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Using Quantum Computers (QC) for complex
guantum systems simulation .
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Brief introduction to QC C , , :
urrent stat}1§ ongoing projects in complex
and opportunities many-body systems
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Short introduction to bit versus Qubits

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 =)

BitsareonlyOor 1 ¥ =Co)+C|1)

Obvious advantage A single Qubit can be any superposition of 0 and 1

Imagine you want to simulate where 0 appears with a probability p, and 1 appears with a
probability p;. On a classical computer, you do many events and average over events.
On a quantum computer 1 single simulation is necessary.

And with many New aspects can be used like quantum interference and entanglement

Qubits




Short introduction to bit versus Qubits

s TunmEing ane lllustration of quantum advantages
guantum annealing

Classical “Thermal” annealing

Quantum annealing (tunneling)

Quantum entanglement

L

Assume two persons (Alice and Bob) 4

2
The humor of A&B are encoded in the wave-function ;:3
A B A B Suppose | measure Bob m

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

Simulation of ey nfe°ﬁd“i°aliilf§$cﬁlif£s‘ffeyq“a'i_t“‘n ; On classical computers
SRR sl \ P Can be solved exactly
P For max 20 particles.

systems

On gquantum computers:
N sites means only N qubits

Classical

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

Evesdropper )

Credit: The Fabric of The Cosmos: Quantum Leap




Minimal - Practical aspects of quantum computers

qubit Manipulate the Qubits (Make rotations)

2 level system

1) \o}

Initial state Final state

CO‘O> —|—61’1>

‘Measure the state

/7(»|Co|27 1]

(“destroy” the state)

With many Qubits
Initial Elementary

operations
state Quantum circuits
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Minimal - Practical aspects of quantum computers
The quantum computing toolkit

0/1
Unary operations Standard examples
_ 0) X a 0113 oy

Pauli-X (X) ~B- t? o) 1)
Rotations Pauli-Y (Y) i

Pauli-Z (Z) _@—

[ RX(<P) — e—'ich/2 l [ -‘]

'
Hadamard (H) ~m}- Hh -]
Binary operations

Standard examples

Controlled Not —— o 1 0 0
— _ Comraed ot 1™ L 11) 5 [10)
v . LoD
p— I 1 _
Controlled Z (CZ) @ BE [3 0 1 _(1,] I11) < —|[11)
1 0 0 07|00
SWAP X I [§ E é g] %% 01) « [10)

11
Ternary operations

Standard example

— I 1 0 o o 0 o0 o0 0o
Toffoli SEEEEEE

— U —  (CCNOT, S5 5 4 8 s sl [110) ¢ [111)
CCX, TOFF) SRR R R RS

- — 0O 0o o o o o 1 o0




Quantum computing today is firstly an experimental challenge

Everything around want to destroy the ideal
REALITY picture and the quantum coherence.

Leads to loss of information
' And decoherence

Ideal Qubits External Exp. Setup

ephasing

212 @@ @n

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

2 level system

Working with quantum computers now means working in a noise environment short programs

(before decoherence occurs)




Building quantum computers: companies

The Quantum Information Processor ) Su pe rcondUCting
with Trapped Ca* lons . q u blts

!
-

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




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

RIEYS

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)

9

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

N

Cryogenic

operation

Fast gating
Atomic-scale size

Majorana
particles
in a nanowire

target: 11in 2018

target ~100 s

target ~99.9999%

7
O

Estimated:
Long lifetime
High fidelities

Boston Consulting Group — Nov 2018



entreprises et startups

laboratoires (¥)

Building quantum computers: companies

Current Microwaves
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From article O. Ezratty


https://www.oezratty.net/wordpress/2020/developpement-competences-technologies-quantiques/

Building quantum computers: companies

Quantum Investment Worldwide
(not exhaustive)

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

IBM

Ds\wavulk

1QBit

B Microsoft

intel : -
N @Labber T ‘o
Google

M. KEYSIGHT
: United States

* Joint Quantum Institute (2007)
* Joint Center for Quantum Info & Computer Science (2014)
* National Quantum Initiative (2019)

Booz | Allen | Hamilton

AOSe QL
.D ColdQuanta MIS &'6@

Singapore
> A * Research Center on Quantum Information
/ / Science and Technology (2007)

Honeywell > enm bley
Ll BT@

QM

NOKIA Bell Labs

BBN Technologies

NORTHROFP GRUMMAN

LOCKNERD MARTIN

&

> o
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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 -
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IBM alliance, $0.8B (201 9)

QC @NTT HITACHI
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L’A‘L’A‘_ll NEC

g KK

HUAWEI "

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)

nt) ‘R? kpn A Quanpeia
-

| ¢ Superconducting qubits lon trap qubits

° NVu:enters—] Q_UK

Semiconducting qubits ® Quantum optics

* European Commission

William Oliver, MIT -




Quantum
Computation

and Quantum
Information

MICHAEL A. NIELSEN
/ and ISAAC L. CHUANG

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

"Nature isn't classical, dammit,
and if you want to make a
simulation of nature, you'd better
make it quantum mechanical, and
by golly it's a wonderful problem,
because it doesn't look so easy.”

Quantum

Quantum
Theory

omputer

1927 1982

99

YEARS

Quantum computational advantage using photons,
Science 370 (2020)

RIGETTI superconducting
19 Qubit

128 qubits .
Rigetti

72 qubits

Google
1152 qubits

[Smam- DWave

> 1M QBperience

Scaling IBM Quantum te

2048 qubits

DWave
512 qubits
DWwave
12 qubits 50 qubits
MIT IBM
7 qubits 128 qubits | 17 qubits (2020) (202 1)
Los Alamos DWave IBM
2000 2006 2011 | 2015 2017 2018 t t .
2013 & e o
18 6 1 lonQ Gemini desk computer
Quantum supremacy usingaprogrammable
YEARS YEARS YEAR superconducting processor

IBM
Cloud




qubit error rate

The Google illustration

Applications | will show are still tested here
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What are the anticipated applications ?

. APPLICATIONS . APPLICATIONS
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Coming back to the IN2P3
physics case



Personal motivations

Understand the key concepts
and problems in a very new domain.

Explore the possibility to use quantum technology C(?(?E?Ie Al
in our field.
» Prepare the arrival of a new disruptive technology that might give a Qczl

significant boost in our domain.

) Try to contribute to this enthusiastic adventure.




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.




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

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

Fermions on [1D] lattice IR v —
£ ‘ I 1997- Abrams and Loyds g | i VOEsmefi
| —
,” A quantum algorithm E A0 |
' B A¥ B B B B For eigenvalue problems 2
- " 2001- Bravyi-Kitaev Y s, Ao
Spin systems Mapping fermions-Qubits s
-2011-2012-Whitfield et al - - 1":’5‘"”‘ =

-Seeley et al . Internuclear distance R (A)
The H, Hamiltonian

-2014 — Peruzzo et al, I

The VQE algorithm
For classical-quantum calc.

-2016 - O’Malley et al
First “real” calculations H,

-2017 - Kandala et al

_ Creation of a US coll. To
Prepare QC

-2018 - Dimitrescu et al

Calculations for H,, LiH, HBeH First “real” calculations
For deuteron
-2018 - Hempel et al 2019 - Lu et al

3H, 3He, o



General strategy

Take a simple version of
your favorite many-body problem

Map/formulate it as a problem
with Qubit

Use standard QC algorithms Test on a real

or
Propose new QC algorithms

Quantum
platforms

It works sometimes !

Teston a
QC emulator It works |



The recent applications we made
(in many-body systems)

No breaking Breaking

# Breaking symmetries and restoration of symmetries
in many-body systems on quantum computers

Energy

Application to the counting of particle number

(for superfluid systems) deformation

# Replacing bosons by pairs of fermions to probe
guantum supremacy

# Prediction of long time evolution from short-time

Propagation NISQ era ‘ \I] (tf ) >

W (t;))

can we extrapolate to long-time?



Broken symmetry/restoration
The counting statistic problem

| want to count people

Bbgdan Bogdan

Guillaume 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

‘:> — /Pol0) + \/1 — poll)

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

o)

[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

©) = o|@e Ee) +y[EXEL)

Event 1 Event 2 Event 3 Event 4

He 8 ExEy EPEL |HXEX

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

Schrodinger's Cat If | open the box ig)

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

) =46 | HR B + 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 estimate (QPE) algorithm
For eigenvalue problems

Assume a unitary operator U

Assume an eigenstate |¥) Such that U‘\If> = 62m<‘0|\11>

< 6871'290

1 2mip
0)—H t— SO+ gpra |27 )

nr Register X 4T 1 -
qubits 0)—{ H ’ 750000+ e24|) @

|O> H X 6271-290 1 0 2mide 1
— T 75 (0) + ) )
Working
: 17 ne3 / |12 4 1/ Ovrum, Hjorth-Jensen
qubits I#) 4 U U u ) 02| arxiv:0705.1928

o |

N

QPE ‘

\w>=zak\¢k>» S 062"} © o) | N
& & Energy

FIG. 7: Pairing model simulated with 24 qubits, where 14

regISter elgenState were simulation qubits, i.e. there are 14 available quantum

levels, and 10 were work qubits. The correct eigenvalues are
0, -1, =2, =3, =4, =5, =6, —8, —9. In this run we did not

Simple Idea: ta ke the phase proportional to the number Of personS! d'ivi(le. up the time interval to reduce the error in the Trotter

approximation, ie., [ = 1.

II.JI

2



QPE applied to the number of persons

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

7L 37
¥ = 1 =0
Example: Qubit counting statistics S | e -
q
r — 3
Initial state . !
n =025 i ) |
. 2
X 10, 1 & [cos(i2/2)10;) E
+sin(p/2)|1,)] ¥
‘PA :CAAl— ng—A o H O H o
( ) ngP ( p) “P 000 o001 o010 o1 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]



Working with real quantum devices ?

3 qubits and 2 register qubits
Example: Qubit counting statistics quil 8! qubl

0.6 [ (b) .
Initial s;)ajte 0.4 ] ) i
. N .
R0, 1 ® leos(i0/2)]0) 02 | I 1 &
+sin(i0/2)]1;)] 00 1 - i
A4 (C)— _
L A A n,—A [ ‘
= P(4)=C p (1 —p)™ 02 f ) FBehilu;t 0‘20
i 2 ] - - _Vvi
p =sin(p/2) N S S qubts
06 L (d) — device
04 '
0.2 F 1
00 01 10 11

Part. number [binary]



Magnetic field [G]
833

730
1

But what is the connection with

interacting systems 777 '

A 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 !



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).




Project goal: make symmetry breaking/restoration on Quantum Computers

! ! l |
I Auxiliary qubits I I ,
| ——— n, | 4 | \ - o
i ® |0> A ] General /7/\ S |
I I I Circuit 0‘% I ————————— 1
- | |
S | . .
I \Ij ’l'iq ! . Information ’ v f > Final state Final state for quantum |
I ’ Z> 7 ' ) exchange — * or hybrid quantum-classical
| — I \ | ) g processing :
I (a) Initial state l (b) aliantum Circuits/state manipulation (c). Information Reductiob b}: (d) Post-processing |
I I I Partial/complete measurefehts
l Starti : I | |
I tarting point : I | |
l | |
:|—> = [0, ,0>: quantum P |
| : algorithm (| |
: , to make projection | |
I . + | |
Prepare a state with |
| " ” | e e e e e e - -
: controlled
I symmetry breaking



Mapping the Many-Body problem on quantum computers

The Jordan-Wigner transformation I

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

For fermions For qubits

a£|—>=|0"'01k0'“0> SN wﬁ

ko ki _
{af,ar} =1 tog,02) =1 Or)

Problem while

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



Application to the N-body pairing problem

T — Hamiltonian and initial state

Hp = Zé‘z a; a; —|—CL CL Z a, CL a;a; States labels 7, E
i>0 i,5>0 . -
. 1 t t Qubits labels 0 1 2 .. n n+l
Jordan-Wigner trans: 5(L- — 7Z;) State ordering
is important !

a,

cQ
3+
QO
S +
f:

| considered the degenerate case £€; = € = (

Initial (symmetry breaking) state preparation

Yi = ¢ .
_ exp{ Z% (azaz —a az)} o) mmp |V)= H eiP(XnYni1+Yn Xnt1)/2| )

1>0 n>0
Equivalent universal gate on pairs Simplified circuit (generalized Bell state)
B © + _
| o o o |\I!>—H[cos(2)l ®In+1+sm( )Q Qn+1}| )

e—i0(XY+Y X)/2 = T T n
_| e—iGY

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

— Ry (¢)




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.

— — — — — — — — — — —

\nr/
( & 10) 4t

n

| —
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Applying the strategy to the pairing problem
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Eigenvalues-Ground state and excited states
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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



Exploring the possibilities of QC

BCS/HFB state

Using the Broken pair approximation
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Exploring the possibilities of QC

Some additional remarks

BCS/HFB state

All pairs= generalized Bell state
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Can give both odd and even simultaneously
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Exploring the possibilities of QC

Some additional remarks

BCS/HFB state

All pairs= generalized Bell state

Altogether
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Summary

©C2N - CNRS

©lnnsbruck University

©OUNSW Sydney

©Google

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
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Summary

i Google Al

Circuit depth
Someone willing to devote some time to Quantum Computing?

Thank you...



Some advertising

QC2I:

Quantum Computing for
the Physics of the Infinites

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:

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

e to facilitate the access and training on quantum computers,

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

e 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
(CQss)

Denis Lacroix Andrea Sartirana Bogdan Vulpescu
CQSS Proj. Resp. QML Proj. Resp. PQCR Proj. Resp.

Lives in Paris, France Lives in Paris, France Lives in Clermont, France

Nuclear Physics Researcher at LiCLab IT Engineer at LLR IT Engineer at LPC




