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Introduction Abstract

Pauli propagation is a well-known classical technique, based on the Heisenberg

picture, for computing the expectation value of an observable associated with a given
quantum circuit [1].
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Introduction Abstract

Pauli propagation is a well-known classical technique, based on the Heisenberg
picture, for computing the expectation value of an observable associated with a given
quantum circuit [1].

The exact method is known to fail for circuits of even modest size. In “Classically
Estimating Observables of Noiseless Quantum Circuits” by Angrisani et al. [2], the
approach is extended to larger circuits by restricting to a specific subclass of circuits
and introducing a cutoff in the propagation.
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Introduction

Angrisani et al.

=

Our work

Conditions

Locally Scrambling
+ Weight Cutoff

Locally Scrambling
+ Weight Cutoff
+ Frequency Cutoff
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Output

(O) — 0.4

—

(0(0)) —

Abstract

— sin(f3) sin(f3) cos(6p) + . . .
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Introduction

Angrisani et al.

=

Our work

Abstract

Conditions Output

Locally Scrambling

+ Weight Cutoff (0) =04

Locally Scrambling
+Weight Cutoff  (O(6)) — — sin(6y) sin(63) cos(fg) + . . .
+ Frequency Cutoff
Access to the explicit function of the observable allows
for a single propagation needed, and gradient descent
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Introduction Use cases

Potential applications: algorithms which output is a single wavefunction collapse
(measurement), but the loss function can be formalized through expectation values:

Training on classical resources — Deployment on quantum resources
(Pauli Propagation)
- = B
0y — . Loss function: : U(6) , :
0 L emo) o] lmomO-m
0 —
Output: 1 2 3

0; — 0i11

Applications: Variational Quantum Eigensolver [3], Compression (Autoencoder) [4],
Generation [5, 6]
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Evolution Pictures

Schroedinger & Heisenberg Pic-
tures



Propagation Schrédinger Picture

Schrédinger Picture:
Propagate the Wavefunction through the circuit
according to the rule:
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Propagation

Schrédinger Picture

Schrédinger Picture:

Propagate the Wavefunction through the circuit
according to the rule:
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Propagation
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Schrédinger Picture

Schrédinger Picture:
Propagate the Wavefunction through the circuit
according to the rule:
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Propagation Schrédinger Picture

Schrédinger Picture:
Propagate the Wavefunction through the circuit
according to the rule:

0) —{# |—4—~ ) = UJ)
) &~

2(00) + [11)

Example: (Z(0)) = (¢|Z I|y) =0
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Propagation

& saverio.monaco@desy.de

Heisenberg Picture

Heisenberg Picture:
Evolve the operator "backwards" through the cir-
cuit according to the rule:

V' =Utvy

(Similarity transformation)
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Propagation Heisenberg Picture

Heisenberg Picture:
Evolve the operator "backwards" through the cir-

|
10) . ) cuit according to the rule:

| vV =U'vU

(Similarity transformation)

Z(0)I(1) = CNOT'Z(0)I(1)CNOT
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Propagation

X(0)I(1)=HIZ(0)I(1)H
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Heisenberg Picture

Heisenberg Picture:
Evolve the operator "backwards" through the cir-
cuit according to the rule:

V' =Utvy

(Similarity transformation)
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Propagation

(00| X (0)(1)[00) = 0
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Heisenberg Picture

Heisenberg Picture:
Evolve the operator "backwards" through the cir-
cuit according to the rule:

V' =Utvy

(Similarity transformation)
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Propagation Heisenberg Picture

Heisenberg Picture:
Evolve the operator "backwards" through the cir-

|
10) | . ? cuit according to the rule:

| vV =U'vU

(Similarity transformation)

(00| X (0)(1)[00) = 0 — (00|UT Z(0)U|00) = 0

& saverio.monaco@desy.de
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Definitions Pauli Word

A Pauli word is a product of Pauli operators applied to different qubits.
Pauli Operators:

« Pauli-X (X): Bit-flip operator.

+ Pauli-Y (Y): Bit-flip and phase-flip operator.

+ Pauli-Z (Z): Phase-flip operator.

+ ldentity (l): (Can be omitted)
Examples:

« X(0)I(1)I(2) — Apply Pauli-X to the first qubit and identity (I) to the second and
third qubits.

« Z(0)X(1)Y(2) — Apply Pauli-Z to the first qubit, Pauli-X to the second qubit, and
Pauli-Y to the third qubit.

& saverio.monaco@desy.de
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Definitions Pauli Weight

The weight refers to the number of qubits on which the Pauli word has a non-identity
component.

It measures how many qubits are actively involved in the Pauli word.

Examples:
« X(0)I(1)I(2) (Weight 1)
« Z(0)X(1)Y(2) (Weight 3)

& saverio.monaco@desy.de
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Propagation of Observables
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Propagation Paper example

0) — RY (60) ,L RX(04) RY (0s) — Zg
10y — RY (6:) —>— RX(65) T RY (0a) |—
0y — RY'(62) ,L RX(0s) —D— RY (610) —
0) — RY (62) | —— RX(07) RY (611) —

Figure: Four-qubit local entangler ansatz

X — X X — +cosbX
reXx reX Y — +cosfY +sin67
IRY — ZQY RX(0) . RY (0)

Iy 797 —sinfZ Y — Y

Z — +cosbZ Z — +cosbZ
XX — X®I L singY sinfX
707 — IoZ sin sin

& saverio.monaco@desy.de
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Propagation Paper example

— | + Layer 5: At this stage, the observable Zj is only
10) —| RY (60) T RX(6) 1= Zo  affected by the gate RY (6s). This evolves as:
l0) —{ RY (01) | ——{ RX (65) T S RY (6) [
|0) — RY (6) RX (0s) |—@—H RY (60) [-— Zo — cos 03 Zy — sin 03 Xo
[0) —{ RY (63) & RX(67) HRY (6u1)

Figure: Four-qubit local entangler ansatz

X — X X — +cosbX
reXx reX Y — +cosfY +sin67
IRY — ZQY RX(0) . RY (0)

Iy 797 —sinfZ Y — Y

Z — +cosbZ Z — +cosbZ
XX — X®I L singY sinfX
707 — IoZ sin sin

10) & io.monaco@desy.de
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Propagation Paper example

+ Layer 4: Both terms of the observable commute

-
10) —| RY(6) T RX(0) = RY (0s) — with CNOT(1, 2), hence no transformation occurs:
10) —{ RY (62) |——{ RX(05) |- T LRy (0) |—

[0) — RY (62) ,L RX (06) = RY (10) [— cos s Zy — sin s X — cos s Zy — sin 0g Xo
[0y — RY (63) —@— RX (67) : : RY (611) —

Figure: Four-qubit local entangler ansatz

X — X X — +cosbX
reXx reX Y — +cosfY +sin67
IRY — ZQY RX(0) . RY (0)

Iy 797 —sinfZ Y — Y

Z — +cosbZ Z — +cosbZ
XX — X®I L singY sinfX
707 — IoZ sin sin

10) & io.monaco@desy.de
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Propagation

Paper example

+ Layer 3: Here only the gate RX (64)0 affects the

10) — £Y (60) 1 X | Y (0) |— propagated observable:
10y — RY (6:) [——H RX (65) | ,L RY (0o) —
[0) — RY (62) ,L H RX(0s) — RY (610) — cosOsZy — sin g X9 — + cos s cos 042
|0) — RY (63) s : RX(67) ‘ RY (611) — + cos 0g sin 04 Y
S — sin 98X0
Figure: Four-qubit local entangler ansatz
y o [ : x I — 1 I — 1
X — X X — +cosbfX
IexX — I®X Y — +cosbfY +sin67
IRY — ZRY RX(0) . RY (0)
—sinfZz Y — Y
I®Z — ZQZ
Z —> +HcosbZ Z — +cosbZ
XoX — X&I +sin Y —sinfX
77 — 1I®Z

10) & io.monaco@desy.de
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Propagation Paper example

+ Layer 2: The CNOT(0, 1) gate acts on all

- =1
:0; ] ;:Ezoz : ’L w iﬁ;;‘ii Zii?; I observables involving the first two qubits:
0) — 1 b ‘ 5 9) —

| ]
|0) — RY (6) - ,L L RX(6s) é RY (610) — + cos g cos 0420 + cosblg sin 04y — sin g Xo
|0y —{ RY (65) : L : RX (07) RY (611) — 1

. + cos fg cos 047y + cos Os sin 04 Yo X1
Figure: Four-qubit local entangler ansatz

—sin98X0X1

rer — za1 L Lo

X — X X — +HcosfX
reXx — I®X Y — +cosbY +sinfZ
IQRY — ZQY RX(0) . RY (0)

—sinfZ Y — Y

I®Z — ZRZ

Z — +cosbZ Z — +cosbZ
XX — Xl +sin Y —sinfX
77 — 1®Z

lQ) ounnTun | & saverio.monaco@desy.de
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Propagation Paper example

o o, 0 0 « Layer 1: In this final layer, both RY (60)o and
10) = B¥(E0) T (@) @) = RY (01)1 contribute to the evolution.
0) —:— RY (61) ‘ D— RX(65) ,L RY (09) — .
0 —{ Ry X (60) ——] 7Y (6r0) |— — Action of RY (01)1:
[0) — RY (83) é RX (67) RY (611) — )
el ! + cos Og cos 04 Zy + cos Og sin 0,Yy X1
Figure: Four-qubit local entangler ansatz —sin g Xo Xy

{

+ cos bg cos 042

+ cos fg sin 04 cos 1Yy X1 — cos g sin 4 sin 01 Yy 21
— sin fg cos 01 X X1 + sin fg sin 61 Xy 2,
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Propagation Paper example

o . 0 0 « Layer 1: In this final layer, both RY (60)o and

10) = ¥ (B0) 1 . @) = RY (01)1 contribute to the evolution.

0) —:— RY (61) o RX(05) RY (09) — .

0 {7V (@) X (00) é RY (0r0) |— — Action of RY (0y)o:

o) —{ =Y (05) é RX(07) RY (611)}—

el ! + cos g cos 04 7
Figure: Four-qubit local entangler ansatz + cos B sin 4 cos 61 Yo X1 — cos O sin 04 sin 01, 2,
— sin fg cos 01 Xg X1 + sin g sin 01 X2

!

+ cos fg cos 04 cos 0y Zy — cos B cos 04 sin Oy X
+ cos 08 sin 94 COS 01YOX1 — COS 08 sin 94 sin 91}/0Z1
— sin g cos 01 cos 0y X X1 — sin Og cos 01 sin Oy Zy X

+ sin Og sin 01 cos 8y X¢Z1 — sin Og sin 01 sin 0y Zy 2,

Yl — Y®X

Q) & | & saverio.monaco@desy.de
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Propagation Paper example

Propagated observable:

10y —{ RY (6o) RX (04) RY (0s) — Zo .

0 —{Tr D é X0 o — Zo — + cos Os cos 04 cos Oy Zy — cos s cos 04 sin 09 Xo

0y —| v (62) RX(00) é RY (0r0) — + cos 0g sin 04 cos 01 Yo X1 — cos Og sin 04 sin 01 Yo Z1
|0y —] RY (83) é RX(07) RY (011) — — sin g cos 61 cos 0 X0 X1 — sin 0s cos 01 sin 0y Zo X1

+ sin 6g sin 01 cos 0o X9 Z1 — sin g sin 01 sin 0o Zo Z1
Figure: Four-qubit local entangler ansatz

10 ) io.monaco@desy.de
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Propagation Paper example

Propagated observable:

10y —] R (60) RX(64) RY(9%) |— Z, ] .
0 —{Tr D é X0 o — Zo — + cos Os cos 04 cos Oy Zy — cos s cos 04 sin 09 Xo

0y —| v (62) RX(00) é RY (0r0) — + cos 0g sin 04 cos 01 Yo X1 — cos Og sin 04 sin 01 Yo Z1
|0y —] RY (83) é RX(07) RY (011) — — sin g cos 61 cos 0 X0 X1 — sin 0s cos 01 sin 0y Zo X1

+ sin 6g sin 01 cos 0o X9 Z1 — sin g sin 01 sin 0o Zo Z1
Figure: Four-qubit local entangler ansatz

When computing the expectation value, each propagated observable is sandwiched
between ®N0| and |0)®". Only Pauli strings composed solely of Z or I operators
survive this projection, leading to:

(0|Ut ZyU|0)(f) = — sin b sin 6; sin 8y -+ cos B cos B4 cos by

10) & io.monaco@desy.de
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Propagation Effects of propagation
Non-Clifford Gates:

COS 9 7 S1n 9
RX(6) =( (22 52>)

fisin(g) cos(g)
RY(0) :<+C°S(g) _Sm(g)>

—sin(§) +cos(§)

o—i0/2 0
may- ()

Propagation causes branchings
and frequency increase.

& saverio.monaco@desy.de
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Propagation
Non-Clifford Gates:
cos(g) —1 sin(
—1 sin(%) cos(g
+ cos(g) - Sin(g
0
2

—sin(§) + cos( ))

RX(0) = (

RY(0) }=

o—i0/2 0
fma}- (", )

Propagation causes branchings
and frequency increase.

& saverio.monaco@desy.de

Effects of propagation

Effects:
+ Branching:
« RY(0)'X(1)RY (0)
= cos(0)X (1) +sin(0)Z(1).

Branching causes non-commuting words
to double.

+ Frequency increase::
+ RY ()" (cos(81)X (1)) RY (6)
= cos(f3) cos(f1)X (1)
+sin(fz) cos(61)Z(1).

Frequency defined as the number of
trigonometric functions of the parameters
multiplied together
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Propagation Effects of propagation

Clifford Gates:

+1 -1
\}§<—1 +1>

1000
—— _|(0100
- |0 001

0010

Clifford Gates do not cause branch-
ings or frequency increase.

& saverio.monaco@desy.de
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Propagation

Clifford Gates:

+1 -1
\}§<—1 +1>

1000
—— _|(0100
- |0 001

0010

Clifford Gates do not cause branch-
ings or frequency increase.

& saverio.monaco@desy.de

Effects of propagation

Effects:
+ Weight increase:
- CXTI(1)Z(2)CX = Z(1)Z(2).
Multi-qubit gates can increase the weight
of the Pauli word.

+ ldeal propagation::
« HIX(1)H = Z(1).
Ideal propagation does not increase the
weight of the Pauli word, it does not cause
branching or frequency increase.
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Exact propagation Small circuit example

0) = RY RX SRy~ Z

0) = RY |-&— RX —RY |—

0) = RY |—— RX |—&— RY |—
: | Small circuit to perform exact
E o E propagation of observable Zj.

0) ] RY RX —© : RY — number of qubits: 12 (rows).

|0) = RY —&— RX — RY —

______________________

Figure: Local entangler Ansatz

& saverio.monaco@desy.de
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Exact propagation Small circuit example

10° Al

1 Example: sin fg sin 01 cos 0y XoZ1
——

—T

T
Al
mmm Effective

Depth 1

mm Effective
103} 1t 1 Frequency (3) Weight (2)
100 L o —
2 10 | ET [ ] Al 1 - Deeper circuits lead to more
% I Effective Il Effective . .
S b 1E i branching, doubling the number of
. = B Pauli words.
e | e | [ Bt 1 * Most Pauli words do not contribute to
% mm Effective B Effective
o

10° 1t 1 the expectation value of the

100 | e observable and are discarded during

] the trimming process (gray).

z 0 ‘| Al l‘ ‘] Al
e mmm Effective mmm Effective
S o0 1t ‘ * Branching causes a large number of
10 | ; Pauli words to be tracked, making
0 2 4 6 8 10 12 0 10 20 30

Pauli Weight Frequeney  CUtOffS Necessary.
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Cutoffs: Weight cutoff MSE Theorem

From Angrisani et al.:
Supposing U is the unitary of a locally scrambling Ansatz, for k > 0, we have

2) k+1 5
) ol12,

By (Afgﬂ(a)) < (3

where [|O|[p, ;.5 == (27"Tr[OT0])"/? is the normalized Hilbert-Schmidt norm.

Ev (Af(0)) =By

(10(0) - 5 0))’]

| = saverio.monaco@desy.de
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Cutoffs: Frequency cutoff MSE Theorem
Idea: For random parameters, high frequency words contribute less because the
product of sin and cos will be close to 0.

* sin 01 cos 0y (high average contribution)

* sin 05 cos 04 sin 03 cos 0o sin 01 cos 0 (low average contribution)
For v > 0, we have

Ep~v (Afé”)(O)) ~ !

27; Epv (Afy(yy)(o)) = Epv

(0) - 0]

where:

+ f7(O) is the excact expectation value of the observable O with parameters p’
drawn uniformly.

. fzgy)(O) is the expectation value of the observable O truncated with max

frequency v.

& saverio.monaco@desy.de
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Cutoffs

Cutoffs produce an approximate expectation value of the observable, and training on
this approximation may still yield valuable results, though not fully optimal

Approximate Exact

L({Ocutyoy (0))) L({Ocutea. (0))) L({Otutyig, ()

& saverio.monaco@desy.de
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Q) reivotoe
INITIATIVE . . . .
bagation of Parametrized Circuits

7989023

expectation values of a circuit's observables into explicit functions of the

Code Showcase

Examples from the Github code

irst import all the necessary libraries:

O https://github.com/desyqml/

Paull—Propagator mport pennylane as qml # To define the circuit
from pprop.propagator import Propagator # For Pauli Propagation

o Define the circuit as a function of the parameters

# Function of parameters

def ansatz(params : list[float]):
gml.RX(params[@], wires=0)
qml.RX(params[1], wires=1)


https://github.com/desyqml/Pauli-Propagator
https://github.com/desyqml/Pauli-Propagator

Tutorial Importing

1: Import necessary libraries

import pennylane as gml # To define the circuit L‘.j
from pprop.propagator import Propagator # For Pauli Propagation
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Tutorial Circuit definition

2: Define the circuit as a Pennylane function of the parameters, put the
observables to propagate as return values

# Function of parameters LI.j
def ansatz(params : list[float]):

gml.RX(params[@], wires=0); gml.RX(params[1], wires=1)

gml.RY(params[2], wires=0); gml.RY(params[3], wires=1)

gml.Hadamard(wires = 2)

qml.CNOT(wires = [@, 1]); gml.CNOT(wires = [1, 2])
gml.RY(params[4], wires=0)
gml.RY(params[5], wires=1)

gml.RY(params[6], wires=2)

return [gml.expval(gml.PauliZ(qubit)) for qubit in range(1)] + [gml.exp

naco@desy.de
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Tutorial Propagator Class

3: Initialize Propagator class

prop = Propagator(

ansatz,
None, # Cutoff on the Pauli Weight
None, # Cutoff on the frequencies

k1
k2
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Tutorial Propagator Class

>>> prop =

Propagator

0:
1:
23

Number of qubits : 3

Trainable parameters : 7

Cutoff 1: None | Cutoff 2: None

Observables [Z(@), X(0) @ X(1) @ X(2), Y(2), -1.0 * (X(0) @ X(1) @ X(2)) -

—RX—RY—| |— (o | |—RY— <Z> <X@X@X> <IH>
—RX—RY—| | = X— re—| | —RY— F<x@x@x> <>
H [ X—| |—RY— Lex@x@xs  <Y> i

naco@desy.de
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Tutorial Propagate

4: Propagate

prop.propagate() I'_D
Propagating -1.0 * (X(@) @ X(1) @ X(2)) + 13.0 * z(2): 1ce% | IIININNGENN| /4

1Q) et & saverio
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Tutorial Propagate

Once propagated, we have access to the functional forms of the observables

prop.expression() Ll;l

Z0 = —sin(f,) * sin(8;) x sin(8, ) * cos(8, ) * cos(8,) + cos(8,) * cos(8,) * cos(8,)

5: Which can be evaluated through

random_params = gml.numpy.arange(prop.num_params) L;'
prop_output = prop.eval(random_params)
[ ©.32448207 -0.5280619 0. 4.16046337]

1Q) et & saverio
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oropagation: Variational Qv
censolve , _Minimize
' O E(8) = (v(6) | H]w(0))

)



Application: VQE Finding the ground state of a spin model

Goal: Get the ground-state of an Hamiltonian H.

Key idea:
* Prepare a parameterized quantum state |¢)(0)) with a variational circuit.

+ Measure the expectation value 10y —]
0 — Minimize
E@) = (Y(0)|H|yp(0 . ue) | = ~ S
9) = e I B = (O
+ Use a classical optimizer to 10—
adjust @ and minimize E(6). [p(@)) = U@)|0yeN

0; — 0i11

& saverio.monaco@desy.de
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Application: VQE

Finding the ground state of a spin model
Hamiltonian:
N
H(kh)=—JY (X(z')X(i +1) -k X)X +2) +h Z(z’)),
i=1
Phase diagram: Spin system:
1:50: ““ h 1
1.251 I“ ]

1.00

0.75

0.50

0.25

0.00

Number of spins: N = 18

& saverio.monaco@desy.de
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Application: VQE Finding the ground state of a spin model

1. Split the Hamiltonian:

—_JZ( z+1)—ﬁX(i)X(i+2)+hZ(i)>7

| & saverio.monaco@desy.de
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Application: VQE Finding the ground state of a spin model

1. Split the Hamiltonian:

——JZ( )X(i+1) = kX ()X (i +2) +h Z(0)),
N N
——JZ( Z—i—l)—i—J/iZz:l( )X (i+2)) Jh;(Z(z’)).,
01 Os O3
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Application: VQE Finding the ground state of a spin model

——JZ( z+1)—|—JnZ< DX(i+2)-JnY (23)) -

=1 i=1

01 O 03

2. Propagate the Observables O1, O3, O3 — O}, 0}, O%:
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Application: VQE Finding the ground state of a spin model

——JZ( z+1)—|—JnZ< ()X(i+2))-InY (23))

=1 i=1
01 02 03

2. Propagate the Observables O1, O3, O3 — O}, 0}, O%:
3. Expectation value of the Hamiltonian is given by:

= = =

(OIUT (@) H (1, h)|U(8)[0) = =T (01(8)) + Jr(O4(8)) — Th(O4(6)).
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Application: VQE Finding the ground state of a spin model

——JZ( z+1)—|—JnZ< ()X(i+2))-InY (23))

=1 i=1

(@) 1 02 03

2. Propagate the Observables O1, O3, O3 — O}, 0}, O%:
3. Expectation value of the Hamiltonian is given by:

= = =

(OIUT (@) H (1, h)|U(8)[0) = =T (01(8)) + Jr(O4(8)) — Th(O4(6)).

4. Minimize through gradient descent for the desired (k, h)
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Application: VQE Finding the ground state of a spin model

< 200 -8.00
1.50 -16.00
1.00 -24.00
0.50 -32.00
0.00 -40.00

CopP2s%5,2 25709 C05°25%-55% 25" 0p

K K
Figure: Energies of the 18-spin ANNNI model at various values of x and h, obtained using exact
diagonalization (left) and by minimizing the function of the propagated Hamiltonian via
gradient descent (right).

(WHIY)
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Finding the ground state of a spin model

Application: VQE
Question: How do the two cutoffs affect the final training performance?
+ Higher cutoffs — improved training performance, although they require more
computational resources for Pauli propagation.
+ The performance, however, saturates already at relatively low cutoff values;
higher-order terms do not significantly improve the training.

> L s > LI e e e
f=J
5 L Wou, =1 S Vo =5 1
s S Weu, =2 ] S 5f =10 1
w a ut- ! w | Veut, = ]
s - Weut, =4 = Veu. =15 ]
i - ‘gcul.:s 1 3 = Veur =20
| t [
10f Xac 1 10k Exact
-15"—|H‘Iu‘lu‘nu‘nu‘n— —15;IAAAIAAA|AAA|AAA|AAA|_
0 20 40 60 80 100 0 20 40 60 80 100
Iterations

lterations
Figure: VQE training with fixed v.,ts = 20 and Figure: VQE training with fixed w,,+ = 8 and

varying weut € {1,2,4,8}. varying veut € {5, 10,15, 20}.
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Application: Larger VQE 2D Ising Model

2D Square lattice (8x8) with nearest neighbour interactions
Number of qubits: 64

Hamiltonian'

H(J,h) = ( JZZ hZX )

L S
©oo0e
® ® ® ®
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Application: Larger VQE 2D Ising Model

Warm start procedure:
1. Define circuit
2. Propagate Hamiltonian through the circuit
3. Assign spin system'’s parameters (J = h = 1)
4. Minimize (H'(J = 1,h = 1,60))

and obtain optimal parameters h J & 4@—@7 @
5. Deploy on quantum l /‘Q/MQ/
® 0 0 0
® ® ® @

& saverio.monaco@desy.de


mailto:saverio.monaco@desy.de

Application: Larger VQE 2D Ising Model

Info:
=5 F I « Deployed on ibm_fez
% 00f = - * Ansatz: see backup
e  Number of shots: 2048
0.5F E + Random parameters:
- E — 30runs
-1'0: 1 — p~N(0,1)
1.5 o Actual ground state energy

random params optimized params
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Application: Larger VQE 2D Ising Model

Info:

=5 F I « Deployed on ibm_fez
% 00f = - * Ansatz: see backup
e  Number of shots: 2048

0.5F E + Random parameters:

- E — 30runs
-1'0: 1 — p~N(0,1)
1.5 g o Actual ground state energy, i guess

random params optimized params
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Backup

Backup slides




Simulating noisy circuits Backup slides

From “Simulating quantum circuits with arbitrary local noise using Pauli Propagation” [7]
Model of the noise:
Circuits represented as a sequence of layers

C=0CCr_1---Cy

where each layer C; consists of a unitary U; followed by a local (single-qubit) noise
channel N®7,
(This includes depolarizing-like noise, dephasing-like noise, amplitude damping.)

Computational and accuracy guarantees:
Polynomial complexity with error bounds that are inversely polynomially small.



Locally-scrambling circuits Backup slides

For the truncation on the Pauli weight, we require an L-layered circuit to be of the
form [2]

U=UrUp-1---U;
where each layer U; is

+ sampled independently from a locally scrambling distribution’

That is, independent layers where the distribution of gates ensures that any
local bias or structure is erased by random rotation.

* reasonably shallow.

"The condition on local scrambling might be relaxed without significantly compromising accuracy.



Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

0) 10) [0) [0)
0) 10) 10) [0)
0) 10) 10) [0)
0) 10) [0) 10)



Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

0y |y 1o\ oy « RX on all qubits (different params.)
10)

10) __| RX

10)




Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

0) NG « RX on all qubits (different params.)
« RY on all qubits (different params.)

|0)

10) | RY




Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

10) g « RX on all qubits (different params.)
T i * RY on all qubits (different params.)
0) \L\F \|\|\ \|| « Horizontal CNOT (offset 0)
10) I RY
0o 1T | |
= — I~ |




Application: Larger VQE Ansatz
Ansatz: 2D brickwork with alternating entanglers
10) | « RX on all qubits (different params.)
« RY on all qubits (different params.)
10) 14 | | l | « Horizontal CNOT (offset 0)
10) ¢ Y | * Horizontal CNOT (offset 1)

10) ¢




Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

|0) J% * RXon all qubits (different params.)

« RY on all qubits (different params.)
10) \L—\ [ [—_ « Horizontal CNOT (offset 0)
10) (] RX « Horizontal CNOT (offset 1)
« RX on all qubits (different params.)

f]
/
/
/




Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

10) g « RX on all qubits (different params.)
== — « RY on all qubits (different params.)

10) \L\\\ =10 * Horizontal CNOT (offset 0)

10) —1f| | 5y |y + Horizontal CNOT (offset 1)

0y I S i = i 1 « RX on all qubits (different params.)
- * Vertical CNOT (offset 0)




Application: Larger VQE

Ansatz

Ansatz: 2D brickwork with alternating entanglers

10) I
10) 4
10) 4

10) 1§

RX on all qubits (different params.)
RY on all qubits (different params.)
Horizontal CNOT (offset 0)
Horizontal CNOT (offset 1)

RX on all qubits (different params.)
Vertical CNOT (offset 0)

Vertical CNOT (offset 1)



Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

|0) @ __lo) []: « RX on all qubits (different params.)
|—" * RY on all qubits (different params.)

10) ¢~\\ * Horizontal CNOT (offset 0)
|0) | I e s « Horizontal CNOT (offset 1)
\‘\NR&\ « RX on all qubits (different params.)

i « Vertical CNOT (offset 0)
« Vertical CNOT (offset 1)
+ RXon all qubits (different params.)




Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

[ « RX on all qubits (different params.)
\\\%ﬁ\ﬁ « RY on all qubits (different params.)
10) \L\\ « Horizontal CNOT (offset 0)
|0) | = « Horizontal CNOT (offset 1)
0y \\‘: RY « RX on all qubits (different params.)
| + Vertical CNOT (offset 0)
4 « Vertical CNOT (offset 1)

* RX on all qubits (different params.)
+ RY on all qubits (different params.)



Application: Larger VQE Ansatz

Ansatz: 2D brickwork with alternating entanglers

0) _|n * RX on all qubits (different params.)
\%%%’\ﬁ « RY on all qubits (different params.)
10) \L\\\t FETLTLIT « Horizontal CNOT (offset 0)
|0) —{ ;1 | T T * Horizontal CNOT (offset 1)
10) | \\\FE‘ iy @Y\ iy « RX on all qubits (different params.)
[ + Vertical CNOT (offset 0)
= = = T « Vertical CNOT (offset 1)

+ RXon all qubits (different params.)
+ RY on all qubits (different params.)
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