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Josephson junctions → non-linear inductors

150 μm

Shunting with a capacitor→ non-linear resonator



Array of coupled non-linear resonators ( → qubits)
 5 mm

hi ∈ [-500, 500]MHz ,  Ji,j ∈ [-50, +2] MHz,  U ~ -200MHz 
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Canonical 1D interacting XXZ Hamiltonian model:

● Analytical solution and Bound States
H. Bethe, Zeitschrift für Physik 71, 205 (1931)

● Observation of Bound States in XXZ
Ganahl, Rabel, Essler, Evertz PRL 108,  077206 (2012)
T. Fukuhara et al. Nature 502,  76-79 (2013)

Bound states in XXZ spin chain



Circuit model: Floquet dynamic

● Floquet XXZ is integrable
M. Ljubotina et al. PRL 122, 150605 (2019)

● Analytical solution and Bound States
I.L. Aleiner Annals of Physics 433, 168593 (2021)

Canonical 1D interacting XXZ Hamiltonian model:

● Analytical solution and Bound States
H. Bethe, Zeitschrift für Physik 71, 205 (1931)

● Observation of Bound States in XXZ
Ganahl, Rabel, Essler, Evertz PRL 108,  077206 (2012)
T. Fukuhara et al. Nature 502,  76-79 (2013)

Bound states in XXZ spin chain
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Trajectory of Bound photons

Q1

Q6

Q12

Q18

Q24

 kinetic (hopping)
 interaction



Trajectory of Bound photons

Examples: T-bitsring :  ...0000111100000…

S-bitsring:  ...0010011100000…
...00000110011000…



Band structure: few-body spectroscopy method

→

Green function

Roushan et al., Science 358, 1175-1179 (2017)



Multi-particle correlator in real space

Convert to energy and 
momentum via 2D 
Fourier transform

Measuring the bound state band structure



Measuring the bound state band structure

Convert to energy and 
momentum via 2D 
Fourier transform

Analytical results:

I.L. Aleiner Annals of Physics 433, 168593 (2021)



Extraction of the bound state pseudo-charge

increasing flux

exp(-i*k*j)| j, nph) → exp(iβnph j)*exp(-i*k*j) | j, nph)

-Momentum shift!

exp(iβ)

𝚽 = 
βNQ

Complex hopping phase:

Include SQ rotation before and after fSim:



breaking integrability

integrable :  scattering is factorizable to 2 → 2 
scattering processes

Interaction and integrability

I → II → III III → II → I

Yang-Baxter relation: 

scattering order:



Breaking integrability continuously
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I usually do not study integrable models

But when I do, I test them against 
integrability breaking 
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Breaking integrability continuously

Fermi Golden rule:

Bound states are fragile and dependant on Integrability

Γ
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Breaking integrability continuously

𝜽’ = 0

𝜽’ = 𝜋/2

naive guess
𝜽’=𝜽=𝜋/6

Decay of a 3-photon bound 
state



Unexpected resilience to integrability breaking

𝜽’ = 0

𝜽’ = 𝜋/2
Expected behavior

Decay of a 3-photon bound 
state



Breaking integrability continuously
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Decay of a 3-photon bound 
state



It is a few-body physics and most likely will go away at larger sizes 

Large but dilute bound states continues to be robust. 



Chaotic regime → Circular Orthogonal Ensemble ⟨r⟩COE ≈ 0.527

Integrable system → Poisson distribution ⟨r⟩P ≈ 0.386

 chosen perturbation indeed breaks integrability. 

∴ large but dilute bound states continue to be robust.



L = 72 + 36

1110000 → 110010000 (no energy overlap) 

1110000 → 1001010000 (small matrix element)  



KCuF3

Kardar-Parisi-Zhang (KPZ) Universality Class

diffusion growth noise

Ballistic Deposition

h(x) 

x 

δh  ~ t1/3

 ξ  ~ t 2/3

Spin dynamics of a 1D Heisenberg antiferromagnet



diffusion growth noise

Kardar-Parisi-Zhang (KPZ) Universality Class

Ballistic Deposition

h(x) 

x 

δh  ~ t1/3

 ξ  ~ t 2/3

∂h / ∂x      → 

KPZ Heisenberg spin chains

The KPZ conjecture : 

2 h(0,t) -  h(-L/2,t) -  h(L/2,t)   →              

Relative height at the center Transferred magnetization

Magnetization profile 

    𝞵 ≠ 0Baik-Rains TW-GUE    𝞵 =0 

Numerical: Ljubotina, Žnidaric, Prosen, PRL 122, 210602 (2019)
Experimental: D. Wei et al., Quantum gas microscopy of Kardar-Parisi-Zhang superdiffusion, Science 376, 716 (2022).



Evidence for being in the KPZ universality class

In the long time limit : 

The KPZ conjecture : 

Numerics shows that 
two-point correlation 
obeys KPZ scaling 
function. 

Numerical: Ljubotina, Žnidaric, Prosen, PRL 122, 210602 (2019)
Experimental: D. Wei et al., Quantum gas microscopy of Kardar-Parisi-Zhang superdiffusion, Science 376, 716 (2022).

Spin chain numerics
(red and yellow)

KPZ prediction



prob. of         e𝞵 / (e𝞵 +e-𝞵) prob. of         e𝞵  / (e𝞵 +e-𝞵)

Arxiv 2306.09333



prob. of         e𝞵 / (e𝞵 +e-𝞵) prob. of         e𝞵  / (e𝞵 +e-𝞵)

Magnetic domain wall dynamics in a XXZ spin chain

Transferred magnetization 

    𝞵 = 

0.9 

    𝞵 = 

0.3 

    𝞵 =  ∞

    𝞵 =  ∞

initial state: 



agreement with 
cold atom experiments

Mean and Variance of M → consistent with KPZ

Wei et al., Science 376, 2022

https://www.science.org/doi/10.1126/science.abk2397


Higher moments of the transferred 
magnetization

I usually do not study universality classes

But when I do, I measure higher moments too

The importance of studying higher moments in determining 
dynamic universality classes.



Skewness of transferred 
magnetization



NLFH = non-linear fluctuating hydrodynamics
(De Nardis, Gopalakrishnan, and Vasseur, 2023)

CLL = classical Landau-Lifshitz
(Krajnik, Ilievski, and Prosen, 2022)

Skewness of transferred 
magnetization

https://arxiv.org/abs/2212.03696
https://doi.org/10.1103/PhysRevLett.128.090604
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