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Abstract In the study of solving the ground state of quantum systems by variational princi-
ple, variational quantum algorithm is widely adopted to solve the ground state. As one kind of
quantum classical hybrid algorithm, variational quantum eigensolver plays an important role.
In this paper, we calculate ground state of quantum Rabi model in the ultra-strong coupling
regime by invoking the variational quantum eigensolver in the open-source quantum computing
simulator Qiskit. In the 3-qubit computing basis, we use the standard binary encoding method
to encode the operators and quantum states in the quantum Rabi model, and measure the min-
imum average value (ground state energy) on the quantum circuit constructed by the Hamilto-
nian variational ansatz. Finally, comparing the calculation results of the variational quantum
eigensolver with the exact values obtained by classical numerical simulations, we discuss the
dependence of computational accuracy of the variational quantum eigensolver on the consump-
tion of the number of the qubits and the coupling strength in quantum Rabi model.
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# S A numpy Fl matplotlib

import numpy as np

import matplotlib. pyplot as plt

Rl IS

from qiskit. opflow import Z. Y, X, 1

from qiskit. opflow import SummedOp

AR

from qiskit. circuit import QuantumCircuit, ParameterVector
£ 3B &R

from giskit import Aer

from qiskit. utils import QuantumlInstance

# 3 A VQE FLANZ Sl 16 2%

from qiskit. algorithms import VQE

from qiskit. algorithms. optimizers import CG, COBYLA,
SPSA,SLSQP

2 VQE RKMETFHIEERPHES

2.1 EFHLLEE

TE & L2 A 75 B a9y Bk 5E b, S o
A AH ELAE T 5 o 1) 450 A 45 o 22 ) R % DDA OC .
TE 1963 4, Jaynes Al Cummings W58 T —RER R
T (i LB F i 637 Z 18] A B4R H Y 4 34 1)
WL, B PR O TR AR (Quantum Ra-
bi model) , I % fiil 1 5 Ky

H=wa+a+%ﬂaz+g(a +a") (6,40 )

(4
Horp B — TR — I i o Q23 AR SR B
HOLM R TR AR SR g
RERFG S EFILEEMOMARE, A&
P a' Il a 43 B 2 ABER T 1 7 A 5 4
KA FfF o, =100 A H o =105
R ZREHUE T I R AT, [0) 1) 43 B AR %
H e EFnm NS, EmE ¢ 5
oo 1Y S & 7L HO R R AT 58 R o =
AR T FTR) (1D MFEE R IE ¢ /w<<0. 1 I,
i Pr LR R Ab F 55 -5 A A X (Weak-Strong
coupling regime) . TERFN G X, i+ fir LbABE Y
by JC LT L A A AR AN AR AE 25 AT LK i it
BoR s (2) BABASRIE 0. 1<<g/w<1 I, T4
HE AR 78 b F #E 3 A A X (Ultrastrong coupling re-
gime) ; () BHEIRE g/w>1 B, B FH LR AR
AbF R A X (Deep strong coupling regime) .
TE R SR AR A DR TR SR AR A DX, T 8 - AR
TN Wff itk 1) R itk ok A 52 Jp N A AT L DA O
Uk wlrH AL A (AR 400 5 3 b 38 5 e e AR AE A
AHOC B ) BRIA) L, A SCrp, AT 72 43 & F AAIE
K (LT AR VQE) R i3 & 7 i Fb A A 1Y

ARG X AR IX Fomal & IX
0.1 1.0 go
F1 T 7 H R G X3 R 3 (PR R g R SOAR IR R
B S B T R

2.2 REREFEWMEGRD)
IR A SR B SR I A SRR R 58
JICH o PRI B 7 LR R I R S AR A




62

7

W5 T Vol.33 No.5 2023

AT R AT Ca " A0 @) 0 00 I S O 3 ) B A 1Y
B BT B E R T R A B A i T
PLESERC, & LA v i1 i 1Ol 3 19 O 1 4L
BERBN () n=0,1,2,,00), Hi,n Nt
T A & OG5 W AE )y R
ataln)=nln) (5)
Horpr, 556 7 L A Y I 2 S 6 N A A R A RR
ZE ) AEROR 2 X n, B ZRESR RG2S (] 2
e ST RS MYEE n R T05 2, XFELT .
Xof ELAAR Wy 3 () R0 PR AT BT A AEL N S Ay 2K A R 2 )
1) 4 50 AR T S A BRAE . A SO i B X O
B (8] HEATHUBT (R IO 7208 NO AR R T3
PR A R R 2 R AE RO 22X (N + 1),
eI AW TAE WA, 75 2 M & LR
EH RS ETFREDWNEFSMERS . ASCRH
B bR o i 4w 0% 77 15 (Standard binary en-
coding DX TFH 0 HEATHRAS RN
n= Ecka

U 20 B BB e cue, o0 s i
B e, T B E A BT R
T A A L L6 TR | 4 %

(6)

7)) =lcx) @ Rlcy) @) @leyy (D
MEBW S M E R RKETEH N=3 8,4 PMEFE
{10Y 11,12, 13) ) Wk il R m H

10y =]0), @0y, (8)
|1 =0, @17, (9
12) =1, ®1]0), (10)
13) =1, ® 1), (1D

X ~ QD HL AT 2 A& F (g, Ml
g OXRFIETM 4 DO FEESHAT TS, H 1
AT HRE (o) X R T HE AT g b L Ll
F 3 A8 T HOEEHE TR R R R AT T A . 2R
BT . XA 3 A T AR a2 i B o
“0"A& 10y, [, 5T AR e AR
A5 FIEE K A W AT T 5 G A DA

w+a:@4%;1®z®x+

(%f§ﬁ®z®x+

@(I®X®X+I®Y®Y>

2 (12)

R T8 ~ (12) 4 747 M AL 70 iy %8 i o 28 ik O
E S N

H :37‘“111 — %112 —wlZI + %ZU +

(%jdg) gXIX + (% 7@) gXZX +

L XXX +EXYY
V2 J2
o, i WA g 0 O I A AT B RE AL T AR
BALRAF . (XYL Z) 2 B RT3 AN IR AT
HT RS, A3 AR KRS,
AT s
2 TR Al G DR RG24 2 4 O =X
2g=0.6
Rabi_hamiltonian=(3/2 * I'T'D +(—0.5 % I'T'Z) +/
(—1.0%TZD+0.5%*Z2TD+/
(g * (0. 5+np. sqrt(3)/2) * X' I'X)+/
(g * (0.5—np. sqrt(3)/2) * X" Z°X) +/
(g * np. sqrt(2)/2) * X"X*X) + (g * np.
sqrt(2)/2) * X°Y"Y)

2.3 EFNEERNGFESHITE
A 53 Ji BHOR Al 2 - LU BRI A L 28,
Se TR B 1E — RS (trial state) f17ZZ 43 T HL
#% (quantum circuit) . 7F & FH ¥ LitHE & 75
LU AR AR B 23 it 1 Y B e F- 2ME E (0) = (¢ (@) | H |
OO MR, ®BFRENKKRSEA LEh
[ (@) )=UW) ¢, (14)
HPHENE ) —BAZEESHETES,
UG RE ¢ =0 B B 1 RGP Y e i iR A A
HIDE0) CABER N HYGFE N 0 i 7850
BRI SIS N
¢y =]100) =| 1), @0, ®[0), (15
Hi, mra i m 3 A HE (g g, flg)
IR 1.0 10, g, BUE N 1 AR T RET
ZREHIR TR T ES 1)) .q, Al g, BUE R 00 4%
KHTE N n=0, CHIT .

5 SCEH B 1 R B T LR

wavefunction= QuantumCircuit (3)

13

4 LB
HH %

params= ParameterVector(' 0 ', length=10)

HEWIEHN1100), q2=0, q0=0

wavefunction. x(2)



Y5 TR Vol 33

N

No.5 2023

2.3.1 HEETFEE
A SR H UL B R % i AR 43 P13 (Hamil-
tonian variational ansatz, HVA)P*Y 0| 45 43 7§
G|
Uw»{ﬂanffpk*

ﬁ*w(mLmﬁ)ﬁ%ﬁeﬁ#ﬁEimﬁ
DBE0, ). Hy N—4 i &# (Pauli string) ,
BH,=I11Z,H,=1Z1,H,=ZI1,H,=XIX,
H,=XZX.,H,=XXX.,H,=XYY, %38
5 U ) %R 7 B i B 2 B .
T REET.q,.q Fl g, F AR 3 4> & F
FAE.

(1) 5UW,).UW,) U@, %R iy 2 g

R,.R,.R.} ACH 41T Fros

(16)

1
# B bit Unitary operator

wavefunction. rz( 2 % params[ 0 ], 0)

wavefunction. barrier( )

wavefunction. rz( 2 * params[ 1], 1)

wavefunction. barrier( )

wavefunction, rz( 2 * params[ 2], 2)
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wavefunction. ¢x(0,2)
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2.3.2 HEESESE 3 (Aer $LH) aer_simulator_statevector) Fll £ #i

23 G i | A R S R T R B T
PUOT RS RE R AT R R 1T BU7E, 152 B4

F T ARG EEA Aer

PR (CG) o FATTRE W 2 0 i 5 A QR it vl
PR AR . AU A 25 R R PR

qi_sv=QuantumInstance( Aer. get_backend( 'aer_simulator_statevector' ),

shots=1,

seed_simulator=2,

seed_transpiler=2)
# Conjugate Gradient algorithm b8 %

optimizer= CG(maxiter=>500)

# Gradient callable

vge= VQE(wavefunction,optimizer=optimizer,quantum_instance=qi_sv)

result=vqe. compute_minimum_eigenvalue(Rabi_hamiltonian)

print( 'Result: ',result)

Result: {'aux_operator_eigenvalues': None,

'cost_function_evals'; 128,

'eigenstate': array([ 1.11022302e-16-+0. 00000000e+00j, —2.23390550e-01-+1.46120591e-01j,
0. 00000000e+00+0. 00000000e+00j, 0. 00000000e-+00-+0. 00000000e+ 00;j,
8.06501058e-01-5. 27542868e-01j, 2. 77555756e-17-8. 32667268e-17],
0. 00000000e-+00-+0. 00000000e-+00j, 0. 00000000e-+00-+0. 00000000e-+00j]) ,

'eigenvalue': (—0.6661903789531634+403)
'optimal_circuit': None,

'optimal_parameters'; {

ParameterVectorElement(0[5]): 4. 157012642338165,

ParameterVectorElement(0[0]) :

—3.355911390408551,

ParameterVectorElement(0[4]): 3.5980040248971488,
ParameterVectorElement(0[ 6 ]): 4.077926941854833,

ParameterVectorElement(0[2]) :

—3.3114663051243705,

ParameterVectorElement(0[3]): 2. 2055943868828654,

ParameterVectorElement(0[1]) :

—4.601956315720674} ,

'optimal_point'; array([ —3. 35591139, —4. 60195632, —3. 31146631, 2.20559439, 3.59800402, 4.15701264, 4.07792694]) ,

'optimal_value': —0.6661903789531634,
'optimizer_evals': None,
'optimizer_result': None,

'optimizer_time': 0. 4510800838470459}
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