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Spectral collapse in multiqubit 
two‑photon Rabi model
C. F. Lo

We have shown that the smallest possible singel‑qubit critical coupling strength of the N‑qubit two‑
photon Rabi model is only 1/N times that of the two‑photon Rabi model. The spectral collapse can 
thus occur at a more attainable value of the critical coupling. For both of the two‑qubit and three‑qubit 
cases, we have also rigorously demonstrated that at the critical coupling the system not only has a set 
of discrete eigenenergies but also a continuous energy spectrum. The discrete eigenenergy spectrum 
can be derived via a simple one‑to‑one mapping to the bound state problem of a particle of variable 
effective mass in the presence of a finite potential well and a nonlocal potential. The energy difference 
of each qubit, which specifies both the depth of the finite potential well and the strength of the 
nonlocal potential, determines the number of bound states available, implying that the extent of the 
incomplete spectral collapse can be monitored in a straightforward manner.

The two-photon Rabi model is the simplest model describing the nonlinear two-photon process in light-matter 
interacting systems. Due to the weak coupling of the two-photon process in different physical setups, its appli-
cations have been rather limited. Recent advancement in quantum technology has transformed the situation 
dramatically and made the applications of the two-photon Rabi model feasible even in the strong coupling 
 regime1–11. For instance, Felicetti et al.1,4 pointed out that a trapped-ion scheme allows one to experimentally 
investigate two-photon interactions in unexplored regimes of light-matter coupling, and that a circuit quantum 
electrodynamics scheme enables us to implement a nondipolar ultrastraong two-photon interaction between a 
flux qubit and a bosonic mode supported by SQUID. In spite of its simplicity, the two-photon Rabi model dis-
plays a counter-intuitive feature, namely the “spectral collapse”, when the coupling strength ǫ of the light–matter 
interaction goes beyond a critical value ǫc12–23. That is, while the model has a discrete eigenenergy spectrum for 
ǫ < ǫc , no normalizable eigenstate exists in the Hilbert space spanned by the photon number states for ǫ > ǫc . 
At the critical coupling ǫc the spectral collapse is, however, found to be incomplete for the eigenenergy spectrum 
of the model consists of both a set of discrete energy levels and a continuous energy  spectrum24. The number of 
bound states available is determined by the energy difference ω0 between the two atomic levels so that the extent 
of the incomplete spectral collapse can be monitored straightforwardly.

In a recent paper, via investigating a generalization of the two-photon Rabi model, in which the two-photon 
coupling is replaced by a full quadratic coupling,  Lo25 has demonstrated that the critical coupling strength is 
reduced by half from that of the two-photon Rabi model. Similar to the two-photon Rabi model, at the criti-
cal coupling the discrete eigenenergy levels of the generalized two-photon Rabi model can be derived from a 
simple quantum mechanical bound state problem, namely a particle of variable effective mass moving in a finite 
potential well specified by the square of the “Lorentzian function”25. In addition, Felicetti and his  coworkers1,4,26 
have pointed out that the two-photon Dicke model, i.e. the multiqubit two-photon Rabi model, retains the 
special feature of spectral collapse, and that adding more qubits lowers the critical value of the individual qubit 
coupling by a factor of N, where N denotes the number of qubits present. The spectral collapse can thus be real-
ized more easily with the state-of-the-art circuit quantum electrodynamics technology. They also propose that 
the two-photon Dicke model could be realistically implemented using the trapped-ion  technologies27,28 and 
some atomic or solid-state systems, e.g. superconducting devices in which bosonic modes have been coupled 
to spin  assembles29,30. Nevertheless, a full understanding of the spectral collapse occuring in the two-photon 
Dicke model is still lacking.

Accordingly, it is the aim of our work to scrutinize the spectral collapse of the two-photon Dicke model, 
particularly those special cases involving several qubits only. The critical value of the coupling strength of the 
two-photon Dicke model with two (three) qubits is found to be half (one-third) of that of the two-photon Rabi 
model. To determine the discrete eigenenergies at the critical coupling for both of the two-qubit and three-qubit 
cases, we simply map the problem into the bound state problem involving a particle of variable effective mass 
in the presence of a finite potential well and a nonlocal potential, whose discrete eigenspectrum can be easily 
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obtained by an elementary quantum mechanics approach. Similarly, the problem of determining the continuous 
eigenenergy spectrum at the critical coupling can also be mapped into the scattering state problem associated 
with a particle of variable effective mass, subject to both a local potential barrier and a nonlocal potential.

Two‑photon Dicke model
The two-photon Dicke model is described by the Hamiltonian (� = 1)4:

where ω is the frequency of the radiation mode specified by the bosonic operators a and a† , each pair of atomic 
levels (or qubit) separated by an energy difference ω0 are represented by the spin-half operators Sjz and Sjx for 
j = 1, 2, 3, . . . ,N , and the atom-field coupling strength of each qubit is measured by the positive parameter ǫ . 
The total spin operator �S ≡ ∑N

j=1
�Sj can assume N/2 different spin values, namely {0, 1, 2, . . . ,N/2} for N being 

even and {1/2, 3/2, 5/2, . . . ,N/2} for N being odd. It should be noted that in the spin-zero case the eigenenergies 
of H are simply given by En = ωn for n = 0, 1, 2, . . . , irrespective of the coupling strength, and they are called 
the “trapping states” or “dark states”31. All the other spin sectors, however, exhibit the special feature of spectral 
collapse. The critical value of the single-qubit coupling strength can be determined as follows.

For simplicity, we set the energy unit such that ω = 1 in the following analysis. By a spin rotation about the 
y-axis, the Hamiltonian H in Eq. (1) can be transformed into

for

being the “position” and “momentum” operators of the boson mode, respectively. Here H0 is the Hamiltonian 
of a quantum simple harmonic oscillator of unit mass and unit angular frequency. In the special case of ω0 = 0 
the Hamiltonian H̃ is reduced to

whose eigenstates are simply given by the product states {|Mz�|φ�} , with |Mz� being an eigenstate of the total spin 
operator Sz and |φ� an eigenstate of the one-body Hamiltonian h:

Apparently, in each subspace of Mz  = 0 there exists a critical value of the single-qubit coupling strength, 
namely ǫc ≡ 1/|4Mz | , implying the occurrence of the spectral collapse as in the two-photon Rabi model. For 
ω0  = 0 the above analysis still holds for both ǫ < ǫc and ǫ > ǫc because the first term in Eq. (2) is a bounded 
operator. The characteristic feature of the incomplete spectral collapse at the critical coupling ǫc , however, remains 
unclear. Likewise, since the maximum value of |Mz | is N/2, occurring in the total spin sector of N/2, the small-
est possible single-qubit critical coupling strength is given by ǫc ≡ 1/(2N) . The 1/N dependence of the critical 
coupling thus ensures that the spectral collapse can be achieved with relatively small coupling strength by adding 
more  qubits1,4.

At the critical coupling ǫc ≡ 1/(2N) of the total spin sector of N/2, Eq. (2) is reduced to

where the total spin operators Sz and Sx are given by
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for bj =
√

(

N
2 + j

)(

N+2
2 − j

)

 . In the coordinate space the eigenvalue equation of H̃ reads

where E denotes the eigenenergy. Beyond question it is a formidable task to solve this set of coupled 2nd-order 
ordinary differential equations. In order to gain insights of the behaviour of the two-photon Dicke model at the 
critical coupling, we shall examine two special cases, namely the two-qubit case and the three-qubit case, in the 
following two sections.

Two‑qubit case at the critical coupling
To begin with, we shall concentrate on the simplest case of two qubits, which involves a set of three coupled 
equations only:

For E + 1/2 < 0 we define κ = √|E + 1/2| and x = κq . Then ψ−1(x) and ψ1(x) can be easily determined as

As a result, we are left with an integro-differential equation involving ψ0

(

q
)

:
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where

This is the time-independent Schrödinger equation of the bound state problem associated with a particle of 
variable effective mass M

(

q
)

 in the presence of a finite potential well V
(

q
)

 and a nonlocal potential U
(

q, ξ ; κ
)

32,33.
For κ ≪ 1 , namely the cases of shallow bound states, we can approximate the integral on the right-hand side 

of Eq. (15) by

Provided that ψ0(ξ) is normalizable, the integral gives a constant C. The term involving the nonlocal potential 
becomes independent of φ0

(

q
)

:

As κ ≪ 1 , the term involving the nonlocal potential can be neglected, and thus Eq. (15) is reduced to

which is the time-independent Schrödinger equation of the bound state problem associated with a particle of 
variable effective mass M

(

q
)

 in the finite potential well V
(

q
)

 . Hence, we have demonstrated the existence of 
shallow bound states of the two-photon Dicke model with two qubits.

Moreover, the existence of these shallow bound states implies that lower bound states may also exist. For 
ω0 ≫ 1 and κ � ω0 , namely the cases of low-lying bound states, we approximate the integral on the right-hand 
side of Eq. (15) by

If only the leading-order term is kept, then Eq. (15) can be simplified to yield

which is the time-independent Schrödinger equation of the bound state problem associated with a particle of 
variable effective mass M
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)

 trapped in a “Lorentzian function” potential well. Accordingly, the existence of 
low-lying bound states has been confirmed.
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where it is understood that the limiting process η → 0+ is being taken after the evaluation of the integral over 
µ . Again, if ψ0

(

q̄
)

 assumes the form

then φ0
(

q̄
)

 obeys

where

It is not difficult to recognize that Eq. (27) is the time-independent Schrödinger equation of the scattering 
state problem associated with a particle of variable effective mass, subject to both a local potential barrier and a 
nonlocal potential. Accordingly, for E + 1/2 > 0 the eigenstates are not normalizable and a continuous eigen-
energy spectrum is expected.

Three‑qubit case at the critical coupling
Similarly, in the case of three qubits we need to solve a set of four coupled equations:

Performing the Fourier transform to the first two equations yields
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Thus, we are left with two coupled equations connecting ψ 1
2
(x) and ψ− 1

2
(x) as follows:

In terms of the sum and difference of the two wave functions ψ̃ 1
2
(x) and ψ− 1
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the two coupled equations can be reduced to
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The integral gives a constant C provided that φ±(χ) is normalizable. The term involving the nonlocal potential 
can then be analytically evaluated to give

which can be neglected for κ ≪ 1 . Hence, Eq. (41) is reduced to

which is the time-independent Schrödinger equation of the bound state problem associated with a particle of 
variable effective mass M

(

q
)

 in the finite potential well V
(

q
)

 . As a result, we have demonstrated that the two-
photon Dicke model with three qubits has a discrete energy spectrum for the existence of these shallow bound 
states implies that lower bound states may also exist.

On the other hand, for E + 1/2 > 0 we define k = √
E + 1/2 and x = kq̄ . Then Eq. (37) becomes

where the limiting process η → 0+ is being taken after the evaluation of the integral over γ . By assuming that

Eq. (47) is reduced to

where

Hence, we have derived the time-independent Schrödinger equation of the scattering state problem associated 
with a particle of variable effective mass, subject to both a local potential barrier and a nonlocal potential, imply-
ing that for E + 1/2 > 0 the eigenstates are not normalizable and a continuous eigenenergy spectrum is expected.

Conclusion
In this work we have shown that the smallest possible single-qubit critical coupling strength ǫc of the N-qubit 
two-photon Rabi model is only 1/N times that of the two-photon Rabi model. The spectral collapse can thus 
occur at a more attainable value of the critical  coupling1,4. For both of the two-qubit and three-qubit cases, we 
have also rigorously demonstrated that at the critical coupling ǫc the system exhibits an incomplete spectral 
collapse, namely having both a set of discrete eigenenergies and a continuous energy spectrum, and that the 
energy difference ω0 of each qubit determines the number of bound states available, implying that the extent 
of the incomplete spectral collapse can be monitored in a straightforward manner. Interestingly, the set of dis-
crete eigenenergies can be derived from the bound state problem of a particle of variable effective mass in the 
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presence of a finite potential well and a nonlocal potential, whilst the problem of determining the continuous 
eigenenergy spectrum can be mapped into the scattering state problem associated with a particle of variable 
effective mass, subject to both a local potential barrier and a nonlocal potential. Furthermore, as shown in  Lo25, 
we may introduce a suitable unitary transformation to cast Eqs. (20), (22) and (46) into the time-independent 
Schrödinger equation of the bound state problem with a particle of unit mass moving in a finite potential well.

Finally, we would like to thank an anonymous referee for bringing a recent paper on the bound states of the 
two-photon Rabi model at the critical coupling to our  attention34. The paper investigates the discrete eigenenergy 
levels via solving a time-independent Schrödinger equation with an energy-dependent effective potential, whose 
solutions are found by self-consistent iterative numerical calculations. This is in sharp constrast to the findings 
reported in Ref.24, which explicitly shows that the discrete eigenenergy spectrum has a one-to-one mapping 
with that of a particle in a “Lorentzian function” potential well, and that each eigenenergy is doubly degenerate. 
Particularly, Ref.34 shows no sign of the two-fold degeneracy. Perhaps it may be due to some flaws in the compi-
cated numerical calculations or the entire formulation. All in all, similar to Ref.24, the present work is capable of 
providing a clear and concise treatment of the incomplete spectral collapse of the multi-qubit two-photon Rabi 
model at the critical coupling.

Received: 18 January 2021; Accepted: 23 February 2021

References
 1. Felicetti, S. et al. Spectral collapse via two-photon interactions in trapped ions. Phys. Rev. A 92, 033817 (2015).
 2. Puebla, R., Hwang, M. J., Casanova, J. & Plenio, M. B. Protected ultrastrong coupling regime of the two-photon quantum Rabi 

model with trapped ions. Phys. Rev. A 95, 063844 (2017).
 3. Cheng, X. H. et al. Nonlinear quantum Rabi model in trapped ions. Phys. Rev. A 97, 023624 (2018).
 4. Felicetti, S. et al. Two-photon quantum Rabi model with superconducting circuits. Phys. Rev. A 97, 013851 (2018).
 5. Brune, M. et al. Realization of a two-photon maser oscillator. Phys. Rev. Lett. 59, 1899 (1987).
 6. Bertet, P. et al. Generating and probing a two-photon Fock state with a single atom in a cavity. Phys. Rev. Lett. 88, 143601 (2002).
 7. Stufler, S. et al. Two-photon Rabi oscillations in a single InxGa1−xAs/GaAs quantum dot. Phys. Rev. B 73, 125304 (2006).
 8. Del Valle, E. et al. Two-photon lasing by a single quantum dot in a high-Q microcavity. Phys. Rev. B 81, 035302 (2010).
 9. Verma, J. K. & Pathak, P. K. Highly efficient two-photon generation from a coherently pumped quantum dot embedded in a 

microcavity. Phys. Rev. B 94, 085309 (2016).
 10. Qian, C. et al. Two-photon Rabi splitting in a coupled system of a nanocavity and exciton complexes. Phys. Rev. Lett. 120, 213901 

(2018).
 11. Felicetti, S., Hwang, M. J. & Boité, A. L. Ultrastrong coupling regime of non-dipolar light–matter interactions. Phys. Rev. A 98, 

053859 (2018).
 12. Ng, K. M., Lo, C. F. & Liu, K. L. Exact eigenstates of the two-photon Jaynes–Cummings model with the counter-rotating term. 

Eur. Phys. J. D 6, 119 (1999).
 13. Ng, K. M., Lo, C. F. & Liu, K. L. Exact dynamics of the multiphoton Jaynes-Cummings model without the rotating-wave approxima-

tion. In Proceedings of the International Conference on Frontiers in Quantum Physics (July 9–11, 1997) (eds Lim, S. C., Abd-Shukor, 
R. & Kwek, K. H.) 291–297 (Springer, 1998).

 14. Emary, C. & Bishop, R. F. Exact isolated solutions for the two-photon quantum Rabi model. J. Phys. A Math. Gen. 35, 8231 (2002).
 15. Travěnec, I. Solvability of the two-photon Rabi Hamiltonian. Phys. Rev. A 85, 043805 (2012).
 16. Maciejewski, A. J., Przybylska, M. & Stachowiak, T. Comment on “Solvability of the two-photon Rabi Hamiltonian’’. Phys. Rev. A 

91, 037801 (2015).
 17. Travěnec, I. Reply to comment on “Solvability of the two-photon Rabi Hamiltonian’’. Phys. Rev. A 91, 037802 (2015).
 18. Duan, L., Xie, Y. F., Braak, D. & Chen, Q. H. Two-photon Rabi model: analytic solutions and spectral collapse. J. Phys. A Math. 

Theor. 49, 464002 (2016).
 19. Lupo, E. et al. A continued fraction based approach for the two-photon quantum Rabi model. Sci. Rep. 9, 4156 (2019).
 20. Cong, L. et al. Polaron picture of the two-photon quantum Rabi model. Phys. Rev. A 99, 013815 (2019).
 21. Hu, X. The phase transition in two-photon Rabi model under mean field approximation. Int. J. Theor. Phys. 58, 3765 (2019).
 22. Yan, Z. & Yao, X. Analytic solutions of two-photon Rabi model based on Bargmann space. IOP Conf. Ser. Mater. Sci. Eng. 735, 

012005 (2020).
 23. Armenta Rico, R. J., Maldonado-Villamizar, F. H. & Rodriguez-Lara, B. M. Spectral collapse in the two-photon quantum Rabi 

model. Phys. Rev. A 101, 063825 (2020).
 24. Lo, C. F. Demystifying the spectral collapse in two-photon Rabi model. Sci. Rep. 10, 14792 (2020).
 25. Lo, C. F. Manipulating the spectral collapse in two-photon Rabi model. Sci. Rep. 10, 18761 (2020).
 26. Garbe, L. et al. Superradiant phase transition in the ultrastrong-coupling regime of the two-photon Dicke model. Phys. Rev. A 95, 

053854 (2017).
 27. Häffner, H., Roos, C. F. & Blatt, R. Quantum computing with trapped ions. Phys. Rep. 469, 155 (2008).
 28. Britton, J. W. et al. Eigineered two-dimensional Ising interactions in a trapped-ion quantum simulator with hundreds of spins. 

Nature (London) 484, 489 (2012).
 29. Macha, P. et al. Implementation of a quantum metamaterial using superconducting qubits. Nat. Commun. 5, 5146 (2014).
 30. Kakuyanagi, K. et al. Observation of collective coupling between an engineered ensemble of macroscopic artificial atoms and a 

supreconducting resonator. Phys. Rev. Lett. 117, 210503 (2016).
 31. Rodriguez-Lara, B. M., Chilingaryan, S. A. & Moya-Cessa, H. M. Searching for structure beyond parity in the two-qubit Dicke 

mode. J. Phys. A Math. Theor. 47, 135306 (2014).
 32. Von Roos, O. Position-dependent effective masses in semiconductor theory. Phys. Rev. B 27(12), 7547 (1983).
 33. Dekar, L., Chetouani, L. & Hammann, T. F. Wave function for smooth potential and mass step. Phys. Rev. A 59(1), 107 (1999).
 34. Chan, K. C. Bound states of two-photon Rabi model at the collapse point. J. Phys. A Math. Theor. 53, 385303 (2020).

Acknowledgements
The author would like to thank Dr. D. Kiang for his useful comments.

Author contributions
This is a single-author paper.



9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5409  | https://doi.org/10.1038/s41598-021-84934-y

www.nature.com/scientificreports/

Competing interests 
The author declares no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.F.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2021

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Spectral collapse in multiqubit two-photon Rabi model
	Two-photon Dicke model
	Two-qubit case at the critical coupling
	Three-qubit case at the critical coupling
	Conclusion
	References
	Acknowledgements


