#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 13 (2025)

130301

RF-FHEERTREESLEFR
ETFHTHNHFRS"

x| 4T

o ==

- H

R

(PR BRSBTS, BT SOt TS E K A S0 %, KA 030006)

(2025 4E 1 A 16 BUE]; 2025 4F 4 A 17 AU EEHHR)

4T Dicke BRIG| AR JE K i 1-

]

A, AN S 2o 98 R M IR 6 7 AR ELAE W52 IT K Dicke 458 5

(19 0 A AL AR S . I JEOR AT E AT A DL A 4, SR 8 G A AR AT B A R TR e i, M A

ok EL

HOREAR T 2528 70k H B2 W B TS Y A

Z PR AR JEK Dicke BERY F2 ZE5 R A G0 56 ST ATRIAR 5C & 541

SR IE A, BT AR E WAEZOL TR 1R R AR LA I T O T EAE IR W, RS E T

&b aaf

MAEKAT BEA; GE1E

H B AN AT S, P AT S T Y

&b aaf

RE T Sy S K, A DA S SR 2 -

R RWE LT, AR B s R & i AL BEA R T - SR G 0 B A R, AR G0 H DA 4 A A I

AR BT AF K2 1) 48 1A, AN [A] T Dicke S22

KR B Dicke B8, JF6 A EAR, A7, a5

PACS: 03.65.q, 42.65.5f, 64.70.Tg, 67.85.—d
CSTR: 32037.14.aps.74.20250075

El

Bt 1) 5 v R GE R A 2 T TR R LK
(), X AORIE T R GER I I RE AR 524, JF H
I IS AL BEA S LS4, SRS 2R 456 %k A7
TESEG 2 FAE, RIS A LK R G
PGSR, XRRGHARKR IR, Bender
S ST P2 A FR-AF ] (parity-time, PT) XJHKER
B AE 25 1) [ i (P) A |) sz i (T) e fml/E TR A
AR S oK e i AT SCBOR AR, 2R
&, REMREEAME(E IR AR R S E X IR A AR 2
SE, BEE REES RN AR, BETE AT REZ DT h SR

il

E[=97=]
S5 EA AR AR 0451 5 A AH AR B I SRR Ry A 5
1. (exceptional point, EP)C 7E#y 5 s b RGE 1
AEZSFAEAELRE [R5 5. JRJEK &R g8 1 5

DOI: 10.7498/aps.74.20250075

TREMFEN R, AR T V28 ar 50
FISEFH, 51 G B g AN g LA 91 2 e g iy 33 1101
FEPRASONE (TR a0 7 12 it 5~ AR R 19160 2658
AF AR E R BRI T 2 AR R G TS S
PEREMOLAS 1) LU i A2 s R PO 25
PR, RGre kE dE kR 51k
AR, X —RIE] T 2 B AR R )
LS. RGNS BRI SR, HIEZS
PET 2 R AR R ZUAR AR, I R G kA T T AHE.
Dicke #8 PU A T N A ZREHA 115 8O
ZIE A EAE, s T R R AR A 1R
PR BRT, YIRS G 5 1K 2 I FERT
RGP IEFH (NP) 2R SAH (SP)2224 1)
B TR YR Dicke 4 220
HASBIRAE, (406 & J5- AR EAR FH Y Dicke
RYET ARZE YA AR FH Y Dicke 8 281 UK Ji

*ER AREIESA (S 12374312) FILTEA (A1 [ 822 A RBMIFZ 3% (HEHES: 2022-014) ¥ BhAYERR.

T E{EVEH. E-mail: 317446484@qq.com
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

130301-1


http://doi.org/10.7498/aps.74.20250075
https://cstr.cn/32037.14.aps.74.20250075
mailto:317446484@qq.com
mailto:317446484@qq.com
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. 13 (2025)

130301

TOETI R R G 0 LRI, AR - R G
SE BT AL B b BEAR PR R W 221, e AR AR
T T EAR S I T A RE 22 ) B0 20k Y,
PRI A J5 -3 2R G0 S 30 PP UL i S AT AR AT —
TLRA PR L S5 FERE IR T- R 50, 8
TR B (- P T HHBE SR I (BEC) [N A 7 e b i
R B3 ) DL — 0 BEAR [H A Y
PN RIRR SRR E 5. il ¥ MR
HEaR MHRRR AR R R GESL YR 58 UR TG,

ASCHFE T BEC 5286 B Aot =R Y
ARLANE I T-E TR AR R T AR JEK Dicke
B oA B FEROI & 1 SO NS RE
P W 1A, A EREA T3S (SCS) 42
Grid B AR BB RE EZ eK, d 0 B e S A
SRR ENE. BR80T s s 24
Yy AR GRS, TR n] 25 B AE R A REAS I
¥ AR, I A 2R ZE R T2 ASCRI A
AT IME, R T IOt B TR
JEK Dicke B IEZSARIE | &5 AHARFFPE L e Ay
S RBRIRILR.

2 MAFMELSHEEEZ S

FIEH N RESIL BT SO S I R 4L,
Hp - Z AR & (K 1(a)), KK
A, FETFREHEREWE 1(b) iR, K TREHERIT
2225 30K [22,34]. RGN AR K G B 5 KRR A
(h=1) 538
i

2V N

+ %Sza%cu (1)

H = wwaa + woS. + (a+a") (Sy+5-)

(a) y

|

x

L

0

AL

T Pump

K o Fil a 530 FR7R G I 77 AR SR RN KA
wo J& IR T REGLZ [E] 1Y BRAE AT, we IS 1Y
AR, A S AR — M T sh BT
MIBCER T (RIS R T ECSE A f sl i, S
TR K B ERE R A 00T e R e R4
(2 i 7)) HRL AT R, R L f sl
AT AT S AR IR, RGP AR
WEFBIR AT S; (i = 2, +) ik T2 SU(2) 24U
O 5y & R B R FIAF, X5 R N [Sy,
S_]=28, M[S., S4]==+S+ , ANERETES = £N/2,
N & GRLTHL, g 2P sl S Z 0] R I -0 5
R

K 1(b) FlH, BREHIR w, 51#2 (0,0) < |£k,0)
F £k, £k) [0, £k) ML, HOET Rabi 5% g, ,
Horfr10,0) Fl |2k, k) Ko JETF SR, 4350
pe =py =0 p, =p, = k. BKiE (0,0) « |0, £k)
Hl |k, £k) > | £k, 0) HIFA w, BZEHBROGAHE
i, 02y WEWRLIR. w, IR TEEHR. 75K
R Ay = wp —wa I, & |£E,0) F1 |0, £k) AT LLLS
PO, IS A R0 BB H R
wo = 2k2/ (2m) J& R M RE R I . RERAS T LA
fE A6 4 0) = [0,0) Fl |1) = |+k, +k) . BIFEH we =
we — wp + g2/ Aa B RIS 1 VM HL 2 50 18 7R AR
A0) FURAS 1) Z R HEAS, g2/ A, 5 0 5T
(1) 2P R A EARE R U SCHE.

CLA S50 38 Tl 2 RS T WA K
fir e A BEN Z B AAN G, 2R GRG0 B 4l
R 3738 S s (1) 2 RS
SEA—E L SRR T R RFE SRS A,
ey 285 i i v Y R SO AR AT LU AR R GE R
PT XFFRE 538, 2016 4, Peng 55 B° | F Ji 1 {4

(b) | %k, 0) | |0, +k)

“o 1) = |£k, £k)

’
A

0y = |0, 0)

B1 o (a) 880 AR ROE S PO e BT 98 R (b) KK Ay TIRTREZERE H

Fig. 1. (a) Experimental schematic for cold atoms trapped in an optical cavity with a transverse pumping laser; (b) transition dia-

gram of atomic energy level in the large detuning A, .
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Abstract

Dicke model, as an important many-body model in quantum optics, describes the interaction between

multiple identical two-level atoms and a quantized electromagnetic field. This spin-boson model shows collective

phenomena in light-matter interaction systems and can undergo a second-order quantum phase transition from

a normal phase to a superradiant phase when the coupling strength between the two-level atoms and the optical

field exceeds a critical value. Dicke model embodies unique many-body quantum theories. And it has been

widely studied and obtained many significant research results in quantum information, quantum process, and
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other quantum systems. Meanwhile, Dicke model also has wide applications in quantum optics and condensed
matter physics.

The extended Dicke model, describing the interaction of a Bose-Einstein condensate in an optical cavity,
provides a remarkable platform for studying extraordinary quantum phase transitions in theory and experiment.
Based on the recent experiment on non-Hermitian coupling between two long-lived atomic spin waves in an
optical cavity, in this work we use spin-coherent-state variational method and present the macroscopic
quantum-state energy of the non-Hermitian Dicke model.

The spin coherent state variational method has an advantage in the theoretical research of macroscopic
quantum states, especially in the normal and the inverted pseudospin states. In the variational method, optical
coherent states and atomic extremum spin coherent states are used as the trial wave functions. A Hermitian
transformation operator is proposed to diagonalize the non-Hermitian Hamiltonian, which is different from the
ordinary quantum mechanics where the transformation operator must be unitary. Herein, the energy function is
not necessarily real in the entire coupling region. Beyond an exceptional point, the spectrum becomes complex
and introducing biorthogonal sets of atomic extremum states is necessary to evaluate the average quantities.

The normal phase (for the zero average photon number) possesses real energy and atomic population. The
non-Hermitian interaction destroys the superradiant phase (for the stable nonzero average photon number) and
leads to the absence of quantum phase transition. However, the introduced atom-photon interaction, which is
induced by the pump field experimentally, can change the situation, dramatically. The pump field can balance
the loss by the non-Hermitian atom-photon interaction to achieve the superradiant phase.

An interesting double exceptional point are observed in the energy functional. There is the real spectrum
below the first exceptional point and beyond the second exceptional point, while there is a complex spectrum
between these two exceptional points. The superradiant phase appears only beyond a critical value, which is
related to the nonlinear interaction and the pump laser. A new and inverted quantum phase transition from the
superradiant phase to the normal phase, is observed by modulating the atom-field coupling strength. The
superradiant phase of the population inversion state appears for a negative effective frequency and a large atom-
photon interaction. The influence of the dissipative coupling may be observed in cold atom experiment in an

optical cavity. All the parameters adopted in this work are the actual experimental parameters.

Keywords: non-Hermitian Dicke model, nonlinear atom-photon interaction, quantum phase transition,
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