Magic of Fluctuations:
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Random Quantum Circuits:
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The promise of isthatcertainc i tasks mightbe
executed ially fasterona esSor onaclassical processor’. A
rundamen(al challenge is to build a high-fidelity processor capable of running quantum
in ially largec i pace. Herewe report the use of a
processor withp super uuuuumgqubl(s’ 7to create quantum states on
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anticipated computing paradigm.
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Undesired coupling to the surrounding environment destroys long-range correlations
inquantum processors and hinders coherent evolutionin the nominally available
computational space. This noise is an outstanding challenge when leveraging the
computation power of near-term quantum processors’. It has been shown that
benchmarking random circuit sampling with cross-entropy benchmarking can
provide an estimate of the effective size of the Hilbert space coherently available™
Nevertheless, quantum algorithms’ outputs can be trivialized by noise, making them
susceptible to classical computation spoofing. Here, by implementing an algorithm
for random circuit sampling, we demonstrate experimentally that two phase
transitions are observable with cross-entropy benchmarking, which we explain
theoretically with a statistical model. The firstis a dynamical transition as a function
of the number of cycles and is the continuation of the anti-concentration point in

the noiseless case. The second is a quantum phase transition controlled by the

error per cycle; toidentify it analytically and experimentally, we create a weak-link
model, which allows us to vary the strength of the noise versus coherent evolution.
Furthermore, by presenting a random circuit sampling experimentin the weak-noise
phase with 67 qubits at 32 cycles, we demonstrate that the computational cost of

our experiment is beyond the capabilities of existing classical supercomputers. Our
experimental and theoretical work establishes the existence of transitions toastable,
computationally complex phase that is reachable with current quantum processors.



Random Quantum Circuits:
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QUANTUM SIMULATION
Information scrambling in quantum circuits
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Interactions in quantum systems can spread initially localized quantum information into the
exponentially many degrees of freedom of the entire system. Understanding this process, known as
quantum g, is key tor g several open questions in physics. Here, by measuring the
time-dependent evolution and fluctuation of out-of-time-order correlators, we experimentally investigate
the dynamics of tum scr. ing on a 53-qubit quantum processor. We engineer quantum circuits
that distinguish operator spreading and operator entanglement and experimentally observe their
respective signatures. We show that whereas operator spreading is captured by an efficient classical
model, operator entanglement in idealized circuits requires exponentially scaled computational
resources to simulate. These results open the path to studying complex and practically relevant physical
observables with near-term quantum processors.

Science 374, 1479-1483 (2021)
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Information Scrambling

OTOC(t) = Re({A'(t)B'A(t)B)),



Information scrambling in quantum circuits
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Information scrambling in quantum circuits
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Explanation:

Definition 3

The OTOC magic of an n-qubit unitary Uis

Ou(U) = p max [1 - |OTOC(D)|],
o -b-‘:»,' 2

Theorem 1

If [.Eé’ OTOC(U) — 0, then

21 =0,
EOu) >1-6

Proc. Natl. Acad. Sci. U.S.A. 120 (17) 2217031120 (2023)
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Explanation:
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Plot of E Ou(U) (green) and 1 - & (black) against €. These quantities are empirically computed using 50 random

samples from the ensemble & generated by Eq. 11.
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There must be a better explanation:
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Stabilizer Renyi Entropy:
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Information scrambling quantifiers:

Correlators-based

Entropic-based
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Entropic-based quantifiers:

- Entanglement entropy

- Mutual information

- Topological entanglement entropy
- Tripartite information
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Mutual information:

By dividing the whole system into three subsystems of A, B and the
complement of A and B:

I® =59 + 5% — 55,

Sﬁ?) = —log, trpx

AA. JH.,CK. & E.G., arXiv:2408.03831
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Mutual information meets magic:
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Mutual information meets magic:

8 qubits
12 qubits
16 qubits

1
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Effective term in mutual information:

1P:=5Q + 82 Q) => |AB|=N/2
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Need to mention:
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Analytics:

Sip = —log, (B[ Tr(p45)]).

—~

& := ( — log, (E[TI‘(P,%;B)2]) - (g,(fz)3)2)’

G

—ln<5) ~ NrIn(1/\) = Linear behaviour!

AA. JH..CK &E.G., arXiv:2408.03831
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Some more intuitive math:

lly. It is important to note that this is not merely a consequence of the
fluctuation of the Renyi-2 entropy being quadratic invariant.

4-Renyi Entropy is also a quadratic invariant: So if | average over
4-Renyi Entropy | will see this effect as well!

AA. JH.CK. &E.G., arXiv:2408.03831
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4-Renyi entropy:

Sﬁ?) = —log, trp%
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Subsystem Size effect:

16 qubits

When = N

|A|=|B|=N/4 o 3 b no» s %
And |AB|=N/2 -

AA. JH..CK &E.G., arXiv:2408.03831

What if |A|=|B|=N/8 and
IAB| = N/4 ?
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Spin measurement:
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Magic in Measurement-induced Random Circuits:

One cycle
(a)
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Magic in Measurement-induced Random Circuits:
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Who cares about magic in random circuits?

Maybe not many people!
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What about a generic unitary?
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Analytics:

V) =1I®V|I) where

d2
Ecboroc(U) = (d2 —

A.A. & E.G. SciPost Phys. 16, 043 (2024)
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Calculation load:

For Stabilizer Entropies: 4V Observables to be measured (as the number of
Pauli strings)

OTOC fluctuations: Fixed(!) number of OTOC instances (heuristically!)

e (Google’s experiment had 53 qubits and OTOC instances was 130!
e |tis not clear if it is only valid for Random Circuits or it is in general true

A.A. & E.G. SciPost Phys. 16, 043 (2024) 34



The team
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The whole group:
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Spin measurement fluctuations on EPTs:
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