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about what the co'm uter was, we can say: Let the computer itself be built _— -
? , P D HEE 2 Y} AL S A 0|3}

of quantum mechanical elements which obey quantum mechanical laws. Or o s = o =
we can turn the other way and say: Let the computer still be the same kind . °._|'7:" 7 |' —,-_—XH c’n:nF |—| I:|'. 1 _é-_l El’ = ™ E'l

19
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_ . : : .. = A S
that we thpught of b’efore' a logical, universal automaton; can we imitate 1 A2 OIS 4= Q27122
this situation? And I'm going to separate my talk here, for it branches into

two parts.

4. QUANTUM COMPUTERS—UNIVERSAL QUANTUM
SIMULATORS

The first branch, one you might call a side-remark, is, Can you do it
with a new kind of computer—a quantum computer? (I'll come back to the
other branch in a moment.) Now it turns out, as far as I can tell, that you
can simulate this with a quantum system, with quantum computer elements.
It’s not a Turing machine, but a machine of a different kind. If we disregard
the continuity of space and make it discrete, and so on, as an approximation A /M,

(the same way as we allowed ourselves in the classical case), it does seem to

(Dr. Richard P. Feynman)
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| Analog or Digital Quantum Computing/Simulation ## Pasqal

Digital Control

Programming a quantum circuit with
digital quantum gates

Elementary operations are discrete digital
quantum gates, that can act either on
individual qubits, or on several qubits at the

same time.

Input
10) |

—

Output

i

10)
10)

ly)

10) —___ F v
" H,
10) H, 17

Ll

H,

1

ly)

Analog Control

Programming a Hamiltonian sequence

The Hamiltonian faithfully describes the
dynamics of a physical guantum system or a
reformulation of an operational case.
Parameters can be tuned continuously.

Input Output

0y — = 1w

10) — q — |y

|0) — Global  |— |y)
quantum

|0) — dynamics |— |y)




| Ising model 74 Pasqal

2 El(spin): BAIS0| Hotets H7[H BHRIE 7= Aot HotA &2 HO|2h= XH71H BHRS 7HE

.

=M[e| X7[ A &2 ATE AO|, 2|2 F A7 Fe| 422802 AFE[H Of2fef 20| 2/
o MXIY (paramagnetism) - 2|F XH7| & Hso 2 X0l M E

« LXHY (ferromagnetism) - 2/ F AH7| 0| A2 & AHF O] HOIRUSZ

« BHAXHY (ferromagnetism) - A S 2 Xt0| I X| 2t ATIS0| HZOL7HH HY K|

. HEXFA (diamagnetism) - 9|5 XF7|&Ho0|| HHCjEiSEO 2 o3t X}Al

LA SPAPN
Ferromagnetic Antiferromagnetic
Ismg model H(O‘) = _Zjijo"io-j — [.LZth‘j, *ﬁrﬂ o; = 41 (Up) [ R (dOWﬂ)
(t)) ¢ jo1

O| 2%t & AT j jo| & 2F At7|Fi AEF9

SE2 o4 K| S A E o HX|
Jy >0 9 A9 AH | j7h 22 WA 1 J0,0; < 0 0|22 HHH o Ferromagnetic
Ji <09 AL AT, j7F CHE WS I J;0,0, < 0 0|22 QHE A = Antiferromagnetic



| Digital quantum simulation

Al E0|M & HO| time evolutionZ

N-2 N-1
H = —JZ ZiZi 1 — hZXia
i=0 =0
$(t)) = e [4(0))
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o=
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r
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(Ising model)
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Input
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Input
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Output
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| Review: Hamiltonian and time evolution

Nevutral atom system Hamiltonian

4 Energy

N
’thZ( 5”*)+Z|r _rjlf). oy

1=1 1<J
QQ\
X- L- Interaction
rotation rotation
10)
Q: Rabi frequency (~ laser amplitude) n;: 0=ground, 1=excited

6. Detuning (~ laser frequency offset)



| Analog guantum computing
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Tronsverse{eld Ising couplings: J;; o< I/R%
AQ(t) o Ce ‘/ N
//é// T ¢ up spin H(t) o Z 9 g; 55 t)n<+ Z ) -

t f t - f f L o dow ' (/

]<z
1+o7

2

11 Spin

e.g. Ising model /
Antiferromagnetic state

-
Quantum Simulation

Permits the simulatfion of quantum many-body systems far beyond the limits of classical
computers, allowing, for example, the:

= Observation of out-of-equilibrium dynamics
= Adiabatic preparation of ground states




| Quantum-classical simulation of fermionic spin system

,\“ Pasqgal
Hubbard physics with Rydberg atoms: using a quantum spin simulator to simulate
strong fermionic correlations
Antoine Michel,>? * Loic Henriet,? Christophe Domain,! Antoine Browaeys,? and Thomas Ayral?
L Electricité de France, EDF Recherche et Développement,
Département Matériaux et Mécanique des Composants,
Les Renardieres, F-T77250 Moret sur Loing, France
2 Université Paris-Saclay, Institut d’Optique Graduate School,
CNRS, Laboratoire Charles Fabry, F-91127 Palaiseau Cedex, France
3PASQAL, 7 rue Léonard de Vinci, F-91300 Massy, France
4 Eviden Quantum Laboratory, Les Clayes-sous-Bois, France
Interacting electrons (Hubbard model) The eleCTrOnS are Und er
hopping
interaetion —te . .. . . . .
UGS, e, e « Fermionic interaction: hopping to next sites
® . e
‘ with a probability
Slave spin mapping . . .
@ interaction * Ising interaction
N7y = O} DaislA] MBS HAFSHS HS OIS oS
; N, S O DM H2S| AMSHE HE T4 0f 22,
Fov Ty e T1yys

spins

HHEH 2 x| OHS D numericaldhA| 2HQI.

i d 4 7 gt (= E O AF2E0| O ot
Qz_t(szsz>HW transverse field Ol ISIng InTerOChon | 7:” l-O | H_I_ s O.

Free, renormalized Interacting . |S|ng |n‘|'er(]C‘|'|Qn 7:”A|'D|' —I?—l:l_l-(l)-H ‘I %I:XI'?:'!-F—"'—E'IE _(:)_l-E



| Quantum-classical simulation of fermionic spin system % Pasqal

Hf off 2 E L[t

Hyubbard = E tZJ ja + — E n — 1 Interacting electrons (Hubbard model)
ido . ' hopping
’ Interaetion —t
(J Ub. o m O
. . . - o g
Mean field approximation= & &9 ’ .

Fermionic hamiltonian2} Ising hamiltonianZ =2.

Slave spin mapping @

Z ng fg « (Fermionic Hamiltonian) - interaction .
i - 7 U ”mi\ -t 1),
J ) é

'
g4 ¢ ’\‘d'-» ’—U/4

\
H, = Z JijS7 87 + — Z ST (Ising Hamiltonian) hopping i 4 7 pt =
w Q= _t(SZSZ)HW transverse field
. . 2 Oz Free, renormalized Interacting
with Qi!f = ti; <S ;S g ) and Ji.’)‘ Z tﬁj( f J,0 ) electrons G] spins -

120 IHHBEE 1,2, IRHEBEHE 1,2 A4




| Quantum simulation: 256-qubit real material simulation % Pasqal

Direct quantum simulation of magnetic material: Theory < Experiment &+ QPU

a b c
TmMgGaO, crystal Bryco \ Agpy Neutral atom QPU
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T~20 mK l S 2:1 _»
Xac(T, uoH) J—-o 2 2y .2y, Z; € {—1,1}
S | Comparison through microscopic model | ———
S I0NCO — 5 oia5h Yo 010743 (Bt - 850
«  Magnetic material TnMgGaO, h o (o - ’
t.7 .7 i=
« 2d triangular spin lattice — frustration . hﬂ(t)
Hgpu = ij 1T ha(t i
* Phase transition by external B-field QPU Z{: Uijning + 2 Z )Z”
<] i

ﬂQPU ~ EIQPUFITMG{] with agpy ~ 1.5 X 10~°
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| Quantum simulation: 256-qubit real material simulation
Phase transition by external B-fields in x & z axis
e 6/2m (MHz)
QO8O0 80080 280080 Resetasesess 8 4 0 -4
Q%'{}O%O (3.3}0{0 OW ::3:"':5:: T T T T
GROCRE JO8RGS SOOROD (3 HoH (T)
® 00800 ce0080 OOe00e 0 1 2 3 4 5 6
s = " 1.0 T T T rve o 1.0
y ____ TmMgGaO4 meas.
K% S (T =20 mK)
é 5L c Quantum simu.
. 2 ¥ (256 qubits)
x e, 1/3 PM 2
Sl <d10F Transition scan | - e
O B el
O [ 1| E
u—_ r 1 )
N 05 F Mgl AYY) 0 1/3order 1| <
. . . . 0.0% . . 0.0
2 4 6 8 10 0 2 4 6 8 10
Az/jl Az/jl

B-field in z-axis

“QPU result well matches experimental measurement!”

i Pasqal

QPU magnetisation Mg,



| 256-qubit guantum simulation with real material

Quantum fluctuation & 1/3 order vs. B,

a /2 (MHz)
8 4 0 -4 -
u,H(T)
0
£ 15F ¢ YQmetaI
§ ¢ N=256 |
i | = 2
e g
e o5} =
g - {02
£
a_loo
14
b
[48d)
[431),
|Tt4)
[ta1)
[411)
|t11)

. .o | R ' "
3.0 40 5.26.0 7.7 0.04 02 06
Bzl Tih

Post-quench dynamics

a b
~ 15| B
3 100000 g%
0.5 P ; “
2 4 & 8 10 0
Azl Tt (Ls)
c t{ush
0.0 0.5 1.0 2.0 30 40 50
NI R
T et
oslpi it i + i T =0.18
04} 5 ++ R 20
& ++ Wt *”"'Hi‘*ﬁ'ﬁ*ﬂt+.+.ﬁitw
0.2
. Tl =0.54
'-+ ++*++++++++++H++H++++ﬁﬂ++%++++.
oor ¢i++++++++++++++++++r+r+h+n+%++*++**’
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=0.2 F
—— TOVP num. 0= 600 ¢ QPUN=256
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e b L T TRy ey
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| Pulser studio: Antiferromagetic state f¥ Pasagal

Register @ —e Histogram  Quantum State 100.0% Code

6 . . (:)‘
O e O e )

from pulser import Register, Seque
from pulser.devices import MockDev

from pulser.waveforms import RampW

Probability [%]

reg = Register({
"qo": S.75)
ng1t:
ng2"
ng3"
Mg

nworu .

W o ~N & 1 & W N B

[um]

Ground-rydberg mea... ¥ Ig> & Ihy > 0, 1Ir) > 1

S
N

Channels
time [ns] 0 200 400

RYDBERG CHANNEL GLOBAL [0)=|r) ising

<)

-
> -
—

0.58m

Rabi frequency [rad/ps]
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| Cloud User Portal

portal.pasqgal.cloud

Dashboard
Devices
Batches/Jobs

Devices

QPU devices

/\ FRESNEL _CAN1

® Up

Qubits
100

Emulator devices

EMU_MPS

‘® Up
Qubits
80

Qubits
100

Jobs in Queue

No jobs in queue

Jobs in Queue

No jobs in queue

Jobs in Queue

No jobs in queue

Qubits
400

Qubits
100

Qubits
25

FRESNEL_RD
Maintenance

Jobs in Queue

67 jobs in queue

EMU_FRESNEL

Up

Jobs in Queue

No jobs in queue
EMU_SV
Up

Jobs in Queue

No jobs in queue

N
f.'.'l

» Pasqal

AR

/\ FRESNEL

Maintenance @

Qubits
100

EMU_FREE
-® Up

Qubits
12

Jobs in Queue

52 jobs in queue

Jobs in Queue

No jobs in queue



| Pasqal Cloud Offers ¥ Pasqal
portal.pasqal.cloud/offers

Our Cloud Offers

Choose the plan that best fit your needs for your project...

AAZU re

Google Cloud

FREE ACADEMIC ADVANCED ENTERPRISE

Explorer

The Explorer Offer allows you to
experiment with quantum computing
with no strings attached. You'll gain
access to one of two of our emulators,
allowing you to run your first quantum
computing experiments. You'll be able
to use our open-source software and
our Pulser Studio visual platform.

ACCESS & FEATURES

Completely Free
Community Support

Emulator Access

Academic

The Academic Offer is tailored for
academics, researchers or students
looking to collaborate and partner with
Pasgal on quantum computing.
Providing access to our cutting-edge
100-qubit QPU, as well as restricted
access to all of our emulators. This
plan is aimed at users developing their
own algorithms and only includes basic
support.

ACCESS & FEATURES

QPU & Emulator Access
Complete Software & Products
SLA & Support

Pay-as-you-go

The Pays-as-you-go Offer provides
access to our cutting-edge 100-qubit
QPU. Additionally, you'll gain restricted
access to all of our emulators. This
plan is aimed at users developing their
own algorithms and only includes basic
support. Connect via Google Cloud and
only pay for the QPU time you actually
use.

ACCESS & FEATURES

QPU & Emulator Access
Flexible and optimized pricing
SLA & Support

Premium

Our Premium Offer gives you access to
our cutting-edge 100-qubit QPU, as
well as full use of all of our emulators.
You will get premium support and your
jobs will get high-priority in the queue.
Additionally, for every 10 hours of QPU
usage, you'll receive one hour of
professional services to assist you with
your projects.

ACCESS & FEATURES

QPU & Emulator Access
Premium support, services & SLA
Complete Software & Products
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| Hands-on: Antiferromagnetic state i+ Pasqal

Adiabatic preparation of an Anti-Ferromagnetic State
Let's now program the Ising Hamiltonian such that a set of 9 atoms initially in the ground state |ggggggggg) are prepared in an antiferromagnetic state |rgrgrgrgr).

To reach the desired antiferromagentic state, we can take advantage of the adiabatic theorem. The idea is to use a time-dependent Hamiltonian that changes slowly so
that the system stays in its ground state. Therefore, we must choose a final Hamiltonian that has the antiferromagnetic state as its ground state.

This final Hamiltonian should simultaneously favor having the largest number of atoms in the |r) state (by having § > 0) and discourage nearest neighbors from being
both in |r) (via the interaction Hamiltonian). When these contributions are appropriately balanced, we get an Hamiltonian with |rgrgrgrgr) as its ground state.

Let’s follow the protocol from this paper, where we define the parameters with respect to the interaction strength between nearest neighbours, U (see Table 1 of the

paper):
U = 2mrad/ps
Qma:z =2U
& = —6U
0f=2U

trise = 262 ms, tyy = 500 ns
d; — do[rad - ps™1]

tsw =
P 91r-10 [rad - ps—2
and define Q(t) and §(t) over time as (see Figure 1 (b)):
QA
é anax é )
: -
U t teot
Y : 5ﬁnal
5 >t
0 ; : tiot
| 6o v

trise tsweep Lanl
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