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Hybrid quantum variational approach

Prob|em e.g. molecule*, Hami|tonian
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Solution

Energy (H)

*VQE method:

Peruzzo et al., Nature communications 5, 4213 (2014).
Kandala et a/,, Nature 549, 242-246 (2017).
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Hamiltonian
1

P, e {I,X,Y,Z}*N

Role of quantum computer:
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. Prepare trial state |¢(6’>>

* Measure energy expectation value (H)

(cost function)

trial state |¢(0))

*VQE method:
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Peruzzo et al., Nature communications 5, 4213 (2014).

Kandala et a/,, Nature 549, 242-246 (2017).
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Energy (H)

Ground energy Ej

Hamiltonian moments

[(H), (H?), (H?), (H*) ...}
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Rather than fully diagonalizing a matrix, Lanczos algorithm takes it to tri-diagonal form, from here

Ground state energy estimate from
Hamiltonian moments

can numerically compute lowest eigenvalues more easily than from original matrix

2™ % 2™
Hermitian matrix

ar B
B2 o2 B 0
B3 az
B B
0 6]\771 QN -1 /BN

BN N
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Ground state energy estimate from
Hamiltonian moments

» Rather than fully diagonalizing a matrix, Lanczos algorithm takes it to tri-diagonal form, from here
can numerically compute lowest eigenvalues more easily than from original matrix

I ] (a1 [ ]
H 62 2 63 0
B3 as
2™ x 2™ ,
Hermitian matrix E By,
0 6]\771 QN -1 /BN
i ] i BN QN |
» (luster expansion of Lanczos matrix elements:
(i—1) c3 5 Li(i —1) [cocy — 3
Gmat Ty T =yt Ty 22 )7

n—2
n—1

cumulants are calculated directly from moments: ¢ = (H") - > < , >0k+1<H"_k_1>
k=0



IBM Quantum Network Hub

Ground state energy estimate from
Hamiltonian moments

* Generalisation beyond extensive systems:

3c3 — 4 2 CoCa — CA
a(z) —c1+ 2 [6_3] —|—Z2 [ C3 62034C4+6205] . 5(2)2 ZZCQ—I—Z2 [ 2¢4 S 3] 4o
C2 4cs 2¢5

\V]

"—
: —1

cumulants are calculated directly from moments: ¢, = (H") — E (n L )ck+1<H”_k_1>
k=0



IBM Quantum Network Hub

Ground state energy estimate from
Hamiltonian moments

* Generalisation beyond extensive systems:

3c3 — 4 2 CoCy — C3
Oé(Z) —c1+ 2 [6_3] —|—Z2 [ C3 C2C34C4‘|‘(3205] . 6(z)2 ZZCQ—I—Z2 [ 2¢4 S 3] 4o
C2 4cs 2¢5

n—2
: n—1
cumulants are calculated directly from moments: ¢, = (H") — E ( L )ckH(H”_k_l}
k=0

Ey = inf |a(z) — 26(2)]

* Ground state energy known explicitly via infimum theorem: i
z>
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Ground state energy estimate from
Hamiltonian moments

* Generalisation beyond extensive systems:

3c3 — 4 2 CoCy — C3
Oé(Z) —c1+ 2 [6_3] —|—Z2 [ C3 C2C34C4‘|‘CQC5] . 6(z)2 ZZCQ—I—Z2 [ 2¢4 S 3] 4o
C2 4cs 2¢5

n—2
: n—1
cumulants are calculated directly from moments: ¢, = (H") — E ( L )ckH(H”_k_l}
k=0

Ey = inf |a(z) — 26(2)]

* Ground state energy known explicitly via infimum theorem: i
z>

= Truncate moments to order N, = 4 to obtain the following estimate of ground state energy in
terms of moments (cumulants) alone:

2

L(4) Co 2

By =c1 — 5 3cs — 2¢2c4 — C3
c;3 — C2C4
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\V]

n—

o . — Cpn's come from
n—
<+
( )Ck:—i-l (H ) moments w.r.t. some

trial state

k=0

C1 — <H> Correction based on Hamiltonian moments,
less sensitive to choice of trial state
AL
\ Ve N\

2
E(I)’(4) =1 — — [\/303 — 2¢9Cy — 03]

C;3 — C2C4
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S

Heisenberg model Hamiltonian:

1 . .
H=3 (19X, + TV + I 2,75
(i)
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operator reduction

Heisenberg model Hamiltonian:

1 . .
= D (Jz.(j )X X5+ JOYY; + T )Z,L-Zj)
(i)

=
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operator reduction

Heisenberg model Hamiltonian:

1 . .
= D (ij )X X5+ JOYY; + T )Zizj)
(i)
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Heisenberg model Hamiltonian:

1 N .
o= —Z(ﬂ X X; + JVOVY; + JE )ZZ
(i7)

%%tﬁ;ﬁl
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M."‘ at the University of Melbourne Heisen berg mOdeI and
operator reduction

Heisenberg model Hamiltonian:

1 xr A
H_—Z(J( X X; + JVOVY; + JE )ZZ

(i7)

%%tﬁjﬁl

Need to multiply together terms in H to obtain H*, H*, H*
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operator reduction

Heisenberg model Hamiltonian:

o= EZ (J<””)X X, +JVYY; + 07, Z

(i7)

%mﬁzﬁl

Need to multiply together terms in H to obtain H*, H*, H*

H has m terms => H* has ~ m* terms (Pauli strings)...
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Heisenberg model Hamiltonian:

o= EZ (J(””)X X, +JVYY; + 07, Z

q (i7)
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Need to multiply together terms in H to obtain H*, H*, H*

H has m terms => H* has ~ m* terms (Pauli strings)...

* Most Pauli strings can be grouped into simultaneously
measurable tensor product basis (TPB) sets



IBM Quantum Network Hub

‘ at the University of Melbourne H e i Se n be rg m Od e I a n d
operator reduction

Heisenberg model Hamiltonian:

o= EZ (J(””)X X, +JVYY; + 07, Z

q (i7)

%%tﬁ;{:ﬁ

Need to multiply together terms in H to obtain H*, H*, H*

H has m terms => H* has ~ m* terms (Pauli strings)...

* Most Pauli strings can be grouped into simultaneously
measurable tensor product basis (TPB) sets

* Number of required TPB sets: ~ log(m)
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S

Heisenberg model and
operator reduction

Heisenberg model Hamiltonian:

1
H =

=3 (J(””)X X, +JVYY; + 07, Z
q
(i)

%%ﬁ;{:ﬁ

Need to multiply together terms in H to obtain H*, H*, H*

H has m terms => H* has ~ m* terms (Pauli strings)...

* Most Pauli strings can be grouped into simultaneously
measurable tensor product basis (TPB) sets

* Number of required TPB sets: ~ log(m)

* Have developed our own TPB grouping heuristic, as most
alternatives in the literature are impractical at large scale

Problem graph Terms in H* TPB sets
49 qubit (7 x 7) square 116712850 9296
65 qubit heavy hexagon 73331107 4249
| --o- 1D chain
107'; --#- Heavy hexagon
1 —--*- Square lattice
106_; Terms H*
" 10°
g
5 10t e .
(’30 ,—.' —————————— —'- ——————— -—9
o ] T o 6-"6-"6-8-0-"0-"0"
Pt e e
1034 - g, TPB sets
| A
10%; s
L
- d
10t {4
L ¢
8§ 12 16 20 24 28 32 36

# qubits

H Vallury, M Jones, C Hill, L Hollenberg, Quantum 4, 373 (2020).
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A simple ansatz...
small parameter space,
poor ground state overlap
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0) | Rx() S,
0) | Rx(0) S,
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1
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low fidelity trial state

gl Z (J(‘”)X X+ IOYY; + I8 2,2, ) m
(m>

A simple ansatz...

small parameter space, <H>
poor ground state overlap \0 o
O> RX (9) _ H o « simulation
0) | Rx() &>
0) | Rx (0 &b o
> X< ) >V — (H) \ zero noise
O> RX ((9) C) M1 Eé4) simulation
X - — Ly
0) | Bx(0) é 0
1 —2.51
(0 =m)) = 7 (|0101...) —|1010...))
—3.0 : : . , . . .
0.7 0.8 0.9 1.0 1.1 1.2 1.3

0/m




IBM Quantum Network Hub

at the University of Melbourne Q C M O n H e I se n be rg m Od e I :

low fidelity trial state

gl Z (J(‘”)X X+ IOYY; + I8 2,2, ) m
(m>

Moments estimate

A simple ansatz... improves on VQE estimate:
small parameter space, <H>
poor ground state overlap \0 R
O> RX (9) _ H N ~ simulation
0) | Rx(9) D "
0) | Rx(6) D Bt e
) — (H) \ zero noise
O> RX ((9) C) : SIS Eé4) high noise simulation
. . . — E, simulation \
O> Rx ((9) é —2.01
1 —2.57 Zero noise
|w(9 == 7T)> —= (‘0101 > |].O]_O .. >) simulation
f ~3.0 . . . . . : :
0.7 0.8 0.9 1.0 11 1.2 1.3
0/

H Vallury, M Jones, C Hill, L Hollenberg,
Quantum 4, 373 (2020).
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low fidelity trial state

gl Z (J(‘”)X X; + JOYY; + 1D 2,2 )

(m
Moments estimate
A simple ansatz... improves on VQE estimate: |
small parameter space, <H> fbmq_ montreal
poor ground state overlap \0 —
igh noise
V ] ~ simulation
O> | RX (9) A— H o5 ® ®
0) | Rx(0) D . ; )
L4) .. . ®
0) | Rx(0) S, big 7
) A — (H) \ zero noise
O> RX ((9) U : SIS Eé4) high noise simulation
. o — F, simulation \
0> Rx (6) é —2.01
1 —2.57 Zero noise
|'§D(9 = 7T)> 7 (‘0101 > - |].O].O . >) simulation
~3.0 . . . . . . :
0.7 0.8 0.9 1.0 1.1 1.2 1.3
0/

H Vallury, M Jones, C Hill, L Hollenberg,
Quantum 4, 373 (2020).
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low fidelity trial state

Behaviour persists

=1 Z (7 x:X; + IPYY; + 35 2:2;)
for larger instances:

(m>
Moments estimate
A simple ansatz... improves on VQE estimate: |
small parameter space, <H> fbmq_ montreal
poor ground state overlap \0 —
igh noise
V ] ~ simulation
O> | RX (9) A— H o5 ® ®
0) | Rx(6) S, . ; ¢
L4) .. . ®
0) | Rx(6) S, big 7
) A — (H) \ zero noise
O> RX ((9) U : SIS Eé4) high noise simulation
. o — E, simulation \
O> RX(Q) é —2.01
1 —2.57 Zero noise
(0 = 7)) = % (J0101...) —[1010...)) mlotion
~3.0 . . . . . . :
0.7 0.8 0.9 1.0 1.1 1.2 1.3
0/

H Vallury, M Jones, C Hill, L Hollenberg,
Quantum 4, 373 (2020).
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low fidelity trial state

H = 1 Z (J(f”)X X + J(y)YY + J(z)Z Z) Behaviour persists

T for larger instances:
Moments estimate gL
A Simp|e ansatz... improves on VQE estimate: , .“ | / T. . .
small parameter space, <H> fomq_montrea - el
poor ground state overlap \0 _ ]
high noise
( ) ~ simulation r
O> Rx (9) —H 05 ® ® S 1w 1»
\ J —0.5 1 ° 0/
O> Rx ((9) () " ® 3 0 -
L(4) | = ] P I
0) | Bx(9) & Eot 1 :
— — (H) \ zero noise .
O> RX ((9) C) : MRS Eé4) high noise simulation o
. . — E simulation Y R 25
. fl\ 0 \ 0.7 19;);) 1.2
0) | Rx(9) an -20 ;
1 [ ] ° [
1 —2.57 zero noise
|'§D(9 — 7T)> 7 (‘0101 > — |].O]_O .. >) simulation —21
-3.0 T T T T T r r _3 . i i
0.7 0.8 0.9 1.0 1.1 1.2 1.3 090 100 110
g/ﬂ 0/m

H Vallury, M Jones, C Hill, L Hollenberg,
Quantum 4, 373 (2020).
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low fidelity trial state

H=1%" (S XiX; + TPV, + IS 2:2;)

1)

A simple ansatz...
small parameter space,
poor ground state overlap

:Rx(e) —H
(Rx(0)

&

1
= — (]0101...) — [1010...

V2

H Vallury, M Jones, C Hill, L Hollenberg,
Quantum 4, 373 (2020).
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1
(t7)
A better ansatz
mixing layer (x D)

) &
1) o b Q Lots of parameters, good
1) @] @ 5 5 overlap with Heisenberg
1) b © ground state
1) HH] ] @

1)

1)

1) D
)
)

]
Q) S
(K XX X—

1) {d]
11 P,
(8
(@) = Y wC@)]) K Isi;)
Clw(9)] [i.J1€Ci ()]

RVB ansatz: K. Seki et a/,, Phys Rev A (2020).
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noise robustness

=1 Z (J(‘”)X X, + IOV + 79 2,2, )
(m>

A better ansatz...?
mixing layer (x D)

1) -{H]

1) <> Q Lots of parameters, good
1) @] @ 5 5 overlap with Heisenberg
1) & 0 ground state

1) HH] ] @

' | l BUT many more gates
1) S7 é required, introducing
) A} @ noise

1) S é

1) {H] &

1) D——F—%

[4(6))
() = Y wC@)]) & lsis)
Cly(0)] [i,5]1€C[4()]

RVB ansatz: K. Seki et a/,, Phys Rev A (2020).
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H= % 3 (Ji(f)Xin +IPYY; + Ji(;)zizj)
(27)
A better ansatz...?
mixing layer (x D)
:3 = b Q Lots of parameters, good
1) @] @ 5 5 overlap with Heisenberg
1) NZ © ground state
e | © Total number of CNOTs
1 ; l BUT many more gates 0 100 200 300 400 500
:1§ = W @ required, |r-1troducmg 038 —e— (H)
1) b é @ notse —0.39 - o
1 : + o] - By
1) S 0
””””””””””” () o —041
. . W —0.42 ]
() = w(Cly(O)]) @ lsi) 043
Cl(6)] [i,j]€Cl(6)] —0.44

RVB ansatz: K. Seki et a/,, Phys Rev A (2020).
01 2 3 4 5 6 7

Number of mixing layers
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1 x z
H = Z (J( )X X i J(y)YY i J( )Z 7. ) Total number of CNOTs

0 100 200 300 400 500
(’L«?> 1 1 1 1 1 1
0.0 -
A better ansatz...?
mixing layer (x D)
1) H]
1) D @ © Lots of parameters, good —0.1 1
1) {H] e overlap with Heisenberg
1) D © ground state
A ] © Total number of CNOTs 8 —02 -
| | l BUT many more gates 0 100 200 300 400 500 LGCIJ)
:3 = w @ required, ir.1troducing 038 —e— (H)
@ noise L@
1) D é —0.39 0 —03 -
)& 5 . ~040] - n
) — k% 2.
$(0)) e
. W —0.42 o4 |
‘¢(9)> = C[w 0) ® |S'Lj —0.43 1 '
Cl(8)] [, J]€C(8)] Coaa] S | e T
RVB ansatz: K. Seki er a/., Phys Rev A (2020). . . . . . . . .
01 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Number of mixing layers Number of mixing layers

H Vallury, M Jones, G White, F Creevey, C Hill, L Hollenberg,
arXiv preprint arXiv:2211.08780 (2022).
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X

Total number of CNOTs
0 100 200 300 400 500

High-noise limit
(can be computed
efficiently)

0 1 2 3 4 5 6 7

Number of mixing layers
H Vallury, M Jones, G White, F Creevey, C Hill, L Hollenberg,
arXiv preprint arXiv:2211.08780 (2022).
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X

Total number of CNOTs
0 100 200 300 400 500

High-noise limit
(can be computed
efficiently)

"Quantum advantage’ region?

Number of mixing layers
H Vallury, M Jones, G White, F Creevey, C Hill, L Hollenberg,
arXiv preprint arXiv:2211.08780 (2022).
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A noise-robust quantum heuristic

= (XX, + VY, + Z,Z;)

H ‘;ff 3
i} {?}
o
Yoo

) o;?i}

o
O

0,
<

.
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B Minimise (H)
H = Z Jij (XiXj +YiY; + Z:Z;) over (12 x 7)
(i) circuit parameters
' - GO% and repeat for each
s @ §To% £t coupling set
()

O set{} (E set 3 set(} (E setS}
(&'O O o0
set8 O (i set}

setfiﬂ O set 7
O~oop %o

Total number of CNOTs

50 100 150 200 250 300 350

S 0.10] —e— (H)
= L(4)
U 0.081 Eo
c

o —=- Eo
'S 0.06

©

€ o004]a

(>§ X

= 0.024

o

o ’ o X !

< 0.00 ¥ === fa = & ]

1 2 3 4 5 6 7
Number of mixing layers
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A noise-robust quantum heuristic

_ Y.V g a Minimise (H) Run optimised circuits
"= Z Jis (XZX] R ZZZJ) over (12 x 7)

circuit parameters

GQ%% and repeat for each
<§> set o set 1 % coupling set

Total number of CNOTs ncx
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O set?2 set 3 set 4 {Zet 5 } 10
OO0 O o0 s o
E-@
0 : h x
, expected error rate
1 0.99mcx
set iﬁ set 7 set 8 O set } 0.8 -
O~o (f) C%LO -
o
j -
v 0.6
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) e A4
5 0.10] —e— (H) X 04
— o
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L .08 0 o
c o
o --- Ey <
‘5 0.06]
(3} g 0.2 1
€ 004 average high temperature limit
'g NGRS L K S e Wi ek
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o
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< 0.00f
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A noise-robust quantum heuristic

L(4)
Approximation error |1 — %
0
. Minimise (H) Run optimised circuits 0.00 0.02 0.04 0.06 0.08 0.10
H_ZJ”(XZX +YiY; + ZiZj) over (12 x 7)
circuit parameters , -
1
o
00%o and repeallt for each By < EL(4) B EL(4) 4) > E
Jij et 1 % coupling set

Total number of CNOTs ncx
set 0-
50 100 150 200 250 300 350 . . .
set2 set 3 set 4 set 5 } 10 set 1_...
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* NN -level system with fixed energy gap A under
simple white noise with parameter p € [0,1] :

E; = Eg+3jA, j=0,1,...,N.

(HY) = (HF ooty = (1= p)(HY) + Ttx(H")

* As it turns out, this error model isn't entirely
unrealistic for certain randomised circuits
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el ot the University of Melbourne N O i Sy toy m Od e I

* NN -level system with fixed energy gap A under
simple white noise with parameter p € [0,1] :

E; = Eg+3jA, j=0,1,...,N.

(HY) = (H")nosey = (1= p) (H") + L tr(H)
* As it turns out, this error model isn't entirely

unrealistic for certain randomised circuits

* Evaluate moments with respect to exact ground
state: (H*) = EX
A

= (H")noioy ~ B§(1 = p+ S NE—)
2  Ey
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CS), - n—2 -
e ot the University of Melbourne NOISy toy mOdeI <n 1) crr1(H"™ o 1>
k=0
. : E-@ = c1 — —2 \/30 — 2c9c4 — C3
* /NV-level system with fixed energy gap A under v c2 — cocy 3
simple white noise with parameter p € [0,1] : EONX®) _ @ 1 (cpca—3)?
E; =Eo+jA, j=0,1,...,N. 0\ c3 €3 €35 —Cf
k k k p k Seen recently in quantum computing context:
<H > <H >HOISY (1 o )<H > + Ntr(H ) K. Seki and S. Yunoki, PRX Quantum 2, 010333 (2021).

* As it turns out, this error model isn't entirely
unrealistic for certain randomised circuits

* Evaluate moments with respect to exact ground
state: (H*) = EX
A

H oisv = EF(1 —p Nk—
= (H")noiey = (1= p+ 5NE5)



i Y 1BM Quantum Network Hub
OOETE at the University of Melbourne

* NN -level system with fixed energy gap A under
simple white noise with parameter p € [0,1] :

E; = Eg+3jA, j=0,1,...,N.

(1= p)(H") + Str(H")

* As it turns out, this error model isn't entirely
unrealistic for certain randomised circuits

(H*) = (H") o1y =

* Evaluate moments with respect to exact ground
state: (H*) = EX
A

— (H")noisy ~ E§(1 —p+ ENk—)
2 VB,

Noisy toy model

n—2

n—1
< >Ck+1an 1>

k=0

2

L4

E()( ) = C1 — m [\/303—26204—63]
3

Seen recently in quantum computing context:
K. Seki and S. Yunoki, PRX Quantum 2, 010333 (2021).

* Resulting expressions for energy

estimates:
1
(H) — Ey + p(|Eo| + §AN)
1 1
ESMEO) Ly 4 & (!E0| +SAN) +0 [N]

2| Eol3 1
N [N]

E(I;H) — Fo +
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OOETE at the University of Melbourne

* NN -level system with fixed energy gap A under
simple white noise with parameter p € [0, 1] :

E; = Eg+3jA, j=0,1,...,N.

(1= p)(H") + Str(H")

* As it turns out, this error model isn't entirely
unrealistic for certain randomised circuits

<Hk> <Hk>n01sy

* Evaluate moments with respect to exact ground
state: (H*) = EX
A

— (H")noisy ~ E§(1 —p+ ENk—)
2 VB,

Noisy toy model

n—2

n—1
< )Ck+1an1>

k=0

2
E(I)JU‘) =C1 — m [\/303 — 26264 — Cg]
3

Seen recently in quantum computing context:
K. Seki and S. Yunoki, PRX Quantum 2, 010333 (2021).

* Resulting expressions for energy

estimates:

1

(H) — Ey + p(|Eo| + §AN)
1 1

ESMEO) Ly 4 & (]E0| +-AN)+ 0O
2 N
2| Egl3 1
L) il
0 — EolH+ AN + O [N]

No p dependencel!
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More realistic error modelling

What does noisy quantum simulation reveal about the noise robustness of E(I)J(4)?

p—(

Noise parameter p

=
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o
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o

o
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4 4
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Trial state fidelity F
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Approximation error

|1 - E/Ey
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OOETE at the University of Melbourne

More realistic error modelling

What does noisy quantum simulation reveal about the noise robustness of E(I)J(4)?
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Noise parameter p
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More realistic error modelling

What does noisy quantum simulation reveal about the noise robustness of E(I)J(4)?
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Noise parameter p
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More realistic error modelling

What does noisy quantum simulation reveal about the noise robustness of E(I)J(4)?
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Noise parameter p

o
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(H) (depolarising)

Typical noisy VQE
trajectory

round state overlap
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Noise parameter p

o
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o
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I
~

o
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o
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0.0

Simulated error model results

6-qubit uniform 1D Heisenberg Hamiltonian
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¥ [ Simulated error model results

6-qubit uniform 1D Heisenberg Hamiltonian

(H) (depolarising) (H) (dephasing)
r 1.0
=Y IS
3 s
£ £ 0.9
: £ (H) =
8 3
=2 =2
08
k 00 02 04 06 08 1.0 00 02 04 06 08 1.0
Trial state fidelity F Trial state fidelity 07
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¥ [ Simulated error model results

6-qubit uniform 1D Heisenberg Hamiltonian

r (H) (depolarising) (H) (dephasing)
1.0
H (H) =
- - 0.8
k 00 02 04 06 08 1.0 00 02 04 06 08 1.0
Trial state fidelity F Trial state fidelity 07
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Noise parameter p Noise parameter p
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Summary

\
QCM method: HJV, MAJ, CDH,

LCLH, Quantum 4, 373 (2020).

Chemistry application: MAJ,
HJV, CDH, LCLH, 5S¢/ Rep 12,
8985 (2022).

Noise robustness: HJV, MAJ,
GALW, FMC, CDH, LCLH,
arXiv:2211.08780 (2022).

(H) g
» Variational quantum algorithms have near-term utility, FE \Q/
but right now still heavily impacted by noise = . Ey .
» Computing additional Hamiltonian moments improves ‘
on variational ground state energy estimate
» This method can handle suboptimal trial states and e (I7) L
circumvent noise on present-day hardware E E((f)
» Fy
q AN
)

Y4

Demonstrated noise robustness for deep

circuits on real quantum computer
(~500 CNOTs)

Error-filtering behaviour of QCM studied via
analytical model and noisy simulation

Ol 10

Hardware error rate improvement by 2 orders @ HEEE

of magnitude required for VQE results to
match

arXiv:2211.08780

J

Future work:

J

= Larger instances of quantum many-body

problems

» (Classify computational complexity vs.
classical methods (e.g. DMRG)

= Moments-based estimates for other ground
state observables and excited states

J
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Wil e at the University of Melbourne The quantum Computed moments
(QCM) approach

Hamiltonian IBM Quantum
A device 1 1
H = E szZ ) <H> e <H>
; —  OO—O—O—O0—0—O E(()4) E(4>
~ 0 o)
, QN 0
PZE{I,X,Y,Z} oogoo \/AEO *EO
Classical pre-processing . Quantum processing o o] Classical post-processing .
: | ": e e b ( T
I\/Iultlply t.erms 0> _/Ansatz circuit\_ Single-qubit } Al i QC output Construct Hamiltonian ;
(Pauli strings) unitaries ¢ R moments (H™) :
2 3 4 ; : ] [ [ | ; . .
‘ H—>H* H°> H ) i 0> A Transform A Paull'strlng |¢
l _ measurement E : expectation values cumulants Cp,
- _ N O> —| trial state |4 : LAl i 8\ ) L )
Group”‘]g i : 8_,\ baS|S4tO each i ; l
H* Pauli strings A [%(6)) H"TPB o
t ti th 5 L(4) _ ¢ 2
ensor product bases | : |0> ] | 2] i 5 Ey V=0 - 5—— 3¢5 — 2c9c4 — C3
(TPBs) R _ I\ / P c3 — 204

..............................................................................................................................................................................................................

H Vallury, M Jones, C Hill, L Hollenberg,
Quantum 4, 373 (2020).
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12-qubit 1D Heisenberg model (uniform couplings)

(a) zero noise simulation (b) device-level noise simulation (c) ibmg _guadalupe results
Total number of CNOTs Total number of CNOTs Total number of CNOTs
L q 5P 190 1?0 290 25‘)0 390 35‘0 9 5‘0 1[?0 I?O 290 2?0 i 390 3?0 (? 5‘0 1(?0 1?0 2[?0 2?0 390 3?0
More noisy b v =
~038 - e B o FL® L L@
- - cye EOMX®) ye EOMX®) v "
simulation
—0.40 4
@ —0.41 4 @ —02
2 2
. W _oa w
= Have implemented a “
—0.43 i
circuit-based error model |
to match the results

T T T T . T T T T T -05 T T T T T T
4 5 6 7 0 4 5 6 7 0 1 4 5 6 7

1 2 3 1 2 3 2 3
. Number of mixing layers Number of mixing layers Number of mixing layers
obtained from the real g lay g lay g lay

. variable-noise simulation e) variable-noise simulation
d d bl lat bl lat
eVICe Total number of CNOTs
0 50 100 150 200 250 300 350 o a=0 a=0.01
: (SRt =
= Current QC hardware
08 A 0.9 S 1072 4 8
error rates need to s S 2
E o] E 7y
X X
reduce by two orders of - TR TS 5 l—m
o0 g — g g | —mw
. ] L 0.6 < =6 ] <C 103 4
magmtudefor(H)to 5 S e e e I
L(4) é Lo.5 Number of mixing layers Number of mixing layers
match accuracy of £ a1 i
s 0.4 é é R
2 5 . 5 |
0.3 o 107 - ",}A/bmq_guada/upe
0.2 2 R PE A4
0.2 ] ]
£ £
o1 & —_—(H) 8 T—
0.0 - Z 107 — g g — gL A,
0 ) ; ; ! : 5 7 00 S S T S
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