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Abstract

• Design, characterization and optimization of large 
artificial quantum structures (e.g., practically useful 
quantum computers) is hindered by the fact that their 
efficient simulation by classical means is fundamentally 
impossible. On the other hand, important information 
about such systems can be obtained from a qualitative 
analysis of their "general case" behaviour. In particular, 
finding the universal dimensionless combinations of 
their parameters (figures-of-merit), which control 
transitions between qualitatively different regimes of 
operation, will help establish the desired parameters of 
the system with the use of scaled experiments and model 
calculations.
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Current status

• Fabrication of multiqubit arrays with controlled 
macroscopic quantum coherence now possible

• Applications (part of “quantum technologies 
2.0”):
▫ Integrated quantum limited detection and image 

processing

▫ Quantum optimization 

▫ Quantum simulation

▫ Quantum communication





Collective coupling between an 

ensemble of 4300 flux qubits and a 

superconducting resonator

• Kakuyanagi et al., 2016



Conclusions

D-Wave current

2,000 – 5,000

Sources: CB insights; IBM; Google; HINRICH FOUNDATION REPORT



• Scholten et al, 
arXiv:2401.16317v1



“Money is in the 

exponent.”

    Lev Landau



The fabrication and control of macroscopic 
artificial quantum structures, such as qubits, qubit 
arrays, quantum annealers and, recently, quantum 
metamaterials, have witnessed significant 
progress over the last 15 years and reached the 
point where the existing theoretical and 
computational tools become inadequate for 
predicting, analysing, and simulating their 
behaviour. 



What now?  

• Cannot build a Pentium  with 
Steam Age technology

• Especially if you cannot tell 
whether it works or not



Drastic improvement in quality of 

superconducting qubits
• 1999 – <10 ns

• 2015 – >100 µs 

• manipulation  time - nanoseconds



…still short of what is needed for a 

universal digital quantum computer



Deceptive simplicity

• 𝜌 𝜕𝑡𝒗 + 𝒗 ⋅ 𝛻 𝒗 = −𝛻𝑝 + 𝜇 Δ𝒗 + 𝜆 + 𝜇 𝛻ሺ
ሻ

𝛻 ⋅
𝒗 + 𝒇

• 𝑖ℏ𝜕𝑡 ො𝜌 = ෡𝐻, ො𝜌 + ෠෠𝐿[ ො𝜌]





• It is absurd to search for a solution if it exists 
anyway. We talk here about how to deal with a 
problem which does not have a solution. This is 
a fundamentally profound question.

▫ (C.J. Junta)



• We do not constrain you. Feel free to do the 
impossible.

▫ (J.V. Ivanov)



Let’s assume that we can:

• Establish the existence of qualitatively different 
regimes of operation of large quantum coherent 
structures

• Identify universal dimensionless parameters 
controlling transitions between these regimes

• Develop reliable and efficient methods of calculation 
and measurement of these parameters  

• Investigate the behaviour of small-scale model 
systems

• Extrapolate the results to large-scale systems



FOM candidates:

• Must be independent dimensionless 
combinations of world constants and 
characteristic parameters of a system of qubits, 
such as:

Dimens
ionality

1 𝑁 𝑍 Δ𝑗2 …

Ex 𝐸 Δ𝐸2 𝑔 Δ𝑔2 𝐸𝑒𝑥𝑡 Δ𝐸𝑖Δ𝐸𝑗 𝑇 …

Ty 𝑡𝑟 𝑡𝜙 𝑡𝑜𝑝 1/ ሶ𝜆 ⟨Δ𝑡𝑟
2⟩ ⟨Δ𝑡𝜙

2 ⟩ …

A2T 𝑆𝐴ሺ𝜔ሻ …



Quantum speed limits

• Margolus-Levitin theorem

▫ Transition between two mutually orthogonal 
states of a quantum system with average energy 
〈𝐸〉 (measured from the ground state) requires no 
less time than

 𝜏⊥ = ℎ/4〈𝐸〉

▫ N. Margolus, L.B. Levitin, Physica D 120, 188 (1998)



Quantum speed limits

• Generalization 1: 

▫ In a driven closed system the transition from 
(pure) 𝜌𝑖 to (mixed) 𝜌𝑓requires at least

 𝜏𝑖𝑓 = ℏ/2 ത𝐸 sin2 Θ𝑖𝑓

 Bures angle Θ𝑖𝑓 ≡ arccos 𝜓1 𝜌𝑓 𝜓1

 Average energy ത𝐸 =
1

𝜏𝑖𝑓
0׬

𝜏𝑖𝑓 𝐻ሺ𝑡ሻ 𝑑𝑡

▫ S. Deffner, E. Lutz, PRL 111, 010402 (2013)



Quantum speed limits

• Generalization 2: 

▫ In an open system, where ሶ𝜌𝑡 = 𝐿𝑡 𝜌𝑡 , the 
transition requires at least

 𝜏𝑖𝑓 = max{
1

Λ𝑜𝑝
,

1

Λ𝑡𝑟
} sin2 Θ𝑖𝑓

 Λ𝑜𝑝,𝑡𝑟 ≡
1

𝜏𝑖𝑓
0׬

𝜏𝑖𝑓 𝐿𝑡 𝜌𝑡
𝑜𝑝,𝑡𝑟

𝑑𝑡

 Here the operator (trace) norm is the largest 
singular value (their sum)

▫ S. Deffner, E. Lutz, PRL 111, 010402 (2013)



Quantum speed limits

• Mandelstam-Tamm limit: 

▫ In an open system, where ሶ𝜌𝑡 = 𝐿𝑡 𝜌𝑡 , the 
transition requires at least

 𝜏𝑖𝑓 = max{
1

Λ𝑜𝑝
,

1

Λ𝑡𝑟
} sin2 Θ𝑖𝑓

 Λ𝑜𝑝,𝑡𝑟 ≡
1

𝜏𝑖𝑓
0׬

𝜏𝑖𝑓 𝐿𝑡 𝜌𝑡
𝐻𝑆

𝑑𝑡

 Here the Hilbert-Schmidt norm 𝐿𝑡 = 𝑡𝑟[𝐿𝑡𝐿𝑡
+]

▫ S. Deffner, E. Lutz, PRL 111, 010402 (2013)



Quantum space limits

▫ “The current numerical and analytic evidence 
from the study of integrable systems suggests that 
there exists a minimal set of independent 
constraints the size of which is much less than the 
dimension of the Hilbert space but may still be 
much greater than one”

▫ M. Rigol, V. Dunjko, M. Olshanii, Nature 452, 854 (2008)





Quantum space limits

▫ The manifold of all quantum many-body states 
that can be generated by arbitrary time-dependent 
local Hamiltonians in a time that scales 
polynomially in the system size occupies an 
exponentially small volume in Hilbert space

 𝐻 𝑡 = σ𝑋⊂ 1,2,…𝑁 𝐻𝑋 𝑡 ; 𝐻𝑋ሺ𝑡ሻ ≤ 𝐸

 X contains no more than k elements, independent of 
the system size 

▫ D. Poulin, A. Qarry, R. Somma, F. Verstraete, PRL 106, 170501 
(2011)



A. Andreev, A. Balanov, T. Fromhold, M. Greenaway, A. Hramov, W. Li, V. Makarov and 

A. Zagoskin  “Chaos and hyperchaos in driven interacting quantum systems”, npj 

Quantum Information 7, Article 1 (2021)











Number of positive Lyapunov exponents in 

An N-qubit ring chain



HyperchaosChaos

Stable

Quasiperiodic

Periodic

Five-qubit ring chain



Quantum evolution as a series of 

unitary evolutions interrupted by 

collapses







𝑺 = 𝟏 → 𝚫𝑺 =
𝝅

𝟐
𝑴−

𝟏
𝟐𝒇 𝑵 −

𝟏
𝟐



Random walk model: numerical results

• Δ𝑆 =
𝜋

2
𝐴 𝑁 𝑀−𝐵 𝑁

▫ 𝐴 𝑁 = 0.309 𝑁0.76

▫ 𝐵 𝑁 = 0.473 𝑁0.020

 → 𝑓 𝑁 ≈ 10.5 𝑁−
3

2

Watabe, Serikow, Kawabata, and 

Zagoskin

Frontiers in Physics, 2022 (744).



Accessibility index

• Total evolution time 𝑡𝑓, decoherence time 𝑡𝐷, 

coupling J:

▫ 𝑀 =
𝑡𝑓

𝑡𝐷
;  Δ𝑆 ≤ 𝑡𝐷𝐽

• The necessary “quantumness condition” is A>1, 
where the accessibility index

• 𝐴 = 4𝐽
𝑡𝐷𝑡𝑓

𝑁
3
4



Quantumness of a D-Wave processor

▫ 𝑁 ∼ 100

▫ 𝑡𝐷 ∼ 10 ns

▫ 𝑡𝑓 ∼ 5μs

▫ 𝐽 ∼ 5 GHz

• 𝐴 ∼ 100 ≫ 1

• The maximal size of a quantum adiabatic 
processor (with these parameters):

• 𝑁𝑚 = 4𝐽
4

3 𝑡𝑓𝑡𝐷

2

3 ∼ 105



Percolation approach



There are indications that we actually 

can:
• Establish the existence of qualitatively different 

regimes of operation of large quantum coherent 
structures

• Identify universal dimensionless parameters 
controlling transitions between these regimes

• Develop reliable and efficient methods of calculation 
and measurement of these parameters  

• Investigate the behaviour of small-scale model 
systems

• Extrapolate the results to large-scale systems



In science fiction radio 
was the main thing. It 
was expected to bring 
universal happiness to 

the mankind. 
Well, now we have 
radio, but still no 

happiness in sight.

Ilya Ilf (ca. 1930)
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