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We study two-body non-Hermitian physics in the context of an open dissipative system depicted
by the Lindblad master equation. Adopting a minimal lattice model of a handful of interacting
fermions with single-particle dissipation, we show that the non-Hermitian effective Hamiltonian of
the master equation gives rise to two-body scattering states with state- and interaction-dependent
parity-time transition. The resulting two-body exceptional points can be extracted from the trace-
preserving density-matrix dynamics of the same dissipative system with three atoms. Our results
not only demonstrate the interplay of PT symmetry and interaction on the exact few-body level,
but also serve as a minimal illustration on how key features of non-Hermitian few-body physics can
be probed in an open dissipative many-body system.

I. INTRODUCTION

Non-Hermitian physics has stimulated significant in-
terest in recent years [1–4], where particular attention
has been devoted to its unconventional dynamics, pe-
culiar critical behavior, and exotic band topology. A
major driving force behind the booming field is the ex-
perimental implementation or simulation of these in-
triguing phenomena, particularly in open dissipative
quantum systems [5–7]. Therein, the system under-
goes particle or energy loss to its environment, and a
non-Hermitian effective Hamiltonian becomes relevant
by imposing postselection [5, 6]. So far, a wide spec-
trum of non-Hermitian phenomena, ranging from parity-
time (PT)-symmetry breaking and non-Hermitian criti-
cality [8–10], to non-Hermitian skin effects and non-Bloch
topology [11–18], have been experimentally implemented
and explored in quantum mechanical systems such as
the single-photon interferometry network [19–21], cold
atoms [22–26], nitrogen-vacancy centers [27, 28], super-
conducting qubits [29], and trapped ions [30, 31]. While
most of these experiments investigate the single-particle
aspects of the non-Hermitian physics, the interplay of
non-Hermiticity and interaction is a fast-growing frontier
with many open questions and fresh challenges [32–36].

One of the key issues here is the relevance of non-
Hermitian many-body Hamiltonians to open dissipative
quantum systems [37, 38]. While the latter is naturally
characterized by trace-preserving density-matrix dynam-
ics, the former requires a biorthogonal construction to
ensure othornormality and recover the bosonic/fermionic
statistics [39]. Further, the postselection framework in a
many-body setting requires an unchanged particle num-
ber [38], thus exacting a stringent limit on the timescale
within which the non-Hermitian description can be ap-
plied. By contrast, this is not an issue with a non-
interacting system, as is the case with the recent ob-
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servations of PT transition and exceptional-point encir-
cling in cold atoms [22, 26]. Therein, a non-interacting
atomic gas undergoes particle loss to the environment
through optical pumping—a single-particle process. The
dynamics is driven by a non-Hermitian effective Hamilto-
nian derived from the Lindblad master equation by drop-
ping the quantum jump term cρc† (here c is the atomic
annihilation operator and ρ the full density matrix of
the non-interacting system). This is equivalent to fo-
cusing only on atoms that are not lost to the environ-
ment, in the spirit of postselection. Specifically, under
the quantum-trajectory description [6], since dynamics
of individual atoms are decoupled, they constitute an
ensemble of independent trajectories with no quantum
jumps, all driven by the non-Hermitian effective Hamil-
tonian. Therefore, given a large number of atoms, the
corresponding non-unitary dynamics can be probed by
making measurements on the remaining atoms. Should
interactions exist, however, dynamics of atoms in general
would not decouple. Applying postselection would then
amount to requiring the complete absence of quantum
jumps for any single atom within the ensemble, which
becomes exponentially unlikely with an increasing atom
number.

Nevertheless, we demonstrate in this work that, key
non-Hermitian physics can still be probed in the full
density-matrix dynamics over fairly long times, provided
the open many-body system be dominated by few-body
correlations. Using a minimal model of either two or
three interacting fermions in a one-dimensional lattice,
we first show that, under the non-Hermitian effective
Hamiltonian of the corresponding Lindblad master equa-
tion, two-body scattering states of the system feature
state- and interaction-dependent PT transitions. We
then evolve the three-fermion dissipative system using
the quantum trajectory scheme, taking into account the
quantum jump processes. Remarkably, the decay of two-
body correlations in this three-fermion open system fol-
lows the imaginary components of the complex eigenen-
ergies of the two-body non-Hermitian scattering states.
This enables us to extract the global exceptional point
of the underlying two-body non-Hermitian system in the
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three-atom dissipative dynamics, from which the impact
of interaction on the exceptional point is identified. Our
results suggest that, non-Hermitian many-body physic
can in principle be probed in the context of an open
dissipative many-body setting, at least when both are
dominated by few-body correlations.

Our paper is organized as follows. In Sec. II, we
present the model configuration, the corresponding Lind-
blad master equation, and the non-Hermitian effective
Hamiltonian. We solve the two-body eigen problem of
the non-Hermitian Hamiltonian using exact diagonaliza-
tion in Sec. III, where we reveal the existence of PT tran-
sitions and exceptional points in the scattering states.
In Sec. IV, we solve the Lindblad master equation for a
three-fermion system using the quantum trajectory ap-
proach, and show the relevance between the two-body
correlations therein and the complex eigenenergies of
the non-Hermitian scattering states. We summarize in
Sec. V.

II. DISSIPATIVE MANY-BODY SYSTEM AND
NON-HERMITIAN HAMILTONIAN

As illustrated in Fig. 1, we consider fermionic atoms
with two hyperfine states in a one-dimensional optical
lattice potential. The corrsponding Hamiltonian is given
by

H =
∑
k,σ

εkc
†
k,σck,σ + J

∑
k

(
c†k,↑ck,↓ + c†k,↓ck,↑

)
+
Us
L
∑
k,k′,q

c†k+q,↑c
†
k′−q,↓ck′,↓ck,↑

+
Up
L

∑
k,k′,q,σ

sin(
k − k′ + 2q

2
) sin(

k − k′

2
)

× c†k+q,σc
†
k′−q,σck′,σck,σ. (1)

Here ck,σ (c†k,σ) annihilates (creates) a fermionic atom

with quasimomentum k (k ∈ [−π, π)) in the hyperfine
state |σ〉 (σ =↑, ↓), εk = −t[cos(ka0) − 1] with a hop-
ping rate t under the tight-binding approximation, J is
the radio-frequency (r.f.) coupling rate between different
hyperfine spins, and L is the quantization length. We
consider both s-wave and p-wave interactions, character-
ized by Us and Up [40], respectively, with Us, Up < 0.

We further consider the case where one of the hyperfine
spin states (|↓〉) is subject to optical pumping, via an
electronically excited state, out of the lattice potential.
Under the Markovian approximation, the dynamics of
the system is captured by the Lindblad master equation

dρ

dt
= −i

(
Heffρ− ρH†

eff

)
+ Γ

∑
k

ck,↓ρc
†
k,↓, (2)

where ρ is the density matrix, the non-Hermitian effective
Hamiltonian of the Lindblad equation is given by Heff =

H − iΓ
2

∑
k c

†
k,↓ck,↓, and Γ is the single-particle loss rate.

FIG. 1: Schematics of the dissipative lattice gas driven by
the master equation (2). The single-particle loss (with rate
Γ) is induced by optical pumping, via an electronically excited
state, to a third state (not drawn) that is not trapped by the
lattice potential. The r.f. coupling rate J and hopping rate t
are defined in the main text.

While the full dynamics of the open system is gov-
erned by Eq. (2), under the quantum trajectory frame-
work, the dynamics is understood as a non-unitary time
evolution driven by Heff, which is further interrupted
by quantum jumps {ck,↓} with relative probabilities
{Γδt|ck,↓|ψ(t)〉|2}. Here δt is the coarse-grained time
step, and |ψ(t)〉 is the instantaneous state of the sys-
tem. It is often argued that, when the effects of quan-
tum jumps are negligible, the open system would evolve
under the non-Hermitian Hamiltonian Heff. Such a post-
selection argument plays a key role in connecting real-
istic open quantum systems to the rich and exotic non-
Hermitian physics that has attracted much attention of
late [4].

For a non-interacting atomic gas with Us = Up = 0,
imposing postselection is conveniently equivalent to fo-
cusing only on the dynamics of atoms that are not lost
to the environment. Since the full density matrix is just a
direct product of single-particle density matrices, dynam-
ics of each individual atom is driven by the same master
equation. Further, as atoms that remain necessarily have
not undergone the quantum jump process, the trajecto-
ries of remaining atoms are non-unitary evolutions driven
by the same non-Hermitian effective Hamiltonian. This is
indeed the case with the recent experimental demonstra-
tions of PT symmetry and exceptional-point encircling
in cold atoms [22, 26].

However, in an interacting system, the full density
matrix can no longer be decomposed into single-particle
ones. Postselection thus corresponds to a complete ab-
sence of quantum jumps, i.e., it requires an unchanged to-
tal particle number. The non-Hermitian effective Hamil-
tonian is then applicable at short times, when the im-
pact of quantum jump terms are negligibly small. This
is equivalent to the practice in Ref. [35], which projects
the time evolution of the Lindblad equation onto the
maximum-atom-number subspace. However, the corre-
sponding time scale should become exponentially short
with increasing particle number. Generally, consider an
N -particle system undergoing single-particle loss with
the rate Γ. The probability that not a single quantum
jump occurs scales as ∼ e−NΓτ , where τ is the evolution
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time. Therefore, the probability of all N particles still re-
main at the time 1/Γ (for an evolution starting at t = 0)
is of the order e−N , and the time scale at which the
non-Hermitian effective Hamiltonian dominates should
be t < 1/NΓ. Nevertheless, we show in the following
that, two-body physics under the non-Hermitian effective
Hamiltonian can be probed in the full density-matrix dy-
namics of the corresponding Lindblad equation, on time
scales that exceed 1/Γ.

III. NON-HERMITIAN TWO-BODY
SCATTERING STATE

We first characterize the two-body problem under the
non-Hermitian effective Hamiltonian Heff. To connect
with previous cold-atom experiments on PT symme-
try [22, 26], we define the PT symmetric Hamiltonian
HPT = Heff + iΓ. While the addition of the pure imag-
inary energy shift iΓ does not change key physics such
as the emergence and location of exceptional points, it
renders Hamiltonian HPT PT symmetric in the non-
interacting limit, with purely real (imaginary) eigenspec-
trum for J > Γ/4 (J < Γ/4).

In Fig. 2, we show the numerically evaluated eigenspec-
tra for two fermions along a lattice of N = 16 sites, with
the parameters J/t = 0.04 and Γ/t = 0.1. Here Kc is
the center of mass of the two-body state, which is a good
quantum number of the system. In the non-interacting
case [see Fig. 2(a)(b)], HPT is in the PT-unbroken regime,
with purely real eigenspectra. The PT symmetry is bro-
ken under a sufficiently large p-wave interaction, as the
eigenspectra acquire imaginary components under a fi-
nite Up [see Fig. 2(c)(d)]. This in contrast to the s-wave
interaction, which does not affect the imaginary compo-
nents of the eigenspectra [see Fig. 2(e)(f)]. Note that
while discrete two-body bound states can be identified,
for instance in Fig. 2(e), it is the two-body scattering
states within the continuum that acquire imaginary com-
ponents. Importantly, we expect the PT transition point
(or the exceptional points) of the non-interacting Hamil-
tonian be shifted by the p-wave interaction.

This is confirmed in Figs. 3 and 4. Specifically, in
Fig. 3, we show the splitting of exceptional points in dif-
ferent Kc sectors under a finite Up. With increasing J ,
scattering states sequentially coalesce in pairs at an ar-
ray of second-order exceptional points. We identify the
exceptional point with the largest J as the global PT
transition point under the p-wave interaction,denoted by
Jc. The resulting PT phase diagram is shown in Fig. 4.
Apparently, p-wave interactions shift the global excep-
tional point toward larger J , consistent with the results
in Fig. 2.
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FIG. 2: (Color online) Complex energy spectra of two
fermions under the PT symmetric Hamiltonian HPT for (a)
Us = 0, Up = 0, J/t = 0.04; (b) Us = 0, Up/t = −0.2,
J/t = 0.04; and (c) Us/t = −2, Up/t = −0.2, J/t = 0.04.
The left (right) panel shows the real (imaginary) components
of the eigenspectra, with Kc the center-of-mass momentum
of the two-body state. For all numerical calculates, we take a
one-dimensional lattice with N = 16 sites.

IV. PROBING NON-HERMITIAN PHYSICS IN
OPEN SYSTEM

We now show that the global exceptional point Jc of
the two-body scattering states in Fig. 4 can be probed
from the density-matrix dynamics under the full Lind-
blad equation. Under interactions, information of the
two-body exceptional point is difficult to extract from the
particle-number dynamics of a many-body system. This
is illustrated in Fig. 5, where we compare the particle-
number evolution under the Lindblad master equation
for systems initialized with different particle numbers, ei-
ther with (Fig. 5(a)) or without (Fig. 5(b)) interactions.
While the dynamics for different initial particle numbers
appear to be the same without interactions, they gen-
erally differ under a finite Up. This shows that non-
Hermitian two-body physics cannot be directly probed
using particle-number dynamics in a three-body dissipa-
tive system. Note that non-Hermitian two-body physics
can be fully captured by a Lindblad equation initialized
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FIG. 3: (Color online) Complex energy spectra of HPT as
functions of J/t for (a) Kc = 0 and (b) Kc = π. As J/t
decreases, the scattering states coalesce in pairs at state-
dependent exceptional points, through which their real com-
ponents merge and imaginary components bifurcate. The full
eigenspectra become completely real above a critical Jc/t,
which is identified as the global exceptional point (or the
global PT transition point).

in the two-body sector, since quantum jump terms in a
two-body sector only couple to three-body states [35].

Instead, other observables should be adopted. For
a minimal demonstration, we solve the Lindblad equa-
tion in a three-fermion system, initialized in the state
|ψ(S)(Kc = −π)〉 ⊗ | ↑, k = π − 2π/N〉. Here | ↑, k〉 is a
single-particle state with hyperfine spin | ↑〉 and momen-
tum k, |ψ(S)(Kc)〉 is the two-body scattering state of Heff

with a center-of-mass momentum Kc, and |ψ(S)(Kc =
π)〉 is the eigenstate with the largest imaginary eigenen-
ergy component, denoted as Im(E(S)). We take the sys-
tem size N = 8 for numerical calculations. Further, we
define a normalized two-body correlation function

Gαβ(k1, k2) =
Tr
[
ρ(τ)c†k1,αc

†
k2,β

ck2,βck1,α

]
Tr
[
ρ(0)c†k1,αc

†
k2,β

ck2,βck1,α

] . (3)

We evolve the Lindblad equation using the quantum
trajectory approach, and plot the correlation function
G↑↑(k1 = −π, k2 = 0) in Fig. 6. Due to the particular
choice of initial state and the two-body correlation func-
tion, the decay of the correlation function follows the
imaginary component of the two-body scattering state
with the largest critical J . Thus, by fitting the exponents
of decay in G, we are able to map out the global excep-
tional points in the phase diagram Fig. 4, and retrieve
key properties of a two-body non-Hermitian Hamiltonian
from the full dynamics of a interacting three-body open
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0

0.05

0.1

FIG. 4: (Color online) PT phase diagram forHPT with Us = 0
and Up < 0. The global exceptional point Jc/t increases with
larger p-wave interaction. The parameter used in Fig. 3 is
indicated by the vertical dashed line.
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FIG. 5: (Color online) Comparison of the total particle-

number evolution
∑
k,σ Tr

[
ρ(τ)c†k,σck,σ

]
under the Lindblad

master equation for systems initialized with three atoms (blue
solid), two atoms (red solid), and a single atom (yellow
dashed), respectively, in the states | ↑, k = −π〉 ⊗ | ↑, k =
0〉 ⊗ | ↑, k = π − 2π/N (N = 8), | ↑, k = π〉 ⊗ | ↑, k = 0〉, and
| ↑, k = 0〉. The interaction parameters are (a) Up/t = −0.5,
(b) Up = 0, with Us = 0, J/t = 0.08, and γ/t = 0.1 for both
cases. To facilitate comparison, the particle numbers in all
cases are normalized to one.

system. We expect that this would hold true for many-
body open systems, as long as the dominant correlations
remain few-body in nature.

Finally, we note that, should we choose a different ini-
tial state and two-body correlation function, we would be
able to extract information of other two-body scattering
states.
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FIG. 6: (Color online) (a)(b)(c) Time evolution of the nor-
malized two-body correlation function G↑↑(k1 = −π, k2 = 0)
(blue lines) under the quantum trajectory approach for (a)
J/t = 0.04, (b) J/t = 0.08, and (c) J/t = 0.1. We take
Up/t = −0.2, Us = 0, and Γ/t = 0.1 for numerical calcula-
tions. The red lines show the time evolution of the norm of
the corresponding two-body eigenstate of the non-Hermitian
Hamiltonian HPT. (d) Comparison between the imaginary
component of the two-body eigenenergy under HPT (red
line), with the numerically fitted exponent of the correlation-
function decay (blue line and symbol). For the exponent, we
numerically fit the time-dependent correlation function up to
the time τt = 5. For all our numerical calculations here, we
take the lattice size N = 8. We average over 2000 trajectories
for the quantum-trajectory calculations.

V. SUMMARY AND DISCUSSION

Adopting a minimal model of a few dissipative
fermions on a one-dimensional lattice, we show that

PT transitions exist in the scattering states of the
non-Hermitian Hamiltonian, and are shifted by the p-
wave inter-atomic interactions. The interaction-shifted
global exceptional point can be probed by measuring
two-body correlations in the trace-preserving density-
matrix dynamics driven by the Lindblad master equa-
tion. We therefore explicitly demonstrate a minimal sce-
nario where key properties of a non-Hermitian interact-
ing Hamiltonian can be probed in the context of an open
system.

In particular, while one expects the non-Hermitian
many-body Hamiltonian to be of relevance on a short
time scale of 1/NΓ (see discussions in Sec. II), it is re-
markable that the two-body correlation captures key fea-
tures of the two-body non-Hermitian scattering states at
time scales even longer than 1/Γ (see Fig. 6). We at-
tribute such a phenomenon to the dominance of few-body
correlations in the open dissipative system. Our result is
complementary to previous attempts at connecting non-
Hermitian many-body Hamiltonians with open dissipa-
tive systems [37, 38], and is relevant to cold atomic gases
where few-body correlations dominate.
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