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We study the directed transport of bosons along a one dimensional lattice in a dissipative setting, where
the hopping is only facilitated by coupling to a Markovian reservoir. By combining numerical simulations
with a field-theoretic analysis, we investigate the current fluctuations for this process and determine its
asymptotic behavior. These findings demonstrate that dissipative bosonic transport belongs to the Kardar-
Parisi-Zhang universality class and therefore, in spite of the drastic difference in the underlying particle
statistics, it features the same coarse-grained behavior as the corresponding asymmetric simple exclusion
process for fermions. However, crucial differences between the two processes emerge when focusing on the
full counting statistics of current fluctuations. By mapping both models to the physics of fluctuating
interfaces, we find that dissipative transport of bosons and fermions can be understood as surface growth
and erosion processes, respectively. Within this unified description, both the similarities and discrepancies
between the full counting statistics of the transport are reconciled. Beyond purely theoretical interest, these
findings are relevant for experiments with cold atoms or long-lived quasiparticles in nanophotonic lattices,
where such transport scenarios can be realized.
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Transport is one of the most common nonequilibrium
processes and thus the subject of intense research in many
areas of physics [1–7]. Of considerable interest in this
context is the analysis of elementary paradigmatic models,
which capture essential aspects of transport in terms of
simplified abstractions of broader classes of physical
processes. A prominent example in statistical mechanics
is the asymmetric simple exclusion process (ASEP) [8–12],
which describes random asymmetric hopping of hard-core
particles or fermions on a one-dimensional lattice. This
model has been the subject of intense research in statistical
physics and many exact results led to a deeper under-
standing of the physics far from equilibrium [13–16]. Most
important for this Letter, it has been shown that the ASEP
can be mapped on a model of a randomly fluctuating
interface [16] that is well described in terms of the
celebrated Kardar-Parisi-Zhang (KPZ) equation [17].
This established an unexpected connection between these

two seemingly unrelated fields and has generated a lot of
additional interest in this topic recently [18–23].
In this Letter, we study the dissipative transport of

bosonic particles along a one-dimensional lattice, which
are described by an asymmetric simple inclusion process
(ASIP) [24–28]. Physically, this model is motivated by
recent experimental setups with cold atoms in optical
lattices [31–35] and with long-lived photonic, polaritonic,
and plasmonic excitations in nanophotonic structures
[22,36–45], where such bosonic transport can be realized.
In contrast to Pauli’s exclusion principle, which motivates
the ASEP for fermions, bosonic atoms or quasiparticles
favor the hopping to neighboring sites that are already
occupied. This property gives rise to an opposite, bosoni-
cally enhanced inclusive transport, which drastically
changes the overall particle flow and can even lead to
condensation phenomena [27,46,47] that are naturally
forbidden for fermions. Surprisingly, the following analysis
reveals that in spite of their fundamentally different
exchange statistics, the transport of bosons belongs to
the same KPZ universality class as transport of fermions. At
a closer inspection, however, there are subtle but important
differences between the two processes, which we resolve in
terms a unified interface model.
Model—We consider a one dimensional (1D) lattice as

shown in Fig. 1(a), where bosonic atoms or other quasi-
particles hop incoherently between neighboring sites with
asymmetric rates γþ and γ−. This is the case, for example,
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for a reservoir-assisted tunneling processes in the presence
of an external bias, and we refer to Refs. [27,48,49] for
possible experimental realizations. We model the dynamics
of this system by a quantum master equation for the density
operator ρ,

ρ̇ ¼ γþ
XL−1

i¼1

D½a†iþ1ai�ρþ γ−
XL

i¼2

D½a†i−1ai�ρ; ð1Þ

where L is the total number of lattice sites, the ai ða†i Þ are
bosonic or fermionic annihilation (creation) operators at
site i and D½A�ρ ¼ AρA† − ð1=2ÞfA†A; ρg. For simplicity,
we focus on the totally asymmetric case, γþ ¼ γ and
γ− ¼ 0, but as long as γþ ≠ γ−, none of the following
predictions crucially depend on this simplification.
In the absence of Hamiltonian dynamics, the density

operator ρ evolving under Eq. (1) remains diagonal in the
Fock basis jn⃗ ¼ ðn1;…; nLÞi, where ni ¼ 0; 1; 2;… is the
number of bosons on site i. It is then sufficient to consider
the dynamics of the diagonal elements Ptðn⃗Þ ¼ hn⃗jρðtÞjn⃗i,
which obey

∂tPtðn⃗Þ ¼ γ
XL−1

i¼1

½Tþ
i T

−
iþ1 − 1�nið1þ σniþ1ÞPtðn⃗Þ: ð2Þ

Here, we introduced the operators T�
i fðn⃗Þ ¼ fð…; ni−1;

ni � 1; niþ1;…Þ as well as the parameter σ ¼ 0;�1. The
latter allows us to compare the bosonic ASIP ðσ ¼ þ1Þ
with the fermionic ASEP ðσ ¼ −1Þ and with a zero-range

process (ZRP) (σ ¼ 0) for independent classical particles,
for which the hopping rate does not depend on the
occupation of the target site [73,74].
The dynamics of the probability distribution Ptðn⃗Þ in

Eq. (2) can be sampled by a Monte Carlo simulation of the
site occupation numbers niðtÞ, which are updated at each
time step dt as

niðtþ dtÞ ¼ niðtÞ þ dNi−1=2ðtÞ − dNiþ1=2ðtÞ: ð3Þ

Here, dNi−1=2 ¼ 0, 1 are Poisson processes that indicate a
particle hopping onto site i by jumping over the dual site
i − 1=2, placed in between i − 1 and i [and similarly
dNiþ1=2 encodes the jumps between sites i and iþ 1;
see Fig. 1(b)]. The probabilities for these events to occur are
Pr½dNiþ1=2ðtÞ ¼ 1� ¼ Γi→iþ1dt, where the hopping rates
Γi→iþ1 ¼ γnið1þ σniþ1Þ depend on the particle statistics σ.
Note that Eq. (3) has the form of a continuity equation,
from which the current jiþ1=2 ¼ dNiþ1=2=dt can be directly
read off.
Transport properties—Below we consider a step initial

condition depicted in Fig. 1(b), where the left half of the
lattice is filled with one particle per site and the right half is
empty. By numerically evolving Eq. (3) and averaging over
103 realizations, we obtain the mean density profiles shown
in Fig. 1(c). This plot shows that bosons (see lower plot)
propagate into the empty region like a shock wave, which is
accelerated compared to the diffusive advective transport of
the ZRP (center plot) and the even slower dynamics of
fermions (upper plot), which spread like a rarefactionwave
(see [49] for details).
We now study the total number of transported particles

N ðtÞ ¼ P
i>0 niðtÞ, which is shown for a few stochastic

trajectories in Fig. 2(a). Overall, these trajectories increase
linearly in time, with hN ðtÞi ≃ jσt and an average current
jσ that depends on the particle statistics. The shot
to shot fluctuations around this trend, ΔN 2ðtÞ ¼
hN 2ðtÞi − hN ðtÞi2, are shown in Fig. 2(b) with a fit of
the form ΔN ðtÞ ∼ tβ. For the ZRP the fluctuations increase
with β ≃ 1=4, while a clearly distinct scaling exponent
β ≃ 1=3 is observed for both fermions and bosons. Hence,
in spite of their drastically different microscopic behavior
reflected in the mean transport, these simulations indicate
that bosons exhibit the same nontrivial scaling of fluctua-
tions as fermions [14,75].
Fluctuating hydrodynamics—To explain these numerical

findings, we consider the hydrodynamic limit
niðtÞ → nðt; xÞ, where we approximate the bosonic occu-
pation numbers for the individual sites by a continuous
density nðt; xÞ, coarse-grained over many adjacent lattice
sites and time steps dt. Applying either the Fokker-Planck
approximation on Eq. (2) or the framework of nonlinear
fluctuating hydrodynamics [76,77], we derive in
Supplemental Material (SM) [49] an effective equation

(a)

(b) (c)

FIG. 1. (a) Sketch of the dissipative transport setup, where
bosons hop along a tilted 1D lattice. Because of the coupling to a
Markovian, low-temperature reservoir (yellow cloud), hopping
becomes incoherent with asymmetric rates γ�. (b) The lattice is
initially prepared in a step initial condition and N ðtÞ denotes the
total number of particles at i > 0. The increments dNiþ1=2 ¼
jiþ1=2dt count how many particles hop over the dual site iþ 1=2
per unit time. (c) Comparison of the subsequent evolution of the
average site occupation numbers hnii for fermions (σ ¼ −1),
bosons (σ ¼ þ1), and the ZRP (σ ¼ 0), for γþ ¼ γ and γ− ¼ 0.
The dashed line corresponds to the analytical solution of the
(noiseless) Burgers equation.
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of motion for nðt; xÞ, which turns out to be the stochastic
Burgers equation [78],

∂tnþ γð1þ 2σnÞ∂xn ¼ ν∂2xn − ∂xξ: ð4Þ
We defined the viscosity ν ¼ γ=2 and a white noise ξ≡
ξðt; xÞ with hξðt; xÞξðt0; x0Þi ¼ Dδðx − x0Þδðt − t0Þ and
D ¼ 2νnðx; tÞ½1þ σnðx; tÞ�. Since the precise magnitude
of the noise does not alter the scaling of the current
fluctuations, we set D ≃ 2νn̄ð1þ σn̄Þ, where n̄ is the
steady state filling factor, in what follows. For σ ¼ −1,
Eq. (4) is then a well established effective description of the
ASEP [75,79,80]. By omitting the viscosity, we obtain a
deterministic linear transport equation for the ZRP (σ ¼ 0)
with current j0 ¼ γ. In case of bosons (fermions) we obtain
the noiseless Burgers equation, which predicts a shock
wave [81] (rarefaction wave [11,82]) and a current jþ ¼ 2γ
(j− ¼ γ=4) that matches the density profile in Fig. 1(c) [see
dashed line in Fig. 2(a) and [49] for more details].
KPZ universality—Instead of characterizing the particle

dynamics via the local site occupations ni, we follow a
well-known procedure [11,18–23,83] and consider the
number of particles transported across the dual lattice site,
hiþ1=2ðtÞ ¼

R
t
0 dτjiþ1=2ðτÞ [see Fig. 1(b)]. The number of

particles on site i is then the difference of particles
having hopped on and off site i up to time t, i.e.,
niðtÞ ¼ hi−1=2ðtÞ − hiþ1=2ðtÞ. In this representation we
identify N ðtÞ≡ h1=2ðtÞ and, in the hydrodynamic limit,
hiþ1=2ðtÞ → hðt; xÞ, we obtain the continuity equation
−∂xhðt; xÞ ¼ nðt; xÞ. Inserting this relation into Eq. (4)
yields

∂th ¼ vσ − cσ∂xhþ γσð∂xhÞ2 þ ν∂2xhþ ξ; ð5Þ

with cσ ¼ γ and vσ ¼ 0, which we introduced for later
convenience. Up to a Galilean transformation, this is the
well-known KPZ equation [17,79]. Note that the particle
statistics σ determines the sign of the KPZ nonlinearity. The
physics of this equation is characterized by the scaling
exponent z, which governs the temporal growth of the
correlation length Lcorr ∼ t1=z and α characterizes the spatial
roughness of the local transport fluctuations. Scaling theory
then suggests that Δhðt; 0Þ ¼ ΔN ðtÞ ∼ tα=z, or β ¼ α=z in
the notation above. In 1D the scaling exponents z ¼ 3=2
and α ¼ 1=2 are known and independent of the sign σ of
the nonlinearity (see [49] for details). This explains the
identical exponents β ¼ 1=3 obtained in numerical simu-
lations for both fermions and bosons [51]. In contrast, for
the Edwards-Wilkinson equation [84] obtained for the ZRP
(σ ¼ 0), α remains the same, but the dynamical scaling
changes to z ¼ 2, consistent with the numerically extracted
exponent β ¼ 1=4. To investigate scaling with the system
size, we perform additional numerical simulations of the
ASIP on a periodic chain, with translationally invariant
initial conditions, i.e., with an alternating filling from site to
site. In Fig. 2(c) a scaling collapse of wðt; LÞ ¼
hL−1P

i½hiðtÞ − h̄ðtÞ�2i1=2, with h̄ðtÞ ¼ L−1P
i hiðtÞ, is

shown for the theoretically predicted values of α and z,
with Family-Viczek scaling wðt; LÞ ¼ Lαfðt=LzÞ [85,86].
This plot shows that both bosonic and fermionic trans-
port obey the same KPZ scaling, and are thus much more
similar than expected from the dynamics of averaged
quantities.
Full counting statistics—Let us now go beyond the

scaling of second moments and take a closer look at the
statistics of N ðtÞ, which at long times is written in the
asymptotic form [14]

N ðtÞ ¼ jσtþ ðΓσtÞβη: ð6Þ

Here, the first term describes the average linear growth with
the current jσ predicted by the noiseless Burgers equation.
The second term describes the fluctuations with a scaling
factor Γσ ¼ γ½n̄σð1þ σn̄σÞ�2Cσ, where n̄σ corresponds to
the long-time local density at the origin [see Fig. 1(c)]. For
fermions with n̄− ¼ 1=2 we find C− ¼ 1, which agrees
with the exact solution [14], while for bosons with n̄þ ¼ 1,
our simulations suggest Cþ ≃ 0.3 (see [49]). The random
variable η is distributed according to the time-independent
probability distribution PσðηÞ, which determines the full
counting statistics (FCS) of N ðtÞ.
Starting from the step initial conditions, the distribution

ofN ðtÞ can be extracted numerically for arbitrary σ. For the
ZRP, the fluctuations are Gaussian due to the linearity of
the equation. For the case of fermions, σ ¼ −1, we find the
sign-reversed Tracy-Widom distribution (TWD) [87] of the
Gaussian unitary ensemble (GUE) [53,88] i.e., P−ðηÞ ¼
TWGUEð−ηÞ [see Fig. 3(a)] in agreement with the exact
solution [14]. Surprisingly, for the case of bosons, σ ¼ þ1,

(a) (b)

(c)

FIG. 2. (a) Individual realizations of the total number N ðtÞ of
transported particles, for different statistics σ and step initial
conditions. The thick dashed lines indicate hN ðtÞi ¼ jσt, as
predicted by the noiseless Burgers equation. The corresponding
currents are jþ ¼ 2γ (bosons), j0 ¼ γ (ZRP), and j− ¼ γ=4
(fermions). The fluctuations grow with tβ and so do the deviations
from the noiseless Burgers equation. (b) Scaling of ΔN ðtÞ as a
function of time. (c) Scaling collapse of wðt; LÞ for ASIP for
lattice size L, with periodic boundary conditions and initial
condition with every other site occupied.
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and with the same initial conditions, we find the TWD of
the Gaussian orthogonal ensemble (GOE) [89] without sign
reversal i.e., PþðηÞ ¼ TWGOEðηÞ [see Fig. 3(a)].
Accordingly, the FCS of the bosons is sign-reversed and
is slightly broader (GOE) compared to its fermionic
counterpart (GUE). Note that the negative (positive) first
moment of the GOE (GUE) TWD implies that bosons
(fermions) flow slightly slower (faster) than predicted by
noiseless hydrodynamics [see Fig. 2(a)]. For periodic and
stationary initial conditions the FCS coincide up to sign
reversal [49].
Large-deviations analysis for bosons—It is possible to

obtain a physical intuition for the emergence of asymmetric
tails in the FCS of the bosons [90]. Let us consider rare
events, where up to time t either no particle,N ðtÞ ∼ 0, or an
excess number of particles, N ðtÞ ∼ jexct with jexc ≫ jþ,
were transported. In both cases we find from Eq. (6) the
scaling η ∼ t2=3.
With this in mind we start our discussion by considering

the right tail Pþðη → ∞Þ, i.e., the extreme case of an
unusually large number of particles being transported. We
assume that these events are dominated by shock configu-
rations with a large number of particles n̄s ≫ 1 concen-
trated in the front. This gives rise to an excess current
jexc ¼ γn̄sð1þ n̄sÞ. The probability that in a single time
step Δt, on hydrodynamics scales, a number of jexcΔt
particles is transported to the right is p1. Since the shape of
the shock front does not change, this probability remains

constant and assuming independence of this excess trans-
port in every time step we obtain Pr½N ðtÞ ¼
jexct� ∼ ðp1Þt=Δt ∼ expð−aþtÞ, where the unknown con-
stant aþ depends on microscopic details. Going from t
to the variable η we obtain the asymptotic form Pþðη →
∞Þ ∼ expð−bþη3=2Þ [see red dashed dotted line in
Fig. 3(a)].
The left tail P−ðη → −∞Þ is instead obtained by focus-

ing on rare events where no particle is transported across
the origin. Note that due to the ongoing transport up to the
origin and their bosonic nature, particles pile up like
n0ðtÞ ∼ jþt at the origin, and the probability of not jumping
further right is progressively suppressed with the occupa-
tion pðn0Þ ≃ 1 − n0γΔt ≃ ðp0Þn0 with p0 ¼ 1 − γΔt. Then
the probability that for long times t no particle hops to the
right can be estimated as Pr½N ðtÞ ¼ 0� ∼ p1

0p
2
0 ·…·

pt=Δt
0 ∼ expðPt=Δt

i¼1 iÞ ∼ expð−a−t2Þ. Going again from t
to η we obtain Pþðη → ∞Þ ∼ expð−b−η3Þ [see red
dashed line in Fig. 3(a)]. While these arguments are too
heuristic to be able to predict b�, they capture the correct
scaling of the FCS tails, and show that bosonic statistics
has a decisive effect on the shape (sign reversal) of the
distribution.
Unified interface model—As a final step, we show how

the differences and similarities between bosonic and
fermionic transport can be reconciled by mapping both
processes onto a common model of a fluctuating interface.
Above, we showed how the transport process can be
described in terms of a field hiþ1=2, which increases by
1 if a particle jumps from i to iþ 1. The key step is to
interpret this quantity as the height of a randomly increas-
ing interface. To make connection with the exact results
for the ASEP [14], we exploit the freedom in the
initial conditions of the height field and set
hi−1=2ðtÞ − hiþ1=2ðtÞ ¼ niðtÞ − 1=2. With this convention,
every particle configuration can be mapped to a height
configuration of this effective interface model [see Fig. 3(b)
for bosons and [14,16] for fermions] with an initial profile
in the shape of a corner, hiþ1=2ðt ¼ 0Þ ¼ jij=2. The number
of particles transported to the right corresponds to the
interface height at the origin, N ðtÞ ¼ h1=2ðtÞ.
In the hydrodynamic limit the dynamics of the interface

height are described by the KPZ equation (5) with a
deposition rate vσ ¼ ðγ=2Þð1þ σ=2Þ and advection
cσ ¼ γð1þ σÞ. Formally, we obtain this by setting h →
hþ x=2 in Eq. (5) [49]. In the case of bosons, there is an
additional advection term cþ, which is absent for fermions.
This term is responsible for the deposition of particles
under an angle parallel to the right wedge [see red arrow in
Fig. 3(b)] leading to an accumulation of particles on the left
slope only. Finally, the positive (negative) sign of the KPZ
nonlinearity translates into a surface growth (surface
erosion) process. When combined, these three mechanisms
result in two very distinct growth patterns, which are

(a) (b)

(c) (d)

FIG. 3. (a) The numerically obtained FCS (dots) for the bosons
(red), fermions (blue), and ZRP (black) for a step initial
condition. The solid lines corresponds to TWGOEðηÞ (red),
TWGUEð−ηÞ (blue), and Gaussian (black). (b) Mapping the
bosonic transport to corner growth. The red arrow corresponds
to the direction of particle deposition (red squares) leading to a
growth of the surface height hiþ1=2 (thick red line). Particle
transport (solid lines) for fermions (c) and bosons (d) is plotted in
terms of hiðtÞ for a single realization. The colored dashed lines
correspond to the noise and noiseless solution of Eq. (5). The
height along the black dashed line corresponds to N ðtÞ. In the
fermionic case (c), the surface develops a curvature, whereas in
the bosonic case (d) it stays flat.
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depicted in Figs. 3(c) and 3(d) for fermions and bosons,
respectively.
Based on this interface model, the differences in the FCS

of bosonic and fermionic transport can now be understood
as follows. First, neglecting vσ and cσ for now, the trans-
formation h → −h flips the sign of the KPZ nonlinearity,
from growth to erosion, γ → −γ, or maps bosons (σ ¼ 1)
into fermions (σ ¼ −1). The transmutation of bosons into
fermions under this transformation explains why the FCS
are, up to a broadening, sign flipped with respect to each
other [see Fig. 3(a)]. Secondly, we invoke the refined
classification of the KPZ universality to explain the relative
broadening of the FCS between bosons and fermions. This
refined classification, which was originally conjectured by
Prähofer and Spohn [11,91] and confirmed both theoreti-
cally and experimentally for many different examples,
states that the KPZ universality class decomposes into
subclasses depending on the geometry of the interface: the
FCS of interfaces that are curved (flat) are of the GUE
[14,91–95] (GOE [91,95–97]) type, respectively (see [49]
for details). As discussed earlier, while the sign of the KPZ
nonlinearity does not affect the scaling exponents, our
analysis shows that the curvature is very much affected.
This can already be anticipated from the KPZ equation in
Eq. (5) in the absence of noise [dashed lines in Figs. 3(c)
and 3(d)]. For the case of surface growth (erosion) the
effective interface corresponding to bosonic (fermionic)
transport stays asymptotically flat (curved) around x ¼ 0.
Therefore, provided that the Prähofer-Spohn conjecture
holds, this interface model explains the different type of
distributions observed in N ðtÞ ¼ hðt; x ¼ 0Þ. This in
combination with the scaling analysis above and the
additional simulations in [49] demonstrates that the
ASIP is consistent with KPZ universality and all its
subclasses.
Conclusion—In summary, we have analyzed the ASIP

describing the directed dissipative transport of bosonic
particles along a 1D lattice. Despite their drastically
different hydrodynamics behavior, we have found surpris-
ing similarities between fermionic and bosonic transport in
the scaling of fluctuations. However, we have also shown
that these two cases map onto two different interface
processes, a curved, eroding surface for fermions on the
one hand and a flat, growing surface for bosons on the other
hand. This mapping explains the subtle difference in the
full counting statistics of the transport in full consistency
with the KPZ universality class. These fundamental proper-
ties, which are exclusively attributed to the particle sta-
tistics, can be directly probed, i.e., in cold-atom
experiments, where techniques to track the dynamics of
individual particles are already available.

Acknowledgments—We thank L. Canet, F. Helluin, J.
Dubail, P. Calabrese, M. Prähofer, J. Krug, and H. Spohn
for stimulating discussions. Futhermore, we would like to

thank T. Imamura for sharing his data of the Baik-Rains
distribution. Y. M., J. H, L. G., and P. R. were supported by
the Austrian Science Fund (FWF) [grant DOI: 10.55776/
P35891] through Grants No. P32299 (PHONED) and
No. M3214 (ASYMM-LM), and the European Union’s
Horizon 2020 research and innovation programme under
Grant Agreement No. 899354 (SuperQuLAN). Y. M. fur-
thermore acknowledges financial support from European
Research Council (Consolidator grant “Cocoquest”
101043705). A. G. acknowlegdes financial support from
the PNRR MUR Project No. PE0000023-NQSTI. This
research is part of the Munich Quantum Valley, which is
supported by the Bavarian state government with funds
from the Hightech Agenda Bayern Plus.

[1] Y. V. Nazarov and Y. M. Blanter, Quantum Transport:
Introduction to Nanoscience (Cambridge University Press,
Cambridge, England, 2009).

[2] S. Kohler, J. Lehmann, and P. Hänggi, Driven quantum
transport on the nanoscale, Phys. Rep. 406, 379 (2005).

[3] S. Lepri, R. Livi, and A. Politi, Thermal conduction in
classical low-dimensional lattices, Phys. Rep. 377, 1 (2003).

[4] S. A. Hartnoll, Theory of universal incoherent metallic
transport, Nat. Phys. 11, 54 (2015).

[5] C. Beenakker and H. van Houten, Quantum transport in
semiconductor nanostructures, in semiconductor hetero-
structures and nanostructures, Solid State Phys. 44, 1
(1991).

[6] T. Chou, K. Mallick, and R. K. Zia, Non-equilibrium
statistical mechanics: From a paradigmatic model to bio-
logical transport, Rep. Prog. Phys. 74, 116601 (2011).

[7] L. Bertini, A. De Sole, D. Gabrielli, G. Jona-Lasinio, and C.
Landim, Macroscopic fluctuation theory, Rev. Mod. Phys.
87, 593 (2015).

[8] F. Spitzer, Interaction of Markov processes, Adv. Math. 5,
246, (1970).

[9] B. Derrida, An exactly soluble non-equilibrium system: The
asymmetric simple exclusion process, Phys. Rep. 301, 65
(1998).

[10] O. Golinelli and K. Mallick, The asymmetric simple
exclusion process: An integrable model for non-equilibrium
statistical mechanics, J. Phys. A 39, 12679 (2006).

[11] T. Kriecherbauer and J. Krug, A Pedestrian’s view on
interacting particle systems, KP universality and random
matrices, J. Phys. A 43, 403001 (2010).

[12] K. Mallick, The exclusion process: A paradigm for non-
equilibrium behaviour, Physica (Amsterdam) 418A, 17
(2015).

[13] L.-H. Gwa and H. Spohn, Bethe solution for the dynamical-
scaling exponent of the noisy burgers equation, Phys. Rev.
A 46, 844 (1992).

[14] K. Johansson, Shape fluctuations and random matrices,
Commun. Math. Phys. 209, 437 (2000).

[15] M. Prähofer and H. Spohn. Current fluctuations for the
totally asymmetric simple exclusion process, in In and Out
of Equilibrium: Probability with a Physics Flavor (Springer,
New York, 2002).

PHYSICAL REVIEW LETTERS 134, 207102 (2025)

207102-5

https://doi.org/10.1016/j.physrep.2004.11.002
https://doi.org/10.1016/S0370-1573(02)00558-6
https://doi.org/10.1038/nphys3174
https://doi.org/10.1016/S0081-1947(08)60091-0
https://doi.org/10.1016/S0081-1947(08)60091-0
https://doi.org/10.1088/0034-4885/74/11/116601
https://doi.org/10.1103/RevModPhys.87.593
https://doi.org/10.1103/RevModPhys.87.593
https://doi.org/10.1016/0001-8708(70)90034-4
https://doi.org/10.1016/0001-8708(70)90034-4
https://doi.org/10.1016/S0370-1573(98)00006-4
https://doi.org/10.1016/S0370-1573(98)00006-4
https://doi.org/10.1088/0305-4470/39/41/S03
https://doi.org/10.1088/1751-8113/43/40/403001
https://doi.org/10.1016/j.physa.2014.07.046
https://doi.org/10.1016/j.physa.2014.07.046
https://doi.org/10.1103/PhysRevA.46.844
https://doi.org/10.1103/PhysRevA.46.844
https://doi.org/10.1007/s002200050027


[16] H. Rost, Non-equilibrium behaviour of a many particle
process: Density profile and local equilibria, Probab. Theory
Relat. Fields 58, 41 (1981).

[17] M. Kardar, G. Parisi, and Y.-C. Zhang, Dynamic scaling of
growing interfaces, Phys. Rev. Lett. 56, 889 (1986).

[18] D. Wei et al., Quantum gas microscopy of Kardar-Parisi-
Zhang superdiffusion, Science 376, 6594 (2022).

[19] S. Aditya and N. Roy, Family-Vicsek dynamical scaling and
Kardar-Parisi-Zhang-like superdiffusive growth of surface
roughness in a driven one-dimensional quasiperiodic model,
Phys. Rev. B 109, 035164 (2024).

[20] G. Cecile, J. De Nardis, and E. Ilievski, Squeezed ensembles
and anomalous dynamic roughening in interacting inte-
grable chains, Phys. Rev. Lett. 132, 130401 (2024).

[21] T. Jin, A. Krajenbrink, and D. Bernard, From stochastic spin
chains to quantum Kardar-Parisi-Zhang dynamics, Phys.
Rev. Lett. 125, 040603 (2020).

[22] Q. Fontaine, D. Squizzato, F. Baboux, I. Amelio, A.
Lemaître, M. Morassi, I. Sagnes, L. Le Gratiet, A.
Harouri, M. Wouters et al., Kardar–Parisi–Zhang univer-
sality in a one-dimensional polariton condensate, Nature
(London) 608, 687 (2022).

[23] K. Fujimoto, R. Hamazaki, and Y. Kawaguchi, Impact of
dissipation on universal fluctuation dynamics in open
quantum systems, Phys. Rev. Lett. 129, 110403 (2022).

[24] C. Giardina, J. Kurchan, and F. Redig, Duality and exact
correlations for a model of heat conduction, J. Math. Phys.
(N.Y.) 48, 033301 (2007).

[25] C. Giardina, F. Redig, and K. Vafayi, Correlation inequal-
ities for interacting particle systems with duality, J. Stat.
Phys. 141, 242 (2010).

[26] D. Bernard, T. Jin, and O. Shpielberg, Transport in quantum
chains under strong monitoring, Europhys. Lett. 121, 60006
(2018).

[27] L. Garbe, Y. Minoguchi, J. Huber, and P. Rabl, The bosonic
skin effect: Boundary condensation in asymmet-ric trans-
port, SciPost Phys. 16, 029 (2024).

[28] The ASIP for bosonic particles considered here should not
be confused with different, but similarly named, processes
in the context of queuing theory [29,30].

[29] S. Reuveni, I. Eliazar, and U. Yechiali, Asymmetric in-
clusion process as a showcase of complexity, Phys. Rev.
Lett. 109, 020603 (2012).

[30] S. Reuveni, I. Eliazar, and U. Yechiali, Asymmetric in-
clusion process, Phys. Rev. E 84, 041101 (2011).

[31] S. Krinner, D. Stadler, D. Husmann, J.-P. Brantut, and T.
Esslinger, Observation of quantized conductance in neutral
matter, Nature (London) 517, 64 (2015).

[32] R. Labouvie, B. Santra, S. Heun, and H. Ott, Bistability in a
driven-dissipative superfluid, Phys. Rev. Lett. 116, 235302
(2016).

[33] W. Gou, T. Chen, D. Xie, T. Xiao, T.-S. Deng, B. Gadway,
W. Yi, and B. Yan, Tunable nonreciprocal quantum trans-
port through a dissipative Aharonov-Bohm ring in ultracold
atoms, Phys. Rev. Lett. 124, 070402 (2020).

[34] S. Scherg, T. Kohlert, P. Sala, F. Pollmann, B. Hebbe
Madhusudhana, I. Bloch, and M. Aidelsburger, Observing
non-ergodicity due to kinetic constraints in tilted Fermi-
Hubbard chains, Nat. Commun. 12, 4490 (2021).

[35] G.-H. Huang, Z.-F. Xu, and Z. Wu, Intrinsic anomalous Hall
effect in a bosonic chiral superfluid, Phys. Rev. Lett. 129,
185301 (2022).

[36] J. Klaers, J. Schmitt, F. Vewinger, and M. Weitz, Bose–
Einstein condensation of photons in an optical microcavity,
Nature (London) 468, 545 (2010).

[37] J. Marelic, L. F. Zajiczek, H. J. Hesten, K. H. Leung, E. Y.
Ong, F. Mintert, and R. A. Nyman, Spatiotemporal coher-
ence of non-equilibrium multimode photon condensates,
New J. Phys. 18, 103012 (2016).

[38] J. Schmitt, T. Damm, D. Dung, C. Wahl, F. Vewinger, J.
Klaers, and M. Weitz, Spontaneous symmetry breaking and
phase coherence of a photon Bose-Einstein condensate
coupled to a reservoir, Phys. Rev. Lett. 116, 033604 (2016).

[39] H. Deng, G. Weihs, C. Santori, J. Bloch, and Y. Yamamoto,
Condensation of semiconductor microcavity exciton polar-
itons, Science 298, 199 (2002).

[40] J. Kasprzak, M. Richard, S. Kundermann, A. Baas, P.
Jeambrun, J. M. J. Keeling, F. Marchetti, M. Szymańska,
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