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In a quantum many-body system coupled to the environment, its steady state can exhibit spontaneous symme-
try breaking when a control parameter exceeds a critical value. In this study, we consider spontaneous symmetry
breaking in nonsteady modes of an open quantum many-body system. Assuming that the time evolution of the
density matrix of the system is described by a Markovian master equation, the dynamics of the system is fully
characterized by the eigenmodes and spectrum of the corresponding time evolution superoperator. Among the
nonsteady eigenmodes with finite lifetimes, we focus on the eigenmodes with the highest frequency, which we
call the most coherent mode. For a dissipative spin model, it is shown that the most coherent mode exhibits a
transition from a disordered phase to a symmetry-broken ordered phase, even if the steady state does not show
singular behavior. We further argue that the phase transition of the most coherent mode induces a qualitative
change in the decoherence dynamics of highly entangled states, i.e., the Schrodinger’s cat states.
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I. INTRODUCTION

Recent advances in quantum engineering have made it
possible to precisely control atomic, molecular, and op-
tical systems, which include ultracold atoms in optical
lattices [1-5], trapped ions [6—8], Rydberg atoms [9-14], and
coupled optical cavities [15-18]. Decoherence due to cou-
pling with the environment is inevitable in these systems.
The nonequilibrium dynamics of open quantum many-body
systems is highly complex and largely unexplored due to
the intricate interplay of coherent Hamiltonian dynamics and
dissipative dynamics arising from interactions with the envi-
ronment.

Spontaneous symmetry breaking (SSB) is a pivotal concept
in condensed matter physics and statistical mechanics. The
ground state of some quantum many-body systems, such as
the transverse field Ising model and the Bose-Hubbard model,
is known to exhibit a phase transition from a disordered phase
to a symmetry-broken ordered phase [19]. In a typical open
quantum many-body system, a unique steady state is realized
in the long-time limit, so it is natural to consider SSB in the
steady state. Such a steady state is not necessarily at thermal
equilibrium but can be a nonequilibrium state maintained by
a balance between external driving and energy dissipation to
the environment. Phase transitions in nonequilibrium steady
states of open quantum many-body systems are known as
dissipative phase transitions and have attracted much attention
in recent years [20—41].

The dynamics of Markovian open quantum systems is
governed by the Gorini-Kossakowski-Sudarshan-Lindblad
(GKSL) master equation [42,43]. The superoperator that
generates the time evolution of a density matrix is called
Liouvillian. The dynamics of an open quantum system is com-
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pletely determined by the eigenmodes and spectrum of the
Liouvillian. The steady states correspond to eigenmodes with
zero eigenvalues. Therefore, the dissipative phase transition is
interpreted as a transition of a Liouvillian eigenmode.

In this study, we consider the phase structure of nonsteady
eigenmodes that have nonzero decay rates. These eigenmodes
are irrelevant to the long-time behavior of the system but
contribute to the transient dynamics toward a steady state. We
here ask what happens when nonsteady eigenmodes exhibit
SSB as certain control parameters are varied. Phase transitions
of nonsteady eigenmodes can significantly alter the relaxation
dynamics of the system. However, even if some nonsteady
eigenmodes undergo a phase transition, the steady state does
not necessarily exhibit singular behavior. Phase transitions
of nonsteady eigenmodes can provide a new mechanism for
dynamical phase transitions in open quantum many-body sys-
tems.

The purpose of this study is to demonstrate that nonsteady
eigenmodes of a well-studied open quantum many-body
system exhibit previously unrecognized SSB. In particular,
we consider one of the simplest models of open quantum
many-body systems, the transverse field Ising model under
dephasing. The steady state of this system is an infinite-
temperature state, regardless of the strength of the transverse
field or dephasing. Among the nonsteady eigenmodes, we
focus on the one with the highest frequency and call it the most
coherent mode of the Liouvillian. Mean-field analysis for the
infinite-dimensional case and finite-size numerics for the one-
dimensional case show that the most coherent mode exhibits
a phase transition from a disordered (paramagnetic) phase to
a symmetry-broken (ferromagnetic) phase at a critical trans-
verse field that depends on the dephasing rate. This SSB
affects the relaxation dynamics of highly entangled states.
Suppose that an initial state is taken to be an equal super-
position of two symmetry-broken states, which is known as
the “Schrodinger’s cat state.” As the disorder-to-order phase
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transition of the most coherent mode occurs, the early dy-
namics of the density matrix shows a crossover from strongly
damped relaxation to underdamped relaxation with temporal
oscillations. This study reveals a typical situation in which the
SSB of nonsteady eigenmodes causes a qualitative change in
the decoherence dynamics of an open quantum system.

This paper is organized as follows. In Sec. II, we review
the quantum master equation for open quantum systems and
define phase transitions in nonsteady eigenmodes. In Sec. 111,
we introduce the transverse field Ising model under dephasing.
The structures of eigenmodes and spectra are discussed for a
small system. Section I'V presents the results of the mean-field
analysis for the infinite-dimensional case. The phase diagram
for the transverse field and dephasing rate is determined. In
Sec. V, the critical field in the one-dimensional case is deter-
mined by numerically solving the quantum master equation,
and qualitative agreement with the mean-field calculation is
confirmed. In Sec. VI, we discuss the effect of the transition
of the most coherent mode on the relaxation dynamics of a
highly entangled cat state. Section VII is devoted to discussion
and conclusions.

II. PHASE TRANSITION OF NONSTEADY MODES

The time evolution of a Markovian open quantum system
is described by the GKSL quantum mater equation [42,43]

dp _ ._ , i Loy
i—— = L(p) :=[H, p] +12V: (vaLv 2{LvLu,p}>,

dt

1
where p is the density matrix of the system, [A, B] = AB —
BA, {A, B} = AB + BA, and L, are called jump operators. The
index v of L, represents the types of dissipation or the lattice
sites. The superoperator £ that generates the time evolution
of p is known as the Liouvillian. The quantum master equa-
tion (1) is justified when the timescale of the dynamics caused
by the interaction with the environment is much longer than
the timescale of the environment [44,45]. Here, we define the
inner product between operators A and B by

(A|B) := Tr[A'B]. )

The adjoint operator of L is defined by (A|L(B)) =
(L'(A)|B), and given by

_ , 1.
LYA) =[H, Al —i Z <LIALV - E{LV‘LV,A}) (3)

v

The right eigenmodes ®R and left eigenmodes ®L of L are
defined by

L(®g) = ha®q.  L(Pg) = 1,2, @)
where A, denotes the ath eigenvalue, ando =0, 1, ..., D? —
1, provided that D is the dimension of 7. We assume that the
eigenmodes are normalized as

(@g|®2) = 1. (@] PE) = dap, 5)

for all « and B. Note that, in general, the right eigenmodes
@R are not orthogonal to each other because £ is not Hermi-
tian. The right eigenmodes ®F and eigenvalues A, have the
following properties [36].

(1) There is at least one right eigenmode CI>§ with zero
eigenvalue, L(PF§) =0, corresponding to the steady state.
Here, CI>§ is Hermitian and positive-semi-definite.

(2) All eigenvalues have nonpositive imaginary parts,
which guarantees the convergence of the density matrix to
the steady state in the long-time limit. We assume that the
eigenmodes are sorted such that 0 = [Im[Ag]| < |[Im[A]] <
< < Im[Ape ]l

3) Tr[d>5] =0 if Ay #0, which follows from
Tr[£L(p)] = 0. In general, ®* with nonzero A, is neither
Hermitian nor positive-semi-definite.

4) If L(DF) =21, DR, then L[(®F)] = A (D). This
means that the Liouvillian spectrum on the complex plane is
symmetric with respect to the real axis.

In the following, we see that the Liouvillian £ can be in-
terpreted as a non-Hermitian operator on an extended Hilbert
space [46,47]. Let {|i)};=1,...p be an orthonormal basis set of
the Hilbert space H of the system. An arbitrary operator A can
be mapped to a vector in H & H by

D D
A=Y Al (I = 1A =) Al ®1j) e HOH,

ij=1 ij=1

(6)
where A;; = (i]A|j). We here denote a vector in H ® H by
the round ket |...). The inner product between |A) and |B)
reads (A|B) = Z?FIA;"]-BU from Eq. (2). In terms of this
vector representation, the Liouvillian is rewritten as

£=H®I—I®HT+1'ZZ)[LU], (7

with
DIL)=L, QL - JLIL, @I - JIQLIL:,  (8)

where I represents the identity operator on H, and L} is
defined as (i|L}|j) = (i|L,|j)*. For simplicity of notation, the
same notation L is used for the Liouvillian in the vector
representation. The master equation (1) is then rewritten as
the Schrodinger equation-like form

d o
lalp) = L|p). (€))

The right and left eigenmodes are written as |®X) and |®L)
in the vector representation, respectively. If the set of eigen-
modes forms a basis of H ® H, the spectral decomposition
of L reads

L= | 0F)(@]. (10)
The time evolution of the density matrix |p,) is given by
o) = e Hlpn) =Y cae ™| 0R), cq = (O] pini)
a=0

(11)
where | piy;) i an initial state.

While the structure of the steady state |<I>§) has been ex-
tensively studied in many previous studies, here we focus on
the behavior of nonsteady eigenmodes |<I>§) (Im[Ay] < 0).
Suppose that the Liouvillian £ contains a control param-
eter g. Let |®X(g)) and |PL(g)) be some (nondegenerate)
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right and left eigenmodes with a nonzero eigenvalue A,(g).
For a finite system, when g is varied continuously, |®%(g)),
|<l>é (g)), and X1, (g) should also vary continuously almost ev-
erywhere in the parameter space. It should be noted that
in non-Hermitian systems, eigenvectors and eigenvalues can
exhibit singular behavior when two eigenvalues collide at a
certain parameter value, called the exceptional point [48-56].
We assume that the eigenvalue X, (g) under consideration does
not collide with another eigenvalue when g is varied. Suppose
that for an operator O on H ® H, the following property is
satisfied:

. L R, M@ #0, (g<gc)
Jim (PL(o)|o|@k(9) = {07 @ ). (12)

where L represents the system size and M(g) is a complex-
valued analytic function. Equation (12) defines the phase
transition of a nonsteady eigenmode. The critical parameter g,
depends on the eigenmode under consideration. Note that the
phase transition of a nonsteady eigenmode is not necessarily
accompanied by a phase transition in the steady state. In
general, the phase transitions of nonsteady eigenmodes do not
affect the long-time behavior of the system, but they can affect
the transient dynamics to the steady state.

Unfortunately, it is difficult to theoretically investigate the
large-scale structure of each nonsteady eigenmode. Instead,
we consider a quantity obtained by averaging with appropriate
weights with respect to the eigenmodes. By interpreting £
as a non-Hermitian Hamiltonian on H &® H, we define the
Liouvillian canonical average by

o, . W0 ] ¥, e (@5]0] )
O := Tr[e—8L] >, e P ’

where B is a fictitious inverse temperature. The canonical
average defined by Eq. (13) can be calculated by various
theoretical methods developed in statistical mechanics and
field theory, such as mean-field approximation, diagrammatic
techniques, and renormalization group analysis. Note that the
expectation value (O) itself has no physical meaning because
the “Gibbs state” given by e #£/Tr[e~#£] is neither Hermi-
tian nor positive-semi-definite. It should be considered as a
mathematical tool for extracting the large-scale structure of
nonsteady eigenmodes.

In predicting the qualitative behavior of (O)g, it is use-
ful to invoke the analogy with the conventional quantum
phase transition in Hermitian systems [19]. Figures 1(a-1) and
1(b-1) show the expected phase diagram with respect to the
control parameter g and the fictitious temperature 8~!. The
order parameter (O)g takes a nonzero value in the ordered
region, but it vanishes in the disordered region. Figures 1(a-2)
and 1(b-2) show the Liouvillian spectra for g < g.. The red
(blue) region represents the eigenvalues corresponding to the
ordered (disordered) eigenmode. As in Hermitian systems,
there are two cases, depending on whether the order exists
only at “zero temperature” 8 = oo [see Fig. 1(a)] or at finite
temperature 8 < oo [see Fig. 1(b)]. In the first case, the phase
transition occurs only in the eigenmodes with the smallest real
part of eigenvalues, and these modes are denoted as |®F ) and

13)

(@1 p' (a-2) Rel]
Disordered &
. Quantum L
“, Critical?
—{ Im[1]
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FIG. 1. Schematic phase diagrams and Liouvillian spectra.
(a) Case that the order exists only at zero temperature. (b) Case that
the order exists at finite temperature. Panels (a-1) and (b-1) show
the expected phase diagrams with respect to the control parameter g
and the fictitious temperature 8~'. The dashed lines represent the
boundaries of the quantum critical region. Panels (a-2) and (b-2)
show the Liouvillian spectra for g < g.. The red and blue regions
represent ordered and disordered eigenmodes, respectively.

|<I>,Lm,). Then, the zero-temperature limit of Eq. (13) reads

Jim (0)5 = (®,,[0]@).c). (14)
Since the eigenmodes |®X ) and |®L ) have the largest fre-
quency or the highest coherence, we call them as the most
coherent modes of the Liouvillian. If the order exists at finite
temperature, other eigenmodes close to the most coherent
mode are also ordered [see Fig. 1(b-2)]. Lower-dimensional
systems are expected to correspond to the case (a) and higher-
dimensional systems to the case (b). The dashed lines in
Figs. 1(a-1) and 1(b-1) represent the boundaries of the “quan-
tum critical region,” which is characterized by the absence
of quasiparticle-like excitations [19]. However, the physical
meaning of the quantum critical region in this case is unclear
at present because it includes nonsteady eigenmodes far from
the steady state.

1II. MODEL

We introduce a prototypical model that exhibits the phase
transition of nonsteady eigenmodes, the transverse field Ising
model under dephasing. The Hamiltonian is given by

H:—JZa;a,f—gZGﬂ (15)
(jk) J

where aj“ (u = x,y,z) denote the Pauli matrices at site j
and (jk) represents a pair of nearest-neighbor sites. J (> 0)
and g represent the strength of the exchange interaction and
the transverse field, respectively. Suppose that each spin is
affected by dephasing with a rate y. The corresponding jump
operator at site j is given by

Lj = Jyo:. (16)
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The Liouvillian is written in the vector representation as

L= 13 (05,00, —0f 0f ) =) (o}, o} )
(k) J
T R @
j

where o J’.f +(_y acts on the first (second) Hilbert space of H ®
H, and N represents the number of spins.

The transverse field Ising model under dephasing is equiv-
alent to the usual Ising model affected by a fluctuating

longitudinal field
H()=—J ) ojof —g) of +¥ ) &)o;, (18)
(Jk) J J

where &;(¢) represents Gaussian white-noise processes with
((§;())) = 0 and ((§;(1)&(1")) = 8x8(t —1'). Here ({...))
denotes the average with respect to the noise &;(¢). The
time evolution of the state vector |y (¢z)) reads id; [ (t)) =
H(t) |y (t)). The density matrix p(¢) can be obtained by aver-
aging over the noise, p(t) = ({|¥ (¢)) (¥ (¢)])). It can be shown
that the time evolution of p(¢) is given by the GKSL master
equation with the jump operator (16) (see Refs. [57-59] for
details of the derivation). This type of master equation can
also be derived, under certain conditions, on the assumption
that the environment is a set of independent harmonic oscilla-
tors and that the system-environment coupling is linear with
respect to the bosonic annihilation and creation operators [60].
Experimental realization of the transverse field Ising model is
possible with trapped ions [6] and Rydberg atoms [11-14],
where fluctuations in the trapping field lead to dephasing of
the qubit. Note that for the GKSL master equation to be valid,
the correlation time 7. of the noise &;(¢) must be much shorter
than the timescales of the system. Since the timescales of the
system are characterized by 1/J, 1/g, and 1/y, the legitimate
region of the parameters is given by J, g, y < 7.7l

In the absence of the transverse field (g = 0), the most co-
herent modes of L are the product states of the ferromagnetic
state and Néel state, which are four-fold degenerate due to the
Z, symmetry. In particular, for the one-dimensional case with
the periodic boundary condition, the most coherent modes are
written as

|®R) =1111 - D@t L),
1 D @ AL - 1),
N4 - D @1t - 1),
WAL D@ 1AL - 1), (19)

where N is assumed to be even. The corresponding eigenvalue
is given by A = —2JN — iy N. In the presence of infinites-
imal g, the four-fold degeneracy of Eq. (19) is lifted, and
|®R ) is the superposition of each term in Eq. (19) with
equal weight. Figure 2(a) shows the Liouvillian spectrum for
the one-dimensional case with g =0 and N = 4. Note that
each eigenvalue is highly degenerate. For example, the zero
eigenvalue is 2V-fold degenerate because the corresponding
eigenmodes are the product states of two copies of the same
spin configuration. As g increases, each cluster of eigenvalues
becomes elongated and eventually they merge into a large

(a) Im[7]
-8J -4J I 4 8J
Re[7]
-2y -@
[ -4y \
1 e [v——t
4 o
o -8y
() o 0
b e=03
-2 . [ . -2
> >
< 4 . . [} o N X 4 e
5 -6 [} ] . E -6
8 L] 8
-10 -5 0 -5 -10 -10
Re[A]/J
0 3 0
L. g=05
-2 3 -2
S I S
,3 -4 . ° L) o . S 4=
E -6 \ ..‘!’.. ? E -6
Dt
-8 H -8
-10 -5 0 -5 -10 -10 -5 0 -5 -10
Rel[A]/J Re[]/J

FIG. 2. Liouvillian spectra of the transverse-field Ising chain un-
der dephasing with N = 4. (a) Spectrum for g = 0. The left-most red
point corresponds to the most coherent mode. The insets show the
spin configuration of the eigenmodes with the largest and smallest
real parts of eigenvalues. (b) Spectra for g = 0.3, 0.4, 0.5, and 1 with
J=y=1

cluster [see Fig. 2(b)]. It should also be noted that the spec-
trum has the dihedral symmetry with respect to the vertical
line Re[A] = 0 and the horizontal line Im[A] = —y N due to
the PT symmetry of the Liouvillian [46].

Conversely, for g > J, y, the most coherent mode is the
paramagnetic state in which all spins are parallel or antiparal-
lel in the x direction

PR ) > > ) ® - ), (20)

where |—) = (I1) + [{))/v/2 and |«<) = (11) = [I)/V2.
To distinguish between the ferromagnetic and paramagnetic
states, we define the magnetization for + spins by

N
1
M= Yot 1)

J=1

Here, note that the expectation value of MZ vanishes due to
the Z, symmetry, (O |M2|®R )= 0. Instead, we consider
the squared magnetization

0 := (M%)~ (22)

If the most coherent mode |d>§w) is the paramagnetic state
given by Eq. (20), the spin correlation function decays
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exponentially
(cbmc| +Uk +|q> ) e_djk/,f’ (23)

where dj; is the distance between sites j and k and & is the
correlation length. On the other hand, if the most coherent
mode |®R ) is the ferromagnetic state given by Eq. (19), the
spin correlation function converges to a nonzero value

diigloo (@) |of  of | @) =m #0. (24)
Thus there exists a critical value g such that (®% _|O|PR ) =
m? #0 for g < g. and (&L _|O|®R ) =0 for g > g, in the
thermodynamic limit N — oo. In the following, we confirm
the existence of the phase transition in the most coherent mode
using mean-field analysis and finite-size numerics.

IV. MEAN-FIELD ANALYSIS

We apply the mean-field approximation to the nonsteady
eigenmodes of the dissipative Ising model. Here, we consider
a hypercubic lattice of arbitrary dimension. To describe the
Néel order, the lattice points are divided into the A sublattice
and the B sublattice. It is convenient to introduce the following
unitary transformation:

U —Hexp<l— : )Hexp(l— > (25)

JjeB

where ]_[,-63 represents the product over the lattice sites be-
longing to the B sublattice. The first term in Eq. (25) flips
the x component of all spins and the second term flips the
z component of the B-sublattice spins. The Liouvillian is
transformed as

L:=U'LU=—1J Z (0}7,4—0/5,-&- + G;—Ufcz-—)
(jk)

- gZ (074 +0o7-)
+zstgn(1) oj,0f_—iyN,  (26)

where sgn(j) = 1 for the A sublattice and sgn(j) = —1 for the
B sublattice. The transformed Liouvillian (26) is symmetric
with respect to the exchange of 0 + and a] . Thus, the
most coherent mode for g =0 is the tensor product of the
ferromagnetic states.
Let us define the “Gibbs state” with a fictitious inverse
temperature 8 by
e BL .
pe Trle—#L) 7
Note that pg is not a physical density matrix because it
is neither Hermitian nor positive-semi-definite. The reduced
density matrix for lattice site j is defined by pg ; = Tr;[pg],
where Tr; represents the trace for all spins except site j. In
the mean-field analysis, the reduced density matrix is approx-
imated by

e b L

e (28)
TI'j [e_fm.f ]

Pp.j =

with
L = =1 ) (05 mes + o) _mi-) = g(of, +07)
(k)
+ iysgn(j)o; o _ — iy, (29)
where (k); represents the nearest-neighboring sites around

J and Tr; represents the trace for spins at site j. The
magnetization my v 1= Trk[a,f’ L Pp.k] at site k is determined
self-consistently. Note that my, 4 is generally complex-valued.
Since my + depends only on the sublattice to which k belongs,
we denote it as my4 or mpg. Then, the mean-field Liouvillian is
given by

B = —2Jmp(0? + 07) — glo + o)
+iyoio® —iy, (30)

INF = —2Imp(0f +0%) — g(ot +0¥)
—iyoio® —iy, (1)

where z is the coordinate number of the lattice and we have
omitted the site index of the spin operator. The self-consistent
equations read

Tr, [crie‘ﬁth\w]
Trl[e_ﬁzw]

ER)

Tr, [Gie—,sjj;;“]
) mp = T 2 MF1
Trl [e_,BLB ]

where “Tr;” represents the trace over the one-site Hilbert

space with a basis set {[1) ® [1), [1) @ [{), 1) & [1), ) ®
[{)}. From Egs. (30), (31), and (32), the following relation

holds:

my = , (32)

my = mj. (33)

The self-consistent equation (32) together with Egs. (30), (31),
and (33) is numerically solved by iteration.

Figure 3 shows the averaged magnetization m := (my +
mp)/2 as a function of the dephasing rate y and the trans-
verse field g. From Eq. (33), the magnetization m is real. For
Hermitian systems, the magnetization satisfies —1 < m < 1.
On the other hand, note that in this case m becomes greater
than 1 when y and g are large. This is because the right and
left eigenmodes are not equal due to the non-Hermiticity of
the Liouvillian. In Figs. 3(a) to 3(d), the bright region with
m > 0 corresponds to the ferromagnetic (ordered) phase, and
the dark region with m = 0 corresponds to the paramagnetic
(disordered) phase. The phase boundary determines the crit-
ical field g.(y). For y = 0, since the model is identical to
the decoupled copies of the transverse field Ising model, it
exhibits a quantum phase transition at g = 1 at zero tempera-
ture (8 = o0). The critical field g, for y = 0 decreases as the
temperature increases and it eventually vanishes at 8 = 1. A
remarkable feature of magnetization is its oscillatory behavior
as a function of y. In the absence of the transverse field
(g = 0), the magnetization m(y, g) has a periodicity,

T
which directly follows from the self-consistent equation (32).
Since for 8 < 1, m(y, g) vanishes near y = g = 0, the peri-
odicity (34) implies the existence of infinitely many islands
of paramagnetic phase, as shown in Fig. 3(d). In this case,
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FIG. 3. Magnetization m := (my + mp)/2 = Re[m,] = Re[m;] calculated by the mean-field approximation with zJ = 1 and 8 = o0, 1.5,
1.0, and 0.8. (a)-(d) Magnetization as a function of the dephasing rate y and the transverse field g. The bright region corresponds to the
ferromagnetic phase. (e)—(h) Magnetization as a function of g for y = 0 (solid line: green), y = 2 (dotted line: blue), y = 4 (short dashed line:
orange), and y = 6 (long dashed line: red). The vertical red lines in (a)—(d) represent the lines of y = 0, 2, 4, and 6.

the phase diagram has a reentrant structure. For § = 0.8 and
y = 4, the transition from the paramagnetic phase to the fer-
romagnetic phase occurs at g ~ 1.1 with increasing g, and the
second transition to the paramagnetic phase occurs at g ~ 2.5
[see Figs. 3(d) and 3(h)].

V. NUMERICAL RESULTS FOR ONE-
DIMENSIONAL MODEL

We study the phase structure of the most coherent mode
by the finite-size numerics of the one-dimensional dissipative
Ising model. We assume the periodic boundary condition and
an even number of spins. First, let us consider the phase
diagram at finite temperature. The magnetization M7 for +
spins is defined by Eq. (21) and we consider the average of
the squared magnetization

B Tr[(Mi )ze_ﬂz]

m2 . =
Tr[e~#L]

(35)

The magnetization m is given by the square root of Eq. (35),
which corresponds to (m4 + mp)/2 of the mean-field analysis
in Sec. IV, where m4 (mp) is the magnetization at the sublat-

tice A (B).

) p=15 m
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Figure 4 shows the magnetization m as a function of the
dephasing rate y and the transverse field g. The spin number
is N = 4. The clear correlation between Figs. 3 and 4 confirms
the validity of the mean-field approximation. In particular, one
can observe a precursor of the reentrant structure of the phase
diagram in Fig. 4(d). As in the case of the conventional trans-
verse field Ising model, no true long-range order is expected to
exist at finite temperature in one dimension. Thus, the magne-
tization for 8 < oo should vanish in the thermodynamic limit
N — oo.

Next, we focus on the phase transition of the most coherent
mode (8 = 00). It is hard to calculate the most coherent mode
through the numerical diagonalization of the Liouvillian for
N > 8. Thus, we consider the imaginary time evolution of the
master equation

d L 36

7 lp) = —=Llp). (36)
By integrating Eq. (36) for a sufficiently long time, |p) con-
verges to the most coherent mode |®F ). To determine the
critical field g.(y ), we define the Binder cumulant U, for the
most coherent mode as

[ (M) R ]
Upi=1— ———= (37)
3tr[(M2 )2 DR ]
(©) £=1.0 m
4
, .
=2 .
1 i .
00 2 4 6 8 ’

yIJ

yIJ

FIG. 4. Magnetization m of the one-dimensional dissipative Ising model as a function of the dephasing rate y and the transverse field g.
The parameters are J = 1, and = oo, 1.5, 1.0, and 0.8. The spin number is N = 4. A clear correlation can be seen with the phase diagram

based on the mean-field approximation in Figs. 3(a) to 3(d).
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FIG. 5. (a) Binder cumulant U, of the most coherent mode as a
function of the transverse field g with y = 1. The systems sizes are
N =4, 6, 8, 10, and 12. The cross point of U, for different system
sizes indicates the critical field g.. (b) Critical field g. as a function
of y. The regions below and above the curve correspond to the long-
range ordered phase and the disordered phase, respectively.

where ®X _is the original matrix representation of |®R ) and
M= — Z o’ (38)

is the magnetization for the original spin operator. Note that
the trace “tr” in Eq. (37) is taken over the original Hilbert
space H. In the thermodynamic limit, the Binder cumulant
U, takes the value 2/3 in the long-range ordered phase and
zero in the disordered phase.

Figure 5(a) shows the Binder cumulant Uy as a function of
the transverse field g with y = 1. For sufficiently large system
sizes, it is known that U, for different system sizes intersects
at the critical field g.. To determine g, let us denote the cross
point of Uy for two system sizes N and N — 2 as g™¥). The crit-
ical field is given by g. = limy_ oo g™V). We fit g for N = 6,
8, 10, 12 with the algebraic function f(N) =a+ bN~° (c >
0), where g. = a. Figure 5(b) shows g. determined by this
procedure as a function of the dephasing rate y. The regions
of g < g, and g > g, correspond to the long-range ordered
phase and the disordered phase, respectively. Note that for
y =0, g. = 1 because the model is equivalent to two copies
of the conventional transverse field Ising model. The curve of
g. in Fig. 5(b) coincides with the phase boundary in Fig. 4(a)
for small system size. These results provide evidence for the
existence of an order-disorder transition of the most coherent
mode in one dimension.

VI. RELAXATION DYNAMICS OF A CAT STATE

We discuss how the phase transition of the most coherent
mode affects the relaxation dynamics of the system. As an
initial state, we consider the following pure state:

<
/2

where |F) = [t11 --- 1) is a ferromagnetic state and |[N) =
[t -+ }) is a Néel state. Superpositions of two macroscop-
ically different quantum states, such as Eq. (39), are called
the “Schrodinger’s cat states” [61-64], which are an important
resource in quantum computing and quantum communication.

[Vini) = —=(IF) 4 IN)), (39)

@ o5 : () 0.5 :
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FIG. 6. Overlap r, = |(pini|®¥)| between eigenmodes |®F) and
the initial state |p;,;) for (a) g = 0.2 and (b) g = 2. The spin number
is N = 6 and the other parameters are / = y = 1. The horizontal
axis represents the real part of the eigenvalues A,. For a small
g, the overlap is localized to eigenmodes where the real part of
the corresponding eigenvalue is minimum, maximum, or zero. On
the other hand, for a large g, the overlap is delocalized over all
eigenmodes. Note that r,, is not perfectly symmetric with respect to
Re[A] = 0. This is due to the ambiguity in the choice of eigenmodes
in eigenspace when degeneracy occurs.

The corresponding density matrix reads
Pini = |Vini) (Winil
SUFYF|+ INY(N|+ |F)(N| 4+ IN)(F]).  (40)

In the limit of g — 0, the most coherent mode is the equal
superposition of Eq. (19). Thus, the overlap between the initial
state pjn; and the most coherent mode <I>§1C is given by

(omi|Ph) = 3 1)

From the eigenmode expansion (11), the large overlap be-
tween the initial state and the most coherent mode means
that the time evolution of the density matrix is dominated by
the most coherent mode. Thus, the density matrix is expected
to exhibit coherent oscillations at the frequency of the most
coherent mode. In the opposite case g > J since the most
coherent mode is approximately given by Eq. (20), the overlap
with the initial state is significantly small. Thus, the density
matrix is expected to exhibit monotonic relaxation. In sum-
mary, when g exceeds the critical field g., a crossover from
coherent relaxation with oscillations to incoherent relaxation
without oscillations is expected to occur.
Figure 6 shows the overlap

ro = | (omi| %) (42)

between eigenmodes |<I>§) and the initial state |pj,) given
by Eq. (40). For g « J, the overlap has large values for
eigenmodes with Re[A,] = 0, £2NJ [see Fig. 6(a)] because
the eigenmodes with Re[X,] = 0, —2NJ, and 2NJ have large
overlaps with |[F)(F| + [N){(N|, |F)(N|, and |N)(F|, respec-
tively. This implies that the time evolution of the density
matrix starting from pj,; is governed by a small number of
eigenmodes with frequency 2NJ. When g is comparable to J
[see Fig. 6(b)] the overlap is delocalized over all eigenmodes.
In this case, since the time evolution of the density matrix is
given by the superposition of a large number of eigenmodes
with various frequencies, an incoherent relaxation without
oscillations is expected.
We consider the fidelity

o= [ 0 o)) @)
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FIG. 7. (a) Time evolution of the fidelity F(¢) for g = 0.2, 0.4,
0.6,0.8, 1.0, 1.2, 1.4, and 1.6 from top to bottom. The spin number is
N = 8 and the other parameters are / = y = 1. (b) Fourier transform
of F(w) for g=0.2,0.4,0.6,0.8, 1.0, 1.2, 1.4, and 1.6 from bottom
to top at w/(NJ) = 1. The peak at w = 2NJ disappears at g >~ 1.1,
which is close to the critical field g. ~ 1.11 at which the phase
transition of the most coherent mode occurs.

which represents the distance between the initial state and
the state at time ¢ [65,66]. We have F(0) =1 at t =0 and
F(t) — D~ in the long-time limit  — oo, where D = 2V
is the dimension of the Hilbert space. Figure 7(a) shows the
time evolution of the fidelity F(¢) for different values of g.
Note that the horizontal axis is the rescaled time tJN. We
confirm that F(¢) with respect to the rescaled time ¢tJN is
almost independent of the system size N. For g < 1, F(t)
exhibits temporal oscillations, whereas for g > 1, F(t) decays
monotonically. To highlight this crossover, in Fig. 7(b), we
show the Fourier transform of F (¢),

F(w) = foo dte ™ F(|t)). (44)

o]

The horizontal axis is the rescaled frequency w/(NJ). For
g < 1, F(w) shows a peak at w/(NJ) = 2, which is consistent
with the fact that the time evolution is dominated by the most
coherent mode with frequency 2NJ. As g increases, the peak
is smeared and eventually disappears at g ~ 1.1. The value
of g at which the peak of F'(w) disappears is close to the
critical field g, ~ 1.11 of the most coherent mode. These
results suggest that the transition of the most coherent mode
leads to a qualitative change in the decoherence of a cat state.

VII. CONCLUSION

In this study, we found that nonsteady eigenmodes of a
simple open quantum many-body system exhibit spontaneous
symmetry breaking. The transition from the disordered phase
to the symmetry-broken ordered phase occurs only in the
vicinity of the most coherent mode, which is the eigenmode
with the highest frequency. This means that the transition
does not change the long-time behavior of the system, but
only affects the transient relaxation dynamics. In particular,
we demonstrated the crossover from underdamped to over-
damped relaxation of a Schrodinger’s cat state.

We discuss the experimental feasibility of the setup pos-
tulated in this study. The transverse field Ising model can
be realized by trapped ions [6] or Rydberg atoms [11-14].
The dephasing of the system is caused by different types of
noise, such as fluctuations in the magnetic field of the ion-
trap device. Recent advances in qubit manipulation techniques
have made it possible to generate Schrodinger’s cat states
with dozens of qubits [61-64]. The off-diagonal elements of
the density matrix, which characterize the coherence of the
state, can be obtained by observing the parity oscillations. We
expect that there exists a critical value of the transverse field
at which the way the coherence decays changes qualitatively.

The introduction of the Liouvillian canonical ensemble
defined by Eq. (13) allows various field theoretical ap-
proaches, such as mapping to a classical model with an
additional dimension, diagrammatic techniques, and renor-
malization group analysis, which have been developed in
the study of conventional quantum phase transitions [19].
Such an analysis can be useful in clarifying “low-energy”
excitations near the most coherent mode and the nature of
the quantum critical regime shown in Fig. 1. The above
field theoretical approach should not be confused with the
Keldysh formalism [25,32,33,38], which was developed to
study steady states. To establish a field theory for nonsteady
eigenmodes has the potential to open a new research direction
on the nonequilibrium dynamics of open quantum many-body
systems.

ACKNOWLEDGMENTS

This work was supported by JSPS KAKENHI Grant No.
JP22K13983.

[1] 1. Bloch, J. Dalibard, and W. Zwerger, Many-body physics with
ultracold gases, Rev. Mod. Phys. 80, 885 (2008).

[2] L. Bloch, Quantum coherence and entanglement with ultracold
atoms in optical lattices, Nature (London) 453, 1016 (2008).

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

[4] L. Bloch, J. Dalibard, and S. Nascimbéne, Quantum simulations
with ultracold quantum gases, Nat. Phys. 8, 267 (2012).

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

[6] B. P. Lanyon et al,
simulation  with  trapped ion,
(2011).

[7] J. T. Barreiro, M. Miiller, P. Schindler, D. Nigg, T. Monz, M.
Chwalla, M. Hennrich, C. FE. Roos, P. Zoller, and R. Blatt,
An open-system quantum simulator with trapped ions, Nature
(London) 470, 486 (2011).

[8] R. Blatt and C. F. Roos, Quantum simulations with trapped ions,
Nat. Phys. 8, 277 (2012).

[9] R. Low, H. Weimer, J. Nipper, J. B. Balewski, B. Butscher, H. P.
Biichler, and T. Pfau, An experimental and theoretical guide to
strongly interacting Rydberg gases, J. Phys. B: At. Mol. Opt.
Phys. 45, 113001 (2012).

Universal digital quantum
Science 334, 57

052208-8


https://doi.org/10.1103/RevModPhys.80.885
https://doi.org/10.1038/nature07126
https://doi.org/10.1126/science.1155309
https://doi.org/10.1038/nphys2259
https://doi.org/10.1103/RevModPhys.85.553
https://doi.org/10.1126/science.1208001
https://doi.org/10.1038/nature09801
https://doi.org/10.1038/nphys2252
https://doi.org/10.1088/0953-4075/45/11/113001

SPONTANEOUS SYMMETRY BREAKING IN NONSTEADY ...

PHYSICAL REVIEW A 107, 052208 (2023)

[10] A. Browaeys and T. Lahaye, Many-body physics with in-
dividually controlled Rydberg atoms, Nat. Phys. 16, 132
(2020).

[11] P. Schau3, M. Cheneau, M. Endres, T. Fukuhara, S. Hild, A.
Omran, T. Pohl, C. Gross, S. Kuhr, and I. Bloch, Observation of
spatially ordered structures in a two-dimensional Rydberg gas,
Nature (London) 491, 87 (2012).

[12] E. Guardado-Sanchez, P. T. Brown, D. Mitra, T. Devakul, D. A.
Huse, P. SchauB3, and W. S. Bakr, Probing the Quench Dynamics
of Antiferromagnetic Correlations in a 2D Quantum Ising Spin
System, Phys. Rev. X 8, 021069 (2018).

[13] V. Lienhard, S. de Léséleuc, D. Barredo, T. Lahaye, and A.
Browaeys, Observing the Space- and Time-Dependent Growth
of Correlations in Dynamically Tuned Synthetic Ising Models
with Antiferromagnetic Interactions, Phys. Rev. X 8, 021070
(2018).

[14] V. Borish, O. Markovié, J. A. Hines, S. V. Rajagopal, and M.
Schleier-Smith, Transverse-Field Ising Dynamics in a Rydberg-
Dressed Atomic Gas, Phys. Rev. Lett. 124, 063601 (2020).

[15] M. J. Hartmann, F. G. S. L. Branddo, and M. B. Plenio, Strongly
interacting polaritons in coupled arrays of cavities, Nat. Phys. 2,
849 (2006).

[16] K. Baumann, C. Guerlin, F. Brennecke, and T. Esslinger, Dicke
quantum phase transition with a superfluid gas in an optical
cavity, Nature (London) 464, 1301 (2010).

[17] C. Eichler, Y. Salathe, J. Mlynek, S. Schmidt, and A. Wallraff,
Quantum-Limited Amplification and Entanglement in Coupled
Nonlinear Resonators, Phys. Rev. Lett. 113, 110502 (2014).

[18] S. R. K. Rodriguez, A. Amo, I. Sagnes, L. Le Gratiet,
E. Galopin, A. Lemaitre, and J. Bloch, Interaction-induced
hopping phase in driven-dissipative coupled photonic microcav-
ities, Nat. Commun. 7, 11887 (2016).

[19] S. Sachdev, Quantum Phase Transitions (Cambridge University
Press, Cambridge, England, 2001).

[20] A. Tomadin, S. Diehl, and P. Zoller, Nonequilibrium phase
diagram of a driven and dissipative many-body system, Phys.
Rev. A 83, 013611 (2011).

[21] T. E. Lee, H. Hiffner, and M. C. Cross, Antiferromagnetic
phase transition in a nonequilibrium lattice of Rydberg atoms,
Phys. Rev. A 84, 031402(R) (2011).

[22] E. M. Kessler, G. Giedke, A. Imamoglu, S. F. Yelin, M. D.
Lukin, and J. I. Cirac, Dissipative phase transition in a central
spin system, Phys. Rev. A 86, 012116 (2012).

[23] M. Honing, M. Moos, and M. Fleischhauer, Critical exponents
of steady-state phase transitions in fermionic lattice models,
Phys. Rev. A 86, 013606 (2012).

[24] B. Horstmann, J. I. Cirac, and G. Giedke, Noise-driven dynam-
ics and phase transitions in fermionic systems, Phys. Rev. A 87,
012108 (2013).

[25] E. G. D. Torre, S. Diehl, M. D. Lukin, S. Sachdev, and P.
Strack, Keldysh approach for nonequilibrium phase transitions
in quantum optics: Beyond the Dicke model in optical cavities,
Phys. Rev. A 87, 023831 (2013).

[26] T.E. Lee, S. Gopalakrishnan, and M. D. Lukin, Unconventional
Magnetism via Optical Pumping of Interacting Spin Systems,
Phys. Rev. Lett. 110, 257204 (2013).

[27] M. Ludwig and F. Marquardt, Quantum Many-Body Dynam-
ics in Optomechanical Arrays, Phys. Rev. Lett. 111, 073603
(2013).

[28] C. Carr, R. Ritter, C. G. Wade, C. S. Adams, and K. J.
Weatherill, Nonequilibrium Phase Transition in a Dilute Ryd-
berg Ensemble, Phys. Rev. Lett. 111, 113901 (2013).

[29] L. M. Sieberer, S. D. Huber, E. Altman, and S. Diehl, Nonequi-
librium functional renormalization for driven-dissipative Bose-
Einstein condensation, Phys. Rev. B 89, 134310 (2014).

[30] M. Marcuzzi, E. Levi, S. Diehl, J. P. Garrahan, and I.
Lesanovsky, Universal Nonequilibrium Properties of Dissipa-
tive Rydberg Gases, Phys. Rev. Lett. 113, 210401 (2014).

[31] H. Weimer, Variational Principle for Steady States of Dissi-
pative Quantum Many-Body Systems, Phys. Rev. Lett. 114,
040402 (2015).

[32] M. F. Maghrebi and A. V. Gorshkov, Nonequilibrium many-
body steady states via Keldysh formalism, Phys. Rev. B 93,
014307 (2016).

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

[34] M. Biondi, G. Blatter, H. E. Tiireci, and S. Schmidt, Nonequi-
librium gas-liquid transition in the driven-dissipative photonic
lattice, Phys. Rev. A 96, 043809 (2017).

[35] R. Rota, F. Minganti, A. Biella, and C. Ciuti, Dynamical prop-
erties of dissipative XYZ Heisenberg lattices, New J. Phys. 20,
045003 (2018).

[36] F. Minganti, A. Biella, N. Bartolo, and C. Ciuti, Spectral theory
of Liouvillians for dissipative phase transitions, Phys. Rev. A
98, 042118 (2018).

[37] J. S. Ferreira and P. Ribeiro, Lipkin-Meshkov-Glick model with
Markovian dissipation: A description of a collective spin on a
metallic surface, Phys. Rev. B 100, 184422 (2019).

[38] J. T. Young, A. V. Gorshkov, M. Foss-Feig, and M. F. Maghrebi,
Nonequilibrium Fixed Points of Coupled Ising Models, Phys.
Rev. X 10, 011039 (2020).

[39] J. M. Fink, A. Dombi, A. Vukics, A. Wallraff, and P. Domokos,
Observation of the Photon-Blockade Breakdown Phase Transi-
tion, Phys. Rev. X 7, 011012 (2017).

[40] M. Fitzpatrick, N. M. Sundaresan, A. C. Y. Li, J. Koch, and
A. A. Houck, Observation of a Dissipative Phase Transition in a
One-Dimensional Circuit QED Lattice, Phys. Rev. X 7, 011016
(2017).

[41] T. Fink, A. Schade, S. Hofling, C. Schneider, and A. Imamoglu,
Signatures of a dissipative phase transition in photon correlation
measurements, Nat. Phys. 14, 365 (2018).

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

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

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

[45] A. Rivas and S. F. Huelga, Open Quantum Systems (Springer,
New York, 2012).

[46] T. Prosen, PT-Symmetric Quantum Liouvillean Dynamics,
Phys. Rev. Lett. 109, 090404 (2012).

[47] M. Znidari¢, Relaxation times of dissipative many-body quan-
tum systems, Phys. Rev. E 92, 042143 (2015).

[48] C. M. Bender and S. Boettcher, Real Spectra in Non-Hermitian
Hamiltonians Having PT Symmetry, Phys. Rev. Lett. 80, 5243
(1998).

052208-9


https://doi.org/10.1038/s41567-019-0733-z
https://doi.org/10.1038/nature11596
https://doi.org/10.1103/PhysRevX.8.021069
https://doi.org/10.1103/PhysRevX.8.021070
https://doi.org/10.1103/PhysRevLett.124.063601
https://doi.org/10.1038/nphys462
https://doi.org/10.1038/nature09009
https://doi.org/10.1103/PhysRevLett.113.110502
https://doi.org/10.1038/ncomms11887
https://doi.org/10.1103/PhysRevA.83.013611
https://doi.org/10.1103/PhysRevA.84.031402
https://doi.org/10.1103/PhysRevA.86.012116
https://doi.org/10.1103/PhysRevA.86.013606
https://doi.org/10.1103/PhysRevA.87.012108
https://doi.org/10.1103/PhysRevA.87.023831
https://doi.org/10.1103/PhysRevLett.110.257204
https://doi.org/10.1103/PhysRevLett.111.073603
https://doi.org/10.1103/PhysRevLett.111.113901
https://doi.org/10.1103/PhysRevB.89.134310
https://doi.org/10.1103/PhysRevLett.113.210401
https://doi.org/10.1103/PhysRevLett.114.040402
https://doi.org/10.1103/PhysRevB.93.014307
https://doi.org/10.1088/0034-4885/79/9/096001
https://doi.org/10.1103/PhysRevA.96.043809
https://doi.org/10.1088/1367-2630/aab703
https://doi.org/10.1103/PhysRevA.98.042118
https://doi.org/10.1103/PhysRevB.100.184422
https://doi.org/10.1103/PhysRevX.10.011039
https://doi.org/10.1103/PhysRevX.7.011012
https://doi.org/10.1103/PhysRevX.7.011016
https://doi.org/10.1038/s41567-017-0020-9
https://doi.org/10.1007/BF01608499
https://doi.org/10.1063/1.522979
https://doi.org/10.1103/PhysRevLett.109.090404
https://doi.org/10.1103/PhysRevE.92.042143
https://doi.org/10.1103/PhysRevLett.80.5243

TAIKI HAGA

PHYSICAL REVIEW A 107, 052208 (2023)

[49] A. Guo, G.J. Salamo, D. Duchesne, R. Morandotti, M. Volatier-
Ravat, V. Aimez, G. A. Siviloglou, and D. N. Christodoulides,
Observation of PT-Symmetry Breaking in Complex Optical Po-
tentials, Phys. Rev. Lett. 103, 093902 (2009).

[50] C. E. Riiter, K. G. Makris, R. El-Ganainy, D. N.
Christodoulides, M. Segev, and D. Kip, Observation of
parity—time symmetry in optics, Nat. Phys. 6, 192 (2010).

[51] W. D. Heiss, The physics of exceptional points, J. Phys. A:
Math. Theor. 45, 444016 (2012).

[52] R. El-Ganainy, K. G. Makris, M. Khajavikhan, Z. H.
Musslimani, S. Rotter, and D. N. Christodoulides, Non-
Hermitian physics and PT symmetry, Nat. Phys. 14, 11
(2018).

[53] F. Minganti, A. Miranowicz, R. W. Chhajlany, and F. Nori,
Quantum exceptional points of non-Hermitian Hamiltonians
and Liouvillians: The effects of quantum jumps, Phys. Rev. A
100, 062131 (2019).

[54] S. K. Ozdemir, S. Rotter, F. Nori, and L. Yang, Parity-time
symmetry and exceptional points in photonics, Nat. Mater. 18,
783 (2019).

[55] M. Miri and A. Alu, Exceptional points in optics and photonics,
Science 363, ecaar7709 (2019).

[56] Y. Ashida, Z. Gong, and M. Ueda, Non-Hermitian Physics, Adv.
Phys. 69, 249 (2021).

[57] H. Pichler, J. Schachenmayer, A. J. Daley, and P. Zoller, Heat-
ing dynamics of bosonic atoms in a noisy optical lattice, Phys.
Rev. A 87, 033606 (2013).

[58] 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 Lat-
tice Gauge Theories with Cold Atoms, Phys. Rev. Lett. 112,
120406 (2014).

[59] Z. Cai and T. Barthel, Algebraic versus Exponential Decoher-
ence in Dissipative Many-Particle Systems, Phys. Rev. Lett.
111, 150403 (2013).

[60] M. Ban, S. Kitajima, and F. Shibata, Reduced dynamics and the
master equation of open quantum systems, Phys. Lett. A 374,
2324 (2010).

[61] D. Leibfried et al., Creation of a six-atom ‘Schrodinger cat’
state, Nature (London) 438, 639 (2005).

[62] T. Monz, P. Schindler, J. T. Barreiro, M. Chwalla, D. Nigg,
W. A. Coish, M. Harlander, W. Hinsel, M. Hennrich, and R.
Blatt, 14-Qubit Entanglement: Creation and Coherence, Phys.
Rev. Lett. 106, 130506 (2011).

[63] A. Omran et al., Generation and manipulation of Schrodinger
cat states in Rydberg atom arrays, Science 365, 570 (2019).

[64] C. Song et al., Generation of multicomponent atomic
Schrodinger cat states of up to 20 qubits, Science 365, 574
(2019).

[65] R. Jozsa, Fidelity for mixed quantum states, J. Mod. Opt. 41,
2315 (1994).

[66] Y. C. Liang, Y. H. Yeh, P. E. M. F. Mendonca, R. Y. Teh,
M. D. Reid, and P. D. Drummond, Quantum fidelity measures
for mixed states, Rep. Prog. Phys. 82, 076001 (2019).

052208-10


https://doi.org/10.1103/PhysRevLett.103.093902
https://doi.org/10.1038/nphys1515
https://doi.org/10.1088/1751-8113/45/44/444016
https://doi.org/10.1038/nphys4323
https://doi.org/10.1103/PhysRevA.100.062131
https://doi.org/10.1038/s41563-019-0304-9
https://doi.org/10.1126/science.aar7709
https://doi.org/10.1080/00018732.2021.1876991
https://doi.org/10.1103/PhysRevA.87.033606
https://doi.org/10.1103/PhysRevLett.112.120406
https://doi.org/10.1103/PhysRevLett.111.150403
https://doi.org/10.1016/j.physleta.2010.03.066
https://doi.org/10.1038/nature04251
https://doi.org/10.1103/PhysRevLett.106.130506
https://doi.org/10.1126/science.aax9743
https://doi.org/10.1126/science.aay0600
https://doi.org/10.1080/09500349414552171
https://doi.org/10.1088/1361-6633/ab1ca4

