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We introduce a dissipative lattice gauge model that exhibits the many-body version of the non-Hermitian
skin effect. The dissipative couplings between dynamical gauge fields on the lattice links and the
surrounding environment generate chiral motions of particles residing on lattice sites. Despite the
complexity arising from many-body interactions, the local gauge symmetry enables the exact construction
of a steady state that displays the many-body non-Hermitian skin effect. Furthermore, our approach can be
generalized to realize a new type of many-body non-Hermitian skin effect, dubbed the hierarchical skin
effect, where different subsystem degrees of freedom exhibit boundary accumulation of multiple moments
at different orders. Our findings can be readily observed by engineering dissipation in state-of-the-art lattice
gauge simulators.
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Introduction—Gauge theory is a cornerstone in modern
physics. The lattice formulation of gauge theory provides a
versatile framework for investigating fundamental phenom-
ena in quantum field theories and describing novel quantum
phases in condensed matter physics [1–3]. While it is
difficult to simulate a strongly coupled gauge theory on
classical computers, the rapid advancement of quantum
technologies allows for experimentally investigating equi-
librium and nonequilibrium phases of lattice gauge theory
on cutting-edge quantum platforms [4–14]. These novel
phenomena includes string dynamics [15–21], quantum
many-body scars [22–25], disorder-free localization
[26–29], and quantum phase transitions [30–33]. A key
ingredient for lattice gauge simulators is to impose gauge
constraints for quantum dynamics [34–37]. One of the
gauge violation mechanisms stems from the incoherent
system-environment couplings of quantum devices [34].
Although the environment is detrimental to gauge-invariant
coherent dynamics, the interplay between dissipation and
many-body dynamics can lead to unexpected nonequili-
brium phenomena that has no analog in closed lattice gauge
theory [38,39].

One of the striking phenomena arising in non-Hermitian
or open quantum systems is the non-Hermitian skin effect
(NHSE), which describes the boundary localization of bulk
eigenstates [40–46]. This concept is essential in various
aspects of non-Hermitian physics [47–52], such as non-
Hermitian topology [53–59] and novel dynamics [60–70].
Recently, there has been a growing interest in exploring
the significant role of interactions in shaping NHSE in
many-body systems. Considerable efforts have been dedi-
cated to characterizing the NHSE of many-body eigenstates
[71–76], engineering many-body NHSE [77–84], and
unveiling novel nonequilibrium phases induced by
many-body NHSE [85–93].
However, apart from a limited number of integrable

systems [94–99], the complexity of many-body interactions
generally prevents the exact description of non-Hermitian
many-body systems, thereby limiting the analysis of many-
body NHSE to numerical methods. Therefore, it is desirable
to develop new analytical method to understand the interplay
between NHSE and interaction. Moreover, the extensive
studies of many-body NHSE are often rooted in the many-
body extensions of the Hatano-Nelson model, where an
imaginary background gauge field causes the nonreciprocal
hoppings of particles [100,101]. Compared to experimental
platforms for single-particle NHSE [43–46], it is more
challenging to implement imaginary gauge fields in quantum
many-body experiments. More fundamentally, a physical
explanation of imaginary gauge fields directly from a gauge-
theoretic perspective is still lacking.
In this Letter, we address these questions by proposing a

dissipative extension of the quantum link model (QLM)
in the U(1) lattice gauge theory [4,15,102]. With the
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experimentally accessible dissipation processes acting on
the dynamical gauge fields at lattice links, the dissipative
QLM effectively induces nonreciprocal hoppings for matter
fields at lattice sites, resulting in many-body NHSE under
open boundary conditions (OBC). Despite the many-body
complexity of this open quantum system, the local gauge
symmetry of the quantum-link Hamiltonian enables the
analytical construction of the exact steady state, which
exhibits the many-body NHSE characterized by the accu-
mulation of the dipole moment of matter fields. Notably,
not limited to dissipative QLM, our symmetry-based
method for constructing exact many-body eigenstates is
broadly applicable to a wide class of open quantum many-
body systems. Furthermore, the dissipative QLM offers a
general method for achieving a hierarchical skin effect,
characterized by multipole moments for certain subsystem
degrees of freedom. From an experimental perspective, our
model provides an efficient way to implement nonrecip-
rocal hoppings in state-of-the-art lattice gauge simulators.
Dissipative quantum link model—We first review the

basic notions of U(1) QLM [15], particularly focusing on
open boundary conditions. The QLM of ð1þ 1ÞD quan-
tum electrodynamics has a quantum-link Hamiltonian
H ¼ J

P
L−1
n¼1ðψ†

nUn;nþ1ψnþ1 þ H:c:Þ. The lattice system
has L sites and L − 1 links. ψ†

n and ψn are the fermionic
creation and annihilation operators of matter fields at sites.
Un;nþ1 is the link operator that represents the U(1)
gauge degree of freedom, conjugating to the electric field
En;nþ1 with the relations ½En;nþ1; Un;nþ1� ¼ Un;nþ1 and
½En;nþ1; U

†
n;nþ1� ¼ −U†

n;nþ1. The generators of the local

U(1) gauge symmetry in QLM are given by Gn ¼ ψ†
nψn −

ðEn;nþ1 − En−1;nÞ for 1 < n < L. In addition, we have
G1 ¼ ψ†

1ψ1 − E1;2 and GL ¼ ψ†
LψL þ EL−1;L at the boun-

dary sites. A gauge fixing condition ðGn þ gnÞjΦi ¼ 0
with background charges gn plays the role of the Gauss law
in electrodynamics. In practical quantum simulations, the
quantum links are replaced by spin operators with finite
Hilbert space dimensions:Un;nþ1→sþn;nþ1,U

†
n;nþ1→s−n;nþ1,

En;nþ1 → szn;nþ1. Additionally, we perform the Jordan-
Wigner transformation and employ spin-1=2 operators
τx;y;zn to describe fermionic operators on lattice sites. The
resulting spin version of QLM becomes

H ¼ J
XL−1
n¼1

ðτþn sþn;nþ1τ
−
nþ1 þ H:c:Þ: ð1Þ

With ψ†
nψn ¼ τzn þ 1=2, the occupied (unoccupied) states

at lattice sites are described by the eigenvalue of τzn being
1=2 (−1=2). The local gauge generator is equivalent to
Gn ¼ τzn − ðszn;nþ1 − szn−1;nÞ for 1 < n < L, with boundary
correctionsG1¼τz1−s

z
1;2 andGL¼τzLþszL−1;L. Additionally,

the total particle number N ¼ P
n ψ

†
nψn ¼

P
nðτzn þ 1=2Þ

of matter fields is also conserved because of the global U(1)

symmetry. Without loss of generality, we focus on the
simplest s ¼ 1=2 case of link spins, with the basis vectors
j↑i and j↓i on each link. Our results are also applicable in
higher-spin cases.
We are interested in coupling the quantum links with a

Markov bath [Fig. 1(a)], which is described by the Lindblad
master equation:

d
dt
ρ ¼ L½ρ� ¼ −i½H; ρ� þ

X
μ

ð2LμρL
†
μ − fL†

μLμ; ρgÞ: ð2Þ

The Liouvillian superoperator L defined in the double
Hilbert space is divided into two parts L ¼ LH þ LD,
where LH½ρ� ¼ −i½H; ρ� describes the coherent dynamics
generated by the Hamiltonian H in Eq. (1) and LD½ρ� ¼P

μð2LμρL
†
μ − fL†

μLμ; ρgÞ denotes the dissipative dynam-
ics associated with jump operators Lμ.

FIG. 1. (a) Dissipative quantum link model with H in Eq. (1).
(b) Liouvillian spectrums and (c) steady-state density distribu-
tionsNn ¼ Tr½ρss;Nðτn þ 1=2Þ� numerically obtained by the exact
diagonalization in the sector Gn ¼ 0 and N ¼ 2 with parameters
L ¼ 7, J ¼ 1, γu ¼ 2.4, and γd ¼ 1.6. We consider both the
periodic (gray color) and open (red color) boundary conditions.
Black points in (b) mark the eigenvalues of exact OBC eigenop-
erators. (d) The asymmetric particle distributions obtained from
the exact OBC steady state. ν ¼ N=L is the filling factor. We take
β ¼ γu=γd ¼ 3 and L ¼ 24.
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In the dissipative QLM, we couple each quantum link to
the environment through two quantum jump operators
describing biased incoherent spin-flipping processes:

LðuÞ
n;nþ1 ¼

ffiffiffiffiffi
γu

p
sþn;nþ1; LðdÞ

n;nþ1 ¼
ffiffiffiffiffi
γd

p
s−n;nþ1: ð3Þ

These jump operators break the strong U(1) gauge sym-
metry generated by Gn into a weak gauge symmetry, whose
generator Gn acts on the operators O in the Hilbert space as
Gn½O� ¼ GnO −OGn. Therefore, we get ½Gn;L� ¼ 0. In
addition, the global charge N generates a strong symmetry
of L, satisfying ½N;H� ¼ ½N;Lμ� ¼ 0.
These strong and weak symmetries allow for using exact

diagonalization to study the many-body spectrums of L.
We focus on the weak gauge sector Gn½ρ� ¼ 0, to which the

steady states belong. If we add strong dissipators LðgaugeÞ
n ¼ffiffiffi

Γ
p

Gn into Eq. (2) as an effective gauge fixing term [34],
the relaxation dynamics will quickly converge to the above
weak gauge sector. Nevertheless, these dissipators do not
affect steady states and are thus not included in our
construction. We use exact diagonalization to numerically
obtain the spectrums of L under different boundary
conditions [103]. As shown in Fig. 1(b), the OBC spectrum
is enclosed by the spectrum under periodic boundary
conditions (PBC), which demonstrates the sensitivity of
Liouvillian spectrums to boundary conditions [104].
Additionally, the steady state ρss, satisfying L½ρss� ¼ 0,
shows an asymmetric OBC distribution for the particle
number Nn ¼ Tr½ρssðτn þ 1=2Þ� [Fig. 1(c)]. These numeri-
cal results reveal the existence of many-body NHSE.
The emergence of NHSE can be understood as follows.

First, biased spin-flipping processes result in a steady state
ρss with a preferable direction for link spins. For example,
when J ¼ 0, hszn;nþ1i ¼ Tr½ρssszn;nþ1� ¼ ðβ − 1Þ=ð2β þ 2Þ
depends on the ratio β ¼ γu=γd. Intuitively, the dissipation-
induced polarization of link spins can be statistically
interpreted as a unidirectional electric field, rendering
polarization-dependent interactions in H to transport par-
ticles in a favorable direction [104]. This process effec-
tively becomes nonreciprocal hoppings of matter fields,
causing many-body NHSE.
Strong dissipation limit—In the strong dissipation limit

γu;d ≫ J, the emergent nonreciprocal hoppings of matter
fields can be seen explicitly using perturbation theory [105].
When LH ¼ 0, the unperturbed steady states of LD are

given by ρð0Þss ¼ ρτ ⊗ ρs. Here, ρτ is an arbitrary density
matrix on lattice sites, and the steady-state density matrix
on lattice links is

ρs ¼ ⨂L−1
n¼1ρn;nþ1;

ρn;nþ1 ¼
β

1þ β
j↑ih↑j þ 1

1þ β
j↓ih↓j: ð4Þ

Here, ρn;nþ1 is defined on the ðn; nþ 1Þ link.

A nonzero LH perturbs these degenerate steady states,
and the second-order perturbation theory leads to an
effective Liouvillian for ρτ of matter fields: Leff ½ρτ� ¼P

μ 2LμρτL
†
μ − fL†

μLμ; ρτg. The effective jump opera-

tors in Leff are given by LðrÞ
n;nþ1 ¼

ffiffiffiffi
γr

p
τ−n τ

þ
nþ1 and

LðlÞ
n;nþ1¼

ffiffiffiffi
γl

p
τþn τ−nþ1, with γr ¼ γuJ2=ðγd þ γuÞ2 and

γl ¼ γdJ2=ðγd þ γuÞ2 satisfying β ¼ γu=γd ¼ γr=γl.
Surprisingly, the effective Liouvillian Leff describes a
quantum asymmetric simple exclusion process, whose
classical counterpart plays a significant role in statistical
physics [106,107]. This effective model is exactly solvable
based on the Bethe ansatz, exhibiting operator space
fragmentation [108].
Therefore, dissipativeQLMoffers a practical approach for

engineering nonreciprocal hoppings for particles in a quan-
tum many-body system, leading to unidirectional charge
transport. Despite its similarity to the imaginary background
gauge fields in the Hatano-Nelson model [100,101], the
gauge fields in our model are dynamically coupled to the
environment in an experimentally accessible way.
Exact steady state—The emergent integrability discussed

above only holds when γu; γd ≫ J. It is generally a
challenging task to determine the exact many-body
Liouvillian spectrum. Nevertheless, the gauge structure
of the quantum link Hamiltonian enables analytical con-
struction of the OBC steady states, as well as certain other
eigenstates, for arbitrary parameters. The construction
directly demonstrates many-body NHSE in the dissipative
quantum link model and, more interestingly, provides a
general approach to obtaining exact steady states in a wide
class of open quantum systems.
When LH ¼ 0, the steady-state density matrix ρs of LD

for link spins is a diagonal operator [Eq. (4)].
Following this observation, we introduce a double-space
similarity transformation T ¼ T τ ⊗ T s. While T τ acting
on sites will be specified shortly, T s acting on links is
designed to provide T s½ρs� ¼ Tsρs ¼ Is. Here, Is is the
identity operator in link Hilbert space, and ρs is given by
Eq. (4). Consequently, Ts ¼ ⨂L−1

n¼1Tn;nþ1 with Tn;nþ1 ¼
ð1þ βÞ=βj↑ih↑j þ ð1þ βÞj↓ih↓j ∝ expð− ln βszn;nþ1Þ act-
ing on the ðn; nþ 1Þ link [109]. It is easy to show that
T sLDT −1

s ¼ L†
D [110] where L†

D½ρ� ¼
P

μð2L†
μρLμ −

fL†
μLμ; ρgÞ with Lμ provided by Eq. (3). This result implies

that LD satisfies the quantum detailed balance condition
[111–114]. Notably, the structure of the Liouvillian guar-
antees that L†

D½I� ¼ 0 with I being the identity matrix in the
whole Hilbert space. A nonzero LH also satisfies
LH½I� ¼ 0. Therefore, if there exists a double-space trans-
formation T that keeps LH invariant, i.e., T LHT −1 ¼ LH,
we can conclude that the identity operator I is the steady
state of the deformed Liouvillian T LT −1 ¼ LH þ L†

D.
Then the steady state of the original Liouvillian is given
by ρss ¼ T −1½I�=TrðT −1½I�Þ.
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The fact that the quantum-link Hamiltonian H satisfies
the local gauge symmetry ½Gn;H� ¼ 0 motivates us to
construct T ¼ T τ ⊗ T s by some generalized gauge trans-
formation. Therefore, the transformation T ¼ T τ ⊗ T s
compatible with T s determined above is provided by
T ½ρ� ¼ Tρ where T ¼ exp½−P

L
n¼1ðln αþ n ln βÞGn�.

Here α is an arbitrary constant. It is straightforward to
show that THT−1 ¼ H, and that T acting on links is
equivalent to the above Ts up to an overall factor. In the
end, we obtain the exact OBC steady state

ρss ¼
T−1

TrðT−1Þ ¼ Z−1 exp

�XL
n¼1

ðln αþ n ln βÞGn

�
ð5Þ

with Z ¼ Tr½expðPL
n¼1ðln αþ n ln βÞGnÞ�. This is one of

the central results of this Letter. We emphasize that the
construction in Eq. (5) is only valid under OBC. The lack of
translation symmetry makes Eq. (5) incompatible with
PBC. The mismatch between two boundary conditions is
a signal of many-body NHSE. In the following, we
give several remarks regarding this exact many-body steady
state.
Recall that the conserved global U(1) charge is N ¼P
L
n¼1ðτn þ 1=2Þ. If we define the global dipole charge

D ¼ P
L
n¼1 τn½n − ðLþ 1Þ=2� and the total z component of

link spins Sz ¼ P
L−1
n¼1 s

z
n;nþ1, the steady state becomes

ρss ∝ exp½ln αN þ ln βðDþ SzÞ�. Because N is a conserved
quantity, ln α can be viewed as the chemical potential of a
Gibbs ensemble. We can also obtain the N-particle steady
state ρss;N ≡ Z−1

N PNρssPN , where PN is the projection
operator into the N-particle Hilbert space and Z−1

N is a
normalization factor. Notably, ρss;N is independent of the
free parameter α. Therefore, the OBC steady states of
Eq. (2) have an (Lþ 1)-fold degeneracy.
When 0 < N < L, the steady state ρss;N exhibits many-

body NHSE by showing an asymmetric particle density at
the lattice sites. As shown in Fig. 1(d), while the parameter
β shapes the localization behavior, the filling number N=L
determines the locus of the emergent real-space Fermi
surface [72]. The link spins, on the other hand, form a
uniform configuration with hszn;nþ1i ¼ ðβ − 1Þ=ð2β þ 2Þ,
serving as an effective unidirectional electric field that
generates the accumulation of dipole charge for particles,
i.e., Trðρss;NDÞ ≠ 0.
Furthermore, ρss does not depend on the interaction

strength J. Instead, the local gauge symmetry of H plays
an indispensable role in constructing the double-space trans-
formationT . This result indicates that ρss is robust against the
symmetry-preserving disorders in H, such as random poten-
tials δH ¼ P

L
n¼1 hnτ

z
n þ

P
L−1
n¼1 h

0
n;nþ1s

z
n;nþ1 or long-range

interactions δH0 ¼ P
L−2
n¼1 J

0
nðτþn sþn;nþ1s

þ
nþ1;nþ2τ

−
nþ2 þ H:c:Þ.

This symmetry-protected feature distinguishes the exact
steady-state skin mode from the single-particle NHSE in
noninteracting systems, where strong disorder typically

destroys skin modes and instead leads to Anderson
localization.
The exact construction leading to Eq. (5) offers a

general approach to obtaining eigenoperators of a large
class of Liouvillian superoperators. With the Liouvillian
L ¼ LH þ LD, if we find a double-space similarity trans-
formation T λ such that

T λLHT −1
λ ¼ LH; T λLDT −1

λ ½I� ¼ λI; ð6Þ

we can obtain an eigenoperator ρ ¼ T −1
λ ½I� of L with the

eigenvalue λ. In the Supplemental Material [104], we show
that this approach systematically provides exponentially
many eigenoperators of L in dissipative QLM, with
eigenvalues equally spaced on the real axis [black points
in Fig. 1(b)]. We remark that the equally spaced eigenval-
ues are reminiscent of exact many-body scar states in a
large class of Hermitian systems [115–117]. We also apply
this method to other types of jump operators in dissipative
QLM [104]. These demonstrations further indicate the
general applicability of our exact method.
Hierarchical skin effect—Figure 1 elucidates that the

biased dissipation of link spins causes the many-body skin
effect of site spins and increases their dipole moments.
Interestingly, this setup provides a general framework to
generate a new type of many-body NHSE, called the
hierarchical skin effect, where the steady state will accumu-
late nonzero multipole moments for different subsystems.
We consider a generalized dissipative QLM [Fig. 2(a)],

whose Hamiltonian is defined for three species of spin-1
2

operators:

H0 ¼ J1
XL−1
n¼1

ðσþn τþn;nþ1σ
−
nþ1 þ H:c:Þ

þ J2
XL−2
n¼1

ðτþn;nþ1s
þ
nþ1τ

−
nþ1;nþ2 þ H:c:Þ: ð7Þ

Here, L is the number of σ spins on the top layer. Likewise,
the middle layer has L − 1 τ spins and the bottom layer
consists of L − 2 s spins. We denote H1 ≡H0jJ2¼0 and
H2 ≡H0jJ1¼0, which are quantum-link Hamiltonians
between neighboring layers. Like Eq. (1), H1 has a local
U(1) gauge symmetry generated by Gστ

n ¼ σzn − τzn;nþ1 þ
τzn−1;n for 1 < n < L, with boundary corrections Gστ

1 ¼
σz1 − τz1;2 and Gστ

L ¼ σzL þ τzL−1;L. Similarly, the local U(1)
gauge symmetry generators for H2 are given by Gτs

n;nþ1 ¼
τzn;nþ1 − sznþ1 þ szn for 1 < n < L − 1,Gτs

1;2 ¼ τz1;2 − sz2, and
Gτs

L−1;L ¼ τzL−1;L þ szL−1. However, these symmetry gener-
ators for H1 or H2 are no longer conserved when consid-
ering the total Hamiltonian H0 ¼ H1 þH2. Instead, the
local symmetry generators in H0 involve spin operators in
all layers, which are given by GH0

n ¼ σzn − Gτs
n;nþ1 þGτs

n−1;n
for 1 < n < L, GH0

1 ¼ σz1 −Gτs
1;2, and GH0

L ¼ σzL þGτs
L−1;L.
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It is easy to show that ½GH0
n ; H0� ¼ 0. Consequently, GH0

n
plays a similar role to the local U(1) gauge symmetry
generators in the original quantum-link Hamiltonian.
With β ¼ γu=γd, we added biased jump operators LðuÞ

n ¼ffiffiffiffiffi
γu

p
sþn and LðdÞ

n ¼ ffiffiffiffiffi
γd

p
s−n to s spins [Fig. 2(a)], where

n ¼ 2; 3;…; L − 1. The dynamics of this system is gen-
erated by the Lindblad master equation in Eq. (2). For
convenience, we express the Liouvillian superoperator as
L ¼ LH0 þ LD, with LH0 given by the Hamiltonian H0
and LD corresponding to the dissipations of s spins,
respectively.
The way to obtain the steady state is to construct

a double-space similarity transformation T , defined as
T ½ρ� ¼ ðTσ ⊗ Tτ ⊗ TsÞρ, such that T LT −1 ¼ LH0 þ L†

D.
When H1 ¼ 0, the top layer is decoupled. The rest of the
system is the same as Fig. 1(a). The results above Eq. (5)
shows that Tτ ⊗ Ts ¼ exp½−P

L−1
n¼1ðlnαþ n ln βÞGτs

n;nþ1�
with α being a free parameter. A nonzero H1 constrains
the form of Tσ, indicating that Tσ ⊗ Tτ should keep H1

invariant and be compatible with the above Tτ ⊗ Ts.
As a result, Tσ ⊗ Tτ ¼ expf−P

L
n¼1½lnα0 þ

P
n−1
m¼0ðln αþ

m ln βÞ�Gστ
n g with α0 being another free parameter.

Combining these results yields the steady state

ρss ∝ exp

�XL
n¼1

�
lnα0 þ n lnαþ nðn − 1Þ

2
ln β

�
GH0

n

�
: ð8Þ

The free parameters α and α0 reveal two strong global
symmetries that do not involve s-spin operators and thus

commute with Lðu=dÞ
n . The first one, NH0 ¼ P

L
n¼1G

H0
n ¼P

L
n¼1 σ

z
n, is the total z component of σ spins. The second

one, DH0 ¼ P
L
n¼1 nG

H0
n ¼ P

L
n¼1 nσ

z
n þ

P
L−1
n¼1 τ

z
n;nþ1, con-

sists of the dipole moment of σ spins and the total z
component of τ spins. After projection into each symmetry

sector, we obtain the exact symmetry-resolved steady
states that exclusively depend on the dissipation param-
eter β. A typical steady-state distribution is shown in
Fig. 2. Intuitively, the polarization of s spins causes the
many-body skin effect for τ spins [Fig. 2(b)], generating a
nonzero dipole moment in the middle layer. Subsequently,
the asymmetric distribution of τ spins effectively serves as a
spatially dependent electric field for σ spins. The opposite
polarizations of τ spins [Fig. 2(b)] transport the polar-
izations of σ spins in different directions, making the z
component of σ spins accumulate at two boundaries
simultaneously [Fig. 2(c)]. As a result, a nonzero quadru-
pole moment for σ spins reveals the existence of dipole skin
effect in the top layer [84].
More layers with interlayer quantum-link interactions

can be included in the open quantum system, such that a
hierarchy of many-body NHSE can be established in the
exact steady state, characterized by nonzero multipole
moments for different layers. This intriguing feature dis-
tinguishes the generalized dissipative QLM from the
previous result on the many-body NHSE for multipoles
in non-Hermitian Hamiltonians [84]. Whereas the latter
necessitates a particular m-pole conserving non-Hermitian
interaction to produce the (mþ 1)th multipole moment, our
framework for hierarchical skin effect requires merely
three-local interactions and on-site dissipations that are
more feasible to realize experimentally, simultaneously
creating multipole skin effects of any order in different
subsystems.
Possible experiments—Our model offers a practical

method in engineering nonreciprocal hoppings in a quan-
tum many-body system. One possible platform is the
extended Bose-Hubbard simulator in cold-atom systems
[10]. By introducing a spatially modulated potential and
specifying the model parameters, an effective bosonic
Hamiltonian can be engineered in the form Heff ¼
J
P

nðb2n−1ðb†2nÞ2b2nþ1 þ H:c:Þ, with the dynamics
restricted to the Hilbert subspace with zero or single
(double) boson occupations on odd (even) sites. Within
this subspace, the model describes a U(1) lattice gauge
theory, where the odd (even) sites represent matter (gauge)
fields. The detailed derivation and its mapping to the
quantum link model [Eq. (1)] can be found in Ref. [10].
Under the same mapping, the spin-flipping jump operators
in Eq. (3) can be translated into bosonic gain or loss jump
operators [118–120] on even sites, although the dissipative
dynamics need to be restricted in the above-mentioned
subspace. Another promising platform is the superconduct-
ing circuit, where a native three-body quantum-link inter-
action [Eq. (1)] has recently been realized [14] and there
exist known strategies for introducing gain or loss jump
operators into superconducting qubits [121].
Discussions—In conclusion, we have constructed

gauge-theoretical models with exactly solvable steady
states exhibiting NHSE. Our results shed light on novel

FIG. 2. (a) Generalized dissipative QLM. (b),(c) Steady-state
distribution of the middle and top layers. With L ¼ 14 and β ¼ 3,
we show the results in the charge sector ðNH0 ; DH0 Þ ¼ ð0; 0Þ.
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nonequilibrium phases tied to gauge symmetries. For
instance, the approach to induce the NHSE in dissipative
many-body systems and develop the hierarchical skin effect
for multipoles can be easily applied to U(1) QLMs in any
dimensions with higher spins [23,24,122–125]. An exam-
ple of 2D NHSE in dissipative QLMs is shown in the
Supplemental Material [104]. Another interesting future
direction is to extend the dissipative lattice gauge theory to
non-Abelian cases [126,127]. It is also intriguing to
investigate the dissipative gauge fields using Keldysh field
theory [120,128] and topological field theory [129].

Acknowledgments—We thank He-Ran Wang, Fei Song,
Shunyu Yao, Zhou-Quan Wan, and Hongzheng Zhao for
their helpful discussions. This work is supported by the
National Natural Science Foundation of China (Grants
No. 12125405), the National Key R&D Program of
China (No. 2023YFA1406702), and Quantum Science
and Technology-National Science and Technology Major
Project (Grant No. 2021ZD0302502). B. L. is supported by
the National Science Foundation through Princeton
University’s Materials Research Science and Engineering
Center DMR-2011750, and the National Science
Foundation under Grant No. DMR-2141966. Additional
support is provided by the Gordon and Betty Moore
Foundation through Grant No. GBMF8685 towards the
Princeton theory program.

Data availability—The data that support the findings of
this article are not publicly available. The data are available
from the authors upon reasonable request.

[1] J. B. Kogut, An introduction to lattice gauge theory and
spin systems, Rev. Mod. Phys. 51, 659 (1979).

[2] J. B. Kogut, The lattice gauge theory approach to quantum
chromodynamics, Rev. Mod. Phys. 55, 775 (1983).

[3] E. Fradkin, Field Theories of Condensed Matter Physics
(Cambridge University Press, Cambridge, England, 2013).

[4] U.-J. Wiese, Ultracold quantum gases and lattice systems:
Quantum simulation of lattice gauge theories, Ann. Phys.
(Berlin) 525, 777 (2013).

[5] P. Hauke, D. Marcos, M. Dalmonte, and P. Zoller,
Quantum simulation of a lattice Schwinger model in a
chain of trapped ions, Phys. Rev. X 3, 041018 (2013).

[6] D. Marcos, P. Rabl, E. Rico, and P. Zoller, Superconduct-
ing circuits for quantum simulation of dynamical gauge
fields, Phys. Rev. Lett. 111, 110504 (2013).

[7] E. Zohar, J. I. Cirac, and B. Reznik, Quantum simulations
of lattice gauge theories using ultracold atoms in optical
lattices, Rep. Prog. Phys. 79, 014401 (2015).

[8] E. A. Martinez, C. A. Muschik, P. Schindler, D. Nigg, A.
Erhard, M. Heyl, P. Hauke, M. Dalmonte, T. Monz, P.
Zoller et al., Real-time dynamics of lattice gauge theories
with a few-qubit quantum computer, Nature (London) 534,
516 (2016).

[9] A. Mil, T. V. Zache, A. Hegde, A. Xia, R. P. Bhatt, M. K.
Oberthaler, P. Hauke, J. Berges, and F. Jendrzejewski,
A scalable realization of local U(1) gauge invariance in
cold atomic mixtures, Science 367, 1128 (2020).

[10] B. Yang, H. Sun, R. Ott, H.-Y. Wang, T. V. Zache, J. C.
Halimeh, Z.-S. Yuan, P. Hauke, and J.-W. Pan, Observation
of gauge invariance in a 71-site Bose–Hubbard quantum
simulator, Nature (London) 587, 392 (2020).

[11] Z.-Y. Zhou, G.-X. Su, J. C. Halimeh, R. Ott, H. Sun,
P. Hauke, B. Yang, Z.-S. Yuan, J. Berges, and J.-W. Pan,
Thermalization dynamics of a gauge theory on a quantum
simulator, Science 377, 311 (2022).

[12] Y. Cheng and H. Zhai, Emergent U(1) lattice gauge theory
in Rydberg atom arrays, Nat. Rev. Phys. 6, 566 (2024).

[13] G. Gyawali, T. Cochran, Y. Lensky, E. Rosenberg, A. H.
Karamlou, K. Kechedzhi, J. Berndtsson, T. Westerhout,
A. Asfaw, D. Abanin et al., Observation of disorder-free
localization and efficient disorder averaging on a quantum
processor, arXiv:2410.06557.

[14] J. H. Busnaina, Z. Shi, J. M. Alcaine-Cuervo, C. X. Yang,
I. Nsanzineza, E. Rico, and C. M. Wilson, Native three-
body interactions in a superconducting lattice gauge
quantum simulator, arXiv:2501.13383.

[15] D. Banerjee, M. Dalmonte, M. Müller, E. Rico, P. Stebler,
U.-J. Wiese, and P. Zoller, Atomic quantum simulation of
dynamical gauge fields coupled to fermionic matter: From
string breaking to evolution after a quench, Phys. Rev. Lett.
109, 175302 (2012).

[16] T. Pichler, M. Dalmonte, E. Rico, P. Zoller, and S.
Montangero, Real-time dynamics in U(1) lattice gauge
theories with tensor networks, Phys. Rev. X 6, 011023
(2016).

[17] R. Verdel, F. Liu, S. Whitsitt, A. V. Gorshkov, and M.
Heyl, Real-time dynamics of string breaking in quantum
spin chains, Phys. Rev. B 102, 014308 (2020).

[18] F. M. Surace, P. P. Mazza, G. Giudici, A. Lerose, A.
Gambassi, and M. Dalmonte, Lattice gauge theories and
string dynamics in Rydberg atom quantum simulators,
Phys. Rev. X 10, 021041 (2020).

[19] W.-Y. Zhang, Y. Liu, Y. Cheng, M.-G. He, H.-Y. Wang,
T.-Y. Wang, Z.-H. Zhu, G.-X. Su, Z.-Y. Zhou, Y.-G. Zheng,
H. Sun, B. Yang, P. Hauke, W. Zheng, J. C. Halimeh, Z.-S.
Yuan, and J.-W. Pan, Observation of microscopic confine-
ment dynamics by a tunable topological θ-angle, Nat.
Phys. 21, 155 (2025).

[20] A. De, A. Lerose, D. Luo, F. M. Surace, A. Schuckert,
E. R. Bennewitz, B. Ware, W. Morong, K. S. Collins, Z.
Davoudi, A. V. Gorshkov, O. Katz, and C. Monroe,
Observation of string-breaking dynamics in a quantum
simulator, arXiv:2410.13815.

[21] T. A. Cochran, B. Jobst, E. Rosenberg, Y. D. Lensky, G.
Gyawali, N. Eassa, M. Will, D. Abanin, R. Acharya, L. A.
Beni et al., Visualizing dynamics of charges and strings in
ð2þ 1Þd lattice gauge theories, Nature (London) 642, 315
(2025),

[22] H. Bernien, S. Schwartz, A. Keesling, H. Levine, A.
Omran, H. Pichler, S. Choi, A. S. Zibrov, M. Endres,
M. Greiner et al., Probing many-body dynamics on a
51-atom quantum simulator, Nature (London) 551, 579
(2017).

PHYSICAL REVIEW LETTERS 135, 260401 (2025)

260401-6

https://doi.org/10.1103/RevModPhys.51.659
https://doi.org/10.1103/RevModPhys.55.775
https://doi.org/10.1002/andp.201300104
https://doi.org/10.1002/andp.201300104
https://doi.org/10.1103/PhysRevX.3.041018
https://doi.org/10.1103/PhysRevLett.111.110504
https://doi.org/10.1088/0034-4885/79/1/014401
https://doi.org/10.1038/nature18318
https://doi.org/10.1038/nature18318
https://doi.org/10.1126/science.aaz5312
https://doi.org/10.1038/s41586-020-2910-8
https://doi.org/10.1126/science.abl6277
https://doi.org/10.1038/s42254-024-00749-6
https://arXiv.org/abs/2410.06557
https://arXiv.org/abs/2501.13383
https://doi.org/10.1103/PhysRevLett.109.175302
https://doi.org/10.1103/PhysRevLett.109.175302
https://doi.org/10.1103/PhysRevX.6.011023
https://doi.org/10.1103/PhysRevX.6.011023
https://doi.org/10.1103/PhysRevB.102.014308
https://doi.org/10.1103/PhysRevX.10.021041
https://doi.org/10.1038/s41567-024-02702-x
https://doi.org/10.1038/s41567-024-02702-x
https://arXiv.org/abs/2410.13815
https://doi.org/10.1038/s41586-025-08999-9
https://doi.org/10.1038/s41586-025-08999-9
https://doi.org/10.1038/nature24622
https://doi.org/10.1038/nature24622


[23] J.-Y. Desaules, A. Hudomal, D. Banerjee, A. Sen, Z. Papić,
and J. C. Halimeh, Prominent quantum many-body scars in
a truncated Schwinger model, Phys. Rev. B 107, 205112
(2023).

[24] J.-Y. Desaules, D. Banerjee, A. Hudomal, Z. Papić, A. Sen,
and J. C. Halimeh, Weak ergodicity breaking in the
Schwinger model, Phys. Rev. B 107, L201105 (2023).

[25] G.-X. Su, H. Sun, A. Hudomal, J.-Y. Desaules, Z.-Y. Zhou,
B. Yang, J. C. Halimeh, Z.-S. Yuan, Z. Papić, and J.-W.
Pan, Observation of many-body scarring in a Bose-
Hubbard quantum simulator, Phys. Rev. Res. 5, 023010
(2023).

[26] A. Smith, J. Knolle, D. L. Kovrizhin, and R. Moessner,
Disorder-free localization, Phys. Rev. Lett. 118, 266601
(2017).

[27] P. Karpov, R. Verdel, Y.-P. Huang, M. Schmitt, and M.
Heyl, Disorder-free localization in an interacting 2D lattice
gauge theory, Phys. Rev. Lett. 126, 130401 (2021).

[28] J. C. Halimeh, L. Homeier, H. Zhao, A. Bohrdt, F. Grusdt,
P. Hauke, and J. Knolle, Enhancing disorder-free locali-
zation through dynamically emergent local symmetries,
PRX Quantum 3, 020345 (2022).

[29] N. Chakraborty, M. Heyl, P. Karpov, and R. Moessner,
Spectral response of disorder-free localized lattice gauge
theories, Phys. Rev. Lett. 131, 220402 (2023).

[30] E. Rico, T. Pichler, M. Dalmonte, P. Zoller, and S.
Montangero, Tensor networks for lattice gauge theories
and atomic quantum simulation, Phys. Rev. Lett. 112,
201601 (2014).

[31] Y.-P. Huang, D. Banerjee, and M. Heyl, Dynamical
quantum phase transitions in U(1) quantum link models,
Phys. Rev. Lett. 122, 250401 (2019).

[32] Z. Yao, L. Pan, S. Liu, and H. Zhai, Quantum many-body
scars and quantum criticality, Phys. Rev. B 105, 125123
(2022).

[33] H.-Y. Wang, W.-Y. Zhang, Z. Yao, Y. Liu, Z.-H. Zhu, Y.-G.
Zheng, X.-K. Wang, H. Zhai, Z.-S. Yuan, and J.-W. Pan,
Interrelated thermalization and quantum criticality in a
lattice gauge simulator, Phys. Rev. Lett. 131, 050401
(2023).

[34] K. Stannigel, P. Hauke, D. Marcos, M. Hafezi, S. Diehl, M.
Dalmonte, and P. Zoller, Constrained dynamics via the
Zeno effect in quantum simulation: Implementing non-
Abelian lattice gauge theories with cold atoms, Phys. Rev.
Lett. 112, 120406 (2014).

[35] J. C. Halimeh and P. Hauke, Reliability of lattice gauge
theories, Phys. Rev. Lett. 125, 030503 (2020).

[36] J. C. Halimeh, R. Ott, I. P. McCulloch, B. Yang, and P.
Hauke, Robustness of gauge-invariant dynamics against
defects in ultracold-atom gauge theories, Phys. Rev. Res. 2,
033361 (2020).

[37] J. C. Halimeh, H. Lang, J. Mildenberger, Z. Jiang, and P.
Hauke, Gauge-symmetry protection using single-body
terms, PRX Quantum 2, 040311 (2021).

[38] Z. Wang, X.-D. Dai, H.-R. Wang, and Z. Wang, Topo-
logically ordered steady states in open quantum systems,
SciPost Phys. 17, 167 (2024).

[39] X.-D. Dai, Z. Wang, H.-R. Wang, and Z. Wang, Steady-
state topological order, Phys. Rev. B 111, 115142 (2025).

[40] S. Yao and Z. Wang, Edge states and topological invariants
of non-Hermitian systems, Phys. Rev. Lett. 121, 086803
(2018).

[41] C. H. Lee and R. Thomale, Anatomy of skin modes and
topology in non-Hermitian systems, Phys. Rev. B 99,
201103(R) (2019).

[42] F. K. Kunst, E. Edvardsson, J. C. Budich, and E. J.
Bergholtz, Biorthogonal bulk-boundary correspondence
in non-Hermitian systems, Phys. Rev. Lett. 121, 026808
(2018).

[43] A. Ghatak, M. Brandenbourger, J. van Wezel, and C.
Coulais, Observation of non-Hermitian topology and its
bulk-edge correspondence in an active mechanical meta-
material, Proc. Natl. Acad. Sci. U.S.A. 117, 29561 (2020).

[44] L. Xiao, T. Deng, K. Wang, G. Zhu, Z. Wang, W. Yi, and P.
Xue, Non-Hermitian bulk–boundary correspondence in
quantum dynamics, Nat. Phys. 16, 761 (2020).

[45] T. Helbig, T. Hofmann, S. Imhof, M. Abdelghany, T.
Kiessling, L. Molenkamp, C. Lee, A. Szameit, M. Greiter,
and R. Thomale, Generalized bulk–boundary correspon-
dence in non-Hermitian topolectrical circuits, Nat. Phys.
16, 747 (2020).

[46] S. Weidemann, M. Kremer, T. Helbig, T. Hofmann, A.
Stegmaier, M. Greiter, R. Thomale, and A. Szameit,
Topological funneling of light, Science 368, 311 (2020).

[47] E. J. Bergholtz, J. C. Budich, and F. K. Kunst, Exceptional
topology of non-Hermitian systems, Rev. Mod. Phys. 93,
015005 (2021).

[48] Y. Ashida, Z. Gong, and M. Ueda, Non-Hermitian physics,
Adv. Phys. 69, 249 (2020).

[49] X. Zhang, T. Zhang, M.-H. Lu, and Y.-F. Chen, A review
on non-Hermitian skin effect, Adv. Phys.: X 7, 2109431
(2022).

[50] K. Ding, C. Fang, and G. Ma, Non-Hermitian topology and
exceptional-point geometries, Nat. Rev. Phys. 4, 745
(2022).

[51] R. Lin, T. Tai, L. Li, and C. H. Lee, Topological non-
Hermitian skin effect, Front. Phys. 18, 53605 (2023).

[52] N. Okuma and M. Sato, Non-Hermitian topological
phenomena: A review, Annu. Rev. Condens. Matter Phys.
14, 83 (2023).

[53] S. Yao, F. Song, and Z. Wang, Non-Hermitian Chern
bands, Phys. Rev. Lett. 121, 136802 (2018).

[54] F. Song, S. Yao, and Z. Wang, Non-Hermitian topological
invariants in real space, Phys. Rev. Lett. 123, 246801
(2019).

[55] K. Yokomizo and S. Murakami, Non-Bloch band theory of
non-Hermitian systems, Phys. Rev. Lett. 123, 066404
(2019).

[56] N. Okuma, K. Kawabata, K. Shiozaki, and M. Sato,
Topological origin of non-Hermitian skin effects, Phys.
Rev. Lett. 124, 086801 (2020).

[57] K. Zhang, Z. Yang, and C. Fang, Correspondence between
winding numbers and skin modes in non-Hermitian
systems, Phys. Rev. Lett. 125, 126402 (2020).

[58] Z. Yang, K. Zhang, C. Fang, and J. Hu, Non-Hermitian
bulk-boundary correspondence and auxiliary generalized
Brillouin zone theory, Phys. Rev. Lett. 125, 226402
(2020).

PHYSICAL REVIEW LETTERS 135, 260401 (2025)

260401-7

https://doi.org/10.1103/PhysRevB.107.205112
https://doi.org/10.1103/PhysRevB.107.205112
https://doi.org/10.1103/PhysRevB.107.L201105
https://doi.org/10.1103/PhysRevResearch.5.023010
https://doi.org/10.1103/PhysRevResearch.5.023010
https://doi.org/10.1103/PhysRevLett.118.266601
https://doi.org/10.1103/PhysRevLett.118.266601
https://doi.org/10.1103/PhysRevLett.126.130401
https://doi.org/10.1103/PRXQuantum.3.020345
https://doi.org/10.1103/PhysRevLett.131.220402
https://doi.org/10.1103/PhysRevLett.112.201601
https://doi.org/10.1103/PhysRevLett.112.201601
https://doi.org/10.1103/PhysRevLett.122.250401
https://doi.org/10.1103/PhysRevB.105.125123
https://doi.org/10.1103/PhysRevB.105.125123
https://doi.org/10.1103/PhysRevLett.131.050401
https://doi.org/10.1103/PhysRevLett.131.050401
https://doi.org/10.1103/PhysRevLett.112.120406
https://doi.org/10.1103/PhysRevLett.112.120406
https://doi.org/10.1103/PhysRevLett.125.030503
https://doi.org/10.1103/PhysRevResearch.2.033361
https://doi.org/10.1103/PhysRevResearch.2.033361
https://doi.org/10.1103/PRXQuantum.2.040311
https://doi.org/10.21468/SciPostPhys.17.6.167
https://doi.org/10.1103/PhysRevB.111.115142
https://doi.org/10.1103/PhysRevLett.121.086803
https://doi.org/10.1103/PhysRevLett.121.086803
https://doi.org/10.1103/PhysRevB.99.201103
https://doi.org/10.1103/PhysRevB.99.201103
https://doi.org/10.1103/PhysRevLett.121.026808
https://doi.org/10.1103/PhysRevLett.121.026808
https://doi.org/10.1073/pnas.2010580117
https://doi.org/10.1038/s41567-020-0836-6
https://doi.org/10.1038/s41567-020-0922-9
https://doi.org/10.1038/s41567-020-0922-9
https://doi.org/10.1126/science.aaz8727
https://doi.org/10.1103/RevModPhys.93.015005
https://doi.org/10.1103/RevModPhys.93.015005
https://doi.org/10.1080/00018732.2021.1876991
https://doi.org/10.1080/23746149.2022.2109431
https://doi.org/10.1080/23746149.2022.2109431
https://doi.org/10.1038/s42254-022-00516-5
https://doi.org/10.1038/s42254-022-00516-5
https://doi.org/10.1007/s11467-023-1309-z
https://doi.org/10.1146/annurev-conmatphys-040521-033133
https://doi.org/10.1146/annurev-conmatphys-040521-033133
https://doi.org/10.1103/PhysRevLett.121.136802
https://doi.org/10.1103/PhysRevLett.123.246801
https://doi.org/10.1103/PhysRevLett.123.246801
https://doi.org/10.1103/PhysRevLett.123.066404
https://doi.org/10.1103/PhysRevLett.123.066404
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.124.086801
https://doi.org/10.1103/PhysRevLett.125.126402
https://doi.org/10.1103/PhysRevLett.125.226402
https://doi.org/10.1103/PhysRevLett.125.226402


[59] H.-Y. Wang, F. Song, and Z. Wang, Amoeba formulation
of non-Bloch band theory in arbitrary dimensions, Phys.
Rev. X 14, 021011 (2024).

[60] F. Song, S. Yao, and Z. Wang, Non-Hermitian skin effect
and chiral damping in open quantum systems, Phys. Rev.
Lett. 123, 170401 (2019).

[61] S. Longhi, Probing non-Hermitian skin effect and non-
Bloch phase transitions, Phys. Rev. Res. 1, 023013 (2019).

[62] C. C. Wanjura, M. Brunelli, and A. Nunnenkamp, Topo-
logical framework for directional amplification in driven-
dissipative cavity arrays, Nat. Commun. 11, 3149 (2020).

[63] W.-T. Xue, M.-R. Li, Y.-M. Hu, F. Song, and Z. Wang,
Simple formulas of directional amplification from non-
Bloch band theory, Phys. Rev. B 103, L241408 (2021).

[64] L. Xiao, T. Deng, K. Wang, Z. Wang, W. Yi, and P. Xue,
Observation of non-Bloch parity-time symmetry and ex-
ceptional points, Phys. Rev. Lett. 126, 230402 (2021).

[65] T. Haga, M. Nakagawa, R. Hamazaki, and M. Ueda,
Liouvillian skin effect: Slowingdownof relaxationprocesses
without gap closing, Phys. Rev. Lett. 127, 070402 (2021).

[66] S. Longhi, Self-healing of non-Hermitian topological skin
modes, Phys. Rev. Lett. 128, 157601 (2022).

[67] W.-T. Xue, Y.-M. Hu, F. Song, and Z. Wang, Non-
Hermitian edge burst, Phys. Rev. Lett. 128, 120401 (2022).

[68] L. Xiao, W.-T. Xue, F. Song, Y.-M. Hu, W. Yi, Z. Wang,
and P. Xue, Observation of non-Hermitian edge burst in
quantum dynamics, Phys. Rev. Lett. 133, 070801 (2024).

[69] J. Zhu, Y.-L. Mao, H. Chen, K.-X. Yang, L. Li, B. Yang,
Z.-D. Li, and J. Fan, Observation of non-Hermitian edge
burst effect in one-dimensional photonic quantum walk,
Phys. Rev. Lett. 132, 203801 (2024).

[70] Y.-M. Hu, H.-Y. Wang, Z. Wang, and F. Song, Geometric
origin of non-bloch PT symmetry breaking, Phys. Rev.
Lett. 132, 050402 (2024).

[71] E. Lee, H. Lee, and B.-J. Yang, Many-body approach to
non-Hermitian physics in fermionic systems, Phys. Rev. B
101, 121109(R) (2020).

[72] S. Mu, C. H. Lee, L. Li, and J. Gong, Emergent Fermi
surface in a many-body non-Hermitian fermionic chain,
Phys. Rev. B 102, 081115(R) (2020).

[73] F. Alsallom, L. Herviou, O. V. Yazyev, and M. Brzezińska,
Fate of the non-Hermitian skin effect in many-body
fermionic systems, Phys. Rev. Res. 4, 033122 (2022).

[74] K. Kawabata, K. Shiozaki, and S. Ryu, Many-body top-
ology of non-Hermitian systems, Phys. Rev. B 105,
165137 (2022).

[75] K. Shimomura and M. Sato, General criterion for non-
Hermitian skin effects and application: Fock space skin
effects in many-body systems, Phys. Rev. Lett. 133,
136502 (2024).

[76] S. Hamanaka and K. Kawabata, Multifractality of the
many-body non-Hermitian skin effect, Phys. Rev. B 111,
035144 (2025).

[77] C. H. Lee, Many-body topological and skin states without
open boundaries, Phys. Rev. B 104, 195102 (2021).

[78] X. Xu, H. Xu, S. Mandal, R. Banerjee, S. Ghosh, and
T. C. H. Liew, Interaction-induced double-sided skin effect
in an exciton-polariton system, Phys. Rev. B 103, 235306
(2021).

[79] W. N. Faugno and T. Ozawa, Interaction-induced non-
Hermitian topological phases from a dynamical gauge
field, Phys. Rev. Lett. 129, 180401 (2022).

[80] S. Hamanaka, K. Yamamoto, and T. Yoshida, Interaction-
induced Liouvillian skin effect in a fermionic chain with a
two-body loss, Phys. Rev. B 108, 155114 (2023).

[81] A. N. Poddubny, Interaction-induced analog of a non-
Hermitian skin effect in a lattice two-body problem, Phys.
Rev. B 107, 045131 (2023).

[82] H. Li, H. Wu, W. Zheng, and W. Yi, Many-body non-
Hermitian skin effect under dynamic gauge coupling,
Phys. Rev. Res. 5, 033173 (2023).

[83] R. Shen, F. Qin, J.-Y. Desaules, Z. Papić, and C. H. Lee,
Enhanced many-body quantum scars from the non-
Hermitian Fock skin effect, Phys. Rev. Lett. 133,
216601 (2024).

[84] J. Gliozzi, G. De Tomasi, and T. L. Hughes, Many-body
non-Hermitian skin effect for multipoles, Phys. Rev. Lett.
133, 136503 (2024).

[85] K. Kawabata, T. Numasawa, and S. Ryu, Entanglement
phase transition induced by the non-Hermitian skin effect,
Phys. Rev. X 13, 021007 (2023).

[86] Y.-P. Wang, C. Fang, and J. Ren, Absence of measurement-
induced entanglement transition due to feedback-induced
skin effect, Phys. Rev. B 110, 035113 (2024).

[87] Y.-M. Hu, W.-T. Xue, F. Song, and Z. Wang, Steady-state
edge burst: From free-particle systems to interaction-
induced phenomena, Phys. Rev. B 108, 235422 (2023).

[88] T. Yoshida, S.-B. Zhang, T. Neupert, and N. Kawakami,
Non-Hermitian Mott skin effect, Phys. Rev. Lett. 133,
076502 (2024).

[89] Y. Qin and L. Li, Occupation-dependent particle separation
in one-dimensional non-Hermitian lattices, Phys. Rev.
Lett. 132, 096501 (2024).

[90] S. E. Begg and R. Hanai, Quantum criticality in open
quantum spin chains with nonreciprocity, Phys. Rev. Lett.
132, 120401 (2024).

[91] Y. Qin, C. H. Lee, and L. Li, Dynamical suppression of
many-body non-Hermitian skin effect in anyonic systems,
Commun. Phys. 8, 18 (2025).

[92] M. Yang, L. Yuan, and C. H. Lee, Non-Hermitian ultra-
strong bosonic condensation through interaction-induced
caging, Commun. Phys. 8, 388 (2025).

[93] H.-R. Wang, Z. Wang, and Z. Wang, Non-bloch self-energy
of dissipative interacting fermions, arXiv:2411.13661.

[94] H.-R. Wang, B. Li, F. Song, and Z. Wang, Scale-free non-
Hermitian skin effect in a boundary-dissipated spin chain,
SciPost Phys. 15, 191 (2023).

[95] B. Li, H.-R. Wang, F. Song, and Z. Wang, Non-Bloch
dynamics and topology in a classical nonequilibrium
process, Phys. Rev. B 109, L201121 (2024).

[96] L. Mao, Y. Hao, and L. Pan, Non-Hermitian skin effect in a
one-dimensional interacting Bose gas, Phys. Rev. A 107,
043315 (2023).

[97] M. Zheng, Y. Qiao, Y. Wang, J. Cao, and S. Chen, Exact
solution of the Bose-Hubbard model with unidirectional
hopping, Phys. Rev. Lett. 132, 086502 (2024).

[98] L. Mao, X. Yang, M.-J. Tao, H. Hu, and L. Pan, Liouvillian
skin effect in a one-dimensional open many-body quantum

PHYSICAL REVIEW LETTERS 135, 260401 (2025)

260401-8

https://doi.org/10.1103/PhysRevX.14.021011
https://doi.org/10.1103/PhysRevX.14.021011
https://doi.org/10.1103/PhysRevLett.123.170401
https://doi.org/10.1103/PhysRevLett.123.170401
https://doi.org/10.1103/PhysRevResearch.1.023013
https://doi.org/10.1038/s41467-020-16863-9
https://doi.org/10.1103/PhysRevB.103.L241408
https://doi.org/10.1103/PhysRevLett.126.230402
https://doi.org/10.1103/PhysRevLett.127.070402
https://doi.org/10.1103/PhysRevLett.128.157601
https://doi.org/10.1103/PhysRevLett.128.120401
https://doi.org/10.1103/PhysRevLett.133.070801
https://doi.org/10.1103/PhysRevLett.132.203801
https://doi.org/10.1103/PhysRevLett.132.050402
https://doi.org/10.1103/PhysRevLett.132.050402
https://doi.org/10.1103/PhysRevB.101.121109
https://doi.org/10.1103/PhysRevB.101.121109
https://doi.org/10.1103/PhysRevB.102.081115
https://doi.org/10.1103/PhysRevResearch.4.033122
https://doi.org/10.1103/PhysRevB.105.165137
https://doi.org/10.1103/PhysRevB.105.165137
https://doi.org/10.1103/PhysRevLett.133.136502
https://doi.org/10.1103/PhysRevLett.133.136502
https://doi.org/10.1103/PhysRevB.111.035144
https://doi.org/10.1103/PhysRevB.111.035144
https://doi.org/10.1103/PhysRevB.104.195102
https://doi.org/10.1103/PhysRevB.103.235306
https://doi.org/10.1103/PhysRevB.103.235306
https://doi.org/10.1103/PhysRevLett.129.180401
https://doi.org/10.1103/PhysRevB.108.155114
https://doi.org/10.1103/PhysRevB.107.045131
https://doi.org/10.1103/PhysRevB.107.045131
https://doi.org/10.1103/PhysRevResearch.5.033173
https://doi.org/10.1103/PhysRevLett.133.216601
https://doi.org/10.1103/PhysRevLett.133.216601
https://doi.org/10.1103/PhysRevLett.133.136503
https://doi.org/10.1103/PhysRevLett.133.136503
https://doi.org/10.1103/PhysRevX.13.021007
https://doi.org/10.1103/PhysRevB.110.035113
https://doi.org/10.1103/PhysRevB.108.235422
https://doi.org/10.1103/PhysRevLett.133.076502
https://doi.org/10.1103/PhysRevLett.133.076502
https://doi.org/10.1103/PhysRevLett.132.096501
https://doi.org/10.1103/PhysRevLett.132.096501
https://doi.org/10.1103/PhysRevLett.132.120401
https://doi.org/10.1103/PhysRevLett.132.120401
https://doi.org/10.1038/s42005-025-01935-3
https://doi.org/10.1038/s42005-025-02274-z
https://arXiv.org/abs/2411.13661
https://doi.org/10.21468/SciPostPhys.15.5.191
https://doi.org/10.1103/PhysRevB.109.L201121
https://doi.org/10.1103/PhysRevA.107.043315
https://doi.org/10.1103/PhysRevA.107.043315
https://doi.org/10.1103/PhysRevLett.132.086502


system with generalized boundary conditions, Phys. Rev.
B 110, 045440 (2024).

[99] C. Ekman and E. J. Bergholtz, Liouvillian skin effects and
fragmented condensates in an integrable dissipative Bose-
Hubbard model, Phys. Rev. Res. 6, L032067 (2024).

[100] N. Hatano and D. R. Nelson, Localization transitions in
non-Hermitian quantum mechanics, Phys. Rev. Lett. 77,
570 (1996).

[101] N. Hatano and D. R. Nelson, Vortex pinning and non-
Hermitian quantum mechanics, Phys. Rev. B 56, 8651
(1997).

[102] S. Chandrasekharan and U.-J. Wiese, Quantum link
models: A discrete approach to gauge theories, Nucl.
Phys. B492, 455 (1997).

[103] Under periodic boundary conditions, we add a link spin
between the first site and the last site. Then the gauge
generators are modified as G1 ¼ τz1 − ðsz1;2 − szL;1Þ and
GL ¼ ψ†

Lτ
z
L − ðszL;1 − szL−1;LÞ. A similar modification is

applied to G1 and GL. The periodic spectrum in
Fig. 1(b) is numerically obtained by the exact diagonal-
ization in the weak gauge sector Gn½ρ� ¼ 0.

[104] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/wztw-l8wg for the numerical sim-
ulation of relaxation dynamics, point-gap topology of
many-body Liouvillian, and the construction of exact
eigenoperators in different models.

[105] E. M. Kessler, Generalized Schrieffer-Wolff formalism for
dissipative systems, Phys. Rev. A 86, 012126 (2012).

[106] G.M. Schütz, Exact solution of the master equation for the
asymmetric exclusion process, J. Stat. Phys. 88, 427 (1997).

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

[108] Fabian H. L. Essler and L. Piroli, Integrability of one-
dimensional Lindbladians from operator-space fragmenta-
tion, Phys. Rev. E 102, 062210 (2020).

[109] Due to the diagonal nature of ρs and Ts, there is a
redundancy in defining T s. For example, the form
T s½ρs� ¼

ffiffiffiffiffi
Ts

p
ρs

ffiffiffiffiffi
Ts

p ¼ Is results in the same steady-state
solution.

[110] Assume that O is an arbitrary operator in the Hilbert
space. T sLDT −1

s acting on O represents T sLDT −1
s ½O� ¼

T s½LD½T −1
s ½O���. Additionally, the inverse of an invertible

superoperator S is defined as S−1S½O� ¼ SS−1½O� ¼ O.
[111] R. Alicki, On the detailed balance condition for non-

Hamiltonian systems, Rep. Math. Phys. 10, 249 (1976).
[112] A. Kossakowski, A. Frigerio, V. Gorini, and M. Verri,

Quantum detailed balance and KMS condition, Commun.
Math. Phys. 57, 97 (1977).

[113] F. Fagnola and V. Umanita, Generators of detailed balance
quantum Markov semigroups, Inf. Dim. Anal. Quant.
Prob. Rel. Topics 10, 335 (2007).

[114] R. Firanko, M. Goldstein, and I. Arad, Area law for steady
states of detailed-balance local Lindbladians, J. Math.
Phys. (N.Y.) 65, 051901 (2024).

[115] G. Ramírez, J. Rodríguez-Laguna, and G. Sierra, Entangle-
ment over the rainbow, J. Stat. Mech. 06 (2015) P06002.

[116] C. M. Langlett, Z.-C. Yang, J. Wildeboer, A. V. Gorshkov,
T. Iadecola, and S. Xu, Rainbow scars: From area to
volume law, Phys. Rev. B 105, L060301 (2022).

[117] J. Wildeboer, C. M. Langlett, Z.-C. Yang, A. V. Gorshkov,
T. Iadecola, and S. Xu, Quantum many-body scars from
Einstein-Podolsky-Rosen states in bilayer systems, Phys.
Rev. B 106, 205142 (2022).

[118] N. Syassen, D. M. Bauer, M. Lettner, T. Volz, D. Dietze,
J. J. Garcia-Ripoll, J. I. Cirac, G. Rempe, and S. Durr,
Strong dissipation inhibits losses and induces correlations
in cold molecular gases, Science 320, 1329 (2008).

[119] T. Tomita, S. Nakajima, Y. Takasu, and Y. Takahashi,
Dissipative Bose-Hubbard system with intrinsic two-body
loss, Phys. Rev. A 99, 031601(R) (2019).

[120] L. M. Sieberer, M. Buchhold, and S. Diehl, Keldysh field
theory for driven open quantum systems, Rep. Prog. Phys.
79, 096001 (2016).

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

[122] T. Felser, P. Silvi, M. Collura, and S. Montangero, Two-
dimensional quantum-link lattice quantum electrodynamics
at finite density, Phys. Rev. X 10, 041040 (2020).

[123] L. Cardarelli, S. Greschner, and L. Santos, Deconfining
disordered phase in two-dimensional quantum link mod-
els, Phys. Rev. Lett. 124, 123601 (2020).

[124] M. Van Damme, T. V. Zache, D. Banerjee, P. Hauke, and
J. C. Halimeh, Dynamical quantum phase transitions in
spin-S U(1) quantum link models, Phys. Rev. B 106,
245110 (2022).

[125] T. V. Zache, M. Van Damme, J. C. Halimeh, P. Hauke, and
D. Banerjee, Toward the continuum limit of a ð1þ 1ÞD
quantum link Schwinger model, Phys. Rev. D 106,
L091502 (2022).

[126] D. Banerjee, M. Bögli, M. Dalmonte, E. Rico, P. Stebler,
U.-J. Wiese, and P. Zoller, Atomic quantum simulation of
U(N) and SU(N) non-Abelian lattice gauge theories, Phys.
Rev. Lett. 110, 125303 (2013).

[127] A. Mezzacapo, E. Rico, C. Sabín, I. L. Egusquiza, L.
Lamata, and E. Solano, Non-Abelian SU(2) lattice gauge
theories in superconducting circuits, Phys. Rev. Lett. 115,
240502 (2015).

[128] L. M. Sieberer, M. Buchhold, J. Marino, and S. Diehl,
Universality in driven open quantum matter, Rev. Mod.
Phys. 97, 025004 (2025).

[129] K. Kawabata, K. Shiozaki, and S. Ryu, Topological field
theory of non-Hermitian systems, Phys. Rev. Lett. 126,
216405 (2021).

PHYSICAL REVIEW LETTERS 135, 260401 (2025)

260401-9

https://doi.org/10.1103/PhysRevB.110.045440
https://doi.org/10.1103/PhysRevB.110.045440
https://doi.org/10.1103/PhysRevResearch.6.L032067
https://doi.org/10.1103/PhysRevLett.77.570
https://doi.org/10.1103/PhysRevLett.77.570
https://doi.org/10.1103/PhysRevB.56.8651
https://doi.org/10.1103/PhysRevB.56.8651
https://doi.org/10.1016/S0550-3213(97)80041-7
https://doi.org/10.1016/S0550-3213(97)80041-7
http://link.aps.org/supplemental/10.1103/wztw-l8wg
http://link.aps.org/supplemental/10.1103/wztw-l8wg
http://link.aps.org/supplemental/10.1103/wztw-l8wg
http://link.aps.org/supplemental/10.1103/wztw-l8wg
http://link.aps.org/supplemental/10.1103/wztw-l8wg
https://doi.org/10.1103/PhysRevA.86.012126
https://doi.org/10.1007/BF02508478
https://doi.org/10.1016/S0370-1573(98)00006-4
https://doi.org/10.1016/S0370-1573(98)00006-4
https://doi.org/10.1103/PhysRevE.102.062210
https://doi.org/10.1016/0034-4877(76)90046-X
https://doi.org/10.1007/BF01625769
https://doi.org/10.1007/BF01625769
https://doi.org/10.1142/S0219025707002762
https://doi.org/10.1142/S0219025707002762
https://doi.org/10.1063/5.0167353
https://doi.org/10.1063/5.0167353
https://doi.org/10.1088/1742-5468/2015/06/P06002
https://doi.org/10.1103/PhysRevB.105.L060301
https://doi.org/10.1103/PhysRevB.106.205142
https://doi.org/10.1103/PhysRevB.106.205142
https://doi.org/10.1126/science.1155309
https://doi.org/10.1103/PhysRevA.99.031601
https://doi.org/10.1088/0034-4885/79/9/096001
https://doi.org/10.1088/0034-4885/79/9/096001
https://doi.org/10.1103/RevModPhys.93.025005
https://doi.org/10.1103/RevModPhys.93.025005
https://doi.org/10.1103/PhysRevX.10.041040
https://doi.org/10.1103/PhysRevLett.124.123601
https://doi.org/10.1103/PhysRevB.106.245110
https://doi.org/10.1103/PhysRevB.106.245110
https://doi.org/10.1103/PhysRevD.106.L091502
https://doi.org/10.1103/PhysRevD.106.L091502
https://doi.org/10.1103/PhysRevLett.110.125303
https://doi.org/10.1103/PhysRevLett.110.125303
https://doi.org/10.1103/PhysRevLett.115.240502
https://doi.org/10.1103/PhysRevLett.115.240502
https://doi.org/10.1103/RevModPhys.97.025004
https://doi.org/10.1103/RevModPhys.97.025004
https://doi.org/10.1103/PhysRevLett.126.216405
https://doi.org/10.1103/PhysRevLett.126.216405

	Many-Body Non-Hermitian Skin Effect with Exact Steady States in the Dissipative Quantum Link Model
	Introduction
	Dissipative quantum link model
	Strong dissipation limit
	Exact steady state
	Hierarchical skin effect
	Possible experiments
	Discussions
	Acknowledgments
	Data availability
	References


