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Quantum simulation of fermions

Typically when you think of quantum simulation, you think of the
following procedure:

© Prepare a state
@ Evolve the state
© Measure the state

But first: We have to decide how to embed the fermionic system

into a qubit system.
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Fermion - qubit mappings

Overview of common transformations:
@ Jordan-Wigner transformation
e Maps N fermions to N qubits
e 1 dimensional
@ Higher dimensional generalizations

e Maps N fermions to M > N qubits

e Restrict to a subspace of the M qubit system

e Local fermion operators map to local qubit operators
e Only encode even parity operators
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Even parity operators

Majorana operators:

1 : i
dj = 5(72}'—1 + l'}’2j) Y2j—1 = aj + a;
1 : , o= e Al o rall
5‘} = 5(72,'—1 — i72j) 12 = —i(a aj)

{7 1} = vk + Y67 = 204k
We only encode even parity fermion operators. Generators for parity
preserving operators:

V_,' = —f’ygj_l’ygj (vertex)

=1 — Za;aj

Ejx = —ivoj—172k—1  (edge)

—i(a}ak —ala; + a}ra}z + ajak)

Ek = Ej, VI = V;, ElEje =1, VI V; =1
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Code construction

©@ We have a model of fermions

on a graph with modes © Define encoded edge operators,

associated to the vertlces . p.q
Eix = €jkCj Cx s and vertex
operators,
_ jdeg(v)/2, 1 cdee(v).

- &
@ For each vertex, v, we assign g

deg(v)/2 qubits to vertex, v. . @
03X ‘e

© Define deg(v) Pauli operators

acting on the deg(v)/2 qubits
deg(v for all plaquettes, p, on the
= Pdeg(v)/z 70l

(o0 A §‘\
—. O [ )
Qe/ Qo)
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Custom codes

SR
@ The presence of edge operators in the Hamiltonian determine the
interaction graph

@ We're free to encode the system on some othar graph, the system
graph, as long as:
© The system graph has at least as many vertices as the interaction graph
© Any two modes that share an edge on the interaction graph are
connected by a path on the system graph

@ Use the presented mapping to encode the system graph

e If necessary, edge operators are realized as string operators traversing
the system graph

@ Simple example: The Jordan-Wigner transformation is an encoding of
a system into a linear system graph. String operators traverse the
chain
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QOutline

@ Systems with high connectivity
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Highly connected systems

Example Hamiltonian - All quadratic interactions on N fermions:

Complete interaction graphs for N Two naive geometries:
modes - no notion of locality e Linear:
N qubits

O(N3) Pauli weight

@ Complete graph:
(N? — N)/2 qubits
O(N?log N) Pauli weight
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Highly connected systems

We considered a number of ©) © ©
geometries: © ©
@ Linear 5 o
@ Complete graph O@ ©@
@ One central node with N © © ©
branches
@ Hierarchical geometries like
trees and hyperbolic lattices © S ® ©
Can simultaneously achieve @@©©©@@
@ linear qubit scaling ”
o O(N?log N) Pauli weight for 5
the qubit Hamiltonian d s & @

& 5 @ 5
@QREEEEEEEEEE
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QOutline

© Lattice models
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Quasilocal codes for lattices

Non-local operators Local operators

No vacuum entanglement Entangled vacuum
Nqubits:Nfermiuns I\Tqubitszdeg(v)I\Ifermions/2
| el
h

Filling in this gap >
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Quasilocal codes for lattices

Control non-locality by setting
a lattice spacing for the system

graph

Course grain
Fewer qubits

@ Below this lattice spacing
operators will be non-local

@ Above this scale we have local 2

operators s

g ®

% °

@ We generate a toric code state ¢ S

on a lattice with spacing set by &= =
the system graph. \
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Thank you for your time

Summary:

€@ Quantum simulation of fermions

© Systems with high connectivity

© Lattice models

Questions?
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