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The system: a multi-mode cavity coupled to a single qubit
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500 nm

Transmission line (6 mm)
Made of 20 000 
large Josephson junctions!
High impedance

Small Josephson Junction



All in all: it’s a fancy Fabry-Perot coupled to a single atom

Low-frequency mode #2

High-frequency mode #100



Closer look to transmission line with Josephson Junction arrays



Spectroscopy of the bare transmission line modes

Slow light speed: v = 1/140 c
Linear Dispersion < 10 GHz Band

Band edge ~ 25 GHz
Z = 10 K
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Equivalent circuit

Transmission line 

Fluxonium



Equivalent lumped element circuits

‘Flux’ gauge

‘Charge’ gauge

‘Hybrid’ gauge



Equivalent lumped element circuits

‘Flux’ gauge

‘Charge’ gauge

‘Hybrid’ gauge



Fluxonium atom and its flux dependence

Frequency dispersion of qubit transition

NOTE:
potential
ASYMMETRIC
when
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Ultrastrong couplings for different circuit gauges

Flux gauge

Charge gauge

Hybrid gauge

Hybrid gauge



The manybody problem

Manymode transmission line = manybody problem (large Hilbert space)
Related to the so-called quantum impurity problems
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H = H1 ⌦H2 ⌦ ... ⌦HN ⌦Hatom
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Connection to quantum impurity physics (spin-boson 
problem, Kondo physics,….)



Linear spectroscopy: a wide-frequency view of the “modes”

- Mode branches acquire a flux-dependent frequency

- Inflection points follow the qubit dispersion



Looking at low frequency branches

Some fine spectral structure appears



Going up: emerging spectral fine structure

Richer fine structure



Going up: fine spectral structure getting richer



A jungle of resonances: to be revisited later…

What’s going on?!?



What’s going on? Let’s start with the circuit QED Hamiltonian

Josephson’s atom
Hamiltonian

« Bare » transmission line modes
(in reality they include diamagnetic-like
renormalization)

Atom-mode interaction (both rotating and counter-rotating wave terms)
in a hybrid gauge
Counter-rotating wave-terms important in the ultra-strong coupling regime

Josephson’s atom
Hamiltonian



Diagonalization in one-excitation subspace: the “polaritons”

Basis of single-excitation subspace

Polariton-like creation operator

At the single-photon level,
the ‘atom’ mediates an hybridization between several cavity modes



Superstrong coupling regime: already observed with transmons

Atom-induced multimode hybridization already observed with transmon atoms

N.B. Transmon is a weakly anharmonic oscillator

J. Puertas Martínez, Se. Léger, N. Gheeraert, R. Dassonneville, L. Planat, Farshad Foroughi, Yuriy 
Krupko, Olivier Buisson, Cécile Naud, Wiebke Hasch-Guichard, Serge Florens, Izak Snyman and 
Nicolas Roch, NPJ Quantum Information (2019)5:19

R. Kuzmin, N. Mehta, N. Grabon, R. Mencia,  and V. E. Manucharyan, npj Quantum 
Information (2019)5:20 



Superstrong coupling regime: already observed with transmons

R. Kuzmin, N. Mehta, N. Grabon, R. Mencia,  and V. E. Manucharyan, npj Quantum 
Information (2019)5:20 



Also with fluxonium, single-excitation theory explains the 
“envelope” of the branches

Polariton
Branches (dotted)

Fine structure 
cannot be
explained at this
level

<latexit sha1_base64="A6uR7r4wITnwl4CLT3K5EQdlwmg="></latexit>

�



Disclaimer: different kinds of polaritons…. 

Hopfield polariton is a linear superposition
of light and matter quanta
(e.g., exciton-polariton)

The ‘polariton’ here is the linear
superposition of the quanta of 2 circuits 

Pasta + sauce

Fluxonium
Transmission line

Pasta 1 + Pasta 2
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Multi-polariton subspaces

Basis of two-excitation subspace

Basis of 
three-excitation 
subspace

………………………

To understand the fine structure, multi-polariton states are needed: 

Subspaces with different number of particles are coupled
via the counter-rotating-wave terms of the atom-resonator interaction
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Effective Hamiltonian 

Down-conversion 
Hamiltonian
(three-wave-mixing) 

Downconversion vanishes at 
symmetric points



What is going on?



Free spectral range is not constant: pseudo-random disorder

Mode spacing is not constant -> degeneracy of multi-particle states is lifted

For example

This is equivalent to a pseudo-random disorder for the multi-particle energies
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Including two-photon states
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Photon in mode 37 attempts to 
decay, but fails to do so ….

Hybridization with two-photon 
states replaces the decay…



What about Fermi golden Rule?  

At Fermi’s golden rule, particle decay is irreversible…..
Fermi’s golden rule calculates damping rate 
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The considered multi-mode circuit QED system has particle decay
(down-conversion) that dramatically breaks Fermi’s golden rule
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States with three and four-particle components

Particle attempts to decay but fails… and hybridize with few-particle states 

One-particle
Two-particle

Three-particle

Four-particle

All possible
bare states

Bare states connected to 
single-photons

One-particle

Two-particle

Three-particle

One-particle

Two-particle

Three-particle



Connection to Altschuler et al. proposal with fermions



Connection to Anderson localization

Single-particle problem with a random disordered potential

Atom localization Photon localization



Connection to many-body localization

Manybody localization is a sort of Anderson localization in the Fock space

Anderson localization is a single-particle localization in a disordered lattice

For Anderson-like many-body localization, the following analogy holds:

- Lattice site             manybody Fock state

- Hopping coupling due to particle-particle interaction

- Disorder disorder for manybody energy states

A manybody system initially prepared in an initial state remains ‘localized’ around it in Fock space

In the present circuit QED system, the initial single-photon state attempts to delocalize in Fock

space by delocalizing into a shower of multiparticle states, but fails to do so

References:

- B. L. Altshuler, Y. Gefen, A. Kamenev, and L. S. Levitov, Quasiparticle lifetime in a finite system: 

A nonperturba- tive approach, Phys. Rev. Lett. 78, 2803 (1997)

- D. A. Abanin, E. Altman, I. Bloch, and M. Serbyn, Colloquium: Many-body localization, 

thermalization, and entanglement, Rev. Mod. Phys. 91, 021001 (2019). 

- S. Girvin, https://doi.org/10.36471/JCCM_April_2022_02
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« Hopping connectivity » in Fock space depends on atom!

Transmon (weakly anharmonic)

Negligible connectivity
(no fine spectral structure)npj Quantum Information (2019)5:20 

Fluxonium

Finite connectivity
(fine spectral structure, 

it remains many-body localized)Present work

Phase-slip junction

All-to-all connectivity
(broadening, 

Manybody delocalized)


