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* |ocality (circuit connections)
* Shallow depth

>  Hardware efficient
* (Good convergence
 |nitialisation heuristics
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Empty orbitals 2,3

Two electrons in orbital 1

Two electrons in orbital O
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Building Blocks
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N orbitals =3 2N qubits

“Hard-Core Boson”, “seniority zero”, “Doubly Occupied ...”

N orbitals === N qubits
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orbital rotations
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Rotators

and Standard methods
Correlators UCCSD
k—-UpCCGSD

Adaptive Methods
ADAPT-VQE
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High-Level-Design
Now....



High-Level Design



Example: Hydrogen Molecule
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Simple system: 2-Electrons



Molecular orbital basis

Atomic orbital basis ¢ . UR

e.g. STO-3G basis set




Simple system: 2-electrons in 2 orbitals (4 qubits)
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Simple system: 2-electrons in 2 orbitals (4 qubits)




Simple system: 2-electrons in 2 orbitals (4 qubits)

Orbital rotation
can be absorbed
Into the
Hamiltonian




Simple system: 2-electrons in 4 orbitals (8 qubits)

Larger basis (8 qubits)

Same behaviour
for other (effective) two electron systems
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H4 Molecule

As before: Minimal basis STO-3G. One orbital per Hydrogen



SPA: Separable Pair Ansatz




Uspn = U3 ® Ug =

SPA: Separable Pair Ansatz
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Locality (circuit connections)
Shallow depth

Parallelizable

Hardware efficient

Classically tractable wavefunction
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becomes a classical pre-compilation step



Hartree—Fock error: 167 mEH

SPA: Separable Pair Ansatz
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Hartree—Fock error: 167 mEH

SPA: Separable Pair Ansatz
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Guess orbitals: Optimal orbitals:
error of 40 mEh error of 16 mEh
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Alternative Graph

@ 00 @



Hartree—Fock error: 167 mEH
method error F N, cnots depth iter

SPA 16 94 2 6 3 17"
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Hartree—Fock error: 167 mEH

method error F' N, cnots depth iter
SPA 16 94 2 § 3 17"
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Hartree—Fock error: 167 mEH

method error F Ny cnots depth iter
SPA 16 94 2 6 317"
I SPA -+ 8 96 6 116 131 10
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Hartree—Fock error: 167 mEH
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method error F Ny cnots depth iter
SPA 16 94 2 6 317"
SPA - 8 96 § 116 131 10
SPA--CRRCRRC 0O 100 19 334 367 160




Hartree—Fock error: 167 mEH

method error F N, cnots depth iter
SPA 16 94 2 § 3 17"
SPA -+ 8 96 6 116 131 10
SPA+CRRCRRC 0 100 19 334 367 160
UpCCD 103 88 4 20 26 8
UpCCSD 86 74 12 148 193 13
UpCCGSD 86 74 18 188 254 13
2-UpCCGSD 32 90 36 432 540 48
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Hartree—Fock error: 167 mEH

method error F N, cnots depth iter

SPA 16 94 2 0 3 17"

° SPA-+ 8 96 0 116 131 10
SPA+CRRCRRC 0 100 19 334 367 160

UpCCD 103 88 4 20 26 8

UpCCSD 86 74 12 148 193 13

— — UpCCGSD 86 74 18 188 254 13
2-UpCCGSD 32 90 36 432 540 48

ADAPT(UpCCGSD) 32 90 12 448 442 113

ADAPT(UCCGSD) 0 100 21 1360 1705 58
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Hartree—Fock error: 167 mEH
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Limitations
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» Well behaved SPA
* |Improvement through other graphs not
obvious



Implementation: Tequila

Sumner Teresa
Alperin-Lea Cervera-Lierta Tamayo-Mendoza
UofT/Chem Barcelona Supercomputing Center Harvard

send instructions

Quantum

\/ Computer

sample

expectation values

github.com /tequilahub

API inspired by madness library

JSK, Alperin-Lea, Cervera-Lierta, Tamayo-Mendoza, ..., Quantum Science & Technology, 2021
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Automatisation



import tequila as tq

mol = tq.Molecule(geometry="beh2.xyz")

H = mol.make_hamiltonian()
U = mol.make_ansatz(name="SPA")

system-adapted
quantum circuit

E = tg.ExpectationValue(H=H,U=U)

result = tq.minimize(E)

Optimized Low-Depth Quantum Circuits for Molecular Electronic Structure using
a Separable Pair Approximation

Jakob S. Kottmann''?'* and Alan Aspuru-Guzik! 2341

input (output)

output (input)
accurate energy/property

molecular structure

\(\\/\\

adaptive
numerical representation




import tequila as tq

mol = tq.Molecule(geometry="beh2.xyz")

H = mol.make_hamiltonian()
U = mol.make_ansatz(name="SPA")
E = tq.ExpectationValue(H=H,U:U)

result = tq.minimize(E)
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Why Basis-Set-Free?

faster and more accurate
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MRA-PNO(4,8) STO-3G(4,8) 6-31G(4,8) cc-pVDZ(4,8) MRA-PNO(4,8) STO-3G(4,8) 6-31G(4,8) cc-pvdz(4,8)

BeH2 with 8 qubits
Standard basis sets: tequila + pyscf
MRA-PNOs: tequila + madness
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bond distance (A) bond distance (A) SPA/MRA-PNO

+ orbital optimisation

Classically simulable

Optimized Low-Depth Quantum Circuits for Molecular Electronic Structure using

a Separable Pair Approximation Interesting region
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