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» Arbitrary correlations across time, mediated by an environment

» Formally structured in the same way as spatial many-body correlations

» What’s missing is a way to study these correlations in a practical setting for arbitrary open dynamics
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» Applied to simulating OQS,
everything you can learn
about a process

» Sampling complexity beyond
classical simulability

» Using randomised control
operations, we reconstructed
the matrix product operator
(MPO) representation of a
20-step process
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» Quantum stochastic processes are the most general description of open quantum
dynamics

» Generalised CJI shows how many-time physics is as rich as many-body physics

» We develop ‘process tensor tomography’ and its variants to capture different
aspects of the many-time physics

» We make it scalable, deal with device limitations, and self-consistent
» Estimate contains operational meanings about dynamics

» Demonstrated tomography and applications on IBM Quantum devices

Demonstration — Nature Communications 11 (1), 6301 (2020)

Th k f L t - ' Generalised QPT — PRX Quantum 3, 020344 (2022)
anks 10r Lis enlng - Many-time physics — arXiv:2107.13934

Any QueStlonS? Complexity of OQS — arXiv:2209.10870
Filtering crosstalk with shadows — arXiv:2210.15333
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» Full characterisation scales
exponentially poorly

» Markov order: classically, averaging
over all but previous [ time steps —
same statistics at the present

» No generic extension to quantum

» Instead, (approximate) conditional
Markov order
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» We have a map that tells us the future
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Scalability and Self-Consistency

non-Markovian memory

» PTT generically expensive and
relies on known controls

» Universally model control
process, and interplay of control
and process

» Use locally purified tensor
networks to model both process
and control

» Estimate! the process tensors and

controls
Torlai et al. arXiv:2006.02424
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Concrete Example

» Design around IBM hardware

» e.g. SU4 gate
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» Design around IBM hardware
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Example Results

One example from a bunch of sets of IBM experiments

Q1 —] — C]l — ® o ®
2 qubits, 3 steps, ibmqg_guadalupe
q P 9q_9 P SU(4) __
q2 — — q2 — D D D

Randomised benchmarking

Global Autodiff Optimize Convergence 0.9+
Validation Dat —— Optimised, p = 0.9081
.52 Q aiidation Hata 081 e — Naive, p = 0.8688
e Training Data ko,
0.31+ 3 0.7
‘ 2
2 e 0.6
£0.30 Qos
= o V.
= ‘ >
020] %Y £ 0.4-
0
\/\ A NAA A 0.3
0.28- V \ 4 V ¢ * N
0 10 20 30 40 50 5 10 15 20 25
Epoch Lengths
Absolute predictive difference: minmax=(1.8775463e-06, 0.027240574), mean=0.006607343

Predictive fidelity: minmax=(0.9977334332133879, 0.9999972379788054), mean=0.999675008101766



Can Also Go Bigger and Better 15
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é Simultaneous dynamical decoupling
(3 qubits, 9 steps)

Parallel two-qubit gates (4 qubits, 3 steps)
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(3 qubits, 9 steps)

Parallel two-qubit gates (4 qubits, 3 steps)



Unitary-Restricted Observables

k
a C’):ZOzZMPZ-@)@PM : where
Non-unital ~ Trace-decreasing i, [ =0
& 7T < R?

P, € {H,X,Y,Z},
P,uj E{ }U{X7Y7Z}®{X7Y7Z}

{Tk::o

(P,TI) (IP,,)
N
A=)
0y
N

Projy, (Tro) = Ty }

141
| -

| P |
------------------------------------------------- U nltary 111111 TI' [WTkO] |
Wew

W ={WI|VM:3Py,Qun =0:W = Py + Q.M
Tr|(W|=1,W € i}.

Fixed witnesses Bounding functions
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Unitary-Restricted Observables

Non-unital  Trace-decreasing

{Tk::o

(P,I) (IP,,)
N
[ Al j = | A;|po]

141 0

Projy, (Tro) = Ty }

(PoPm) R
Unitary ForQ o

Fixed witnesses Bounding functions

» Also look at 3-step/7-body processes with
different backgrounds

min Tr|W k.o,

wew

Cki,/j;E]R,
P, € {H, X,Y, Z},
P, €A

k
O = Z a; g P ® ® P, where
i =0

JULXY, Zy 0 {X,Y, Z}

16

W ={WI|VM:3Py,Qun =0:W = Py + Q.M
Tr|(W|=1,W € i}.

Fixed

T = TR L Ry

Non-unique

Setup

QMI (min, max)

Negativity

Purity

Fidelity

41

49,
43,
44,
45,
46,

. System Alone

0) NNs with QDD

+) Nearest Neighbours (NN)
Periodic CNOT's on NNs in [+)

+) Long-range Neighbours
+) NN, delay, |4+) next-to-NN

(0.298, 0.304)
(0.363, 0.369)
(0.348, 0.358)
(0.358, 0.373)
(0.329, 0.339)
(0.322, 0.329)

0.0179, 0.0181)
0.0255, 0.0259)
0.0240, 0.0246)
0.0205, 0.0210)
0.0209, 0.0214)
0.0209, 0.0213)

0.8900),
0.7476,
0.7796,
0.8592,
0.8594,
0.8534,

0.8904
0.7485

) (0.9423, 0.9427

)
0.7811)

)

)

0.7239, 0.7244
0.7264, 0.7272
0.8034, 0.8045
0.8608) (0.9252, 0.9260
0.8549) (0.9077, 0.9083

0.8612

ibmqg_casablanca



