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« The variational principle: * Method
o (W(O)|H|Y(O)) = Eground + Generate a state: [¥(6))
 Trial states can be hard to * Measure its energy: (¥(6)|H7|¥(6))
represent classically. + Optimise parameters: 6
« Easier to use a quantum
computer. r N .
Prepare many Measure
—»  copiesofthe B components of
— trial state, |'¥(0)) the Hamiltonian |
Hamiltonian; H :
- . il “ | Termination YE Output:
-/'\nsatz. I¥(6)) , 7 - \ criteria met? (H) = Eyround
Initial Parameters; 0
Termination criteria Update
parameters (6)
with classical € N
optimiser
[1] Peruzzo et. al. Nat. Comms. 5, 1, 4213, (2014) \ y
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Electronic structure Hamiltonian

« Use qubits to represent the
occupation of the spin-orbitals

@
@ @ < ®
 Hartree-Fock state:

|1 0 1 0)
@ o0 @ o0

* Doubly-excited state:

1 1 | |

® 0O oo
* Multi-determinant state:
cos(0) [1010) + sin(8) |0101)

(specific type of entangled states that are
“hard” to work with classically)
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Problem size:

Accuracy
Electrons Qubits (mHa)

2 2 ~0.01-0.1 Restricted trial state
Jones et. al. . .

6 6 ~1* Restricted trial state
Eddins et. al. 6 (3) 3 ~1-10 Requires weak entanglement
Kawashima et. al. 10 (2) 2 ~0.1-1 Highly symmetric system
Nam et. al. 2 4 ~1*
Arute et. al. 12 12 ~0.1-1* Restricted trial state
McCaskey et. al. 2 4 ~0.1-1 Exponential scaling with electron number

[1] MAJ, HJV, CDH & LCLH Sci. Rep. 12, 1, 8185 (2022)
[2] Eddins et. al. PRX Quant. 3, 1, 010309 (2022)

[3] Kawashima et. al. Nat. Comm. Phys. 4, 1, 245 (2021)
[4] Nam et. al. npj Quant. Inf. 6, 1, 33 (2020)

[5] Arute et. al. Science, 369, 6507, 1084 (2020)

[6] McCaskey et. al. npj Quant. Inf. 5, 1, 99 (2019)
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« Quantum computed moments!'?]

— Use the Hamiltonian
moments, (H'P), to correct the
ground-state energy

estimatel34] 2
EL — C1 - 2 <\/3C32 - 2C2C4 - C3)
C3 — CyCy
p—2 1
D — 4
=M= (7))ot
=0

[11 HJV, MAJ, CDH & LCLH, Quantum, 4, 373 (2020)

[2] MAJ, HJV, CDH & LCLH, Sci. Rep. 12, 1, 8185 (2022)
[3] Hollenberg & Witte, Phys. Rev. D, 50 3382 (1994)

[4] Hollenberg, Phys. Rev. D, 47 1640 (1993)
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« Reference-state
calibration!?-2]

[1] Czarnik et al. Quantum, 5, 592 (2021)
[2] Lolur et al. arXiv:2203.14756 (2022)

Emixed

Energy

Enoisy( 61) 7
Etrue( 61) l

Enoisy( 62) .

2?27

Circuit failure rate

—— @ =01, Classically tractable
—— @ = 07, Classically intractable
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« Reference-state

calibration(!.2] Device Circuit failure rate

: Emixed
— Assume a noise i : :
> | |
model o : L
. )]
— Use classically c Qs K6, 1102

L | |
tractable reference : :
states to fit Enoisy(01) -~ .
parameters Etrue(01)+---1 |
: :
| |
Enoisy(GZ)“———*: ——————— I

: —— @ =01, Classically tractable

(¢ o pinca —— @ = @3, Classically intractable

[1] Czarnik et al. Quantum, 5, 592 (2021)
[2] Lolur et al. arXiv:2203.14756 (2022)
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« Reference-state

calibration(-2 Device Circuit failure rate
. Emixed
— Assume a noise - | |
model o i : i
. Q
— Use classically c Qy K6, 1102
LJ | |
tractable reference : :
states to fit Enoisy(B1)4---11 .
parameters Etrue(01)+---1 |
| |
— Invert model to i i
correct noisy Enoisy(02) ---pi--=-——
estimates : —— @ =01, Classically tractable
[ s —— @ = 0,, Classically intractable

[1] Czarnik et al. Quantum, 5, 592 (2021)
[2] Lolur et al. arXiv:2203.14756 (2022)




Results

« Application to the water molecule:
— Simulated with and without noise @ @
— up to 8 qubits (4 electrons)
— 5 variational parameters
— up to ~100 CNOTs
Trial circuit:
— Quantum Computed Moments . : .
— Reference state calibration "X —
— Symmetry verificationl'] iy ~ 1 el s 1€l I€l.
— Reduced density matrix rescalingl?! )Q( s
X a

[1] Bonet-Monroig et al. Phys. Rev. A, 98, 062339 (2018)
[2] Tilly et al. Phys. Rev. Research, 3, 033230 (2021)
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 Further work:

— Additional error-mitigation techniques:
« QREM
« Dynamical decoupling
» Probabilistic error mitigation
— Improved sampling efficiency:
« Bypass measurement of RDMs
« Hamiltonian decomposition
— extension to moments?

— Larger / more interesting systems:
» Strongly correlated molecules
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* Reduced density matrix
rescaling!?]
— The p-body reduced density matrix

contains information about p-body
interactions

o

!X|!

[1] Bonet-Monroig et al. Phys. Rev. A, 98, 062339 (2018)
[2] Tilly et al. Phys. Rev. Research, 3, 033230 (2021)

— Efficient scaling with n, and ng

— In general need, at most, the 8-RDM
for QCM

TrR ) = Ne!
I'(Rjdeal) = p! (ne — p)!
Tr(Rideal)

Reorrected = Tr(Rogicy) ' Rnoisy
noisy
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copies of the components of C
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Ansatz; [¥(6)) criteria met? (H) = Eground L Cl + 2 3
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Initial Parameters; 0

Termination criteria Update

parameters (6)
with classical
optimiser
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Energy

—— @ =01, Classically tractable
—— 0 =07, Classically intractable




Trial State

o es * The trial circuit is based
" .,  ona(trotterised)
x Unitary Coupled Cluster
X " ansatz
* g g g @ g * + Each "block” of the
7= X HO o o o O o ansatz consists of a
an L o qubit routing step and a
as X o parameterised double-
excitation
e "« The circuit is
~{H P - H - implemented using
:x:= GL/ \l/_ vy I _\l/ é linear connectivity




Measurement

Im(atay)

S| (U [ [ [ [R[X
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« The parameterised double-excitation can be decomposed to 19 CNOT
gates (assuming linear connectivity)

* The first 3 double-excitations can be simplified based on the initial states

of the qubits




Methods

* Applying the Hamiltonian excites
electrons

* Re-applying the Hamiltonian de-
excites electrons

« Measurement of the overlap with
the initial state (i.e. measurement
of the second moment) contains

information about the interaction
between orbitals
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Uy
(P|H |y» contains — information
QY|H|P) contains == information
Require at least (Y|#’|P) for — information




