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Abstract

In this study, by employing the Dicke model, we investigate the impacts of the excited-state quan-
tum phase transitions on the nonequilibrium thermodynamic properties, Specifically, by perform-
ing a detailed examination on the features of the quantum work distribution, we investigate how
the first- and second-order ESQPTs in the Dicke model manifest themselves in the work distribu-
tion. Our results show that the presence of the second-order ESQPT in the Dicke model can be de-
tected by certain properties of the work distribution. However, all our considered features of the
work distribution are unable to probe the occurrence of the first-order ESQPT. On the one hand, our
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findings verify the usefulness of the work distribution in the studies of the ESQPTs. On the other
hand, the results of our study also indicate the difficult for analyzing the ESQPTSs in complex quan-
tum many-body systems. As the Dicke model can be realized by several experimental platforms, we
expect that our studies could motivate more experimental explorations of the signatures of ESQPTs.
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TRRAGRZ, BETROCTHogm T IEw M, FROEEESA.

3.2. 8RR

FEREFT Dicke B R AR ARARIN , M ARIR[25] [26] A 2 Hr i e R E E# Mt . BT
AR ERET RASERAN, (ERS B S BB PRI BLR , X LS Rl 5 B R S5
AR AN TS H AL B U IR T 24T Dicke B4, FRATHENS AR A B X &

TARAZ IR . 28 SRR I WE FERES s B T RS S QIR G (M A LR, 3R 4R
MRS A PR B 1 AR AL

DOI: 10.12677/app.2025.155056 504 I EEY/BEH


https://doi.org/10.12677/app.2025.155056

BRZE L

H,=2(p*+q*)+o(P*+0*)+xq0,/4-(p" +4°) - @, ©)

2
FEZMARIR N, Dicke B A5 (DoS) Al LS Jl:

p(E)Eza(E—En):@jdpdgdpdqﬁ(E—ch,) 3)

Hrb E, FoRm% n DAMESHIBER. FIH 0 sMAURTERT, Dicke AU KA W] ARAR N

1 xt 2K2
—I,dxarccos — 7 | & Se<-1
Tt (x—g)l( (l—x )
w
—p(e)= > “)
1 1 1 ox* 2K
2J 8+—+—j dxarccos ﬁ , |g|£1
2 ;U (x—¢)x (l—x)
1, e>1
/\EP:
-k K
X' =] —+—< 2(e—¢ 5
st o) ®
R B B R B I B S B B R A B o B —— 71—
cnE (¢ E L (b -
00_—(d) - 3 8()—() 7"‘,‘ H1— ]
E A == E r 47| ]
5\140-_ - 6ok A ]
> F ] C ]
4 30F E R :
w F 3 40F -
T 20F 3 C ]
10F 3 20p ]
ok oL 1 1 |
T T T T T T ]
| | 1
1
S 04F -4 04} ! i
~— L L 1
/L-O\ | 1
:_/ | 1
30.2f - 0.2f : -
- - 1
i I :
U n 0_. ] ] ] : ]
. -4 -2 0 2
5 €

Figure 1. (a), (b): The density measure for the Dicke model as a function of the rescaled energy e=E/w,;j , where (a)
x/x,=0.2 and(b) x/x, =3.The solid lines represent the semiclassical approximation of the DoS, and the blue dashed lines
in panels (c) and (d) denote the critical energy for the first-order ESQPT, while the blue dotted lines in panel (d) mark the
critical energy for the second-order ESQPT ¢, =—1. Other parameters j = N/2=20,0=w, =1,x, =0.5, and all units are
dimensionless

& 1.(a)\ (b): Dicke IRESHEENEMMBHAIGERE c = E/o,) WEH, HP@) x/x. =02F(b)x/x, =3 KK
RELZHITINE DoS, El(o)FM(d)FPHIEERELITIC T E—M ESQPT MinFaEE, ME()PTHERSEIRCTH
ZM ESQPT MIleREEE o, =-1. HESH: j=N/2=200=0,=1,x, =05, BUHETENILH
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Figure 2. Averaged work W (a), the variance o, (b), and the entropy S, (c) of the work distribution as a function of
ox and «,/x, for the Dicke model with ;= N/2=20. The white dot-dashed and dashed curves in each panel denote the
critical quenchs for the first-and second-order ESQPTs. Other parameters: @ = @, =1,x, =1/2 . All units are dimensionless
B 2. 3tF j=N/2=20H1 Dicke 22!, FHIHW (a) NPT FAEo, (b) FMPHHNES, (o) MEEAZEE o«
MIRIBEEE « /x, WEK. BINETHEGEREMELZSFIRTE—MME_M ESQPTs AIIRFFEANIE o5«
5k, BEthBH: o=0,=,x =1/2, IERNEHRTENILE
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Figure 3. Work probability distributions P(#) of the Dicke model. (a)~(c): P(W) of the first-order ESQPT for several
initial states with energy E!/@,j=0.5 (a), E!/wo,j=¢,=1 (b),and E!/m,j=1.5 (c), respectively. (d)~(f): P(W) of
the second-order ESQPT for the initial states with E!/a,j=-1.5 (d), E!/w,j=¢,=-1(c),and E /w,j=-0.5 (f).Inall
panels, we have fixed Sk =0.01. Other parameters: «, =1.5,0 =@, =1

3. Dicke #EIMINATE P(W) o (a)~(c): B—MHASE THEESQPTMINA X TFILAMIES, HFsEEH
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PR RFATE T 3 AU, 4 9I% R Dicke B HIEHITh w7 WA % o, LA AT O S, 1
HE fay) WBEL. TERAEA, LTS RRE 30 A5 TS M4, T A K 4 P R b
o, TR A B TS (ESQPT) KA H G e fl 5, = —1 Ml s, =1, 40015 P0 M TAE R I T A A
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Figure 4. Averaged work W , the variance of o, , and the entropy of S, as a function of E! / w,j for the Dicke model
with «, =1.5. The red solid curve in each panel denotes the results smoothed over 30 points. The vertical dashed and dotted
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for all panels. Other parameters: o =@, =1

4.Dicke REPHWEN W « WHFFHE o, URNAHEHIE S, (ERN E) jo,) BIEHK. HFB, «=15. FIEIR
PO BEILERRN 30 PREBEMER. BEEREEZMANESARCE T HASE FHEESQPDHIRFEE
e, ——1Flz, —1. FETFEGRNEIEBER =001, ERSM o=, -1. FEBTBETERLE

5. B4

FEAB T, FATRH B F I AIRANIRIT T Dicke B8R 2 8 1 HH A8 S HAR OC 1l FURRAE o
N TIRNEF Dicke BRI EOSE TR, JATTEHIBIA | Dicke #78, #8758 1 Dicke #A A —
B A PO S R AR AR B ROV AR, LN N A A AT N

AP K 53, 8 i KR BT D A KR, JRATEEL,  —Brios S ARAE T B 2 73
A A E R, (LT AR — PO S AR AR A U BRATIIE TR B Zh A AMUEIE X 7 Dicke 1
R — A B O S AR AR, T H A EE A D AR — AR AR R A XD TR W] T ORGSR
BRI A I ZA R IR R, 5 TR 1 WA s B 2 A 1 O A AR AR R OR 1
— M TRERNRR A L

DOI: 10.12677/app.2025.155056

510 S A B


https://doi.org/10.12677/app.2025.155056

BRZE L

SE

(1]

(2]

(3]

(4]

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

Nagy, D., Konya, G., Szirmai, G. and Domokos, P. (2010) Dicke-Model Phase Transition in the Quantum Motion of a
Bose-Einstein Condensate in an Optical Cavity. Physical Review Letters, 104, Article 130401.
https://doi.org/10.1103/physrevlett.104.130401

Pires, A.S.T. (2007) Quantum-Phase Transition in a XY Model. Physica A: Statistical Mechanics and its Applications,
373, 387-391. https://doi.org/10.1016/j.physa.2006.08.004

Cejnar, P., Macek, M., Heinze, S., Jolie, J. and Dobes, J. (2006) Monodromy and Excited-State Quantum Phase Transi-
tions in Integrable Systems: Collective Vibrations of Nuclei. Journal of Physics A: Mathematical and General,39,1.515-
L521. https://doi.org/10.1088/0305-4470/39/31/101

Cejnar, P. and Stransky, P. (2008) Impact of Quantum Phase Transitions on Excited-Level Dynamics. Physical Review
E, 78, Article 031130. https://doi.org/10.1103/physreve.78.031130

Yuan, Z., Zhang, P., Li, S., Jing, J. and Kong, L. (2012) Scaling of the Berry Phase Close to the Excited-State Quantum
Phase Transition in the Lipkin Model. Physical Review A, 85, Article 044102.
https://doi.org/10.1103/physreva.85.044102

Wang, Q. and Pérez-Bernal, F. (2021) Characterizing the Lipkin-Meshkov-Glick Model Excited-State Quantum Phase
Transition Using Dynamical and Statistical Properties of the Diagonal Entropy. Physical Review E, 103, Article 032109.
https://doi.org/10.1103/physreve.103.032109

Puebla, R., Hwang, M. and Plenio, M.B. (2016) Excited-State Quantum Phase Transition in the Rabi Model. Physical
Review A, 94, Article 023835. https://doi.org/10.1103/physreva.94.023835

Feldmann, P., Klempt, C., Smerzi, A., Santos, L. and Gessner, M. (2021) Interferometric Order Parameter for Excited-
State Quantum Phase Transitions in Bose-Einstein Condensates. Physical Review Letters, 126, Article 230602.
https://doi.org/10.1103/physrevlett.126.230602

Bastidas, V.M., Pérez-Fernandez, P., Vogl, M. and Brandes, T. (2014) Quantum Criticality and Dynamical Instability in
the Kicked-Top Model. Physical Review Letters, 112, Article 140408. https://doi.org/10.1103/physrevlett.112.140408

Chavez-Carlos, J., Lezama, T.L.M., Cortifias, R.G., Venkatraman, J., Devoret, M.H., Batista, V.S., et al. (2023) Spectral
Kissing and Its Dynamical Consequences in the Squeeze-Driven Kerr Oscillator. NPJ Quantum Information, 9, Article
No. 76. https://doi.org/10.1038/s41534-023-00745-1

Peres, A. (1984) Stability of Quantum Motion in Chaotic and Regular Systems. Physical Review A4, 30, 1610-1615.
https://doi.org/10.1103/physreva.30.1610

Solinas, P. and Gasparinetti, S. (2015) Full Distribution of Work Done on a Quantum System for Arbitrary Initial States.
Physical Review E, 92, Article 042150. https://doi.org/10.1103/physreve.92.042150

Relafio, A., Arias, J.M., Dukelsky, J., Garcia-Ramos, J.E. and Pérez-Fernandez, P. (2008) Decoherence as a Signature
of an Excited-State Quantum Phase Transition. Physical Review A, 78, Article 060102.
https://doi.org/10.1103/physreva.78.060102

You, W., Li, Y. and Gu, S. (2007) Fidelity, Dynamic Structure Factor, and Susceptibility in Critical Phenomena. Physical
Review E, 76, Article 022101. https://doi.org/10.1103/physreve.76.022101

Sampaio, R., Suomela, S., Ala-Nissila, T., Anders, J. and Philbin, T.G. (2018) Quantum Work in the Bohmian Frame-
work. Physical Review A4, 97, Article 012131. https://doi.org/10.1103/physreva.97.012131

Wang, Q. and Quan, H.T. (2017) Probing the Excited-State Quantum Phase Transition through Statistics of Loschmidt
Echo and Quantum Work. Physical Review E, 96, Article 032142. https://doi.org/10.1103/physreve.96.032142

Fink, J.M., Bianchetti, R., Baur, M., Goppl, M., Steffen, L., Filipp, S., et al. (2009) Dressed Collective Qubit States and
the Tavis-Cummings Model in Circuit QED. Physical Review Letters, 103, Article 083601.
https://doi.org/10.1103/physrevlett.103.083601

Li, J., Fan, R., Wang, H., Ye, B., Zeng, B., Zhai, H., et al. (2017) Measuring Out-of-Time-Order Correlators on a Nuclear
Magnetic Resonance Quantum Simulator. Physical Review X, 7, Article 031011.
https://doi.org/10.1103/physrevx.7.031011

Vidal, J., Mosseri, R. and Dukelsky, J. (2004) Entanglement in a First-Order Quantum Phase Transition. Physical Review
A, 69, Article 054101. https://doi.org/10.1103/physreva.69.054101

Wang, Q. and Wu, S. (2020) Excited-State Quantum Phase Transitions in Kerr Nonlinear Oscillators. Physical Review
A, 102, Article 063531. https://doi.org/10.1103/physreva.102.063531

Francica, G. (2022) Class of Quasiprobability Distributions of Work with Initial Quantum Coherence. Physical Review
E, 105, Article 014101. https://doi.org/10.1103/physreve.105.014101

Francica, G. (2022) Most General Class of Quasiprobability Distributions of Work. Physical Review E, 106, Article

DOI: 10.12677/app.2025.155056 511 I EEY/BEH


https://doi.org/10.12677/app.2025.155056
https://doi.org/10.1103/physrevlett.104.130401
https://doi.org/10.1016/j.physa.2006.08.004
https://doi.org/10.1088/0305-4470/39/31/l01
https://doi.org/10.1103/physreve.78.031130
https://doi.org/10.1103/physreva.85.044102
https://doi.org/10.1103/physreve.103.032109
https://doi.org/10.1103/physreva.94.023835
https://doi.org/10.1103/physrevlett.126.230602
https://doi.org/10.1103/physrevlett.112.140408
https://doi.org/10.1038/s41534-023-00745-1
https://doi.org/10.1103/physreva.30.1610
https://doi.org/10.1103/physreve.92.042150
https://doi.org/10.1103/physreva.78.060102
https://doi.org/10.1103/physreve.76.022101
https://doi.org/10.1103/physreva.97.012131
https://doi.org/10.1103/physreve.96.032142
https://doi.org/10.1103/physrevlett.103.083601
https://doi.org/10.1103/physrevx.7.031011
https://doi.org/10.1103/physreva.69.054101
https://doi.org/10.1103/physreva.102.063531
https://doi.org/10.1103/physreve.105.014101

ERZEL

054129. https://doi.org/10.1103/physreve.106.054129

[23] Lostaglio, M., Belenchia, A., Levy, A., Hernandez-Gomez, S., Fabbri, N. and Gherardini, S. (2023) Kirkwood-Dirac
Quasiprobability Approach to the Statistics of Incompatible Observables. Quantum, 7, Article 1128.
https://doi.org/10.22331/q-2023-10-09-1128

[24] Bakemeier, L., Alvermann, A. and Fehske, H. (2013) Dynamics of the Dicke Model Close to the Classical Limit. Phys-
ical Review A, 88, Article 043835. https://doi.org/10.1103/physreva.88.043835

[25] Braak, D. (2011) Integrability of the Rabi Model. Physical Review Letters, 107, Article 100401.
https://doi.org/10.1103/physrevlett.107.100401

[26] Brandes, T. (2013) Excited-State Quantum Phase Transitions in Dicke Superradiance Models. Physical Review E, 88,
Article 032133. https://doi.org/10.1103/physreve.88.032133

[27] Talkner, P., Hinggi, P. and Morillo, M. (2008) Microcanonical Quantum Fluctuation Theorems. Physical Review E, 77,
Article 051131. https://doi.org/10.1103/physreve.77.051131

DOI: 10.12677/app.2025.155056 512 I EEY/BEH


https://doi.org/10.12677/app.2025.155056
https://doi.org/10.1103/physreve.106.054129
https://doi.org/10.22331/q-2023-10-09-1128
https://doi.org/10.1103/physreva.88.043835
https://doi.org/10.1103/physrevlett.107.100401
https://doi.org/10.1103/physreve.88.032133
https://doi.org/10.1103/physreve.77.051131

	Dicke模型在非平衡相变中的热力学性质
	摘  要
	关键词
	Thermodynamic Properties of the Dicke Modle in Non-Equilibrium Phase Transitions
	Abstract
	Keywords
	1. 引言
	2. 激发态量子相变
	3. Dicke模型
	3.1. 模型介绍
	3.2. 经典极限

	4. 量子功
	4.1. 量子功分布
	4.2. 量子淬火
	4.3. 数值模拟
	4.4. 数值分析
	4.4.1. 不同淬火参数量子功分布
	4.3.2. 不同能级量子功分布


	5. 总结
	参考文献

