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Fig. 1. Metastable dynamics of two-atom system: (a) Energy levels and transitions of four-levels atom; (b) the dynamic process of
the system, where the red and blue curves correspond to the parameters in panels (c¢) and (d) respectively; (c), (d) the spectrum of
the Liouvillian superoperator, the red points indicate the eigenvalue Ag = 0 corresponding to the steady state, and the green points
are the eigenvalues ( Aj>o ) corresponding to the decaying mode, note that there is no interaction in panel (¢) and V/y =0, while

the interaction in panel (d) with parameter V /v = 0.6, other parameters are (2./y =2.0, §2,/y=0.1, §/vy=0.
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(21) KR A5 ) HEAT X, T E LR EE F(t) =
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BERILE R 3 FE 4 B, K 3 ARk
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Fidelitiy

Fidelitiy

3 50 FBEHLEILAS AL T IRELE F(t) = Trly/p(6)perr(?)]
(SRR NN fa v S EA CRE R L I R R B U P S )
5 HR T AR 0 B TR] 43 90 % 8 T 3¢ Hb i SCH B TR]RUBE 777,
't (a) 2/7y=0.2; (b) 2,/y=05. HMSHNH
2:/y=20,6/y=0, V/y=0.6

Fig. 3. Fidelity F(t) = Tr[\/p(t)pest(t)] in 50 random ini-
tial states. Red open circles, red filled circles and black
squares on the z axis correspond the time scales 7/, 7', 7
respectively: (a) §2,/v=0.2; (b) §2,/v=0.5. Other
parameters are §2./vy=2.0, §/vy=0, V/y=0.6.

(a)
0.5
%
| 0 N N N N
é 0.2 0.4 0.6 0.8 1/0
= Qp/’Y
_05 L
[1pss— o<
(b)
04+
O\2 |
0.2 0.4
o/
Bl 4 HRABNFNREEELBREMNES, ||0ps]] =

llpss — pCiT|| B 2,/ F1 6/ a5 A, Hofs 2850 1] 3

Fig. 4. Difference between the steady state of the effective
dynamics and the real steady state, ||0pss|| = ||pss — pC|
as a function of parameters (2,/y and §/7, other paramet-

ers are the same as Fig.3.

XF LG 3(a), (b) FIAL MEEMDEH ST, RS
JE g, (AR BRI GRS R S R & T
K. AT 7N AR R X RN T HE AT R 1 44 6
R, DAKCH B U8 PR A5 308l ) S AR A R,
Kl 4(a), (b) 4 TAHRMS) S48 5 5
FasZ a2 5 ||0ps]| = ||ps — oS BESHL 2, /v
(18 4(a)) A1 6/ (K 4(b)) By e 4. 45 R F W% R
ZER 0, BOF R R, X EEE AR 8 8h 12
AR i O B Ty (GLRE R RE N 0,)
P B ] A(b) 255 2 BH e 18 i X AR A IR B
FsZ IR I, B A AR RIS 0L RS
A IFAZSA AT LI 2N 985 pff

Bl 5 dt— B THEANT 2, BTSN T RGN

0.5 01

K5 RERIIRSTERE TR EEE  (a) /vy =
0.1 (b) $2p/v=0.6. HALS & 3. & B0/ Gk
RTAEEPRERAS, O AR RREREANEE,
LU0 R RO RN A (i 2k 3R OR LA [ 8940 ik A 0T
U3 g 2t

Fig. 5. Dynamical evolution of different initial states in the
metastabel subspace: (a) §2,/y=0.1; (b) 2/y=0.6.
Otherparamet-ers are the same as Fig.3. Black dots indic-
ate arbitrary pure states in the subspace, the green dot in-
dicates the steady state of the system, and the red, blue, or-
ange and green curves indicate the dynamical processes

starting from several different initial states.
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Abstract

Open quantum system, coupled with an external bath is a key research field of quantum physics. Steady
state is the state in which any initial state converges after a long time and is usually of the most interest.
However, relatively speaking, the nonequilibrium dynamical processes of quantum many-body systems have
been rarely studied. This is mainly due to the fact that quantum many-body systems generally have
interactions, and the Hilbert space required for a complete description of their dynamical processes will grow
exponentially with the number of particles increasing, and the computational difficulty will increase
dramatically as well. Hence, it is a difficult problem to completely describe their dynamical processes
completely. With the development of quantum technologies, the interest in the nonequilibrium dynamics of
open quantum many-body systems is aroused. A common phenomenon is the metastable state, where the
system initially relaxes into a long-lived state and then converges to the final stationary state for a longer time.
In this paper, we establish a low-dimensional approximation to describe the metastability dynamics in
Markovian open quantum system, based on the spectra of the Liouvillian super-operator. The separation of time
scales implies a splitting in the spectrum, and this spectral division allows us to eliminate the fast decay modes
by using the perturbation method, and then we establish the effective description in the low-lying eigenmodes
subspace. Furthermore, we study the dynamics process of the Rydberg atomic system under electromagnetically
induced transparency (EIT) conditions and find that the system can handle metastable dynamics if the atomic
interactions are considered. We compare the effective dynamics in the subspace with the actual dynamics in the
full space, and the results show that the effective dynamics works well on condition that the perturbation
approximation holds. Our work provides a feasible idea and method for establishing an effective and simplified

description of the dynamical process of open quantum many-body systems.

Keywords: metastable dynamics, relaxation, electromagnetically induced transparency, Liouvillian

superoperator
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