#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 22 (2025) 223201

EMES T RE AR TFSENETEET
KM XFA FZEZ EN ABEWT X FF

(EBERHR R2E =B, Kb 410073)

(2025 4E 9 A 10 BUE]; 2025 4E 9 A 21 AU EIEHH)

AT B AT A FERL Y LAEAA T R G B AR P AR AL . 2551 35 37 BRS04 R 3% B, e AR 1A
FERL AT S J5U7 W) S0, IR 51 A —FloR R OUR A4S RIS T A 3 s sl AR 15 AR IR, X T A%
GURE AR S B IGRES. 45 RRUIXNLE/R (Liouville) BEHE 7 i 76 A7 FRZE 22 58 v $ IR0 = 1 i AR AR A 45 44
T12E R PR (9722 5 45 R AR — B AT A RE AR BLEEAP st S0 UL 2 1 A iR s LG, e TS T

HRARSE A, B RAIE 1 X AE IR BE IS 7 i A T 2 AR SE R B Rk, IR R AR R G P B AR A A AL A T

HHEHESL.

SEQA: HABIURT, SEIFERL, A0, XI4ERAERR

PACS: 32.80.Ee, 42.50.Nn, 05.70.Ln, 03.65.Yz
CSTR: 32037.14.aps.74.20251237

1 3

ARk, ARP e T RGN A E Y B S
AITEAE R BN (A2 22 560 IR G R B
VP S PR B R B B 35 4700, Bildn 5[]
A 12 FEHION AR B0 LK I [a] R O 25 {534
IR, SRl 2 S g/ N AR AR CERE R AR T
ZA T FF LI ) 58 ALL R ] M4 AR A9 355 2 1 1A 39 ik
DO O R REZ IS, AR A BRI B R A
i, W 25 DO0RE JU5 10 A BB A 2 =
RER ARG, kTP BRI T M BRI
1 IH 2 7] B 58 -5 3 A7 Ding 45 1) )38 1 Wi A
R g H HR i D 3R S -FERCABE T 2 B FR3A.
FATRE T 30k 26 PR i R B4 A ST A ST AR A 1
e b, 20 T 0T P Rl RE AR AR R SRR A
K. AR TP, SRS AR RE AT LU S Y, T
RER AR ARG 1101 )5 255 A R i S 200 L R i Bt

il

DOI: 10.7498/aps.74.20251237

(] A 2122 SRR CROIE B e 3 I R AT
HZE R 53 )5, e, 76 Bk BRI T RS0,
SEVRFEHION A IIPEIR 57 19 7 A B AR A AR AR Y
YERSA Rt

53— 7 1, FEROT IO T R G AR U,
— LT X 4K RE DS 0 B B BB HESL T 40K H 43
S B TR 2328 S AE AR I, TR B B T AR
girh, FaSHERTHXI4ER (Liouville) M AT AYRETE
45K (Rl =X 4E/KRERT) B SZIE. BER AL T &
Gt TR A foe 8 I ] JURE (202031 LA AR S RS
S HEARBPARAS, AR AL B A A R A R
iRz () B 2532, —A~ G AR AR A IRl : REAR
A X — D7 e R 40 A Dl 92 56 5 T oW
LEINR G AN? HAHE S SR F i e &
— B L[] R ) R A o B I A AR )
WLHIL ] e 3] A .

AR SCRAE —RES Y AEA I 7 R G h oI AR
PRFERL, IR iz F 243 75 1 5 X 4 /R RETE B

* ERAARERS (HEHES: 12574553, 62275270), WiFg 4 A ABE 34 (HIEHES: 2023]J30626) . RS A BHEEIHWH (HEfES
2025ZYJ001) FERTRHCR 2 IAHE 4 (HEHES: JS24-01) BEBIMTREL

t BIE1EE. E-mail: ylzhou@nudt.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

223201-1


http://doi.org/10.7498/aps.74.20251237
https://cstr.cn/32037.14.aps.74.20251237
mailto:ylzhou@nudt.edu.cn
mailto:ylzhou@nudt.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 22 (2025) 223201

18, BHTIX R G BRI ABESE B 72X [
PIRRTT IR ISR, JRLIE SR R S FE RIS L A
TAAHEAE I RE R R A TP IR A . BEZER
R, ZARGRERI RSN IR, I 7T REAT
TE—Bh ANl G5 IR S A7 BB RO 2.
ATAERUER T 2R R 58P 45 A i 45
1y, o AE BB R AR R e h R AR AR
ARHRAE T — AP A AL,

2 A %
2.1 IBpERY

Z S A M EEMN 2R REA R RS,
A BRI IR FiE 1/2 BROWR +, Hig2
SER RO AN 1 FR: | ) WIRTIRE,
| 1) A BEEAZ, QF A 5RO EH TR L &
5 EFERECR I . REUR W 2 ] LR
~HA
H-Z;#?;ﬁ+;;%@% 1)
Hrh (o= a,y, 2) FRMWHBELRF, ot BIEA%
FER, I AR S AL R, JE — W Es LS
AR FZ R EER. R, BriA
KRS A FERGEIE, LA BE AT DU
ST R DL SRR R D) B A KT e
£, WA TR 7 i A R GRS, &R i e HE
GV IOV X Ay, R RS R i e = AR 5
T AR JRIBE, DT JR Bt SR AR SR 5T, 2B R R T

T AR PR B BRI AT R i 20, X Ah AR IO A Hh BT
EZuE7/BL ke S AR (B R i | [E T NN | R g
AR ZZRGR S IR 1453 PO G B 25 (7%
JE B HLAEA S O 20 S7 G IR SR R FE HIGE PR RE
BIHL IS, ZRGEah 1= Bl i (435~ 3207y B30

=i p] +4> Plo7] s
r

el 8
Hop, 2% R AR BT Dliip = Lipbi—
SEFELAY, T =3 or B DA R
F i O ARERL R, 42 B T T 4%
T SRR B

4 o
afﬁp(t)*

2.2 X|HERBETES

R =R TR, MR N pin
RGAE RIS p(t) = & iy . PG X ZE /R
BF AT AR R LRy, = MR, LTLy = N Ly,
ERIRER G 8l 112415 8., Horb {0\ ) & X 4R
FE B B AR TR 1S, { Ry (L)} A2 X 2 7R 0 B i A
(75) K. Weis, =T FRAY M ] 5 Sy 1232430

N2_1 NZ2-1
pt) = Z cre™ Ry = pgs + Z Moy Ry, (3)
k=0 k=1

Horp ey, = Tr[Lypin] NFIUR AL S ANEAL £
. WMEEENE, BT REMISE, XGRS
TE{E SR AT BE R F & Re [\i] < 0 (AL DL FE DS,
PP AR ICHEIT ), AAE A S50 Rz 4 AR FIEAS 2 1)
VR R EE T s A2kl AR e RS 2L R

1 T RERES I, B E AR A 20 /N R G3 27m AL 7R BB AR RS 1 ST A AR TR R E I MO R SR 3 R Be I 5 V-l
A, WOLH BTG MBS Q, RiEEH A, VRIRATE BB A 00 R T 2 8] B BAE ISR, TRoR T Rg ik

FEHGH A, v 2R T 10 37 R T A

Fig. 1. Atomic energy level structure, the yellow and gray solid spheres represent atoms in the Rydberg state and the ground state,

respectively. The atoms are driven by a laser with the Rabi frequency {2 and the detuning A, V represents the interaction strength

between atoms in the Rydberg state, I"is collective dissipation rate and 7 is independent dissipation rate.
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Fig. 2. Absorption properties of the system in the stationary state: (a) Absorption spectrum of the system without interactions and

collective dissipation (V =0, I' = 0), showing a single-peak structure as in the single-atom case; (b) effect of atomic interactions

on the spectrum (V #0, I' =0), the interaction causes asymmetric bending of the spectral line, when the interaction is suffi-

ciently strong, the system exhibits bistability (the dashed line corresponds to the unstable solution); (c) absorption spectrum with

collective dissipation (V =0, I' #0), as the collective dissipation rate increases, the atomic spectrum broadens and develops a

symmetric two-peak structure; (d) atomic spectrum when both interactions and collective dissipation are present (with fixed

I'/y = 3), the interactions cause the two-peak structure to become asymmetric; in panels (b)—(d), the corresponding value of

2/(v+ I') = 2. All parameters here are normalized by ~ + I", and the same applies hereafter.
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Fig. 3. (a) Phase diagram under the mean-field approximation, the stationary state phase (SP) indicates that the system reaches a

fixed point, i.e., a unique stationary state, the unique bistable phase (SP/OSC) indicates that the system may either converge to a

fixed point or self-consistently sustain periodic oscillations. The oscillatory (OSC) indicates that the system sustains self-consistent

periodic oscillations; (b) the stationary state solutions (oz,y,-) as function of 2 for V = 3I".
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Fig. 4. Dynamical trajectories of the system under three different phase regimes: (a) SP phase (for 2 = 0.2I"), trajectories from
different initial states all converge to a time-independent stationary state; (b) SP/OSC phase (for 2 = 1.5I"), some initial states

evolve into periodic oscillations, while others converge to a stationary state; (c) OSC phase (for 2 = 41I"), all initial states develop

periodic oscillations, here, we set V = 3I".
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Fig. 5. (a) Steady-state expectation value (o) for a finite-dimensional quantum system, obtained via the Liouvillian spectral meth-

od, the dashed line shows the mean-field approximation result; (b) real part of the slowest mode eigenvalue Re(A1) of the Liouvil-

lian spectrum as a function of {2; both panels are for V = 3I".
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Fig. 6. Dynamical evolution of a finite-dimensional quantum system compared to its mean-field approximation under varying para-
meters: (a), (b) Depict the system’s dynamics in the single-particle (SP) and oscillatory (OSC) parameter regimes, respectively; (c),

(d) the corresponding dynamical evolution for different initial states, utilizing the same SP and OSC parameters as in panels (a),
(b), respectively.
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Fig. 7. (a), (b) Liouville spectra for 2 = 0.2I" and (2 = 11", respectively, in a system with N = 20, the spectral gap in (b) is sig-
nificantly smaller than that in (a); (c), (d) finite size scaling for the real part of the Liouvillian eigenvalues in the SP phase (¢) and
SP/OSC phase (d), the index 7 labels the eigenvalues, the Liouvillian eigenvalues \; are ordered as a function of their real part
(|Re(Ai)| < |Re(Xit1)| and i =0 has zero real part), in SP phase, convergence of the Liouvillian gap to zero does not occur with
increasing N, while in OSC phase they scale to zero as system size increase.
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Abstract

This work investigates nonequilibrium phase transitions in a Rydberg atomic system under collective
dissipation. By combining mean-field theory and Liouvillian spectral analysis, we reveal novel nonequilibrium
phases induced by collective dissipation and compare the results from both approaches. Our findings indicate
that collective dissipation not only generates interatomic correlations but also sustains persistent periodic
oscillations and a unique bistable form, in which the system may evolve to a steady state or sustain self-
consistent oscillatory dynamics. This study highlights the rich nonequilibrium phenomena present in quantum
many-body systems and provides an extensible spectral framework for exploring dissipative phases in Rydberg
and related systems.

Recent experiments have reported persistent oscillations in thermal Rydberg atomic ensembles, yet the
theoretical consensus on their origin remains elusive. Motivated by these observations, we introduce a collective
dissipation mechanism and employ both mean-field approximations and the Liouvillian spectrum method to
systematically explore nonequilibrium phase transitions. Our results show that the collective dissipation
effectively induces interatomic correlations and sustains persistent periodic oscillations, in which under the same
parameters, independent dissipation leads the system to relax to a stationary state. Furthermore, the nonlinear
effects arising from collective dissipation give rise to a novel type of bistability, in which the system can
converge to a fixed point or maintain self-consistent periodic oscillations. This mechanism is clearly different
from the traditional bistability induced by Rydberg interactions, which involves two steady states. Moreover,
the Liouvillian spectral method, based on the quantum master equation, successfully captures the features of
nonequilibrium phase transitions even in finite-dimensional systems, and the results accord well with those
obtained from mean-field approximation in the thermodynamic limit.

Our work not only provides a theoretical explanation for recently observed oscillatory phenomena but also
predicts novel bistable states and rich nonequilibrium phase structures. It further verifies the effectiveness of the
Liouvillian spectroscopic method in studying quantum many-body systems, making significant contributions to

understanding the microscopic mechanisms underlying nonequilibrium phase transitions.

Keywords: Rydberg atom, collective dissipation, non-equilibrium phase transition, Liouvillian gap
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