MathematicS

MathSinA

In Action

Eric CANCES, GABRIEL STOLTZ, GUSTAVO E. SCUSERIA,
VIKTOR N. STAROVEROV & ERNEST R. DAVIDSON

Local Exchange Potentials for Electronic Structure Calculations

Volume 2 (2009), p. 1-42.
<http://msia.cedram.org/item?id=MSIA_2009__2_1_1_0>

© Société de Mathématiques Appliquées et Industrielles, 2009, tous droits réservés.

L’acces aux articles de la revue « MathematicS In Action » (http://msia.cedram.org/), im-
plique l’accord avec les conditions générales d’utilisation (http://msia.cedram.org/legal/).
Toute utilisation commerciale ou impression systématique est constitutive d’une infrac-
tion pénale. Toute copie ou impression de ce fichier doit contenir la présente mention de
copyright.

cedram

Article mis en ligne dans le cadre du
Centre de diffusion des revues académiques de mathématiques
http://www.cedram.org/


http://msia.cedram.org/item?id=MSIA_2009__2_1_1_0
http://msia.cedram.org/
http://msia.cedram.org/legal/
http://www.cedram.org/
http://www.cedram.org/

MathematicS In Action
Vol. 2, 1-42 (2009)

Local Exchange Potentials for Electronic Structure Calculations

Eric CANCES *
GABRIEL STOLTZ **
GusTAvOo E. SCUSERIA ***
VIKTOR N. STAROVEROV |
ERNEST R. DAVIDSON ¥

* Université Paris Est, CERMICS, Project-team Micmac, INRIA-Ecole des Ponts, 6 & 8 Av.
Pascal, 77455 Marne-la-Vallée Cedex 2, France

E-mail address: cances@cermics.enpc.fr

** Université Paris Est, CERMICS, Project-team Micmac, INRIA-Ecole des Ponts, 6 & 8
Av. Pascal, 77455 Marne-la-Vallée Cedex 2, France

E-mail address: stoltzQcermics.enpc.fr

*** Department of Chemistry, Rice University, Houston, Texas 77005, United States of
America

E-mail address: guscus@rice.edu

t Department of Chemistry, University of Western Ontario, London, Ontario N6A 5B7,
Canada

E-mail address: vstarove@Quwo.ca

# Department of Chemistry, University of Washington, Seattle, Washington 98195, United
States of America

E-mail address: erdavid@u.washington.edu.

Abstract

The Hartree-Fock exchange operator is an integral operator arising in the Hartree-Fock model as well as in
some instances of the density functional theory. In a number of applications, it is convenient to approximate
this integral operator by a multiplication operator, i.e. by a local potential. This article presents a detailed
analysis of the mathematical properties of various local approximations to the nonlocal Hartree-Fock exchange
operator including the Slater potential, the optimized effective potential (OEP), the Krieger-Li-Iafrate (KLI)
approximation and the common-energy denominator approximation (CEDA) to the OEP, and the effective
local potential (ELP). In particular, we show that the Slater, KLI, CEDA and ELP potentials all can be
defined as solutions of certain variational problems, and we provide a rigorous derivation of the OEP integral
equation. We also establish an existence result for a coupled system of nonlinear partial differential equations
introduced by Slater to approximate the Hartree-Fock equations.

1. Introduction

The Hartree-Fock exchange operator associated with an electronic first-order density matrix
v € HY(R3 x R?) is the Hilbert-Schmidt operator on L?(R3) defined by

/
Vo e 2B, (Ko)e) = [ 1) o ar (1.1)

W e
(see e.g. [6, 33, 35, 43] for mathematically oriented introductions to the Hartree-Fock model).
This nonlocal (integral) operator is the most computationally demanding term in the Hartree-
Fock equations, especially for periodic systems. Back in the early days of quantum chemistry,
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Slater proposed to approximate the Hartree-Fock exchange operator by a more tractable local
potential, i.e. by a multiplicative operator [42]. Nowadays, the nonlocality of Hartree-Fock ex-
change is rarely seen as an obstacle for numerical calculations, at least in Gaussian basis sets.
However, there has been a recent revival of interest in representing the exchange interaction
with a local potential (see e.g. [11, 14, 17, 20, 27, 15, 13, 16, 22, 26] and references therein),
spurred in particular by the emergence of orbital-dependent functionals in Kohn-Sham density
functional theory. Local exchange potentials can also be used as input in other techniques, par-
ticularly in time-dependent and linear response methods for computing excitation energies and
other properties [21, 29, 36, 46].

In his 1951 paper [42], Slater proposed two local approximations to the Hartree-Fock exchange
operator. The first one is

1 (e )P
Uy g(r) = — dr’, 1.2
75( ) o(r) /R3 r— 1| (1.2)
where p(r) = 7(r,r) the electronic density. The second one is
Ve Xa(r) = —Cup(r)'/?, (1.3)

where C,, is a positive constant.

Motivated by Slater’s work, Sharp and Horton [41] introduced a variational method for ob-
taining local potentials that approximate the Hartree-Fock exchange operator. Considering a
local potential W and the associated one-electron Schrédinger operator Hyy = —%A + W, they
define the energy functional E(W) as the Hartree-Fock energy of the Slater determinant con-
structed with the lowest N eigenfunctions of Hyy. An optimized effective potential (OEP) is
a local potential WWOFP which minimizes E(W). The exchange part Uz 0EP Of WOEP gbtained
by subtracting from WOFP the nuclear and electronic Coulomb potentials can then be used as
an approximation to the Hartree-Fock exchange operator. This track was further explored by
Talman and Shadwick [45]. Unfortunately, it is difficult to give a proper mathematical formula-
tion of the (infinite dimensional) OEP optimization problem, and also to build consistent finite
dimensional approximations of the OEP problem (of course, the two issues are closely related).
On the other hand, it is much easier to solve approximations of the Euler-Lagrange equation
of the OEP minimization problem, the so-called OEP integral equation. Two approximations of
the OEP integral equation have been proposed in the literature: the KLI [23] (after Krieger, Li
and Iafrate) and the CEDA [12] (common energy denominator) approximations, leading to the
local exchange potentials v, k11 and v cEDA-

More recently, several other approaches for generating local exchange potentials have been
proposed [18, 44]. These methods associate with a density matrix v an effective local potential
(ELP) that can be considered as a variational approximation to the corresponding nonlocal
Hartree-Fock exchange operator. Let us emphasize that it is natural to associate a Slater po-
tential and an ELP with any electronic state (described by a density matrix ). On the other
hand, OEP, KLI and CEDA potentials are, by construction, obtained by solving a self-consistent
system of equations in which the density matrix is an unknown. It has been pointed out [18, 44]
that the CEDA potential coincides with the potential obtained by iterating the ELP procedure
until the orbitals and the ELP are consistent with each other. The CEDA potential and the
self-consistent ELP also coincide with the localized Hartree-Fock (LHF) potential introduced in
Ref. [40]

The purpose of this article is to study the mathematical properties of the local exchange po-
tentials described above. We would like to state it at the outset that the mathematical problems
under examination are not trivial and that only partial results have been rigorously established
so far. Although several articles on this topic containing mathematical statements have been
published, many of them are not based on rigorous arguments and some are even flawed. Most
of these flaws originate from implicit assumptions (existence and uniqueness of the solution of
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LocAL EXCHANGE POTENTIALS

an optimization problem or an equation, differentiability of a functional, existence of a limit,
convergence of an asymptotic expansion, ...) that cannot be, or at least are not, verified. Our
present results may seem weaker than others already published, but at least they are rigorous.

The article is organized as follows. In Section 2, the main mathematical properties of the
Hartree-Fock model are briefly reviewed. The Slater potential (1.2) is dealt with in Section 3.
We first assume that « is given and study the asymptotic behavior of the Slater potential at
infinity. We also provide a variational characterization of it. We then focus on the self-consistent
equations obtained by replacing the Hartree-Fock exchange operator with the Slater potential
(1.2) in the Hartree-Fock equations. These self-consistent equations, first written by Slater [42],
do not seem to be the Fuler-Lagrange equation of some optimization problem. We therefore use
a fixed-point method to prove that, in the radial case (one nucleus at the origin and spherically
symmetric orbitals), they actually have a solution. Note that the situation is completely different
if one uses (1.3) instead of (1.2). Indeed, the corresponding self-consistent equations do have
a variational interpretation: they are the Kohn-Sham equations obtained with the exchange
functional

3C,

Ez,Xa(P) = - 4

and have been extensively studied from a mathematical viewpoint in [3].

In Section 4, we focus on the OEP. We summarize the known mathematical results on the
OEP minimization problem and provide a rigorous derivation of the OEP integral equation. We
also study the KLI and CEDA approximations. We prove in Section 5 that the self-consistent
ELP coincides with the CEDA potential. We do not provide a complete mathematical study
of the self-consistent KLI, CEDA and ELP equations, but only study the analytical properties
of the corresponding exchange potentials. We prove that, given a set of molecular orbitals and
under some technical assumptions (always satisfied in practice), the KLI potential and the ELP
(hence the CEDA potential) are uniquely defined up to an additive constant.

Section 7 presents some numerical results obtained with the methods mathematically studied
in this paper, comparing the results to the reference Hartree-Fock results.

In order to keep the notation as simple as possible, we focus in Sections 2-5 on fully spin-
polarized models, i.e. we consider systems with spin-up electrons only. With the notable excep-
tions of one-electron systems and two-electron systems in the triplet state, very few systems of
practical interest are fully spin-polarized. However, the mathematical results stated in Sections 2-
5 are generic, in the sense that they can be easily adapted to closed-shell and spin-polarized
models. Details are given in Section 6.

All the proofs are postponed until Section 8. Basic concepts of functional analysis that are nec-
essary to understand our arguments are summarized in the Appendix for the non-mathematical
readership.

p*3(x) dr,
RS

2. Hartree-Fock exchange operator

Let us first recall the mathematical formulation of the Hartree-Fock model. As we deal here
with fully spin-polarized systems, the spin variable can be omitted and there is no limitation in
working with real-valued functions. In the Hartree-Fock setting, the electronic state of a system
of N electrons is described by a collection ® = (¢;);,« of N L?-orthonormal orbitals:

L, 6l) 652 dr = 6 21)
R3

or, equivalently, by the density matrix
N
Yo (T, rl) = Z ¢i(r)¢i(r/)7
i=1
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the electronic density being given by

pa(r) = Yo (r, ) Z!dh : (2.2)

Denoting by

Vae( Z e Rk\ (2.3)

the potential generated by the nuclei (2, is the charge of the k-th nucleus, Ry its position), the
Hartree-Fock functional reads

N /
EMF(@) — ;Z [, 1vewar+ [ Vaue(r) po(r) de 4 [ Pe(x)pe(t) 4

3 Jrs  |r— 1|
[y (r, 1)
dr dr’
Q/RS/RS lr — 1’| "t

Each term of the Hartree-Fock energy functional is well-defined provided ® € (H'(R?))¥, that
is, provided V¢; € (L?(R?))3 for all 1 < i < N, or in other words, provided the kinetic energy
of @ is finite. This property results from the inequalities [8]

(r) o 2
_pe\t) . 1/2 2 dr |
/R3|r—R‘d‘§N (;/}Rg|v¢z()|d> ) (24)

k

1/2
|7<I> r,r’) ’2 pa(r)ps(r’) 3/2 2
/]R?’/RS Ir — /| dr i’ </R3/R3r’]d rdr’ <N Z/ [Vi(r)[” dr . (2.5)

The Hartree-Fock ground state energy of the system is obtained by solving the minimization
problem

M = inf { B'(®), & € Xy} (2.6)

Xy = { = (¢pih<icn € (H'(R*)N / i(r) ¢;(r) dr = 523}

The inequalities (2.4) and (2.5) imply that the Hartree-Fock functional is always bounded from
below on Xy. The Hartree-Fock ground state energy is therefore well-defined for any molecular
system of arbitrary charge. The existence of a Hartree-Fock ground state, that is, of some
®GS € Xy satisfying

where

B (@95) = inf { B"F (@), ® € Xy}

has been proved by Lieb and Simon [33] for neutral systems and positive ions. It is also known
that “very negative' atomic ions are not stable: Denoting by Z the charge of the nucleus,

e (2.6) has no minimizer when N > 27 + 1 [32];

e there exists a universal constant @) > 0 (whose optimal value is not known) such that
for N > Z + @, (2.6) has no minimizer [43].

From a physical point of view, the instability of very negative ions results from the fact that the
excess electrons escape to infinity. Mathematically, it is due to a loss of compactness at infinity.
The two viewpoints can be linked by the concentration-compactness theory due to Lions [34].
The existence of a Hartree-Fock ground state for “moderately" negative ions is still an open
problem (only the stability of H~ has been mathematically established).
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The Euler-Lagrange equations associated with the minimization problem (2.6) read
N
Fodi =Y Xijbj, (2.7)
j=1

where A = ()\;;) is a symmetric N x N matrix (it is the Lagrange multiplier of the matrix
constraint (2.1)), and where Fg is the Fock operator
1 1
f@ - _§A+Vnuc+p¢'*m+K®-

In the above expression, x denotes the convolution product:

(Fro)) = [ 10 glr ') ar',

and Kg is the so-called exact-exchange (or Hartree-Fock exchange) operator. It is the integral
(nonlocal) operator defined by

(Ke9)(r) = — ¢(r') dr’. (2.8)

It is easy to see that Kg is a self-adjoint Hilbert-Schmidt operator on L?(R3). Indeed, the kernel

’)Q}(I‘,I‘,)
r—r'|

")/q;(I‘,I‘/)
e Jr— )

is a square integrable function on R3 x R3 [33].

For neutral systems and positive ions, Fg (for any ® € Xy ) is a self-adjoint operator on L?(IR?)
with domain H?(R?), and is bounded from below. Its essential spectrum is Gess(Fa) = [0, +00).
For positive ions, the discrete spectrum of Fg consists of an infinite non-decreasing sequence of
negative eigenvalues of finite multiplicities, which converges to zero [35].

Any minimizer of (2.6) satisfies the Euler-Lagrange equations (2.7). Using the invariance of
the Hartree-Fock problem with respect to orbital rotation [38], it is possible to diagonalize the
matrix A = [\;;] appearing in (2.7). More precisely, if U is an orthogonal N x N matrix (i.e.
such that UTU = Ut = IN) and if & € Xy, then ®U = (Zé\le Uji¢j)1§z‘§N € Xy and
EUF(®U) = EUF(®) (in fact voy = 74, so that one also has Fey = Fg). Let ® be a solution
of (2.7) and U an orthogonal N x N matrix which diagonalizes the matrix A, i.e. such that
UTAU = Diag(m, -+ ,nn). Then ¥ = (¢;)1<i<y = ®U is a critical point of (2.7), with the
same energy as ®, such that for all ¢,

Fopi = Fuhi = nii.
This means that W is a collection of N orthonormal eigenvectors of the Fock operator. Besides,

it can be proved that if ® is a Hartree-Fock ground state, then

e Aufbau principle [33]: the 7;’s are the lowest N eigenvalues of Fg (including multiplici-
ties), i.e. ; = ¢; (up to renumbering of the orbitals);

e No-unfilled-shell property [1]: ey < eny1, i.e. there is always a gap between the high-
est occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO).
Consequently, solving the system
Fodi = €pi,
® = (¢i)1<i<n € AN, (2.9)
€1 < ey < --- < ey are the lowest NV eigenvalues of Fg,

and applying orbital rotations to the so-obtained solutions provides all the global minimizers
of (2.6), as well as, possibly, local minimizers and other kinds of critical points.
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Let us finally mention that it is possible to reformulate the Hartree-Fock problem is terms of
density operators. Recall that the density operator T associated with the density matrix - is
the self-adjoint operator defined by

(C6)w) = [ Alrx) o(x) '

In other words, the density matrix v is the kernel of the integral operator Y. If ® € X, the
density operator Y¢ associated with the density matrix v4 is the rank-N orthogonal projector

N

To = |d:) (4.

=1

The Hartree-Fock energy functional can be written as a functional of the density operator:

£ 1) =T (387 )4 [ Vel wyarsy [ [ 200D gy [ DR

- |r—rf|

7(r,r’) ddr,

!r—r’!

where 7 is the kernel of T and p,(r) = v(r,r). If v is regular enough,

1 1 ,
T (—QAT> = —§/R3 Ary(r,x')|,_, dr.

The above definition of Tr (—%AT) can be extended to any non-negative self-adjoint operator
T by noting that

1 1
Tr (—Qm> = ST (VY [))
when ~ is regular, and since the operator |V|Y|V| is self-adjoint and non-negative, the right-

hand side can always be given a sense in Ry U {400} (it equals the trace of |V|Y|V| if this
operator is trace-class, and takes the value +o0o otherwise).

The Hartree-Fock ground state energy and density matrices can be obtained by solving
inf {(T), T € Py} (2.10)
with
Py = {1 € S(LAR?)) | T* = T, Tr (~AT) < o0, Tr(T) = N}.

A remarkable property of the Hartree-Fock functional [30] is that the minimizers of (2.10)
coincide with those of

inf {£M7(T), T € Py} (2.11)
where
P = Convex hull of Py = {1 € S(L(R?)) |0 < T <1, Tr (~AT) < 00, Tr(T) = N }.
Recall that the notation 0 <Y < 1 means
Vo € L*(R%), 0 < (|T]$) < [|6]|2-.

Note that a generic element of Py is of the form

“+oo

T =" nalei) (il,
i=1

where (¢;) is a Hilbert basis of L?(R3) with ¢; € H'(R3), 0 < n; < 1, and > n; = N.
This property is the theoretical foundation of efficient algorithms for solvmg the Hartree-Fock
problem [5, 4, 6, 24].
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In what follows, we will denote respectively by K. and F, the Hartree-Fock exchange operator
and the Fock operator associated with the density matrix v:

o) = [ T sy, F = Ea o Lk

e Jr — ) ]

3. Slater exchange potential

The Slater exchange potential associated with some ® € X has the following expression [42]:

1 v (r,1')
()] _ )
25 =25 e T

Obviously, the above definition does not make sense if pg(r) = 0. This is not a problem if py > 0
almost everywhere, since, in view of Proposition 3.1 below, (3.1) defines an essentially bounded
function on R3. If pg vanishes on a set 2 of positive measure, the Slater potential will be set to
zero on ). There is some arbitrariness here, but as the density of physical systems is positive
almost everywhere, this is not an issue.

|2
dr'. (3.1)

Note that in the case N =1 and pg > 0 almost everywhere, the Slater potential is given by

P SR N 1163100 R A T I
Eo) =P o e = o

and therefore cancels out the Coulomb potential (this is a case of exact self-interaction correc-
tion).

The following Proposition collects the main mathematical properties of the Slater potential
associated with a given ® € Xy .

Proposition 3.1. Let ® = (¢;)1<i<n € Xn.

(1) The Slater potential Uis s an essentially bounded function which satisfies almost everywhere

In particular, U;{: g vanishes at infinity.

Besides, if pp > 0 almost everywhere and if one of the conditions below is satisfied:

e the orbitals ¢; are radial (i.e. spherically symmetric);
e there erists 1 < p < 3/2 < q < 2 such that |r|ps € LP(R3) N LI(R3),

the asymptotic behavior of the Slater potential is given by

wsr) =~ o (1) (3.2)

x|

(2) If pg > 0 almost everywhere, the Slater potential U:?,S s the unique minimizer of the varia-
tional problems

inf {Ig(v), ve L3(R3) + L°°(R3)} and  inf {Jg(v), ve L3(R3) + L°°(]R3)}, (3.3)

where
1 1
I3(v) = ill(v—ch)T@H%z, Ja(v) = SlvTe - K33,
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Here and below, &5 denotes the vector space of the Hilbert-Schmidt operators on L?(R?) and
| - ||lg, the Hilbert-Schmidt norm (see Appendix). In particular

Yo (I', I'N)’%I) (I'”, I'/) 2
Iw) = 3 /]R3 /]R3 v(r)ve(r,r’) + o T dr’”| drdr’,
JSw) = / / rr)+M2drdr’
® T2 Jrs Jrs r)7a( Ir — /| ‘

The condition that there exists 1 < p < 3/2 < q < 2 such that |r|pe € LP(R3) N LI(R?) obvi-
ously holds true when pg decays exponentially fast, which is the case, in particular, when @ is a
Hartree-Fock [33] or a Kohn-Sham LDA ground state, or a solution of the self-consistent Slater
equation (3.4) (this is a straightforward application of the maximum principle since Kohn-Sham
LDA and Slater potentials vanish at infinity).

In general, v® g is not a continuous function. This can be seen writing v® g(r) as

Z ?bz (b] ¢i(r,)¢j(r,) dr'.

&z B T
The functions
N A (]
r— ¢Z(r )¢](r)dr/
=
$i(r)o;(r)

are continuous, while the functions el can be discontinuous at a given point, either be-

cause one of the ¢; is discontinuous, or because pg vanishes. It is worth mentioning two special
cases. When ® = (¢;) is a Hartree-Fock ground state, it can be proved by elliptic regularity
arguments (see [33] for instance) that for all i =1,..., N,

¢i € C(R*\ {Ry}) NCVH(R?).

It then follows that v® s is globally Lipschitz in any compact set of R3 \ pgl(O) and C* in

R3\ (pg(0) U {Ry}). Stronger regularity can be obtained if ® = (¢;) is a Kohn-Sham LDA
ground state or a solution of the self-consistent Slater equation (3.4). In this case indeed pg
is positive in R3 (the ground state of the corresponding mean-field Hamiltonian is positive and
non-degenerate), so that Ug)’ g is globally Lipschitz in R3 and C™ away from the nuclei.

We have not been able to recognize in the self-consistent Slater equations

1
<A+Vnuc+p¢* | | +Uzs>¢ € i,
/ gbz r gf)j r)dr = 52’]’, (34)
R3

€1 < --- < en are the lowest N eigenvalues of ( IA + Viwe + po * |r| + vy S)

the Euler-Lagrange equations of some minimization problem. It is however possible to prove
by a fixed point method that (3.4) has at least one solution for neutral atoms and positively
charged atomic ions, provided only radial orbitals are considered. Recall that a function ¢ is
said to be radial if there exists a function ¢ such that ¢(r) = o(|r|). We will denote by L2(R3)
(resp. H}(R?)) the set of radial L?(R3) (resp. radial H'(R3)) functions, and set

% = {@= @naiex € HIE)Y | [ o =a; ).



LocAL EXCHANGE POTENTIALS

Theorem 3.2. In the case of a single nucleus of charge Z > N, (3.4) has a solution' ® =
(¢i) € Xy with eny > 0 and the corresponding exchange potential Ug)’s is globally Lipschitz in R3,
C™ away from the nucleus, and satisfies, for alln >0,
1
vy g(r) = Il +o0 (e’(2 v *QGN*””‘“‘) .
Besides, the minimum of the Hartree-Fock energy over the set of the radial solutions of (3.4) is
attained.

In summary, one can associate with any ® € Xy a Slater potential US, g- Among all the local
potentials that can be constructed in this way, we can select a few of them which might be more
physically relevant than the others:

@HF

(i) the potential vf;F, where is a Hartree-Fock ground state of the system;

(ii) the potential vgi I;S, where &5 is a Kohn-Sham ground state of the system;

(iii) the potential viZCF, where ®5CF is a solution of the self-consistent equations (3.4) which
minimizes the Hartree-Fock energy (over the set of the solutions of (3.4)). The existence of
such ®5CF is granted in the radial case for neutral atoms and positive atomic ions by the
last assertion of Theorem 3.2.

4. Optimized Effective Potential (OEP)

4.1. Original formulation of the OEP problem

As already mentioned in the introduction, the OEP approach consists in minimizing the energy
of the Slater determinant constructed with the lowest N eigenfunctions of some one-electron
Schrodinger operator Hyy = —%A + W, W being a “local potential”. Note that in most articles
dealing with OEP, the set of admissible local potentials is not defined. Leaving temporarily this
issue aside, we denote by ) a given set of local potentials () can be for instance the vector
space Y = L3/2(R?) 4+ L>°(R?) arising in the mathematical formulation of the density functional
theory [31]). We introduce the set of admissible local potentials

1
W = {W ey ‘ Hy = —§A + W is a self-adjoint operator on L?(R3), bounded

from below, with at least N eigenvalues below its essential spectrum},

and the OEP minimization set
AP = {® = {p:}cion | 01 € H'(®P), (4.2) and (4.3) hold for some W € W}, (4.1)

where conditions (4.2) and (4.3) are defined as

Hy ¢; = €;9;,
4.2
[, 6:wyos() e = 6, -
R3
and
€1 < --- < en are the lowest N eigenvalues of Hyy. (4.3)

n the Aufbau condition “e; < --- < ey are the lowest IV eigenvalues of <f%A + Vaue + pa * ﬁ + vf’s)”, the

mean-field Hamiltonian is here considered as an operator on LZ(R?).

9
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The optimized effective potential problem then reads
9% = inf { E"F (@), & € AR} (4.4)

Denoting by ®°FF a minimizer to (4.4), an optimal effective potential is a local potential WOFF ¢
W which allows one to generate ®°FF through (4.2)-(4.3).

In order to emphasize the mathematical issues arising from the above formulation of the
OEP problem, it is worth recalling the general method for proving the existence of solutions of a
minimization problem such as (4.4). The first step consists in considering a minimizing sequence,
that is, a sequence (®"),cy of elements of XQEF such that

: HF (gny _ HF OEP
Jim BMF(0") = inf { E"F (@), & € AR}
It is easy to check that the sequence (®"),cy is bounded in (H'(R?))", hence weakly converges,
up to extraction, toward some ®>* € (H!'(R3))V. It is then standard to prove (see [33] for
instance) that

E"(@%) < inf { EM(®), ® € X9} (4.5)
The difficult step of the proof is to show that &> € X ]%)EP (if P> e X J(\?EP, we can immediately
conclude, using (4.5), that ®>° is a solution of (4.4)). For this purpose, we need to introduce a
sequence (W, )nen of admissible local potentials (W,, € W) such that ®" can be generated by
Wy, via (4.2)-(4.3). If the set of local potentials ) is e.g. a reflexive Banach space and if (W), )nen

is bounded in Y, then (W,),en converges (up to extraction and in some weak sense) to some
potential W, € ). We could then try to pass to the limit in the system

Hw, ¢ = €7,
[ @ de = b,
€l <--- <€} are the lowest N eigenvalues of Hyy,,,
using more or less sophisticated functional analysis arguments, in order to prove that ®° satisfies
Hw, 07" = €7,

Lo merm dr =6y,
€7° < - < € are the lowest N eigenvalues of Hyy,_,

hence belongs to XL,

To make this strategy of proof work, we therefore need to find a functional space Y for which
the sequences of local potentials generating the minimizing sequences of (4.4) are bounded. Un-
fortunately, we have not been able to find any non trivial?> functional space ) satisfying the
above condition. This mathematical difficulty has numerical consequences: It is easy to con-
struct dramatic modifications of the (computed) optimized effective potential that are “almost
solutions” of the OEP problem (make the potential oscillate and/or go to infinity at infinity),
see e.g. [44].

4.2. A well-posed reformulation of the OEP problem

A way to circumvent the issues raised in the previous Section is to replace (4.2)-(4.3) with
formally equivalent conditions that do not explicitly refer to a local potential W [2].

2t is of course possible to construct finite dimensional functional spaces Y for which (4.4), with XOFP defined
by (4.1), has a solution. Reducing artificially the class of admissible potentials is however not a very satisfactory
way to tackle the OEP problem.

10
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Let us first deal with (4.2). For an operator W being considered as a local potential, it needs
to be such that

Wo)p = (We)o
for any regular functions ¢ and . This requirement is in fact, at least formally, a characterization
of multiplication operators. Applied to Hyy, this characterization reads

(Hw ) — (o = 5 (650~ 6A0) = Ldiv (69 — 46). (1.6

It is then clear that if ® = (¢;) € (H'(R?))" satisfies (4.2) with an operator Hyy for which (4.6)
holds true, we also have

{ div (¢; Vo1 — p1V ;) = cip1 9,
(4.7)

/]1%3 (Z)Z(I')(Z)j (I‘) dr = 5@,7

with ¢; = 2(e; — €1). Conversely, if ® = {¢;} € (H'(R3))" satisfies (4.7), then, at least formally,
& satisfies (4.2) with for instance

N N
D oG+ > it}
_ i=2

, 4.8
2 e (4.8)

€1 =0, and ¢, = ¢;/2 for 2 <i < N.
The idea then is to replace condition (4.2) with the formally equivalent condition (4.7), which
does not explicitly refer to any local potential.

In order to account for condition (4.3) in the same way, we remark that for any ® € Xy and
all1 <i< N,

i € C°(R), / 6i(0)2 V() 2 dr = (| (Hw — ) [61),

where C§°(R3) is the set of compactly supported C*°(R3) functions. It follows from the above
equality (see [2] for details) that conditions (4.2)-(4.3) are equivalent to

Hw i = €ii,
/R3 ¢i(r)¢;(r) dr = 5y,
vwECSO(R3)7 V1<Z<N—1

/RB@(r)?\W(r)!2 >22 — 1) (/ng(r)@(r)(bj(r)dr)Q,

+2(ei41 — 1) ( [ () oute)? dr - ; ([, v d)) .

Combining the above result with the formal equivalence between (4.2) and (4.7) with ¢; =
2(€; — €1), it is natural to introduce the optimization problem

O = inf { E"F (@), & € Q™'Y (4.9)

where
= {q) = {9ihcicn ‘ ¢ € H'(RY), /Rg $i¢; =0ij, I0=cr <2 <--- S ey <00,

V2 <i <N, div(¢; Vo1 — $1V i) = cip1¢i, V1 <i < N — 1, Vb € C5°(R?),

[ e vur >§cj ([, #6:) +es (/RSchb?—jzijl (/stmf) 2

11
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We thus have eliminated any explicit reference to a local potential. Note that for any reasonable
definition of ), it holds

XOFP  xQFP < xy, (4.10)
The connection between the original OEP problem (4.4) and its reformulation (4.9) can therefore

be stated as follows: If ®OFF = ($PFP), ;. is a solution of (4.9), and if the reconstructed
potential

N N
DTG 4 il
WOEP _ i=1 i=2 (4.11)
2 PFoEr

defines an element of W, then POEP WOEP

potential.
It is proved in [2] that for a neutral or positively charged two-electron system, problem (4.9)

is a solution of (4.4) and is an optimized effective

has at least one global minimizer POEP Unfortunately, we have not been able to establish
whether or not the reconstructed potential (4.11) is a well-defined function.
Let us conclude this section by remarking that (4.10) yields

IHF < 'IVOEP < IOEP.

A natural question is whether these inequalities are strict or large. We are only aware of two
partial answers to this question:

e it is proved in [2] that in the case of a single nucleus of charge Z > 2 and N = 2 electrons
occupying radial orbitals,
JHF _ JOEP,

e a formal perturbation argument is used in [19] to show that I"'F = TOFP for non-
interacting electrons and that 'Y < JOFP in the presence of an infinitesimal Coulomb
repulsion term.

4.3. The OEP integral equation and its approximations
The functional W +— EMF(o1V ... oW where (1Y, -+, 9% ) satisfy

Hwo" =€’ ¢)"

7 i
Lo @l ) dr = b, (4.12)
V<. < e}/VV are the lowest N eigenvalues of Hyy,

is not well-defined for two reasons: First, the set of admissible local potentials has not been
properly characterized, and second, (4.12) may have several solutions. It is therefore a fortiori
not possible to define the derivative of this functional. One can however give a rigorous meaning
to the functional and its derivative for local potentials W satisfying the following assumption.

Assumption 4.1. The potential W belongs to L?(R?) + L¥(R?), and the hamiltonian Hyy,
defined on the domain D(Hy ) = H?*(R?), is a self-adjoint operator on L?*(R3), bounded from
below, with at least N eigenvalues (including multiplicities) below its essential spectrum, and
there is a gap

n=cens1 —€n >0 (4.13)
between ey (the N-th eigenvalue of Hy ) and ey, (the (N + 1)-st eigenvalue of Hy, or the
bottom of the essential spectrum if Hyy has only N eigenvalues below its essential spectrum,).

12
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Under Assumption 4.1, the ground state density operator of Hyy is uniquely defined:

N
o) (o

Ty = Z = X(—oo,ep](HW)v
where X (_oo ] 18 the characteristic function of the range (—oo, er| and

=1

w w
_ N tENg
5 .
It is also easy to check (using the same method as in [6, page 90]) that

YTy = arginf {Tr (HyY), T € Pn}.

In addition, if w € LY(R3)NL>(R3) is such that ||w|| L=~ < n/2, then W+w still is a local potential
for which Assumption 4.1 holds true (this follows from the Courant-Fischer formula [37]). In
this case,

€F (4.14)

Twiw = arginf{Tr(Hwyi,T), T € Py}
= X(—ooser] (HW+w);
with ep given by (4.14). It is therefore possible to define the functional
w— EM Ty iy)
on the ball
By = {w € LR N L¥R?), [[w]anp < n/2}.

For W satisfying Assumption 1, one can also define the exchange part of the potential W as

oV =W — Ve — Py * (4.15)

[x]
where yy is the kernel of Yy . It is easy to see that v}V € L?(R?) + L>®°(R3). We are now in
position to state the main result of this section.

Theorem 4.1. Let W be a local potential such that Assumption 4.1 holds true. Then, there
exists a unique function o € LY (R3) N H*(R3) such that

EM (Yyp) = (V) + [ 0" () wle) v+ O (JwlFirpm ). (4.16)

In particular, the function w — EMF (Y, is Fréchet differentiable at w = 0. Denoting by
RY(2) = (z — Hw) ™! the resolvent of Hy, by C a regular closed contour enclosing the lowest N
eigenvalues of Hyy (see Figure 1), and by tw (r,r’) the kernel of the finite rank operator

Ty — % ]i RO(2) (K — o) RO(2) dz, (4.17)

it holds 0"V (r) = tw (r,r). Let (¢! )1<i<n be a set of N orthonormal eigenvectors of Hy asso-

ciated with the lowest N eigenvalues €}/ < --- < 6]‘/\1[/ of Hyy. Then
N

) =230 () [(1=Tw)lel = (1= Tw) Hw (1= Tw)] " (1= Tw) (K — 0 )l |(x).
i=1

Let us come back to the formulation (4.4) of the OEP problem. If no artificial restriction on
the set of admissible local potentials is enforced, ) must be such that for all W € Y, and all
w € C§°(R?), one also has W +w € ). Let us now consider a local potential W € ) satisfying
Assumption 4.1. Then W € W and it follows from (4.16) that if W is an optimized effective
potential, then

M=o (4.18)
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FIGURE 1. Integration contour C in the complex plane

Although not obvious at first sight, (4.18) is a rigorous formulation of the OEP integral equation
introduced in [41, 45]. To clarify this point, we now assume that the spectrum of Hyy is purely
discrete (this assumption is implicit made in [41, 45], but is obviously violated for isolated
molecular systems, since for such systems, W is expected to have a constant, finite value at
infinity). In this case, there exists a Hﬂbert basis (¢} )nen of L?(R3) consisting of eigenvectors
of Hyy associated with the eigenvalues 61 < eg‘/ <. < (—:]V\I,/ < e]V\I,/H < ---, and the resolvent
can be rewritten as

-3 i
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Then,
(1= w)lel? = (1= T Hir (1 = Ta)) (0= Y ) (K — 010100
S (@ | Kaw — vy [ 0)Y)

= Z W : ¢ZV(I')7

a=N+1

so that condition (4.18) also reads

N 4o i W
) E: ’K@W J5’¢ ) 6 (1) 6 (1) = 0. (4.19)

1=1a=N+1 61

We have found no mathematical result on the existence and uniqueness of the solutions of the
self-consistent OEP integral equation in the literature.

The exact OEP integral equation is of little interest in itself, but can be useful to build
approximations of optimized effective potentials. It has indeed been proposed [41, 45], instead
of approximating the optimization problem (4.4), to approximate the first order optimality
condition (4.19). This is the foundation of the KLI (Krieger-Li-Iafrate) and CEDA (common
energy denominator) approximations.

Starting from the idea of Sharp and Horton [41], Krieger, Li and Iafrate proposed the following
approximation of the OEP integral equation:

N
Yo S @V | Kew —o2g |6l ol (v) ¢ (r) = 0. (4.20)

i=1 jEN*, ji

We refer to [23] for details on the derivation of equation (4.20). Note that the inner sum runs
over all (occupied and virtual) states different from 4, which implies in particular that equation
(4.20) is not invariant with respect to orbital rotations. In order to cover the general case when
Hy has a non-empty continuous spectrum, it is preferable to rewrite equation (4.20) as

w Y r, I‘ w
s o) = = [ PRI S o = | P, (021

\r-—rﬂ
The KLI exchange potential vi k11 can then be obtained by solving the self-consistent equations

Hy o =€),
Lo wel ) dr =
W . < e% are the lowest N eigenvalues of Hyy,

1 w
W = Vnuc —|—p¢w *m +U;I)KLI7

w [vew (v, r')] w
pan (o) = = [ “ar +Z ok — Kow [61) [0 (07 ae.

Ir-—rW
(4.22)
Note that if ("W, UJ‘EV;{/LI) is a solution of the above system, so is (@W,vg’,‘gm + A) for any real
constant A\. We have not been able to prove an existence result for (4.22). Assuming that (4.22)
has a solution (®", vﬁvlzm) with @V € Xy, it is however possible to prove the following:

Proposition 4.2. Let (@W,vigm) be a solution of (4.22) such that ®V € X and €}

min oess(Hw ). Then pe is a continuous, positive function on R3, and vaLI 1S a continuous,
bounded function on R®. Besides,
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(1) the potential vgivfgm is a unique solution, up to an additive constant, to the minimization
problem

inf { 5K (v), v € L3(R®) + L®(R?) | (4.23)

where
JKLI( ) = <H(U_K<I> T<I>||G2 Z| ¢il (v — Ko)|¢i)] )

In particular, ®V being given, the KLI potential is uniquely defined up to an additive con-
stant;

(2) it holds

o) = +Z( (ol g 1 9) 125 e (424)
where vxs is the Slater potential associated with ® and where a®" = (af’w) € RY
satisfies

! (In — 5*")a®" = g2", (4.25)
with
syt = [ OEORIOTOR g [ ol e Z Y g |

(3) the solutions of the linear system (4.25) form a one-dimensional affine space of the form
o R, DT

Replacing a®" with o®"” + (L, 1)T in (4.24), amounts to replacing vﬁv}zm with vigm—l-
A.

Note that contrarily to the situation encountered with the Slater potential (see problem (3.3)),
the quadratic functional JKLI is convex (it is non-negative), but not strictly convex. A conse-
quence of that is the non-uniqueness of vX¥ which is only defined up to an additive constant.

Let us now turn to the CEDA potential introduced by Gritsenko and Baerends [12]. This

approximation consists in replacing in (4.19) the denominators ew €V with a constant, yielding
N +oo W
w D W\ W w
S (9] | Kew —vpcEpal @ ) &) () ¢y (r) =
i=1 a=N+1

Here also, it is possible to provide a more explicit formulation of this equation, still valid when
Hyy has a non-empty continuous spectrum:

pow (1) Gepa(r) == [ Vﬁf(_‘" DU S (o e — K |6 oY (1) Y ().
i,j=1
(4.26)
Let us incidentally mention that the common denominator approximation amounts to replacing
in (4.17) the resolvent R°(z) = (2 — Hy/)~! with the resolvent Renpa(2) = (2 — HGFPA) ™! of
the operator
HGFPA = eYow +€(1 = Tow),

where € and € lay respectively inside and outside C.
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CEDA

The potential v solves the self-consistent equations

qubl = Ez/vqbz ;

o @l @) dr = oy,

ar<... < e]V\[,/ are the lowest N eigenvalues of Hyy,
W

1
W = Vnuc + Pew * 7 | | + vz ,CEDA>

w [vew (v, x') w
par (1) Cpa (r) = — [ 12 L+ (0 168 — K 1) (6 6 (1) e

|r—r i

To our knowledge, the question of existence and uniqueness of the solution of the above system
is still open.

It turns out that U;EV(‘}/ED A coincides with the so-called local Hartree-Fock (LHF) exchange
potential v obtained by Della Salla and Gérling on the basis of completely different argu-

ments (see [40] for details). We will see in the next section that it also equals the self-consistent
effective local potential vi‘gLP [20].

5. Effective Local Potential (ELP)

The effective local potential associated with a given ® € Xy was originally defined as the local
potential minimizing the function [20]

N “+o00
v Se(v) =Y > [eil(v — Ka)lga)|,
1=1a=N+1

(¢a)a>nN+1 being a Hilbert basis of the orthogonal of the vector space generated by (¢;)1<i<n-
A simple calculation shows that Sg(v) = JELF (v) where

1
Iz (v) = 5w =K, TollE,.

[A, B] = AB — BA denoting the commutator of the operators A and B. An intrinsic formulation
of the ELP problem therefore reads

inf {JEL (v), v € L3(R?) + L™ (R?)}. (5.1)
The similarities between the ELP and the OEP are investigated in [10].
Proposition 5.1. Let ® = (¢i)1<i<N € Xn. Any solution Ug)’ELP of (5.1) satisfies
|’Y<1>(I" r')
pa(r) vy prp(r) = —/RS v — I./| d + Z ( ilveprples) — <¢i’K¢|¢j>> ¢i(r) ¢j(r) (5.2)
2,7=1

and the symmetric matric M® = [<¢i|vaLP\¢j>] is a solution of the linear system

(I — A*)M® =G?, (5.3)
with
lcl i / ¢z ¢j pq))(gi)k)( )¢l( )dr7 G%l = /]R3 vf’s(r)qﬁk dr—zjzl Akl 47 ¢1|K<I>’¢j>~

Besides, if the orbitals ¢; are continuous and if the open set R3 '\ ,0(_1)1(0) is connected, then the
solutions of (5.3) form a one-dimensional affine set of the form

M(I)+RIN7
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so that v:?,ELP is uniquely defined, up to an additive constant, on the set where pg > 0, and can
be given arbitrary values on the set where ps = 0.

Comparing (5.2) and (4.26), one immediately recognizes that the self-consistent CEDA po-
tential and the self-consistent ELP potential defined by

Hy )" =€ ",
o @l ) dr = b,
ell/V <.

- < eyVV are the lowest N eigenvalues of Hyy,
oW

1
W = Vnuc"’_p{)W*’ |+’U;L~ELP,

oW |’Y<1>W (1‘ r') oW Wy W w
paw (T)vz gLp(T) = —/R3 r— dr + Z { lvppre — Kow [67) 9] (r) ¢} (r)  ace.
2,7=1

(5.4)
coincide. As already mentioned, we are not aware of a proof of existence of the solution of this
system. We can however use Proposition 5.1 to show that if (5.4) has a solution (®W, US, gLP)
with @ € Xy and if €1 < min oess(Hyy ), then vgiVEVLP can be obtained from ®" by solving an
optimization problem, which has a unique solution, up to an additive constant (the proof follows
the same lines as the proof of Proposition 4.2: ¢!V then is a continuous, positive function on R?,
which implies that pgew is positive and that the above connectivity condition is satisfied).

6. Extensions to the Generalized, Unrestricted and Restricted Hartree-Fock
models

In the generalized Hartree-Fock (GHF') model, each molecular spin-orbital ¢; is a complex-valued
function® with spin-up and spin-down components, i.e. ¢; € L?(R3,C?). The orthonormality
constraint (2.1) is replaced with

/ ¢z “dr = 5137
where

i(r) = ( ¢i(r, 1) ) and  ¢i(r)-¢;(x) = 3 ¢i(r,0)¢;(r,0)".
¢i (I‘, l)
oe{T,l}
The density-matrix can then be represented by a 2 x 2 hermitian matrix

17 / I
rr') = fyq)(r,r) 7<1>( r')
7¢'( ’ ) ( 7@ (I‘, I‘/) 7«1) ( r, /) )
with
rYCD r,r Z d)z r,o ¢l(r o )

=1
and the electronic density pg is the sum of its spin-up and spin-down components:

po(r) = pp() + o), pp(r) =75 (r,1),  pp(r) =g (r).
The Hartree-Fock exchange operator associated with g is the integral operator on L?(R3, C?)
defined by

Vo € LQ(R37 (CQ)’ (K,ng)(r) = — /RS |r_1r/"y(r’ I'/) . ¢(r/) dr’,

3GHF models are of particular interest for systems subjected to magnetic fields; for such systems, complex-
valued wavefunctions are needed.
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where - denotes the usual matrix-vector product, and local exchange potentials are 2x2 hermitian
matrices of the form
TT( ) Tl( )
vii(r) v (r
“”‘<vWﬂzwu>'

The variational definition of the Slater potential given in Section 3 provides a natural way to
define a Slater potential for the GHF framework: It is the local potential v which minimizes the
Hilbert-Schmidt norm of the operator (v — K¢)Y¢. A simple calculation leads to

vps(r) = —Rdﬂ”Edﬂ—vgh)F¢@%—Rﬂﬂ*EdﬂRdﬂ] (6.1)
— _Ze(r)Re(r) " — p;(r) [Za(r) - Ro(r)Za(r) Ro(r) "]
where
Ry (r) = v (r,r) and Eo(r) = /R3 ]r—lr’]%’(r’ r') - y(r, o)  dr'.

Within the unrestricted Hartree-Fock (UHF) model, each molecular spin-orbital is (gener-
T
ally) chosen real-valued and either spin-up, i.e. ¢;(r) = ( ¢ ér) ), or spin-down, i.e ¢;(r) =
0 . . . :
5 ! ) | Denoting by N, (resp. Ng) the number of spin-up (resp. spin-down) orbitals, and
i

ordering the spin-orbitals in such a way that the first N, of them are spin-up, the UHF density
matrix reads

with

Na
=Y "6l (r)¢) (v), Z%W r)ok L (r).
=1

Likewise, the UHF exchange operator is diagonal:

Kl 0 . - i Gl
K, = ( 0 K ) with Ve € L*(RY),  (K{79)(r) = _/]R3 |Ir(—r’l)‘

It is then easy to check that in the UHF setting, the generalized formula (6.1) reduces to

L&
vis(r) _ ( z,S ( ) <I>S( ) )

0 ;tS
with o
1 / 7§’ (r, 1)
S o0 o ) / o oo
v g (r)=— dr’, r)= r,r).
z,S ( ) p%(r) RS ‘I'—I'/| pq)( ) Vo ( )

One recovers in this way the spin-up and spin-down local potentials originally introduced by
Slater in [42].

In closed-shell models, each molecular orbital ¢; € L?(R3) is occupied by one spin-up and one
spin-down electrons. Denoting by N, = N/2 the number of electron pairs, it holds

® ®
Yo (r,1') = 75l (r Zdn i ph(r) = pgp(r),  vydl(x) =vrgh(r),
o, ®
7o (r, >f%% ) =0, upgt) =0 () =0.
Proposition 3.1, Theorem 4.1, Proposition 4.2, and Proposition 5.1 apply mutatis mutandis to

the RHF setting, as well as to the spin-up and spin-down components of the UHF exchange
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operator and local potentials. As outlined above from the Slater potential, the variational char-
acterizations (4.23) and (5.1) of the KLI and ELP potentials can be used to defined KLI and
ELP potentials in the GHF setting.

7. Numerical results

We present here some numerical results for the models introduced in the previous sections. Other
numerical simulations have been published elsewhere [20]. All the models under consideration in
this section, namely the Hartree-Fock equations (2.9), the self-consistent Slater equations (3.4),
and the self-consistent ELP equations (5.4), can be formulated as nonlinear eigenvalue problems
of the form: find ® = (¢1,...,¢n) € Xy such that

g1 ¢ = €idi,
[, o)y dr = 5, (7.1)
€1 < --- < en are the lowest N eigenvalues of G7®,

for some self-adjoint operator G7® depending self-consistently on its lowest energy eigenvectors
® = (¢1,-- -, ¢n) through the density matrix

N
Yo(r,r') = ¢i(r)es(r').
=1

Problem (7.1) can be discretized in a finite basis set x = {x1,...,Xxm}, using the Galerkin
approximation. Denoting by C = (Cy|---|Cx) € RM*N the matrix gathering the components
of the orbitals (¢1,--- ,¢n) in the basis x = (x1,- -, Xa), 1-€.

M
¢z(r) = Z Cm,iXm(r)v (72)
m=1

the Galerkin approximation of (7.1) can be written as a nonlinear generalized matrix eigenvalue
problem
G(CCTC; = ¢ SC;
{ C*SC = Idy, (7.3)
ef <--- <€) are the lowest N eigenvalues of G(CCT).
The entries of the overlap matrix S and of the mean-field Hamiltonian matrix G are respectively
given by

Sei= [ (@) dr,
R3
and

G(CCT);CJ = /R3 Xx(r) (@CCTXI) (r)dr,

where 7C" is the operator G7* for ® obtained from C through (7.2). Note that D = CC7T is
the matrix of ¢ in the basis (Xm @ Xm):

M
'VCID(I', I'/) = Z Dmm/Xm(r)Xm’(r/)'

m,m’=1

It is easy to check that the matrices S and G(C) are both symmetric.

The nonlinear generalized eigenvalue problem (7.3) is solved using a fixed-point algorithm.
This algorithm is a modification of the natural fixed-point method, called the Roothaan algo-
rithm in the Chemistry literature. In the Roothaan algorithm, the iterations are performed as
follows:
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(1) set D* = C"C™T" and assemble the matrix G(D") associated with the trial density matrix
D"

(2) solve the linear generalized eigenvalue problem

Gererheptt = gt soptt,

C’n+1TSCTL+1 — IdN
b

(3) set
O = (O O

In the Hartree-Fock setting, the Roothaan algorithm has been analyzed from a mathematical
viewpoint in [7]. It was proved that the Roothaan algorithm has the following behavior: it either
converges toward a local minimum of the Hartree-Fock energy functional, or it oscillates between
two states, none of them being solutions of the Hartree-Fock equations. Still in the Hartree-Fock
setting, it was shown in [5, 4] that convergence could be enforced by using a damping strategy
on the density matrix ensuring that the energy decreases at each step. The resulting algorithm
reads as follows

(1) set
D" = a,,C"C"" + (1 — a,,) D™ 1, (7.4)
where o, € [0,1] is chosen in such a way that D, is the minimizer of the Hartree-Fock
energy on the segment line [D"~1, C"C™7], and assemble the matrix G(D") associated
with the new trial density matrix D";

(2) solve the linear generalized eigenvalue problem
G(chnT)Cszrl n+1 Scn+1

ot gont1 — IdN,
6?+1 < en'H < eg'H <..

(3) set
Cerl (Cn-i-l’ ‘0]7;0[-5—1)

The algorithm proposed in [5, 4] was then improved in [25]. We refer to [6, 24] and references
therein for more details on the numerical algorithms commonly used to use to solve the Hartree-
Fock problem.

The numerical analysis of the fixed point methods in the case when (7.3) originates from
the Galerkin approximation of the self-consistent Slater equations (3.4), or of the self-consistent
ELP equations (5.4), have not been carried out so far. We have observed that the Roothaan
algorithm sometimes oscillates between two states which are not solutions of the self-consistent
equations, and that the basic fixed step mixing strategy which consists in replacing (7.4) with
D" = aCmC"T + (1 —a)D" ! a > 0 denoting a small, fixed parameter, is enough to provide
convergence, at least for simple molecular systems.

Table 1 gathers the energies of three different Slater determinants, for a selection of closed-shell
atoms. The energy of the Hartree-Fock ground state (Fyp) is reported in the second column.
The third column contains the difference Egrp//ur — Enr. The energy Egrp//pr is the energy
of the Slater determinant formed by the solution of the system

ELP//HF ¢z = €;,

/“*3 e 5
® = (¢i)1<z‘<N € Xy,
€1 < ey <--- < ey are the lowest N eigenvalues of fELP//HF7
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Atom Eur Egrp//mr — Eur  Escerp — Eur
He —2.861680 0.000000 0.000000
Be —14.573023 0.000742 0.000742
Ne —128.54708 0.00224 0.00229
Mg —199.61462 0.00392 0.00397
Ar —526.81749 0.00710 0.00717
Ca —676.75815 0.00820 0.00830
7n —1777.8481 0.0168 0.0174
Kr —2752.0549 0.0153 0.0155
Sr —3131.5454 0.0159 0.0161
Cd —5465.1328 0.0240 0.0246
Xe —7232.1378 0.0230 0.0232
Ba —7883.5432 0.0231 0.0233

TABLE 1. Energies of selected closed-shell atoms computed using the universal
Gaussian basis set (UGBS). All values are in hartrees (1 hartree = 27.2114 eV =
2625.5 kJ/mol).

with
HF

1 1
—§A + Vaue + po *x 7 + ’Ug),ELP,

f(]Ii))LP/ JHF _ o

the local potential vi %ip satisfying (5.2). The fourth column contains the difference Escprp —
FEpnr between the energy of the Slater determinant formed by the solution of the self-consistent
ELP problem (Eq. (5.4)) and the energy of the Hartree-Fock ground state.

The orbitals ¢; are discretized in the universal Gaussian basis set (UGBS) [9], which effectively
consists of products of spherical harmonics and radial gaussians optimized for each nucleus
for the purpose of chemistry computations. The ELP//HF and the SCELP potential are also
represented as an optimal linear combination of functions belonging to the UGBS basis set.

From Table 1, it is seen that the energies obtained from the self-consistent procedure (SCELP)
and the ones obtained by simply solving (7.5) (i.e. by fixing the local exchange potential) are
very similar. In both cases, these energies are only slightly above the energy of the Hartree-Fock
ground state, which means that the local exchange potential is a good local approximation of
the nonlocal exchange potential.

Figure 2 compares the local exchange potentials generated by the OEP method, the ELP
method and the self-consistent Slater equations, for two noble gas atoms. The optimized effec-
tive potential W satisfying (4.18) defines a local exchange potential v’ through (4.15). The
OEP and ELP//HF were discretized in a carefully chosen even-tempered auxiliary basis of 15
primitive Gaussian s-functions with exponents a;, = amax/3" ! (n=1,2,...,15), where g = 2
and amax = 1503.7 for Ar, amax = 2871.4 for Kr. The OEP was obtained by a direct minimiza-
tion procedure using the method described in [47, 48]. The local exchange potentials obtained
using these various procedures are very smooth and physically reasonable. Notice also that the
ELP//HF greatly improves the simple Slater exchange potential since it is much closer to the
reference OEP.

8. Proofs of the main results

Throughout this section, we denote by Bg the open ball of R3 of radius R centered at 0, i.e.
Br = {r € R3, |r| < R} and by B = R3\ Bpg.
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FIGURE 2. The optimized effective potential (OEP), the effective local potential
based on the Hartree-Fock orbitals (ELP//HF) and the self-consistent Slater
potential for the Ar atom (left) and the Kr atom (right).

In order to simplify the notation, we adopt here the usual loose notation consisting in denoting

an integral operator and its kernel by the same symbol.

8.1. Proof of Proposition 3.1: Properties of the Slater potential

If follows from the Cauchy-Schwarz inequality that

2

e (r,x')* =

N
= (; '@(‘f)’Q) (._1 |¢i<r’>12> — po(r) po().

N
> di(r)gu(r')
i=1

In the set where pg > 0, one therefore has

/ 1 / 1 7\ |2
L P Wy gy . VP Ty g T R S
R3 [r — 1| pa(r) Jrs v —r'| pa(r) Jrs |r—1'| ’

In order to establish the decay property, we rewrite vff” g as

)

N
S a6 [ a)s0)
eis(r) Z pa(r) a

S

remark that

<1

— )

’ ¢i(r)¢;(r)
pa(r)

and conclude using the following lemma.
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Lemma 8.1. Let ® = (¢;)1<i<n € XN and
8:() 508"

/
- |I'—I'/| r.

Vij(r) =

Then Vi; vanishes at infinity. Besides, if the ¢; are radial or if there exists 1 <p <3/2 < q <2
such that |r||¢i¢;] € LP(R3) N LY(R3), then

- 2)

Proof of Lemma 8.1. Let us denote by p;; = ¢;¢;. By Sobolev embeddings, p;; € L*(R3)NL3(R?).
For all R > 0 and all r € R? such that |r| > 2R, one has

i (r i (r 1 1
|Vij(r)] S/ |,oj(r,)|| dr'+/| |,oj(r,)|| dr < R‘FH|P@']’|XB%*H

I'|<R [T —T v|>R [r—T

LO(}
It then follows from the Young inequality and the Lebesgue-dominated convergence theorem
that

XB§

XB
-+ H’Pz‘ﬂXBg T
LOO

|pij|xBg, * N

1
\Pz‘j’XB;2 *
[ e

LOO
X B

XB;

IN

llpislxBg Il s

y 0.
IR e e

Therefore, V;; vanishes at infinity.

The case of radial orbitals can be dealt with using the Gauss theorem, which provides the
following expression for the potential V;;:

Vij(r) = / _oyl) dr’ (radial orbitals).
R

s max(r], |r'])

Indeed,
dij pij(r') Oij 1 pii(x') .,
Vij(r) — =2 / J dr' — 2| = |-~ p--+/ 12 dr
‘ Ir| ®s max(|r[, [r’]) r] e[ iz Sz
2
= |pij(x)] dr’. (8.1)
e Je|> |

We conclude using the Lebesgue-dominated convergence theorem.

Let us now prove (3.2) in the general case (non-radial orbitals), under the additional assumption
that there exists 1 < p < 3/2 < ¢ < 2 such that |r||p;;| € LP(R3) N LY(R3). For all r € R3,

_ - / v
[ ae] < [ L g
R3 R3

lr — 1’| - lr —r/|

|[r[Vij(r) — 6iz] =

It suffices to show that the right-hand side vanishes at infinity. For all R > 0 and all r € R3
such that [r| > R(R+ 1),

[ ] R
R3 [r'|<R [r'|>R

Ir — 1’| lr — 1’| lr — 1’|

<

1
fijxBg, * B

9

L,
R Lo
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where f;;(r) = |r| |pij(r)|. We then use the same argument as above:

1 XB X B¢
fijxBe, * T < |[fisxse x|+ ‘ fijxme, * —+
|| Lo || L N L
X B X B¢
< fuxselles |7\ + I fixsgllee |7 — 0,
” (¥ R‘ ‘ . ’ Lq/ () RH ‘ . ’ Lp/ R—+00
where p’ = (1 —p~ 1)~ € (3,+00] and ¢ = (1 — ¢~ !)~! € [2,3). The proof of Lemma 8.1 is
complete. O

Let us now turn to the proof of the second assertion of Proposition 3.1. For all v € L3(R?) +
L>®(R3), the operator vyg is Hilbert-Schmidt. Indeed

(v70)(r,1') = v(r)ya(r,1’) € L*(R® x R?)

since |vs(r, )| < pa(r) pa(r’) with pe € L'(R3) N L3(R3). One can thus define on L3(R3) +
L>®(R?) the functional

1 1
I30) = 5l — Kalz, = 5 [ [

For all v and h in L3(R3) 4+ L*°(R3),

)2
Jg(v +h)= Jg(v) + /RS (v(r)pé(r) + /RS M dr’> h(r) dr + %Hh’y@HQ@Q.

v — |

’)/@(I', I‘/)
v —r'|

2
v(r)ye(r, 1) + dr dr’.

Therefore, all the local minima of Jg are global, and they are characterized by the equation
‘2

v(r)pe(r) + /R3 alC0ly

v — x|

dr’ = 0.

If pg > 0 almost everywhere, the Slater potential is a unique solution of the above equation,
and therefore the unique global minimizer of J3.

The fact that the minimizers of Jy and I3 are the same comes from the fact that 2 = e
implies (Ko79, v70)6, = (Ko, v73)6,- O

8.2. Proof of Theorem 3.2: Self-consistent Slater equation

The strategy of proof is based on a fixed-point argument. Notice that variational methods cannot
be used since (3.4) seems to have no variational interpretation.

For all n > 0, we consider the problem

1 Z—|—17 1 o,
<—2A— S pan ol ) of = ol

[, o1 = . (82)
€l < ... <€l are the lowest N eigenvalues of (—iA — 20 4 pon x 4 + 25" (on L2(R3
1 N 2 Ir| r| x,S r
where )
1 /
vi’g(r) =— / WCD(I;’ r/)\ dr’.
po@ e r—7]

The proof of existence of a solution of (8.2) for n = 0 follows the lines of the proof of Theorem III.3
in [35]. We first construct, for n > 0, a continuous application 7" whose fixed points are solutions
of (8.2) in X;. We then prove the existence of a fixed point of 7" using the Schauder theorem.
The existence of a solution of (8.2) in the case when n = 0 is finally obtained using some
limiting procedure. Note that we have introduced the parameter 1 both in the nucleus-electron
interaction and in the Slater potential. In the former term, n plays the same role as in [35] (i.e.
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it enables us to control the decay of the orbitals at infinity). The role of 7 in the latter term is
to ensure the continuity of the nonlinear application 7" for n > 0.
First step. Construction of the application 1.
Let n > 0 and
K= {‘If = (Vi1<i<n € (H} (RPN ‘ URS %’%} < IN},
In denoting the identity matrix of rank N. The semidefinite constraint [[gs 1;¢;] < In means

N

N 2
Vx € R , Z (/ngzwj> JJﬂL‘jS’X| .
2,7=1
It is easy to see that K is a nonempty, closed, bounded, convex subset of the Hilbert space
(HY(R3)N| containing X%. For ¥ € K, we denote by vg(r,r') = SN, oi(r)i(r'), pu(r) =
vyw(r,r) and
~ 1 Z+ n 1 ]
Fl=—-A—-—— — o
v 2 Ir| + pu*x | + U5
As the potential V! = —% + py * ﬁ + vfg belongs to

LR +LE(RE) = {W | Ve > 0, I(Wa, Wao) € LAR®) x L¥(R?), [Wacllzoe <€, W = W + W },

it is a compact perturbation of the kinetic energy operator. By Weyl’s theorem [37], 0ess (f’g)

IA I

Oess(—3A) = [0,00). Besides, using Gauss’ theorem and the inequalities —% < —pw * |71‘
v;llg < 0, one has —% <Vy < —%- Hence,
1 Z+n =~ 1 n
Zan . LA _ <FT<@gM.—_-A— L. 8.3
g 22T TR Shvs9TE A 53

As the hydrogen-like Hamiltonian G, considered as an operator on L2(R?), has infinitely many
negative eigenvalues, so does Fy (this is a straightforward consequence of the Courant-Fischer

minimax principle). Besides, the eigenvalues of the radial Schrédinger operator ﬁg being simple,
the spectral problem

Floi = eii,
/ Pip; = bij,
R3 -
e1 <--- < ey are the lowest N eigenvalues of Fy (on L?(R?)),

has a unique solution ® = (¢;) in Xy, C K up to the signs of the orbitals ¢;. We can therefore
define a nonlinear application 7" from K to K which associates with any ¥ € K the unique
solution ® = (¢;) € Xy C K of (8.2), for which ¢; > 0 in a neighborhood of r = 0, for all
1 <i < N (by the strong maximum principle, ¢; cannot vanish on an open set of R?).

Second step. Existence of a solution of (8.2) for n > 0.

Using standard perturbation arguments, it is not difficult to prove that 7" is continuous (for
the H' norm topology). Let us prove that T is compact. Let (U") be a bounded sequence
in K, and let ®” = T"U", There is no restriction in assuming that (¥") converges to some
U7 e (HYR3))N, weakly in (H'(R3))V, strongly in (L2 .(R3))" and almost everywhere. This
implies in particular that the sequence (pgn x ﬁ —i—U;I” gn) is bounded in L*° and converges almost
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everywhere to pyn * ﬁ + vfg’" when n goes to infinity. Using again (8.3) and denoting by €] the

i-th eigenvalue of ﬁgn, one obtains

1 al n 2 2 al 1 n|2 Z+7]
3 2 (960l =22 40" 2z 0 < 35 [ (9o - |

N
R3 |r| p<1> — ZZZI K3

Thus, for all 1 < i < N, the sequence (¢!),en+ is uniformly bounded in H'(R?) (independently

7

of (¥™)), and therefore converges, up to extraction, to some ¢! € H}(R?), weakly in H'(R3),
strongly in L (R3) and almost everywhere. Besides, using (8.3) and the Courant-Fischer for-

mula, one obtains

(Z+n)? _ .
Tae S9E
Up to extraction, (ef) therefore converges to some €,
inequality [37],

U
242"
c [_M,—%]. Next, by the Kato

242

—Algf| < —sgn(¢7)Ady = 2(ef — Vign)|47|
Z+n N\ .

As, moreover, (¥™) and (®") are bounded for the H' norm topology, (Vi.¢!) is bounded in
L?(R3), so that (¢7) is bounded in H?(R3), hence in L*>(R3). Consequently, it follows from (8.4)
and the maximum principle that there exists § > 0 small enough and M > 0 independent of 4
and n, such that

IN

o)) < are CF0)

This implies that (¢7),en+ converges (up to extraction) to ¢! strongly in L?(R3). In particular,

d" = (¢]) € XL It is then possible to check, using the convergence of (¥™) to ¥ and the
convergence - up to extraction - of (®") to ®” and of (e?) to €, that

1
~ 580 + Voo = elo]

and next, using the positivity of pgn * ﬁ + vig’" and Fatou lemma, that

liminf—/ |Vor? = liminf2/ (Vi — €87
R3 R3

n—-400 n—-+oo

> o eM? = — 12
> 2 [ (G-Il =— [ IVl
As on the other hand,

77 2 < T; . n 2
[, 1o <timint [ 19672
(I™) converges to ¥ strongly in (H'(R?))", which proves that 7" is compact. It then follows

from the Schauder fixed-point theorem [49] that 7" has a fixed point ®" € X}, which is solution
of (8.2).

Third step. Existence of a solution of (8.2) for n = 0.

Let (n,) be a sequence of positive real numbers converging to zero. As the sequence of corre-
sponding fixed points (®"") is uniformly bounded in (H'(R?))" and as —% < e <0,
there is no restriction in assuming that (®7) converges to some ®* € (H'(R?))V, weakly in
(HY(R?))N, strongly in (L2 _(R?))™ and almost everywhere, and that (€]™) converges to € < 0.

loc

Besides, the sequence (®7") is bounded in (H?(R?))", hence in (L>(R3))"V.
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Passing to the limit in the equation ﬁg’fm oI = e"PpI" yields

1 Z 1 x
— 3867 = 0+ (poe o) 01 +o26] = el
2 x| ]
Assume that fR3 poer < N. As
~ 1 1
Flh <—-A-—— R
dnm = 9 ’I" +p‘1>77 * ‘I‘V
one has, using the Courant-Fischer formula, and denoting by A;(A) the i-th eigenvalue of A,
€ = ngrfoo e
— 3 A n
=l ()
1 Z 1
< lim N (—-zA-—-— n ok —
S e < 25 T e \r|)
1 Z 1
(L)
2 r| r|
< N (—1A _ ]HR?’W)
2 Ir|
(N = Jgs P<I>*)2
= ———— <0.
242

It follows that for n large enough, the sequence (€;") is isolated from zero. As (®") is bounded

in (L°°(R3))", we conclude, reasoning as above, that there exists M € Ry and a > 0 such that
for n large enough

6" (r)] < MeeM.
This implies that (®") converges to ®* € (H'(R3))" strongly in (L2(R?))", and consequently
that [ps pox = N. We reach a contradiction. This means that [ps pp« = N and therefore that
o € A}
This proves that (¢}) are orthonormal eigenvectors of F9.. The fact that €} < --- < ey are the
lowest eigenvalues of Fy. follows from the Courant-Fischer formula.

In view of Proposition 3.1, the Slater potential vg’ g is equivalent to —%‘ at infinity. This proves

that €] < --- < €y <0, from which it follows that the orbitals ¢} enjoy exponential decay: For
all n > 0, there exists M € R? such that

|65 (x)| < M e (V2N —n/3)lr,

Using (8.1), one obtains
* 1 *
Uy s(r) = il +o0 (e*(2 v 726N7”)lr|> :

r|

Lastly, the same arguments as above can be used to prove that the minimum of the Hartree-Fock
energy over the set of solutions of (3.4) is attained. 0

8.3. Proof of Theorem 4.1: OEP Integral equation
Straightforward computations show that

EMF (i) = EMF () + Tr (Fryy (Y — W) + (W0 — YW YW — W), (8.5)

where

1 71T, I‘) 72(1'/’ I‘/) — 71\Y, I‘/) 72(r, rl)
a(y,72) = 5 ( ( (

drdr’.
2 Jr3 Jr3 lr —r/| rar
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The second term of the right-side of (8.5) is well-defined since both 4., and ~yy are finite-rank
operators with range in H*(R®) = D(F,,,) = D(Fy,,..)- Let

= (mas RO )

Denoting by R”(z) = (z—Hyw 1) ', one has for all w € B, 5 = {w € L'(R*) N L>®(R3), ||lw||p1inz < 1/2}
such that ||w||fe= < 9,
RY(2) = (z=Hw+w) "' = (z—Hw —w) ™" = ((z = Hw)(1 - R*(2)w)) " = (1 = R%(z)w) "' R°(2)
and
(1-R')w)™ ' —1=(1-R2)w) 'R°(2)w = R°(2)w(l — R%(z)w) "
Using the complex-plane integral representation
1 w
TWw = Gy fé RY(z)dz,

one is led to
1
W= = g R - () ds =

2771

T 2mi j{ RY(z)wR’(z)dz + 5~ o % R%(2)w(1 — R%(2)w) " RO(2)wR’(z) d=.

L. f(l — R%(2)w)'R%(2)wR(z) dz

27

Hence,
Fow (W w — W) = 2%1 waWRo(z)wRO(z) dz + 1%? R(2)w(1 — R%(2)w) " RO(2)wR®(z) d=
_ ;mngwRo(z)wRo )dz + 7f R ()R (2) de
*2% fg Fow RO(2)w(1 = RO(2)w) " R*(2)wR’(2) dz
_ ;mjg(—l + 2R (2))wR(2) dz + ;ﬂi}g(;{w ) R () R(2) de
*2% b P B(2Jw(l = R (2)w) ' RO(2)wR(2) d2
_ —www+—sz0 YwR’ (2 dz+7j{ V)RR (2) de
+2im b P B (2wl = R (2)w) RO (2)wR’(2) d=.

To proceed further, we make use of the following technical lemmas whose proofs are postponed
until the end of the present section.

Lemma 8.2. For all z € p(Hw), (1 — A)R%(2) and R°(2)(1 — A) are bounded operators on
L*(R?) and (1 — A)YR(2) is the adjoint of R%(2)(1 — A). Besides the functions

2z RY(2)(1 - A) and 2z (1 - A)R%(2)
are analytic from p(Hyw ) into L(L?(R?)).

Lemma 8.3.
(1) For all v € L*(R3), the operator (1 — A)~'v(1 — A)~! is trace-class and

3 _ 1
101 = 2) (1= &) e, < o ol
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(2) For all v € L*(R3), the operator v(1 — A)~! and its adjoint (1 — A)~ v are Hilbert-Schmidt
and

-1 _ -1 _ vl 22
||U(1 - A) ||62 = H(l - A) UHGQ - (871')1/2‘

Using the above two lemmas, it follows
1 0 0 _ ]{ 0( 0
Tr (27ri ?izR (2)wR"(2) dz) = 3 ZTr (R JwR”( ) dz
_ Ji AL A1 0
- Qmj[ Tr (R°(2) (1= A) (1~ &) (1 - A)R(2)) dz

_ ]{ (a- 22(1=A) (1= A) Mw(1— A)7!) dz
_ <( <2m fé SRO(2)2 dz) (1= A)(1 = A) (1 A)‘1> .

“+oo
Hy, :/ AdPy

Denoting by

the spectral decomposition of Hyy, it holds
1

s fo e = (L o) o
+o00
- L Gl emapt)e

er
= / dP\ = yw.
—00

Hence,

Tr (1, 74 SRO(2)wR( )dz) =T (1= Ay (1= A)(1 = A) w1 — A)7) = Tr (yw),

27 Je
We thus obtain

5HF(7W+UJ) = EHF(’YW) + Tr <(K7W — v?);mjiRO(z)wRo(z) dz)

+Tr (2; 7{: Fow RO2)w(1 — R(2)w) " RO (2)wR"(2) dz) (8.6)

(YW tw — YW YW w — W)
Let us denote by
5= max (1 - A)R(2)].

As W € L2(R?) + L*®(R?), one also has v}¥ € L?(R3) + L>®(R3). Let vy € L2(R3) and vs €
L>®(R?) such that vV = vy + vso. Then,

Tr ((Kvw — vy);mﬁRo(z)wRU(z) dz) <

Tr ((Kvw - voo);miRo(z)wRO(z) dz)
+|Tr <0221ﬂféRO(z)wR0(z) dz) ,

C 2
O (o 1+ Tl )2 = ) (1 2) s,

Clwlpr < Cllwllprazee, (8.7)

with

Tr ((KWW - voo)% ]i RY(2)wR’(2) dz)

IN

IN
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and
Tr (vgzlmféRO(z)wRo(z) dz) — e (;mf[g“ﬂl S A1 = AR )w(1 — A1 — AYRY(2) dz)
2
< 5 uy1 - 2) o, w1~ 2) s,
< Clwlg: < Cllwllpiazee- (88)

The linear form
1
w +— Tr ((KWW - UXV)Tmé’RO(z)wRO(z) dz)

therefore is continuous on L!(R3) N L>°(R3). It remains to prove that the last two terms of the
right-hand side of (8.6) are O(||wl|%, ;). The first one is easy to deal with. Indeed,

Tr (217“ fé Fo R)w(l — RY(2)w) " RO (2)wR"(=) dz)

C18° | Fay (1 = A) 71|
o (1 _ ||w|(|5L°°)

The second term can be split as

C18% [ Fapy (1 = A) 71|
167‘(’2 (1 _ ”w|¢|SLDO)

lwllzee [[(1 = A)Thw(1 = A) s, < lwllZan oo

1 1 |(YWw — ) (r, 1)
O‘('YW-&-w_'YWa'YW-i-w_'YW) = §D(p’yw+w_pfng,O'yw+w_p'yw)_§ /IR?’ /IR?’ w’r _ r,’ dI‘ dI‘,,

where D(+, ) denotes, as usual, the Coulomb energy
f(r)g(x') /
D = e
(fvg) /]R3 R? |I'—I‘/| dI‘dI‘,
for which [37]
3C € Ry 5.4, Vf € LY(R?), 0< D(f,f) < ClIf7e/s-

As both py,, ., and p,, belong to L'(R%) N L?(R3),

2
D(p’YW+w = Pyw s Pywiw T pw) < C ||P7W+w — Pyw HLG/S

4/3 2/3
< Clomwrn = P 112 1030 = P 1757

We now make use of the following characterization of the LP norm [28], which is valid for all

1<p<+o0:
Ifl= s [ g
geL? (®?), llgl|, =17

where % + 1&% = 1. In our case, one obtains

1Py = P llr = sup / P = P )9
geL, |lglzoo=1 /R

= sup Tr (Yw4w — YW)9)
gEL®®, |lgllLeo=1

< sup | (YW 4w — Yw)9lle,
gEL™>, ||gllpeo=1

1

2mi

fé (1= RY(2)w) " RO(2)wR"(2)g dz

= sup
geL®®, [lgllpeo=1

| 52
1671’2 (1 _ ||w|<|SLOO

G1

IN

] [wllzr,
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and
Hp’YW+w = Pyw ||L2 = sup / (p’YW+w - p’Yw)g
g€eL?, ||gll2=1/R?
= sup  Tr((Yw+w —YW)9)
g€L?, ||gll 2=1
< sup  [[(Ww+w —yw)glle,
g€L?, ||gll 2=1
1
= sup — 7{(1 — R(2)w) 'R%(2)wR’(2)g dz
geL?, |gll =1 11271 Je &
c| B _ -
= ap 0 A) s, (- A) Mgl
g€L?, ||g|l2=1 2m(1 — T)
C| 3
S 1671-2 (1 _ ||w||L°°> H'LU”L2
0
Hence,
c 2
0 < Dyt = Prws Pywrw — Pow) < 1| _ Il w71z
— lllee

Lastly, one obtains, using again the Cauchy-Schwarz and Hardy inequalities,

(ww — ) (r, )2
/RS /]RS w‘ drdr’ <2 lvww — wlle, [VIwrw — Viw e,

r—r|

(s

||’YW+’LU _’YWHG2 S ”’YW+U) _’YWHGl S 16 9 (1 ||w||ch>> HwHLlu
T __ IWiiree

and

1
IVYw+w — Vywlle, < HV2.}{R0(z)wRO(z) dz
i Je

(D)

(G

H o V(= A) (1= ARG - A) (1= ARz d

S
H j{ V(1 - — AR (2)w(1l — R%(2)w) 'R%(2)w(1 — A)1(1 — A)RY(2) d=
2mi S,
<c <||w||L2 ¥ “f“LﬂLﬁfL’Lﬂ ,
- 0

we conclude that

(YW tw — ) (r, 1) [?
/Rs /Rs +w’r—r’\ dr dr’ = O(Hw||%lmL<>°>'

We have therefore established that the Fréchet derivative of the function w +— EWF (yyy4,,) is
the linear form

w— Tr <(K7W - UZV)%’]U 7£ R%(2)wR(2) dz) .
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It follows from (8.7)-(8.8) that this linear form is in fact continuous on L*(R3) N L%(R3).
Therefore, there exists "V € (L'(R?) N L?(R3)) = L?(R3) + L>(R3), such that for all w €

LI(®S) 1 L (BY)
T (8 — o) f RO dz) = [ o

Using [R%(2),yw] = 0, the analyticity of the function z +— (1 -~y )R%(2)(1 —~w ) in the interior
domain defined by C, and Cauchy’s formula [39], it is easy to show that

2ri j{ R(eJuR(z)d= = 2;1 yw R (2)yww(l — yw)R%(2)(1 — yw) dz
Zin 7{(1 N PYW)RO( )1 - ’YW)’U)”YWRO(Z)’YW dz.

The left-hand side of the above equation therefore defines a finite-rank operator. Let ((b Ji<i<N
be a set of N orthonormal eigenvectors of Hyy associated with the lowest N eigenvalues €}V <
- < 6%/ of Hyy. It holds

0( 0 > Wy W) 1 0
o R GUR @) e = IR Wt o (L= R - ) dz

)

+

Mz

— z— €

(mﬂ (1R —vw>dz> w(lo! ) {ol"])-

Using again the analyticity of the function z — (1 — v)R%(2)(1 — 4w) in the interior domain
defined by C, and Cauchy’s formula, we then obtain

L L — ) B = w) dz = (1= ) — (1= ) Hi (1 — )] 7 (1 = ).

2mi cz—e

Multiplying the above equality by (K, — v on the left-hand side and taking the trace, we
are led to

1
T (Ko — oW 7]{ 0 0 ): w
'y (( v — Vg )27ri CR (z)wR”(z) dz RSQ
with

N

(1) =230l (1) [(1—w)lel = (1= ) Hw (1= 3w)] (1 = 3w) (Ko — vl )oY ().
i=1

As the ¢!Vs are in H?(R?) and as the range of the operator [€}" — (1 — vy )Hw (1 — yw)] ! is
contained in H2(R3), the function py belongs to L' (R3)N H?(R3). Using similar arguments, one
can easily show that the operator Ty defined by (4.17) is finite-rank and that py (r) = ty (r,r).

It remains to prove lemmas 8.2 and 8.3.

Proof of Lemma 8.2. Let z be in the resolvent set p(Hyy) of Hyy. By Assumption 4.1, D(Hy ) =
H?(R3). Hence, (z — Hy ), considered as an operator from H?(R?) to L?(R?), is invertible. As
W € L2(R3) + L>=(IR?), it is also continuous, hence bicontinuous in view of the inverse mapping
theorem [37]. As sois (1 — A), (1 — A)R%(z) is a bounded operator on L%(R3).

On the other hand, it holds, for all ¢ > 0 such that (z — ¢) € p(Hw ),
RY(2)(1 —A) = R°(2)((z — ¢) — Hw)R"(z — ¢)(c — A/2)(c — A/2) 71 (1 — A).

The operators R(2)((z —c¢) — Hy) = 1 —cR°(2) and (c—A/2)71(1— A) are bounded operators
on L?(R3). Besides,

(c=A/2) Hz—c—Hy)=—(1-(c—A/2)7 (= W)).
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As W € L?(R3) + L>®(R3), one can write W as W = Wy + W, with Wy € L%*(R3) and
W € L®(R3). The operator (c—A/2)7!(z — W) is a bounded operator and its norm vanishes
when ¢ approaches +oo. Lastly, the operator (¢ —A/2)~1Wj is Hilbert-Schmidt, and its Hilbert-
Schmidt norm

o eVl \V?
(= a2 8ﬂ</Rg|r|2df> W2 =

hence its norm in £(L?(R?)), go to zero when ¢ goes to infinity. The operator (c—A/2) "} (z—c—
Hyy) is therefore bounded on L?(R3) and invertible for ¢ large enough. Its inverse, R°(z — ¢)(c—
A/2) also defines a bounded operator. This proves that R°(z)(1 — A) is a bounded operator.

The analyticity of the functions z — (1 — A)R%(2) and z — R°(2)(1 — A) follows from the
analyticity of the resolvent on the resolvent set: For zg € p(Hw) and z € p(Hw) such that
|z — 20| < ||R%(20) 7, it holds
+o0
R(2) = Z(z — 20)" R (20)" 1,
n=0
0

Proof of Lemma 8.3. Let us first prove the second assertion. The kernel of the operator v(1—A)~!
is explicit and reads
ef‘rfrl‘
k(r,x") = v(r)

4clr —1'|

/ / E(r, )% drdr’ = (/ 02) / ﬂdr _ vz
R3 JR3 ’ R3 R3 1671'2‘1"2 S

v(1 — A)~! is Hilbert-Schmidt and [[v(1 — A)7|e, = (LLZJ;%/Z?‘

In order to prove the second assertion, we write v as v = vy — v_ with v} = max(v,0) and
v_ = max(—v,0), and introduce the operators A1 = \/vx(1 — A)~! As vz € L*(R?), the
operators Ay are Hilbert-Schmidt and such that [[A+|ls, = ||\/E\|L2/(87r)1/2. Hence, (1 —
A)7lo(1—A)Th =A% Ay — A* A_ is trace-class and

1= 81 = )7 < o (i + i) = 1.

8.4. Proof of Proposition 4.2: Properties of the KLI potential

As D(Hy ) = H%(R3), the eigenfunctions oYV are in H?(R3), and are therefore continuous on R3.
Under the assumption that 61 < minoegs(Hyw ), the ground state ¢¥V is non-degenerate, and
positive on R?. Consequently, pg is continuous, and positive on R3, so that

[o} ()

:?KLI( +Z( i mKLI|¢z> <¢7;W|K¢>W\¢¥V>) g (r)

; (8.9)

is a continuous, bounded function on R3.

Proceeding as in Section 8.1, one can show that the functional JXM is well-defined on L3(R?) +
L>®(R3) and that the global minimizers v of (4.23) are exactly the solutions of the KLI equation

pantete) = = [ DS EIE r SH  s ) 0O (s

v — /|
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It remains to prove that the set of solutions of the above equation is a one-dimensional affine
space. To this end, we note that the potential

W wyy 190 ()
= Kgw
o(r) = o5 (x +§j( — (0l | Kaw |0")) Dt
is a solution of (8.10) if and only if the vector a®”’ = (a?w) € RV is a solution of the linear

system (4.25). We therefore have to show that Ker(Iy — S®" ) =R(1,---,1)T and that %" €
Ran(Iy — S?).

Let y € RY. One has

<§:yi ¢ )? Zyz ") > (g}(qﬁzwf)

N
yT(Iy =S )y =Yy —/

— R3 N W N W =9
1=
> (0])? > ()
i=1 i=1
with equality if and only if, for all r € R3, there exists A(r) such that y;¢}" (r) = ( )oYV (r) for
all 1 <i < N. As ¢V > 0 on R3, this condition is equivalent to y = (y;) € R(1,---,1)T. Thus,

Ker(Iy — S‘DW) =R(1,---,1)T. Lastly, using the fact that CRE symmetric, one obtains
N
Ran(IN — S(I)W) = Ker(IN — SCDW)J' = {Z = (Zz) & RN7 Zzz = O} .
i=1

It is easy to check that 32" € Ran(Iy — S‘DW).

8.5. Proof of Proposition 5.1: Properties of the ELP

For all v € L3(R?) + L>®(R3), the operator B®v = [v, 7] is Hilbert-Schmidt. One can therefore
define on L3(R3) 4+ L>°(R?) the functional

1
TEF () = I

For all v and h in L3(R3) 4+ L*>®(R3),

1
v =Ko, ]l§, = 51B% = [Ke, el

1
Jo T (v + h) = J5F (v) + (B0 — [Ke, 7], B*h)e, + iHBq)hHég,
and

(B®v — [Ks,7s), B®h)s,

r.r 2 N
- 2 /RS (%(r)v(r) +/RS wdr'_ > (¢ilv— Ko |¢j>¢i(r)¢j(r)) h(r) dr.
2,7=1

The global minimizers v of (5.1) are therefore exactly the solutions of the equation

r,r')|? N
pairoe) = - [ D2 a1 S oo - Kalojamem. )

ij=1

Multiplying the above equation by d)J and integrating over R3, one then observes that the
function v satisfying

pteyote) = — [ D2 4 S (0, (ol aloentero o

rR3 |r—1r/| ot
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is a solution of (8.11) if and only if the matrix M is a solution of the linear system
(I — A®YM = G®. (8.12)

Let us now prove that, if the orbitals ¢; are continuous and if R3\ ,0;1(0) is connected, then
Ker(I — A?) = RIy and G® € Ran(I — A®). For this purpose, let us consider a matrix M €
Mg (N) such that (I — Aq)) M = 0. As M is symmetric, it can be diagonalized in an orthonormal
basis set as

M =UT Diag(\1,--- ,An) U

where U is a unitary matrix. Denoting by (11, ...,¥n)T = U(¢1,...,¢n)7T, a simple calculation
leads to
N N 2
0=((1-a%) a e =33~ [ IS a2 T
i=1 R |i21 pa(r)

where (-,-)p is the Frobenius inner product on Mg(N). As U is a unitary transform, the ;
N

are orthonormal for the L?(R?) inner product and Zwi(r)z = pa(r). Therefore, using the
i=1
Cauchy-Schwarz inequality,

2

N
> Nithi(r)?
=1

N N N
< (Z ?/h'(r)Q) <Z A??/%(r)2> = pa(r) Y Ajhi(r)?,
=1 =1 =1

with equality if and only if there exists C(r) such that A\;¢;(r) = C(r)y;(r) for all 1 <i < N.
Hence,

2 N

dr > N)\Z_/ Z/\Zw.?:o
pa(r) — =" et 7

al 2

with equality if and only if for almost all r € R?, there exists C(r) such that A\;¢;(r) = C(r)y;(r)
for all 1 <7< N.

N
> Xiti(r)?
i=1

If the orbitals ¢; are continuous, so are the functions ;. Let us consider the open sets 2; =
R3\ ;7 1(0) and Q = UY ,Q; = R?\ pz(0). On ©Q;, one has C(r) = \;. This implies that the
function C(r) is constant on each connected component of Q. If © is connected, one therefore
has A\ = A9 = --- = Ay, i.e. M is proportional to the identity matrix.

In summary, under the assumptions that the orbitals ¢; are continuous and that R3\ pgl(O)
is connected,

(1) the linear equation (8.12) has a solution if and only if G® € Ran (I - Aq)). Note that
Ran (I — A‘p> = Ker (I — (A‘I))*>L = Ker (I - ACI’)l, since A% is self-adjoint for the
Frobenius inner product. It then follows that Ran (I — Aq’) = Span(Iy)*. Since (In,G®)r =
Tr(G®) =0, G® € Ran (I - Aq’) and (8.12) has at least one solution Mg;

(2) if M2 is a solution of (8.12), then the set of the solutions of (8.12) is {Mf’ + Mgy, A€ R}.

Note that replacing M® with M® + Agx in (8.12) amounts to replacing viELP with viELP + A
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Appendix: Brief review of functional analysis

This Appendix aims at providing to quantum chemists the basis of functional analysis needed to
understand the statements of the results contained in the present article. The additional concepts
and results used in the proofs can be found in [37].

Let us first recall the definition of the functional spaces used throughout this article. In the
following, all the considered functions are real-valued Lebesgue measurable functions on R3. As
usual, two functions which differ only on a set of measure zero are identified.

/}R3 |u(r)|P dr < oo}.
e = ([, luwyrae) "

LP(R3) is a Banach space. The space L?(R?) is a Hilbert space for the inner product

(ulv) = /11@3 u(r)v(r) dr.

The space L>®(R?) is the vector space of essentially bounded functions. A measurable function u
is essentially bounded if there exists a constant M such that |u| < M almost everywhere (a.e.),
i.e. everywhere except, possibly, on a set of measure zero. Endowed with the norm

ull oo = inf {M >0 | [u] < M a.e},
L>(R3) is a Banach space. One has for all u € L>(R3),
[u(r)] < [lufpe ae.

For all 1 < p < g < oo, the space LP(R3) N LY(R3), endowed with the norm | - ||zrnre =
|- llze + | - ||£e, is @ Banach space. Likewise, for all 1 < p < ¢ < oo the space

LP(R®) + LUR®) = {u | H(up, ug) € LP(R®) x LYRD), u =1y + g ,

For 1 < p < oo, the LP space is defined as

LP(R3) = {u

Endowed with the norm

endowed with the norm
oo = inf {upllzo + ugllze, (up,ug) € LP(RS) x LIRY), u =1, + 1y}
is a Banach space.

In quantum mechanics, the kinetic energy of a one-particle wavefunction ¢ is % Jrs Vo[ Tt
is therefore natural to introduce the vector space

H'(R®) = {u € L*(R®) | Vu € (L}(R%)*} .
Endowed with the inner product
(u,v) g1 = / u(r)v(r) dr +/ Vu(r) - Vou(r)dr,
R3 R3

H!(R3) is a Hilbert space. We will also use the Hilbert space
2,,

Or;Or;

H?(R3) = {ueHl(R3) V1<i,j<3,

€ L*(R?) }
whose inner product is

0?v
(U, v) g2 = /}R3 u(r)v(r) dr + /R3 Vu(r) - Vo(r)dr + Z /3 8r18rj arzar]( r)dr.

The functional spaces H'(R3) and H?(R?) belong to the class of Sobolev spaces.
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Lastly, L (R3) is the vector space of the functions u such that [} |u(r)|Pdr < oo for all
compact sets K C R3.

The second part of this Appendix is devoted to linear operators on L?(R3). The set of the
continuous linear operators from L?(R3) to L?(IR?), also called bounded operators on L?(R?), is
denoted by £(L?(R3)). The adjoint of a continuous linear operator T' € £(L?(R?)) is the unique
operator of £(L?(R3)), denoted by T*, defined by

V(u,v) € L*(R?) x L3(R?), (T*ulv) = (u|Tv).
The operator T' € L(L?(R?)) is called self-adjoint if 7% = T. The vector space of self-adjoint
continuous linear operators on L?(R?) is denoted by S(L?(R?)). If T is a self-adjoint operator,
it is usual to write
(u[T]v) = (Tulv) = (u|Tv).
Let T € L(L*(R?)) and (e,)nen be a Hilbert basis of L?(R3). The value of the sum
> ITenll2:
neN

is independent of the choice of the Hilbert basis (ey)nen. The operator T' is called Hilbert-
Schmidt if

2
1T |e, = (Z ||T€n||%2) < 0.

neN
The set of Hilbert-Schmidt operators forms a vector space, denoted by Gs. It is in fact a Hilbert
space for the inner product

(8,1, = Z<56n|T€n>-
neN
The norm associated with (-, -)g, is denoted by || - ||s,. It can be proved that T € L£(L?(R3)) is
Hilbert-Schmidt if and only if there exists a function of L?(R3 x R3), called the kernel of the
operator T' and usually denoted by T as well, such that

(Tw)(r) = / () ulr!) d.
.
It holds
1/2
1Tle, = (/ IT(r,r’)|2drdr’> ,
R3xRR3

and T is self-adjoint if and only if T'(rv',r) = T'(r,1’).
Let now T € S(L?*(R3)) be a non-negative self-adjoint operator (i.e. (u|T|u) > 0 for all
u € L}(R3)) and (e,)nen a Hilbert basis of L?(IR?). The value of the sum

Z<€n’T|€n>
neN

does not depend on the choice of the Hilbert basis (e,)pen. If this sum is finite, T' is called
trace-class and the trace of T is defined as

Tr (T) = > (en|Ten).
neN

A (non-necessarily self-adjoint) operator 7' € £(L?(R3)) is called trace-class if the non-negative
self-adjoint continuous operator |T'| = (T*T)'/? is trace-class (the square root of a non-negative
self-adjoint operator is defined below). The set of trace-class operators on L?(R?) forms a vector
subspace of Gy, denoted by &;. Endowed with the norm

1T, = Tr (IT),

G, is a Banach space. For all T' € &1, the sum ), cn(en|Tey) is finite and independent of the
choice of the Hilbert basis (e, )nen. The trace Tr defines a continuous linear form on &;.
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Most linear operators arising in quantum mechanics are not continuous linear operators. An
example is the one-particle kinetic energy operator Tx = —%A. As the Laplacian of a function
of L?(R3) is not, in general, a function of L?(R?), T cannot be defined as a linear application
from L?(IR3) to itself. The useful definition of linear operators is the following: A linear operator
T on L?(R3) is a L?(R3)-valued linear application defined on a subspace D(T) of L?(R?). The
set D(T) is called the domain of the linear operator T'. For instance Tk is a linear operator on
L?(R3) with domain D(Tk) = H?(R3) (for all u € H?(R?), Au € L?(R3), and Txu therefore is
a function of L?(R3)).

Let T be a linear operator on L?(R?) with dense domain D(T'). The adjoint of 7 is the unique
linear operator on L?(R3) defined by

D(T*) = {u € LA(R®) | Jv, € L*(R?) such that (v,[w) = (u|Tw) Yuw € D(T)}
T u = vy (v, is uniquely defined since D(T) is dense in L?(RR?)).

The operator T is called self-adjoint if 7% = T (i.e. if D(T*) = D(T) and if for all w € D(T') =
D(T*), T*u = Tu).

Let T be a self-adjoint operator on L?(R3) with domain D(T'), and z € C. In order to simplify
the notation, we denote by z — T the operator zI;2(gs) —1" where Iy2gs) is the identity operator
on L*(R3). If z — T is an invertible operator from D(T) to L?(R3), it can be proved that
R(z) = (z — T)~! defines a continuous linear operator on L?(R?) (with range D(T')). The set

p(T) ={z € C |z — T is an invertible operator from D(T) to L?(R3)}

is called the resolvent set of 7', and the family (R(z)).c,(r) the resolvent of T. The spectrum
of T is the set o(T) = C\ p(T). The set p(T') is an open set of C and o(T) is a closed subset
of R. An eigenvalue of T is a complex number A for which there exists v € L?(R?) such that
Tu = Au. The set of all the eigenvalues of T is called the point spectrum of T" and is denoted by
op(T). Obviously, o, (T") C o(T) (in particular, all the eigenvalues of a self-adjoint operator are
real). The set 0.(T") = o(T) \ op(T') is called the continuous spectrum of T'. If the continuous
spectrum of 7' is empty (i.e. if o(T) = o,(T)), there exists a Hilbert basis (e,)nen+ of L?(R3)
which diagonalizes T":

neN neN

T= Z Anlen| - Yen (: Z Anlen) (en]  in bra-ket notation) ,

with A, € R. In this case o(T") = {\,}. If f : R — C is continuous in a neighborhood of o(T),
the operator f(T) is defined as

neN neN

D(f(T)) = {u =Y unen € L*(R?)

S+ [FOn))unl? < oo}
f(T) - Z f()‘n)<en‘>en = Z f()\n) |6n> <€n|

neN neN

This definition can be generalized to any self-adjoint operator 7" by means of the spectral the-
orem [37]. Note that if T is non-negative, o(T') C Ry and the operator T"/? can therefore be
given a sense.

Lastly, the spectrum o(T') of a self-adjoint operator can also be partitioned as follows

o(T) = 0q(T) Uoess(T),

where oq(T') is the set of all the isolated eigenvalues of T' of finite multiplicity, and where
Oess(T) = o(T) \ 0q(T). The sets 0q(T") and oess(T") are called respectively the discrete spectrum
and the essential spectrum of T'.
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