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Introduction Motivation
Problem: training large parametrized quantum circuits is tricky

+ Access to hardware: quantum devices are a scarce, costly and queued resource

+ Gradient-free optimizers (SPSA [1], COBYLA [2]) reduce the number of circuit
evaluations, but offer weak convergence guarantees and require hardware access

+ Parameter-shift rule [3] gives exact gradients, but scales poorly: 2 X Nparam X Nshots
circuit evaluations

Example: time to evaluate the gradient of the MMD loss for a single training step on
MNIST (Nparam = 10 000, precision € = 1073, training set Nimages = 60,000) [4]:

2 X Nparam X €% x ]Vimages = 1.2 x 10 shots

10 ) reoteor & saverio.monaco@desy.de
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Introduction Motivation
Problem: training large parametrized quantum circuits is tricky

+ Access to hardware: quantum devices are a scarce, costly and queued resource

+ Gradient-free optimizers (SPSA [1], COBYLA [2]) reduce the number of circuit
evaluations, but offer weak convergence guarantees and require hardware access

+ Parameter-shift rule [3] gives exact gradients, but scales poorly: 2 X Nparam X Nshots
circuit evaluations

Example: time to evaluate the gradient of the MMD loss for a single training step on
MNIST (Nparam = 10 000, precision € = 1073, training set Nimages = 60,000) [4]:

2 X Nparam X €% x ]Vimages = 1.2 x 10 shots
= ~ 38 years (at 10° shots/s)
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Introduction Motivation

Claim: Expectation values of a quantum circuit can be estimated classically*

*up to some accuracy levels
**3ccuracy guarantees limited to a class of quantum circuits (locally-scrambling)

Accessing the wavefunction Computing expectation value
measurements

10) — H[E BN 10) — — (Zo) =0.23...
0 — HE B N 0 — =
) — om0 H| n—

Classically hard Classically tractable®
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Introduction Use cases

Potential applications: algorithms whose 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)

|0y — 10) — | I BEN |

" v Omm O

£0) = 2.:(04) »—] D I D -l
Output: 1 2 3

0)— Loss function:

0; — 041

Applications: Variational Quantum Eigensolver [5], Compression (Autoencoder) [6],
Generation [7, 8]
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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:

A
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Propagation Schrédinger Picture

Schrédinger Picture:
[ Propagate the Wavefunction through the circuit
o) i}~
|
|

according to the rule:
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Propagation Schrédinger Picture

Schrédinger Picture:
Propagate the Wavefunction through the circuit

|
0) _@ : —~ according to the rule:
0) S~
o v = Uly)
L (j00) +]11))

Example: (Z(0)) = (¢|ZI|y) =0
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Propagation
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Heisenberg Picture

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

vV =Utvy

(Similarity transformation)



mailto:saverio.monaco@desy.de

Propagation Heisenberg Picture

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

|
10) - N G cuit according to the rule:

| V' =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:

vV =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:

0) ———b—
vV =Utvy

(Similarity transformation)

(00X (0)I(1)[00) = 0
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Propagation Heisenberg Picture

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

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

| V' =U'vU

(Similarity transformation)

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

Step-by-step propagation:

Paper example

|0} — RX(fo) RX(6a) RX(0s) — Zy
|0) — RX(61) —&D— RX(65) RX(09) —
10) — RX(62) RX (0s) F—— RX (610) —
|0) — RX (63) —P— RX (67) RX(611) |—
Propagation tables:
Y®I — Y®X I T
ZQ1I — Z®1
X — X
IeX — IgX Y — +cosfY
g [9Y — Z@Y RX(0) e
I1®7 — Z®Z 7 s 4cos07
XX — X@I +°.059Y
707 — I9Z St
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Propagation

Step-by-step propagation:

|0} — RX(fo) RX(6a) o BX(6s) ~— Zo
|0) — RX(61) —&D— RX(65) o RX(6) p—
|
|0y — RX (62) RX (05) F—@—H RX(010) —
|
|
Propagation tables:
Y®I — Y®X I T
ZQ1I — Z®1
X — X
I®X — I®X Y st 0y
g IQY — ZQY RX(0) e
I1®9Z — Z®Z 7 — 4cos07
X®X — XoI P
2072 — IQZ s

Paper example

+ Layer 5: At this stage, the observable Zj is only
affected by the gate RX (fs). This evolves as:

Zoy — cos s Zy + sin O5Y)

l Q) QUANTUM
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Propagation Paper example

Step-by-step propagation:

+ Layer 4: Both terms of the observable

| 1
|0} — RX(fo) RX(61) H——— RX(05) |— commute with CNOT(1, 2), hence no
10) —{ BX(01) ——{ Rx(65) ] RX(00) | — transformation occurs:
|0) — RX (02) RX (0s) : & : RX (010) — cos s Zy + sin 0sYy — cosOs Zp + sin 0sYy
10) — BX(63) —B— BX(67) |—— BX(00) |—
Propagation tables:
Y®I — Y®X JaN
ZQ1I — Z®1
X — X
IX — I®X Y s 4 oy
g [9Y — Z@Y RX(0) e
I1®9Z — Z®Z
X0X — X0l Zﬂicfjsgg
707 — 17 st

l Q) QUANTUM
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Propagation Paper example

Step-by-step propagation:

m- - - - = ! « Layer 3: Here only the gate RX (0.) affects
|0) — RX(60) o BX(6a) 1 RX (6s) — the propagated observable:
|
J— | : I
10) X(00) N RX(05) | RX(8) cos 0sZy + sin 0gYy — + cos fg cos 047y
‘0) — RX(QQ) : RX(@G) 1 () RX(Hlo) — 4 cos 08 sin 64Y0
‘0> — RX(93) () : RX(07) t RX(¢911) — + sin 98 cos 04Y0
777777 — sin g sin 042,
Propagation tables:
Y®I — Y®X I T
ZQ1I — Z®1
X — X
IeX — IgX Y — +cosbY
g IQY — ZoY RX(0) Sy
I1®9Z — Z®Z 7 — 4cos07
X®X — XoI P
2072 — IQZ s

l Q) QUANTUM
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Propagation

Step-by-step propagation:

| 1
10) —{ RX(60) ——4——| BX(64) RX(6s) —
10) —{ RX(61) =-D-— RX(65) RX (09) —
0) — RX (62) == RX (66) |—B— RX (610) |—
0) —{ RX (6s) =D RX(67) RX (011) }—
Propagation tables:
Y®l — Y®X I T
Z®1 — Z®I
X — X
IRX — I®X Y — +oos0Y
g [9Y — Z@Y RX(0) e
I1®9Z — Z®Z
X0X — X0l Zﬂicfjsgg
707 — I9Z St

Paper example

+ Layer 2: The CNOT(0, 1) gate acts on all
observables involving the first two qubits:

+ cos g cos 0470 + cosBs sin 04Yy

—+ sin 0g cos 04 Yy — sin Og sin 04 7
1
+ cos O cos 042y + cos O sin 04 Yo X1
+ sin fg cos 04 Yo X1 — sinOg sin 0429

l Q) QUANTUM
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Propagation

Step-by-step propagation:

Paper example

« Layer 1: In this final layer, both RX (6,) and

|
|0) — BX(6o) = RX(04) RX(0s) — RX (61) act on the observable.
|
|0) —H RX (61) +—D RX(05) RX(09) — — Action of RX (01): Every term’s qubit-1 factor
‘ ‘ is either I1 or X7, both are invariant under
|0) — RX(62) | RX (0s) —B— RX (010) — RX, so the word is unchanged:
N ! + cos 0g cos 04 Zy + cos Og sin 04 Yy X1
+ sin 0g cos 04Yy X1 — sin 0g sin 04 Z
Propagation tables: 1
YRI —-Y®X + cos 0g cos 04 Zg + cos bg sin 04 Yo X1
7201 — Zo1 )ﬁ ) 4 + sin g cos 64 Yp X1 — sin 0 sin 04 Zo
IX — I®X =
g IQY — Z®Y Rx(0) | ¥ 7 Foosoy
107 — 707 —sinfZ
X0X — X0l Zﬂicfjsgg
ZRZ —I9Z St

naco@desy.de
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Propagation Paper example

Step-by-step propagation:

r---o - = | « Layer 1: In this final layer, both RX (6y) and
|0) — BX(6o) = RX(04) RX(0s) — RX (61) act on the observable.
|
|0) —:— RX(60:) +—b RX(05) RX(09) — — Action of RX (0)):
|0) _:_ RX(6-) ‘ RX (06) o RX (010) — + cos 65 cos 04 Zp + cos Og sin 04 Yp X1
‘ in 6 04Yo X1 — sin fg sin 04 Z,
0) — RX (6:) +—— RX(67) RX (611) }— +S¢m § cosbatodr = sinbssinfazo
|
+ cos g cos 04 cos g Zy
Propagation tables: + cos 0g cos 04 sin 0p Yy
YoI — Y®X + cos g sin 04 cos O Yy X1
71 — Z®1 )g - é{ — cos 0g sin 04 sin 0 Zp X1
I®X — I®X y - n oy + sin g cos 04 cos Op Yy X1
— +cos
g I®Y — Z®Y RX(0) _sinf2Z — sin fg cos 04 sin 0y Zp X1
I1®9Z — Z®Z 7 — +4cosbZ — sin fg sin 04 cos 09 Zo
XX — X®I . . . .
Z0Z — I®Z +sin0Y — sin fg sin B4 sin Ay Yo
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Propagation Paper example

Step-by-step propagation:

- Expectation value: Projecting onto |0)®*, only

|0) — RX (60) RX(04) RX(0s) — words made of I and Z survive:
0) — yan RX (6 RX(0y) —
1) X () e (95) (6) + cos 0g cos 04 cos 0y 2y
|0) — RX(02) RX(0s) —— RX(010) —

—|—W
10) —] RX (63) ——] Rx(6) RX (611) —

03 s sin frcos 0 Yo X1
Expectation value rules: _W
+sin 0 cos frcos o Yo X1

(0] 110) =1 0[]0y =0
_W

(0] X10) =0 (0] Z10) =1 — sin 0g sin 04 cos 6y Zo

—sin 05 sin frsin fo Yo

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

Step-by-step propagation:

0y —| RX (65) RX (64) RX (6s) —
10) —| RX (62) |——] rRX (65) RX (09) |—
0y —| RX(62) RX (0s) —@— RX (610) —
10y —| RX(05) —— RX(67) RX (611) —

Functional form:

—

(01Z5]0)(0) = + cos 0s cos 04 cos Oy — sin Os sin 04 cos Oy

& saverio.monaco@desy.de
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Propagation example Small circuit

Three notable effects happen when propagating through a circuit:

# 1: Weight increase:
Any non-commuting multi-qubit gate increases the weight:

|0) —e—

I — I®I

0) ——Z(1) g IoX — I®X
IY — ZRY

Weight: Z(1) I®Z — Z®Z

——
1

| = saverio.monaco@desy.de
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Propagation example

Three notable effects happen when propagating through a circuit:

# 1: Weight increase:
Any non-commuting multi-qubit gate increases the weight:

0) Iol

0} Z(0)Z(1) IeX

& 1oy

Weight: Z(0)Z(1) I1®7Z
2

& saverio.monaco@desy.de
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Small circuit

I®1

I®X
ZY
Q7
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Propagation example Small circuit

Two notable effects happen when propagating through a circuit:

# 2: Branching & # 3: Frequency increase:
Any non-commuting non-clifford gate splits the term into two and any non-commuting
parametrized gate increases the frequency:

|0) — RX(61) |— 4(0)

I — I

10) X — X
1RXO) Y — +cos(@)Y —sin(0)Z
Frequencies: Z(0) Z — +cos(0)Z +sin(0)Y

——
0

| = saverio.monaco@desy.de
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Propagation example Small circuit

Two notable effects happen when propagating through a circuit:

# 2: Branching & # 3: Frequency increase:
Any non-commuting non-clifford gate splits the term into two and any non-commuting
parametrized gate increases the frequency:

|0) — cos(61)Z(0) + sin(6,)Y (0)

I — I

0) — X — X
1RXO) Y — +cos(@)Y —sin(0)Z
Frequencies: cos(61)Z(0) 4 sin(6,)Y (0) Z — +cos(0)Z +sin(0)Y

1 1

| = saverio.monaco@desy.de
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Exact propagation Small circuit example

Scaling at increasing depth: branching causes the doubling of every word for each
non-commuting gate — easily intractable!

0) = Ry RX S RY —

0) = Ry F-—{ rRX Ry }—

10y = rY —— RX & RY I— Small circuit to perform exact
P propagation of observable Z5.

0) - Ry X —o—{ Ry — Number of qubits: 16.

0) - rRY - rx RY |— 7.

Figure: Local entangler Ansatz at depth 1 (iterations of
the unitaries in the dashed block)

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

Distribution of final weights and frequencies Example: sin fg sin 0 cos 8y Xo7Z;
——

at different depths (1-3): Frequency (3) Weight (2)

Al M Effective (weight) M Effective (frequency)
- 10°F .
£3 1001 3 . .
g5y i + Deeper circuits lead to more
o i branching, doubling the number of
0= s y . e e T e e Pauli words.

* Most Pauli words do not contribute to

i i the expectation value of the
ol L e observable and are discarded during

the trimming process (gray).

+ Branching causes a large number of

"] N |l Pauli words to be tracked, making

0 2 4 6 8 0 5 10 15 20 25 30

Paul weight Frequency cutoffs necessary.
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Cutoffs

Cutoff strategies

Example: sin g sin 01 cos 0y XoZ1
~——

Frequency (3) Weight (2)

Cutoff strategy: fix a max weight wc.yt and a max frequency v.,; while propagating

the observable, track the weight and frequency of every Pauli word and discard any
that exceed them.

+ Weight truncation: for locally-scrambling ansatze, the contribution of a path to

the expectation value decays exponentially with its terminal weight (theoretical
guarantee [9]).

« Frequency truncation: each branching multiplies the coefficient by a sin 6, or
cos 0, factor, so a term’s contribution decays exponentially with its frequency
(assuming uniformly-distributed parameters [10]).

& saverio.monaco@desy.de
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Applications

Example application of Symbolic
Propagation: Variational Quan-
tum Eigensolver, and MNIST
Digits Generation

QOOO0000
Q0000000
00000000
i)zl E)a)E) el

P Code Showcase



Applications

Outline in QML:

10) — — (0) Propagate Train Deploy (ibm_berlin)

‘2>— v [ (0)(0) = Sy o Tlics, i) L(0) = g((0)(9)) 2322
[0) — — ADAM: §, — 0, ::::

Step 1: Define the ansatz Step 2: Apply Pauli Propa- Step 3: Apply ADAM to Step 4: Deploy the opti-
and express the loss func- gation to obtain an explicit optimize the circuit param- mized circuit on a quan-
tion as expectation values expression for the expecta- eters classically. tum device.

of Pauli observables. tion value in terms of the

circuit parameters.

« Low cutoff values — fast propagation times, approximate training, warm start;

 High cutoff values — slow propagation times, accurate training.
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Applications

Employed quantum hardware

___________________________________

00000000
00000000
QOO0 00O

ibm_berlin Quantum Computer

| & saverio.monaco@desy.de

Ansatz

Employed ansatz

__________________________________________

Number of qubits: 64
Number of parameters:
256 (depth 1) | 384 (depth 2)
Two-qubit circuit depth (transpiled)
4 (depth 1) | 8 (depth 2)
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Application #1 Variational Quantum Eigensolver

Spin Model: 2D Square lattice (8x8) with nearest neighbor interactions and
magnetic field

Goal: Get the ground state of a Hamiltonian H.

Loss: E(6) = (4(0)|H|1(8))
Number of qubits: 64
L 1® © © @

Hamiltonian' ]h

H(J,h) = ( OIFAGYA thX(i)) /‘
(i) i

& saverio.monaco@desy.de
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Application #1 Variational Quantum Eigensolver

Training run # 1:
+ Depth: 1

S s B S B s L ——

* Cutoffs: g 00 —_ Propa;;ated Hamiltonian []

— weye = None S o pmoern 1

— v = None (Exact propagation) 08 I

DMRG ground state: £/ = —2.3618 er . :

Final energy ~ Gap to DMRG 24 En')““z;;-‘-‘:o]-()’-ﬁs-c;;-‘-‘soo 100!0

lteration

Propagated —2.3504 0.0114 feraton

ibm_berlin —2.1910 0.1708

& saverio.monaco@desy.de
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Application # 1

Training run # 2:
+ Depth: 2
*+ Cutoffs:

— Weyt = 12
— Veut = None

DMRG ground state: £/ = —2.3618

Final energy Gap to DMRG

Propagated
ibm_berlin

—2.3765
—2.1165

0.0147
0.2453

& saverio.monaco@desy.de

2.4

Variational Quantum Eigensolver

T T S o e o e
e =+ Propagated Hamiltonian [}
“ e ibm_berlin
L - DMRG I
Lo 1
\
I
L .
\
\\ [ 2 . ° ° .,
§ - |
e e o e s it e e e e e i e e e
0 200 400 600 800 1000

Iteration t
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Application #2 Generation

Goal: Training of a sampling-type generative model: the squared norm of the evolved

measurement

wavefunction, |4(8)(x)|?, should be close to the target distribution of the training data,
pdata(-r)-

IR AN

! I I :

1 | | \

! 10) — gRise ' measurement measurement

o) — . A

I e I A

: I | —

| =

1 qubit <+ 1 pixel correspondence, binary images: white = spin-down, black = spin-up.

| = saverio.monaco@desy.de
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Application #2 Generation

. Result:
Training run:

* Depth: 1 .I-|_ .'-Ig ol |J l-'-ﬁ

+ Cutoffs: weyt = 12, veyr = None =

MMD on test set (mean =+ std, 100 draws): j ;‘ -l:.! -:j .'E

Model MMD L.

Shallow Ansatz + Limited hard-
Trained ansatz (256 params)  0.00285 =+ 0.00021 ware + Complex task:
IQP-1x (256 params) 0.02572 = 0.00139 evolving the state into a superposi-
IQP-10x (2560 params) 0.00431 4+ 0.00038

tion of all possible images!

& saverio.monaco@desy.de
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Final words Summary & Outlook

Pauli Propagation: classically estimates expectation values of observables of a
parametrized quantum circuit.

What it enables: pre-training (warm-starting), or even full training, of QML models
whose loss is an expectation value, even when the quantity of interest itself (full state,
measurements, ...) is quantum-hard to obtain classically.

Limitations: deep ansatze lead to long propagation times; cutoffs trade exactness
for tractability.

Outlook: find families of ansdtze and observables that are both useful and
efficient to propagate, e.g. by exploiting geometric structure [11].

& saverio.monaco@desy.de
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Main resources:
+ Paper: "Classically estimating observables of noiseless quantum circuits"
https://arxiv.org/abs/2409.01706
+ Paper: "The Heisenberg Representation of Quantum Computers"
https://arxiv.org/abs/quant-ph/9807006
+ Pennylane Demo: "Pauli Propagation: Classically estimating expectation values
from parametrized quantum circuits"

https://pennylane.ai/demos/tutorial_classical_expval_estimation

DESY. X RWTH

QUANTUM

B ENGAGE has received funding from the European Union’s Horizon 2020 Research and Innovation
Programme under the Marie Sktodowska-Curie Grant Agreement No. 101034267.
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Thank you
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B ENGAGE has received funding from the European Union’s Horizon 2020 Research and Innovation
Programme under the Marie Sktodowska-Curie Grant Agreement No. 101034267.
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Cutoffs Landscape

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

Exact Approximate

L({Otuty g, ())) L({Ocutpeq (0))) L({Ocutyoy, (0)))



Locally-scrambling circuits Backup slides

Definition: a circuit is locally-scrambling [9] if
+ Rotations: the single-qubit rotation gates are not all aligned along one axis, but
random enough on each qubit that no direction (X, Y, Z) is systematically
preferred.
+ Connectivity: the entangling gates are local, acting only between nearby qubits.

Example: Locally-scrambling circuit
Distribution of weights

1 2 3 4 5 6 7 8 9 10
Pauli weight




Locally-scrambling circuits Backup slides

Definition: a circuit is locally-scrambling [9] if

+ Rotations: the single-qubit rotation gates are not all aligned along one axis, but
random enough on each qubit that no direction (X, Y, Z) is systematically
preferred.

+ Connectivity: the entangling gates are local, acting only between nearby qubits.

Example: Non-scrambling circuit

Distribution of weights
RX —1 (Z(0))
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Locally-scrambling circuits

Backup slides

Definition: a circuit is locally-scrambling [9] if
+ Rotations: the single-qubit rotation gates are not all aligned along one axis, but
random enough on each qubit that no direction (X, Y, Z) is systematically

preferred.

+ Connectivity: the entangling gates are local, acting only between nearby qubits.

Example:

Non-local circuit

Distribution of weights
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@~ (2(0)
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Propagation

Non-Clifford Gates:
cos(? —isin
RX(0) | = (22 (
—isin<§) cos(g

) +cos(§) —sin(4
- —sin(g) +cos(%)

e—i9/2 0
R2O) = 0 etif/2

Propagation causes branchings
and frequency increase.

RY (6

Effects of propagation

Effects:
« Branching:
« RY(0)'X(1)RY (9)
= cos(0) X (1) +sin(6)Z(1).

Branching causes non-commuting words
to double.

+ Frequency increase:
« RY(62)%(cos(01)X(1))RY (65)
= cos(f2) cos(f1)X (1)
+sin(6s) cos(61)Z(1).



Propagation

Clifford Gates:

+1 -1
E¢l§<1 +1>

1000
—— _(0100
- |0 001

0010

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

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.

+ Simplest propagation:
- HIX(1)H = Z(1).
Does not increase the weight of the Pauli
word, and does not cause branching or
frequency increase.



Application #1 Variational Quantum Eigensolver

Depth 1: Depth 2:
= T . s e o o . o e = T . e . . o e
E, 0.0 — Propagated Hamiltonian [] E, 00¢ = Propagated Hamiltonian []
] L e ibm_berlin 1 ] L “ e ibm berlin i
o8k - DMRG i sl | - DMRG i
[ i Loy i
i ] Lo ]
i ] Lo ]
-1.6 - 1 16F 1
[ ] TR ]
r * —o-—0--s] NG . . ° o]
24EET TS T T = E| 24T Tt o
0 200 400 600 800 1000 0 200 400 600 800 1000
Iteration t Iteration t

Gap between expectation value of the propagated Hamiltonian and actual value on
ibm_berlin is likely due to residual hardware noise.

Query on ibm_berlin: evaluating (H) with 4096 shots at resilience level 2 (readout-error
mitigation plus zero-noise extrapolation).
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bagation of Parametrized Circuits

COd e Sh owcase expectation values of a circuit's observables into explicit functions of the

Examples from the Github code
irst import all the necessary libraries:

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)

M Applications

qgml.RY(params[2], wires=0)



Tutorial Importing

1: Import necessary libraries

import pennylane as gml # To define the circuit
from pprop.propagator import Propagator # For Pauli Propagation



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
def ansatz(params : list[float]):

gml.
gml.
qml.

qml.
gml.

qml.
qml.

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

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

RY(params[5], wires=1)
RY(params[6], wires=2)

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



Tutorial Propagator Class

3: Initialize Propagator class

prop = Propagator(
ansatz,
k1l = None, # Cutoff on the Pauli Weight
k2 = None, # Cutoff on the frequencies



Tutorial Propagator Class

>>> prop
Propagator

Number of qubits : 3

Trainable parameters : 7

Cutoff 1: None | Cutoff 2: None

Observables [Z(@), X(8) @ X(1) @ X(2), Y(2), -1.0 * (X(0) @ X(1) @ X(2)) -
@: —RX—RY—| |- (e | |—RY— <Z> <X@Xx@X> <H>
1: —RX—RY—| |- 'X—e—| | —RY- F<x@x@x> <>
2: —H [ X—| |—RY— Lex@x@xs  <Y> <IH>




Tutorial Propagate

4: Propagate

prop.propagate() LD
Propagating -1.0 * (X(@) @ X(1) @ X(2)) + 13.0 * z(2): 1ce% | IIININNEENN| /4



Tutorial Propagate

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

prop.expression() LD

Z0 = —sin(f,) * sin(05 ) * sin(8, ) * cos(8,, ) * cos(8,) + cos(8,)) * cos(6,) * cos(8,)

5: Which can be evaluated through

random_params = gml.numpy.arange(prop.num_params) =
prop_output = prop.eval(random_params)
[ ©.32448207 -0.5280619 Q. 4.16046337]

M Applications
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