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VQE H2 Example



How to find the ground state of H,

O’Malley, P. J., et al (2016). Scalable quantum simulation of molecular energies.
Physical Review X, 6(3), 031007.

H H
Bond

distance




Classical Preparation

Real Space
Molecular
Hamiltonian

Steps for VQE

Born-Oppenheimer
Approximation

Compute Orbitals,

Hartree-Fock State Write in

Second Quantized
Orbital Basis

Bravyi-Kitaev
Transform
Apply

Parameterized
Unitary
Compute
New Parameters

Variational Quantum Eigensolver

Measure
Expectation
Values




Step 1: Map into a Pauli representation of H

Ne 9 Nn,Ne Ne

v S
P _Z\R—' P )

J| =

H = foll + f1Zo + f2Z1 + faZa + f1 202,

+ faloZa + fsZ143 + feXo41 X2 + feYoZ1Yo
+ f1Z0Z1Z + faZoZaZs + faZ1 2273

+ feX0Z1X2Z3 + feYoZ1YoZa + [f7Z0Z 12223

»rl
H = Z| _R

,7<1

How many qubits are needed to simulate this?



Step 1: Map into a Pauli representation of H

Ne 9 Nyn,Ne Ne

3 I
"= Z| _RJ|+2 2 _Z ‘R_' Z<| =il

,7<1

H = foll + f1Zo + f2Z1 + faZa + f1 202,

+ faloZa + fsZ143 + feXo41 X2 + feYoZ1Yo
+ f1Z0Z1Z2 + faZoZaZs + faZ172273

+ feXoZ1XoZs + feYoZ1YoZs + [r 204124223




Step 1: Map into a Pauli representation of H

7

Nn N, Vg N 1
Z; —RN?} 2 _Z\R— Z<| =yl

'

H = foll + f1Zo + f2Z1 + faZa + f1 202,
+ faloZa + fsZ143 + feXo41 X2 + feYoZ1Yo
+ f1Z0Z1Z2 + faZoZaZs + faZ172273

+ feXoZ1XoZs + feYoZ1YoZs + [720Z149245

= gol + 9120 + §Z1 + 932021 + g4 X0 X1 + g5Y Yy,




Step 2: Pick ansatz

Prepare Measure Calculate
Hardware Initial State Expectation Values Energy

Classical Optimizer Suggests New Parameters £

Remind Will to draw the circuit on the board



Step 3: Optimize Over Expectations



Step 3: Optimize Brute Force Over Expectations

() 1.0 g

Expectation Value

o
13)

o
)

|
e
3]

(b)

Rotation Angle ¢
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el SR S
Rotation Angle 6 Bond Length R (A)
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-1.00



Step 3: Plot Optimum

(@) o2

Total Energy (hartree)
L b & &6 4 o
'O (o4] ()] EeN N o

|
ik
N

—— Exact Energy
VQE Experiment |-

L]
x

PEA Experiment

0.5

1.0 15 2.0 25 3.0
Bond Length R (A)



VQE Simulations on Quantum Hardware

a 02
—— Exact Energy
-25 — *  VQE Experiment
8 PEA Experiment
T: 26 E
& =2
= z
= >
o c
5 L
w-28 T Ty
o
° e
-2.9
y T J v T v -12 0.5 1.0 15 2.0 25 3.0
50 100 150 200 250 300 ’ ; : ) ' ’
AFAFRIA SAREFaHAR. DTARAY Bond Length R (Angstrom)

Peruzzo et al. 1304.3061 O'Malley et al. 1512.06860



VQE Simulations on Quantum Hardware

-2.47 a 02
—— Exact Energy
251 __ 0o g VQE Experiment
8 = PEA Experiment
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The Variational Quantum Eigensolver

Used for the electronic structure problem in quantum chemistry

1. MOLECULAR DESCRIPTION

e.g. Electronic Structure Hamiltonian

VZ

HZ|&R|Z2

4,J7<t

PREPARE
QUANTUM

STATE (©)

Np,Ne

Z |Rz—?"J| Z Irz—nl

2. MAP TO QUBIT REPRESENTATION 3. PARAMETERIZED ANSATZ
e.g. Bravyi-Kitaev or Jordan-Wigner e.g. Unitary Coupled Cluster
Transform Variational Adiabatic Ansatz
e.g. DI-HYDROGEN
H=fol + fiZ0 + foZs + faZs + f1 207, COIEE QN
+ f1doZs + f52123 + f6X0Z1 X2 + feY0Z1Ys <‘P(0)|‘P(0)>

+ f2ZoZ1Zo + faZoZoZis + f3Z1 22723
+ f6eXoZ1XoZs + f6Y021YoZs + fr 20212225

4. RUN Q.V.E. QUANTUM-CLASSICAL HYBRID ALGORITHM

MEASURE TERM 1
MEASURE TERM 2 il (H; OPTIMIZATION OF

CLASSICAL

ANSATZ
PARAMETER:

MEASURE TERM N e

O'Malley, P. J. J, et al. (2015). Scalable Quantum Simulation of Molecular Energies. arXiv:1512.06860. McClean, J. R. et al. (2015). The theory of variational hybrid quantum-classical algorithms. arXiv:1509.04279.
Wecker, D., et al. (2015). Progress towards practical quantum variational algorithms. Physical Review A, 92(4), 042303. Peruzzo, A., et al. (2014). A variational eigenvalue solver on a photonic quantum processor. Nature communications, 5.



Example: Hardware Ansatz

a O mm— c
O s i

. Q1] 0) -{, i.
Q4 —
@ Q‘.’!U:_{, !
Q6 —_—
b Q3] 0) e+, M
Q4 nj:--l‘ (i, B
QG’ “} [

Q2| () et}

Q3| 0) et

Q4| “i’”'*"%
Q6| 0) —k

Kandala, A., Mezzacapo, A., Temme, K., Takita, M., Brink, M., Chow, J. M., & Gambetta, J. M. (2017). Hardware-efficient variational
quantum eigensolver for small molecules and quantum magnets. Nature, 549(7671), 242.
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