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Roadmap

- Quantum Chaos and Random Matrix Theory (RMT)

Quantum Chaos is fuzzy, an Empirical Zoo!
Properties of matrices produced by different stochastic models
Connect with theoretical physical models and real experiments

- Quantum Process Tomography (QPT)

Retrieval protocol for obtaining the dynamics of quantum systems
Uses measurement data, Pauli expectation values, stemming from real hardware.
Lets us model quantum circuits as quantum channels.

 Results

Can determine the presence (or absence) quantum chaos in today’s noisy
guantum hardware

A class of parameterized quantum circuits can be described by a model

from RMT called diluted unitary

Latent noise in quantum hardware is chaotic in nature, but non-chaotic dissipation
can be engineered into the quantum circuits and detected in our setup.
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Classical Chaos -
Initial perturbation ->
large evolved deviation

Quantum Mechanics is a
linear theory. Perturbations

in the wavefunction stay small
during evolution.

Classical phenomenon

emerge from quantum mechanics?
Chaos enters QM somewhere other
than on the levels of amplitudes.

Classical and Quantum Chaos
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Ways to detect Quantum Chaos
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Ways to detect Quantum Chaos

—_—
Classical Limit Quantum Chaos
(Bohigas—Giannoni—Schmit) H(Q) 7 {Elg Eﬁj R En}
Information Scrambling TS 2
— 4
Sn — En+l — En NpDW(S) = Z > s /
Spectral Chaos - ot

Non-Chaotic

statistics on eigenvalues!  *

e Strength:

Can be used on systems

0

without classical limit

Eigenvalue
g
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Random Matrix Theory

* Random Matrix Theory investigate (i(it(H _ )\I) =0
(spectral) properties of stochastically
generated matrices. Gii ~ N0 L)
1) ’ \/a
* Ingeneral, a spectrum {A} of a matrix H
relates to its elements in a very complicated way. G+ GT
H=——
* Remarkably, can be computed analytically V2
when the elements follow special
stochastic models. In particular, P\, -+, AN) = H|,\ — ) \He 1A d\

the Gaussian Orthonogal Ensemble (GOE). N i<y



Random Matrix Theory — Energy Spacing
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Random Matrix Theory — Energy Spacing

* With ajoint probability for the eigenvalues P(M, -+ AN) = 1 H A — He—%)«?d)\,
. ’ ’ ZN 1 J ' J
of a GOE system, the energy spacings can ;

i<j
be computed

(s

2
Sn = /\TL+1 - An ~ 556

8

PSE

*  Wiger-Dyson exhibit distinct eigenvalue
repulsion, opposed to uncorrelated
Poisson statistics
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Random Matrix Theory — Energy Spacing

* Leap of faith: Check energy spacing
of some real physical system!
Surprisingly good correspondence.
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Random Matrix Theory — Energy Spacing

* Leap of faith: Check energy spacing
of some real physical system!
Surprisingly good correspondence.

* Not a priori obvious. A nuclear Hamiltonian

is something very specific. Why should it share
characteristics of something very generic?
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05k

Poisson

NDE

L]

1726 spacings

g.l. Nearest neighbor spacing histogram for :

Er, (b) Nuclear Data Ensemble (NDE).

Bohigas, O., Haq,
R.U., Pandey, A.
(1983). Fluctuation
Properties of Nuclear
Energy Levels and
Widths : Comparison of
Theory with

Experiment
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Experimental Quantum Chaos
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Experimental Dissipative Quantum Chaos
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* Quantum Chaos has been investigated
on several physical platforms.

N ¢
H<
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wave power
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Natural: nuclei EE | (Mr, pr, Hr) _

Engineered: microwave Billiards and qwency [GHd
System

quantum computers. el

What has lacked is experimental results
for systems that are dissipative, i.e., influenced

Environment

(He, pE, HE)
by noise and other effects from an environment.
\ ‘j o /rk" m'::essysten; r(‘zelvztr;‘gmg toa Hilbert space ;;ya with states d;sgn(m:z

Z into the system of interest, “system,” and the environment.
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Experimental Dissipative Quantum Chaos

(a) (b) w
* Quantum Chaos has been investigated muuuu;ﬁﬁmjﬁiwﬂW5§W
: 1 E
on several phy§|cal platforms. WWM‘M : P
Natural: nuclei MW‘%E' (3r, 5, Hir) |
Engineered: microwave Billiards and qwency [GHd
R System
quantum computers. 7 S
(— |
* What has lacked is experimental results =G
. . . . . - Environment
for systems that are dissipative, i.e., influenced - (s os, Hy)
by noise and other effects from an environment. [ﬁ
v‘-—l—.‘"\(f’;
 What systems to investigate? What characteristics . \@ iy L Crgg . it s i it desct by

to look for?

. " 2 into the system of interest, “system,” and the environment.
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Tempting Idea — Quantum Computers!

* Available (sort of...)

* Fully programmable,
a rich laboratory!

* Noisy! A curse for some.
A blessing for us.




A first experiment —
Parameterized Quantum Circuits

(a)

* Quantum circuit consisting of Ta——
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layers of random rotations and 7 — T

“ladders” of CNOTs

G

[
Ny

L AS
- ol _RR"” i
L —

fan
\&




A first experiment —
Parameterized Quantum Circuits

(a)

G

[
Ny

* Quantum circuit consisting of Ta——

: t=10 /o
layers of random rotations and — — Ty (¢
“ladders” of CNOTs _ R (03

AR
e Universal approximator, when noiseless. - — TRy (3
(

Converges quickly, consistent with _ .

- R
experimental resolution for [=10. . ) l
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Retrieving the Circuit = 7(py,6) = 3" K,(6)po K (6)

Set up parametric model of a
general guantum channel (r>1 means non-unitary!)
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Retrieving the Circuit

Set up parametric model of a
general quantum channel (r>1 means non-unitary!)
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* Retrieve the Pauli-string measurements, B iram) = :
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Retrieving the Circuit

_ _ _ T
pt = T(po,0) = E Ki(0)poKi(0)
1=1
.
Set up parametric model of a Z K,}LK& — T
general quantum channel (r>1 means non-unitary!) i |
Rz Iy .
. . . oC T ) T ‘ {"’:‘J}1
Retrieve the Pauli-string measurements, e 4y . R —
both in-silico and on real hardware : ) S
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Retrieving the Circuit /= 7(5,,0) = 3 Ki(6)po K. (6)
1=1
. Set up parametric model of a Z K.}LK{, — 7T
general quantum channel (r>1 means non-unitary!) i |
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Spectrum of Retrieved Circuit

What does the spectrum of a PQC
look like? Anyone’s guess...
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*  What does the spectrum of a PQC 0.25
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* Spectrum for 3-qubit PQC at I=8, ..., 32 ~0.50

The eigenvalues distribute in an annulus. S
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Annulus collapse and broaden as a
function of L.
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Spectrum of Retrieved Circuit

0.75

0.50

*  What does the spectrum of a PQC 0.25

look like? Anyone’s guess... E oo

-0.25

* Spectrum for 3-qubit PQC at I=8, ..., 32 ~0.50

The eigenvalues distribute in an annulus. S
Sharp boundary of an inner and outer radius. %0 s o0 o5 10

Annulus collapse and broaden as a
function of L.

* Very particular form! Do we know of any o
theoretical models capturing this behaviour? ~

-1.0 -0.5 0.0 0.5 1.0 10 -0.5 0.0 0.5 1.0

ReA ReA
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Diluted Unitaries

Sa. et. al. Spectral transitions and universal steady states
in random Kraus maps and circuits. Phys. Rev. B 102,
134310 (2020)

«  Atwo-parameter stochastic ensemble Tou(p) = (1 — p)UpUT +p Z KipK,;r
1=1

of guantum channels.

 Uisauniformly random unitary,
and K is a random Kraus map.
p € [0,1] is decoherence strength,
while r € [1,d?] is the rank.

e Also produce an annulus shaped

p=0.4

-1.0 -05 00 05 10

spectral support.
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Diluted Unitaries

Sa. et. al. Spectral transitions and universal steady states
in random Kraus maps and circuits. Phys. Rev. B 102,
134310 (2020)

«  Atwo-parameter stochastic ensemble Tou(p) = (1 — p)UpUT +p Z KipK,;r

of quantum channels. i—1

 Uisauniformly random unitary,
and K is a random Kraus map.
p € [0,1] is decoherence strength,
while r € [1,d?] is the rank.

e Also produce an annulus shaped
spectral support.

-10 -05 00 05 10 -10 -05 00 05 10 -10 -05 00 05 10

-1.0 -05 00 05 1.0
ReA ReA ReA ReA

(=8 (=16 (=24 £=232 =40
| p=0.57 p= ():Tl p=10383 p =089
* Inner and outer radius is related to T T T
pandr o /,, %EL A
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What do we learn?

Sa. et. al. Spectral transitions and universal steady states

in random Kraus maps and circuits. Phys. Rev. B 102,
134310 (2020)

.
DU capture the spectral support of Tou(p) = (1 — p)UpUT +p Z KipK,;r
PQC. It tells us about the i—1
generic/universal behaviour of

real noise.
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What do we learn?

Sa. et. al. Spectral transitions and universal steady states
in random Kraus maps and circuits. Phys. Rev. B 102,
134310 (2020)

PQC. It tells us about the
generic/universal behaviour of
real noise.

« DU capture the spectral support of Tou(p) = (1 — p)UpUT +p Z KipK,;r
1=1

* Is not a mechanistic model in
itself. DU is not have is actually
happening in hardware. But it
might inspire how to think .
correctly about the noise. o
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What do we learn?

Sa. et. al. Spectral transitions and universal steady states
in random Kraus maps and circuits. Phys. Rev. B 102,
134310 (2020)

« DU capture the spectral support of Tou(p) = (1 — p)UpUT +p Z KipK,;r
1=1

PQC. It tells us about the
generic/universal behaviour of
real noise.

* Is not a mechanistic model in
itself. DU is not have is actually
happening in hardware. But it
might inspire how to think LI
correctly about the noise. o

(=8 T (oo [~ f= 10
05 p=0.57 p= ():Tl p=10383 p =089
* Potentially exclude typical | o e
reductionistic noise models. Z o & % o
.y

E.g. amplitude and phase damping.
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Second experiment —
Engineered non-chaotic Noise

s\

* Latent noise seem very chaotic.
What about dissipative effects
that are very regular?

£
<

 An appropriate measure is complex spacing ratio (CSR).
Repulsion between eigenvalues (chaos) induce )
a bitten-donut shape, while decorrelation (non-chaotic) *°
induce a disk. %0

-0.5

0

-1.0

° o
~9 )\J__/\I,\'I\'N
(b)

Poisson

10

Probability
°

~1.0 -0.5 0.0 05 10
Rez

~1.0 -0.5 0.0 05 1.0
Rez

Sa. et. al. Complex Spacing
Ratios: A Signature of
Dissipative Quantum Chaos.
Phys. Rev. X 10, 021019 —
Published 27 April, 2020
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Second experiment — ol
Engineered non-chaotic Noise C) ﬁ
05/ Re)
/\\\
3s

* Latent noise seem very chaotic.
What about dissipative effects . S .
that are very regular? i, iz

 An appropriate measure is complex spacing ratio (CSR). l
Repulsion between eigenvalues (chaos) induce '

a bitten-donut shape, while decorrelation (non-chaotic) *°
induce a disk. o

-0.5

* What systems gives statistics that are not bitten donuts,-1.0 B o

and can we even detect it accurately? 10 -05 00 05 10 -10-05 00 05 1.0
Rez Rez

0 (b)

Sa. et. al. Complex Spacing
Ratios: A Signature of
Dissipative Quantum Chaos.
Phys. Rev. X 10, 021019 —
Published 27 April, 2020
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Trace-out Free-Fermion (FF) Circuits

free-fermion circuit

* Inspiration from circuits simulating
fermionic systems. Very constrained gate-set.

Lots of symmetry.
e Discard the last qubit -> Emulate information Zu HZ-
leaking out of system. 4+1 qubit system!

* For a high-fidelity computer and shallow circuits,
the hope is that the engineered openness is
dominating over the latent one, and is detectable.



Results and Comparisons

* For the infinite size FF, we get the
expected disk. For 4+1 qubits, we get
strong finite size effects. But at any rate, - FFa. e
it is very different from the bitten donut. s T TR R e L B

free-fermion circuit

Layer 1 Layer 2 Layer T




Results and Comparisons

* For the infinite size FF, we get the
expected disk. For 4+1 qubits, we get
strong finite size effects. But at any rate,
it is very different from the bitten donut.

* Regularity is a fragile property.
Retrieval of higher order statistics
is also far from not trivial.
Combined effort of hardware tuning,
lots of data, and lots of optimization.

ol FF.. .. FFa1 Exp.

-1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0
Rez Rez Rez

free-fermion circuit




Results and Comparisons

* For the infinite size FF, we get the
expected disk. For 4+1 qubits, we get
strong finite size effects. But at any rate,
it is very different from the bitten donut.

* Regularity is a fragile property.
Retrieval of higher order statistics
is also far from not trivial.
Combined effort of hardware tuning,
lots of data, and lots of optimization.

* Previous was for I=5. How does the CSR
change as you increase the number of layers?

Ul FF

0,00

-1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0 -1.0 -05 00 05 1.0
Rez Rez Rez

free-fermion circuit




Disk to Donut Transition

* Asthe depth increase, latent
noise become more dominant.
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Disk to Donut Transition

* Asthe depth increase, latent
noise become more dominant.

* We see observe that the
latent noise induce a disk
to donut transition, showing i e
that it is chaotic in nature.
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Disk to Donut Transition

* Asthe depth increase, latent
noise become more dominant.

e We see observe that the
latent noise induce a disk

0.0 0.5
Rez

— Theoratic,

to donut transition, showing
that it is chaotic in nature.

o~ Expenmental, T

* Further observations that
hopefully inspire how to think

Integrabla
—— Theoretic, Non-Integrabile
=5

—— Thearetic, Nan-integratie

about quantum noise.

a
Angle 18]



Quantum Process Tomography

Other presentation!
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