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solve certain linear algebra problems faster than their classical counterparts. We will see that the reason quantum computers solve these
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input/output statistics.

Zoom Link: https://pitp.zoom.us/j/96752851897?pwd=R29GWHovNOMwVXVYWklaNE1QZ1c5dz09

Pirsa: 21090000 Page 1/100



Computing

VVA%L& |Q C k\‘

Shallow circuits and the quantum-classical boundary

David Gosset, University of Waterloo

Bravyi, DG, Koenig. Science 362 (6412), 2018.
Bravyi, DG, Koenig, Tomamichel. Nature Physics 1-6, 2020
DG, Grier, Kerzner, Schaeffer. arXiv:2009.03218, 2020

Perimeter Institute Colloquium September 22, 2021

CIFAR ® NSERC

CRSNG

Pirsa: 21090000 Page 2/100



Early quantum computing

Classical computers. Quantum computers as Quantum algorithms for
quantum simulators. factoring and discrete log.

Quantum error correction.
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Evidence for quantum advantage in computald

Quantum algorithms with speedups over classical L aly)
Shor’s algorithm ih——=H[Y)
Simulation of Hamiltonian dynamics

Sampling from classically hard distributions
Boson sampling

|IQP circuits

Random quantum circuits

Provable speedups relative to an oracle
Bernstein-Vazirani i
Simon’s problem |x) box (—1)7 ) |x)

Oracle
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Noise can corrupt quantum information 1\1

irsa:

n
# of qubits

d : circuit depth

Expected number of errors scales with the total circuit size ~nd
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Error correction and fault-tolerance n\‘

Quantum information can be protected using error correcting codes.

A logical qubit is composed
of multiple physical qubits

Image source: [Gambetta, Chow, Steffen 2017]
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Error correction and fault-tolerance l\‘

Quantum information can be protected using error correcting codes.

A logical qubit is composed
of multiple physical qubits

Using quantum error correction it is possible to compute fault-tolerantly.
The overhead is impractical for now.

Image source: [Gambetta, Chow, Steffen 2017]
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Quantum computers today

Current quantum computers do not incorporate error correction and are affected by
noise.

IBM Quantum
https://quantum-computing.ibm.com/services?services=systems&system=ibmq_montreal

ibmg_montreal 4« > x
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Quantum computers today ._ ;\\

Current quantum computers do not incorporate error correction and are affected by
noise.

lonQ
https://iong.com/technology

Performance Benchmarks!

Qubits Average Fidelity Best Fidelity

Single-qubit gates on Single-qubit gates Single-qubit gates

9 Qubits >99% 99.97%

Two-qubit gates on all pairs up to Two-qubit gates Two-qubit gates

11 Qubits >98%" >99.3%"

Minimum Fidelity

Coming Soon: 32 Qubits

Single-qubit gates

>99%
Two-qubit gates

>06%

performance.
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Quantum computers today .‘\‘

Current quantum computers do not incorporate error correction and are affected by
noise.

Google
“Quantum supremacy using a programmable superconducting processor”
Arute et al, Nature 574.7779 (2019): 505-510 "

- X X X

B ¥F
§p7 " .
Fig.1| The Sycamore processor. a, Layout of processor, showinga rectangular
array of 54 qubits (grey), each connected to its four nearest neighbours with x Qubit

couplers (blue). The inoperable qubitis outlined. b, Photograph of the
Sycamore chip.
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m _."\‘

What can we do with limited or no error correction, using short depth circuits
over a gate set determined by architecture?
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Practical near-term quantum computing?

Most demonstrations that have been
performed on real-world quantum devices,
for “practical sounding problems” are based
on heuristic or variational quantum
algorithms.

Page 12/100
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Practical near-term quantum computing?

Most demonstrations that have been Quantum chemistry

performed on real-world quantum devices, C _ Angular profile
for “practical sounding problems” are based 5
on heuristic or variational quantum 756\
algorithms. -

40 60 80 100 120 140 160 180
6 (deg)

Ground state energy of water molecule
From Eddins et al. (IBM group) arXiv:2104.10220
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Practical near-term quantum computing?

Machine learning

Most demonstrations that have been
performed on real-world quantum devices,
for “practical sounding problems” are based
on heuristic or variational quantum

algorithms.

Binary classification using quantum Kernel methods
From Havlicek et al. (IBM group)
Nature 567, 209-212 (2019).
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Practical near-term quantum computing?

Most demonstrations that have been
performed on real-world quantum devices,
for “practical sounding problems” are based
on heuristic or variational quantum
algorithms.

For now these are proof of principle
demonstrations. Even if the demonstrations
can be scaled up, we don’t know if there are
quantum speedups for these problems.

Pirsa: 21090000

Optimization
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Quantum Approximate Optimization Algorithm

From Harrigan et al. (Google group)
Nature Physics 17, 332-336 (2021).
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Other experiments have aimed only to convincingly beat classical computers,
not to perform a useful task...
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Beyond classical?

Random Circuit Sampling: simulating a random quantum circuit using a classical

computer is believed to be computationally hard...
[Boixo et al. 2017]
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‘Quantum supremacy using a programmable superconducting

Beyo n d Cl aSS i Ca I ? !Arute et al, Nature 574.7779 (2019): 505-510

Random
% 10) Quantum Output bits are
53 qubits 10) . Z = Z1Z) ...Zn correlated with C.
. circuit
10)
v

Depth 20
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" “Quantum supremacy using a programmable superconducting b= .‘
Beyo n d Cl aSS I Ca I ? Arute et al, Nature 574.7779 (2019): 505-510 l\

A Random
Quantum
circuit

|0)
53 qubits |0)

Output bits are

Z = Z1Z3 ...Zyn correlated with C.
Correlation is still
detectable even with
noise in experiment

Depth 20

Theoretical evidence for classical hardness: rests on a conjecture that a certain

family of complex temperature Ising model partition functions are hard to approximate in
the average case.
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- “Quantum supremacy using a programmable superconducting | e ‘
Beyo n d Cl aSS I Ca I ? Arute et al, Nature 574.7779 (2019): 505-510 t ___\

A Random
Quantum
circuit

|0)
53 qubits |0)

Output bits are

Z = Z1Z3 ...Zyn correlated with C.
Correlation is still
detectable even with
noise in experiment

Depth 20

Empirical evidence for classical hardness: The best classical algorithm running on
current classical computers takes much longer than the quantum experiment.
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. “Quantum supremacy using a programmable superconducting - ‘
Beyo n d Cl aSS I Ca I ? Arute et al, Nature 574.7779 (2019): 505-510 t\

Random .
Quantum Output bits are
Z = Z1Zy ...Zyn correlated with C.

circuit . = Correlation is still
' detectable even with
noise in experiment

53 qubits

Depth 20

Empirical evidence for classical hardness: The best classical algorithm running on
current classical computers takes much longer than the quantum experiment.

This is a moving target!
Recent classical progress: classical algorithm spoofs Google’s correlation measure, using 5 days and 60 GPUs [Pan
Zhang 2021]
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" “Quantum supremacy using a programmable superconducting _— ‘
Beyo n d Cl aSS I Ca I ? Arute et al, Nature 574.7779 (2019): 505-510 ll

Random ;
OUanim Output bits are
53 qubits et = Z = Z1Z3 ...Zyn correlated with C.
alied . Correlation is still
detectable even with
C noise in experiment
< >
Depth 20

Empirical evidence for classical hardness: The best classical algorithm running on
current classical computers takes much longer than the quantum experiment.

This is a moving target!

Recent quantum progress:  “Quantum computational advantage via 60-qubit 24-cycle Random Circuit Sampling”
Zhu et al, arXiv:2109.03494
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Beyond classical?

BosonSampling: systems of non-interacting bosons can also be used to sample from

classically inaccessible distributions, assuming similar complexity theoretic conjectures.
[Aaronson Arkhipov 2011]

Experiment at USTC implemented a
variant called Gaussian Boson
Sampling using a 100 mode linear
optical network. Classical simulability
IS subject of debate.

“Quantum computational advantage using photons”
Zhong et al, Science 370.6523 (2020): 1460-1463
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THE BORDER TERRITORY
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Image source: Zurek W.H. (2006) “Decoherence and the Transition from Quantum to Classical — Revisited”
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THE BORCPDER TERRITORY
QUANTUM DTOMAIN CLASSICAL DOMAIN

QUANTUM BiLL OF RIGHTS [N . CLASSACAL LA IND ORDE R
INTFEFT RE (¥ Yoo CAN L = = DO NOT INTERFE 2€ Ml
SCARIDINGER'S. EQUATI O * v \ N MEWTON'S EGUATIONS

“SRCOMD Law) OF e g DYl S

Image source: Zurek W.H. (2006) “Decoherence and the Transition from Quantum to Classical — Revisited”
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THE BORDER TERRITORY —
QMNNTUM DOMAIN CLASSICAL DoOMAIN I
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Which restricted forms of quantum computation can be more powerful
than classical computers? Which are classically simulable?

Image source: Zurek W.H. (2006) “Decoherence and the Transition from Quantum to Classical — Revisited”
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QUANTUM FiLL OF RIGHTS CLASSACAL LA AND ORDE 2
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In this talk | will tell you about a new kind of quantum advantage with
shallow quantum circuits.

Image source: Zurek W.H. (2006) “Decoherence and the Transition from Quantum to Classical — Revisited”
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Shallow quantum circuits EJ

Circuit depth is the number of time steps allowing for parallel gates.
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Shallow quantum circuits E.L‘

Circuit depth is the number of time steps allowing for parallel gates.

Time step 1
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Shallow quantum circuits EJ

Circuit depth is the number of time steps allowing for parallel gates.

Time step 2
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Shallow quantum circuits EJ

Circuit depth is the number of time steps allowing for parallel gates.

Time step 3
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Shallow quantum circuits E\‘

Circuit depth is the number of time steps allowing for parallel gates.

We are interested in quantum circuits with constant depth.
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Can shallow quantum circuits beat classical computers?

=

o
*
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Can shallow quantum circuits beat classical computers?

==

o
'*

Big question: Can constant-depth quantum circuits perform a task that

polynomial time classical computers can’t? We believe they can...

[Terhal Divincenzo 2002][Gao et al 17]
[Bermejo-Vega et al. 17]

Smaller question: Can constant-depth quantum circuits solve a
problem that constant-depth classical circuits can’t?
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Can shallow quantum circuits beat classical computers?

==

o
*

Big question: Can constant-depth quantum circuits perform a task that

polynomial time classical computers can’t? We believe they can...

[Terhal Divincenzo 2002][Gao et al 17]
[Bermejo-Vega et al. 17]

Smaller question: Can constant-depth quantum circuits solve a
problem that constant-depth classical circuits can’t? YES...
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Shallow quantum beats shallow classical EJ

Plan for the rest of the talk:

Bravyi, DG, Koenig. Science 362 (6412), 2018.

Shallow quantum circuits can solve a linear algebra problem that provably can’t
be solved by shallow classical circuits.

Bravyi, DG, Koenig, Tomamichel. Nature Physics 1-6, 2020.

Noisy shallow quantum circuits can solve a linear algebra problem that
provably can’t be solved by shallow classical circuits.
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Shallow quantum beats shallow classical EJ

Plan for the rest of the talk:

Bravyi, DG, Koenig. Science 362 (6412), 2018.

Shallow quantum circuits can solve a linear algebra problem that provably can’t
be solved by shallow classical circuits.

Bravyi, DG, Koenig, Tomamichel. Nature Physics 1-6, 2020.

Noisy shallow quantum circuits can solve a linear algebra problem that
provably can’t be solved by shallow classical circuits.

The advantage is not very dramatic: log versus constant depth.

That said, it provides a new kind of unconditional evidence that quantum computers
are more powerful than classical ones...
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Evidence for quantum advantage in computat\‘_

Quantum algorithms with speedups over classical ~  d|y)
Shor’s algorithm ih——=H|Y)
Simulation of Hamiltonian dynamics

Sampling from classically hard distributions

Boson sampling Ig) (2)
IQP circuits Gy g |

Random quantum circuits

Provable speedups relative to an oracle
Bernstein-Vazirani |x)
Simon’s problem

(—1)7 = ]z)

[This talk] quantum speedup attained by constant-

Quantum advantage with shallow circuits # Mcdest, but provable and non-oracular
depth quantum circuits in a 2D architecture.
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Evidence for quantum advantage in computal\‘_

Quar]tum a'gorithms These speedups disappear if the 7
Shor’s algorithm classical algorithms can be improved ¥)
Simulation of Hamilto

Sampling fro
Boson samp| Assumes complexity-theoretic and
IQP circuits other conjectures.

| Quantum

circuit . p (Z)

Random quantunt circurs

Provable speedups

Bernstein-Vazirani Oracles do not exist in the real world. (= 1)f () | )
Simon’s problem

Quantum advantage with shallow circuits # Mcdest, but provable and non-oracular
[This talk] quantum speedup attained by constant-

depth quantum circuits in a 2D architecture.
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Shallow quantum beats shallow classical
Bravyi, DG, Koenig. Science 362 (6412), 2018.
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The Hidden Linear Function problem

We will define the problem in two equivalent ways

Simulate measurements
on a quantum graph state

Compute a certain property
of a quadratic form qg(x) = x"Ax mod 4
q:{0,1}" > Z,

Page 41/100
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The Hidden Linear Function problem m\‘

An instance of the problem is defined by a symmetric n X n binary matrix A

The off-diagonal part of A defines a graph
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The Hidden Linear Function problem l\‘

An instance of the problem is defined by a symmetric n X n binary matrix A
The off-diagonal part of A defines a graph

The diagonal part of A specifies a subset of marked vertices
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The Hidden Linear Function problem EJ

Consider the corresponding quantum graph state

To prepare the quantum graph state:
Place a qubit at each vertex in |0) state
Apply single qubit H gates to all qubits
Apply two-qubit CZ gate on each edge
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The Hidden Linear Function problem E\‘

Consider the corresponding quantum graph state

To prepare the quantum graph state:
Place a qubit at each vertex in |0) state
Apply single qubit H gates to all qubits
Apply two-qubit CZ gate on each edge

Imagine measuring each qubit in either the Pauli X basis (if vertex is unmarked)
or Pauli Y basis (if marked)
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The Hidden Linear Function problem E\‘

Consider the corresponding quantum graph state

To prepare the quantum graph state:
Place a qubit at each vertex in |0) state
Apply single qubit H gates to all qubits
Apply two-qubit CZ gate on each edge

Imagine measuring each qubit in either the Pauli X basis (if vertex is unmarked)
or Pauli Y basis (if marked)

HLF problem: Given a graph and subset of marked vertices, output any measurement
outcome x € {0,1}" that occurs with nonzero probability in this experiment.
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The Hidden Linear Function problem l\‘

Consider the corresponding quantum graph state

To prepare the quantum graph state:
Place a qubit at each vertex in |0) state
Apply single qubit H gates to all qubits
Apply two-qubit CZ gate on each edge

Imagine measuring each qubit in either the Pauli X basis (if vertex is unmarked)
or Pauli Y basis (if marked)

HLF problem: Given a graph and subset of marked vertices, output any measurement
outcome x € {0,1}" that occurs with nonzero probability in this experiment.

We have defined the problem in terms of a simple quantum circuit that solves it.
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The Hidden Linear Function problem E\‘

Consider the corresponding quantum graph state

To prepare the quantum graph state:
Place a qubit at each vertex in |0) state
Apply single qubit H gates to all qubits
Apply two-qubit CZ gate on each edge

Imagine measuring each qubit in either the Pauli X basis (if vertex is unmarked)
or Pauli Y basis (if marked)

HLF problem: Given a graph and subset of marked vertices, output any measurement
outcome x € {0,1}" that occurs with nonzero probability in this experiment.

The quantum circuit has constant depth if the graph is a subgraph of a 2D grid
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The Hidden Linear Function problem ld

Consider the corresponding quantum graph state

To prepare the quantum graph state:
Place a qubit at each vertex in |0) state
Apply single qubit H gates to all qubits
Apply two-qubit CZ gate on each edge

Imagine measuring each qubit in either the Pauli X basis (if vertex is unmarked)
or Pauli Y basis (if marked)

2D HLF problem: Given a subgraph of /n x y/n grid and subset of marked vertices,
output any measurement outcome x € {0,1}" that occurs with nonzero probability in

this experiment.

The quantum circuit has constant depth if the graph is a subgraph of a 2D grid
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Constant depth quantum circuit that solves 2D HLIE.J,

irsa: 21090000

Place a qubit at each vertex
Place input bits on vertices and edges:

V== 1w : edge of graph

. . marked vertex
v
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V=1 : edge of graph

. . marked vertex
v

irsa: 21090000 Page 51/100



V== : edge of graph

. . marked vertex
v
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E

So the quantum circuit that solves the 2D HLF problem is constant depth and all
gates act between nearest neighbor qubits in a 2D geometry.

It also has another very special feature....
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The quantum circuit is Clifford E\‘

It's a Clifford circuit: built from 1- and 2-qubit gates

R N |

oo O
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The quantum circuit is Clifford E\‘

It's a Clifford circuit: built from 1- and 2-qubit gates

1 0 0 O
11 1 1 0 [0 1 0 O
H_ﬁ(l —1) S‘(o z) C2=lo 0 1 o0
0 0 0 —1

Clifford circuits are not powerful enough to implement most quantum algorithms.
They are special because...

fGottesman-KniII Theorem [Gottesman 1997]
Quantum circuits composed only of Clifford gates can be efficiently simulated
on a classical computer using linear algebra.

.
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From Clifford circuits to quadratic forms E\‘

The quantum states prepared by such Clifford circuits (“stabilizer stales”) are
associated with quadratic forms

V: affine subspace of F}
|1/J) X z(_:l)Q(x)if(x) Ix) g: quadratic function Q(x) = x"Bx mod 2

X€EV ?: linear function £(x) = d”x mod 2

Pirsa: 21090000 Page 56/100



Pirsa: 21090000 Page 57/100



Pirsa: 21090000 Page 58/100



Pirsa: 21090000 Page 59/100



Pirsa: 21090000 Page 60/100



Pirsa: 21090000 Page 61/100



Pirsa: 21090000 Page 62/100



Pirsa: 21090000 Page 63/100



Pirsa: 21090000 Page 64/100



Pirsa: 21090000 Page 65/100



Pirsa: 21090000 Page 66/100



Pirsa: 21090000 Page 67/100



Pirsa: 21090000 Page 68/100



Pirsa: 21090000 Page 69/100



Pirsa: 21090000 Page 70/100



Pirsa: 21090000 Page 71/100



Pirsa: 21090000 Page 72/100



Pirsa: 21090000 Page 73/100



Pirsa: 21090000 Page 74/100



Pirsa: 21090000 Page 75/100



Pirsa: 21090000 Page 76/100



Pirsa: 21090000 Page 77/100



Pirsa: 21090000 Page 78/100



Pirsa: 21090000 Page 79/100



Pirsa: 21090000 Page 80/100



Pirsa: 21090000 Page 81/100



Pirsa: 21090000 Page 82/100



Pirsa: 21090000 Page 83/100



Pirsa: 21090000 Page 84/100



Pirsa: 21090000 Page 85/100



Pirsa: 21090000 Page 86/100



Pirsa: 21090000 Page 87/100



Pirsa: 21090000 Page 88/100



Pirsa: 21090000 Page 89/100



Pirsa: 21090000 Page 90/100



Pirsa: 21090000 Page 91/100



Pirsa: 21090000 Page 92/100



Pirsa: 21090000 Page 93/100



Pirsa: 21090000 Page 94/100



Pirsa: 21090000 Page 95/100



Pirsa: 21090000 Page 96/100



Pirsa: 21090000 Page 97/100



Pirsa: 21090000 Page 98/100



Pirsa: 21090000 Page 99/100



Pirsa: 21090000 Page 100/100



