
Quantum simulations with 
superconducting qubits

pedramr@google.com,  @PedramRoushan  

Google Quantum AI, 

1. Quantum circuit model 

2. Formation of robust bound states of interacting microwave photons 
Nature 612 (2022) , notes

3. Magnetization Dynamics in a 1D Heisenberg spin chain
Dynamics of magnetization at infinite temperature in a Heisenberg spin chain 
( Science 384 (2024) )

4. Disorder-free localization:2
arXiv:2410.06557

Quantum connection , Stockholm June 2025



Shared folder: 

Several experimental works → engage 
A few ~ theory tricks → engage



Study many-body physics with quantum processors

Feynman and others → certain quantum phenomena could not be efficiently simulated by a classical Turing machine.

“Nature isn't classical, dammit, and if you want to make a simulation of nature, you'd better make it quantum mechanical..”



Two Paradigms: Error correction and NISQ

(2019)
Quantum advantage 



Discoverino
Discoveries made by NISQ processors, 
which could also been made in theory or by 
using classical computing resources.

PR and L. Martin, under review (2025)



Array of coupled non-linear resonators
 5 mm

hi ∈ [-500, 500]MHz ,  Ji,j ∈ [-50, +2] MHz,  U ~ -200MHz 



Quantum Circuit Model
Clifford gates : 



Quantum Circuit Model
Clifford gates : 

● Find n independent stabilizer for initial state

● Evolve each stabilizers to final stabilizers 

● Find a reference state

●    
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For a summary: Tomaž Prosen, News and Views, Nature 612, December 2022



By heavens, what do you mean 
by the bound state of photons? 

On this planet, if photons 
start together they stay 
together for a long time…

What if you break integrability ? By Zeus, he should not call 
them photons !

* "photons" → They are excitations of the 
electromagnetic field that are accompanied by waves 
of charge and current on the surface of the metal. 
This hybrid nature would make it more appropriate to 
call them microwave plasmons.



  XXZ Floquet :

2-Qubit fSim gate tp study XXZ model 

Canonical 1D interacting XXZ Hamiltonian model:



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)

2-Qubit fSim gate tp study XXZ model 

● 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)
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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)

2-Qubit fSim gate tp study XXZ model 

E(k)= -2t cos(k)

stable bound states

en
er

gy

momentum

quasi-energy

stable bound states ?

● 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)

  XXZ Floquet :



Q1

Q6

Q12

Q18

Q24

Bitstring measurement → Boundstate of photons



Circuit model: Floquet dynamicsCanonical 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)  kinetic (hopping)

 interaction

2-Qubit fSim gate tp study XXZ model 

● 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)



Bitstring measurement → Boundstate of photons

Examples: T-bitsring :  ...00011110000…

S-bitsring:  ...001001110000…
...00000110011000…



Band structure: few-body spectroscopy method

→

Green function

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



Band structure: few-body spectroscopy method

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



A single excitation spectroscopy method

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





Few-body spectroscopy technique → Measuring band structure

Convert to energy and 
momentum via 2D 
Fourier transform

Analytical results:

∴ Bound photons are quasiparticles 
with well-defined momentum, energy, 
and charge

Constructing non-Hermitian operators



Extraction of the bound state pseudo-charge
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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:
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island of integrable Hamiltonian

Interaction and integrabilityYang-Baxter relation: 

integrable :  scattering is 
factorizable to 

2 → 2 scattering processes

I → II → III III → II → I
scattering order:

I usually do not study integrable models

But when I do, I test them against 
integrability breaking 

C. W. Hsu et al., Nature Reviews Materials 1, 16048 (2016). 
S. Groha and F. H. L. Essler, Journal of Physics A, 50, 334002 (2017).

sea of interacting models



Breaking integrability continuously

(  )21 
3

(  )14 
3

= 3.65

Fermi Golden rule:

Γ



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

𝜽’ = 0

𝜽’ = 𝜋/2
Expected behavior

Decay of a 3-photon bound state

No quantum KAM. 

No acceptable explanation yet:

Hidden conserved quantities ? No ! 

Prethermalization?  Maybe !

Emerging symmetries ? Don’t know !
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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)  
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Dynamics of 
magnetization at 

infinite temperature 
in a Heisenberg spin 

chain

Rosenberg et al., Science 384 (2024) 
Arxiv 2306.09333



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

A. Scheie et al., Nat. Phys. 17, 726 (2021)



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 



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

Transferred magnetization dynamics in a XXZ spin chain

Initial state: 

Floquet Heisenberg: 

Measure transferred magnetization: 



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)

Domain wall dynamics in a Heisenberg spin chain of 46 qubits

Transferred magnetization 

    𝞵 = 

0.9 

    𝞵 = 

0.3 

    𝞵 =  ∞

    𝞵 =  ∞

In the long time limit : 



Mean and Variance of M → consistent with KPZ

M. Znidaric PRL (2011), M. Ljubotina et al. Nat. Commun. (2017),  J.-M. Stephan, J. Stat. Mech. 
(2017), R. J. Sanchez et al. PRL (2018), E. Ilievski et al. PRL (2018), S. Gopalakrishnan et al. PRL 
(2019), J. De Nardis et al. PRL (2019), S. Gopalakrishnan et al. Proc. Natl. Acad. Sci. (2019), J. De 
Nardis et al. PRL (2020), M. Dupont et al. PRB (2020), M. Dupont et al. PRL (2021), E. Ilievski et al. 
PRX (2021), A. Scheie et al. Nat. Phys. (2021), Wei et al., Science 376, 2022



Skewness of transferred 
magnetization

SU(2) symm initial state

(BR) (TW)



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

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

Skewness of transferred 
magnetization



Higher moments of the transferred 
magnetization

I usually do not study universality classes

But when I do, I measure higher moments too

Significance of studying higher moments in 
determining dynamic universality classes ? 



Skewness of transferred 
magnetization

SU(2) symm initial state

(BR) (TW)



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

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

Skewness of transferred 
magnetization



Higher moments of the transferred 
magnetization

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

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



Numerical simulations

M at cycle T only depends on the 2T spins closest to the center
⇒ simulate smaller chains to enable comparison with experiment

Transferred magnetization 

Custom numpy density 
matrix simulator.

Statevector sampling using qsim + NVIDIA 
cuQuantum on up to 8 GPUs.

Sympy- based 
analytics

e.g. Cycle 1:



Observation of disorder-free 
localization on a quantum 

processor

Arxiv: 2410.06557

Residents



Ergodic dynamics

Anderson localization
P. W. Anderson  (1958)

Many body localization
Basko, Aleiner, and Altshuler (2006)

Can we realize disorder free localization (?)
Smith, Knolle, Kovrizhin,Moessner (2017)

Localize excitations without breaking translational invariance ?

M. Grover  et al. Journal of Statistical Mechanics: (2014)
M. Schiulaz et al., PRB (2015)
N. Yao et al., PRL (2016)
J. Hickey et al., Journal of Statistical Mechanics: (2016)
R. Mondaini et al. PRB (2017)
P. P. Mazza et al., PRB(2019)
H. Bernien et al., Nature(2017)
A. Chandran et al., Annual Review of Condensed Matter Physics (2023)



50

Local perturbation in a translationally invariant 1D ring 

38 qubits



Local perturbation in a translationally invariant 1D ring 



Local perturbation in a translationally invariant 1D ring 



Disorder free Hamiltonian and initial states

binary disorder



What we implemented : 

Unitary transoforation to dual Hamiltonian

What we discussed : 



Challenge : rare events → exponential sampling 

Decoupled gauge (super-selection) sectors

<σ xj > = +1

<σ zj > = 1 

<σ xj > = 
random

→ superposition of all sectors



Dynamics of a local perturbation in a 2D

32 matter + 49 gauge = 81 qubits



Dynamics of a local perturbation in a 2D



Entanglement entropy in a 1D chain  (Nm = 8, Ng = 8 ) 

100 disorder configs Two contributions to entropy:
 
dynamically generated correlations between 
matter and gauge qubits.

background charge disorder 


