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Abstract

Quantum error correction [1, 2, 3, 4] provides a path to reach practical quantum computing
by combining multiple physical qubits into a logical qubit, where the logical error rate is
suppressed exponentially as more qubits are added. However, this exponential suppression
only occurs if the physical error rate is below a critical threshold. Here, we present two below-
threshold surface code memories on our newest generation of superconducting processors,
Willow: a distance-7 code, and a distance-5 code integrated with a real-time decoder. The
logical error rate of our larger quantum memory is suppressed by a factor of

A= 2.14 =+ 0.02 whenincreasing the code distance by two, culminating in a 101-qubit
distance-7 code with 0.143% + 0.003% error per cycle of error correction. This logical memory
is also beyond break-even, exceeding its best physical qubit’s lifetime by a factor of 2.4 + 0.3
. Our system maintains below-threshold performance when decoding in real time, achieving
an average decoder latency of 63 ps at distance-5 up to a million cycles, with a cycle time of 1.1
ps. We also run repetition codes up to distance-29 and find that logical performance is limited
by rare correlated error events occurring approximately once every hour, or 3 x 10° cycles.

Our results present device performance that, if scaled, could realize the operational

requirements of large scale fault-tolerant quantum algorithms.
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EFREHTE ENWME TEFERME
Quantum Phase Estimation Variational Quantum Eigensolver
(QPE)!! (VQE)™!
Computation Fully quantum except for Quantum-Classical hybrid
P preprocessing (HF, MOint, etc) y

Wave function Full-Cl or CAS-CI UCC or heulistic ones

Energy Eigenvalue Expectation value
Quantum circuit Deep Shallow
Computational cost scaling 272
against the energy precision € 1/e |Wina|*/8
Exponen'flal speedup against Yes Unknown
classical counterpart
U|W) = e~ Ht|p) W(8)) = U(6)|¥)
_ ,—IEt
=e %) E(6) = ($(O)|H|¥(6))
— e—lZn’(p|LP>

[1] A. Aspuru-Guzik et al, Science 2005, 309, 1704. [2] A. Peruzzo et al, Nat. Comm. 2014, 5, 4213.
2025/9/10



l QPE(Quantum Phase Estimation)® £ 7€

Elucidating reaction mechanisms on
quantum computers

Markus Reiher®', Nathan Wiebe®', Krysta M. Svore®, Dave Wecker®, and Matthias Troyer®<?
PNAS 2017, 114, 7555-7560. Number of |0g|ca| qubrts

Errorrate 10°° 1073

Time for single gate operation 10 ns 100 ns
Table 1. Simulation time estimates

Structure T gates Cl.gates At(10ns) At (100 ns) Qubits

FeMoco

Quantitatively accurate simulation (0.1 mHa)

Structure 1
Serial  1.1x10"™ 17x10" 130d 36y 111
Nesting 3.5 x 10'® 5.7 x 10"® 15d 4.9 mo 135
PAR 3.1x 10" 3.1x<10"® 110h 1.5 mo 1,982
T e IR W 2 S Structure 2
MoFe protein NG SEEG S R Serial  2.0x10"™ 3.1x10"™  240d 6.6y 17
Nesting 6.5 x 10'® 1.0 x 10'® 27d 8.9 mo 142
Active site of nitrogenase PAR 6.0x 10" 6.0x10"®  210h 29mo 2,024
Qualitatively accurate simulation (1 mHa)
/ Structure 1
Structure 1: (54e,540), trication, spin-singlet ilefia_' ;g x :g:i ;-:x 1811 1131‘; 3-1?;0 1;;
. . esting 3 b .
Structure 2: (65e,570), neutral, spin-doublet \ PAR  30.10" 30.10% 11h 46d 1,082
Structure 2
Quantum circuit Serial 1.9x 10" 3.0x10" 22d 7.2 mo 117
imol . hod Nesting 6.0 x 10" 99x 10"  2.5d 25 d 142
Implementation methods PAR  55x10" 55x10'°  20h 83d 2024
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The electronic complexity of the ground-state
of the FeMo cofactor of nitrogenase as relevant
to quantum simulations

Cite as: . Chem. Phys. 150, 024302 (2019); doi: 10.1063/1.5063376 i @
Submitted: 26 September 2018 + Accepted: 10 December 2018 - e
Published Online: 8 January 2019

Zhendong Li,’ Junhao Li;” Nikesh 5. Dattani,”* C.J. Umrigar,” " and Garnet Kin-Lic Chan

ABSTRACT

We report that a recent active space model of the nitrogenase FeMo cofactor, proposed in the context of simulations on quantum
computers, is not representative of the electronic structure of the FeMo cofactor ground-state. A more representative model
does not affect much certain resource estimates for a gquantum computer such as the cost of a Trotter step, while strongly
affecting others such as the cost of adiabatic state preparation. Thus, conclusions should not be drawn from the complexity of
quantum or classical simulations of the electronic structure of this system in this active space. We provide a different model
active space for the FeMo cofactor that contains the basic open-shell qualitative character, which may be useful as a benchmark
svstem for making resource estimates for classical and quantum computers.

ha
=

—— 7 E: Moy ~ s =)
w [Fe,S;] CAS(54e,360) |-

- =
[= I -]
T

: ® FeMoco CAS(5de,540) | it DR for e & =  sle of 3
14T * FeMoco CAS(113e,760) |~ [Fe:5:] complex with CAS{30e, 200)

al Occupation Number

12 F : and O = BOOO, the 5 = 0 sfate of &
b 1 [Fey5y] complex with CAS(54, 360) and
10F [ =4000, the § = 0 state of FeMaco with
o L CAS(54e, 54o) reported in Ref. 7 and O
= 2000, and the 5 = 3/2 state of FeMoco

06 F with CAS{113e, 760) construcied in this

work and O = 2000. In confrast to
the other models, the CAS(S4e, 54a)
ground-state has no open shells.
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| VQE(Variational Quantum Eigensolver)® 3K &

A quantum—classical hybrid approach that is executable on

noisy intermediate-scale quantum (NISQ) devices

Quantum Processing Unit (QPU) Measurgment of qubits tg calculate
expectation values of Pauli operators

7 >H=Za)kPk

Construct approximated wavefunctions

U(6) E©) = (¥(O)IHI¥(9))

Wy) =) [W(0)) mmmm) S QIEAIG)

|

; 1 ®)
_ t ot <
= z fpqtpaq + 2 z fpqrs apq sty Updated 6 v
pq pqrs Variational optimizations of
Calculation of 1le- and 2e-integrals. parameters
Fermion—qubit mapping Classical Processing Unit (CPU)

U(Q) |IIJO> — |1P(0)> Parametrized quantum circuits defined through “ansatzes”

controls accuracy of the approximated wave fucntion

[2] A. Peruzzo et al, Nat. Comm. 2014, 5, 4213.
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. while KUK :
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1. Prepare Hartree-Fock (mean- 2. Implement unitary coupled-

field) reference state.
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which verifies that this parameterization is, in fact,

Taube&Bartlett, 1JQC 106 (2006) 3393

It was shown long ago ([4-10]) that the exact wave
function can be written in the form

vy =U|0), for {(W[0} # 0, (5)

where U is a unitary transformation in the whole

Hilbert space (not solely in the one-particle subspace

that comprises basis set transformations). A uni-
tary transformation can always be parameterized as

the exponential of an anti-Hermitian operator. One
choice of parameterization is closely related to the
CC ansatz. Define

U=e =¢T, (6)

where T is the conventional CC excitation operator
and, therefore, T' is a pure deexcitation operator.
Clearly,

@) =e =e'T=¢ = (), (7)

F FRBIESNTHY . B HIITKAE

" size-extensive (connected terms)

- T=T,+T,hV @ (1,2 Fhh#2:SD)

2025/9/10

unitary. If the T and Tt operators include up to
N excitations, then for N electrons this wave func-
tion is exact. Inserting this parameterization for U
into the expectation value for the total energy, and
using the norm-conserving properties of unitary
transformations:

(0" THe™ " |0y
(01¢™"=Te™=1" |0)

= (01" THe™ T 10y = (0] (He" e [0} (8)

Because this equation is an expectation value, it is,
by the variational principle, an upper bound for the
energy. The energy is also given by the expectation
value of a connected operator (He'~ ™) : therefore, it
is extensive [11].

The T amplitudes can be determined from this
energy expression by enforcing the condition that

oE
— =0 9
o ©)
for a given excited determinant [K) {I‘:}; |:,b}, _ }
Solving the coupled set of equations generated for a
subset of |[K) and enforcing the condition T* = (T)"
specifies all the amplitudes up to a given excitation.
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OpenFermion Ref.; <https://github.com/quantumlib/OpenFermion>. / BK trans. Ref.; Seeley et al., J. Chem. Phys., 137 (2012) 2241009.
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Trotter decomposition (first-order)

p(A+B++2) o LAGB ... o2

i
o X Z,Z.Y,t
Quantum circuit for e2"1724374

o b=
1q3) (I)$ (LCI)

|q4) R, (1r/2)
Difference in sign of excitation amplitude = Difference in rotating direction

R,(—t) R,(—m/2) |~

The quantum states corresponding to the UCCSD wavefunction are not identical under
Trotter decomposition!
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Towards the Practical Application of Near-Term Quantum Computers in
Quantum Chemistry Simulations: A Problem Decomposition Approach

EFHEICHBROT7IO—FE2EATHIRE

https://arxiv.org/abs/1806.01305

Takeshi Yamazaki,* Shunji Matsuura,” Ali Narimani,’ Anushervon Saidmuradov.! and Arman Zaribafiyan®

2025/9/10

1QB Information Technologies (1QBit), 458-550 Burrard Street, Vancouver, BC, Canada, V6C 2B5

(Dated: June 6, 2018)

With the aim of establishing a framework to efficiently perform the practical application of
quantum chemistry simulation on near-term quantum devices, we envision a hybrid gquantum-—
classical framework for leveraging problem decomposition (PD) techniques in quantum chemistry.
Specifically, we use PD techniques to decompose a target molecular system into smaller subsystems
requiring fewer computational resources. In our framework, there are two levels of hybridization.
At the first level, we use a classical algorithm to decompose a target molecule into subsystems, and
utilize a gquantum algorithm to simulate the guantum nature of the subsystems. The second level is
in the quantum algorithm. We consider the quantum-—classical variational algorithm that iterates
between an expectation estimation using a quantum device and a parameter optimization using a
classical device. We investigate three popular PD techniques for our hybrid approach: the fragment
molecular-orbital (FMO) method, the divide-and-conquer (DC) technique, and the density matrix
embedding theory (DMET). We examine the efficacy of these techniques in correctly differentiating
conformations of simple alkane molecules. In particular, we consider the ratio between the number of
qubits for PD and that of the full system; the mean absolute deviation; and the Pearson correlation
coefficient and Spearman’s rank correlation coefficient. Sampling error is introduced when expectation
values are measured on the quantum device. Therefore, we study how this error affects the predictive
performance of PD techniques. The present study is our first step to opening up the possibility of
using quantum chemistry simulations at a scale close to the size of molecules relevant to industry on
near-term quantum hardware.
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FMO Original; K. Kitaura et al., Chem. Phys Lett. 313 (1999) 701./ General Ref.; M. Gordon et al., Chem. Rev. 112 (2012) 632.
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https://onlinelibrary.wiley.com/doi/full/10.1002/jcc.27438
Journal of ]
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- 1R R ZUCCSDETHEH TESRZ
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Size-consistency and orbital-invariance issues revealed by . i54) L& & [ZABINIT-MPA 5 Bl 45
VQE-UCCSD calculations with the FMO scheme - cuQuantum> 2L —E2DGPUNNE L 7{E
Kenji Sugisaki B Tatsuya Nakano, Yuji Mochizuki " 5%[3: FMO'CCSD(T)J: U *Z&Eﬁ:ﬁgb\
First published: 25 May 2024 | https://doi.org/10.1002/jcc.27438 : Size'ConSiStench@OrbitaI'invariance

D EEZ IR
IS SECTIONS = pDF %, TOOLS « " Trottern 2D T5—AFEFE{L

* ATARBZEZATHET DERL

Abstract - BEAEBEZFEIANNE—

The fragment molecular orbital (FMO) scheme is one of the popular fragmentation-based
methods and has the potential advantage of making the circuit shallow for quantum +
chemical calculations on quantum computers. In this study, we used a GPU-accelerated J f
quantum simulator (cuQuantum) to perform the electron correlation part of the FMO .
calculation as unitary coupled-cluster singles and doubles (UCCSD) with the variational J
quantum eigensolver (VQE) for hydrogen-bonded (FH)s and (FH)2-H20 systems with the
STO-3G basis set. VQE-UCCSD calculations were performed using both canonical and 4
localized MO sets, and the results were examined from the point of view of size- J
consistency and orbital-invariance affected by the Trotter error. It was found that the use J
of localized MO leads to better results, especially for (FH)2-H20. The GPU acceleration

_ Detter result _ (FH), (FH),-H,O
was substantial for the simulations with larger numbers of qubits, and was about a factor - - -

of 6.7-7.7 for 18 qubit systems.
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Calculated energies/Hartree

Method “2” “3”
RHF -103.6952544 -103.6952544
MP2 -103.7130649 -103.7130649
UCCSD -103.7219465 -103.7219137

UCCSD: MP2 amp

-103.7187982

-103.7187855

UCCSD: MP2 amp
(w/o Trotter)

-103.7179121

-103.7179121

Selected MP2 amplitudes

Excitation operator “2" “3”
alayalas -0.1449 -0.1449
a;raoa?;ag -0.0351 +0.0351
alayalas +0.0001 ~0.0001
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el

>
OO O
1.0583AO
s/ c.p, ciPi ™ <
First-order Trotter decomposition e~j=1"7J = Hjjzle M B
i M
Second-order Trotter decomposition e</=177"J = |II;_.e 2M [I;_,;e 2M
=1 Jj=J QO
AE | ccsp-rai/ keal mol?
First-order Second-order w/o
Unit
M=1 M =2 M =3 M=4 M=5 M=1 Trotter
Monomer 0.8102 0.8101 0.8099 0.8100 0.8100 0.8101 0.8118
Dimer (LMO) 1.6207 1.6200 1.6203 1.6204 1.6205 1.6206 1.6236
Dimer (CMO) 5.0319 1.9139 1.7141 1.6681 1.6496 2.0172 1.6234
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Ref. H. Doi et al., submitted to J. Comp. Chem. / 1%t draft is available at <>.

| FMOLEFEHE (VQE-UCCSD)D i D it 7 () #1

- FHREETE A VQE-UCCSDEtE TE S Z

- LI AAUIZ5IEFIFonzH, 2 FDISRAZ—MNETIL
- XIFRRIGECE  (MP2(full)/6-31G(d’,p )L R JL THRE{L)
- FMOEt & IXABINIT-MP, Z Dl (X/NMEROD—F THLIE

- FMO-HF/STO-3GEtE D& TH FHELEHE (CMO)

- BEIESMETHERAR, CEL0ANERE?! (LMO)

- VQE-UCCSDTHEBAETE. LI D 1sEFHLHEEEA

- Trotter 2 D R % 1,20 M A THIT

- A5/ RAME%{1,2,3,4,5}E A THBEIRIILT—ZF5 45

s DTG ARDE/I—EFAI—DNIE L F il 170 EE
- FOYA—RE D12 TR X215

- LMOTIZCMOD1.4EDFE (RBIELENLZWGEES)
- GPUMNE (X 5944Z

- FNTIHE . BEDOFMO-CCSD&LY 7 2Ly

- HHEOREILE S DEE AN TLNS?!

- GPUD A& &M SSTO-3GLYEER#E LTSl

- ERAMOHRAMNLIEVQEIELIEELLN D AR IK
- EFWZ L THPCO BN 1D HH D ILBATELEE
- HPCEEFEIE DGR G EE IICSRUER

2025/9/10

- Li(I) - (Hy),

3@@ %

F3
3“ F4
Li(I) - (Hp)s
F2 -
9
"
F3 F1_
9 ko
@y

b
% F5

20



| VQE-UCCSDARZVT DAY —ERSS

import os

import openfermion
import numpy as np
import scipy as sp
import datetime
import time

import math

import cirq

import itertools

from
from

from
from
from
from
from

from
from
from
from

from

numpy import zeros, dot, conjugate, sqrt
scipy.optimize import minimize

openfermion. config import *
openfermion. ops import *
openfermion. transforms import *
openfermion. utils import *
openfermion. linalg import *

cirq. ops import *

cirg.circuits import *

cirqg. circuits import InsertStrategy
cirq import Simulator

scipy. stats import norm

import argparse

HHH T H TR

intfile = “RESULT-monomer—1”
#intfile = “RESULT-dimer—-21"
optimize_method = “Powell”
use_gpu = True

trotter_order = 1

trotter _slices = 2

thre print = 0.001 # Controls UCCSD wave function printe))

2025/9/10

# System specification and computational conditions
if name ==’ main ’:
parser = argparse. ArgumentParser (
description=" VARTATIONAL QUANTUM EIGENSOLVER ’,
usage="""
python3 . /VQE_UCCSD. py —intfile ’ RESULT-monomer—1’ ¥
—-optimize method *Powell’ (default:’ Powell’) ¥
-use_gpu True (default: True) ¥
—trotter_order 1 (default: 1) ¥
—~trotter_slices 1 (default: 1) ¥
—thre print 0.001 (default:0.001)
2%,
parser. add_argument ( —intfile’, default=None)
parser. add_argument ( —optimize method’, default="Powell’)
parser. add_argument ( —use_gpu’, default=True)
parser. add_argument ( —trotter_order’, default=1)
parser. add_argument ( —trotter slices’, default=1)
parser. add_argument ( —thre _print’, default=0.001)
args = parser. parse args ()

intfile = args. intfile

optimize method = args. optimize method

use_gpu = eval (args. use_gpu)

trotter order = int(args. trotter order)

trotter _slices = int(args. trotter slices)

thre print = float (args. thre print) # Controls UCCSD wave function print
# System specification end

if trotter order != 1 and trotter order != 2:
raise ValueError C Only 1st and 2nd order Trotter is supported’)

start_time = time. time ()

start_datetime = datetime. datetime. now()
print (" Quantum circuit simulation starts on {}”. format(start datetim
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| 37 AT SR

#!/bin/bash

#PJM -L rscgrp=cx-single
#PJM -L elapse=24:00:00
#PIM —j

#PJM -S

function run {
module load gcc/8.4.0 cuda/11.8.0 cmake/3.21.1
eval “$("/miniconda3/bin/conda shell. bash hook)”
conda activate cirq3
ulimit —s unlimited

# dimer 21 1 1
echo ${1} ${2} ${3} ${4}
out_file=${1} result/${1}-${2} VQE-UCCSD STO0-3G. tro order ${3}.tro slice ${4}.out

if [ ! —e ${out_file} 1; then
python3 /home/z44895z/bin/VQE_UCCSD. py —intfile RESULT-${1}-${2} —use gpu True —trotter order ${3} —trotter slices ${4} > ${out_file}
fi
}

export —f run

mkdir —p monomer result
mkdir —p dimer result

cat args. list | xargs -n 4 -P 10 bash —c “run ${0} ${1} ${2} ${3}’ ?;I’y‘ﬂd)')ZFé/i"f?"’GifET “dimer 21 1 2//7«;5
xargslE" -n 4"THIH4D. " -P 10”44 10147
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Dimer H, - H, timing (Trt-1); CMO (w/o GPU) = 14 - 40 sec (37 - 142 sec) / LMO (w/o GPU) =41 - 119 sec (98 - 427 sec).
Dimer H, - H, timing (Trt-2); CMO (w/o GPU) = 29 - 69 sec (65-289 sec) / LMO (w/o GPU) =41 - 230 sec (190 - 848 sec).

| FMOLEFEHE (VQE-UCCSD) M HEfi D &t 7 (#%) #2

- FOYA—RHZF 12T D K6 18
- A4 A1 ->5TRA 128

FHE R (E8) : Li(I)-(H,), - LMOGIZCMOM 1.445 T & M #E M
+ GPUIZ KB IE X941
B DN MBLI)-H,DFA<—DFERETOvbk - FMO-CCSDIX £5tEM0.1#TT
(sec) LiI) - (H,), / Dmer L1 - H,
30000
25000
20000

15000

10000
¥ RIF | |
o HHRE uwlnll uiln bl ot | II il ol lII

Trt-1/ Trt-1/ Trt-1/ Trt-1/ Trt-1/ Trt-2/ Trt-2/ Trt-2/ Trt-2/ Trt-2/
Slc=5 Slc=4 Slc=3 Slc=2 Slc=1 Slc=5 Slc=4 Slc=3 Slc=2  Slc=1

ECMO BECMOw/oGPU ELMO LMO w/o GPU
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Dimer H, - H, timing (Trt-1); CMO (w/o GPU) =35 - 119 sec (82 - 350 sec) / LMO (w/o GPU) =41 - 112 sec (100 - 400 sec).
Dimer H, - H, timing (Trt-2); CMO (w/o GPU) = 78 -2259 sec (177 - 809 sec) / LMO (w/o GPU) = 78 - 235 sec (205 - 869 sec).

| FMOLEFEHH (VQE-UCCSD)D it D 54 (#7) #3

- FOYAR—REF 12 T2E D RS 1E
) _ . RS RIB1 5T & [N
arREER (1) : Li(I)-(H,)e . LMOTIZCMOMD 1.442 3 & (N
. GPUIZ & B0 T4 18
. FMO-CCSDIZ £ 5t & M0.280 T T

LMOD BRI (XLi(1) - (H,),&IFIFRC

BRI D A BLI(D)-H, DA A Y —D#ERE=TOvk

(sec) Li(I) - (H,), / Dmmer Li- H,

25000

20000

15000
10000

i il als .|. A, “ Wl |||

Trt-1/ Trt-1/ Trt-1/ Trt-1/ Trt-1/ Trt-2/ Trt-2/ Trt-2/ Trt-2/ Trt-2/
Slc=5 Slc=4 Slc=3 Slc=2 Slc=1 Slc=5 Slc=4 Slc=3 Slc=2 Slc=1

o

ECMO EBCMOw/oGPU mLMO LMO w/o GPU
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MBI RILF—; FMO-CCSD =-0.08214 / CCSD = -0.08267

| FMOLEFETH (VQE-UCCSD)®D:

Em DR A (1) #4

F AZARABZEEAZTHET DHE10°D—ELFoND

HE T RILE—: Li(I)-(H,), - LMOD IS (FF) [FBBIL A L FLL DA 722
Ecorr CMO CMO LMO LMO
wr o PHSOP BUCOD BUEOD e
Monomer

1 Li(T) -0.00023 -0.00021 -0.00021 -0.00021 -0.00021 -0.00021

2 H, -0.01319 -0.02058 -0.02058 -0.02058 -0.02058 -0.02058

3 H, -0.01319 -0.02058 -0.02058 -0.02058 -0.02058 -0.02058
4 H, -0.01319 -0.02058 -0.02058 -0.02058 -0.02058 -0.02058

5 H, -0.01319 -0.02058 -0.02058 -0.02058 -0.02058 -0.02058

Dimer

21 LiI) -H, -0.01387 -0.02064 -0.02063 -0.02063 -0.02063 -0.02063
31 LiI) -H, -0.01387 -0.02064 -0.02063 -0.02063 -0.02063 -0.02063
32 H, - H, -0.02643 -0.04122 -0.04122 -0.04122 -0.04122 -0.04124
41 LiI)-H, -0.01387 -0.02064 -0.02065 -0.02063 -0.02063 -0.02048
42 H - H -0.02638 -0.04117 -0.04117 -0.04117 -0.04117 -0.04117
43 H, - H, -0.02643 -0.04122 -0.04122 -0.04122 -0.04122 -0.04123
51 LiI)-H, -0.01387 -0.02064 -0.02065 -0.02063 -0.02063 -0.02048
52 H, - H, -0.02643 -0.04122 -0.04122 -0.04122 -0.04122 -0.04123
53 H, - H, -0.02638 -0.04117 -0.04117 -0.04117 -0.04118 -0.04117
54 H, - H, -0.02643 -0.04122 -0.04122 -0.04122 -0.04122 -0.04124
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£HEMBAIRILF—; FMO-CCSD =-0.12098 / CCSD = -0.12203

| FMOLEFEHH (VQE-UCCSD)D HEfE D a4 (#57) #5

*E@I*}L#‘_ Li(I)'(H2)6 - Z?/fZTFE’é?Zi'C'PHﬁT%’leO'SO)—ﬁlh“'%'%hé
Ecorr CMO CMO LMO LMO
wr o PO Bl Bcen mcen
Monomer
1 Li(T) -0.00023 -0.00021 -0.00021 -0.00021 -0.00021 -0.00021
2 H, -0.01314 -0.02051 -0.02051 -0.02051 -0.02051 -0.02051
3 H, -0.01314 -0.02051 -0.02051 -0.02051 -0.02051 -0.02051
4 H, -0.01314 -0.02051 -0.02051 -0.02051 -0.02051 -0.02051
5 H, -0.01314 -0.02051 -0.02051 -0.02051 -0.02051 -0.02051
6 H, -0.01314 -0.02051 -0.02051 -0.02051 -0.02051 -0.02051
7 H, -0.01314 -0.02051 -0.02051 -0.02051 -0.02051 -0.02051
Dimer
21 Lil)-H, -0.01329 -0.02019 -0.02018 -0.02019 -0.02018 -0.02018
31 Lil)-H, -0.01329 -0.02019 -0.02019 -0.02019 -0.02019 -0.02018
32 H, - H, -0.02640 -0.04117 -0.04118 -0.04117 -0.04117 -0.04118
41 LiI)-H, -0.01329 -0.02019 -0.02019 -0.02019 -0.02018 -0.02019
42 H, - H, -0.02629 -0.04103 -0.04103 -0.04103 -0.04103 -0.04103
43 H, - H, -0.02640 -0.04117 -0.04117 -0.04117 -0.04117 -0.04117
51 LiI)-H, -0.01329 -0.02019 -0.02019 -0.02018 -0.02019 -0.02019

52 H, - H, WO corr. WO corr. WO corr. WO corr. WO corr. WO corr.
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| FMOLEFEHH (VQE-UCCSD)D it D 5 (#7) #6

i HETRILEX—:

2025/9/10

C RSARIBEE R THET HE105D—BAES

Li(I)-(H,)s
53 H, - H, -0.02629 -0.04103 -0.04103 -0.04103 -0.04103 -0.04103
54 H, - H, -0.02640 -0.04117 -0.04117 -0.04117 -0.04117 -0.04117
61 LiI)-H, -0.01329 -0.02019 -0.02019 -0.02019 -0.02019 -0.02019
62 H, - H, -0.02629 -0.04103 -0.04103 -0.04103 -0.04103 -0.04103
63 H, - H, WO corr. WO corr. WO corr. WO corr. WO corr. WO corr.
64 H, - H, -0.02629 -0.04103 -0.04104 -0.04102 -0.04103 -0.04103
65 H, - H, -0.02640 -0.04117 -0.04118 -0.04117 -0.04117 -0.04118
71 Lil)-H, -0.01329 -0.02019 -0.02019 -0.02019 -0.02019 -0.02019
72 H, - H, -0.02640 -0.04117 -0.04118 -0.04117 -0.04117 -0.04118
73 H, - H, -0.02629 -0.04103 -0.04103 -0.04103 -0.04103 -0.04103
74 H, - H, WO corr. WO corr. WO corr. WO corr. WO corr. WO corr.
75 H, - H, -0.02629 -0.04103 -0.04103 -0.04103 -0.04103 -0.04103
76 H, - H, -0.02640 -0.04117 -0.04117 -0.04117 -0.04117 -0.04117
i ERE/I—DMTIEDimer-ESIEEIIZ &> THFEFE B AN R FvTEN D

na
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Abstract

The fragmentation-based method has attracted interest as a way to reduce the
computational cost of quantum chemical computations. Using the variational
quantumn eigensolver (VQE) of unitary coupled cluster singles and doubles
(UCCSD), concurrent processing was used alongside the fragment molecular
orbital scheme for the Li(I)-(H:),, (n = 4 and 6) clusters on a supercomputer with a
graphical processing unit (GPU)-accelerated quantum simulator. Energy and
timing data of VQE-UCCSD are presented to highlight issues in practical
applications.
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