CHinese PuysicaL Sociery | IOP Publishing

CPB

Chinese Physics B

http://cpb.iphy.ac.cn https://iopscience.iop.org/journal/1674-1056

Efficient and controlled symmetric and asymmetric Bell-state transfers in a dissipative

Jaynes-Cummings model

Qi-Cheng Wu (5% /i), Yu-Liang Fang(J7 £.5%), Yan-Hui Zhou(JH Z #%), Jun-Long Zhao(i&X Z J¥), Yi-Hao Kang(/3¢i%
%%), Qi-Ping Su(#1%1-F*), and Chui-Ping Yang(#% &)

Citation:Chin. Phys. B, 2026, 35 (1): 010304. DOI: 10.1088/1674-1056/ae111f

http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Exceptional rings and non-Abelian topology in non-Hermitian high-spin systems

Peng-Zhen Sun(fMi%7Z), Zhou-Tao Lei(F5 JH¥4), and Yuan-Gang Deng( X5 JG )
Chin. Phys. B, 2025, 34 (11): 110303. DOI: 10.1088/1674-1056/addcbe

Non-quantized Zak phases, PT/APT symmetry transitions, and doubly degenerate

exceptional points in a non-Hermitian spin-orbit coupled SSH model

Jun-Xing Huo(E 12 17), Jian Li(Z=#), Qing-Xu Li(Z=75 1), and Jia-Ji Zhu (4 5 )
Chin. Phys. B, 2025, 34 (7): 070301.  DOI: 10.1088/1674-1056/adc7f3

Exceptional points and quantum dynamics in a non-Hermitian two-qubit system

Yi-Xi Zhang(7K 25 48), Zhen-Tao Zhang(7k#%¥%), Zhen-Shan Yang(#& 111), Xiao-Zhi Wei(%L ), and Bao-Long
Liang( % %)
Chin. Phys. B, 2024, 33 (6): 060308.  DOI: 10.1088/1674-1056/ad2a70

Topological properties of non-Hermitian Creutz ladders

Hui-Qiang Liang(#: ¥ 5#) and Linhu Li(ZEMRSE)
Chin. Phys. B, 2022, 31 (1): 010310.  DOI: 10.1088/1674-1056/ac3991

Two-body exceptional points in open dissipative systems

Peize Ding(] #r7F) and Wei Yi( %) N)
Chin. Phys. B, 2022, 31 (1): 010309. DOI: 10.1088/1674-1056/ac3396



https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae111f
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae111f
https://doi.org/10.1088/1674-1056/ae111f
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/addcbe
https://doi.org/10.1088/1674-1056/addcbe
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adc7f3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adc7f3
https://doi.org/10.1088/1674-1056/adc7f3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2a70
https://doi.org/10.1088/1674-1056/ad2a70
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac3991
https://doi.org/10.1088/1674-1056/ac3991
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac3396
https://doi.org/10.1088/1674-1056/ac3396

Chin. Phys. B 35, 010304 (2026)

RAPID COMMUNICATION

Efficient and controlled symmetric and asymmetric Bell-state

transfers in a dissipative Jaynes—Cummings model

Qi-Cheng Wu(= 75 ) ¥+#, Yu-Liang Fang(J7 £4%)"", Yan-Hui Zhou(fd Z#%)!, Jun-Long ZhaoG&* % ¥)!,
Yi-Hao Kang(Hi%5%)?, Qi-Ping Su(75#1°F)%, and Chui-Ping Yang(#% 3 )3

1 Quantum Information Research Center and Jiangxi Province Key Laboratory of Applied Optical Technology,
Shangrao Normal University, Shangrao 334001, China

2School of Physics, Hangzhou Normal University, Hangzhou 311121, China
(Received 9 September 2025; revised manuscript received 30 September 2025; accepted manuscript online 9 October 2025)

Realizing efficient and controlled state transfers is necessary for implementing a wide range of classical and quan-
tum information protocols. Recent studies have demonstrated that both asymmetric and symmetric state transfers can be
achieved by encircling an exceptional point (EP) in non-Hermitian (NH) systems. However, the application of this phe-
nomenon has been restricted to scenarios where an EP exists in single-qubit systems and is associated with a specific type
of dissipation. In this work, we demonstrate efficient and controlled symmetric and asymmetric Bell-state transfers by
modulating system parameters within a Jaynes—Cummings model while accounting for atomic spontaneous emission and
cavity decay. The effective suppression of nonadiabatic transitions enables a symmetric exchange of Bell states irrespective
of the encircling direction. Furthermore, we report a counterintuitive finding: the presence of an EP is not indispensable
for implementing asymmetric state transfers in NH systems. We achieve perfect asymmetric Bell-state transfers even in
the absence of an EP by dynamically orbiting around an approximate EP. Our work presents an approach to effectively and
reliably manipulate entangled states with both symmetric and asymmetric characteristics, through dissipation engineering
in NH systems.

Keywords: exceptional points, adiabatic Bell-state transfer, chiral Bell-state transfer, Jaynes—Cummings
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1. Introduction

Since the discovery of exceptional points (EPs),[!-¢]
a plethora of counterintuitive phenomena have emerged in

non-Hermitian (NH) systems, ["~14]

encompassing heightened
sensitivity to perturbations,!'>~!7l loss-induced transparency
effects,['®19] and the existence of distinctive topological

20,21

structures.?%-2!] Recent studies have also revealed that sym-

metric (adiabatic) state transfer!>!~23] and asymmetric (chi-

ral) state transfer!24-34]

can be accomplished by adjusting sys-
tem parameters along a path encircling an exceptional point
(EP). In general, the symmetric transfer between the eigen-
states of a system implies that the state transfer is solely de-
termined by the initial state and remains unaffected by the
encircling direction. Conversely, the asymmetric transfer be-
tween the system eigenstates indicates that the state transfer
The dis-

coveries and applications of symmetric and asymmetric state

is solely determined by the encircling direction.

transfers in time-modulated NH systems have undoubtedly
made significant contributions to advancements in the quan-
tum field, [22-2433-36]
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However, it is regrettable that the existing research!?!=36]
predominantly focuses on either symmetric or asymmetric
state transfer, with limited exploration of the simultaneous
involvement of both types or mode conversion between the
two within the same quantum system. Furthermore, current
schemes for state transfer and their underlying protocols crit-
ically rely on the presence of EPs, requiring specific designs
of non-Hermitian effective Hamiltonians with finely tuned pa-
rameters. Moreover, these schemes also impose constraints
primarily associated with dissipation, typically considering
only a single type, such as spontaneous radiation dissipation or

[22.23.37.38] which differs from real-world scenar-

cavity decay,
ios, where quantum systems often experience multiple forms
of dissipation. Finally, while achieving successful demon-
strations of symmetric or asymmetric state transfer in single-
bit systems is noteworthy, efficiently accomplishing entangled

39-411y in systems with multiple

state transfers (i.e., Bell states!
types of dissipation remains a challenging task.
In this work, we demonstrate efficient and controlled

symmetric and asymmetric Bell-state transfers through mod-
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ulation of system parameters in a Jaynes—Cummings model
with both atomic spontaneous emission and cavity decay. We
effectively mitigate the influence of nonadiabatic transitions
induced by the imaginary component of the eigenenergy spec-
Subse-
quently, by selecting a trajectory that dynamically encircles

trum through appropriate parameter configurations.

an EP, we successfully realize a long-desired symmetric Bell-
state transfer, wherein the exchange of Bell states occurs dy-
namically irrespective of the encircling direction. Moreover,
we present a counterintuitive finding, which suggests that the
presence of an EP may not be indispensable for the successful
implementation of asymmetric state transfer in NH systems.
Furthermore, we achieve perfect asymmetric Bell-state trans-
fers even in the absence of an EP while dynamically orbiting
around an approximate exceptional point (AEP). Finally, we
demonstrate that our results hold for the Jaynes—Cummings
model under time-modulated and time-independent dissipa-
tion, where the final Bell-state transfer is determined by the
trajectory orientation. Our work presents a novel approach
for effectively and reliably manipulating entangled states with
both symmetric and asymmetric characteristics through dissi-
pation engineering in NH systems.

The rest of this paper is organized as follows. In Sec-
tion 2, we provide a concise overview of the dissipative
Jaynes—Cummings model. Sections 3 and 4 are dedicated to
detailed analyses of the energy spectrum and eigenstate pop-
ulation distribution for symmetric and asymmetric Bell-state
transfer, respectively. Finally, we present the experimental fea-
sibility and summary in Section 5.

2. Dissipative Jaynes—Cummings model

As shown in Fig. 1, we consider a dissipative Jaynes—
Cummings model, in which a two-level atom (with the ground
state |g) and the excited state |e)) is coupled to a single-mode
cavity with coupling strength g. The decay rate of the cav-
ity mode and the atomic spontaneous emission rate are re-
spectively indicated by k and y. Generally, the dynamics of
the dissipative Jaynes—Cummings model obey the following
Markovian master equation*>*3! (taking i = 1):

p = —i[Ho(t),p]+ L(p),

Hy = w,a'a+0,6.06 +g(a’'c_+ac),
L(p) = K (apaT - ;{a*mp})
H(Gpm;{mc,p}), (1
where @, is the cavity resonance frequency, while @, is the

transition frequency between the two levels |g) and |e) of
the atom. The creation (annihilation) operator of the cavity

mode is denoted as a’ (a), and the raising (lowering) oper-
It should be
noted that the effects of the so-called quantum jump terms,

ator of the atom is represented by oy (o_).

yo_po, and kapa', can be neglected when the decay rate of
the cavity mode (k) and the atomic spontaneous emission rate
() are very small, or when cavity decay and atomic sponta-
neous emission are experimentally measured via postselection

protocols.[*#3] In those cases, the effective Hamiltonian de-
scribing this system can be expressed as follows:[4:47]
ik i
Hegt = Ho —-a'a gom,. @)

In the absence of an additional driving field, we make
the reasonable assumption that the total excitation of the sys-
tem is unity.[**8-511 We denote the vacuum state (the single-
photon state) of the cavity as |0) (|1)). In the basis states
le,0) = [1,0)T and |g,1) = |0,1)T, where T stands for trans-
pose, the effective Hamiltonian can be expressed as

0, +6—2
Helff:< ! 2 § ik>a 3)

8 wa_j

where 0 = w, — @, is the difference between the atomic tran-
sition frequency and the cavity frequency. The eigenvalues of
the NH Hamiltonian (HJ;) are

1
EL = 1[2(2(1)0 + 6) — 1(')/+ K') :|:2AE],

i

2

A = \/(y— K +2i8)2 — 16¢2, (4)

and the corresponding right eigenvectors are

1

[92) = ¢~ [As.4g]T, 5)
+

where Ay =20 —i(y— k) £2Ag and S = \/|AL|? +|4g|%,

together with the left eigenvectors

(9] = (A=, 4g]. (©)
+

The biorthogonal partners {(@,|} and {|¢,)} (n,m =+, —) are
normalized to satisfy the biorthogonality relations <(ﬁn|¢m> =

Sum and X,y [00) (9] = X1 [9) (9] = 1.110)

Atom ¥
O -
)

Fig. 1. Schematic illustration of a dissipative Jaynes—Cummings model
for a hybrid atom—cavity system. Here, @, denotes the cavity resonance
frequency, and @, is the transition frequency between the atomic ground
state |g) and excited state |e). The parameters k and 7y represent the de-
cay rate of the cavity mode and the atomic spontaneous emission rate,
respectively.
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The difference Ag(8,g,7,k) between the eigenvalues
(E+) plays a pivotal role in determining the eigenenergy spec-
trum and the system dynamics. However, analyzing the re-
lationship between all four parameters (J,g,7, k) and Ag si-
multaneously presents a significant challenge. Therefore, it
is convenient to fix certain parameters and thoroughly inves-
tigate the correlation between the remaining parameters and
Ag. This step is crucial for identifying EPs within the system.
Once the EPs are determined, the primary objective is to de-
sign a time-evolution trajectory that encompasses the EPs in
order to achieve asymmetric or symmetric Bell-state transfer.
In this context, we provide several remarks regarding the de-
sign of the time-evolution trajectory. (i) It is crucial to ensure
that the eigenvectors |¢,) and |¢_) correspond to Bell states
(|1,0) +0,1))/+/2 at both the beginning and end of the tra-
jectory. To ensure the formation of Bell states, it is necessary
to maintain &, ; = (Y — k), = O [Where 7 (f;) represents the
initial (final) time], such that |¢ (#;,#)) and |¢_(#;, 7)) become
Bell states. (ii) Both the real and imaginary components of the
time-evolution trajectory should be carefully designed to en-
circle or closely approach the EP. The subsequent sections are
devoted to the exploration of appropriate time-evolution tra-
jectories for achieving symmetric and asymmetric Bell-state
transfers.

3. Symmetric Bell-state transfer

Recent studies/?!~?3] have demonstrated that achieving
efficient symmetric state transfer hinges on satisfying the gen-
eralized adiabatic condition

Z Wwexp (i/ot w,,,,,(r)dr) <1, (7

wzm 1O ()]

where @, (t) = E,(t) — E,(¢) represents the difference
between the corresponding eigenvalues of H(r), and
(6 (1)] & (1)) quantifies the nonadiabatic coupling between in-
stantaneous eigenstates. It is worth noting that in NH sys-
tems, the eigenvalues are generally complex. The exponen-
tial factor involving the imaginary part of @,,(¢), given by
exp(—Im(@y,(t))), can induce either damping or amplifica-
tion of the evolving state. Even a small eigenvalue difference
can lead to significant dynamical effects when the adiabatic
evolution trajectory approaches an EP. Furthermore, nonadia-
batic couplings become more pronounced as the rate of system
evolution increases in the absence of external control.
Inspired by the ideas presented in Refs. [21-23], in this
section we propose a controlled scheme to realize a long-
sought symmetric Bell-state transfer, in which the transfer oc-
curs dynamically and independently of the encircling direc-
tion. This is achieved by slowing down the system evolution
and minimizing the imaginary component Im(Ag(J,g,7,k)).

Specifically, the imaginary component Im(Ag(8,g,7,K)) can
be effectively eliminated by adopting appropriate parameter
configurations, such as § = 0 and 16g> > (y — k). For the
purpose of discussion, we assume kK = oy and normalize all
parameters with respect to the cavity frequency @, in the sub-
sequent analysis.

Based on the aforementioned settings, we can investigate
the intricate correlation between the energy difference and the
remaining two parameters (g,7) in a three-dimensional con-
text. In order to gain an intuitive understanding of the energy
variation within the system, in Fig. 2, we illustrate the eigenen-
ergy spectrum E in the parameter space (g,7y). From Fig. 2,
it is evident that the imaginary parts of £, and E_ intersect
with the plane defined by E = 0, while their real counterparts
intersect with another plane characterized by E = 1. The in-
tersection point of these two planes within the parameter space
(g,7) corresponds to a pink point at coordinates (0,0), which
represents an EP. Consequently, by steering the system evolu-
tion trajectory around or in close proximity to this EP, we can
achieve a symmetric transfer of Bell states as desired.

(a) 0.1+
S
\E/ 0
—0.1
0.2
0.1
.
(b) 1.2
o
3 1.0
~
0.8 >
0.2 \
7 0- | EP
0- —_— Y v
—02 —01 0 0.1 0.2
g

Fig. 2. The eigenenergy spectrum E (g, 7) and the system time-evolution
trajectory E+ [g(1),¥(r)] for symmetric Bell-state transfer. Panels (a) and
(b) show the imaginary and real parts of E1(g,y) and E+[g(¢),(?)],
respectively. The blue (red) Riemann surface corresponds to E (g,7)
[E_(g,7)], while the dashed blue (solid red) line represents E. [g(t), ¥(¢)]
(E_[g(2),y()]), respectively. The pink point denotes an exceptional point
(EP). The other parameters are chosen as go = 0.01, Gy = Iy = 0.2,
o=—1,and = 7.

A symmetric Bell-state transfer can be realized through
the careful selection of the parameter trajectory

g(t) = go+Gocos(ot), y(t) = Iysin®(ot), 8)

Without loss
of generality, we consider the following parameter selection:

where go, Go, Iy, and @ are real constants.

010304-3



Chin. Phys. B 35, 010304 (2026)

g0=20.01, Go =1Ip =0.2, « = —1, and @ = 7. Subsequently,
Fig. 2 depicts the time-evolution trajectories. In this figure,
the dashed blue line represents E [g(z),¥(¢)], while the solid
red line corresponds to E_[g(¢),y(z)]. It is evident that both
trajectories revolve around the pink exceptional point (EP),
consistent with our assumptions. Moreover, based on Eq. (8),
the non-Hermitian (NH) Hamiltonian Helff(t) exhibits periodic
variations as a function of time ¢, with a period T = 7/ ®.

(a) 1.0 ——=—=-1 (b)) lLOF=—————= =

o — (#4(®)] a — (¢4 ()]

Sos - = (-] 305 - ={o_(t)|

% w=—m, CW % : w=—m, CW

= S

\é \g I

‘T obk==---- R ——eeee

— 0 0.5 1.0 — 0 0.5 1.0
wt/7 wt/m

© 10 === @ op====== =~

B — (o1 ()] B — (o4.(0)]

z - —(o_(®)l g -4t

S 0.5 S 0.5 -0l

= w=m, CCW = w=m, COW

= s

R SES—— S -

0 0.5 1.0 0 0.5 1.0

wt/m wt/m

Fig. 3. Time evolution of the fidelity F;, = \(@(I) |¥(¢))|? for the time-
dependent right eigenstate |, (¢)) (m = +,—). The initial state in panels
(a) and (c) [(b) and (d)] is chosen as [¥(0)) = |¢+(0)) (|¢—(0))). The
trajectory direction in panels (a)—(b) is clockwise (CW) and in panels
(c)—(d) is counterclockwise (CCW). The other parameters are go = 0.01,
Gy =1y =0.2, and oo = —1. The state dynamics exhibits a purely adi-
abatic character, enabling the implementation of a symmetric Bell-state
switch.

To evaluate the validity of the symmetric Bell-state trans-
fer, we investigate the system dynamics. The fidelity of the
right eigenstate |@,,(¢)) (m = 4, —) is determined by the rela-
tion £, = {9 (1) (1)
ing state of the system at time .

2, where |¥(t)) represents the evolv-

Assuming that the sys-
tem is initially prepared in one of its right eigenstates, i.e.,
|¥(0)) = |9+ (0)) = (|e,0) + |g, 1)) /v/2, we numerically inte-
grate Schrodinger’s equation

10, (1)) = Hl(1)[ (1)), ©9)

to obtain the evolving state |¥(¢)). The instantaneous left
eigenvector (@(z)\ can be calculated by substituting the pa-
rameters into Eqgs. (6) and (8). The results of these calcula-
tions for different encircling directions and initial states are
illustrated in Fig. 3. Figures 3(a)-3(d) demonstrate complete
Bell-state transfers (achieving maximal transfer fidelity of 1
by employing sufficiently slow trajectories), where |@_(z)) <>
|¢, (7)) are exchanged after one period T = 7/, irrespec-
tive of the encircling direction. In this context, the state evo-
lution exhibits distinct adiabatic characteristics, enabling the
realization of symmetric Bell-state switching. Furthermore,
it is evident that the state vectors undergo a rapid transition
near Wt = 7/2, in agreement with predictions reported in
Refs. [22,23]. This phenomenon can be attributed to the mech-
anism of nonadiabatic coupling transitions between eigen-
states in non-Hermitian systems and the influence of pseudo-
Hermiticity. On one hand, as demonstrated in Ref. [23],

the nonadiabatic coupling transition between eigenstates ex-
hibits exponential growth with respect to the imaginary part
of the system eigenvalue difference Ag. More specifically,
the larger the imaginary component of the eigenvalue differ-
ence, the more pronounced the nonadiabatic coupling transi-
tion becomes. Based on Egs. (4) and (8), it is clear that the ex-
tremum of the system eigenvalue difference Ag occurs at half
of the period (@t = 7/2), thereby inducing a significant nona-
diabatic coupling transition at @t = /2. On the other hand,
pseudo-Hermiticity (most prominent when 8§ = 0, go = 0, and
a = —1) generates symmetric system dynamics during the
first and second halves of the period. Theoretically, when the
system simultaneously satisfies conditions for strong nonadi-
abatic coupling transitions and pseudo-Hermiticity, the state
vectors undergo a rapid transition precisely at wf = /2. How-
ever, this theoretical prediction slightly differs from the results
presented in Fig. 3, which can be attributed to the imperfect
realization of pseudo-Hermiticity (e.g., 6 =0, go = 0.01, and
o=-—1).

4. Asymmetric Bell-state transfer

4.1. Asymmetric Bell-state transfer under time-modulated
dissipation

In this subsection, we propose a controlled scheme to re-
alize asymmetric Bell-state transfer. Specifically, we begin by
fixing the value of g and systematically analyzing the relation-
ship between the energy difference and the parameters (8, 7).
It is important to note that the intersection surface of the intrin-
sic energy spectrum plays a crucial role in scheme design. This
is because, in general, the successful transfer of asymmetric or
chiral states critically depends on the topological properties of
the intersecting Riemann energy manifolds at EPs.[>*32] For
clarity, we define the diabolic line (D line) and the L-shaped
curve (L line) as the intersection lines of the surfaces corre-
sponding to the imaginary and real parts of the eigenenergy
spectrum E4 (v, 8), respectively.

As illustrated in Fig. 4, we present a graphical depic-
tion of the eigenenergy spectrum E. in the parameter space
(8,7). Figures 4(a) and 4(b) respectively display the three-
dimensional variations of the imaginary and real parts of the
eigenenergy spectrum E (7, 8), as well as the time-evolution
trajectory E4 [y(t),0(¢)]. Furthermore, Figs. 4(a) and 4(c) re-
veal that the imaginary components of E (y,6) and E_(y,0)
intersect along the diabolic line (D line), where Im(E,) =
Im(E_) = 0 (see the yellow line in Figs. 4(a), 4(c), and 4(d)).
Meanwhile, Figs. 4(b) and 4(d) show that the real compo-
nents of £, (y,8) and E_(y,0) converge along an L-shaped
curve (L line), corresponding to Re(Ey) = Re(E_) =1 (see
the cyan L-shaped line in Fig. 4(d)). Furthermore, by com-
paring Figs. 4(c) and 4(d), it becomes apparent that the imag-
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inary and real parts of the spectrum E (7, d) cannot coincide
simultaneously [Im(E;) = Im(E_) and Re(E,) = Re(E_)],
as evidenced by the misalignment between the D line and
the L line.
sence of an exceptional point (E; = E_) under current pa-

This observation conclusively verifies the ab-

a
) (a)
T
o
=
~ 0
+H
)
ki
0.010
0.005
-
(c) Im(E;) (107%)
1.0 , |
\ /
\ ,
—~ \ / 5
i \ /
2 05 A y 0
= \\ //
\ /
\ / -5
\ )
‘\\c‘j#——AEP

0 1
—0.04 —0.02 0 0.04

)

0.02

rameter settings. However, an approximate exceptional point
can be identified, where the real parts of E and E_ are equal,
Re(E;) =Re(E_), and the imaginary parts are nearly identi-
cal, Im(E;) ~ Im(E_) (see the black point in Figs. 4(c) and
4(d)).

0
—0.05 5
d Re(FE.
1.0 (d) (Ey)
1.10
—~ 1.05
7
8 0.5 1.00
=
o .
—0.04 —0.02 0 0.02 0.04

1)

Fig. 4. The eigenenergy spectrum E. (7,8) and the system time-evolution trajectory E [y(r),5(r)] for an asymmetric Bell-state transfer. The
imaginary and real parts of the eigenenergy spectrum are shown in panels (a) and (b) as three-dimensional surfaces, while panels (c) and (d)
present two-dimensional plots by fixing y € (0,0.001). The D line and L line indicate the intersection lines of the surfaces corresponding to the
imaginary and real parts of E+(7,d), respectively. The system’s time-evolution trajectory dynamically orbits around an AEP, shown as the black
point (0,1 x 10™*) in the parameter space (7, §). The other parameters are gg = 0.1, Gy = 0, Ag = 0.04, [; = 0.1, ¢ = —1, and © = 7.

(a) 1.0f====-—-____ = (b) 1.0
o { — (@) o
= - {o- ()] =
S 0.5 > 0.5
= w=—m, CW =
E L//J
s . S
= 0 R = 0
0 1.0 2.0
wt/m B
© 10 ——— Yo
< | T Teonl =
= (b (¢ s
5 0.5 (- 2 05
= w=m, CCW =
b <
S opooooa- ~ 0
0 1.0 2.0 0 1.0 2.0
wt/m wt /T

Fig. 5. Time evolution of the fidelity F;, = \(6,;(:) |¥(¢))|? for the time-
dependent right eigenstate |, (¢)) (m = +,—). The initial state in panels
(a) and (c) [(b) and (d)] is chosen as [¥(0)) = |¢+(0)) (|¢—(0))). The
selected trajectories in panels (a)—(b) exhibit clockwise (CW) encircling,
while those in panels (c)—(d) demonstrate counterclockwise (CCW) encir-
cling. Other parameters are gop = 0.1, Ag =0.04, [ = 0.1, and ¢ = —1.
The state dynamics exhibit chiral behavior, thereby enabling the imple-
mentation of an asymmetric Bell-state switch.

According to the conventional notion, the presence of EPs
is deemed a prerequisite for the viability of the scheme, sug-
gesting that chiral transformations are unattainable in their ab-
sence. However, it is intriguing to observe that even when
the system evolves around an AEP, a significant chiral tran-
sition still persists. This feasibility stems from the Riemann

topology of the system spectrum induced by the AEP and a
specific choice of encircling trajectory within the parameter
space. Specifically, no exceptional points (EPs) exist in the
parameter space (y,0) selected in Fig. 4. However, within
the broader three-dimensional space (g,7,8) or even an N-
dimensional space (with N varying parameters), EPs are likely
to exist. In such cases, the selected AEP may correspond to
one of these neighboring EPs in the high-dimensional space.
If the chosen parameter trajectory varies sufficiently slowly
around the AEP, asymmetric state transformation can still be
achieved.

For example, an asymmetric Bell-state transfer can be at-
tained when the system time-evolution trajectory dynamically
orbits around an AEP (see the black point in Fig. 4), in the
parameter space (¥, 6). Without loss of generality, the system
time-evolution trajectory can be chosen as

8() = Aosin(wr),  y(r) = Tpsin’ (%’) ,

where Ag, Iy, and @ € R are constants, and the period of

(10)

the trajectory is T = 27/®. The time-evolution trajectories
E.[y(t),8(¢)] are depicted in Fig. 4.

In Fig. 5, we present the temporal evolution of the fi-
delity for the right eigenstate |@,(t)) (m = +,—) under
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The or-
biting trajectory proceeds in a counterclockwise (CCW)

different initial states and encircling directions.

or clockwise (CW) direction for positive angular frequen-
cies w > 0 or negative angular frequencies @ < 0, respec-
tively. As illustrated in Figs. 5(a) and 5(b), the right eigen-
states (Bell states) return to their original configurations
after completing a dynamical cycle with a CW encircling
direction. However, as shown in Figs. 5(c) and 5(d), the
Bell states undergo an exchange after completing a dynam-
The state dy-

namics thus exhibits a distinct chiral character, facilitat-

ical cycle with a CCW encircling direction.

ing the implementation of an asymmetric Bell-state switch.

4.2. Asymmetric Bell-state transfer under time-

independent dissipations

We have demonstrated the realization of chiral Bell-state
transfer by modulating time-dependent dissipative parameters.
However, it is important to acknowledge that controlling dissi-
pative parameters can be challenging in certain systems or ex-
periments. From an experimental perspective, we propose an
alternative approach for achieving chiral Bell-state transfer by
employing time-independent dissipative parameters. Further-
more, we present the eigenenergy spectrum E. in the param-
eter space (g,0), as shown in Fig. 6. Figure 6(a) demonstrates
the separation between the imaginary parts of E+(g,0) at the
point (0,0), while Fig. 6(b) shows the convergence of the real
parts of E(g,0) at the same point. Hence, under the current
parameter configuration, the system does not exhibit an EP;
instead, it features a distinctive AEP.

—
o
N2

Im(E.) (10-%)

-0.2 0

g

Fig. 6. Eigenenergy spectrum E. (g, §) and the system time-evolution tra-
jectory E+ [g(2),8(¢)] for a dissipative system with time-independent dis-
sipation. Panels (a) and (b) show the real and imaginary parts of E4 (g, )
and E. [g(r),6(t)], respectively. The red (blue) Riemann surface corre-
sponds to E (g,0) [E_(g, )], and the solid red (dashed blue) line repre-
sents £y (g,8) (E_(g,98)), respectively. The pink point indicates an AEP.
Other parameters are go = Go =49 =0.2, % =0.1,a = —1,and 0 = 7.

The realization of asymmetric Bell-state transfer can be
achieved by carefully selecting the parameter trajectory as

Y(t) = W, g(t)=go+Gocos(wr),

8(t) = Agsin(wr), (11)

where g9, Go, %, Ao, and ® € R are real constants, and the
period of the trajectory is T = 27/ ®. The time-evolution tra-
jectories of E(r) are depicted in Fig. 7. It is evident that the
trajectories E [g(7),y(¢)] encircle the AEP.

We further present the temporal evolution of the fidelity
for the right eigenstates | ¢, (7)) (m =+, —) under different ini-
tial states and encircling directions in Fig. 7. The state dynam-
ics again exhibits a pronounced chiral character, thereby en-
abling the implementation of an asymmetric Bell-state switch.
It is worth noting that the significant state changes observed
during the initial stages in Figs. 5(a) and 5(b), as well as
Figs. 7(a) and 7(b), arise from deliberately induced nonadia-
batic transitions. These transitions are not artifacts, but rather
constitute the essential mechanism underpinning the chiral dy-
namics. The direction of the parameter loop (CW or CCW)
determines the timing of these transitions, which in turn dic-
tates whether the system returns to its initial state or evolves
into the alternate Bell state upon completion of a full cycle.

@) 1 o=
= SCRO]
S 05 /=60
= N w=—m CW
= N
<
- O S ——
0 1.0 2.0 0 1.0 2.0
wt/m wt/m
© 1.0 Too-- (@) 1L.OF===__
B RO = .0
5 05 el - / - (o (1)
s = \w=m, CCW
< | < "
~ Qk---- = 5 o
0 1.0 2.0 0 1.0 2.0

Fig. 7. Time evolution of the fidelity F,, = |<q$,;(t)\‘P(t))|2 for the time-
dependent right eigenstate | ¢, (7)) (m =+, —). The initial state in panels
(a) and (c) [(b) and (d)] is chosen as [¥(0)) = |¢+(0)) (|¢—(0))). The tra-
jectory in panels (a)—(b) exhibits clockwise (CW) encircling, while that
in panels (c)—(d) exhibits counterclockwise (CCW) encircling. Other pa-
rameters are set as go = Go = A9 =0.2, 1p = 0.1, and ¢ = —1.

5. Experimental feasibility and conclusion

We briefly discuss the experimental feasibility of the pro-
posed scheme. The required atomic configurations can be im-
plemented using cesium (Cs) or rubidium-87 (*Rb). Trap-
ping atoms inside microwave cavities has been experimentally

demonstrated by several research groups,2%32-63

confirming
the practicality of such platforms. The atom—cavity coupling
strength g and the detuning & can be precisely controlled us-
ing well-established techniques, as reported in Refs. [53-55].
Moreover, effective dynamic control of the atomic sponta-

neous emission rate y(z) is experimentally feasible via the
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Purcell effect and reservoir-engineering techniques. %38l Re-
cent experiments have achieved microwave cavity QED pa-
rameters close to those required in our scheme, for exam-
ple, (8,g,7) ~ 27 x (0,0.3,6) MHz and (8,g,y) ~ 27 X
(24,24,12.12) MHz.1>%-61]

In addition, within our scheme, the atomic spontaneous
emission rate y is chosen to be positive, whereas the effec-
tive decay rate k of the cavity mode can be negative due to its
experimental accessibility through gain modulation. Specifi-
cally, K = Kou — &, 14862
rate of the cavity and £ represents the externally induced gain

1 where i,y denotes the intrinsic loss

(round-trip energy amplification). The sign of k¥ — positive
(x > 0, corresponding to net loss) or negative (k < 0, corre-
sponding to net gain) — is determined by the relative magni-
tudes of K,y and &. Notably, the regime with kK < 0 has been
extensively investigated theoretically!*>*%621 and has also
been realized in recent experimental implementations. 463!

In conclusion, we have theoretically demonstrated both
symmetric and asymmetric Bell-state transfers in a dissipa-
tive Jaynes—Cummings model that incorporates atomic spon-
taneous emission and cavity decay. For symmetric Bell-state
transfer, the detrimental effects of nonadiabatic transitions —
originating from the imaginary components of the eigenenergy
spectrum — are effectively suppressed through appropriate
parameter tuning. Consequently, high-efficiency state transfer
can be achieved by selecting a dynamical trajectory that en-
circles an EP. This enables a long-sought symmetric switching
mechanism in which Bell states are dynamically exchanged,
independent of the encircling direction. From a topological
perspective, the symmetric transfer arises because the eigen-
states themselves are exchanged after completion of the pa-
rameter loop, as dictated by the topology of the real part of the
energy spectrum around the EP.[>%23]

Furthermore, we demonstrate the emergence of chiral dy-
namics in the dissipative Jaynes—Cummings model without
strict reliance on exact exceptional points. In particular, asym-
metric Bell-state transfer can be realized even in the absence
of a true EP by orbiting around an AEP, where the final state is
determined by the orientation of the trajectory. This feature is
especially noteworthy. In contrast to conventional approaches
that rely on precise EP conditions, our scheme shows that chi-
ral dynamics can be achieved in non-Hermitian systems with-
out stringent requirements on EPs, thereby enabling asym-
metric state transfer through dynamical evolution around an
AEP. These results significantly reduce the complexity of pa-
rameter control and alleviate experimental challenges in non-
Hermitian systems with multiple dissipation channels. Finally,
we propose an alternative route to chiral Bell-state transfer
based on time-independent dissipative parameters.

The results presented in this work have potential ap-
plications beyond Bell-state transfer via controlled dissipa-

tion, including the coherent transfer of multimode or hybrid

[64-67

entangled states, I such as Greenberger—Horne—Zeilinger

(GHZ) states.[®*] Moreover, the realization of transfer proto-

(411 represents a promising

cols involving all four Bell states
direction for future research. While our theoretical frame-
work is general, the numerical demonstrations presented here
are based on specific sinusoidal or cosinoidal time depen-
dences of the system parameters (see Eqgs. (8), (10), and
(11)). This choice provides a well-defined periodic test case
that facilitates a systematic analysis of time-modulated ef-
fects. Nevertheless, we acknowledge that practical implemen-
tations may involve more complex or even aperiodic tempo-
ral modulations. Future work may explore optimal-control
strategies for designing time-modulation protocols that maxi-
mize entangled-state transfer under realistic experimental con-
straints and noise environments. Importantly, the general
principles identified in this work — particularly the role of
modulation timing in realizing symmetric and asymmetric
entangled-state transfers — remain applicable to a broad class
of modulation schemes beyond the sinusoidal or cosinoidal
forms considered here. Overall, our results establish a novel
and robust strategy for manipulating entangled states with both
symmetric and asymmetric characteristics through dissipation
engineering, providing an effective and reliable framework for

quantum-state engineering in non-Hermitian systems.
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