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Introduction

General introduction about quantum chemistry

Quantum chemistry :

@ provides methods to solve the many-body Schrédinger equation

The many-body Schrodinger equation

AW (x1,%2, ..., xn) = EW(x1, %2, ..., Xpy)

where
1

H:——Z 24 ZV* +ZV(r,
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Introduction

General introduction about quantum chemistry

Quantum chemistry :
@ provides methods to solve the many-body Schrédinger equation

The many-body Schrodinger equation

AW (x1,%2, ..., xn) = EW(x1, %2, ..., Xpy)

where

H:—EZ 24 ZV* +ZV(r,

Main approaches :
@ Wave-function theory (Hartree-Fock, Configuration Interaction, CCSD(T),
Perturbation Theory, ...)
@ Density functional theory (LDA, GGA, Meta-GGA, ...)

@ Hybrid methods (example : basis-set correction)

Diata Traore Basis-set correction



Introduction

Wave-function theory - slow convergence of molecular
properties

System : Boron monohydride (BH)
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Basis-set correction Starting from DFT formalism
Decomposition of the universal density functional
Approximation of the complementary functional

Levy-Lieb constrained-search formulation

Standard Levy-Lieb constrained-search universal density functional

Ey = mnin {F[n] —+ /dr vne(r)n(r)}

where . ~
Fln] = min (V| T + Wee|WV)
V—n
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Basis-set correction Starting from DFT formalism
Decomposition of the universal density functional
Approximation of the complementary functional

Levy-Lieb constrained-search formulation

Standard Levy-Lieb constrained-search universal density functional
Ey = min {F[n] —+ /dr vne(r)n(r)}
n
where

F[n] = \mnnw\ T + Wee|W)

-

Restriction of the density on a finite basis-set

(Giner, Pradines, Ferté, Assaraf, Savin, Toulouse, J. Chem. Phys. 149, (2018))

EE = mzign {F[nB] + /dr vne(r)nB(r)} > Ep

A\
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Basis-set correction Starting from DFT formalism
Decomposition of the universal density functional
Approximation of the complementary functional

Decomposition of the universal density functional

Decomposition of the universal functional

(Giner, Pradines, Ferté, Assaraf, Savin, Toulouse, J. Chem. Phys. 149, (2018))

F[nB]: min (\IIB|7A'—|— V\A/ee\\lls)—i—l::B[nB]
wB B

@ WB : Expended on a finite basis set
@ EPB[nP] = Complementary density functional
@ Complete Basis Set (CBS) limit : F[n] is exact, and EB[nf] =0
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Decomposition of the universal density functional

Decomposition of the universal functional

(Giner, Pradines, Ferté, Assaraf, Savin, Toulouse, J. Chem. Phys. 149, (2018))

F[nB] = (WB|T + Wee|WB) + EB[nB]

min
wB_pB
@ WB : Expended on a finite basis set
@ EPB[nP] = Complementary density functional
@ Complete Basis Set (CBS) limit : F[n] is exact, and EB[nf] =0

EE = min { FIn®) + /drvne(r)nB(r)}

= T,isn{ (BT + Wee + Vie|VB) + EB[ny5] }
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Decomposition of the universal density functional

Decomposition of the universal functional

(Giner, Pradines, Ferté, Assaraf, Savin, Toulouse, J. Chem. Phys. 149, (2018))

F[nB]: min (\IIB|7A'—|— V\A/ee\\lls)—i—l::B[nB]
wB B

@ WB : Expended on a finite basis set
@ EPB[nP] = Complementary density functional
@ Complete Basis Set (CBS) limit : F[n] is exact, and EB[nf] =0

EE = min { FIn®) + /drvne(r)nB(r)}

= T,isn{ (BT + Wee + Vie|VB) + EB[ny5] }

— Quantum Package (https://quantumpackage.github.io/qp2/) «—
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Basis-set correction Starting from DFT formalism
Decomposition of the universal density functional
Approximation of the complementary functional

Two approaches

Variational approach : Self-consistent formalism

(T + Ve + Wee + V5 [nys]) W) = £5|WE),

@ Correction to the wave function

@ Computation of properties as expectation values or analytical derivatives
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Two approaches

Variational approach : Self-consistent formalism

(T + Ve + Wee + V5 [nys]) W) = £5|WE),

@ Correction to the wave function

@ Computation of properties as expectation values or analytical derivatives

Non-variational approach : non-self-consistent formalism

EOB ~ (‘UEC” -,i— + \A/ne ar V\A/ee\\VFBcO +EB[H\U?C|]
N e’

Variational principle DFT

@ Correction to the energy

@ Computation of properties using numerical derivatives

\
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Non-variational approach : non-self-consistent formalism

EOB ~ (‘UEC” -,i— + \A/ne ar V\A/ee\\VFBcO +EB[H\U?C|]
N e’

Variational principle DFT

B gB EB[ B
Ey’ ~ Ewrr1 + E7 [mwrrol

@ Correction to the energy

@ Computation of properties using numerical derivatives
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Basis-set correction Starting from DFT formalism
Decomposition of the universal density functional
Approximation of the complementary functional

How to approximate the complementary functional ?

Projection of the electron-electron interaction in the basis set B

PBW..PB — A non-diverging electronic interaction

T
14| cc-pvDZ —— |
1/r12

Wee

0 I I I
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Interelectronic distance (Bohr)
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Decomposition of the universal density functional
Approximation of the complementary functional

How to approximate the complementary functional ?

Projection of the electron-electron interaction in the basis set B

PBW..PB — A non-diverging electronic interaction

T
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12 1Uriz 7

Wee

0 I I I

0 0.5 1 15 2
Interelectronic distance (Bohr)

Diata Traore Basis-set correction 9



Basis-set correction Starting from DFT formalism
Decomposition of the uni al density functional
Approximation of the complementary functional

How to approximate the complementary functional ?

Projection of the electron-electron interaction in the basis set B

PBW..PB — A non-diverging electronic interaction

T
L cc-pvDZ —— |
1 cc-pvTZ ——
cc-pvVQz
12 1Uriz 7

Wee

0 I I I

0 0.5 1 15 2
Interelectronic distance (Bohr)

Possible comparison with the range-separated DFT method ?
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Basis-set correction Starting from DFT formalism
Decomposition of the universal density functional
Approximation of the complementary functional

How to approximate the complementary functional ?

From the long-range electron-electron interaction in RS-DFT ...

Wee =D _ wee(lri — 1)

i<j
i Ir _ erf(ulr —n])
with wh(|ry — i) = SR
[ri — rjl
1.0
— 1/|r1-r2|
mu = 0.1
0.8
= 0.6
[
9]
B 0.4
0.2
0.0 — —
5 10 15 20 25 30
Irl-r2|
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Basis-set correction rom DFT formalism

Decomposition of the universal density functional

Approximation of the complementary functional

How to approximate the complementary functional ?

From the long-range electron-electron interaction in RS-DFT ...

Wee =D _ wee(lri — 1)

i<j
. erf(u|ri — r;
with W;re(‘rl‘_’:fD: M

[ri = rjl

1.0
— 1/|r1-r2|

08 mu = 0.1
—— mu=05

Irl-r2|
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Starting from DFT formalism
Decomposition of the universal density functional
Approximation of the complementary functional

Basis-set correction

How to approximate the complementary functional ?

From the long-range electron-electron interaction in RS-DFT ...

Wt = > weellri — 1)

i<j

erf(u|ri — 1)

with ee(‘rl J|)7 |I“—I‘"
U J

. to an expression for the electron-electron interaction projected in the basis set B

PB Wee PP
— after comparisons :

erf(uB(r)|ri — 1
W 11— ) 2 S = 5]

|ri = rjl
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Basis-set correction Starting from DFT formalism
Decomposition of the universal density functional
Approximation of the complementary functional

How to approximate the complementary functional ?

Approximation of the complementary functional

Mapping between the physics of range-separated DFT and basis-set correction :

EPBBEUEG[”] z/d"éc,rf;{alzugc("yV"(")MB("))

—sr,

& "baeuec — Complementary short-range (sr) correlation (c)
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Overview

Applications = . . .
PP Correction of the dipole moments calculations

Applications of the basis-set correction method

Non-self-consistent basis-set correction
@ Ground state energies [1][2]

@ Energy differences : atomization energies [2]

[1] Giner, Pradines, Ferté, Assaraf, Savin, Toulouse, J. Chem. Phys. (2018)
[2] Loos, Pradines, Scemama, Toulouse, Giner, J. Phys. Chem. Lett. (2019)
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@ Ground state energies [1][2]

@ Energy differences : atomization energies [2]

[1] Giner, Pradines, Ferté, Assaraf, Savin, Toulouse, J. Chem. Phys. (2018)
[2] Loos, Pradines, Scemama, Toulouse, Giner, J. Phys. Chem. Lett. (2019)

Self-consistent basis-set correction

@ Ground-state energies [3]

[3] Giner, Traore, Pradines, Toulouse, J. Chem. Phys (2021)
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Overview

Applications = . . .
PP Correction of the dipole moments calculations

Applications of the basis-set correction method

Non-self-consistent basis-set correction
@ Ground state energies [1][2]

@ Energy differences : atomization energies [2]
@ Dipole moments

[1] Giner, Pradines, Ferté, Assaraf, Savin, Toulouse, J. Chem. Phys. (2018)
[2] Loos, Pradines, Scemama, Toulouse, Giner, J. Phys. Chem. Lett. (2019)

Self-consistent basis-set correction

@ Ground-state energies [3]
@ Dipole moments [3]
[3] Giner, Traore, Pradines, Toulouse, J. Chem. Phys (2021)

Diata Traore Basis-set correction K]



Overvi
Correction of the dipole moments calculations

Applications

BH dipole moment - using self-consistent framework
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Applicati . .
pplications Correction of the dipole moments calculations

Non variational approach - CCSD(T)

Definition of the dipole moment :

then
_OE - _E(e)-E(-¢)

O€ | —p 2¢

e=0
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Over
Correction of the dipole moments calculations

Applications

Non variational approach - CCSD(T)

Definition of the dipole moment :

then
OE - _E(e)-E(-¢)

O€ | —p 2¢

e=0

Correction of the CCSD(T) dipole moment

B, gB EB[, B B ., B “B[ B
Eqy ~ Ewrr + E” [nwera] — do ~ dirry + d” [

B B B[ B
dCCSD(T)+PBEUEG = dCCSD(T) + d” [nge]
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Overview
Correction of the dipole moments calculations

Applications

Non variational approach - CCSD(T)

Definition of the dipole moment :

A(e)=H—ed

then
_E(e) —E(=¢)

e=0 2e

e=0

Correction of the CCSD(T) dipole moment

B, gB EB[, B B ., B “B[ B
Eqy ~ Ewrr + E” [nwera] — do ~ dirry + d” [

B B B[ B
dCCSD(T)+PBEUEG = dCCSD(T) + d” [nge]
v

Basis-set correction of the dipole moment

Solve the Hartree-Fock equation with a field operator to compute nyp(e). Then :

a8 — _ Egseuecl e ()] — Epge yelmmr(—¢)]
2¢

A\
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Correction of the dipole moments calculations

Applications

BH dipole moment - CCSD(T)
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Applications

CCSD(T)+PBEUEG errors

aug-cc-pVDZ basis set

Over
Correction of the dipole moments calculations

T T T
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Over
Correction of the dipole moments calculations

Applications

CCSD(T)+PBEUEG errors

aug-cc-pVTZ basis set
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Over
Correction of the dipole moments calculations

Applications

CCSD(T)+PBEUEG errors

aug-cc-pVQZ basis set
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Over
Correction of the dipole moments calculations

Applications

CCSD(T)+PBEUEG errors

aug-cc-pV5Z basis set
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Conclusion and perspectives

Conclusion and perspectives

Summary

@ Test of the self-consistent and non-self-consistent basis set correction for the
dipole moment
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@ Acceleration of the CCSD(T) dipole moment convergence with the basis-set
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Perspectives

@ Study of the approximation used for the complementary functional EB[n] using
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Conclusion and perspectives

Conclusion and perspectives

Summary

@ Test of the self-consistent and non-self-consistent basis set correction for the
dipole moment

@ Acceleration of the CCSD(T) dipole moment convergence with the basis-set
correction with a correction as cheap as an HF calculation

Perspectives

@ Study of the approximation used for the complementary functional EB[n] using
a simplified one-dimensional model (Julien Toulouse's poster)

@ Extension of the basis-set correction to higher order molecular properties / linear
response theory
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Mapplng betwen RS-DFT and basis-set correcti
correction of ground st nergy

WEFT, ahout qpplo imations of the e-function

Appendices

Mapping between RS-DFT and basis-set correction

Range-separated DFT : (J. Toulouse, P. Gori-Giorgi, and A. Savin, Theor. Chem.
Acc., 114, 305, (2005))

EZy[n] = (Wnl| T + Wee| W[n]) — (W"[n]| T + Wee|W"[n])
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Range-separated DFT : (J. Toulouse, P. Gori-Giorgi, and A. Savin, Theor. Chem.
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Range-separated DFT : (J. Toulouse, P. Gori-Giorgi, and A. Savin, Theor. Chem.
Acc., 114, 305, (2005))

EXb[n] = (W[n)| T + Wee|W[n]) — (W[n]| T + Wee|W"[n])
& W''[n] = arg min (W|T 4+ W W)
V—n
Basis-set correction :
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Appendices

Mapping between RS-DFT and basis-set correction

Range-separated DFT : (J. Toulouse, P. Gori-Giorgi, and A. Savin, Theor. Chem.
Acc., 114, 305, (2005))

E ] = (WInl| T+ WeeW[n]) — (W [n]| T + Wee W' [n])

w Y'rn] = arg‘Lnin (V| T 4+ W)
—n

Basis-set correction :

EB[n] = (W[nl| T + Wee|W[nl) — (WE[n]| T + Wee|WE[n])

w W5[n] = arg min <\IJ\.‘SB(7A' + Wee) PB|w)
v—nB

Diata Traore Basis-set correction 19



Appendices

Mapping between RS-DFT and basis-set correction

Range-separated DFT : (J. Toulouse, P. Gori-Giorgi, and A. Savin, Theor. Chem.
Acc., 114, 305, (2005))

EXb[n] = (W[n)| T + Wee|W[n]) — (W[n]| T + Wee|W"[n])
& W''[n] = arg min (W|T 4+ W W)
V—n
Basis-set correction :

EB[n] = (W[nl| T + Wee|W[nl) — (WE[n]| T + Wee|WE[n])

w W5[n] = arg min <\IJ\.‘SB(7A' + Wee) PB|w)
v—nB

Mapping between RS-DFT and basis-set correction electronic interaction

PBWeePB ~ Wi

1= Non-diverging interactions
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Mapping n RS-DFT and basis-set cor ion

An example of basis-set correction of ground state energy
WEFT slow convergence

WEFT, about approximations of the -function

Appendices

BH ground state energy

-25.255
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CIPSI —+—

Extrapolation ——
-25.275 B

Energy (Hartrees)
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Basis-set size
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Mapping n RS-DFT and basis-set cor ion

An example of basis-set correction of ground state energy
WEFT slow convergence

WEFT, about approximations of the -function

Appendices

BH ground state energy

Procedure #1 : EP ~ (WEB | T + Vie + Wee|WE,) + ESBE—UEG[”\U&’;‘]

-25.255
-25.26 - N
-25.265 - N

-25.27 =
CIPSI —+—
-25.275 - CIPSI + PBE-UEG bl
Extrapolation ——

-25.28 B!

Energy (Hartrees)

-25.285 - B!

-25.29 3

-25.295 . .
aug-cc-pCvDZ aug-cc-pCVvVTZ aug-cc-pCvQZz aug-cc-pCVv5Z

Basis-set size
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Procedure #2 : pB ('7' + \7ne + Wee +

Energy (Hartrees)

-25.255

Appendices

BH ground state energy

Mapping n RS-DFT and basis-set cor ion

An example of basis-set correction of ground state energy
WEFT slow convergence

WEFT, about approximations of the -function

-25.26

-25.265 -

-25.27

-25.275 -

-25.28

-25.285

Self-consistent CIPSI + PBE-UEG

CIPSI ——
CIPSI + PBE-UEG

Extrapolation

-25.29

-25.295

aug-cc-pCvDZ

aug-cc-pCVTZ

aug-cc-pCvQZz aug-cc-pCV5Z

Basis-set size

Diata Traore

Basis-set correction




Mapping &

An example of basis

WEFT slow convergence

WEFT, about approximations of the wave-function

nergy

Appendices

Coulomb cusp condition

Electronic pair density

Density of probability to find electron 1 at position 7 while electron 2 is at position >

m(7i, B) = 2|V(A, B)?

n=rn=05au,6e¢€ [—7‘(‘7 7'(']
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Helium pair density
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WET approaches

Hartree-Fock approximation :
A Slater determinant :

¢i(x1)  @j(x1) ... dk(xa)
WHF (x1, %5, ..., xn) = (ND)™1/2 ¢i(:X2) (bj(:XZ) ¢k(:XI)
¢i(;(N) ¢j(;<N) ‘z’k(.XN)

where

bi(rw) = o(w) 3
I

i(r,w) = Bw) Y cui
,u

—_—
;(r)

with Gaussian-type basis functions :
o,
= rl (Z dy,ie”*nr )ylu,mu(97¢)
i

Diata Traore Basis-set correction 25



Mapping b n RS-DFT and basis-set correction
Ar mple of basi rre on of ground nergy
WEFT slow conver;

" WEFT, about approximations of the wave-function
Appendices

WET approaches

Hartree-Fock approximation :
A Slater determinant :

¢i(x1)  @j(x1) ... dk(xa)
WHF (x1, %5, ..., xn) = (ND)™1/2 ¢i(:X2) (bj(:XZ) ¢k(:XI)
¢i(XN) ¢j(;<N) ‘z’k(.XN)

Hartree-Fock equation : .
ESF = min(WHF| A whFy
WHF

Euler-Lagrange with the constraint (¢;|¢;) = dj :
Foi(x) = €igj(x)

Hartree-Fock estimation of the ground state energy :

Ecorrelation
——
®

Diata Traore Basis-set correction 25
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WET approaches

Hartree-Fock approximation :
A Slater determinant :

¢i(x1)  @j(x1) ... dk(xa)
WHF (x1, %5, ..., xn) = (ND)™1/2 ¢i(:X2) (bj(:XZ) ¢k(:XI)
¢i(;(N) ¢j(;<N) ‘z’k(.XN)

— Configuration interaction methods
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FCI approach

The full configuration interaction (FCI) wave function :

UASEECULES SEIESD DA R D

a>b, r<s a<b<c, r<s<t

Vhhe) + -

_H_
_i_

Virtual
|

_H__
+ 4
+ 4

S-type S-type D-type D-type T-type Q-type

Elt 41
F 1+ 4Et

_T_
~+ +
_H_ f—
+ +

Occupied
T bt

FIGURE 3.18 Excited Slater determinants generated from a ground state HF reference configuration.

(V.P. Gupta, Principles and applications of quantum chemistry, Elsevier (2016))
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Approximations of the FCI

The full configuration interaction (FCI) wave function :

W) +

Y+ >l A+ Y ik

a>b, r<s a<b<c, r<s<t

(WFCY — e HF) ""ZC

® Number of determinants scales exponentially with the size of the system

Truncation of the CI space :
@ CIS (configuration interaction with simple excitations)

@ CISD (configuration interaction with simple and double excitations)
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Approximations of the FCI

The full configuration interaction (FCI) wave function :

W) +

(WFCY — e HF) ""ZC

Y+ >l A+ Y ik

a>b, r<s a<b<c,r<s<t
® Number of determinants scales exponentially with the size of the system

Truncation of the CI space :
@ CIS (configuration interaction with simple excitations)
@ CISD (configuration interaction with simple and double excitations)

@ = CIPSI : Configuration Interaction Perturbatively Selected lteratively

(B. Huron, J. P. Malrieu, and P. Rancurel, J. Chem. Phys. 58, 5745, (1973))
(E. Giner, A. Scemama, M. Caffarel, Canadian J. Chem., 91, 879-885 (2013))
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(B. Huron, J. P. Malrieu, and P. Rancurel, J. Chem. Phys. 58, 5745, (1973))
(E. Giner, A. Scemama, M. Caffarel, Canadian J. Chem., 91, 879-885 (2013))

Configuration-Interaction Perturbatively Selected lteratively algorithm

Step 1:

= Quantum Package (https://quantumpackage.github.io/qp2/)
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(B. Huron, J. P. Malrieu, and P. Rancurel, J. Chem. Phys. 58, 5745, (1973))
(E. Giner, A. Scemama, M. Caffarel, Canadian J. Chem., 91, 879-885 (2013))

Configuration-Interaction Perturbatively Selected lteratively algorithm

Step 1:
k
W)= 3= ¢
1eR(K)
Step 2 :
(*) (W A|P)2

€ = — ~ ~
PPTZ = (PIAIP) — (W) | A|w()

. _ (k)
— Selection of the largest contributions |ep bry|.

= Quantum Package (https://quantumpackage.github.io/qp2/)

Diata Traore Basis-set correction 28


https://quantumpackage.github.io/qp2/
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(B. Huron, J. P. Malrieu, and P. Rancurel, J. Chem. Phys. 58, 5745, (1973))
(E. Giner, A. Scemama, M. Caffarel, Canadian J. Chem., 91, 879-885 (2013))

Configuration-Interaction Perturbatively Selected lteratively algorithm

Step 1:
k
W)= 3= ¢
1eR(K)
Step 2 :
") _ (W A|P)2

€ = = ~ ~
PRI (PIAIP) — (Wl Aw0)
. _ (k)
— Selection of the largest contributions |ep bry|.

Step 3 :
IF | e pral > threshold — Step 1
P

= Quantum Package (https://quantumpackage.github.io/qp2/)
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