916-7
https://doi.org/10.1103/PRXQuantum.6.010322
https://doi.org/10.1126/science.aac9584
https://doi.org/10.1103/PhysRevLett.130.200404
https://doi.org/10.1038/nphys2998
https://doi.org/10.1103/PhysRevLett.133.063401
https://doi.org/10.1038/s41567-025-02890-0
https://doi.org/10.1103/RevModPhys.91.035001
https://doi.org/10.1103/RevModPhys.93.025001
https://doi.org/10.1016/j.crhy.2016.05.003
https://doi.org/10.1103/RevModPhys.93.025005
https://doi.org/10.1364/JOSAB.33.000C80
https://doi.org/10.1038/s42254-018-0006-2
https://doi.org/10.1103/RevModPhys.91.025005
https://doi.org/10.5281/zenodo.17357835

