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Electronic Structure Problem 1/18

Hamiltonian operator for the total electronic energy of the system, H=T+Vye + Wee:
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Electronic Structure Problem 1/18

Hamiltonian operator for the total electronic energy of the system, H=T+Vye + Wee:
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Electronic Structure Problem 1/18

Hamiltonian operator for the total electronic energy of the system, H =T+ Vo + Wee:

2
A ‘ 7 ~
H:-Z&-Z—IWHF H |®y) = & |®o), Easy to solve !
T2 i Iri - Ry
Projected onto a basis of NV spin-orbitals {(bg‘(r),(bg(r)} Non-interacting problem
occ
|Po) |Wo) = [Do), Eo > ). &
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G
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Electronic Structure Problem 1/18

Hamiltonian operator for the total electronic energy of the system, H=T+Vye + Wee:

D SR e D) A|,) = B, 0,)
. 2 il Ir; — Ry 2i¢j " e
Projected onto a basis of NV spin-orbitals {qbg(r),(bg(r)} Non-interacting problem
occ
[®o) @) e [Ry) e [Pong) [Wo) = |®o), Eo = D e
i=1
Ps
Or B T J R .
Qb | 4 4 Exponential
q v | =
¢ [ 4 | 4 | |\IIO> Z Cr |¢I)
p vl vl v !
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Many-body basis 2/18
Occupation vector representation of the many-body basis (electronic configuration):
[®o) o |Rr) e [By) e [ Dong)
Ps
r i ; i
o o _J 0 if empty

$q —H . ‘d)N/?’ ' ¢N/2""’¢1>’ Pp _{ 1 if occupied
¢ |4 [ 4 |
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Many-body basis 2/18
Occupation vector representation of the many-body basis (electronic configuration):
[®o) o |Rr) e [By) e [ Dong)
Ps
r i ; i
o o _J 0 if empty

$q —H . ‘d)N/?’ ' ¢N/2""’¢1>’ Pp _{ 1 if occupied
¢ |4 [ 4 |

p v v v

[00110011),]01010011), 01010110} , |11001100)
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Many-body basis 2/18

Occupation vector representation of the many-body basis (electronic configuration):

[©o) o [Rr) e [Ry) [ Ponog)
Gs
r | ; i
o o _J 0 if empty
$q —H . ‘d)N/?’ ' ¢N/2’m’¢1>’ ¢p_{ 1 if occupied
¢ | 4 | 4 |
P v v ¥
|00110011),]01010011),]01010110) , |11001100)
Build and diagonalize the Hamiltonian matrix:
<<I)0| I:I|(I)O) ((I)O| I:I|<I)2N71> Diagonalization EO 0
: . : e ,|\I/0):ZC]|¢[)

(Oov | H|®o) -+ (Pon_q| H|[Don_y) 0 Ean
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Superposition and Entanglement: Quantum bits 3/18

Classical bit to Quantum bit:

Qubit: a (two-)level system
Superposition

[0)

[) =al0)y +BI1), |a]?+|8]2=1
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Superposition and Entanglement: Quantum bits 3/18
Classical bit to Quantum bit:
Qubit: a (two-)level system Qubit register:
Superposition Superposition and Entanglement

[0) N

2V-1 ,
[B)= > cqla), Dlegl =1

q=0 q

where ¢ = {0,-+,2V — 1} are all possible
bit-strings from N qubits

Encoding?
o2N) O(N)
Classical Quantum

()= al0)+ Bl1), o +]6[7 =1
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Quantum circuit: model of quantum computation 4/18
|w>=%(|000>+|001)+|010>+|011>+|100)+|101)+|11o>+|111>)

CLASSICAL COMPUTER AT QUANTUM CONPUTER

|

Basso000

PO O0O

e Ny ==Y
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Quantum circuit: model of quantum computation 4/18
|w>=%(|000>+|001)+|01o>+|011>+|100)+|101)+|11o>+|111>)

CLASSICAL COMPUTER AT QUANTUM CONPUTER




(‘ ~ Chimie Physique Théorique
1o et Modélisation MOLECULES TO MATERIALS

Institut Charles Gerhardt Montpellier

Quantum circuit: model of quantum computation 4/18
|w>=%(|000>+|001)+|01o>+|011>+|100)+|101)+|11o>+|111>)

CLASSICAL COMPUTER INPUT

QUANTUM COMPUTER

(overrs)
000
01
10
11
00
01
10
"
¥)
Unitary ~
one- or
|0> —.— | T)—two—qubit—l \P>—
Quantum
| 0) . Gates




~ Chimie Physique Théorique
et Modélisation MOLECULES TO MATERIALS

Institut Charles Gerhardt Montpellier

Quantum circuit: model of quantum computation 4/18
|\1‘>=%(|000>+|001)+|01o>+|011>+|100)+|101)+|11o>+|111>)

CLASSICAL COMPUTER AT QUANTUM CONPUTER
INPUT

@)

M —

(overrs)
——— 000 — proba |copl*
001
010 or
100 — proba |cigl?
101 p 100

110 °F
=111 — proba |6'111|

|'¥)
| onitary [
10) — o — | W )—wowin— | WY—

Quantum

|0> + | Gates |

YauantumY,
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H|¥,)=FE,|¥,) on quantum computers 5/18
(@l HIo) - (Ro[H®ova) ] o [Bo 0

2N
P . | AWo) =Y er|@r)
(@2N_1|H|(b0) <¢2N_1|H|(P2N_1> 0 EQN—I 1
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H|U,) = E,|¥,) on quantum computers 5/18
(@l HIo) - (Ro[H®ova) ] o [Bo 0

2N
P . | AWo) =Y er|@r)
(@2N_1|H|(b0) <¢2N_1|H|(P2N_1> 0 EQN—I 1

We don't want to:
» Build the Hamiltonian matrix (exponentially costly to build)
» Store the wavefunction (exponentially costly to store)
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H|¥,)=FE,|¥,) on quantum computers 5/18
(q)0|ﬁ|q)0) ((I)O| ﬁ|q)2N_1> Diagonalization Eo 0 2
P H —_— AWo) =Y er|@r)
(@2N_1|H|(b()) <¢2N_1|H|¢2N_1> 0 EQN—I 1
We don't want to:
» Build the Hamiltonian matrix ( )
» Store the wavefunction ( )
We want to:

» Extract the energies and molecular properties at polynomial cost
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H|¥,)=FE,|¥,) on quantum computers 5/18
(q)0|ﬁ|q)0) ((I)O| ﬁ|q)2N_1> Diagonalization Eo 0 2
P H —_— AWo) =Y er|@r)
(@2N_1|H|(b()) <¢2N_1|H|¢2N_1> 0 EQN—I 1
We don't want to:
» Build the Hamiltonian matrix ( )
» Store the wavefunction ( )
We want to:

» Extract the energies and molecular properties at polynomial cost

We can:
> Generate exponentially many electronic configurations with only N qubits through superposition
and entanglement
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Variational Quantum Eigensolver 6/18
o) Start with
a very
simple state
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Variational Quantum Eigensolver 6/18

State
preparation

[®o) Ui |

State preparation:

[W(0)) = U(0) o)
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Variational Quantum Eigensolver 6/18

State
@ a Rotations
preparation

I%)E' U®) F——— R —

Rotations to the
computational basis
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Variational Quantum Eigensolver 6/18
@ preg:?ta:ion Rotations Repeated Measurement
Measurements:
|rI>o)E| ve) | | i) | i/}\|—>{\y(9)|ﬁ|¢1(9)} Reconstruction of the energy

Classical optimization following the
variational principle:
find new 0 parameters

-
Ey= mén(‘ll(ﬂﬂﬁ\‘ll(ﬂ))
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Problematic: avoided-crossings, conical intersections 7/18

Photoisomerisation of the retinal molecule

Conical intersection — Point of
degeneracy between the states

Requires a
DEMOCRATIC description
of the states
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Ensemble VQE! 8/18

g@g State
-) PITEPa?a:iDn Rotations Repeated Measurement

) =| v T ri e | @) 1a(0))

Same approach than VQE

1Saad Yalouz et al. Quantum Sci. Technol. 6 024004 (2021)
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Ensemble VQE! 8/18

g@g State
-) PITEPa?a:iDn Rotations Repeated Measurement

) =| v T ri e | @) 1a(0))

But to a ensemble of states

[05) = vio) [T i | A 20 22(0))

Generalized variational principle

=Y
ESA :mgn;(\y,(s)m\\lu(ﬂ))

1Saad Yalouz et al. Quantum Sci. Technol. 6 024004 (2021)
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Example on a minimal Schiff base: formaldimine 9/18
2D PES obtained by ensemble VQE

Energy (Ha)

-93.84
bending angle

-93.86

-93.88

-93.90

dihedral angle 3

120
100

120
I )
6, deg:
Bow o geal
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Towards excited-state quantum dynamics34

SA-OO-VQE

Quantum circuit

Circuit optimisation
+

Molecular properties

¥p)
>< Conical intersection
|T4)

d
(V5] dr | 4) Non-adiabatic coupling

dba dEJ Energy derivatives
dx dx

» We are currently showing the ensemble VQE can lead to quasi-diabatic states?

25, |llesova, M. Beseda, S. Yalouz, B. Lasorne, BS, to be submitted

3S. Yalouz, BS et al., Quantum Sci. Technol. 6, 024004 (2021)

4S. Yalouz, E. Koridon, BS et al. J. Chem. Theory Comput., 18, 776-794 (2022)

10/18



H (‘ ~ Chimie Physique Théorique et J
L€} et Modélisation & MOLECULES TO MATERIALS

Institut Charles Gerhardt Montpellier

Table of contents

Density Functional Theory on Quantum Computers



(‘ ~ Chimie Physique Théorique B \
1o et Modélisation MOLECULES TO MATERIALS

Institut Charles Gerhardt Montpellier

Mappings of the fully interacting problem 11/18
N spin-orbitals N qubits @
Jordan-Wigner >

encoding
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Mappings of the fully interacting problem 11/18
N spin-orbitals N qubits @
Jordan-Wigner >

encoding

KSDFT SOEHXxc[n]/dn
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Density Functional Theory (DFT) 12/18

» (1964) Hohenberg—Kohn theorem: (1) «— v(r) «— U,
Eo[v] = min Ey[n], Eu[n]=F[n]+ f dro(r)n(r)

The minimizing density is the ground-state density n¢(r).
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Density Functional Theory (DFT) 12/18

» (1964) Hohenberg—Kohn theorem: (1) «— v(r) «— U,
Eo[v] = min Ey[n], Eu[n]=F[n]+ f dro(r)n(r)
n
The minimizing density is the ground-state density n¢(r).

» Universal functional: Levy—Lieb constrained search formalism

Fln] = min{(¥| T+ W)}

» The problem seems even more complicated!
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Density Functional Theory (DFT) 12/18

» (1964) Hohenberg—Kohn theorem: (1) «— v(r) «— U,
Eo[v] = min Ey[n], Eu[n]=F[n]+ f dro(r)n(r)
n
The minimizing density is the ground-state density n¢(r).

» Universal functional: Levy—Lieb constrained search formalism

Fln] = min{ (¥ T+ V. |0)}

» The problem seems even more complicated! Decomposition:

F[n] = unknown = known + (unknown — known)
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Kohn-Sham DFT 13/18
» (1965) Kohn—Sham: noninteracting system with ns(r) = ng(r)
Fln) = T[]+ 0 (0], Tuln] = ming(@{T[2))

» Kohn—-Sham self-consistent equations:

( V2 (5E||\( [IL;.KS}

NOCC
LG T ) EYCERN TGRS SO
k=1

hKS[n_ s ]
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Kohn-Sham DFT 13/18
» (1965) Kohn—Sham: noninteracting system with ns(r) = ng(r)
Fln) = T[]+ 0 (0], Tuln] = ming(@{T[2))

» Kohn—-Sham self-consistent equations:

2 0 KS
(—V— +o(r) + 7‘)]3”:“ (ngxs]
2 on(r)

Noce
)spk(r) -fcar). () =2 3 P

hKS[n_ s ]

» (in-principle-exact) Ground-state energy in (J( \V'7):

Noce KS K KS
Ey=2 Z €k t+ EHXC ® [ dr 'Uch ( ) ® (I‘)
k=1
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N spin-orbitals N qubits @

Jordan-Wigner
encoding

KSDFT SOEHXxc[n]/dn
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Flowchart 14 /18

N spin-orbitals N qubits @

Jordan-Wigner
encoding

KSDFT OEHXxc[n]/dn Classically
O O O )
0%

Simulatable
0g®0,
O O
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Flowchart 14 /18
N spin-orbitals N qublts
Jordan-Wigner g
encoding -
KSDFT SOEHXxc[n]/dn
log,(N)
bits
0e @ o qubi
L 2 ® O 0 Mapping Energy
() 0] Density
O O |

OE,[n]/dn
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DFT encoding 15 /18
One-body non-int. Hamiltonian with N spin-orbitals {|x;)} B qubits, classically simulatable

Basis set Unary®
one-body states 8 qubits

Ixo) —|00000001)

1) — 00000010}

Ix2) — 00000100}

Ixs) — 00001000}

a) — 00010000}

ls) —> 00100000}

Ixe) —|01000000)

Ix7) —  [10000000)

5N.P.D. Sawaya et al., npj Quantum Inf 6, 49 (2020).
5BS, S. Yalouz, M. Saubanére, SciPost Phys. 14, 055 (2023) ; Y. Shee et al. PRR 4, 023154 (2022)
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DFT encoding 15 /18
One-body non-int. Hamiltonian with N spin-orbitals {|x;)} e, log, (V) interacting qubits
Basis set Unary® Standard Binary®
one-body states 8 qubits 3 qubits®
Ix0) — ]00000001) —> [000)
1) —  |00000010) — 1001)
x2) —  [00000100) —> 1010)
Ixs) — |00001000) —> 011)
Ia) —  [00010000) —> 1100)
Ixs) —  [00100000) — 1101)
o) —  |01000000) — 1110)
Ir) —  [10000000) —> I111)

5N.P.D. Sawaya et al., npj Quantum Inf 6, 49 (2020).
5BS, S. Yalouz, M. Saubanére, SciPost Phys. 14, 055 (2023) ; Y. Shee et al. PRR 4, 023154 (2022)
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DFT encoding 15/18
One-body non-int. Hamiltonian with N spin-orbitals {|x;)} e, log, (V) interacting qubits
Basis set Unary® Standard Binary®
one-body states 8 qubits 3 qubits®
Ixo) — 00000001) —> 000)
Ix1) — [00000010) —> 001)
Ix2) — [00000100) —> 010)
Ix3) —]00001000) —> 011)
Ix4) — ]00010000) —> |100)
Ix5) —|00100000) —> |101)
Ix6) — [01000000) —> 110)
Ix7) —  [10000000) —> |111)
B o) =exlo)  — o) = cilow), k=1,..., Nog | — Ensemble VQE

5N.P.D. Sawaya et al., npj Quantum Inf 6, 49 (2020).
5BS, S. Yalouz, M. Saubanére, SciPost Phys. 14, 055 (2023) ; Y. Shee et al. PRR 4, 023154 (2022)
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Current Works and Perspectives 16 /18

About ensemble VQE:

» Non-adiabatic excited-state dynamics

» On-the-fly calculation of diabatic states
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Current Works and Perspectives 16 /18

About ensemble VQE:

» Non-adiabatic excited-state dynamics
» On-the-fly calculation of diabatic states

About Quantum-DFT:
» Extensions to time-dependent DFT

» Calculation of gradients to perform geometry optimization



{
(‘ ~ Chimie Physique Théorique
l 1S H et Modélisation f) MOLECULES TO MATERIALS

Institut Charles Gerhardt Montpellier

{

Current Works and Perspectives 16 /18

» Non-adiabatic excited-state dynamics
» On-the-fly calculation of diabatic states

About Quantum-DFT:
» Extensions to time-dependent DFT

» Calculation of gradients to perform geometry optimization

Quantum Embedding methods:

» Fragmenting the system and merging different methods
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Discussions 17 /18

» |s there room for VQE (and extensions)? (Z. Holmes ArXiv ; L. Bittel PRL 2021)
» Revival of old and intractable methods such as UCC in Quantum Chemistry

» Using qubit noise in quantum algorithms (C. Bertrand and many others for open systems)



~ Chimie Physique Théorique ?
l C (& | M et Modélisation

Institut Charles Gerhardt Montpellier

{
MOLECULES TO MATERIALS
I

Discussions 17 /18

» |s there room for VQE (and extensions)? (Z. Holmes ArXiv ; L. Bittel PRL 2021)
» Revival of old and intractable methods such as UCC in Quantum Chemistry

» Using qubit noise in quantum algorithms (C. Bertrand and many others for open systems)

About the 'Fault-Tolerant’ era:
» |s there room for QPE? (S. Lee, Nat. Commun. 2023)
> Is it achievable? (~ 102 - 10* logical qubits, ~ 10'° — 10'® Toffoli gates)
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Discussions 17 /18

» |s there room for VQE (and extensions)? (Z. Holmes ArXiv ; L. Bittel PRL 2021)
» Revival of old and intractable methods such as UCC in Quantum Chemistry

» Using qubit noise in quantum algorithms (C. Bertrand and many others for open systems)

About the 'Fault-Tolerant’ era:
» |s there room for QPE? (S. Lee, Nat. Commun. 2023)
> Is it achievable? (~ 102 - 10* logical qubits, ~ 10'° — 10'® Toffoli gates)

Are we only looking to (asymptotic exponential) quantum advantage?
» Exponential, polynomial or constant factor advantage (G. Chan, arXiv:2407.11235)

» No advantage?... QC is a new path to explore the electronic structure problem
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Q-DFT on Qudits

Schrieffer-Wolf & Embedding & DFT
Open-access codes:
https://gitlab.
Joh David Quentin Matthieu Emmanuel “Waa :
DK;?v:a Guéry-Odelin Flament Peaudecerf Marécat Saubanére Fromager Makhlouf Com/Mart 1nBe S eda/
SA-00-VQE Vibrational/Vibronic sa-oo-vqe-qiskit
y )
https://github.
com/bsenjean/QDFT
Emiel Thomas Ll]cas Benjamin Yohann Jcchlm
Karidon O'Brien Visscher Lasorme Scribano Knapik

Q-DFT in BigDFT Kind of everything...

PhD and Postdoc openings in
LOMA (Bordeaux), ICGM
(Montpellier) and LCQS

A MUSE anr

N0 UBVERST A

B Saa (Strasbourg)

Deutsch Genovese Yalouz


https://gitlab.com/MartinBeseda/sa-oo-vqe-qiskit
https://gitlab.com/MartinBeseda/sa-oo-vqe-qiskit
https://gitlab.com/MartinBeseda/sa-oo-vqe-qiskit
https://github.com/bsenjean/QDFT
https://github.com/bsenjean/QDFT

oM

Institut Charles Gerhardt Montpellier

Thank _o_u." 'fdr

UNIVERSITE o¢
MONTPELLIER



	Quantum Chemistry: the electronic structure problem
	Quantum Computation
	Ground-state Chemistry on Quantum Computers
	Excited-state Chemistry on Quantum Computers
	Density Functional Theory on Quantum Computers
	Current Works and Perspectives ; Discussion on Quantum Advantage

