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automatized approaches: | RTINS B A
automatized approaches:

Aspuru-Guzi A, 2022 . .
JSK, Aspuru-Guzik, PRA, 20 JSK., Schleich, Tamayo-Mendoza, Aspuru-Guzik, JPCL, 2021

JSK, Anand, Aspuru-Guzik, Chem. Sci., 2021
JSK., Bischoft, Valeev, JCP, 2020
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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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Example: EO + E1
high level code 0.5%EQ**2
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concept

Objective:
ExpectationValues: List

transformation: Callable

Objective:
ExpectationValues: List
transformation: Callable

Example:

high level code

EO + E1
0.5*%E0*
01**02

*2

Objective:
ExpectationValues = [EO, E1]
transformation = x+y

Objective:
ExpectationValues = [EO]
transformation = 0.5%x/2

Objective:

ExpectationValues = [EO, E1, E2]

transformation = (x+y)2(0.5%z~2)
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= tqg.Variable("a")
= tqg.gates.Ry(angle=(-a**2).apply(tq.numpy.exp)*pi, target=0)
+= tg.gates.X(target=1, control=0)
= tq.QubitHamiltonian.from_string("-1.0*X(0)X(1)+0.5Z(0)+Y(1)")
= tq.ExpectationValue(H=H, U=U)

dE = tq.grad(E, "a")

objective = E + (-dE**2).apply(tq.numpy.exp)

result = tq.minimize(method="phoenics", objective=objective)
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L(a) = (H)y(a) + ¢ (T vw) \ [

L(a)

H = X(0)X(1) + 5 Z(0) + Y (1 ”
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tq.Variable("a")
(-a**2).apply(tq.numpy.exp)

50 4

tq.gates.Ry(angle=f*numpy.pi, target=0)

= tq.gates.CNOT(0,1) gt2==t2&g;?ggkaL"a:g") 25

H = tq.paulis.from_string("-1.0*X(0)X(1)+0.5*Z(0)+Y(1)")

—25

E = tq.ExpectationValue(H=H, U=U)
dE = tq.grad(E, "a") 50 -

L =E + (-dE**2).apply(tqg.numpy.exp) =757 *

—100 A

—125 -

>>> Objective with 3 unique expectation values
total measurements

)
variables [a]
types not compiled

example_objective.py



L = tg.compile(L)
U2 = tq.gates.Ry(angle=L, target=0)
U2+= tq.gates.CNOT(0,1)

2 <

example_nested_objective.py
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Eq a=1.0,b=0.5 S 0.841
1 tq.simulate B 0.738

import tequila as tq

Gaurav Saxena, U. Calgary

U1l
U2
U2

.gates.Rx(angle="a", target=0)
.gates.Ry(angle="b", target=0)
.gates.CNOT(0,1)

H1 .paulis.Y(0)
H2 .paulis.X(0)+tq.paulis.zZ(1)

El .ExpectationValue(U1,H1)
E2 .ExpectationValue(U2,H2)

M = tq.QTensor([0.0,E1,E2,0.0], shape=(2,2))
c = tq.QTensor([E1,1.0], shape=(2,))
b = M.dot(c)

variables={"a":1.0, "b":0.5}
result = tg.simulate(b, variables)




Im, Re = tq.braket(bra=Ui, ket=Uj, H=H)

Francesco Scala, U. Pavia

ch<Ui\PkUj> > (14 ¢J>

measure X (1) \u‘e Y (1)

qr:::sf Re ((¢i[1;)) Tm ({5 |1);))



Examples in Quantum Chemistry



gradient cost for n electron excitation

Generator Form  Gradient Cost  Strategy

Goa=Yam o) hitrie

Generator Approximation

shift-rule
Cpa ™ G . Eq. (6)

Basic building blocks for Unitary Coupled-Cluster

recent review: A. Anand et.al. 2021

Fermionic R
Excitation Abhinav
T Anand
Qubit-Encoding
Parametrized Quantum Circuit UofT/Chem

EvaluateEvaluate  Evaluate
twice twice twice

Fermionic
Excitation

—> generalizable

follow-ups:

[zmaylov et.al. 2021
Anselmetti et.al. 2021
Wierichs et.al. 2021

JSK. A. Anand. A. Aspuru-Guzik. Chemical Science 2021
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Classically Simulable: Becomes a classical pre-compilation step
Gives good initial states

Solves prominent “benchmark” systems (H2 and LiH) exactly

Separable Pair Approximations: JSK, Aspuru-Guzik, PRA, 2022
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Classically Simulable: Becomes a classical pre-compilation step

Gives good initial states

Solves prominent “benchmark” systems (H2 and LiH) exactly

1:}'“:

] & Ot = W N = O

Separable Pair Approximations: JSK, Aspuru-Guzik, PRA, 2022 Extended Framework: JSK 2022 (tbp)



classical domain

T

N, qubits quantum domain

quantum

circuit

surrogate model

automatized approaches: L. ‘
automatized approaches:

JSK., Aspuru-Guzik, PRA, 2022 : : .
fpure-Guats, CRA JSK. Schleich, Tamayo-Mendoza, Aspuru-Guzik, JPCL, 2021

JSK, Anand, Aspuru-Guzik, Chem. Sci., 2021 |
JSK. Bischoff, Valeev., JCP, 2020

Energy

+ interpretable quantifiers



One-Body
Hilbert Space

predefined
basis set

Y

Qubit Hamiltonian

= tq.Molecule(geometry="ch4.xyz", basis_set="sto-3g")

mol.make_hamiltonian()
mol.make_ansatz(name="UpCCD")

|
U
E = tq.ExpectationValue(H=H, U=U)

result = tq.minimize(E)
exact = tq.compute_energy("fci")

backends: PYSCF or Psi4



One-Body
Hilbert Space

One-Body
Hilbert Space

¢Y¥" )

Surrogate Potential Y

Multiresolution
Analysis

predefined
basis set

Y

Qubit Hamiltonian

Y

Qubit Hamiltonian

System Adapted:

8 orbitals
VQE/MRA-PNO : -40.2761
FCI/MRA-PNO : -40.2926

Basis Sets:
9 orbitals

= tq.Molecule(geometry="ch4.xyz", basis_set="sto-3g") VQE/STO0-3G : -39.7580
FCI/STO-3G : -39.8060

= tq.Molecule(geometry="ch4.xyz")

mol.make_hamiltonian()
mol.make_ansatz(name="UpCCD") 17 orbitals
tq.ExpectationValue(H=H, U=U) FCI/6-31G : -40.3013

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

H
U
E

result = tq.minimize(E)
exact = tq.compute_energy("fci")

result = tq.minimize(E)
exact = tq.compute_energy("fci")

backends: PYSCF or Psi4 backend: MADNESS ha
ch4.py



Philipp Teresa
Schleich Tamayo-Mendoza
UofT/CS Harvard

high-level blogpost:

aspuru.substack.com/p/bits-are-cheap-and-qubits-expensive

@K*, Schleich, Tamayo-Mendoza, Aspuru-Guzik®, JPCL, 2021

qubit savings

e.g. from 50-100 to 10-20

black box method

One-Body
Hilbert Space

5 Al

Surrogate Potential Y

Y

Qubit Hamiltonian

Multiresolution
Analysis

effective 2-electron methods
ground and excited state
JSK+& Bischoff.JCTC 2018
JSK:«& Bischoff.JCTC 2018

T

github/madness

effective 1-electron methods
excited state
JSK, Hofener, Bischoff, PCCP 2015

Harrison et. al.

separated 2-electron methods
JSK, Bischoff, Valeev 2020

Surrogate model:

currenty around 100 electrons possible

dependencies



Example using everything
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—0.076 -

—0.078 -

—0.080 -

—0.082 -

—0.084 -

—0.086 -

~100 50 0 50 100 150
HOOH dihedral angle

-150

import tequila as tgq

system-adapted

0.0030 A

0.0025

0.0020 -

0.0015 -

0.0010 -

0.0005

0.0000

MRA

o
o~

= tq.Molecule(geometry="h202.xyz")
mol.make_hamiltonian()
mol.make_ansatz(name="SPA")
tq.ExpectationValue(H=H, U=U)

result = tg.minimize(E)

28 aubits

SPA
MRA
8 aubits
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HOOH dihedral angle

-150 —-100

import tequila as tq

system-adapted

0.0030 -

0.0025

0.0020 -

0.0015 -

0.0010 -

0.0005 A

0.0000

= tq.Molecule(geometry="h202.xyz")
mol.make_hamiltonian()
mol.make_ansatz(name="SPA")
tq.ExpectationValue(H=H, U=U)

3
o
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result = tg.minimize(E)

SPA
MRA
28 aubits

conventional basis

(error dominated by discretization)

FCI CCsD FCI
MRA STO-3G STO-3G
28 aubits 24 aubits 24 aubits
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~150 -100 -50 0 50
HOOH dihedral angle

import tequila as tq

100

mol = tq.Molecule(geometry="h202.xyz")

= mol.make_hamiltonian()

= mol.make_ansatz(name="SPA")

= tq.ExpectationValue(H=H, U=U)

result = tg.minimize(E)

system-adapted
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0.0005 A

conventional basis

(error dominated by discretization)

wrong

trend

0.0000

SPA
MRA

FCI CCSD FCl CCSD
MRA STO-3G STO-3G 6-31G

28 aubits 28 aubits 24 aubits 24 aubits 44 aubits
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—0.086 -
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~150 -100 -50 0 50
HOOH dihedral angle

import tequila as tq

100

mol = tq.Molecule(geometry="h202.xyz")

= mol.make_hamiltonian()

= mol.make_ansatz(name="SPA")

= tq.ExpectationValue(H=H, U=U)

result = tg.minimize(E)

system-adapted

0.0030 -

0.0025 ~

0.0020 -

0.0015 -

0.0010 -

0.0005 A

conventional basis

(error dominated by discretization)

wrong

trend

0.0000

SPA FCI CCsD FClI CCSD CCsD
MRA MRA STO-3G STO-3G 6-31G cc-pvDZ
28 aubits 28 aubits 24 aubits 24 aubits 44 aubits 76 aubits
S— P

standard basis-sets: predefined sets of functions
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