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(First part)
General aspects of guantum
computers and quantum advantage




What means quantum devices today

There are many types of quantum computers: analog versus digital quantum computers

There are now many quantum objects one can manipulate

Cold atoms Trapped ions

Cold atomic gas

B

Analog quantum simulator

Analog
Systems

g

Physical

problem
1

Complex problem
that cannot or hardly
be simulated on
classical computers

Analog problem to 1
that could be tested
in laboratory

B Non-universal

Superc. loops

“Spin-up’
current

Polaritons

single pillar
2-4um

Atomes de
Rydberg dans
des pinces
optiques

photonic atom

Digital guantum simulator
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Quantum analogue simulation

d There are many types of quantum computers: analog versus digital quantum computers

A few examples

Analog systems on lattice (Fermi-Hubbard, Schwinger model, ...)

Analog quantum simulator v @ ¢
S

Analog simulation of astrophysics/cosmology

Analog
Systems

Physical
problem “

Ultracold Fermi gas Neutron stars

1

Nature

Complex problem
that cannot or hardly
be simulated on
classical computers

Analog problem to 1
that could be tested
in laboratory

An expanding universe is simulated in a quantum droplet

22 Mar 2023 Campbell McLauchlan (7€

The mapping from one physical problem to
another physical problem is a delicate issue

Dark Ultracold atoms

matter

» It strongly depends on the problem itself
(non-universality)

Viermann et al.



Digital quantum simulation with qubits

Digital quantum devices are supposed to be universal

Classical computers
Works with bits

Quantum computers with
Quantum bits

Qubits can be seen ]
As two-level systems Qubit
qubit 0 -0

2 level system

1) e v =|1>

Bits areonly O or 1 ®» =C|0)+C|1)

Ol )IGINSELVENIEE A single Qubit can be any superposition of 0 and 1

And with many

New aspects can be used like quantum interference and entanglement

Qubits



Where do we expect quantum advantage?
A few examples

Bit Qubit
' ; ) Quantum RAM
D 1) = advantage

Storing with
0 [2) 10) = * -1 bit: 2 integers 0,1
-

-2 bits: 4 integers 0,1,2,3

Bloch sphere picture

Storing with one qubit

@) = f1(0)[0) + f2(0, ©)[1)
Two-qubits

|®) = f1(61,02)|00) + - - -

1 )

Direct multi-parameters function encoding
Continuous function programming

10) + 1)

7] , (7}
ly) = cos-i |0) + e""sinill)

(+quantum speedup of runtime — see later)



Why now?

Quantum
Computation

Quantum computational
advantage using photons, Science 370 (2020)

o

9,

x’
>3

X,
4

X, N

QxO F 4

and Quantum
Information

%
4
oKX
x
*,

e

L Wy
* 9
"y,

X,

9,
9,
LW AW A

X
&0,
x’ OxQ
o
X%
*,
4

%
&
o,

9,
R 4
xO
4

X

P
9,

R 4

*,
pes

X,
X

*
9,
P 4

Zuchongzhi (66 qubits)

X X K K XK o
MICHAEL A. NIELSEN Kon:  # s A (PRL October 2021)
and ISAAC L. CHUANG
& 1BM Google lonQ
Rochester 53 qubits, october 2019 Sycamore 53 qubits, october 2019 11 qubits, 2018
65 qubits, october 2020 32 qubits, 2020

IBM QXS5 (16 qubits)

Simulating physics with computers-1982
Richard P. Feynman (Nobel Prize in Physics 1965)

"Nature isn't classical, dammit, 2 )

and if you want to make a )

simulation of nature, you'd better y\ N

make it quantum mechanical, and * i 2048 qubits

by golly it's a wonderful problem, =+ i 12 qubits
because it doesn't look so easy." DWave

128 qubits
Rigetti

72 qubits
Google
1152 qubits
DWave

s=gegay

> 1M QBperience

12 qubits 50 qubits
i MIT IBM
Quantum Quantum 7 qubits 128 qubits | 17 qubits (2020) (202 1)
Theory omputer Los Alamos DWave IBM

P) P

%
shne
' [ ]
1927 1982 2000 2006 2011 | 2015 2017 2018 - Eagle3D
2013 pa—y 127 qubits

55 18 6 1 lonQ Gemini desk computer
Quan

tum supremacy usingaprogrammable
YEARS YEARS YEARS YEAR superconducting processor

Nature | Vol 574 | 24 OCTOBER 2019 | 505

Gassicaly voriablo
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IBM

Cloud

Sycamore chip.



More on quantum computers
and quantum hardwares



Quantum technologies — where do we stand ?

Quantum computing today is firstly a technological challenge

Simplified view of a general quantum system

Challenges

mm) Be able to isolate and manipulate accurately a qubit

Bit Qubit
\
1 12y |1>=f
& >
B o |10 = *
7

Astibuag (2022)

mm) Be able to manipulate accurately a qubit  1¥) =’
(fidelity)

mm) Be able to increase the number of “connected” qubits
(scalability, connectivity)



Many technologies are explored

The Quantum Information Processor
with Trapped Ca* lons

P. Schindler et al., New. J. Phys. 15, 123012 (2013)




Example 1: Superconducting qubits

1 1
H:_2 T 02
AR Telk

Simple oscillator by LC circuit
L

c gb: flux in the inductor
71 : charge in the capacitor

Methodology

mm) We consider the limit where quantum effects
are important
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Quantum
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: : _ H
# (2 ¢ becomes equivalent to canonical conjugated
variables like (x,p) for the harmonic oscillator (HO) 0




Example : Superconducting qubits

Qubit identification

and manipulation

Te

Simple oscillator by LC circuit

1
H=_—¢
2

1

Lo
too"

: flux in the inductor
71 : charge in the capacitor

mm) We are interested in isolating 0) and |1)

- We should prepare the system in any combination
of them

]

&\[ hw

AW
g )

| External

= 2
Quantum ¢
HO !
0
- -T/2 0 /2

T perturbation

Po-1(®

1

—

Co|0> +Cl|1>

# Example: induce Rabi-like oscillation

Two difficulties

Approximate operations

0) — [1)

Unwanted transitions

~Y

1) —12)



Example: Superconducting qubits

The Josephson junction technology

Insulating layer

¢: relative phase of the two superconductors
| 7L : number of cooper pairs

1 1
H = %n + by, COS( ¢) T i(¢ - ¢ex)2 — Iex®
Equivalent to LC but anharmonic with external current

With an external current:
Transmon
E

N\~

Energy [wo]
w A
—|
o
@
: 3
o
-}

2| g A “— [])
o a 7 L VB ( ¢) EO \ - \ [ ’0>
i) § 5 = 2Cn 1 cos(a t] | \ /
- . .
) — Superconducting phase, ¢

- -71/2 0 /2 ™ . .
Supereonducting phase,d m) Anharmonicity z?ryd gaps helps to reduce
unwanted transitions



|0) and |1)
qubits

quantum gates
qubits readout

commercial
vendors

The Josephson junction technology

phase qubit flux qubit
I()
©), s

UUUULUU
-

I
Eq %

’

lo : current L : inductance
1) ~a
0) -7

Josephson junctions

handle the qubit degree of liberty

two energy levels
in a potential well

two superconducting
current directions

micro-waves magnetic field

resonator and

lCrOsWEYES magnetometer (SQUID)

D:\WaVUe rigetti

The Quantum Computing Company™ ‘
QIMMNINRO E2 <o bleximo

Alibaba -

abandonned

charge qubit - transmon

Example: Superconducting qubits

cat-qubits

U : tension

WY

two levels of charge
of Cooper pairs

(cc) Olivier Ezratty, 2022

Josephson junctions prepare,
couple and correct the cat-qubits

pairs of entangled microwave
photons in a cavity

micro-waves micro-waves

resonator and resonator and

micro-waves micro-waves
EE5; Google amazon

Nerd ALice & BoB

O. Ezratty book, website, blog, “Understand quantum computing” (in French)



https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&cad=rja&uact=8&ved=2ahUKEwjK7uXulN_5AhXH0oUKHcJWCH0QFnoECCwQAQ&url=https%3A%2F%2Fwww.quantonation.com%2Fwp-content%2Fuploads%2F2019%2F08%2FComprendre-Informatique-Quantique-Olivier-Ezratty.pdf&usg=AOvVaw1vVD-XHcOCntkpY0zHY8Ot

Example: Superconducting qubits

The Josephson junction technology

What it looks like

| | V01 ~ 5 - 1OGHZ
E’q—plzl_{_: T = 10mK

Insulating layer (AIOx)

Superconductor (Al)

100um




Example: Superconducting qubits

The Josephson junction technology

superconducting Rabi

resonator
esonato W State read-out

.

Transmon

>

"
"
“‘“@ R. Schoelkopf, 2004 e ... S ..
000 025 050 075 100 125 150 175 200
A. Blais et al., Phys. Rev. A 69, 062320 (2004) .
A. Walraff et al., Nature 431, 162 (2004) Amplitude A

I. Chiorescu et al., Nature 431, 159 (2004)




Example: Superconducting qubits

Next step: putting several qubits together

2 qubits can be coupled through electrostatic interactions

Dﬂ — & ==t \\/ith this one can manipulate/entangle qubits

Google  rigetti QM

Some specific

Operations
(see next lecture) When Fidelity
AcronymP Layout® First demonstration [Year] Highest fidelity [Year] Gate time
. 99.4%¢ Barends et al. (3) [2014 40 ns
L) Lt DeCao ceal G2 R 00Y) 99.7%¢ Kjacrgaard et il.)([n) [2]020] 60 s
iISWAP 1 & Neeley et al. (81)d [2010] 90%8 Dewes et al. (74) [2014] 31ns
CR F-F Chow et al. (75)" [2011] 99.1%¢ Sheldon et al. (5) [2016] 160 ns
bSWAP | F-F Poletto et al. (76) [2012] 86%€ Poletto et al. (76) [2012] 800 ns
MAP F-F Chow et al. (77) [2013] 87.2%8 Chow et al. (75) [2011] 510 ns
CZ (ad.) TG~ Chen etal. (55) [2014] 99.0%¢ Chen et al. (55) [2014] 30 ns
RIP 3DF Paik et al. (78) [2016] 98.5%¢ Paik et al. (78) [2016] 413 ns
iSWAP F(D)-F McKay et al. (79) [2016] 98.2%¢ McKay et al. (79) [2016] 183 ns
CZ (ad.) 4pdD Caldwell et al. (80) [2018] 99.2%¢ Hong et al. (6) [2019] 176 ns
CNOTy, BEQ-BEQ Rosenblum et al. (13) [2018] ~99%T Rosenblum et al. (13) [2018] 190 ns
CNOTy, BEQ-BEQ Chou etal. (82) [2018] 79%¢2 Chou et al. (82) [2018] 4.6 ns

M. Kjaergaard, Annual Review of
Cond. Matt (2020)



Example: Superconducting qubits

Where we are now ?

IBM Eagle
127 qubits

3D integration ~100 qubits
demonstrated

Qubit chip {‘//"N\“-.I ,T‘//:_‘QI\ \/ubit chip

Interposer

Resonator
chip

Readout/ =
interconnect Wiring
layer

Zuchongzhi (66 qubits)
(PRL October 2021)

i i
7' (
| | fez it ]
. A8 4 B A

N . . . .
Drive Flux Coupling Readou
Qubits . Lines . Lines . Elements . Resonal tors

Rosenberg et al., NPJ (2017)
S. Krinner et al., arxiv (2021) Arute et al., Nature (2019)
Wallraff group, ETHZ
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2N SN Example: Superconducting qubits
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The promise of quantum computers is that certain computational tasks might be ) s \qw‘qow
. . W S
executed exponentially faster on a quantum processor thanon aclassical processor’. A o ¢ gev’”;@w“‘
o o N . . \0 — -
fundamental challenge is to build a high-fidelity processor capable of running quantum 3(/ - & L,
algorithms in an exponentially large computational space. Here we report the use of a - / ; L0 \ o [o° 108 (o [d‘jw
10 v

processor with programmable superconducting qubits®” to create quantum states on
53 qubits, corresponding to a computational state-space of dimension 2% (about 10%).
Measurements from repeated experiments sample the resulting probability
distribution, which we verify using classical simulations. Our Sycamore processor takes
about 200 seconds to sample one instance of aquantum circuit a million times—our
benchmarks currently indicate that the equivalent task for a state-of-the-art classical
supercomputer would take approximately 10,000 years. This dramaticincrease in
speed compared to all known classical algorithms is an experimental realization of
quantum supremacy®*for this specific computational task, heralding a much-

anticipated computing paradigm. Proofs of fidel |ty
IEN o
Compute output probabilities of a “random” Ritst |

circuit, i.e. a set of random operation.

m) Usefulness of the task ?

1oep Mm=ldpydes L

— Prediction from gate and measurement errors

Cross-entropy benchmarking fidelity, 7,

I
| OFull circuit X Elided circuit +Patch cirouit 1
B % %%
I i i
1 ] |
I ; I
1 i I
| i i
1073
10 15 20 25 35 40 5 50 55

30
Number of qubits, n



Example: Superconducting qubits

Quantum advantage

Article
L]
Quantum supremacy using a programmable
] X

superconducting processor el

g \0,‘1;7\00;‘@‘0.

E (o‘17 \Nf’( NP o
The promise of quantum computers is that certain computational tasks might be ) o Q«\\w’”‘ \qﬁo&v*w
executed exponentially faster on a quantum processor thanon aclassical processor’. A a / ot %N;“M :
fundamental challenge is to build a high-fidelity processor capable of running quantum i u , —:%* ' , “i . o
algorithms in an exponentially large computational space. Here we report the use of a . 4 s 77/\ 0* ol o [ o7 (o [;‘j"'w

processor with programmable superconducting qubits®” to create quantum states on
53 qubits, corresponding to a computational state-space of dimension 2% (about 10%).
Measurements from repeated experiments samplethe resulti abil
distribution, which we verify using classical simul4 PHYSICAL REVIEW LETTERS 129, 090502 (2022)

about 200 seconds to sample one instance of aqu.
benchmarks currently indicate that the equivalen

supercomputer would take approximately 10,000
speed compared to all known classical algorithms Solving the Sampling Problem of the Sycamore Quantum Circuits
quantum supremacy®*for this specific computat
anticipated computing paradigm.

Feng Pan 2 Keyang Chen,"” and Pan Zhal.ng“"5 *

'cAs Key Laboratory for Theoretical Physics, Institute of Theoretical Physics, Chinese Academy of Sciences, Beijing 100190, China
2School of Physical Sciences, University of Chinese Academy of Sciences, Beijing 100049, China
3’Yuanpei College, Peking University, Beijing 100871, China
Ta S k *School of Fundamental Physics and Mathematical Sciences, Hangzhou Institute for Advanced Study, UCAS, Hangzhou 310024, China
’International Centre for Theoretical Physics Asia-Pacific, Beijing/Hangzhou, China

® (Received 20 November 2021; accepted 20 July 2022; published 22 August 2022)

ey ‘
CO m p ute Outp ut p rOba b | | |t|es Of d We study the problem of generating independent samples from the output distribution of Google’s

. . . . Sycamore quantum circuits with a target fidelity, which is believed to be beyond the reach of classical
circuilt , l.e. a set Of ran d om?o p eratio supercomputers and has been used to demonstrate quantum supremacy. We propose a method to classically

solve this problem by contracting the corresponding tensor network just once, and is massively more
efficient than existing methods in generating a large number of uncorrelated samples with a target fidelity.
For the Sycamore quantum supremacy circuit with 53 qubits and 20 cycles, we have generated 1 x 10°
- U Sefu | ness Of th S ta S k ? uncorrelated bitstrings s which are sampled from a distribution P(s) = |f(s)|?, where the approximate
state i has fidelity F ~ 0.0037. The whole computation has cost about 15 h on a computational cluster with
512 GPUs. The obtained 1 x 10° samples, the contraction code and contraction order are made public. If

- SO me CcoO nt rovers i a I as p ect S our algorithm could be implemented with high efficiency on a modern supercomputer with ExaFLOPS

performance, we estimate that ideally, the simulation would cost a few dozens of seconds, which is faster
than Google’s quantum hardware.

DOI: 10.1103/PhysRevLett.129.090502



Quantum advantage

N single photons M detectors

l

l

!
55 58955

M layers of coupling gates

Example of operations: beam splitter, beam shifter

Example: photonic systems

Boson sampling problem

>
>

@@MM@M@lmm

Goal : predict the final distribution

QUANTUM COMPUTING
Quantum computational advantage using photons

Han-Sen Zhong“2*, Hui Wang"?*, Yu-Hao Deng"?*, Ming-Cheng Chen“?*, Li-Chao Peng'?,

Yi-Han Luo®?, Jian Qin'?, Dian Wu'?, Xing Ding"?, Yi Hu'?, Peng Hu®, Xiao-Yan Yang®, Wei-Jun Zhang®,
Hao Li®, Yuxuan Li#, Xiao Jiang'?, Lin Gan® Guangwen Yang?, Lixing You®, Zhen Wang?, Li Li'?,
Nai-Le Liu*?, Chao-Yang Lu®?t, Jian-Wei Pan'21

Quantum computers promise to perform certain tasks that are believed to be intractable to classical
computers. Boson sampling is such a task and is considered a strong candidate to demonstrate

the quantum computational advantage. We performed Gaussian boson sampling by sending 50
indistinguishable single-mode squeezed states into a 100-mode ultralow-loss interferometer with full
connectivity and random matrix—the whole optical setup is phase-locked—and sampling the output
using 100 high-efficiency single-photon detectors. The obtained samples were validated against plausible
hypotheses exploiting thermal states, distinguishable photons, and uniform distribution. The photonic

quantum computer, Jiuzhang, generates up to 76 output photon clicks, which yields an output state-
space dimension of 10%° and a sampling rate that is faster than using the state-of-the-art simulation

strategy and supercomputers by a factor of ~10'.
Science, 2020



(1) Quantum Hardware and
the NISQ (Noisy Intermediate Scale
guantum) period



Platforms comparison
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Qubit type or
technology

Description of

qubit encoding

Physical qubits*>

Qubit lifetime

Gate fidelity?

Gate operation
time

Connectivity

Scalability

Maturity or
technology
readiness level

Key properties

Superconducting?

Two-level system
of a superconducting
circuit

IBM: 20, Rigetti: 19,
Alibaba: 11, Google: 9

~50-100 pus

Nearest neighbors

O

No major road-
blocks near-term

D

RS

Cryogenic operation
Fast gating
Silicon technology

Leading technologies in NISQ era?

Trapped ion

Electron spin
direction of ionized
atoms in vacuum

Lab environment:
AQT®: 20, lonQ: 14

~50s

~99.9%

~3-50 us

All-to-all

D

Scaling beyond
one trap (>50 gb)

9y

Improves with
cryogenic
temperatures
Long qubit lifetime
Vacuum operation

Candidate technologies beyond NISQ

Photonic

Occupation of a
waveguide pair
of single photons

6x3°

To be
demonstrated

&)

Single photon
sources and
detection

¢

Room
temperature
Fast gating
Modular design

Silicon-based? Topological®

Nuclear or electron
spin or charge of
doped P atoms in Si

2

Nearest
neighbor

&)

Novel technology
potentially high
scalability

¢

Cryogenic

operation

Fast gating
Atomic-scale size

Majorana
particles
in a nanowire

target: 1in 2018

target ~100 s

target ~99.9999%

7
O

Estimated:
Long lifetime
High fidelities

Boston Consulting Group — Nov 2018



NISQ (Noisy intermediate Scale Quantum) period

Many things tends to destroy the ideal qubits picture and the
guantum coherence.

Leads to loss of information
' And decoherence

External Exp. Setup

Ideal Qubits

222 @20 @
@ ‘ pR |0) ' ) Ei(P Il)

For multi-qubits, also cross-talk
(making operations on one qubit
Impacts other qubits)

2 level system

NISQ period: Working with quantum computers now means working in a noisy environment

and “NISQ friendly” programs, i.e. only selected algorithm can be applied and error corrections
should be made to get reasonable results.
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Most applications are still tested here
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Quantum supremacy



Where “quantum computing” is
expected to be disruptive?




Short introduction to bit versus Qubits

s TunmEing ane lllustration of quantum advantages
guantum annealing

Classical “Thermal” annealing

Quantum annealing (tunneling)

Quantum entanglement
¢

«
Assume two persons (Alice and Bob) 4

The humor of A&B are encoded in the wave-function ::;
A B A B Suppose | measure Bob m O
13 13 i

) =caleow) +8lee) @ =» @

| can measure partial info and get the full info
The info is destroyed after measurement



What are the anticipated applications ?

Ex: systems on lattices U

‘Et the computer itself be built of g

mechanical elements which obey qﬁ ’ O n c | ass | ca | com p uters

S|mUIat|0n Of 2 A | ; mechanical laws.”
Quantum complex ? P Can be solved exactly
' For max 20 particles.

systems

On gquantum computers:
N sites means only N qubits

Classical

Exploring complex landscape:
molecules,
customers preferences (amazon), ...

Evesdropper )



Hilbert Space dimention with qubits

lllustration of quantum advantages
Systems described on qubits

) = Z Wy oo sn 81,00 5 8n) *

Si:O,l [

23

1 qubit 2 qubit 3 qubit o o o

T
)
TT—— |100)

—
0) 1 |001)

\ ’01> / 5
TT— |101)

> )
TT— 110)

100

0 |10)
—

Be
1) 1 ___— |011) = [ He et Ry
\ | 1 1> ) n}//;/:/;g/' ;F.”‘N.
\ |111> D :_‘:/:5/./ S

year
Quantum supremacy ~2°0

With 239 (j.e. 300 qubits) the size is more than the number of particles
In the universe. J. Preskill

10

about
twice
per year




A more precise view of problem complexity and quantum advantage

Complexity of a problem

A fundamental question is how much “computational time” it takes to solve problem — this is linked
to the complexity of the problem (Church-Turing thesis, Problem complexity classification, ...)

M.A. Nielsen and I. L. Chuang, “Quantum computation and
quantum information”, Cambridge university press.

=) What could be computed is independent on computers — only speed will change with hardware,
resources progresses

=) Quantitatively, we are interested in the “speedup” to perform a calculation

Speedup can be: SC_J A linear
linear ¢ — ¢/1000 =
quadratic t — /¢ = 2t 2 _
. 3 Quadratic
polynomial t*¥ — ¢ X speedup
But the speed up could not be exponential ! 2t ¢ Exponential
speedup
Quantum computers contradict this thesis- some algorithms R
Promises exponential speedup for specific calculations System dimension

A calculation that’s takes 1 year in “linear” case would takes 24 seconds with exponential speedups



Algorithmic — Some history Problem complexity and quantum advantage

B ., time

1940 1985 1992
Turing Deutsch Deutsch-Josza, Simon, Shor, Bernstein-Varizani, ...

m=) Church Turing problem: analysis of a computational problem, complexity.

m) The “simple” Deutsch problem: f: {0,1} — {0,1} (Oracle)
Q: determine if f(0)=f(l)
@ Classically requires to have 2 answers f(0) 21(1) ?
@ Quantum: one can directly ask f(0)=f(l)

case 1 case 2

0y [ H |-[Ss |- [H |-{M

m=) Deutsch-Josza problem (92)
f:{0,1}* - {0,1} Q:Isfconstant or an equal mixing of 0 and 1 ?

@ Classically requires 1+2"1 questions

® Quantum: requires only 1 question but n qubits

These problems are rather specific — usefulness?

},

od

fO=A1) . |0)

fo)=f1) > |1)

Example n=4

£(0000)= 0
£(0001)%= 0
£(0010)= 0
£(0011)%= 0
£(0100)= 0
£(0101)= 0
£(0110)%= 0
f0111)2=0
£(1000)%= 0



Algorithmic — Some history Problem complexity and quantum advantage

_ - 22O ==y
1940 1985 1992
Turing Deutsch Deutsch-Josza, Simon, Shor, Bernstein-Varizani, Kitaev ...

Tracking applications
and progress
m=) Simon (1994): find the period of a function f:10,1}* = {0,1}"
@ Classically requires exponential number of questions.

@ Quantum: linear number of questions
m Ingredient: Quantum Fourier transform (QFT) in qubit representation

m) Shor (1994): find the period of a function f:Z — Z,
mIngredient: QFT, guantum phase estimation (QPE), no Oracle

Peter Shor

B Applications: factorization, discrete log (quantum algo can potentially break the RSA
public key encryption technique)

‘ Birth of the post-quantum cryptography

# Kitaev 95: Circuits for QPE: eigenvalue problems, linear algebra, ...

m) Grover search algorithm (1997): unsupervised search algorithm, data mining, ...



Why quantum computing is becoming mature now ?

Quantum technologies/devices

Simulating physics with computers-1982 128 qubits
Richard P. Feynman (Nobel Prize in Physics 1965) Rigetti
72 qubits
"Nature isn't classical, dammit, ~ Google
and if you want to make a RS quba
. Y . DWave
simulation of nature, you'd better
make it quantum mechanical, and 2°‘: “‘,1“""5
by golly it's a wonderful problem, s12qubits
because it doesn't look so easy.” DWave
12 qubits 50 qubits
MIT ' IBM |
| |
Quantum Quantun 7 qubits 128 qubits | 17 qubits Qu an t um
Theory ompute Los Alamos DWave IBM .
| Computing
OO-00  Cloud
1927 1982 2000 2006 201 2015 2017 2018
2013
General Quantum mechanics
—H | [T
1940 1985 1992
Turing Deutsch Deutsch-Josza, Simon, Shor, Bernstein-Varizani, Kitaev ...

General Quantum algorithmic

Quantum computing
is democratizing



One example:
Simulation of complex

quantum (interacting)
systems

If you have N one-body degrees of freedoms
The Hilbert space has an exponential

Scaling (*N!)

Even today, only a limited area (small systems- few %)
of the nuclear Chart can be calculated with most

powerful Supercomputers.




A short highlight of today’s nuclear physics challenges

00

baryons, mesons

protons, neutrons

Some phenomenology

Strongly interacting fermions Quantum self-bound
Fermi droplets

140 to atomic nuclei phenomena
pion mass
L)
Intrinsic deformation ‘ ' I: Superfluidity (o @
'Y @

Halo, skin
8

proton separation
energy in lead

Reaction processes|

Rich de-excitation| R

{ modes ' & - ., BN ‘ j:f.*‘&'

B "

(courtesy JP. Ebran)



Why quantum computing can help to describe nuclear physics ?

Cc
Be
L
:o
[

Some evident sources of
complexity in nuclei

-There are many nuclei (>3000). Nuclear
phenomena evolve along the nuclear chart. A

unified description of all facets would be desirable.

-ldeally, one should get all phenomena from the bare interaction

BUT nuclei are mesoscopic systems (A~1-500) with bad numerical scaling.

-Each nucleus is a complex problem per se.

1030

i

o
N
°

dimension

1010 F

= ¥
*Ne (N;n=7)

@® conventional direct diagonalization
=0 MCSM
= 0_MCSM + K computer

10°

SENi (Rigeds)

abquf e garisl (N/

twice **Ni (pfg9) ,,
B 20 (Ngy=2) 1]
per year sopg /(‘3* 3?Mg_
2y e 28xe (sdpf,

//‘SZF Ni

- @0 .
- Cr
2 @

-
b (SBNi c

2C (Ngh=7) &
o

ab initio

) (No=?) T | type

calculation

=6)

8hw)

year

1
2000

2020

(from T. Otsuka)

(Energy landscape of a molecule)

# This motivates the search of disruptive techniques

(high risk/high potential benefits )



Ongoing projects that are starting now

i Google Al

Circuit depth



(Second part)
“PLAYING” WITH QUBITS

,Les principales
etapes du calcul

6 Questions d
- physique
©$ nuicleare E&l:u‘rmulationl d? pro- A
éme sous la forme
d’un calcu i quanthue

| quantique
Configuration du
réseau de qubits
Résultat des
tests sous forme
de statistiques

Test d’interaction
es qubits entre eux
|

=
=N
=

=)
7)) o

=

-
%‘,

'A’Q\ SS\\ S S

=
e
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——)
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Introduction to digital guantum computing

qubit Manipulate the Qubits (Make rotations)

2 level system
Final state

Initial state

CO‘O> -+ 61’1>
‘Measure the state

» |CO|27 |Cl |2
(“destroy” the state)

'— 0)

Example of simple unary operations (gates)

Elementary operations 0/1

Measure Hadamard
_ , Here all events gives 1 ,
Pauli matrices 1) ‘

Pauli-X (X) &~ t‘.’ 5y = NOT operation

auli- Y T . H

Pauli-Y (0 F 3 other useful unary operations

Pauli-Z (Z) -z} b -3 Hadamard (H) Ju}- 1 [: _:] 0/1

0

Phase (S, P) s} 9 0 = e
=/8 (T) [(‘, ,../E’] Measure: 0,0,1,0,1, 1, ...



Another useful representation of operation (more familiar to physicists)

The Bloch sphere
From qubits to spins

oa = X = [1)(0]+ 0)(1]
— Y =4|1)(0] — il0) (1
0. = Z=0)(0] - 1)1

Q
<
I

mm) Obey standard spin algebra

Rotations corresponds to gates Unary operation can be represented as a path in

the Bloch sphere

Rx(p) = e~¢X/2

Any state can be written as

[T = cos(6)]0) + e'¥ sin(0)|1)

Such state can always be obtained from 3 rotations (4

|¥) = Ry (01)Rz(02) Ry (05)]0)



Quantum computing with more than one qubit

Some terminology — general aspects

Quantum circuits with more than one qubit

Binary gates

O\

circuit length

v n

can be made by combination of unary and binary gates

Unary gates / NB: all operations with more that two qubits

B

3 B

)

Quantum

-7

1

measurement

> of qubits — leads

Quantum register:

Quantum circuits:

Define the qubit computational

basis: 0,0,---,0,0)
|0707"° 7]-71>
|07O7"' 7071>

Hilbert space size 2"

circuit depth to a set of events

Constraint: the circuit makes

Unitary transformation, i.e. no

loss of information

Advantage: one can imagine

to do e!*H

In the form of
bitstring

Z afl hiziy I N
i, =0.1 -

Gives the |a|?

ll,lz,l3ooolz‘\/ >



Quantum computing with more than one qubit
Some terminology — general aspects

: Binary gates are operations acting simultaneously on two qubits —
Binary gates , U
and induced entanglement

Remember the example:
0) =alow)+f

Quantum circuit

& (é)> [equivalent to Bell states]

Step 1
0) —— Bx(0) —¢ 100) — cos(6/2)|00) + sin(6,/2)|01)
Step 2
0) & — c0s(0/2)]|00) + sin(0/2)|11)

Rotation Control-X gate
Also known as CNOT

Indirect measurement and Born rule for measurement

If | measure 0 in first qubit =) After the measurement the state collapse to |00>

If | measure 1 in first qubit == After the measurement the state collapse to 111)



Quantum computing with more than one qubit
Some terminology — general aspects

: Binary gates are operations acting simultaneously on two qubits —
Binary gates _ U
and induced entanglement

Remember the example:
0) =alow)+f

Quantum circuit

& (é)> [equivalent to Bell states]

Step 1
|00) — cos(0/2)|00) + sin(6/2)|01)
Step 2
0) A — cos(0/2)|00) 4 sin(6/2)[11)

L/

0) —— Ry (0) —¢

Rotation Control-X gate
Also known as CNOT

Controlled gates (IF-THEN-ELSE)

R P L (b . lw), If b=0
ly) G Glly) = {le)’ bt




Quantum computing with more than one qubit

Some terminology — general aspects

A more complete view of quantum computing circuits

Ancillary
qubit

System
register

o) = 10) —

1) = 10) —

72) = 10) —
|50)

N

Indirect

measure

Transfer
of
information

T

s

Post
processing




The quantum computing toolkit

0/1
Unary operations / Standard examples
0) X 7 o

Pauli-X (X) S

Rotations Pauli-Y (Y)

N ((p) _iex | Pauli-Z (Z) _{ : }_
-

I
: : Hadamard (H) o)
Binary operations

Standard examples

ntr e 010 0
- - aoray 1 it e
U
. 1 0 0 )
— - Controlled Z (CZ) @ BE [§ :,) E _%] |11) <» —[11)
1 0 0 07/00
SWAP 0 0 1 oflol 01) <> [10)
oC L B
Ternary operations
Standard example
— — 1 0 0 0 0 0 0 0
Toffoli © 0o 100 00 o
— U (CCNOT, o 0 o o 1 0 o of [110) < [111)
] | CCX, TOFF) © 0 000 0 o0 1
0 0 0 0 0 0 1 0




: :
If you want to play with qubits

Real quantum computers. Try the “IBM Quantum experience” online
Right at your fingertips.

IBM offers cloud access to the most advanced quantum computers available.
Learn, develop, and run programs with our quantum applications and systems.

Graphically build quantum circuits

Start building quantum circuits right away with IBM Quantum
Composer. No sign in required.

I Explore Quantum Composer

(] Untitled circuit File Edit  View Visualizati:
% Operations @ < Left alignment v Inspect D)
@B 9=

EEEEEE ~
R Z oy [ fe i il
DEODEm -
. RCCX g RC3X @

8= 88 qro] .
Lol o éé

X—X
OO

Probabilities v @ : Q-sphere v 2O
100 10000)
80
10010) 11000)
S
< w0
Z
3 11010)
E
S 40
&
20
w2
0
S S v S & S 5 S & S 5 S & S v
S § 5§ I & v 5 F & & 5 & & g5 5 9 n [ Phase ) 0
S §§ § s 5§ &S SIS s ¥ 5 O

Computational basis states
State [] Phase angle



Some advertisement — for some ressources

If you want to start QC programming
https://qc.pages.in2p3.fr/web/

About ¥ Members Meetings Talks Collab-Tools ¥ QC-'* _7_1 =

i— -LEE {i*d.’i'/ QC-Events
™ ‘

| WA Qc-Basics
C2I: e N | |
. Qe e QC-Tools
® : +EY R B+\nc I

QC-Hardware
QC-Web

Quantum Computing L
for the two Infinites S5 il

QC2l is a computing project supported by IN2P3, the French national nuclear and particle
physics institute. Its goal is to explore the possible applications of the emerging quantum
computing technologies to particles and nuclear physics problems as well as astrophysics. The
main tasks are:

to identify, within IN2P3, scientists/engineers/technicians who are interested in using
quantum technologies,

to facilitate the access and training on quantum computers,

to identify milestones applications for nuclear/particle physics and astrophysics,

to design dedicated algorithms and proof of principle applications.

The project action has three main directions: Prepare the Quantum Computing Revolution
(PQCR), Quantum Machine Learning (QML), Complex Quantum Systems Simulation

——



Some illustrations of applications

,Les principales
Formultion du po- etapes du calcul
e e quantique

Test d’interaction
des qubits entre eux
|

Résultat des

ests sous forme
de statistiques

=

-

] )

=



General strategy for qguantum computing

Initial state

Final state
usawaJinsea

[
State (Unitary)
Manipulation

[

Take a problem
(classical or quantum)

There are many ways to encode a
classical problem (phase, amplitude,
time, ...)

Encode the problem
Onto a set of qubits

Schuld and Petruccione,
Supervised learning with

' t t 2018
Make Quantum Computing quantum computers (2018)

Program to solve the problem

1BM Quantum

For instance
Qiskit, cirq,
myQLM, ...

Test on a Test on a true
QC emulator QC

A
ey




First Example:
Solution of a 1D
Time-Dependent Schroedinger Eg.



Example 1: solving a 1D Schrodinger Equation on a quantum computer

32
| want to solve zh%\ﬁ(a:) — {—hA + V(az)} U(x) » Discretization on a mesh

2m
IIIIIIIIIIIII>
|‘I’(tf)> solution
& 1
e W (t — 6ﬁ(t_tO)H (¢t
W (to)) » ’ ( )> f‘ ( 0)>
H is usually a big matrix
ifiF(t) = H x F(t) ) /.|\If(tf>>
/Abe
@ w1 | | "]
At At
F(t+At)=exp| —H | x F(¢
( ) b ( 1h ) (t) Non unitary
Time discretization 2 _ '
- H) + - (At)?, non-unitary, any dim.

time: {t;} time-step: At Requires to inverse a matrix

(At)?, unitary, 1D only

Split-Opera Mlght be used

F(t + At) ~ i g RALV g—iAtEL F(t) (At)?, unitary, any dim.



Solving a 1D Schrodinger Equation on a quantum computer

2
| want to solve @h%\p(gg) — {—hA + V(x )} U(x) » Discretization on a mesh

2m
A |||||||||||||>
,;“; - P xr — ZA%
&b
% T | ) A A
Jing Zhang * Discretization N 2
PhD 1iCLab T | -
/\ Discrete space basis
I
X Az p(z;) = (i) = | ”HIH ”““Ih.
-
2 2 F
T:—;—m% Af;==11 T:Z;|z'><z'+1|—2|z')<z'|+|z')<z'—1|
2m =1
V=V(z) - V=Y V;liil
J i

h? . d?
g (WITI) =~ [ 4"+ vds

1 — 29; + 9y

h2 Zw*l',. YA F
- 2m s (Az)?

B o G+ 1) = 2 () + (i = 1Y)
> (wli) (D)2




Solving a 1D Schrodinger Equation on a quantum computer

Encoding into qubits

We have a discrete basis |t =0---N — 1)

Natural encoding — Use the binary representation |’L> = |5nq s 50> with © = Z 5k2k

Ng
|5O> _ Standard Gray code(GC)
— ’l> Binary (SB)  Encoding
: : Encoding
5 )— 0) |000) 000)
1) |001) 0015
2) |010) 011
. n
Constraint [N < 274 1000 3) ]011) 10)
| Lo 4) |100) 110)
J ‘
5) [101) 111>
L1 1 J1n,= 6) |[110) 01)
7)  |111) 00)




Solving a 1D Schrodinger Equation on a quantum computer

Encoding into qubits with
Gray code

Gray code encoding of Hamiltonian
H =% (|kXk + 1| — 2[kXk| + |kXk — 1])

mm) Goal : transform the Hamiltonian into gates products of (X,Y,2)

How thisworks: X = |1)(0| 4 |0)(1| We add theidentity I = |0)(0| + |1)(1]
Y = i1){0] — d0) (1

Z = 10)(0] = [1){1f ‘{

e.g., [2)(3|+ |3)(2| = |011)(010| + [010)011]
= |0)0] ® [1X1] ® (|1X0] + |0)X1])

1X1] - 5(I - 2)

00 > 5(I +2)

1 1
— 5(1 == Zo) 0% 5(1 - Zl) ® X2 This can be made systematically
H — fCt(Xa, YOH Za)



Solving a 1D Schrddinger Equation on a quantum computer

Formal This can be a priori computed

W(ts)) solution Directly ona QC

Z‘/'

& B (V1) = enOH ()

W (to))

1. Decomposition of H into elementary blocks H = ZHZ
1

2. Use a transformation (Trotter-Suzuki) g wA+E) — (e‘iA””/Ne"'Bw/N)N+0(t2/N)

Example : giAtH1/h _ —iAtHy/h —iAtHs/h

3. Transforms to circuit

W (to))

At At



Solving a 1D Schrddinger Equation on a quantum computer

) Deeper in technical details
p Fouri
P — = ... Fourier
The case of free propagation: H = 5 position, s==== momentum
m tranform
Time evolution: -
Hamiltonian i Bl B s B
decomposition exp(_th) = exp(_i 3 Hjt) 1
st 2 —b— —o
= exp(—iI%-At) s : :
j ] i L1 B
Trotter decomposition N & Pek, At B
HA+B)t _ im (eiAAteiBAt)t/At |
At—0 =
2N 1
- - . . . 1 rii(k—2N—1) /9N
Digital or Quantum Fourier transformation QFT: 1) = 5573 § ermik=2N /2N gy
k=0
—mij . o
- 821\[/2 (|0> +627FZO.JN |1>) ® (|0> + e2mO.]N_1JN |1>)
QFT circuit R ® (|0> + ¢2mi0-jrja-jn |1>) )
71) oo ~{RoaH R, | [0) + €2i01--in |1)
|72} @ Rp—oHRp—1}--- |0) + €27i0s2--in |1}
linr) 0) + 2ridan-sin|1)

L) o Hr~[0)+ g 1)



Solving a 1D Schrodinger Equation on a quantum computer

State (Unitary)
Manipulation

Final state
usawaJinsea

[ |
Q
i}
©
S
%)
©
=
i=
[ |

Initial state
preparation

Simulation on classical Simulation on quantum
computer computer (emulator)

I i i - i - - | l
>t QFT st eion > OFTT >l Finalstate |
| | | |

0.12 A

— initial — initial
(a) — t=0.02n | (D) —— t=0.02n
0.10 — t=0.04n — t=0.04n
— t=0.06m1 — t=0.06m1
0.08 4
£
£ 0.06 1
0.04 -
0.02 4
0.00 T T T T T T - r T T T T T
0 20 40 60 80 100 120 ) 20 40 60 80 100 120
X X

Some shortcomings:
- The number of qubits to get sufficient accuracy is already quite large
- Absorbing waves at the boundary?



Second Example:
The deuteron problem in a schematic
model

PHYSICAL REVIEW LETTERS 120, 210501 (2018)

Editors' Suggestion Featured in Physics

Cloud Quantum Computing of an Atomic Nucleus

E.FE Durnitrescu,1 A.J. McCaskey,2 G. Hagen,3 4 G.R. Jansen,5 G 155 3 Morris,“’3 T Papenbrock,4’3'*

R:C. Pooser,l'4 D.J. Dean,3 and P. Lougovskj”
1Computat‘ional Sciences and Engineering Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
2Computer Science and Mathematics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
3Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
4Deparz‘ment of Physics and Astronomy, University of Tennessee, Knoxville, Tennessee 37996, USA
SNational Center for Computational Sciences, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA



Solution of simple many-body problem with QC: a brief history .

Quantum chemistry Nuclear Physics
Jordan-Wigner (1928) Condensed matter

(

()
S~

Fermions on [1D] lattice

£4 I 1997- Abrams and Loyds
)
,” A quantum algorithm
J B B B B For eigenvalue problems

Energy (Hartree)

’
" 2001- Bravyi-Kitaev
Mapping fermions-Qubits
-2011-2012-Whitfield et al

-Seeley et al
The H, Hamiltonian

Spin systems

-2014 — Peruzzo et al,

The VQE algorithm
For classical-quantum calc.

-2016 - O’Malley et al

First “real” calculations H,
-2017 - Kandala et al

Calculations for H,, LiH, HBeH

-2018 - Hempel et al

0.9 [ : ; -
—— BK HF = |01> reference
¥ VQE sine fit

-1.0
*
* R=0.6

14 f ? ;

Iﬁ & P LA LI L]
15 25
Iteration
0.5 1.0 15 2.0

Internuclear distance R (A)

_ Creation of a US coll. To
Prepare QC

I I I I q
al

W)IS - Dimitrescu et I
I

| First “real” calculations
I_For deuteron

2010 “Tuetal™

3H, 3He, o



Solving the deuteron problem on a quantum computer

State (Unitary)
Manipulation

[ |
Q
i}
©
S
17
©
=
i=
[ |

Final state

Goal : map the deuteron problem into a simple Hamiltonian
Usable in current quantum devices

. %\ [ n=0,1,2,3 1 |

iy 4| n=0,1,2 iy = n%;()(n (T +V)|n)a! a,

n=1 / n=0,1

n=0 \\ Z (n'|T|n) = hTw [(Zn +3/2)8" = \/n(n+ 1/2)57+!
= -V(n+ 1)(n+3/2)52"1],

(n'|V]n) = Vo808,

The parameters are adjusted to reproduce the ground state and excited deuteron energy
Vo=-5.68658111MeV. hAw =7 MeV

» This problem is a simple tri-diagonal problem easy to solve on a classical
computer with a direct matrix diagonalization

Still it addresses the problem of a system of fermions and applications on real QC
but can be considered as a proof of principle



“Nuclear” Many-Body problem: initial state state preparation

State (Unitary)
Manipulation

N |
Q
i}
©
S
%)
©
=
i=
N |

Final state

The nuclear “toy” shell in

iEurEien ineEsta Direct mapping from Fock to qubit space:

Assign one qubit to each single-particle state

|0) State is occupied
|1) State is unoccupied

Energy Quantum  Remember X
A register 0) — |1)
q7 — q7
radius —

> . . -
— . ;_ :
. — ——
n/ o q1 — Q1
— o qo— 4o —x}—

 §

Initially all set to zero

One-difficulty — the antisymmetric nature of fermions



The Jordan-Wigner transformation solution

For qubits
Mapping the Fock space into Qubits |_> — |O . e e O> — |1

Q;I lQ:

For fermions N . A |Ok:>

ayl=)=10---01; 0---0) < QZ:%(Xk—iYk)ZH
{ax, 4} =1 {Qr.Qf =1

Problem while

3

One possible solution (Jordan-Wigner transformation -1928)

v

0OrdertheindexlikeinaIattice —t "ttt

Q Define new mapping k=0 2 3 J

a, = [[(-o)of
k<j



The JWT method
The JWT method is systematic, how this works:
N-1
/ Hy= Y (#|T+V)n)a}a,
/ n,n'=0

[l =0 } } } }
/ m) H, = cpajag +c1a7a1 + vo1(ajap + ajar)
/

JWT mapping ag — Qd
CL]; — —Z()Qi_

‘ (Q Zr = —QYF)

5
= (I — Zp) +er(I — Z1) +vo1 (Xo X1 + YoY7)

H, 5



The Quantum-killer application for eigenvalue problem
the quantum-Phase estimation (QPE) algorithm

Assume a unitary operator U

Assume an eigenstate |¥) Such that U‘\If> = 627Ti<'o|\11> 0<p<l1
><€87m'<,0 1 |

0) — H . * \/5(|0>+62m“0|1>) QFT 1
nr Register x e T |
qubits 0 —H . 5(0)+ ) » 2" ) @ |U)

|0) H xe ™ L (10) + e2rite1

— T \/5(| )+ L)

Working il ~ =




The quantum-Phase estimation (QPE) algorithm

For known eigenvalue problems
Assume a unitary operator U

Assume an eigenstate |\I’> Such that U‘\If> — 6277190|\If> 0 < Y < 1
X687m'<,0 1 |
10— H 510+ e*™?|1)) QFT 1
. 4mep
nr Register Xe
q . _— - Sm— ’\Ij>

What is the meaning of |2"7 () ? = 05

0.25
_ _ _ 0.125
Jr 2 Jn 274 = 0.0625

(70:031]”_5+§++2_n... 5 0.03125

Example 0.1011 — 1x05+0x0.25+1x0.125+ 1 x 0.0625 |* 0.015625
— 0.6875 ~T = 0.0078125

¢ < 1 Can be written as a binary fraction

ny=1m[2%0) =|1) mp~0.5 ¥ —
n. =2m[2"p) =[10) = >~ 0.0
n, = 3|27 ) = [101) =@ =~ 0.625
N, = Amp|27 ) = |1011) = © ~ 0.6875




The quantum-Phase estimation (QPE) algorithm

Assume a unitary operator U

For known eigenvalue problems

Assume an eigenstate |¥) Such that U‘\If> — 62777’('0|\If> 0 < p < 1
XeSﬂ'i(p 1 |
0) — H * \/5(|0> + e¥¥|1)) QFT -1
. 479
nr Register x e e 1 |
qubits 0y — H . \/5(\0>+627”2@|1>) » |2n7’g0> X ’\If>
X€27ri<,0 . |
0) — H T \/5(|0> +e2T(1))
Working "
qubits vy —=4L U HHu' w
QPE

) = oo » S anl042) © )
k k

register eigenstate

One can simply use
U — e’iOﬂ(H—EO)

and get any eigenvalues with arbitrary
precisions



The quantum-Phase estimation (QPE) algorithm

For known eigenvalue problems
Assume a unitary operator U

Assume an eigenstate |¥) Such that U‘\If> = 62777;('0|\If> 0<p<l1
><€87m'<,0 1 |
0) — H * \/§(|0> +e”™|1)) QFT -1
nr Register X AT |
auoits | 100—{H oo | P12V ) © [O)
><62m:90 [ 1 .
0)— H \/5(!0> + (1))

And this works

1.0

4 ancillary qubits Lo 6 ancillary qubits " 8 ancillary qubits

(a) 0.8 4 (b)
0.6 -

HF
robability
.~ o

—— Exact GS 0.4 1
—— Exact 1st 0.2 -
Bl QPE
T T 0.0 T T
10 15 20 25 5 10 15 20 25 20

E/he E/Ae
Unfortunately this is beyond the NISQ period rary

o 0.2 4

o
o

w



The NISQ friendly method

The Variational Quantum Eigensolver (VQE) method

Main Idea of VQE

B Wave-functions can be better controlled by parametrizing them

B One can reduce the QC effort by computing expectation values of
simpler operators H = Z o H;

[] The optimization task is left to a classical computer

|0(6)) / —
. . assical computer \
Quantum
| processor | ﬁ m <H1> 4 . N\
Cost function

el e AN Sy 4 PN SR
i Quantum j ﬁ m } = g

processor .
\ J \ ),

Update parameters

\[ on classical optimiser L

Adapted from S. Endo et al, arxiv:2011.01382
(see also K. Bharti et al., Rev. Mod. Phys. 94, 015004 (2022).




Energy minimization

Wave-function as parametric ansatz |W(0)) = U(0)Xo--- X|0---0)

Hartree-Fock state with k occupied levels

n:O,l U(a) — eﬁ(agal—alfao) = 61(0/2)(X0Y1—X1Y0) T>QXT
\ / T —Y®)
\ n=012 n=0,1,2 U (n,0) = e”(“gal‘“Iao)w(ag"z—“;“o)
I =-y,4, 77 b
) 71| n=0,1 ~ i(1/2)(XoY1—X1Yy) pi(0/2)(XoZ1Y,—X,Z,Y)
' O e
\ / Note that this is a Unitary Coupled Cluster (UCC) N—F o {Y(-m}—l—t
\¥ o 1) —{r©)]
z
s
S
€0
Hq, = 5([ — Z()) + 81([ — Zl)
+ 1}01<X0X1 + Y()Yl) 8

Dumitrescu et al, Phys. Rev. Lett. 120 (2018)



Third Example:
Treatment of superconductivity



“Nuclear” Many-Body problem: initial state preparation

Initial state
Final state

juswainsean

10
State (Unitary)
Manipulation
10

Starting point : Slater determinants

BEATIVTIIAOI8 ||[ystration with giskit-IBM
Running the circuit

1mport.nun.|py.as np [31: # building our own normalized histo
from qiskit import * # Running the code !
q1 %matplotlib inline backend = Aer.get_backend('qasm_simulator"')
shots = 10000

import math
qo PO & results = execute(mycircuit, backend=backend, shots=shots).result()
answer = results.get_counts()

Creation of the circuit

print(answer)
plot_histogram(answer)
nq=7
nc=7
qr = QuantumRegister(nq, 'q') # qubit of interest + register qubits 1000
cr = ClassicalRegister(nc, 'c') # classical register 1.00
# name of the circuit ’
mycircuit = QuantumCircuit(qr, cr)
i 2 0.75
q_0: {1 X ﬂ— for j in range(5): Ig
w1 T DM mycircuit.x(j) 3
4 — ]
- I | 0.50
mycircuit.barrier
w2 | x " ircuit.barrier() £
i L]
q.3: { x m for j in range(7): 0.25
L - mycircuit.measure(j,j)
q_4: 1 X M
L L #mycircuit.draw() 0.00
q_5: m— print(mycircuit)
q_6: me_'»
c: 7/

0 1 2 3 4 5 6



Magnetic field [G]
7?0 833
I

Preparing superfluid systems

K 0
<«— BEC Interaction parameter 1/k.a

Cooper pairs and
superfluidity are
rather universal
phenomena:
(condensed matter,
Atomic physics,
Nuclear physics, ... )

This problem is an archetype of spontaneous symmetry breaking.
A “easy” way to describe it is to break the particle number symmetry, i.e. Lemmm =~ .

———0—
consider wave-function th i iff icl g -
tion that mixes different particle number
. . . +
‘ Mixes states with 0, 2, 4, ... particles >0

We say that a symmetry (particle number) is broken



Preparing state that mixes particle number

| assign a qubit to each qubit

o
L

go =1—po

@)= v/Pol0) + /1 —pol1)

Measuring the qubit gives the probability

0/1

0)—Fa— |p)

——Z

On the Qiskit toolkit

[1]: dimport numpy as np
from giskit import *
%matplotlib inline
import math

from giskit.visualization import plot_histogram

Creation of the circuit

[2]: ng=1
nc=1
qr = QuantumRegister(nq, 'q') # qubit of interest + register qubits
cr = ClassicalRegister(nc, 'c') # classical register

# name of the circuit
mycircuit = QuantumCircuit(qr, cr

#make the rotation
angle = 4%2xmath.pi/12

mycircuit.rx(angle,0)
mycircuit.measure(0,0)

#mycircuit.draw()
print(mycircuit)

q_0: 41 RX(2n/3) ﬂ

c: 1/

probability

Po I
0 1 :

Running the circuit

[3]:

# building our own normalized histo

# Running the code !

backend = Aer.get_backend('qgasm_simulator"')

shots = 10000

results = execute(mycircuit, backend=backend, shots=shots).result()
answer = results.get_counts()

print(answer)
plot_histogram(answer)

{'0': 2546, '1': 7454}

[31:
0.8 0745

0.6

0.4

Probabilities

0.255

0.2

0.0




Preparing state that mixes particle number

With more people

0) —— Rx(61)

0/1

—p1)—

/7(

0) — Rx(62)

0/1

_¢2>_

/7

Qubit can be entangled

oo
0) —— Ry (0) —¢ P

0/1
0) D P

[#12) = ]00) + B4[11)

Here | created a Bell

¢i) = a;|0) + Bi|1)

state

[15]:

_0: 4 RX(n/3)

~1: 4 RX(m/4)

- e

0

0 1

{'00': 6351, '01': 2169, 'l0': 1112, '11': 368}

Probabilities

{'00"':

Probabilities

o
o

O
S

o
N

o
=)

o
©®

o
o

o
S

0.2

0.0

0.635

7513, '11': 2487}

0751

0.249




Application to the N-body pairing problem

S — Hamiltonian and initial state

HP = Z{-jz a; a; —I—CL CL Z a, CL az aj States labels Z E
i>0 t i,§>0 1 —tttt >
. 1 Qubits Iabelso 1 2 .. n n+l
Jordan-Wigner trans: 5(I,L- — 7Z;) State ordering
is important ! ; T
_|_
a; - Q Qn—i—l

Initial (symmetry breaking) state preparation

Yi = ¢ .
= exp{ Z% (a aj — aiai)} 10) ‘ ) = H ew(XnYn+1+Yan+1)/2‘_>

>0 n>0
Simplified circuit (generalized Bell state)

m . - ¥) = H [COS ( ) I, ® 1,11+ Sm( ) Q+Qn+1] |—)

\ n
e—i0(XY+YX)/2 — T
_| —i0Y i
e Ry ()

Zhang Jiang et al,
Phys. Rev. Applied 9, 044036 (2018).

Equivalent universal gate on pairs

\

S

Counts
N
w

I




Fourth Example:
restoration of broken symmetries

)

.

il



Magnetic field [G]
833

730
1

But what is the connection with

interacting systems 777 '

K 0
<«— BEC Interaction parameter 1/k.a

Cooper pairs and
superfluidity are
rather universal
phenomena:
(condensed matter,
Atomic physics,
Nuclear physics, ... )

This problem is an archetype of spontaneous symmetry breaking.
A “easy” way to describe it is to break the particle number symmetry, i.e.
consider wave-function that mixes different particle number

Example |(D()> = Hz(uz + viagaiﬂ—) \J
‘ Mixes states with 0, 2, 4, ... particles -

We say that a symmetry (particle number) is broken But ultimately number of

Particle should be restored !



What we have started to do

I o Preparation of SB states on QC I
o Symmetry restoration on QC I

— — — — — — —]
PN -

Post-processing for

Further
Quantum

e or hybrid
Quantum-Classical
Postyprocessing

Variational optimization

‘. Symmetry e Improved ground state or excited
= Breaking (SB) States (QPE, Quantum Kry!
, yloy, ...)
— ks state

o Symmetry Restored
(SR) state (multi-reference)



Illustration with small superconductors

lllustration with the Richardson Hamiltonian
-
BEC
HP—Z&, aaz—|—aa Z azazajaj
1>0 1,7>0 P N
This problem is an archetype of spontaneous symmetry breaking. —o—0—
An “easy” way to describe it is to break the particle number symmetry, i.e. ——0—
consider wave-function that mixes different particle number —O0—0—
—_—O O

SN (D) = IT;(u; + vialal)|-)
‘ Mixes states with 0, 2, 4, ... particles

The particle number - U(1) symmetry) § 5 |

. N=8, (=8

is broken o |
Q
C 3t
i)
© 2}
o
t 1 ‘/u e T
o - =.»” Pert. Theory
(@) 0 == . L N

. 0.0 0.25 0.5 0.75 1.0
But ultimately number of g/Ae

Particle should be restored !



Restoration of particle number symmetry
The counting statistics problem

Direct estimate of Counting statistics

Example of mixing for 12 qubits (with qiskit)

2%
225
(&)
04
10 12
Projection on particle number

) =) en|N) =»|N)

For 2 qubits N
T) = a|00) + B|01) + ~|10) + 6]11)

IN=0) o«|N=1) |N=2)

A possible way to perform the projection is to use
The Quantum-Phase-Estimation method with N itself

D. Lacroix, “Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer”, PRL 125, 230502 (2020)



Broken symmetry/restoration

The counting statistic problem

The schroedinger cat revisited
Coifie® reem

A more specific example

Andrea

Bgdan L

Guillaume

Andrea

.-

Guillaume

2 persons

‘ . With many events we can do

4 persons 3 persons Probabilities, statistical analysis




The counting statistic problem

| assign a qubit to each person

0)—{ro—| @ )—

In quantum systems

o
L

0/1

I> = /po|0) + \/1 — pol1)

Measuring the qubit gives the probability

4"-:;i!

DAV IAOIOR ||[ystration with qiskit

[1]: dimport numpy as np
from giskit import *
%matplotlib inline
import math

from giskit.visualization import plot_histogram

Creation of the circuit

[2]: ng=1
nc=1
qr = QuantumRegister(nq, 'q') # qubit of interest + register qubits
cr = ClassicalRegister(nc, 'c') # classical register

# name of the circuit
mycircuit = QuantumCircuit(qr, cr

#make the rotation
angle = 4%2xmath.pi/12

mycircuit.rx(angle,0)
mycircuit.measure(0,0)

#mycircuit.draw()
print(mycircuit)

q_0: 41 RX(2n/3) ﬂ

c: 1/

go =1—po

Po I
0 1 :

probability

Running the circuit

[3]:

# building our own normalized histo

# Running the code !

backend = Aer.get_backend('qgasm_simulator"')

shots = 10000

results = execute(mycircuit, backend=backend, shots=shots).result()
answer = results.get_counts()

print(answer)
plot_histogram(answer)

{'0': 2546, '1': 7454}

[31:
0.8 0745

0.6

Probabilities
o
Fsy

0.255

0.2

0.0




The counting statistic problem

With more people

|0) —— Rx(61)

0) — Rx(62)

People can be entangled

oo
0) —— Ry (0) —¢ P

0/1
0) D P

@) = o| B + 5

Here | created a Bell state

0/1

0/1

S
®E)

[15]:

In quantum systems

_0: 4 RX(n/3)

~1: 4 RX(m/4)

- e

0

0 1

{'00': 6351, '01': 2169, 'l0': 1112, '11': 368}

Probabilities

{'00"':

Probabilities

O
o

O
S

o
N

O
=)

o
©®

o
o

o
S

0.2

0.0

0.635

0217
0111
0037
S 5

7513, '11': 2487}

0751

0.249




The counting statistic problem

without destroying the wave-function

Initial wave-function

0) = o|l@® Ee) +y[EXEL)

Event 1 Event 3 Event 4

HeEX ExEy |EPEL |HEXEX

After the measurement the wave-function collapse to one of the state

Schrodinger's Cat If | open the box ig)

» or
) A |
A more difficult problem I vyant to select the compon.ent_W|th 3 persons
without completely destroying it

) =46 | HREL + 0 @XEL) + ...




Non-destructive counting on a quantum computer

—_—_—k e e e e e e et et et et e e - - - ,
Auxiliary qubits I
n 11 N [ oy :
0 Vi ] General
|®| )| 7 I Circuit !
I . I
‘\If > 'n}q . Information "I’ j-‘) Final state
‘ ) 7 * exchange i '
\ : g ) \_ V) Post Processing

. |
(b) leantum Circuits/state manipulation (¢} Information Reduction by

(a) Initial state
I Partial/complete measuremdn

Starting point

= |0, - -

I I
I I
| Send the information '
I To additional qubits I
I I
I I
I I

-'
Initial state

That are destroyed
after measurement




The quantum-Phase estimation (QPE) algorithm

For known eigenvalue problems
Assume a unitary operator U

Assume an eigenstate (W) Such that U‘\If> — 62777’('0|\If> 0 < p < 1
><€87r7j<,0 1 |
0) —{ H t— 500+ T gera
. 471
nr Register x e TP 1 |
qubits 0y —{ H . 50+ ) » 2" p) @ | V)
XeQﬂ'icp . -
0) — H T \/5(|0> +e7TL)
Working "
qubits vy —=4L U HHu' w
For the particle number projection
. . 1

)

W) = Zak|¢k> » Zak‘ngnr> ® | ) Assume eigenvalues {0,1,--- , A}
A
k k

: A
_ . Constraint: 0 < — <1 then 5,- =0.a1-"-an,—1
register eigenstate 2nr 2nr

If | measure given binary number in the ancillary

qubit. After measurement, | have the projection on
the associated particle number component




Eigenvalues-Ground state and excited states

e I Measurement
\ /]
I( ® 0) |+|— H®nr T QFT— 14 : A D Ak : WltE i Example of an event:
I | Pro 075
I &%) (\)

‘Zaklm ;/ QPE[Ug] = ———p 011 ---010)"" @ |p4n))
. o e e . N — e e e/ Y/ /e e e ~————
Initial configuration with Symmetry operator eigenvalues encoding Symmetry restoration
symmetry breaking state In the register qubits through measurement — A(A)

BCS/HFB state 6 pairs

" 50 - ®)
:H{cos( )I ®In+1—|—sm< >Q+Qn+1] ) g
n § 25 -
‘Measurement 0.
0{ ¢ f
Projected BCS or @ | ©
with varying 4
number § -6 s o | mm
. (&
Of particles Degenerate case -8
—-10 - o °
=—4g Z a; CL asz CLJ

0 2 4 6 8 10 Ro o

S
AW AN
Counts

Exact solution

H was encoded on the full Fock space with A < Uz, B/ 1 (A—v)(2 A 2)
g = — — — UV nq - — V= .
4

For the degenerate case, this should give the exact solution



Eigenvalues-Ground state and excited states .

e I Measurement
\ /]
( ®\0 I+|_ H®nr QFT—4 1~ D Ak | with , Example of an event:
| | L o >| prob. ||
| K (M)
‘Zaklm ;/ QPE[Ug] = ———p 011 ---010)"" @ |p4n))
. o e e . N — e e e/ Y/ /e e e ~————
Initial configuration with Symmetry operator eigenvalues encoding Symmetry restoration
symmetry breaking state In the register qubits through measurement — A(A)
BCS/HFB state 6 pairs
.\ 25 )
H{COS< )I ® Int1 +Sln< )Q Qn—l—l] |—) E
n § 25 -
0 -
o 0{-# #
\oé» @ | @
- N |
(=)
= -6 ® o |
™
—8 1
—-10 - o °

024681012Q"?§

Counts

A(/\)

Exact solution
Elg = —im ) (2ng—A—v—2).




A schematic view Making projection on particle number

O 01001 ---1
@’nr | > Information » Z:ozk| ) @ oK)

Transfer on the mixing = Particle number
of particle number written as a binary number

¥

We can measure the register qubit

W) =) akler)

k

An even more schematic view | & >

-

This is equivalent to project on |¢x)

Then | can use this
Wave-function for
post-processing

D. Lacroix, “Symmetry-Assisted Preparation of Entangled Many-Body States on a Quantum Computer”, PRL 125, 230502 (2020).




Combining restoration of broken
symmetries and variational method:

The Quantum Variation After rojection
(Q-VAP)



Coming back to our superconducting problem

Possible optimization schemes

Variational
Symmetry-Breaking ansatz

# Standard BCS theory

Project after optimization
Q-PAV: Quantum Projection
After Variation

The optimization is made on the
Symmetry restored state.
Q-VAP: Quantum Variation
After Projection

Combining projection with variational method

Pair occupation are now encoded

N-1 3
(T({0p})) = X [sin(dy

Quantum-Classical optimizers

) +cos(6p)[1,)] E

p=1 Symmetry

Preserving

[Y¥35)

SB state

energy evaluatiol

classical Ee —
parameters g =

é (IIJE'IHTW)@')

classical
optimizer

[Y¥3)
SB state

pFOJectlon ‘E’

By QPE

energy evaluatio

classical

E= =
Gt g 8 particles on 8 equidistant levels
g WslHrvg) P g
B 1004 ===—===—..... Sact
classical - 0 e BCS
optimizer qq: 801 _ —em- Q-PAV
o 60 | .b ------ PR Q_VAP
. . q) S ......
SB+projection % 20, T N
By QPE E S § g e
[ (@) S5 ---
S— energy evaluatio 8 201 € (%)
parameters E = E ___———_____
0 (Wg|HrlYg) a 0 —

classical
optimizer




Post-processing of projected states

Complete strategy @

Ak

— — — — — — — — — — — — — — —

Vi1 E. A. Ruiz Guzman
( ®\0 '+|-H®”7‘ QFT -1 1 () )\k:Wlth ;
| | L prob. ||
| D)
Z o) ; # QPE[Us] i ———p
\ o Y —— ——— e e e e e — — — ————
Initial configuration with Symmetry operator eigenvalues encoding Symmetry restoration
symmetry breaking state In the register qubits through measurement
(HF, BCS, P-VAP, Q-VAP)

mm) Post-processing to get excited states:

Initial state preparation e
E
Quantum Phase Estimation —

Symmetry
Breaking (SB)
state

a Symmetry Restored
(SR) state (multi-reference)



lllustration of the QPE method with projected state

0/1

) — ]}
0/1
o) —#]
" 9 QFT!
Initial state preparation ] —
L e B B
| (nXT)HFT T QL Ay Lo —{)
I | g I [n]
I Zak’¢k>,7£\—— QPE[Us] /: l\ ———’-} _,n_ Vzo . V22 ] Vz"q—1

Some technical details
Z
H _Emin >0 ”7>0
V = —omi
o { - (1=} .‘v ‘,

=) For the propagator, we 0 cos()\pq) zsm()\ 2)

0
11 g i
used the Trotter-Suzuki method H 0 exp(— 2zspAt) =219 zSm(f\ pa) cos()\pq) 0 with
P SR & = Apg = gAL
pq

U(T) — e—iTH
. . ¥ . <

U(r) =[Juar) — [] U-(an)U,(AT) — B(%p) i RX(LA) T




lllustration of the QPE method with projected state

4 ancillary qubits Lo 6 ancillary qubits 8 ancillary qubits

100
2 084(a) 0.8  (b) 101§ (€) |
w .(% 0.6
T -8 0.4 9 — Exactes
a 024 — Exact 1st
= QPE
0.0 T
5 10 15 30
1.0
2 08 4(d)
Z 0 0.6 -
C.LS 0.4 —— Exact GS
(@] —— Exact 1st
O L '
0.0 : ® QPE 1st
5 10 15 T e 3 & 3 30
1.0 Number of ancillary qubits
2 08-(9)
o —_
QO 0.6 4
< © 10-2
Q0.4 - 0.4
O e 10—3
O 0.2 1 0.2 A
0.0 T T T 0.0 T T T 104
5 10 15 20 25 5 10 15 20 25 10 20 30
E/Ae E/Ae E/Ae

E. A. Ruiz Guzman and DL, Phys. Rev. C 105, 024324 (2022)



Approximate method : Krylov Based methods

Hilbert space

Important space (), H®),---, HY U} = {|®;) }ico.ar-1

Diagonalize in the non-orthogonal subspace
Oij = (2:]®;) H;; = (®;|H|®;)

Generalized eigenvalue problem

‘)1 Cn (Gf)Om

e
n

Our strategy

Compute overlap and
Hamiltonian matrix
elements
on the quantum computer

F(t)
o
o

¥ — Re{F(t)}
L! ---- Im{F(t
Solve the eigenvalue 0.0 05 10 15 2.0
problem on the classical t{Ae 1]

computer

E. A. Ruiz-Guzman and DL, arXiv:2104.08181



https://arxiv.org/abs/2104.08181

Approximate method : Krylov Based methods

Highly Truncated Hilbert space B
{|\I!), H|‘1’>a 3 H" 1|‘I’>} = {|(I)i>}i:0,M—1

Important space

{1®), e HN@), -, eT M W) )

@

O = (@;]®;) = (|e ™ wy o = (U|He (=) H | p)

Hadamard test for the real part of O and H

Initial state preparation 0/1
—_———y === _———— |0) H H —
{ ®0>\|n7{H®nr —\I{ﬂR )\\| I I
o« | I+|r T QFT 1| M| IS prvers Bl
| | g IS
O \ WPEWS ~"___~ ™ Modified Hadamard test for the imaginary part
S T - 0/1
0y — H | R(r/2) I I 7
|‘I,> /In e—‘iArH A

¥

Diagonalization on a classical computer



Comparison QPE vs Quantum Kr

N

(0)]
1
b
L

ﬁ — Exact 7

] e HF

T— 1 = Q-PAVC » The combination of Q-VAP + Quantum Krylov
. Q-VAP Is very good for the Ground state

2 — = =

s =4 m) ButQ-VAP + Quantum Krylov
is worth than others for excited states

6 8 10
Number of states : :
A possible solution

26 B = = — —

.* —— Exact 7
>4 ] v e HF

S -PAV 2 :
— S ) = ) sin(6,)10,) + cos(6,)]1,)]

2 22 1 o A n ~ & - g ‘
~
L

201 4 0 o o 1) = [ cos(8)]0) + sin(8)]1] (R [sin(6,)[0,) + cos(6,)]1,)]
v [ ] DFL

184 o = /
N S (W'|w) = 0

16 T T T T T
2 4 §) 8 10

Number of states



Comparison QPE vs Quantum Krylov after Q-VAP

QPE Quantum Krylov
0/1

o —{a]
— oA 0/1
|0) H
Ng 4 — QFT‘l _- |O) H I I H /7'
- —iATH
0/1 ) = 4 time
|0) E w{—
. Toor (M)
| W) —f— V2° — V21 I Vz"q‘l
time
—
TQPE +27qpg + 42" ! 2]
@ QPR * TQPE 10 ° Krylov HF
o = Krylov Q-PAV
PE [
Ttht (nq) — (an - 1) TQPE —_~ ° Krylov Q-VAP
© 10"
S . L
Ly
m | X J ¢
<
100 .
|
0 : A ¢ - o—
0 100 101

TtotAe




More on many-body ansatz
In quantum computing



Some flash of what is happening now: nuclear and other many-body systems

e o o o
N ] Th t e e o °
2 g = € many ways to prepare a system .\i.\ o . %
a State (Unitary) 7 @ o N )
£ Manipulation f_sﬂ § Energy
= = £ A b
- — - qr BEC
Independent particles g
radius . .
——— :
E——— _-—
90 —{x}—
. v 0 —{mw
Superfluid systems o\ e 9 ' o — oo I
° . o
o 0o ° ‘@ ) ®
: —o0o—
> —_———
BCS BEC
,,r\
Requires symmetry breaking | éﬁ

and restauration tools

[e3Res) An—20n—-1 ~ Qn—1

PS1:52, 81,80 — § GG ... .Q5n—1 G3n
aq
{a:}

Parametrizing general states:
Tensor network
State Coefficient Tensor

Lannannnnny s BES e ottt ! Examples:

D. Lacroix, PRL 125, 230502 (2020).

MPS

Sestie oo
wewa o _|
TIN o
l_'_l
number of layers D =2

(now tested with A. Ruiz Guzman [PhD-1JCLab])



State (Unitary)

Manipulation

Many-Body problem

Other ways to prepare correlated systems

What is the most general way for 2 qubits ?

» In total, this gives a priori 4 + 6 X 2 — 1 = 15 parameters

(87

+5
+
+0

-
-

_ O
o =
\/\/\/\/

—_
—

G({A})

An example of structure that do not mixes particle number

|0y——
0+ X H

A(O1, 1)

o xH

10—

A(b2, )

A(03, 01)

A (94 y P4 )

;4 (0', . (j)r, )

.4 (6(5 3 (:)(', )

_with

A0, @)

— R(0,¢)!

00

—_—
O O =
\/\/\/\/

yan)
<
o
3

R(0, ¢)

o
37

Gard et al, Quant Inf (2020)



Many-Body problem
Other ways to prepare correlated systems

From Two to many qubits

We might use a “product like” form

— o ala $1,82,*Sn—1,Sn __ S1 So Snm—1 S
|‘II) - Z \I’sl"""g”lsl’ ’sﬂ) ‘qj e T = E :GalGO{lOé2 Gaz—zan—1GaT;—1

8;=0,1 {au}

State (Unitary)
Manipulation

N |
Q
i}
©
S
17
©
=
i=
N |

Final state

(0| 6= (|
(0] il (o]
(0| 6= (0|
(0| NH = (ol
() e (0]
(0] (o]
(0] (0]
0 Gl jg["]

(0]

direction of time flow

number of layers D =2

Ran, Phys. Rev. A 101 (2020)



Many-Body problem
Other ways to prepare correlated systems

Initial state
Final state

juswainsean

10
State (Unitary)
Manipulation
10

@31,32, *Sn—1+Sn E Gsl GS2 Gsn 1 Gsn

a1a2 Ap—20np—1 anp—1
{ai}

A few words on tensor network https://wuw.tensors.net/
https://tensornetwork.org/

For our purposes, a tensor can simply be understood as a multi-dimensional array of numbers.
Typically we use a diagrammatic notation for tensors, where each tensor is drawn as a solid shape
with a number of 'legs' corresponding to its order:

A

Al Byy - Bip C111 Clnl
2 Bi—slidi et nas: C=
: Bm1i = Bmn Cnix  Cum

Am

A=

e vector e matrix e order-3 tensor

Ai@’ BU @ﬂ Cl']'k<:>
i i j [

We can form networks comprised of multiple tensors, where and index shared by two tensors
denotes a contraction (or summation) over this index:

Dijk = Z AlijilnCnmk

lmn



Many-Body problem

Other ways to prepare correlated systems

Q
=
©
+
17}
s
=
f=4

Final state

[ ] \
State (Unitary) §
Manipulation 5

o
=]

] /

1 \?81)82) *Sn— 173?7, R E Gsl GS2 Gsn 1 Gsn

a1a2 Ap—20np—1 anp—1

A few words on tensor network https +//waw.tensors.net/
https://tensornetwork.org/
W= > Copoglidliliy | C J
il
1 iz i3 Iy IN

Matrix Product State

Order-N tensor: Network of low-order tensors:
contains ~exp(N) parameters contains ~poly(N) parameters




Many-Body problem

Other ways to prepare correlated systems

Q
=
©
+
17}
s
=
£

State (Unitary)
Manipulation
[ ]

&
8 5
‘H
2k
/%
Ap—20np—1 anp—1

A few words on tensor network https://wuw.tensors.net/
https://tensornetwork.org/

State Coefficient Tensor
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Summary

i Google Al

Circuit depth



Quantum computers are often themselves many-body interacting systems
Quantum computing for the infinities
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Quarks and Gluons — Effective Field theories
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Quarks and Gluons — Effective Field theories

Digital Quantum Chromodynamics
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®» Map quarks and gluons on
quantum register

®» Develop unitary operators for
their evolution

®» Obtain relevant observables
from measurements

Courtesy M. Savage



Quarks and Gluons — Effective Field theories

Digital Quantum Chromodynamics
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Nuclear Physics

Actual tendency : Towards Full configuration-Interaction description ?

H = Hi_voay + Ha—pody + - -

Current status




Nuclear Physics

Actual tendency : Towards

H = Hi_voay + Ha—

Current s’

: Systematic strategy
28| © This work NEREERE
g |opshel 8 n
gzo e =i Nuclear shell-model simulation in digital quantum computers
=1
=
= A. Pérez-Obiol*
. 8 Barcelona Supercomputing Center, 08034 Barcelona, Spain
N
A. M. Romero,’ J. Menéndez,* and A. Rios?

2 8 20 28 Departament de Fisica Qudntica 1 Astrofisica (FQA),
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Neutrino oscillations

2-flavor approx.

directly treated as

inverted hierarchy (IH)
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Neutrino oscillations in beams
Natural treatment as
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Neutrino oscillations

2-flavor approx.
directly treated as

Nowadays: Increasing

number of applications
PHYSICAL REVIEW D 104, 063009 (2021)
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Simulation of collective neutrino oscillations on a quantum computer

START 1 2 3 4 END

Benjamin Hall," Alessandro Roggero,z’3 Alessandro Baroni,* and Joseph Carlson*
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Quantum Machine Learning

and event classification

Some quantum historical algorithms are very fast for pattern recognition.

Deutsch (1985), Simon (1994), ...

case 1l case 2
The “simple” Deutsch problem: f: {0,1} — {0,1} (Oracle) c—@
Q: determine if f(0)=f(l) > ﬁ
@ Classically requires to have 2 answers f(0) 2 f(1) ? ﬁ-’
@ Quantum: one can directly ask f(0)=f(l) 001 . [0)
o) -] [5]- [E] [esme] - =

ROyl | 1)



Quantum Machine Learning

and event classification

Some quantum historical algorithms are very fast for pattern recognition.

Quantum Science and Technology
case 2

Maria Schuld
Francesco Petruccione




Few initiated applications

Dark matter

Lattice gauge theories

r‘“ oy N-body problem

N-body nuclear systems

10.1126/sciadv. 1701207

Zohar, Kolck, Savage, ...

Dumitrescu, Hagen, Carlson, Papenbrock... DynamiCS' e v scattering
¢ 7

E. Zohar, J. I. Cirac, B. Reznik, Phys. Rev. Lett. 110, 125304 (2013)

E. Zohar, J. I. Cirac, B. Reznik, Phys. Rev. A 88 023617 (2013)

E. Zohar, J. I. Cirac, B. Reznik, Rep. Prog. Phys. 79, 014401 (2016)

D. Gonzélez Cuadra, E. Zohar, J. I. Cirac, New J. Phys. 19 063038 (2017)

E. Zohar, A. Farace, B. Reznik, J. I. Cirac, Phys. Rev. Lett. 118 070501 (2017) Carbon

Roggero, Carlson, ...

eeeeeeeeeeeeeee

Applications to data mining (event

. \ classification)
R ot ! o7 CMS-detector




Summary

©C2N - CNRS

©lnnsbruck University

©OUNSW Sydney

©Google

©U. of Bristol

m) Quantum computing is a high risk/high benefit
interdisciplinary field

# It might lead to unprecedented boost in theory
(or more generally in complex problems)

mm) It leads to natural link between public research and
private companies (IBM, Google, ...)

# Emerging QC programs in France

COMPUTER




Eniac ~1950

Moyens employés

Vitesses de multiplication

Temps de calcul d'une trajectoire

de nombres de 10 chiffres d'une table de tir

Homme & la main, ou machine de Babbage 5 min 26

Homme avec calculateur de bureau 10a15s 12h
Harvard Mark | (électromécanique) 3s 2h

Model 5 (électromécanique) 2s 40 min

Analyseur différentiel (analogique) 1s 20 min

Harvard Mark Il (électromécanique) 04s 15 min
ENIAC (électronique) 0,001s 3s

IBM ~2020

'
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Additional material



Predicting long time dynamics from short-time evolution

# Prediction of long time evolution from short-time

Propagation NISQ ers | \IJ (tf ) >

W(t;))

can we extrapolate to long-time?

What is the physical content of short-time evolution ?

Full space

—i1+)2
D(t)) = (1 —itH + ( 2":5) H2 4 .. > B(0)) Important space

=) [1"|2(0))

Are the so-called Krylov states

But they cannot be computed easily on a quantum computer

mm) \We propose instead to compute <HK>0



Hamiltonian moments calculation on a quantum computer
With minimal qubits number

Generating function concept

F(t) = (Pole”""|®o)
(—it)?
2

Circuit for the Real part
0/1

0) — H I H >

x A F(t)

F(t)=1—it<H>0—|- 71K

Practical method to get F(t)

(H?)o + - wb (H")o =1

t=0

n

[®o) —# e 10

Circuit for the Imaginary part
01

10) H R(®) I H R(¢) >

[®o) —# e 1O




Hamiltonian moments calculation on a quantum computer

With minimal qubits number

Generating function concept

F(t) = (Pole™""|®0)

F(t) = 1 — ity + S g2y 4 -

— K
2 dtk |,_,
lllustration for the cooper pair problem
109 —— Re{F(D)}
-——- Im{F(t)} (a)
0.5 1 ]

1 1

\
\
\
\
= 0.0 \
H ] \‘ finite difference
'|| \ made on a classical
—0.5-1|| computer
V1 K
Lo V] - <H >0
0.0 0.5 1.0 1.5 2.0

E. A. Ruiz-Guzman and DL, in preparation



Next use the moments for post-processing

Ground state property
(imaginary time evolution)

Evolution: Krylov without

Krylov states

5 - M=2
(@) - e
- M=6 \ .\ l.-
—-—— M=38 .
0.8 1 - I /
-e- Exact N .
----- Taylor :
—- Padé[3,7]
20
e\ ] Q
Q H
S‘ ]
W 16+
14 T T l____l___l—_—
0.0 0.5 1.0 1.5 2.0 2.5 3.0




lllustration of the specific effort to make with qubits

Playing with binary numbers

Integer representation Binary representation

J
J
n

2—1

2—3
2—4
2—5
2—6

0.5

0.25

0.125
0.0625
0.03125
0.015625
0.0078125

J=512" " 4 a2 5020 .

Binary fraction

2 22 AL
Note that this is just the equivalent to our base 10 writing
. . Ji o J2 In
0.71 - - — cee 4 S—
Judn = qg 0 T 10"

Example  0.1011 — 1x0.54+0x0.25+ 1 x 0.1254+ 1 x 0.0625
— 0.6875

Approximation of 0.6875 can be obtained by removing some terms

0.101 — 0.625
0.1 — 0.5



lllustration of the specific effort to make with qubits
A seminal example: the Quantum Fourier Transform (QFT)

. Assume a set of values {zg,---,zx_1}, we can define
Reminder: classical FT a set of new numbers {fo,---, fxy—1} such that:

.
Fo 2 e2i™kG/N)

Then the inverse Fourier transform is given by':

1 N-1
—2imj(k/N)
~ 2 fie
k=0

Quantum FT < =

N-1
- = ) =) =
k=0

621’7\’(_)z(k/4’\’) |k‘)
Qubit FT —

I; =

2

5-

n—1
: : . ~ 1 omiik/2"
|J> — |]"_1 . ..]0> — |]> —_ 2"/2 Zez ]k/2 Ik)
k=0
1 n -
= 5@ [0+ )
=1

1

= i (|O) + 6'27ri0.j0|1>) (IO) + e?ni()-jljo“)) (|0) + e?ﬂiO.j,,_l...jl_jO'l))




Quantum circuits for Qubit FT .

[=1
“71> H }» R2 ... —R"~l — R” ‘O> + e27!‘10]1]”|1>
‘.7'2> o H+- R, oHRp 1+ \O) + 2mi0.52.jn |1>
[Jn—1) .-~ HH R 10 + e2mi0:dn-1n 1)

‘,}71} ‘O 27r10] |1
(unary gate) Controlled —U gate (binary gate)

1) "o L[l 1] 10 0 o0 7000 Y o
ul v2 1 -1 o1 o o |o1) B
1 Controlled — U = |:0 0 Uy Uss |[10) e = [() ({.zm/.zk ‘
10) 0 0 Uy Uy Jj11)



The quantum-Phase estimate (QPE) algorithm

For eigenvalue problems
Full protocol here give access
to the generating function  yere give access to the probability

of the moments Distribution P(S)

O T || | prob. |ag|?
I I @q| I I | ¢k >I Initial state for quantum
‘ E L ‘¢k>, 7 QPE[Us] \ —_ or hybdrid quantum-classical I
~ — e— \ __________ _,} ~——_—— I processing )
Initial configuration with Symmetry operator eigenvalues encoding Symmetry restoration S P_t -
symmetry breaking state In the register qubits through measurement ost-processing

After measurement

The state is projected
Important remarks on eigenstates or a set of
Eigenstates if degenerated

In practice, for each measurement we obtain a binary string

{0110"'}’% —> Hk — ‘2”"’"6’;& X |gbk> =) |¢k> for post-processing




Symmetry assisted preparation of entangled many-body states on a quantum M a i n id e a Of t h e p a p e r a rXiV : 2 006 . 0649 1

computer

Use the QPE approach for operators with known eigenvalues to obtain entangled states

Hypothesis:

P> Assume a hermitian operator S acting on nq qubits

B> Assume that S has discrete eigenvalues {Ag < -+ < Ay} with A\ = amyg

S =0
Ug = 2
s exp{ m[ e ]}
P> Eigenvalues of Us are given by 627T’i9k with 0 = (mg — mg)/2"3

If (mk—m0)<2"0 # 0, <1

: : : . arit
and 0} is exactly written as a binary fraction ® partty
® Part. number

a = cst
P> Define the operator

mm) |t is then optimal for the QPE use.
An optimal choice for the number of register qubits is 1n,- = T ® J.=hm

J?=h%(+1
and n, —1 <In(my —mo)/In2 < n,. o iG+1)



Symmetry assisted preparation of entangled many-body states on a quantum M a i n id e a Of t h e p a p e r a rXiV : 2 006 . 0649 1

computer

Use the QPE approach for operators with known eigenvalues to obtain entangled states

Hypothesis:

P> Assume a hermitian operator S acting on nq qubits

B> Assume that S has discrete eigenvalues {Ag < -+ < Ay} with A\ = amyg

S =0
Ug = 2
s exp{ m[ e ]}
P> Eigenvalues of Us are given by 627T’i9k with 0 = (mg — mg)/2"3

If (mk—m0)<2"0 # 0, <1

: : : . arit
and 0} is exactly written as a binary fraction ® partty
® Part. number

a = cst
P> Define the operator

mm) |t is then optimal for the QPE use.
An optimal choice for the number of register qubits is 1n,- = T ® J.=hm

J?=h%(+1
and n, —1 <In(my —mo)/In2 < n,. o iG+1)



lllustration of the Jordan-Wigner use

Quantum Computing notations

{oy,04,0.}m{X,Y, 7}

- [V 0] - o+

Convention: 0 4
—i| | mimo-iol

1 , _
Qj_ — 5 (Xj _2Yj> =) Q;_|OJ> = |1j> Z = (1) (1)]—|o><0||1><1|

Example: particle number

N=> dla; e— N=YQrQ, =23, - 2) W QQ,0) =0

. 2 - 2 &
J Z; J J Q; Q;l1;) = 1)
Particle number projection with the QPE N counts the number n of 1 in qubits

For ng qubits, 7 =10,--- ,n, me=1 =1

2<n,<3 = 2
4<n, <7 —= 3
8<n, <15 — 4

Un = exp {2miN/2"" } With the Condition ng <~ 2"" 16<n, <31 - 5

32<n,<63 — 6

64 <ng <127 — 7
128 < ny <255 — 8
255 <ny <511 — 9
512 < n, <1023 — 10




QPE applied to particle number projection

Practical details

Uv=[]U;
J

U; = 10;)(0;] + exp(im /2™~ 1) 1;) (1]

1 0
Ui - [ 0 7l7r/2”0_1 ]

€

o g

' o

7 _ 3
Example: Qubit counting statistics L LA
- [[ng=6 i
r = 3 _
Initial state . !
n =025 i ) |
. 2
X 10, 1 &) [cos(12/2)10;) E
+sin(p/2)|1,)] ¥
‘PA :CAAl— ng—A o H HHHH H o
( ) ngP ( p) “ 77000 001 o010 011 100 101 110

.2
p = sin"(¢/2)
Calculation made with the IBM Qiskit python package

Part. number [binary] t

6/2* =1/2+1/4+0/8 = [110]



Applying the strategy to the pairing problem

( o M | with
Q) 10) A HE™ QFT @ A o

| . lnl L prob. |ag|®

| I qI I | |¢k> r Initial state for quantum 0
l (0% |¢k‘>, \ QPE[US} ) \ - —, | or hybdrid quantum-classical |
N e e | e e e e e e —— e — —_———— processing )
Initial configuration with Symmetry operator eigenvalues encoding Symmetry restoration — P_ - . = =

Sym m et ry_ symmetry breaking state In the register qubits through measurement ost-processing

breaking
state

Qiskit circuit for a single pair

oo
QPE+QFT g © — I ! T. I —d
N ql _. l U1 (n/2) I U1 (m) ! r
S E
.g q2 Ul (n/2) U1l (m)
—i a3 \ T4 ® ®
C 2 Lo $1

Register Qubit
Measurement

Compute the
Energy on a
classical comp.




Applying the strategy to the pairing problem

Symmetry-
breaking
state

QPE+QF T

Register Qubit
Measurement

Compute the
Energy on a

classical comp.

— — — — — — — — — — — — — —

\m/
( & 10) 4t

n

| —
| Zak|¢k>j7d— QPE[Us]

q
— \

Initial configuration with
symmetry breaking state

3 pairs, 4 register

— — — — — — — — — — —

Symmetry operator eigenvalues encoding
In the register qubits

.
)
=

~————

Symmetry restoration
through measurement

Initial state for quantum
or hybdrid quantum-classical |
| processing )

e — — — — — —

Post-processing

s 2 =

& £ 8

B
|
|

9

s
|
|

an & 8

- &g o
] a__ @
o (1
| — _— a H——1gd




Applying the strategy to the pairing problem

— — — — — — — — — — — — —

( ®|0 |+|_ H®nr QFT~ ] /f\ » )\klvvlth

| | T 1 '|prob g

| I n:ql | | |¢k> r Initial state for quantum o

l E (0% |¢k‘>, \ QPE[US} ) \ - —Jhl or hybdrid quantum-classical |
— e e = ) e —— s . — —— — —_——_—— processing )

Initial configuration with Symmetry operator eigenvalues encoding Symmetry restoration l —_————— -

symmetry breaking state In the register qubits through measurement Post-processing

Symmetry-

breaking
state Qubit counting statistics

Initial state  [¥) =] [cos (2) I, ® Int1 +sin ( ) Q+Qn+1} =)

n
-1 . .
QPE+QFT Example: 3 pairs, 3 registers
0.41 0.378 0.373 0.622
N ™ 0.60 f— E
il p =7
n 0.3 2 o
Register Qubit 5 2
Measurement g £ 021
0.124 0.125
0.1 0.151
0.054
0.0l 0.004 - 0.q03

010
00 7 i
0] 0{

Compute the

Energy on a
classical comp.

ol O
ol S




Exploring the possibilities of QC

BCS/HFB state

Using the Broken pair approximation

No broken pairs

1 broken pairs

50
; ; b2 (b) @50
All pairs= generalized Bell state = . = |®
R 5
© O
0 0 h
— 01 ' 0 [
RY((;O) L@ © Lla@ ©
00) al00) + B|11) =7 | s EERE -
Sr-T-l E —6
-8
W -10 ° ® — - ¢ o ° =
-10
B A O | 12
0 2 4 6 8 10 12¢o S S } } . ; } ; ; —
AW oo 0 2 4 n6 8§10 o o o
0
BCS/HFB state . Counts
+ some broken 3 broken pairs 6 broken pairs
pairs ) .
= 50 =
§25 (b) I ‘ I 83% (b)
2 ' Io T J— 0 @ —
X @ © —2{@ ©
OO 01 4 ¢ ° ° o -4
-8 _8
-10 -10
-12 -12
0 2 4 6 8 10 20 « o
To ’go‘lfl?nts A ni 8 10 Rogs

Counts



Exploring the possibilities of QC

Some additional remarks

BCS/HFB state

All pairs= generalized Bell state

Ry (¢)

00)

Can give both odd and even simultaneously

Alternative

circuits

Lo
gzs-
«|00) + B|11) O
~J 0+-¢ @ L
-2 (a) | (c)
-4 )
S 6 .0 o =
-8 s °
_12 o o |
0 2 4 6 8 10 2o PN
a|00> + 3]01) + 7|1O> + 5|11> o Cofl\,mts K




Exploring the possibilities of QC

Some additional remarks

BCS/HFB state

All pairs= generalized Bell state

Altogether

— Ry (¢)
00) | a|00) + B]11) >

O =
2
Alternative
circuits
o 2 4 6 &8 10 12
AN
—Ry (¢)
100) «|00) + B]01) + ~|10) 4 9|11) Exact solution (lines)
—{Ry (p) Blg=—3(A=v)(2n,— A—v —2)




PHYSICAL REVIEW LETTERS 123, 090501 (2019)

lllustration Il

6 Models on Quantum Computers

St rate gy Andrei Alexandru,'*" Paulo F. Bedaque,z‘T Henry Lamm®,>* and Scott Lawrence™*

(NuQS Collaboration)

: : Start with the discretized o model
Take a simple version of iy Z( () +

your favorite many-body problem

s+ 1) =)

Map it to a Spin algebra (fuzzy sphere)
gzvllll - HO‘P _K—Z [J]k, [J]k,‘P]]

Map/formulate it as a problem Ji are generators of the SU(2) algebra

with Qubit “only” j=1/2 was considered

j1=|®0'2/\/§, j2=0'2®0'3/\/§, j3=0'2®0'1/\/§,

dard QC algorith This ¢ i
Use standard QC algorithms
° mm) Use the Suzuk
or . Very limited studies exist, e.g.:
PrO ose new QC al Orith ms + SpeCIfIC QC © 1+1 D QED (Schwinger model) on a few-qubit trapped-ion
p g 0.12} quantum computer
0.10f © Quantum-Classical calculation of Schwinger Model
£ 008f © U(1) lattice gauge theory without matter in 2 & 3 spatial
5 dimensions
g e ‘ ©Zeta-regularized vacuum expectation values
Testona Test on a true 0047 7 IR e
I" (3) nonlinear sigma model in 1+1 dimensions
QC emulator QC 0.02 [y pog®




lllustration with the cooper pair problem

Pairing Hamiltonian

_ (ala. t
Hp = g eila;a; + azaz) — g azazajaj
>0 1,7>0

$ @

0
0 cos( Apa) zsm()\pq) 0
1;[ ( 0 exp( 2Z€pAt)) H (0 isin(Apg) cos(Apg) (1))

P>4 1\ ( 0 0

. ¥
—re— [ L[

The problem is that we can nowadays perform only few operations and with a limited fidelity

(U (ty))




lllustration with our cooper pair problem

Results for 4 qubits

Classical evolution for rigues = 4 and initial state |yo} = |0011} Quantum evolution for figuars = 4 and initial state |gg) = [0011)
1.0 1.0 4
0.8 - 0.8 -
0.6 1 0.6 -
a a
0.4 4 0.4 4
0.2 - 0.2 -
0.0 4 0.0
0 2 4 6 8 10 0 2 4 8 10
t t
Classical evolution for ny,u¢s = 4 and initial state |y} = |0111} Quantum evolution for ngeis = 4 and initial state |gg) = [0111)
1.0 RO e 20 0 S o, e B o e S 1.0+ ROy N e e W e, e W
\ pi % g \ N \ TE P b o
\ ’ 1 ’ \ / \ \ 4 \ ’ \ 4 [}
\ / \ / \ / 1 \ / \ ’ \ 4 1
0.8 4 \ s \ ’ \ 4 \ 0.8 4 \ s \ ‘ \ ! \
\ / \ ’ \ ’ \ \ | \ ’ \ ’ \
i \ ’ NG \ o R \ ’ (R \
e St \ L’ \\ I' S AL i ) 54 B, \\ 1’
0.6 el 0.6 - —r
T ——- Py
. - Py = iy
0.4 4 . S 0.4 4 i S
N s o s ,”\\ 2N =N e
0.2 g A & b . | / 0.2 PR A - R /
/ \ ’ \ ’ \ /' / \ ’ \ ’ \ ,’
/’ \ /, \‘ // \ / ” \\ ’/ \\ ,/ \ /
- \ - \ -, - o™
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From article O. Ezratty
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Building quantum computers: companies

Quantum Investment Worldwide
(not exhaustive)

Canada
* Inst. for Quantum Computing (2002)
* Inst. Quantique (2015)
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United States

* Joint Quantum Institute (2007)

* Joint Center for Quantum Info & Computer Science (2014)
* National Quantum Initiative (2019)
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Singapore
>, * Research Center on Quantum Information
/ / Science and Technology (2007)
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* Netherlands: QuTech (2014)
* United Kingdom: National Quantum Technologies Program, $0.5B (2014)
* EU: Quantum Flagship, $1B (2016)

* Sweden: Wallenberg Center for Quantum Technology, $0.2B (2017)

* Germany: Fraunhofer — IBM alliance, $0.8B (2019)
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Japan
* Gate-model and QA
* JST, RIKEN, AIST, NICT

China
* Key Lab, Quantum Information, CAS (2001)
* Satellite quantum communication (2016)

* Alibaba - CAS cloud computer - $15B (2018)
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Australia

* ARC Centers of Excellence
— Center for Quantum Computing Technology (2000)
- Engineered Quantum Systems (2011)

* CommBank — Telstra — UNSW (2015)
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Semiconducting qubits ® Quantum optics

* European Commission

William Oliver, MIT -




