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Quantum Chemistry and Electronic
Structure Theory



Surprisingly small systems at the center of fascinating
physical and chemical effects



Motivation: Haber-Bosch process and biological nitrogen fixation

Haber-Bosch Process

"<,
180 bar
500 °C

e Crucial for fertilizer production

e 2% of world's energy consumption

3% of global carbon emissions

e 5% of natural gas consumption



Motivation: Haber-Bosch process and biological nitrogen fixation

Biological nitrogen fixation

o @

e X/

nitrogen (N,)
from air

bacterium /

e Ambient pressure and temperatures

e Process not yet understood — Bio-catalysts for
more efficient and greener ammonia production
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e Small molecular systems act as catalysts: W
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e Experimental study very difficult! g




Problem: Strongly correlated quantum systems

e Small molecular systems act as catalysts:
Iron-Molybdenum cofactor (FeMoCo)

Cterium

Nitrogenase

e Experimental study very difficult!

— Numerical studies of relevant electronic
quantum phenomena necessary!
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y — Applications

\X{ Copper Planes ° Drug diSCOVeI’y
o Materials design
CopperPIanes{ — ..
, e Battery development
L J
Coj
[ J Ox';';eern @ ]

Nitrogen fixation  Artificial photosynthesis  High-T. superconductivity

[Accurate theoretical understanding at quantum-scale for bottom-up materials design!]

[ ~ 30% of high-performance computing resources for chemistry-related problems ]
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Quantum Chemistry — Electronic Structure Theory

Insight on physical and chemical properties (ground- and excited state energies,
chemical reactions, ...) of quantum systems by solving the Schrodinger equation:

H|U) = E|U)

Current state of all electrons described by the wavefunction: ¥(ry,ra,... 1)

All information of a quantum system contained in electronic Hamiltonian:

A A~ A ~ ’ - — + 2
H = Tyin. () + Vager. (1, R) + Ve, (r, ') @ % @ )
Tij

Coulomb repulsion correlates all electrons of a system — analytic solution too
complex — approximations and computational approaches




um Chemistry — Accuracy and cost

Depending how accurately we treat correlation: various methods and levels of theory
to solve the Schrodinger equation

Accuracy/Cost .
e ¢ o S SENE (= Extend with HPC+QC)
7 — Extend wi
o |CEEEG '
\oCe TS <
€ € Quantum Monte Carlo, ... (few) 7
ce G
o Coupled Cluster methods, ...  10s of atoms
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g Perturbation Theory, ... 100s of atoms
Hartree Fock, Density Functional Theory

Cytochrome c: enzyme that eliminates toxic radicals produced by cells. From Santagati et al., arXiv:2301.04114



um Chemistry — Accuracy and cost

Depending how accurately we treat correlation: various methods and levels of theory

Accuracy/Cost

G5

\;\/

A ?

to solve the Schrodinger equation

Exp. scaling

(= Extend with HPC+QC)

- :*:
Quantum Monte Carlo, ... (few)

Eivl

Coupled Cluster methods, ...  10s of atoms

o8

1000s of atoms :$iie
'\JE
.

System size it

Perturbation Theory, ... 100s of atoms

Hartree Fock, Density Functional Theory

[ Need highly-accurate methods to describe strongly correlated problems

Cytochrome c: enzyme that eliminates toxic radicals produced by cells. From Santagati et al., arXiv:2301.04114
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Exponential scaling of the exact solution

Energy

1

Hartree-Fock
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Exponential scaling of the exact solution
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Exponential scaling of the exact solution

Energy

)

d

Single excitations Double excitations
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Hartree-Fock
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Exponential scaling of the exact solution
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All possible excitations from HF state



Exponential scaling of the exact solution

Number of possible states for given number of

9 c=— —_— —_— + electrons and orbitals
8 = o + + Mol #torbitals  #felectrons  #states
6 «— '
<—l— —l—> <—l— o ; 5 .
LiH 4 4 36
CQO i
o I NA\T/ mos s
o H H#H + Monow o
CoHy 16 16 ~ 16 -10°
|Ppr) + [2F) + %) 4+ [®) 4+ Fy 18 18 ~2-10°
All possible excitations from HF state ~ 256 GB to store wavefunction
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Quantum Chemistry meets Quantum Computing
ﬁ terium

Nitrogenase

We have the equations at hand, but
exponentially costly on classical computers!

Cost

A 1l

>

System size
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Quantum Chemistry meets Quantum Computing

Quantum computers could provide a
potential speedup!

Cost

o

>

System size
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The Case for Quantum Computing




Classical bit
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Quantum bit = qubit

al0) + bl|1)
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Quantum bit = qubit

a|0) + b|1)
la]® + [b]* =1
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Qubits — Bloch Sphere
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Multiple Qubits — Entanglement

Bringing two qubits together:
qubit 1 qubit 2

|T) = (]0) + |1)) ® (]0) + [1)) = ]00) + [01) + [10) + |11) 4 states
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Multiple Qubits — Entanglement

Bringing two qubits together:
qubit 1 qubit 2

|T) = (]0) + |1)) ® (]0) + [1)) = ]00) + [01) + [10) + |11) 4 states

Three qubits:
qubit 1 qubit 2 qubit 3

W) = (10) + 1)) @ (|0} + [1)) @ (|0) + [1))
= |000) + [001) + [010) + |100) + [011) + |101) + [110) + |111) 8 states

. . Cost
N qubits can encode exponentially many (2%V) states. et

40 qubits enough to encode the ~ 2 - 10% states of Fy! §§

— Need new quantum algorithms to _i,/

use this potential advantage!

—> 17
System size



Quantum Computing for Quantum
Chemistry




How can Quantum Computing help Quantum Chemistry?

2V states
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How can Quantum Computing help Quantum Chemistry?

Fermion to qubit mapping
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e Map our problem (Hamiltonian/basis functions) onto quantum hardware/qubits
— Qubits encode occupation of spin-orbitals € [0, 1]



How can Quantum Computing help Quantum Chemistry?

Fermion to qubit mapping
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e Map our problem (Hamiltonian/basis functions) onto quantum hardware/qubits
— Qubits encode occupation of spin-orbitals € [0, 1]

— Use quantum algorithms for ground-, excited states, dynamics, ...



Quantum Chemistry on Quantum Hardware

1) Prepare an initial state |®g) :
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Quantum Chemistry on Quantum Hardware

1) Prepare an initial state |®g) :

]
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2) Perform unitary operations of chosen quantum algorithm:

~ 0 1 1
0 0 1



Quantum Chemistry on Quantum Hardware

1) Prepare an initial state |®g) :

3) Measure observable (
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2) Perform unitary operations of chosen quantum algorithm:

~ 0 1 1
0 0 1



Quantum Chemistry on Quantum Hardware

~ 15mK
Magnetic shielding :
) o 1 21
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— gT N {gl
= 2l DA
Noiseless
777777 niter
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Quantum Chemistry on Quantum Hardware

~ 15mK
Magnetic shielding

OT ' Single-qubit gates
~ 99.99% fidelity

T @ |

@ ' : Readout '
(' Two-qubit gates 1~ 99% fidelity :
(~ 99— 99.9% fidelity A '

oy i

Effect of noise:

e Bit flip: |0) + |1)

e Phase flip: |0) +> —10)

e Decoherence: [0) + [1) — |0) + e [1) :
. 19



Quantum Chemistry on Quantum Hardware

~ 15mK o
Magnetic shielding . Circuit de;?th >
C}l\ ; Ril/ ; E T ; EI
Ol %-E Near-term:
§ Reduce circuit “surface” _'
8T -7+ Error mitigation
21 —HR— O RO

Effect of noise:

Bit flip: |0) < |1)
Phase flip: |0) +» —|0)
Decoherence: [0) + [1) — |0) + e’ [1)

Noiselesso Mitigated

[}

-8

[ 1]
8080000000000

Niter



Quantum Chemistry on Quantum Hardware

~ 15mK o

Magnetic shielding . S de‘?th >
or| KR {R] 14
Q! xH Long terr-n:

~ | Error correction & 5
) -~ 11 Fault-tolerant QC D
v — RO R4

Use many physical qubits to encode ET Noiseless

a logical qubit:

11111 — 1 11011 — 1
00000 — 0 01000 -0 | tceassess so
1ter



Possible Quantum Advantage — Quantum Phase Estimation

Unitary op. Phase
UT) = e |T)

Eigenstate
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Unitary op. Phase Schrodinger eq.
Uw) = e |v) H|V) = E|V)
Eigenstate ¢

p—iH1 W) = e~ | P)



Possible Quantum Advantage — Quantum Phase Estimation

Phase Schrodinger eq.
W) = e W) H|V) = E|V)

Eigenstate *

|U) = e D)

l0>—H]
l0y—{H] arT

|0>{H]—
|¥ VRV HU ==
No matrix diagonalization!
Subroutine of Shor’s algorithm

B GJ G
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Possible Quantum Advantage — Quantum Phase Estimation

Phase
W) = e |W)

Eigenstate

l0>—H]
l0y—{H] arT

|0>{H]—
|y UVEHUVHU =

B GJ G

No matrix diagonalization!
Subroutine of Shor’s algorithm

|

0.84

Probabilities
o o
= [«)]

e
[N]

0.0

Schrodinger eq.
H|¥) = E|0)
\
T) = e | W)

T =Xl

.046

12!
0 0 0 ool | 094080000 a0000.000 0.000 0.0 0 0 0.0




Possible Quantum Advantage — Quantum Phase Estimation

Phase
W) = e |W)

Eigenstate

l0>—H]
l0y—{H] arT

|0>{H]—
|y VHUe=—=

B GJ G

No matrix diagonalization!
Subroutine of Shor’s algorithm

|

Schrodinger eq.
H|¥) = E|0)
\
T) = e | W)

e Many qubits, deep circuits — requires
error corrected quantum devices

e State preparation: how to get good
approximations of |U)?

20



Transition toward fault-tolerance

. NISQ: Fault-tolerant QC:

e Noisy and sm'aII Quantum advantage
quantum devices e Shor's algorithm
e Limited utility e Quantum phase
e Hybrid approaches estimation

21



Transition toward fault-tolerance

Continuous transition to fault-tolerant QC:

e Develop intuition on quantum algorithm development
e Transferability of developed algorithms to FT regime
Feedback for experimentalists to improve devices

— Near-term utility and relevant applications
— No need for ‘quantum for everything’

21



Transition toward fault-tolerance

Continuous transition to fault-tolerant QC:

e Develop intuition on quantum algorithm development
e Transferability of developed algorithms to FT regime
e Feedback for experimentalists to improve devices

— Near-term utility and relevant applications
— No need for ‘quantum for everything’
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Near-term approaches and our work




NISQ Era — Hybrid Quantum-Classical Approach

[ Use benefits of both quantum and classical resources ]

Update parameters 6

QPU [ S e Use short-depth quantum circuits
__E}_'__—‘i” that fit current hardware
N —{o-dG- —» e Improve on classical estimates by
qubits | | Quantum cireuit ; Wﬂ 6 = non-classical states
—1 e —'7}’ v e Store quantum state with expo-

—_— nentially fewer resources

22



NISQ Era — Hybrid Quantum-Classical Approach

[ Use benefits of both quantum and classical resources ]

Variational Quantum Eigensolver

Update parameters 6

NN E(6) = ((0)| H |2(6))
apy [ §<<<<<§ ; 1 Classical computer . . .
__E}_'__'_‘i” §§ Quantum Imaginary Time Evolution
A Yo R S B v BN

qubits - | Guamamares || < | | Wem o | ] Moiseless
i 0(6) g IO U

2N states  i(@(O)H]2(0) L




NISQ Era — Hybrid Quantum-Classical Approach

[ Use benefits of both quantum and classical resources ]

Variational Quantum Eigensolver

E(0) = (2(0)| H |(6))

Update parameters 6

E((((( E . .
ary [ :: SNOISEI Classical computer

) ; i uantum Imaginary Time Evolution
— T A dk Q
| o A .
qubits ‘| | Quantum circuit/ | : : W—H O = T b N0|se|eSSONOISy
Ansatz/algorithm | ! | Ve o ©®
il I s NN e . .
JE—— E Optimization ® 06°,° o° %00
Circuit depth i Measurements; | *————— o °
Niter



State-of-the-art




State-of-the-art — Q i nte Carlo

Quantum-enhanced QMC methods:
— Use the QPU to alleviate computational bottlenecks of conventional QMC methods

A ~ r- T T TEEEEsESESEET N
QPU §§ i Measure
L
1

[ QMIC

=== Exact energy

Energy

/7< - >
T 0 50 100

Imaginary time

0 50 100
Imaginary time
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State-of-the-art — Quantum Computing Quantum Monte Carlo

Quantum-enhanced Markov chain Monte Carlo

David Layden ™, Guglielmo Mazzola, Ryan V. Mishmash, Mario Motta, Pawel Wocian, Jin-Sung Kim &
Sarah Sheldon

Unbiasing fermionic quantum Monte Carlo with a
quantum computer

Nature 619, 282-267 (2023) | Citeths artcle

a William J. Huggins &, Bryan A. O'Gorman, Nicholas C. Rubin, David R. Reichman, Ryan Babbush &
4 Joonho Lee™
% 4 < [\I Google Al
{ ! Nature 603, 416-420 (2022) | Cite this article Quantum
e @ imaginary-ime evolation I iy vy b, Sopsen
b e o ~ — Onconstrained
) € H &
A i : ®
& — Ciasaca consrant
Q C ing Q Monte Carlo L= - Epons
1) i) .
Yukun Zhang,"2* Yifei Huang,* * Jinzhao Sun,*® Dingshun Lv,® and Xiao Yuan' 2!
o c {19} Updating gate parameters.
Center on Frontiers of Computing Studies, Peking University, Beijing 100871, China Ie,
2School of Computer Science, Peking University, Beijing 100871, China » u i (Plop
3ByteDance Research, Zhonghang Plaza, No. 43, North 3rd Ring West Road, Haidian District, Beijing, China P Stochastc { L{‘?’)} 10~ g YD)
 Clarendon Laboratory, University of Ozford, Parks Road, Ozford OX1 SPU, United Kingdom 8 evotatin * ) £ o | wave-
% Quantum Advantage Research, Beijing 100080, China i function
T - [ Y=y > x Posive ¥
oo (€)= 3 wlIEN () o L
W

W Negative

o ) i :

© O Goneston i Ganaton "

Quantum pracessor

e oy WA
: [ €| [ Classical and quantum trial wave functions in auxiliary-field
e i quantum Monte Carlo applied to oxygen allotropes and a
b L CuBr, model system ©
@ @ - Maximilian Amsler @ ; Peter Deglmann @ ; Matthias Degroote © ; Michael P. Kaicher @ ; Matthew Kiser
e Ol ST

Michael Kiihn ©; Chandan Kumar @ ; Andreas Maier

; Georgy Samsonidze @ ; Anna Schroeder ©;
Michael Strei

; Davide Vodola @ ; Christopher Wever ©; QUTAC Material Science Working Group

Fe [ W
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State-of-the-art — Subspace Expansion Methods

HW) =E[W)  —  spanf{[v), H|v), H*[v),...}
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State-of-the-ar

— Subspace Expansion Methods

HW) =E[W)  —  spanf{[v), H|v), H*[v),...}

Diagonalization of large many-body Hamiltonians on a quantum processor

Chemistry Beyond Exact onaQ Centric Sup
Nobuyuki Yoshioka*,!» ! Mirko Amico* 2 * William Kirby* 3§ Petar Jurcevic,2 Arkopal Javier Robledo-Moreno,! * Mario Motta,': ! Holger Haas,' Ali Javadi-Abhari,' Petar Jurcevic,' William Kirby,?
Dutt,? Bryce Fulls;r 2 Shelly Garion,! Holger Haas,? Ikk(; Hamamura** > Aiexan der Simon Martiel,® Kunal Sharma,! Sandeep Sharma,? Tomonori Shirakawa,* 57 Iskandar Sitdikov,! Rong-Yang
Ivrii,* Ritajit Majumdar,® Zlatko Minev,2 Mario Motta,? Bibek Pokharel,” Pedro Rivero,?

Sun,”®7 Kevin J. Sung,! Maika Takita,' Minh C. Tran,? Seiji Yunoki,%"* and Antonio Mezzacapo'
Kunal Sharma,? Christopher J. Wood,? Ali Javadi-Abhari,? and Antonio Mezzacapo®
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Our work




Hybrid Quantum-Classical Approach

[ Use benefits of both quantum and classical resources ]

Update parameters 6

N . Algorithms:
QPU[ :: ENOISEI Classicalllﬁ(l)mputer A

. Quantum imaginary time evo-
Can g5 _Hﬁl _______ EE lution (QITE)
por| —EIOD A

) T Classical optimization

; !
®

Quantum circuit/

| Ansatz/algorithm __|7| v e Resource reduction:
p Optimization i i i
T e Measurements! p Qubits and circuit depth
e Error mitigation

26



Hybrid Quantum-Classical Approach

[ Use benefits of both quantum and classical resources ]

Circuit depth

' ' P,
of| by ——{E 1 — L7
! % X Near-term: —
E-E Reduce circuit “surface”
8T -~ + Error mitigation e Resource reduction:

: : 5 i ircui h
. 'R_ll A\ Rl A\ . Qubits and circuit dept
iv P oL = :EI e Error mitigation
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Resource Reduction: Qubits and circuit depth

Cusp condition: Singularity of Coulomb potential (~ rlrl)
i—Tj
— sharp cusp of exact wavefunction ¥({r}) at electron coalescence (|r; — r;| = 0)
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Resource Reduction: Qubits and circuit depth

Cusp condition: Singularity of Coulomb potential (~ rlrl)
i—Tj
— sharp cusp of exact wavefunction ¥({r}) at electron coalescence (|r; — r;| = 0)
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Resource Reduction: Qubits and circuit depth

Cusp condition: Singularity of Coulomb potential (~ rlrl)
i—Tj
— sharp cusp of exact wavefunction ¥({r}) at electron coalescence (|r; — r;| = 0)

Accuracy/Cost 'Real-
world’
) C °
~ p. -
\ QN\C\
\\ S~ Ass -
— \\J\e’ﬁ\‘o Ny :
= cC e’
.3 N~ g 3{\0“ A
F|[=="small ?e(‘“
= medium
== large ¥
— Exact

T
_ S
L Ystem Size
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Resource Reduction: Qubits and circuit depth

Cusp condition: Singularity of Coulomb potential (~ ﬁlu)
i—Tj
— sharp cusp of exact wavefunction ¥({r}) at electron coalescence (|r; — r;| = 0)

small
== medium

== large

— Exact

-1

U(r;,r;)
7 l"
I



Resource Reduction: Transcorrelation (TC)

J— ~—="T ,’—\‘~- ///
st \ / X \\ /
\ ~ 7’
\I -
Ty —Ij IrZ r.’/‘ ‘rz rj‘
Treat class. O(n3)) Treat on QC

WD, Luo, Alavi, PRB 99 (7), 075119 (2019); Cohen, Luo, Guther, WD, Tew, Alavi, JCP 151 (6), 061101 (2019);



Resource Reduction: Transcorrelation (TC)

)
20
“~aeo o =
/ >< \\ /’/ LTCJ: 1 ;
\ QNP

-\—0— no-TC
J m- TC

r,—r; r,—r;
Qubits

WD, Luo, Alavi, PRB 99 (7), 075119 (2019); Cohen, Luo, Guther, WD, Tew, Alavi, JCP 151 (6), 061101 (2019);



Resource Reduction: Transcorrelation (TC)

-\—0— no-TC
[({r})) ({r}) _ledr}) . TR e
- TS~ AN i =
pr— \\\ III >< \\\ /,/ i Lﬂg i \\\
\ ~__” \\\
L — T r;—7r; ===
Qubits

HIW) =E|¥) — [V)=[f|®) — [Hf|D)=E|P)

WD, Luo, Alavi, PRB 99 (7), 075119 (2019); Cohen, Luo, Guther, WD, Tew, Alavi, JCP 151 (6), 061101 (2019);



Resource Reduction: Transcorrelation (TC)

-\—0— no-TC
m- TC

w({rh) () ey | g
- TS~ AN /7 o =
pr— \\\ I’I >< \\ // :> LT;:J: i i
Ti— Ty ri — 1T ri—r; k
Qubits
Hrc
—

HV)=E[W) — |0)=f[®) — ['Hf|®)=E®)

[ |®) easier to represent with less basis functions/qubits — immense resource reduction ]

WD, Luo, Alavi, PRB 99 (7), 075119 (2019); Cohen, Luo, Guther, WD, Tew, Alavi, JCP 151 (6), 061101 (2019);



um Computing — Resource Reduction —

—e— no-TC
-a- TC

Qubits

[r; — 1]

Smaller basis — fewer qubits

TC-QITE
% Fewer qubits

29



um Computing — Resource Reduction —

[r; — 1]

—o— 10-1C
-8~ TC

Qubits

Smaller basis — fewer qubits

TC-QITE

psht

Fewer qubits J

Towards real chemical accuracy on current quantum hardware through
the transcorrelated method, J. Chem. Theory Comput. 20, 10, 4146 (2024)
W. Dobrautz, I. O. Sokolov, K. Liao, P. Lopez Rios, M. Rahm, A. Alavi, I. Tavernelli

N —
= 90 T T mmmmmm—mme e ==
b
f 80 -\ —¢— 1no-TC - Sim.
0-?-0 g gy -8 TC - Sim.
0 ~%- TC - HW4+REM
._é-o Q@ 70 7 é 1|0 —=- Exp. Diss. Energy
20 40 60 80 100

Spin-orbitals / qubits
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Quantum Computing — Resource Reduction — Transcorrelation

[r; — 1;] Qubits

Smaller basis — fewer qubits

TC-QITE

% Fewer qubits

ADAPT-TC-QITE

E. Magnusson, A. Fitzpatrick, S. Knecht, M. Rahm, W. Dobrautz,

% Fewer gates Reducing quantum circuit depth for noise-resilient quantum chemistry,
Faraday Discussions on Correlated Electronic Structure (2024)
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tum Computing — Reference-state Error Mitigation (REM)
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Quantum Error Correction
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