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Abstract in English: Density functional theory (DFT) is the most
efficient method to model matter at the microscopic scale. Its range of ap-
plicability is very wide, covering atoms, molecules, solids, fluids. Despite its
tremendous success in physics and quantum chemistry, few mathematical
works were devoted to its rigorous foundations. The goal of this PhD thesis
is to address the main ones. We analyze mathematical aspects about the
Hohenberg-Kohn theorem, about the potential-to-density map, and about
the Kohn-Sham inversion procedure.

Résumé en francgais : La théorie de la fonctionnelle de la densité est
la méthode la plus efficace pour modéliser la matiere quantique a 1’échelle
microscopique. Son champ d’applications et tres large, il couvre les atomes,
molécules, solides, fluides. Malgré son éclatant succes en physique et chi-
mie quantique, peu de travaux mathématiques ont porté sur ses fonda-
tions. L’objectif de cette theése a été d’étudier les principales questions liées
aux fondements de la théorie. Nous avons traité certaines questions math-
ématiques autour du théoreme de Hohenberg-Kohn, analysé les propriétés
de lapplication des potentiels vers les densités des états fondamentaux, et
avons enfin étudié le probléme inverse de Kohn-Sham.
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Chapitre 0

Introduction

0.1 Présentation de la DFT

La Théorie de la fonctionnelle de la densité, Density Functional Theory
(DFT) en anglais, est une approche de la mécanique quantique décrivant N
particules qui se donne pour but d’exprimer toutes les quantités physiques
en fonction de la densité a un corps, autant que faire se peut. En physique,
les méthodes effectives a un corps sont tres courantes car elles permettent
de remplacer des problemes complexes en problemes plus simples presque
indépendants du nombre de variables. C’est par exemple le cas de ’approxi-
mation de “champ moyen” [20, 39]. Ils sont extensivement utilisés car tres
efficaces pratiquement, et présents dans des disciplines tres variées, comme la
mécanique statistique classique, la mécanique quantique, la dynamique des
trous noirs, etc [4, |12, (18] 21]. La DFT est aujourd’hui la méthode la plus
efficace pour simuler la matiere au niveau microscopique. Elle s’applique a
des situations tres diverses : atomes, molécules, solides, noyaux atomiques,
fluides classiques et quantiques. Des introductions a la DFT sont présen-
tées d’un point de vue physique dans [8, 9], et dans [5, [33] d’un point de
vue mathématique. Les documents [25] |27] présentent également certaines
propriétés mathématiques de la DFT.

Dans cette section nous introduisons le contexte physico-mathématique
puis présentons les principaux paradigmes qui fondent la DFT.

0.1.1 Contexte physique

Nous considérerons la DFT du point du vue de la physique atomique,
bien qu’elle s’applique également a la physique nucléaire et aux plasmas,
entre autres. Les particules en jeu sont donc les noyaux atomiques et les élec-
trons. Par ailleurs, nous nous plagons dans I’approximation non-relativiste.
Les protons et neutrons étant de 'ordre de 103 fois plus lourds que les élec-
trons, 'approximation de Born-Oppenheimer justifie un traitement classique
des noyaux, et constitue une approximation tres précise. Nous considérerons
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I’espace Euclidien R% de dimension d > 1, appelé espace libre, ou bien des
systeémes confinés dans un domaine borné avec conditions de Dirichlet. Nous
nous plagons dans le systéme d’unités suivant

ou m, est la masse de I’électron, —e est la charge électrique de I’électron, h est
la constante de Planck et enfin €y est la constante de Coulomb. Notons w €
L. (R4, R) D'interaction entre les électrons, qui est bien sftir H_l, mais que
nous prenons sous forme générale pour les résultats présentés. Considérons
un exposant réel p qui sera choisi en fonction de la situation. En réponse a
un champ électrique extérieur classique, découlant du potentiel v € (LP +
L>®)(R4,R), les N électrons du systéme sont pilotés par le Hamiltonien

N — . ) L = .
H” (v) = ZAZ + Z w(x; —xj) + Zv(ml).
i=1 =1

1<i<j<N

Dans notre cadre atomique et moléculaire, le potentiel Coulombien créé par
les noyaux est de la forme

M
Zi
v@) == TRy

i=1

ou M € N est le nombre de noyaux, les Z; € N sont leurs charges, et enfin
R; € R?sont leurs positions. Nous n’incluons pas 1’énergie d’interaction entre
noyaux ».y<; i<y ZiZj/ |Ri — R;|, puisque sous I'approximation de Born-
Oppenheimer celle-ci est une constante indépendante de la configuration
électronique. En DFT standard, seul ’état électronique fondamental est pris
en compte, puisque la différence d’énergie typique entre le fondamental et
le premier état excité est de 'ordre de 1’électron-volt, alors que I’énergie
thermique d’une salle & 20°C est de I'ordre de 2,5-1072¢V. La distribution
de Boltzmann exponentielle montre que le fondamental domine largement
I'occupation des états.

Un axiome de la théorie des champs quantiques établit que toutes les
particules proviennent de ’excitation d’une toile de fond universelle, et sont
donc indiscernables. L’indiscernabilité est le fait que la quantité observable
|W|? doit étre invariante sous changement des indices des particules. Les
seules représentations algébriques sont les représentations fermioniques et
bosoniques. Il s’avere que les particules élémentaires de matiere, compre-
nant les électrons, respectent la premiere possibilité. Nos états sont donc
antisymétriques, c’est-a-dire que pour toute permutation o de {1,..., N},
on doit travailler avec la contrainte

\I/(.’Ija(l), oo ,xU(N)) = E(U)\If (3}1,. . .,xN),



ou €(0) est la signature de la permutation. L’état des N particules de matiére
est donc représenté par une fonction d’onde

wer2(®)Y):= }V\ ? (RY,C7),

ou q = 1 est le spin, égal a 2 pour les électrons. Cependant, nous considé-
reront la plupart du temps g = 1, c’est-a-dire des systéemes sans spin, car
ceci affecte peu les résultats présentés, tout en alourdissant les notations.
Rappelons que les degrés de liberté de spin apparaissent lors de la recherche
de représentations de l'algebre de Lorenz, implémentant le principe de rela-
tivité.

Les observables ]\11]2 sont des densités volumiques de probabilité de pré-
sence des électrons, la normalisation est donc [ |¥|* = 1. L’énergie d’un état

U ¢ L2(R) plongé dans le potentiel extérieur v est alors <\I/, HN (v)\I/>
L’état fondamental est donné par le probléme de minimisation

EN@w):= inf U, HY (0)0) 1

=l (G Y) M)

Jlw)P=1

compris au sens des formes quadratiques. Le minimum est 1’énergie fon-
damentale, et les minimiseurs, s’ils existent, sont les états fondamentaux,
atteints lorsque le systeme est a ’équilibre. Lorsque N 2 10, ce probléme de
minimisation est absolument hors de portée des ordinateurs classiques ac-
tuels, et le restera certainement encore au moins quelques dizaines d’années
d’apres les spécialistes.

Définissons des quantités réduites de ces fonctions d’onde [31]. Considé-
rons la matrice densité a un corps, dont le noyau intégral est défini par

’yq,(x,y) =N \P(x,xQ,...,l’N)‘l’(y,xz,...7$N)d$2"'d:1}N, (2)
RA(N-1)

et est vue comme un opérateur sur L?(R%V). Des calculs utilisant la symétrie
de |\I»'|2 montrent que I’énergie cinétique peut s’exprimer seulement avec elle,

c’est-a-dire
N
<\I/, (Z —Az> \I/> =Tr (—A”y\p) .
i=1

L’énergie d’interaction s’exprime uniquement via la densité de paire

N(N -

@ () 1>/ 2
Py (‘T’y) = 2 RA(N—2) |‘II’ (x,y,l'3,--.7$]\7)d$5 dea (3)

par la relation

<‘I’7 Y w(w— ) \I’> = A2dw(w—y)pg)(x,y)dxdy- (4)

1<i<j<N



Enfin, ’énergie de couplage entre les électrons et le potentiel électrique ex-
térieur peut s’écrire en fonction de la densité a un corps, ou densité

P— 2 ...
pu(z) '_N/Rd(zv—n " (2, 22, ..., zN)dzs - dan,

par la relation

N
<\Il, (;v(xl)> \IJ> = /Rd Vpy. (5)

La relation est fondamentale en DFT, elle montre qu'un systéme est
couplé a un potentiel extérieur seulement par la densité py. En revanche,
la matrice densité a un corps et la densité de paire contiennent strictement
plus d’information que la densité, puisque

2
po(a) = 5 [, o8 (@ Wy = 20 (. 2).

1
Les énergies internes, cinétique et d’interaction, ne peuvent pas d’exprimer
avec la densité a un corps seulement.

0.1.2 Le modéle de Thomas-Fermi

L’approche en densité prend ses racines dans les débuts du développe-
ment de la mécanique quantique, quand Llewellyn Thomas et Enrico Fermi
présentent indépendamment en 1927 [10, |36] une approximation de 1’énergie
d’un systeme électronique, décrivant I’état fondamental, uniquement par la
densité. Leur fonctionnelle d’énergie est

1
5;FF(p):CTF/ pg+*/ p(aj)p(y)dxdw/ vp,
R3 2 Jgrs |x—y| R3

pour w = H*l. La minimisation de cette fonctionnelle sur ’ensemble des
fonctions p € (L' N L3)(R?) meéne a une énergie fondamentale proche de
lexact dans certaines situations, par exemple pour les atomes lourds [32].
L’énergie de couplage avec le potentiel extérieur, [vp, reste exacte, le terme
err [ pg est une approximation de 1’énergie cinétique fermionique, et le
terme % Ik %dxdy, appelé terme direct, approche ’énergie d’interaction.
Cette fonctionelle a par la suite été améliorée, Dirac ajoutant en 1928 le
terme —cp [ p*/3 constituant Pordre suivant du terme d’interaction [7]. Par
I'inégalité de Lieb-Oxford [30], c’est une borne inférieure a ’énergie Cou-
lombienne totale dont on retranche 1’énergie directe, cette différence étant
aussi appelée énergie indirecte. Puis von Weizsécker a ajouté en 1935 [37]



le terme d’ordre suivant du terme d’énergie cinétique, cyw [ ‘V\/ﬁ|2, c’est
également une borne inférieure |3|. La fonctionnelle résultante est donc

5
£,V (p) = CTF/ p3 +va/, Vol
R3 R3

+1/ p(x)p(y)dxdy—cD/ p%—{—/ vp.
2 Jgrs |:1j—y| R3 R3

Des propriétés mathématiques de cette fonctionnelle sont contenues dans
[28]. Ces approximations permettent de prévoir certains effets physiques,
mais leur précision reste trop faible pour étre utilisées a des fins de modéli-
sation quantitative dans les applications modernes.

0.1.3 Hohenberg-Kohn

Bien plus tard, en 1964, Hohenberg et Kohn montrent par un court rai-
sonnement mathématique que deux potentiels différents ne peuvent avoir
des densités & un corps identiques [16]. Autrement dit, 'application qui va
des potentiels électriques v vers les densités pg du fondamental W est injec-
tive. Cette application est donc bijective sur son image, et la connaissance
de la densité du fondamental implique la connaissance du potentiel. Or, la
connaissance du potentiel permet de théoriquement tout connaitre du sys-
teme. Donc la connaissance de la densité du fondamental permet de tout
déduire du systéme et il n’y a théoriquement pas besoin de calculer la fonc-
tion d’onde totale ¥ du fondamental. Ceci peut se résumer par le schéma

p— v, — ¥(v,)

Physiquement, ce résultat est assez surprenant. Il fonde la DFT et jus-
tifie sa pratique, car alors toute grandeur observable du systéme s’exprime
de maniere unique par des fonctionnelles de la densité p. Par exemple, les
énergies cinétiques et d’interaction doivent pouvoir s’exprimer en fonction
de la densité du fondamental, c’est ce principe qui avait déja été appliqué
par Thomas et Fermi sans cette justification théorique.

0.1.4 Levy-Lieb

Discutons maintenant d’une approche variationnelle des idées de Ho-
henberg et Kohn, formulée par Levy et Lieb dans [22, [27]. Une densité
p € L'(RY R) est dite représentable s’il existe un état fermionique ¥ €
H!(R™ C) normalisé par [|¥|* = 1 et tel que pg = p. Dans [27], Lieb a
montré qu’une densité donnée p est représentable si et seulement si

peL'RLR), VpeHI(RY), [ p=N.
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Connaissant la densité du fondamental du systéme a I’équilibre, ’énergie
fondamentale peut étre explimée de maniere exacte par la fonctionnelle de
Levy-Lieb (22| [27]

FN(p):= inf U, HY(0)T) .

()=, nf (0 HOF)
pu=p

C’est la fonctionnelle intermédiaire lorsqu’on scinde le probléme de minimi-

sation inital en deux étapes :

Nioy : N
E (v)ixyeng%dN) <\I/,H (v)\I/>
JlwP=1
= inf inf <\I/, HN(U)\I’>
peL}(RYR ) WeL2(RIN)
p=N pPw=p
VPEH (RY)
—  inf / vp+ inf (U, HN(0))
pEL'(RER,) Rd Ve L2(RIN)
fPZN Py =p

VPEH! (RY)

=  inf / + FN )
pELll(%d,R+) ( Rd P (p)
J =N

VPEH! (RY)

Ceci montre que EN (v) peut s’exprimer comme un probléme variationnel
basé uniquement sur la densité p. La fonctionnelle FV(p) est universelle au
sens ou elle ne dépend pas du potentiel externe. Ainsi, si elle pouvait étre cal-
culée a bas colit numérique, cela donnerait acces a la résolution du probléme
de Schrodinger a N corps, et de trés nombreux problémes de physique trou-
veraient leur solution numérique. Par ailleurs, I’énergie d’échange-corrélation
est définie comme étant

1
Exelp) = FY(p) = 5 |, p@)py)w(e - y)dady — T (p),
ol
T™(p):= inf / V2.
(p) werrham VY|
J1wE=1
pu=p

Elle représente I'erreur qu’on commet lorsqu’on approche la fonctionnelle de
Levy-Lieb par I’énergie directe et la fonctionnelle de Levy-Lieb avec w = 0.
Comme cette derniére fonctionnelle ayant w = 0 est moins coliteuse numé-
riquement, approximer FV(p) est équivalent & approximer EL(p).
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0.1.5 Approximations des fonctionnelles de la densité

Ainsi théoriquement justifiée par le théoréme de Hohenberg-Kohn et la
formulation variationnelle de Levy-Lieb, la recherche d’approximations de
fonctionnelles de la densité a été et est toujours un probleme tres important
en physique et en chimie quantique, tout particulierement celle qui donne
I’énergie du fondamental. La fonctionnelle de Thomas-Fermi revient a écrire

FN(p) ~ crp / ps + ! p()p(y)w(z — y)dzdy,
R3 2 Jrs

ou encore TV (p) =~ c1p [ps ,0% et EN(p) ~ 0. Cette fonctionnelle a servi de

base pour améliorer leur précision, et capturer plus d’effets physiques [34].

Les approximations les plus crues sont celles de type LDA (local density

approximation), qui s’expriment par des intégrales explicites de p, c’est-a-

dire par un choix de fonction fipa et en estimant

EX(p) = [ fua(pla))da.

Elles sont exactes dans certains régimes [24]. Les raffinements suivants sont
les GGA (generalized gradient approximation) qui utilisent le gradient |V,/p|
apparaissant par exemple dans le terme de von Weizsédcker. On considere

alors une fonction faga € Li.(R% R) et Pestimation

BX(p) = [ foea(pl@). [Vv7] (@) da.

Précision chimique

RPA et au-dela p, Vol 75 fsis Bi
Hybrides ' p, |V\/p|, T, ¢k
Meta GGAs Py Vol
GGAs |, [VV7)
LDA p

Champ moyen

FIGURE 1 : Echelle de Jacob des approximations en DFT

On peut continuer & complexifier les approximations de FV (p), en in-
cluant la densité cinétique

7(x) ::/ VU2 das - - day,
RA(N-1)
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ce qui fait sortir du domaine de la DFT puisque 7 ne peut pas étre dé-
duit de p, mais reste cependant dans le méme esprit. On peut encore in-
clure les orbitales électroniques ¢ys; du systéme de Kohn-Sham que nous
présenterons dans la section suivante, ceci est appelé RPA (random phase
approximation), et encore bien d’autres grandeurs. L’objectif est d’atteindre
puis dépasser la précision chimique 2 - 1072eV, définie comme étant la pré-
cision atteignable expérimentalement, et qui permet de faire des prédictions
suffisamment fiables pour les applications en chimie quantique.

La complexification a outrance des fonctionnelles engendre fréquemment
une forte spécialisation aux situations particulieres. La qualité de 'approxi-
mation s’accroit pour une application donnée, pendant que son universalité
diminue. Des compromis sont donc effectués pour atteindre un bon équilibre
entre polyvalence et précision.

0.1.6 Kohn-Sham

L’idée de Kohn et Sham [21] de 1965, intimement liée & celles présentées
précédemment, est, étant donné un potentiel v, de remplacer le systeéme
exact par un autre dont le Hamiltonien ne contient pas d’interaction. On
essaie de faire cela en modifiant le potentiel v, qui devient alors ce qu’on
appelle le potentiel de Kohn-Sham vkg. Le nouveau systéme est décrit par
un probléme sans interaction (w = 0),

N N
Hyo(vks) == — > A+ Y vks ().
=1 =1

La contrainte cible est que la densité du fondamental du systeme équivalent
doit étre égale a la densité du fondamental du systéme initial,

puw=0(v) = p(vKs).

L’intérét de cette procédure est que le nouveau systeme peut étre résolu
numériquement puisqu’il n’y a plus d’interaction. Il suffit de calculer les N
premiers états de 'opérateur a un corps

—A + vks,

notés ¢; € H'(R?, C) et appelés orbitales de Kohn-Sham, d’énergies
Ei= /Rd (IVeil® + vk il

croissantes. Elles forment une famille orthonormée dans L?(R?) et sont re-
lativement facilement accessibles numériquement. L’état fondamental a N
corps est alors simplement

N
U= A i
i=1
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la densité & un corps s’exprime par
N
2
pu=o(vks) = > _|pil*,
i=1

et ’énergie fondamentale est EN_,(vks) = S-N | E;. Toutes les autres gran-
deurs physiques d’intérét sont également accessibles.
Nous pouvons alors définir le potentiel d’échange-corrélation

vxe = vKs — U — p(v) * w,

qui est fréquemment présent dans la littérature sur la DFT. Cette définition
dit implicitement qu’au premier ordre, le potentiel de Kohn-Sham est v +
p(v)*xw, ou p(v)*w est le potentiel semi-classique de Hartree correspondant
a lapproximation de champ moyen.

A priori, il n’est pas clair que le remplacement du systéme exact par ce
systeme équivalent doive mener a une bonne approximation. Cependant, il
est constaté pratiquement que c’est une technique trés efficace compte tenu
de son bas colit numérique.

0.1.7 Gaz uniforme d’électrons et jellium

Dans la fonctionnelle de Levy-Lieb, fixons la densité électronique a une
certaine valeur constante a I'intérieur d’une boite, dont on peut augmenter
le volume a densité fixée en ajoutant des électrons. On y laisse libre la
densité a proximité des bords afin de respecter les conditions de Dirichlet, le
minimiseur correspondant est le gaz uniforme d’électrons. Les effets de bord
sont négligeables quand la boite est grande, et on prend la limite de volume
infini. C’est le modele qui est a la base de approximation LDA, laquelle
peut étre vue comme une série de gaz uniformes locaux approximant une
certaine densité par des fonctions en escalier. Il a récemment été étudié
mathématiquement dans [24, 26].

Le jellium [13] peut en quelque sorte étre vu comme le modéle dual du gaz
uniforme d’électrons. Ce dernier considere des électrons confinés dans une
boite plongée dans un potentiel électrique constant qui permet de compenser
la charge électrique des électrons. On prend alors la limite de volume infini
en ajoutant des électrons et en gardant la densité de charge moyenne totale
fixe, pour s’affranchir des effets de bord. Il a été étudié mathématiquement
dans [14] 29] jusqu’a l'ordre de Dirac et plus récemment a l'ordre suivant
dans |1} |2 [15] par bosonisation.

Ces deux modeles sont deux importants paradigmes situés a la base de
la DFT.
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0.1.8 Perspectives futures

La DFT a été augmentée et hybridisée avec de nombreuses méthodes.
La DMFT (dynamical mean field theory) utilise le méme type d’idées pour
construire un systéeme équivalent reproduisant les grandeurs internes avec
précision. La littérature spécialisée comporte beaucoup d’études mélangeant
les principes de la DFT avec d’autres, a chaque fois dans le but d’augmenter
la précision sur une classe de systemes.

La résolution numérique du probleme de Schrodinger exact devrait res-
ter encore hors de portée dans le futur proche, car les processeurs quan-
tiques comportent toujours de fortes limites. Cependant, nous pouvons no-
ter I'essort de méthodes hybrides qui découpent les probléemes exacts en
sous-problemes, sur lequels on peut des aujourd’hui utiliser les performances
des ordinateurs quantiques de maniére avantageuse. Ainsi des algorithmes
quantiques et classiques sont associés. Le développement inexorable des or-
dinateurs et des algorithmes quantiques rendra-t-il la DFT caduque d’ici
quelques dizaines d’années? Méme si c’est le cas, son approche théorique
restera tres riche.

0.2 Résultats obtenus dans la thése

Nous résumons ici ’ensemble des résultats obtenus dans la these.

Partie I. Le théoréme de Hohenberg-Kohn

Le théoreme de Hohenberg-Kohn se situe a la base de la DFT. Cepen-
dant, certaines questions mathématiques le concernant restaient en suspens.
Cette premiere partie comprend deux chapitres sur ce résultat fondamental.

Chapitre 1. Continuation unique

Le théoreme de Hohenberg-Kohn peut s’exprimer sous la forme suivante.

Theoréme 0.2.1 (Hohenberg-Kohn). Soit w € (LP 4+ L>)(R?,R) une fonc-
tion d’interaction. Soitv,u € (LP+L>®)(R?,R) des potentiels tels que H™ (v)
et HN (u) vérifient la continuation unique forte et admettent des états fon-
damentaux ¥, et ¥,,. Si py, = pw,, alors il existe une constante c € R telle
que v =u+c.

Nous allons maintenant discuter des exposants p pour lesquels ce théo-
reme est valable. Notons

V= Z w(z; —xj) + Zv(ﬂsz) (6)
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le potentiel total. Dans [27], Lieb a montré que ce résultat reposait sur
une propriété de continuation unique forte, a savoir qu’il faut montrer que
lorsqu'une fonction d’onde ¥ € H'(RV) vérifie 'équation de Schrédinger

—AV 4+ V¥ =0,
alors
erRdW(x):o}‘:o. (7)

Les résultats d’unicité proviennent tres souvent de propriétés de continuation
unique. Nous auront besoin de la définition suivante, une fonction f s’annule
A tout ordre en zy € R? si pour tout n € N, il existe ¢, > 0 telle que

/ \f(x)\de < cpe”
|x—x0|<€

lorsque € — 0%, Il s’avére que la propriété implique qu’il existe un
point sur lequel la fonction ¥ s’annule a tout ordre [19]. La continuation
unique forte consiste a montrer que lorsqu’une fonction f vérifie une équation
différentielle du second ordre et qu’elle s’annule a tout ordre en un point,
alors elle est presque partout nulle. C’est donc cette propriété que nous
avons besoin de montrer. Avant les résultats de cette these, ce théoréme était
prouvé pour des valeurs de p qui dépendaient du nombre N d’électrons. En
effet, en appliquant les travaux de Jerison et Kenig [19], nous constatons
que le plus petit exposant qu’il est possible de prendre pour que le théoréme
soit vrai est p = dN/2. Or, quand N est grand, cela revient essentiellement
a prendre des potentiels bornés.

Le résultat de continuation unique forte que nous avons prouvé est es-
sentiellement le suivant.

Theoréme 0.2.2 (Continuation unique forte). Soient p > max(2d/3,2) et
w,v € LY (RLR), et V comme dans (6). Si une fonction ¥ € H?(R™,R)
vérifie —AV + VWU = 0 et s’annule d tout ordre en un point, alors ¥ = 0

presque partout.

Une extension en présence de potentiels magnétiques est fournie. L’ap-
plication de ce résultat permet donc d’utiliser p > max(2d/3,2) dans le
Théoreme [0.2.1] ce qui couvre les potentiels Coulombiens de la physique
électronique. Ce travail est présenté au Chapitre [I| et publié dans [11].

Chapitre 2. Extensions du théoréme de Hohenberg-Kohn

Dans ce chapitre, nous étudierons certaines des extensions possibles du
théoreme de Hohenberg-Kohn classique a d’autre modeles. Le Théoréme
fournit I'unicité dans le cas le plus simple ou 'espace des parametres
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est celui des potentiels électriques v. Cependant, beaucoup de résultats si-
milaires existent ou ont été examinés dans la littérature physique, dans des
configurations différentes. La question centrale est : quelle est la grandeur
interne minimale qu’il suffit de connaitre pour tout connaitre sur le systéme ?
Les preuves sont les mémes que pour le théoreme de Hohenberg-Kohn stan-
dard, les seuls résultats supplémentaires nécessaires sont des lemmes mon-
trant que différents parametres extérieurs ne peuvent pas mener aux mémes
densités réduites, lesquels lemmes étaient la plupart du temps absents de la
littérature physique. Ces travaux sont présentés au Chapitre

Considérons un systeme similaire aux précédents, mais supposons par
exemple que nous ne connaissions pas l'interaction. Définissons

N N
HY (v, w) ::—ZAH— Z w(:ni—xj)+2v(:ri).
=1 =1

Ii<j<N

Comme les états ne se couplent avec l'interaction que par la densité de paires
définie en , car

<\I/, Z w(x; — ;) \I/> = /w(x — y)pg)(ac,y)dxdy, (8)

1<i<j<N

il est alors naturel de penser que l’application (v,w) — p(® associant la
densité de paires du fondamental, est injective. Ce résultat, présent dans
[35] pour la premiere fois, trouve une preuve rigoureuse grace au Théoréme
0.2.2] et & un lemme indépendant, le Lemme [2.2.3] qui montre que deux
potentiels différents ne peuvent donner le méme fondamental.

Considérons maintenant des champs magnétiques, des systemes avec spin
q = 2, et ajoutons au Hamiltonien le terme d’interaction Zeeman

N N N
HN(v,B) := —ZAH— Z w(xi—xj)—l—Zv(:L‘i)—l—ZB(xi)-ai,
i=1 i=1 i=1

1<i<j<N

ou les matrices o sont les matrices de Pauli. Définissons des densités a deux
corps en spin

pg}ﬁ(x) =N Z /Rd<N71)\I’(OZ,.’E;SQ,JIQ;...)@(5,1‘;82,%‘2;...)
(527"'7SN)€{T)~J/}N_1
X d:UQ s de.

Un état se couple au champ magnétique extérieur seulement via la magné-
tisation

pt 4 ptt

P R N
mee
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puisque

<x1u, 'N (ai-B(xi))\Il> :/RSB-m@.

=1

Dans [6], Capelle et Vignale ont montré que l’application associant aux
potentiels externes les densités a un corps (v, B) — (p, m) n’est pas injective.
Cependant, lorsque deux champs électromagnétiques ont les mémes densités
a un corps, nous avons pu prouver au Théoréme qu’il existait alors une
relation tres contraignante entre les champs initiaux, qui prend la forme

By —

N 2+02*01.

|B1 — Ba| x =
ol Y est une fonction mesurable prenant ses valeurs dans ’ensemble discret
{—1,—1+%,—1+%,...,1—%,1}.

Par la suite, nous avons considéré les Hamiltoniens comportant des po-
tentiels non locaux

N N

HYNG) ==Y A+ > wlai—x)+ Y Gy,

i=1 1<i<j<N i=1

oil G est un opérateur de L?(R?) infiniment borné par le Laplacien afin de
garder les bonnes propriétés d’auto-adjonction. Le systeme se couple alors
au potentiel non local uniquement via la matrice densité a un corps vy déja

définie en , puisque
N
<\1/, (Z Gi> \1/> =TrG.
i=1

Ceci amene a supposer que l'application G +— v est injective, néanmoins
nous avons trouvé une grande classe de contre-exemples.

Enfin, nous avons considéré en Section des systemes a tempéra-
ture positive, en laissant les températures potentiellement différentes entre
systémes qu’on compare. Dans ce cadre, toutes les propriétés d’injectivité
sont alors vraies, méme celles qui étaient fausses a température nulle. Par
ailleurs, nous avons montré que la connaissance de ’entropie du systeme
implique la connaissance de la température, complétant la dualité entre les
parametres externes et internes.

Partie II. Propriétés de P’application v+ p

Sachant que l'application v — p est injective, d’autres questions na-
turelles se posent alors, les résultats étant présentés au Chapitre 4} Tout
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d’abord, quitte a étre multivaluée, elle est naturellement définie sur I’es-
pace des potentiels liants, c’est-a-dire tels que H” (v) posséde une valeur
propre sous son spectre essentiel. Afin d’appréhender un peu mieux la topo-
logie de cet espace, nous montrerons qu’il est connexe par arcs. Puis nous
voudrions savoir si le probleme direct de la DFT est bien posé, c’est-a-dire
si elle est réguliere C*°. Nous montrerons au Chapitre [4] que c’est le cas
sur 'ensemble des potentiels non dégénérés, c’est-a-dire ceux qui sont tels
que HY (v) a son espace propre fondamental de dimension un. Sur les po-
tentiels dégénérés, Iapplication v +— p contient des singularités, que nous
étudierons également en cherchant comment ces états propres dégénérés se
transforment sous une perturbation. Enfin, nous étudierons la “taille” topo-
logique de I'image de ’application, pour savoir si elle est dense dans 1’espace
des fonctions positives d’intégrale N, ou encore si elle est d’intérieur vide.

Chapitre 3. L’espace des potentiels liants est connexe par arcs

Considérons les exposants

p=1 d=1
p>1 d=2 9)
p=d/2 d>3

Nous choisissons une interaction w € (LP 4+ L®)(RY), et des potentiels v €
(LP 4 L>=)(RY). Définissons 1’ensemble des potentiels électriques capables de
lier de maniere stable un systeme de N particules, de maniere non dégénérée,

PN ::{v e (L7 + L) R | BV () < 2V (), (10)
dim Ker (HY (v) — EN(v)) = 1}, (11)
ot EN(v) := mino(HY(v)) est 'énergie fondamentale et nous désignons

par 2V (v) 1= min e (H N (v)) le bas du spectre essentiel. Définissons éga-
lement le surensemble des potentiels liants pouvant étre dégénérés,

Vi = {v e (L + L) RY | EN(v) < 2V (0)} .

Cet ensemble est difficile & appréhender, néanmoins nous sommes parvenus
a montrer une de ses propriétés topologiques, a savoir qu’il est connexe par
arcs.

Theoréme 0.2.3 (Connexité par arcs de I’ensemble des potentiels liants).
Considérons p comme dans @D, avec w € LP + L2, tel que w > 0. Alors
NN, V2 est connexe par arcs.
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L’hypothese sur l'interaction sert a appliquer le théoreme HVZ [17, |38
40| sous la forme [23, Theorem 3.1].

Le résultat montre que tout potentiel peut étre déformé en un simple
puits, tout en restant liant. Cependant, la premiere valeur propre peut dé-
générer le long du chemin. Nous voudrions montrer qu’on peut passer de
n’importe quelle configuration a n’importe quelle autre sans dégénérescence
et sans qu’une particule ne s’échappe. On peut appeler cette propriété [’équi-
valence adiabatique des potentiels. Malheureusement, ce résultat repose sur
la connexité par arcs de ’ensemble Vév des potentiels liants non dégéné-
rés, que nous n’avons pas réussi a prouver. Une question naturelle est de
se demander si on peut “lever les dégénérescences” en modifiant un peu
le potentiel. Ceci sera étudié au Chapitre [5| Notre résultat pourrait inci-
ter de futures études, pour savoir si I’ensemble Vév résultant contient une,
plusieurs, ou une infinité de composantes connexes.

Par ailleurs, il permet de montrer une propriété sur I’ensemble des den-
sités v-représentables.

Corollary 0.2.1. L’ensemble des densités v-représentables
{,O\p € L*(RY,Ry) | ¥ est le fondamental de HY (v) pour un v € ﬂf-VZIVg}

est connexe par arcs.

Chapitre 4. Compacité de v — p(v)

Considérons un ouvert Q C R? ayant un bord Lipschitz. L’étude du
probléme direct de la DFT v — p(v) nous a amené & montrer les propriétés
de régularité de cette application. Essentiellement, elle est lisse sur VN et de
différentielle compacte. Cette application va des potentiels électriques liants
non dégénérés vers les densités des fondamentaux,

VW — WH(QRy)N{[y = N}

PP o s p(v) = pug-

Theoréme 0.2.4 (Régularité de v — p(v)). Soit p comme dans (9)), et
w € LP + L*™ avec w = 0.

e (i - Régularité). L’application p est C*°. Elle est injective quand p >
max(2d/3,2), a constante prés.

o (ii - Compacité de la différentielle). Sa différentielle, évaluée en un
v e VN, est donnée par

(dyp)u = —2N A dzs---dzy

() (H (v) = BN () (1= [9(v)) (P (0)]) < u(fﬂi)) V(v).

=1
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Pour tout v € YV, dyp est compacte de LP + L>® dans W11, non surjective,
et elle vérifie

2
”(dvp) uHW1,1 < ¢y “u”LerLOO/‘u’p(’U)'

La différentielle d,p est injective quand p > max(2d/3,2).

o (iii - Continuité faible-forte locale). Soit p comme dans @D, avec
p>d/2 quand d > 3, et w € LP + L°, w > 0 et nous remplagons LP + L>
par LP+ L dans la définition de VN Soit A C Q un ouvert borné de .
Considérons que v € VN, v, — v faiblement, et vplg\a — vig\a fortement
dans LP + L*. Alors EN (v,) — EN(v), pour n assez grand v, € VN, et
enfin \/p(vn) — /p(v) fortement dans H*().

En corollaire, nous pouvons montrer que 1’énergie d’un systeme est dif-
férentiable, et cette différentielle est donc une application linéaire, c’est le
théoreme de Hellman-Feynman.

Corollaire 0.2.2 (Hellmann-Feynman). Soit p comme dans @D L’énergie
v EN(v) est Lipschitz, concave, faiblement sur semi-continue sur (LP +
L) (RY), € sur VN et pour tout v € VN et tout u € (LP + L>)(R?), on a

(d@EN) U= /Qup(v)

Si p > max(2d/3,2), v — EN(v) est strictement concave et strictement
croissante sur V.

D’autres conséquences du Théoreme [0.2.4] sont que le probléme inverse
au probléme linéarisé de v — p(v) est mal posé car d,p est compacte, et
nous avons également le résultat suivant.

Corollaire 0.2.3 (L’ensemble des densités v-représentables est “petit”).
Soit p comme dans @, avec p > d/2 lorsque d > 3. Quand le systéme est
confiné dans un ensemble ouvert borné Q C R?, alors p est compacte et
p(VN) est une union dénombrable de compacts. Par conséquent cette image
est d’intérieur vide dans WH N {[-= N} et p=! est discontinue.

A priori, méme si p(VN ) est topologiquement petit, il est toujours pos-
sible qu’il soit dense dans ’espace des fonctions positives. Nous apporterons
une réponse numérique a cette question au Chapitre

Chapitre 5. Perturbation des systémes dégénérés

Nous avons vu précédemment que 'application v — p intervenant dans
le probleme direct de la DFT est lisse sur ’ensemble des potentiels non
dégénérés. Cependant, a I’approche des potentiels dégénérés, la situation se
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complexifie fortement et les objets ne sont plus lisses. Afin de compléter
la description, nous avons aussi commencé & analyser certaines questions
naturelles qui sont survenues.

Tout d’abord, nous nous sommes demandé s’il existait des perturbations
qui brisent la dégénérescence. Ensuite, comme 'application qui semble la
plus lisse est I'énergie v — E(v), nous vondrions savoir si elle est différen-
tiable en ces potentiels dégénérés. Le théoréeme suivant montre que ce n’est
pas le cas lorsqu’il n’y a pas d’interaction.

Proposition 0.2.4. Soit p comme dans @ et w e LP 4 L.

(i - Brisure de symétrie générique.) Supposons que
dim Ker (H (v) — EN (v)) = 2,

et choisissons deuz vecteurs v, ¢ € Ker (HY (v) — EN(v)) avec ¢ L ¢. La
dégénérescence n’est brisée dans aucune direction au premier ordre si et
seulement si

Py = Py et /Rd(N_l) Yedrs ---dxy = 0. (12)

(ii - L’énergie n’est pas différentiable quand w = 0.) Soit v € VY \VV
un potentiel dégénéré, et w = 0. Alors EN nlest pas différentiable en v,

en particulier on a T3, EN(u) < ~6,EN (u) selon au moins une direction
ue LP+ L.

Nous pensons que la brisure de symétrie se fait génériquement au premier
ordre, et quelle que soit la dimension de I’espace propre, puisque la condi-
tion est vraisemblablement rarement respectée. Nous conjecturons que
’énergie EV n’est pas non plus différentiable dans le cas d’une interaction
w € LP 4 L™ générale.

Partie III. Le probléeme de Kohn-Sham

Nous pouvons considérer que le probleme de Kohn-Sham est le probleme
inverse de la détermination v — p(v) lorsqu’il n’y a pas d’interaction. Etant
donnée une densité p > 0, telle que /p € H*(RY) et [p = N, peut-on
trouver un potentiel v tel que p(v), la densité du fondamental de H._(v),
est égale a p?

Chapitre 6. Régularisation du probléme dual

Considérons un systéme vivant dans le domaine Q C R? dont les bords
sont lisses, et choisissons les conditions de Dirichlet au bord. Lieb a exprimé
dans [27] le probleme dual de la fonctionnelle de Levy-Lieb. Considérons une
densité p et la fonctionnelle

GolV) = BV (V) = [ Vo,
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définie sur (LP 4+ L*°)(Q,R) avec p > max(2d/3,2), et invariante sous la
transformation V' — V + ¢ pour les constantes ¢ € R. Définissons la fonc-
tionnelle de Lieb

FN (p) := inf Tr HY(0)T,
I'*=I'>0
TrI'=1
pr=p

qui vérifie FY.(p) < FY(p). Nous disposons alors de la formulation duale
[27]

sup G,(V) = Fl(p).
Ve(LP+L>®)(,R)

Nous dirons que ce probleme est bien posé s’il existe un potentiel atteignant
ce maximum. Il n’est pas évident de déterminer un bon espace fonctionnel
pour les potentiels. Par exemple pour les normes LP quand p > 1, le pro-
bleme parait méme mal posé. Exhibons par exemple p continue a ’origine
et un potentiel positif V' € (L' N LP)(Q) & support compact. Considérons
la suite V;,(z) 1= n9V (nz), nous avons alors |V, |5, = nd®=Y [VP - 4o
car p > 1 mais EN(V,,) = 0 car v, > 0, et [V,p — p(0) [ V est borné. On
constate donc que la fonctionnelle G, n’est pas coercive dans les normes LP.
Or, cette coercivité serait la propriété idéale pour montrer que le probleme
est bien posé. L’objectif principal de cette étude a donc été de modifier 1é-
gerement le modele afin d’aboutir a une fonctionnelle coercive. Remarquons
que le potentiel V' doit étre égal a +o00 sur les ouverts ou p s’annule, par
continuation unique.

Nous allons essentiellement discrétiser I’espace des potentiels. Pour cela,
considérons un sous-ensemble I C N et une suite de fonctions de poids
a = (wj)ier, out o € L*(Q,R,), formant une partition de 1'unité pour £2,
c’est-a-dire

1o o =1lg.

el

Nous nous restreignons ensuite aux potentiels de la forme

V = Z V; O

iel

ou v = (vi)ier € £*°(I,R). L’espace des densités est alors remplacé par les
valeurs de densités intégrées, ce sont les éléments

r—(m)zgeﬁ (I,LRy)N {Zn— }

el
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Les fonctionnelles de Levy-Lieb et Lieb régularisées sont alors

FNe(p):= inf U, HY (0)v), FNer)y:=  inf  TrHY(0)T,
()=, jnf ( (0)T), Fy2(r) el o (0)
J pu=N [ pr=N
fOCiP\I/:Ti viel faipl‘:"’i viel

ou les états mixtes sont les éléments de
SN Q) ==& (LAAY))N{T =T* >0, Tr (AT < +o0},
normalisés a TrI' = 1. La fonctionnelle G, devient

o . °CR)  — R
n = (Vi)ier EN (Xier Vi) — Dier viri.

Nous avons montré en Théoréeme que les fonctionnelles de Levy-Lieb
et Lieb convergent vers les fonctionnelles exactes lorsque le maillage induit
par les poids a s’affine jusqu’a représenter le continu. Mais notre résultat
principal est que la fonctionnelle G, o est maintenant coercive, ce qui permet
d’en déduire 'existence d’un potentiel de Kohn-Sham.

Theoréme 0.2.5 (Caractere bien posé du probleme dual).  Soit une in-
teraction positive w € (LP + L®)(R%,Ry), ot p est comme dans (9).

e (Coercivité) Soit o une partition de I'unité pour Q, otioi; € L°(R%, Ry),
telle qu’il existe R > 0 tel que pour tout i € I,

(supp ;) \ Ujzi jer supp o;

contient une boule de rayon R. Soit r € (1(I,Ry) tel que > ,c;ri = N et
r; > 0 pour tout i € I. Pour tout v € £L(I,R) tel que EN (Y via;) =0, on a

sz?cn i

Gra(w) < —min | 1,
7"704( ) ( Zvi<cg T

v—c + min U, HY(0)T) .
)n aly +, min (8 HYOF)

[lwP=1

En particulier quand I est fini, alors Gro est coercive dans (L(I,R) =
HILR).

e (Existence d’un optimiseur) Soit I fini, et nous prenons les hypothéses
précédentes. Il existe un unique potentielv € £*(I,R) (au choiz de jauge prés)
mazximisant Grq. Il y a donc un état fondamental mizte a N particules
Ty, € SN.(Q) de HY (3,c1 vicw) tel que pour touti € I, [ pr,c; =1y, et tel
que

sup  Gra(u) = Gra(v) = & (Ty) = FN2(r).
u€lL(I,R)
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Les corollaires de ce théoréme sont qu’on peut approcher n’importe quelle
densité p € LY(R%,Ry) telle que [p = N et \/p € H'(R?) par des densités
v-représentables dans le modele des états mixtes. Il suffit de prendre une
suite de fonctions de poids de plus en plus aptes a épouser la forme de p.
Ceci est vrai dans l'espace total, et donne donc une procédure théorique
pour représenter ces densités.

Enfin, nous avons conjecturé que les minimiseurs états purs ¥ de £V (r)
sont tels que ‘{X c RNV | U(X) = OH = 0. Nous avons montré que ceci im-
pliquerait que ces minimiseurs vérifient une équation de Schrédinger pour un
potentiel dual, et que ce potentiel dual aurait donc un état excité dont la den-
sité vérifie [ pa; = r; pour tout ¢ € I. C’est un résultat de v-représentabilité
par des densités d’états excités, dans le cas des états purs.

Chapitre 7. Etude numérique des densités atteignables

Notre dernier travail consiste en une analyse numérique du caractere
représentable des densités. Pour ce faire, nous choisissons une densité p cible,
pour laquelle nous souhaiterions trouver un potentiel de Kohn-Sham, c’est-
a-dire un potentiel v tel que p,—o(v) = p. Dans le cas des états mixtes,
d’apres [27], (4.5)] nous avons

sup G,(v)= inf TrHY(0)T, (13)
vE(LP+L>)(Q) FEpSIJXixp(Q)
gl

G,(v) == EN(v) — /va.

Maximiser la fonctionnelle concave G, menerait donc au potentiel de Kohn-
Sham “mixte”, qui par le théoreme de Hohenberg-Kohn en configurations
mixtes est égal au potentiel de Kohn-Sham a état pur s’il existe. Cependant,
dans le cas des états purs, la relation n’est plus vraie mais nous pou-
vons tout de méme maximiser G,. Au cas ott HY (v) est non dégénéré, le
théoréme de Hellman-Feynman donne

(Gpu= [ u(pv) = p)

pour tout potentiel u. L’algorithme que nous appliquons démarre du poten-
tiel exact & un corps

_AVp
=

Vo

et suit une montée de gradient

Un41 = Un + A(p(vn) - p)'
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Nous considérons que 'algorithme a convergé si

Hp(vn) - PHLl /N < 1073,

Dans les cas ou il ne converge pas, |p(vy,) — p| 1 /N oscille entre plusieurs
valeurs et ming,en |p(vn) — pl ;1 /N est typiquement entre N et 10~2. Nous
nous sommes restreints au cas w = 0 d’intérét dans 'approche de Kohn-
Sham. Le cas w Coulombien (ou autre) serait également intéressant a ana-
lyser d’'un point de vue théorique, il pourrait mener & des conclusions dif-
férentes du cas w = 0, mais il est tres coliteux en opérations numériques.
Nous avons également appliqué ’algorithme précédent dans des configura-
tions d’états excités, dans ce cas nous renvoyons au Chapitre |7] pour les
détails.

Voici les principales observations que nous avons été amenés a faire.

e FEn dimension d = 1, toute densité a N corps est génériquement v-
représentable, que ce soit par des fondamentaux ou des états excités. L’al-
gorithme converge rapidement vers un unique potentiel.

e En dimension d = 2, nous n’appliquons ’algorithme que pour le fon-
damental. Lorsqu’on choisit un potentiel v et que nous langons ’algorithme
sur p(v), il retrouve bien v, ce qui légitime son utilisation. Nous constatons
que notre algorithme oscille et donc diverge dans le cas ou v est radial. Plus
généralement, pour un choix générique de fonction positive d’intégrale N,
I’algorithme a le méme comportement divergeant. Il ne converge donc que
dans les cas tres spécifiques ou la densité provient d’un potentiel initialement
choisi.
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theorem
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Chapter 1

Unique continuation and
application to the
Hohenberg-Kohn theorem

This chapter contains the results published in the two papers |11} 12].

A statement by Hohenberg and Kohn [16] lies at the heart of DFT. It
proves that, at equilibrium, the density contains all the information of the
system. Later, Lieb |30] showed that the rigorous proof of the Hohenberg-
Kohn theorem relies on a strong unique continuation property (UCP). In this
chapter we prove the strong unique continuation property for many-body
Pauli operators with external potentials, interaction potentials and magnetic
fields in LP (R?), and with magnetic potentials in L{ _(R?), where p >
max(2d/3,2) and ¢ > 2d. For this purpose, we prove a singular Carleman
estimate involving fractional Laplacian operators. Consequently, we obtain
Tellgren’s the Hohenberg-Kohn theorem for the Maxwell-Schrodinger model.

1.1 Introduction

Unique continuation is an important and versatile tool in analysis. In
particular, it is used to prove uniqueness of Cauchy problems, see [46] for
a review of some results. Unique continuation mainly relies on Carleman
inequalities, first developed by Carleman [4], later improved by Hérmander
[17] and Koch and Tataru |22]. It implies that, under general assumptions, a
function verifying a second order partial differential equation and vanishing
“strongly” at one point vanishes everywhere. A famous result of this kind is
due to Jerison and Kenig [19], who dealt with eigenfunctions of Schrodinger’s

operator —A + V(z) where V € LIZ/CZ(R”).
Nevertheless, most of the existing results fail to apply to situations that
are relevant in many-body quantum physics, because their assumptions on

potentials, which are generally LP conditions, depend on the number of

30
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particles N. For instance if we want to use the result of Jerison and Kenig,
we need the electric potential to belong to L*V/2(R%), which is very restrict-
ive when N is large. The only two adapted works, having N-independent
assumptions on the potentials, are the ones of Georgescu [13] and Schechter-
Simon [44]. But they hold only in a weak version, where it is assumed that
the function vanishes in an open set. We also mention [28| 57, 58] on this
subject, and finally [21] which goal is reached in this work.

In this document, we replace LP conditions on potentials by relative
boundedness with respect to the Laplacian, which is a classical assump-
tion used in the analysis of Schrédinger operators. Our proof relies on a
Carleman inequality involving fractional Laplacians, which we prove using
well-known techniques developed by Hormander in [18], further used by
Koch and Tataru in [22], and by Riiland in [43]. This inequality pairs very
naturally with Sobolev multipliers assumptions on the external potentials,
which are independent of the number of particles. One of the difficulties
with strong UCP results is that they need to use Carleman inequalities with
singular weights. They are more delicate to show than for regular weights,
because Garding’s inequality cannot be applied. We refer to [29] for more
details on Carleman estimates with regular weights.

In this chapter, we provide the first strong UCP for many-body operators
in LP spaces and deduce the first complete proof of the Hohenberg-Kohn
theorem in these spaces. Our proof mainly uses the method of Georgescu
[13]. We also use ideas from Figueiredo-Gossez [6] to pass from the vanishing
of ¥ on a set of positive measure to the vanishing to infinite order at one
point. The dimension of space being d, we can deal with external and
interaction potentials as well as magnetic fields in Lfoc(Rd) and magnetic
potentials in L (RY), where

{ p>max(%,2),

q > 2d.

Our assumptions are independent of the number of particles N and can treat
the singular potentials involved in physics like the Coulomb one. Following
Simon in |45, Section C.9] and in light of |19} 22} 54], we conjecture that the
same results hold for p =d/2ifd >3, p>1ifd=2andp=1ifd =1,
and ¢ = 2p for any dimension d. We tried to adapt the approach of [22] to
the N-body setting, but did not manage to do so. We hope our work will
stimulate further results in this direction.

We also prove the strong UCP for the Pauli operator, which can be
seen as an operator-valued matrix and thus belongs to the category of UCP
results for systems of equations. Our result implies the Hohenberg-Kohn
theorem in presence of a fixed magnetic field.

In order to take into account photons in a DFT context, Ruggenthaler
and coworkers [41, 42] considered the Pauli-Fierz operator together with a
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corresponding model where light and electrons are quantized, stating an ad-
apted Hohenberg-Kohn theorem and calling the resulting theory QEDFT.
Maxwell-Schrodinger theory is a variation of this hybrid model, in which
photons are treated semi-classically through an internal self-generated mag-
netic potential a. Tellgren studied this model in [47] within DFT and
baptized the resulting framework Maxwell DFT. In a model describing ex-
ternal magnetic fields but not internal ones [50, |51], a generalization of the
Hohenberg-Kohn theorem does not hold, counterexamples were provided in
[2]. In DFT, an important problem has been to find a model bringing back
this property [8, 25, 26, 3436, 48, |49, |52} |56]. The models containing in-
ternal magnetic potentials do so, as explained in [41} 47| and in this work,
and our strong UCP result enables us to rigorously prove the Hohenberg-
Kohn theorem in the Maxwell-Schrédinger model. Thus in this setting the
one-body density p and internal current j + curl m + pa of the ground state
contain all the information of the system, that is the knowledge of the ex-
ternal classical electromagnetic field.

1.2 Main results

Because it is of independent interest, we start by explaining the Carleman
estimate which is the main tool of our approach.

1.2.1 Carleman estimates for singular weights

We denote by Bpr the ball of radius R centered at the origin in R™, for
n = 1. The first step in our study consists in a Carleman inequality obtained
by standard techniques.

Theorem 1.2.1 (Carleman inequality). Let 0 < a < 1/2, and let us define
¢(z) == —In|z|+ (= In|z|)~ for |z| < 1/2. In dimension n, there exist con-
stants c, and 7, > 1 such that for any ™ > 7, and anyu € C°(By 2\ {0}, C),
we have

‘6(7+2)¢>u

e R M e
T + 7 +
Bi (In|z[7)*™ " By (In o712

‘2 ‘6(T+1)¢vu‘2

v (e
T/ —1\2+4«a
Biz (Infz|™")
2
¢
7-71/ ‘A(eT u)‘ <
1.2
B2 (In|x| 1) o @ JBys
Those are variants of known Carleman inequalities. The proof, given

in Section follows from a rather standard reasoning. With ¢ a smooth
pseudo-convex function, the classical Carleman estimate for regular weights

2
eT¢Au‘

(1.1)
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is
2

Pl ol e el vl a ()], < e

2

6T¢Au‘

L2’
(1.2)

for 7 large enough, see |29, |46] for more detail. In [39], Regbaoui showed
the estimate

72 H|x!_(7+2) u‘ ’

o el vl < it a0

2
L (1.3)

L2’

where ¢ = In |m|71. This holds for 7 € N+ % which is a set preventing some
quantity to intersect the spectrum of the Laplace-Beltrami operator on the
sphere. The estimate (1.3) is not good enough for us due to the slower
increase of the coefficients in 7. In [46], Tataru also presents a Carleman
estimate with singular weights,
3 H (r+1)¢ H2
T |le ul AT
L2

eT(quHi2 <e, (1.4)

2
L2’

eT‘z’Au‘

with
@ = (o] + Az*) 7, (1.5)

where A has to be negative for ¢ to be striclty convex, and where u needs
to be supported near the origin. Here the behavior in 7 is optimal but
the estimate on Au was not considered in [46]. Another Carleman estimate
with singular weights was proved in [43]. It is similar to and the weight
function is

¢(x) = —Inlz| + % <(ln |z|) arctan In |z| — %ln (1 + (In $|)2)) ,

for which ¢(z) ~ — (1 + 7/20) In || when |z| — 0.

In our application to many-body Schrédinger operators, we needed a
Carleman inequality having the best possible powers of 7 outside the integ-
rals, with a weight such that ¢(x) ~ —In|z| when |z| — 0T, for e® to be
close enough to |-| ™!, and with the same powers of e? as in the classical es-
timate . Our inequality fulfills those requirements. The function
¢ in Theorem [1.2.1| respects

et

We obtain the same powers of 7 as the classical estimate, and the singularity
of the weight is the same as in the regular case, up to some logarithms.
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Defining ¢(z) := (—In|z|)~¢, the inequality (|1.1)) can be rewritten as

2 2

o il [ g Sl
B1/2 ’x‘T-l—? B1/2 ‘$|T+l
+r/ 2t |y (e(ﬁjﬁu) 2+T‘1/ 2 A (ewg) :
Biyz |z| Bi/a |z
Cn e A |?
e Bija WT

We transform now the inequality (1.1)) in a form tailored to be used in
a very natural way for many-body operators.

Corollary 1.2.2 (Fractional Carleman inequality). In dimension n, for any
0 €]0,1] there exist constants k, and 79 > 1 such that for any s € [0,1],

s e [O, %}, any 7 = 19 and any u € C°(B1\{0},C), we have

2 2

B—4s (_A)(1—5)5 (emﬁu) LZ(RH)+Tl_45'zn:H(_A)(1_5)s' (ewaiu) L2 (®n)
=1
< % emA“H;(Bl)‘ (16)

The constant x,, depends only on the dimension n. The proofs of The-
orem and Corollary are provided later in Section [1.3

1.2.2 Unique continuation properties

We are going to state a strong unique continuation property (UCP)
result for Schrédinger operators involving gradients, in which potentials are
Sobolev multipliers. This type of assumption pairs very naturally with the
Carleman inequality involving fractional Laplacians , as we can see
from the proof. At the same time, those assumptions will allow us to prove
a corresponding result for the many-body Pauli operator.

Theorem 1.2.3 (Strong UCP for systems with gradients). Let 6 > 0
(small), let V := (Va,8)1 < g<m b€ @ mXm matriz of potentials in L (R™,C)
and let A := (Aa)1cacm be a list of vector potentials in L% (R™,R™), such
that for every R > 0, there exists cgr > 0 such that

]]-BR |Va,,8 2 < en,m,cs(_A)%i& + CR7
]lBR ’Aa‘Q < En,m,(s(_A)E_(S + cR,
(u, =il g, Aa - Vu)| < éepm (u,((—A) +cr)u), Yue CX(R"),

(1.7)
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in R™ in the sense of quadratic forms, where €, s and €, ., are small
constants depending only on their indices. Let W € HIQOC(R”,C"‘) be a weak
solution of the m x m system

~ Ly xmArn +iA - Vgn + V) U =0, (1.8)
( )

where A - Vgn is the m x m operator-valued matriz diag (A, - VR”)lgagm'
If U vanishes on a set of positive measure or if it vanishes to infinite order
at a point, then ¥ = 0.

In all this document, when we write L < J for two symmetric operators
L and J, we mean it in the sense of forms. We recall that ¥ vanishes to
infinite order at zg € R™ when for all £ > 1, there is a ¢ such that

/ | U2 dz < exek, (1.9)
r—x0|<€

for every e < 1.

Let A be a magnetic potential and B a magnetic field. Physically in di-
mension 3, A and B are linked by B = curl A, but we will consider arbitrary
dimensions and artificially remove the link between A and B. We consider
the N-particle Pauli Hamiltonian

HN(v, A, B) :=

N
Z ( —iVy + A(x))* + 0y - B(g) + v(:rg)) + Z w(zy —xy), (1.10)
=1 1<t<t<N

where oy are generalizations of Pauli matrices. They are d square matrices
of size 2L14=1/21 x 9l(d=1)/2] ysed to form the (d + 1)-dimensional chiral
representation of the Clifford algebra, which structures Lorentz-invariant
spinor fields |7, Appendix E|. As an operator-valued matrix, the only non-
diagonal member is the Stern-Gerlach term Zévzl oy - B(xy), responsible for
the Zeeman effect. We refer to |5, Chapter XII and Complement Axyg] for
a discussion on this Hamiltonian. The previous theorem implies the strong
UCP for this operator, which is our main result.

Corollary 1.2.4 (Strong UCP for the many-body Pauli operator). Letd > 0
and assume that the potentials satisfy

(‘U‘Q + \w[Q + ’B’Q + ’le A‘Q) ]lBR < ed,N(_A)%_é + cp in Rd7

(1.11)

AP 1p, <ean(-A): % +cg  inRY
(1.12)
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for all R > 0, where eqn is a small constant depending only on d and N.
For instance A € LL (R R?) and |B|,divA,v,w € LY (R4 R) where

loc loc

2d
p>max (¥,2). (1.13)
q > 2d.

Let ¥ € HE (R™) be a solution to HY (v, A, B)¥ = 0. If ¥ vanishes on

a set of positive measure or if it vanishes to infinite order at a point, then
v =0.

In particular, this result can be applied to the magnetic Schrédinger
operator HY (v, A,0). In the Appendix we recall how assumptions of this
Corollary imply assumption of Theorem [I.4.2] on the gradient term.

1.2.3 Hohenberg-Kohn theorems in presence of magnetic fields

We give here two applications of our strong UCP result in Density Func-
tional Theory. The first one is the classical Hohenberg-Kohn theorem in
presence of a fixed magnetic field.

Fixed magnetic fields

In presence of one spin internal degree of freedom, the one-particle dens-
ity and the paramagnetic current of a wave function ¥ are respectively
defined by

N
p\p(l’) = Z Z /]Rd(l\l—l) |‘1J8k|2 d:Cl ce d$i,1d$i+1 e dJ/‘N,

(sk)1<hen €LY =1

N
j\y(l‘) :=Im Z Z /d N1 in\yskdxl s dxi_ldxiﬂ ce d.%N.
(sk)1<ien€{t i} =1 RANTY

Theorem 1.2.5 (Hohenberg-Kohn with a fixed magnetic field). Let A €
(L1+L>) (R4, RY), B € (LP4 L) (R4, RY) and w, vy, ve € (LP+L®)(RY, R),
with p and q as in . If there are two normalized eigenfunctions W1 and
Uy of HY (v1, A, B) and H" (va, A, B), corresponding to the first eigenvalues,
and such that py, = pw,, then there exists a constant c such that vi = va+c.

We do not present the proof because it can be reproduced from the one
of Theorem [[.2.71
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Ill-posedness of the Hohenberg-Kohn theorem for Spin-Current
DFT

We recall the definition of Pauli matrices in dimension 3,

0 1 0 —i 10
T __ 7 — zZ

they act on one-particle two-component wavefunctions ¢ = (gf)T (bi)

where ¢, ¢+ € L2(R% C) and [ |4|* = 1. We denote by L2(R*Y) the space
of antisymmetric functions of N variables in R?. The state of a system is
described by wavefunctions ¥ € L2(R (C2N). We introduce the one-body
densities

P (@)= Y Z/M TS (3, Y )P (2, Y)Y,

se{t i Tti=l

where a, 8 € {1,]}. We remark that p\I, = p\I, : £&y. We define the density

Py = py + pu and the locally gauge invariant magnetization

41

p\p + oy 2Re&y
e )| - (B
oy =y Pv = Py

The energy of a quantum wavefunction is coupled to the magnetic field only
through the density py and through the magnetization current jy 4 curl my.
Indeed, using either bosonic or fermionic statistics,

N
<‘I’,Z (o¢- (—1iVy +A($4)))2‘1’>
(=1
:/[V\If’z—}—/AQp\p—i—/A-(2j\p+curlm\p).

Previously, the fields A and B were independent. We now assume the phys-
ical relation B = curl 4, take the Coulomb gauge div A = 0 and consider
the physical Hamiltonian HY (v, A) := HY (v, A, curl A).

A natural question is whether the model with Pauli operator and varying
magnetic fields has a corresponding Hohenberg-Kohn theorem, i.e. we ask
whether (pg,, 2jg, +curlmy,) = (pw,, 2jv,+curl my, ) (or even (py, , ju, , My, )
= (pwy, ju,, My,)) implies A; = Az and v; = v2 + ¢. This turns out to be
wrong, due to counterexamples found by Capelle and Vignale in [2].

Many authors studied this ill-posedness issue [2, 8, |25} |26} [34-36), |48}, |49]
52, 56|, also from the point of view of Spin DFT, in which current effects
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are neglected (3| (10, 23| 24, 36, 37, |40 [53], and from the point of view
of Current DFT, in which spin effects are neglected [8, |26, [27} |34, 35, |49,
52]. In particular, see Laestadius and Benedicks in [26, Theorem 2] for a
counterexample in Current DFT.

Nevertheless, one could try to find a similar result using the physical total
current, that is the one which can be measured in experiments, j; := j +
curl m+ pA and respects div j; = 0. As explained in [35] 49|, for one particle
and for Current DFT where j; := j + pA, the relation curl(j;/p) = curl A
shows that the knowledge of j; and p gives the knowledge of A and v by the
Hohenberg-Kohn theorem. The case of N > 2 particles is still open.

Hohenberg-Kohn for the Maxwell-Schrodinger model

We keep the dimension d = 3. In order to get a model taking into ac-
count current effects but having a Hohenberg-Kohn theorem, and as a second
application of our strong UCP result, we follow Tellgren [47] and investigate
the Maxwell-Schrodinger theory. This is a hybrid model of quantum mech-
anics where electrons are treated quantum mechanically and light is treated
classically, and provides an approximation of non-relativistic QED [9} |14].
It was studied through a DFT approach in [47] and the resulting framework
was called Maxwell DFT. We define

ARLRY) = {4 € H'(RY,RY) \ div A = 0 weakly in H'(R?)},

the set of divergence-free magnetic potentials, i.e. potentials in the Coulomb
gauge. A state of matter and light is given by a pair (¥, a) € L2(R™, C2")x
A, where ¥ describes electrons and where a is an internal magnetic potential
describing the photon cloud around the electrons.

We denote by HY := HY(0,0) the kinetic and interaction parts of the
Schrédinger operator. The energy functional takes into account the energy
of U coupled to the total magnetic field, and the kinetic energy of the in-
ternal magnetic field. We denote by « the fine structure constant and define
€ := (8ma?)~!. The Maxwell-Schrédinger energy functional is

AV, a) = <\IJ, HY (v,a + A)\I/> + 6/ |curl a|?
= <\II,HéV\IJ> —l—/(v—i— |a+A\2) P
+ /(a + A) - (2jy + curlmy) + e/ lcurlal?,

for bosons or fermions. We denote by

E = inf Eva(¥,a),
Ve(H'NL2)(RIN,C)
J1w)P=1
ac(LL _NnA)(RE,CY)

loc
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the ground state energy. This functional was studied in [9, 32, 33] when
A = 0, where the authors found that in the case of a Coulomb potential
generated by only one atom having a large number of protons, this minimum
was —oo. In 32, Theorem 1], they also prove that for Coulomb potentials
induced by molecules, if the total number of protons in the molecule is lower
than 1050, independently of the positions of the nucleus, then the functional
is bounded below. This justifies the applicability of the next theorem to
physical systems. When one removes the Zeeman term > ; o - B(x¢) and
considers the corresponding functional, then this issue disappears and the
functional is always bounded from below for v,w € (L%? + L*®)(R%) and
A€ (L% 4 L>®)(R?), by the diamagnetic inequality.

The corresponding Euler-Lagrange equations are the Schrodinger equa-
tion together with a Maxwell equation. Using curl® = curl and curl curl =
V div —A we can show that if it exists, the ground state (¥, a) respects

N
E:GA[—%W+Apr+w+m+AF+w'®mm+A»0@:EW,
/=1

Jw + curlmyg + py(a+ A) — eAa =0,

where we did not write all the x; arguments in the first equation for simpli-
city of notation. The internal current of a state (¥, a) is defined by

J(w,a) = Ju + curlmy + pya.

We remark that if we did not fix the gauge div A = 0, j(y 4) would be locally
gauge invariant. We make an other preliminary remark on the density of
solutions of Schrodinger’s equation.

Remark 1.2.6. Let ¥ be a solution of HY (v, A, B)¥ = 0, under the as-
sumptions of Corollary[1.2.] Then its density vanishes almost nowhere,

H:U cR?| py(x) :0}‘ =0.

Indeed, if py vanishes on a set S C R? of positive measure, then

N \m2:/p¢=0
SxRAN-1) S

so U vanishes on S x RUMN=1 which has infinite volume. But by the strong
UCP theorem for Pauli operators, Corollary U does not vanish on sets
of positive measure. This holds in any spin number, in particular this holds
when there is no spin. We are now ready to prove the Hohenberg-Kohn
theorem for this model.

Theorem 1.2.7 (Hohenberg-Kohn for Maxwell DFT). Let p > 2 and ¢ > 6
and let w, vy, vy € (LP+L®)(R3 R), A1, As € (L _NA)(R3,R3) be potentials

loc
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such that £, A, and Ey, A, are bounded from below and admit lowest energy

states (W1,a1) and (V2,a2). If py, = pu, and jiy, o) = J(ws,a0)s then
A1 = Ay and there is a constant ¢ such that v1 = vy + c.

This result shows that in the Maxwell-Schrédinger framework, the know-
ledge of the ground state density p and internal current j + curlm + pa
gives the knowledge of v and A. Said differently, at equilibrium, p and
j + curlm 4+ pa contain the information of v and A. This is a rigorous
justification of Tellgren’s Hohenberg-Kohn theorem [47].

Proof. Let us denote by p := py, = py, the common densities, by j' :=

J(W1,01) = J(Ws,a) the common internal currents, and by E; := &, a,(¥;, a;)
for i € {1,2} the ground state energies. By the standard proof of the
Hohenberg-Kohn theorem [11} [16], we can prove that &, a,(¥2,a2) = Ej.

So (Wg, Ay) respects the Euler-Lagrange equations for &, 4,, that is

N
(—Ag — 2i(a2 + Al) . Vz + (%] + |CL2 + A1|2) \1/2
/=1
N
+ ZO’g . (Curl(a2 + Al))g\IJQ = F1 Vo,
/=1

j/ + pA1 — eAags = 0.

We take the difference of those equations with the Euler-Lagrange equations
verified by (Us,az) for £,, 4, and get

N
E2 — E1 + Z ( - 21(141 — Ag) . VZ + oy - (CU.I'I(Al — AQ))E)\IIQ
(=1
N
+ 3 (v —va + |ag + A1) — |ag + Ao ) (20) T2 = 0,
(=1
p(A1 — AQ) = 0.

(1.14)

By the unique continuation result of Corollary and by Remark
p does not vanish on sets of positive measure, therefore the second equation

in (|1.14) yields Ay = A,. Using it in the first equation of ([1.14]), we get
N
(EQ — F + Z (’Ul — ’02) (1‘@))‘112 =0
=1

so, by the same argument as in [11], we conclude that v; = vy + (E1 —
E»)/N. O
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One could still want to search for a Hohenberg-Kohn theorem in the
standard Schrédinger model but involving the knowledge of j; instead of
the knowledge of j. This is an open problem. Our result easily extends
to the same model but without spin effects, that is when we take for the
one-body kinetic operator (—iV 4 A)? instead of (¢ - (—iV + A))?. Then
the internal current is j 4+ pa and the above results hold.

1.3 Proofs of Carleman inequalities

1.3.1 Proof of Theorem [1.2.1]

We use standard arguments which can for instance be read in [22} |43].
We denote by r := |z| the radial coordinate. In dimension n, the Laplace
operator in spherical coordinates is A = 0, + ”;lar + 7%AS, where Ag
is the Laplace-Beltrami operator on the (n — 1)-dimensional sphere. Using

log-spherical coordinates ¢t := Inr, we have

2> A =8y + (n—2)d; + Ag.

We take the function ¢(z) = —In|z| + (—In|z|)~® as in the statement of
the Theorem, and define ¢(t) := ¢(e'). More explicitly,
1 a ala+1)
t)=—t ! t) = _1 — /" = —
o(t) + = ©'(t) + s @"(t) EEE
1 afa+1)(a+2) 1 afa+1)(a+2)(a+3)
t - t =

so -1 < ¢/ < —=1/8 and ¢, ", ¢"" > 0 on | — 0o, —In2]. Conjugating the
previous operator |22 A with e yields

Pi=e 2P Ae ™ = Oy + (—27¢" + 1 —2) 9 + 720 —7(n — 2)¢' + Ag,

and decomposing the result in symmetric and antisymmetric parts, we have
P =5+ A, where

S =0y + T2g0/2 —7(n —2)¢ +7¢" + Ag,
A= (-21¢' +n—2) 9 — 1¢".

We implicitly take the L?(R™) norm. We want to manipulate Pv? = Sv? +
Av? + (v,[S, A]v) for a function v € C® (] — oo, —In2] x S*71 C). We
compute
[S, A] = — 4T(p1/8tt - 27'(,0’”8,5
. (727_90/ +n— 2) (27_290,%0” —7(n— 2)90// + TQOW) . 7_90////‘
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We have 2Re (Sv, Av) = (v, [S, A]v) so this term is real and integrating by
parts yields

(018, 410) =47 [ 2" ol +27 [ & (& = ") of?

ar [ o+ =27 [ "o 27 [ o2 —r(n-2) [ JoP

Thus for 7 large enough,
47'3/cpl2 anks —i—47'/<p"|8tv\ (v,[8, Al v) < Pv?. (1.15)

With [{¢p"v, Sv)| < ¢"vSv < 7“ng2/2, we compute the radial part of the
gradient

¢Vl = (@', (~25)0)
= <<p”v, (—S + Oy + 120 —1(n — 2)¢' + T(p”) v>

:7—2/80,2 " |’U| —T(TL—Z)/ / H‘U| +7-/SDH |’U|2
2/ //// 90 U S’U /@//‘a,u’
1
/90/2 // <,0 v Sv> P?)Z,
27

for 7 large enough. Now, using the inequality (|1.15)) again, we find

73/ 2 |of? + T/gp“ (190]2 + [V sof?) < P2, (1.16)
Working back in cartesian coordinates, we have
[0c0f* + |Vsv]* = 2| |Vl

We can now apply the previous well-known techniques to form the in-
equality (T.1)), which is fitted with our application. Defining u := ¢™®v and
using

1< |z)|e? <e, (1.17)
inequality ((1.16) implies

’6(7+2)¢>u‘2
o Ll
(= Infz])>+e

Using also

+7'/ || ’V (e(T”Wu)‘Q _ 2664/

2
Tm\.
(—Ifef2re S o JI©F

1/2

< o [Vl < e < (1.18)
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in By /5, we have
‘e<r+1>¢>w‘2 = [e=¢ (29 0) ‘2

= eV (d72%0) — (r 4 2)e (V) Dou]”

<2072 |V (49 ]2 +2(7 +2)% 2 Vg2 ‘6(7+2)¢u‘2

<22 [V (720" 4 2(r + 27 e 20",
and similarly

|V (eltD%0) ‘2 = |(7+1) (V) el D0u + e(”l)d’vu\2
< 2°(r + 1) ’e(T+2)¢u‘2 +2 ‘e““)‘ﬁVu‘Q :

Eventually, we obtain

‘6(7+2)¢u (T+1) ¢Vu (T+1) ¢u ‘

73/ +T/’ +7’/ ‘V
(—In |z|)>te —1In |z])2+e (—In |z])?te

214 4
<=/
«

These are the first terms in (1.1). We now turn to the estimates on the
second derivative. Since |z|* A¢ = (n — 2)¢'(In|z|) + ¢”(In |z|) we have

eT(bAu‘z .

22 |Ag| < |n — 2|+ <n+4. (1.19)

3
4(In 2)3/2
Since

Vet =70V, Ae™ =™ (Ad+ 7 Vo), (1.20)

then we find

7-’1/ ‘A (€T¢u)‘2 _ 22564(n+4)2/

2
‘rqi)A
(Cfz)*e ST a R

The constant ¢, in (I.1]) can be taken to be 2%%¢*(n + 4)2, for instance. [

1.3.2 Proof of Corollary

We denote by c a constant which only depends on the dimension n. We
fix @« = 1/2. For any a €]0, 1], we have



44

on By /5. So the inequality (1.1 taken from Theorem implies

Pe(T+2-08y? | ro(rH1-a)dy,? (1.21)
g s elTt2oy ? 5 e Dovyy,
<cria 22— +cta 2——
(—Infz[)a (—1Infzf)s

_5 2
<ca 2e™Au.
We now compute

A (etu))|

ulAe™® + 2Vu - Ve + eT¢Au‘

|z

= |2[*

= |z|* |[re™ulp + 72|V |? e™u+ 27V - €7Vu + eT¢Au‘
<72 lul (|o]” |A¢] + 2] |VeI*) + 2re™ |Vl || |Vg)
+ e | Aul |x|*.
Since we work in By o, we have |z|* < 1. Using yields |z|*|V¢[* <
16 2|2 and |z]|*|Ve| < 4]z|*"!, and yields |z|* |A¢| < (n+4) |z|* 72,
so we get

|z|" |A (eT‘z’u)‘ (1.22)
< (n+20)72 2|72 ™ Ju| + 87 |2]* L e |Vu| + €7 | Al
< (n+20)e? 272eTH270)9 |y 4 8t Lre(TH=09 |7y | 4 e7¢ |Aul
<c (726(”2*“)‘?5 u| + TeTH =99 |y | 4 €70 IAU\) )

where in the second inequality we applied (1.17). We will also use the

fractional Hardy inequality,
2
T n—29
m) <1, (1.23)

H(_A)_6 ]a:\_% L2(RM)L2(R) 47 (F (%26)

which holds for any ¢ € [0,n/2[. Its sharp constant was found in [1, |15} 55].
Choosing a = §/2 € [0,n/4], we are ready the deduce that

(—A)l_% (6T¢u)
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where, in the inequalities, we respectively used (1.23), (1.22) and (1.21)).

Applying Holder’s inequality together with

_5 _3
ey < ca” 1T 2e™® A,

as implied by (L.1]), yields the first part of our claim (|1.6). We remark that
this is also true for a € [n/4,1].
Now we show the second part of the inequality. We begin by expanding

| a

8i (BT¢8jU> ‘
By (€7°u) = 7 (050) €7%u — 72 (9;0) (9i) €”%u — 7 (D) €7 Osu

Oy (7).

|z

= |z/*

< CT2€(T+2—CL)¢ |u| + CTe(T+1—a)¢ |81’LL’ +

Therefore by (1.23),
(~A)77% (e70u)
= (-4)72V (e0u)
<|z* v (ewaju)
¢ (P20 4 7e(THImOTy 4 g ()
¢ (P22 00y 4 70Ty 4 A (T %) )

5 1
ca”iTze™® A,

NN

N

where we used 2 |k;k;| < k? +k]2. Applying Holder’s inequality together with
5 3
eT¢0ju < CG_ZT_§€T¢AU,

we obtain the second part of the sought-after inequality (|1.6]). ]

1.4 Proof of the strong unique continuation prop-
erty

We present here the proof of Theorem [1.4.2

Step 1. Vanishing on a set of positive measure implies van-
ishing to infinite order at one point.

To prove that ¥ vanishes to infinite order at a point, we extend a prop-
erty showed by Figueiredo and Gossez in [6], to magnetic fields.
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Proposition 1.4.1 (Figueiredo-Gossez with magnetic term).
Let V € LL (R",C) and A € L (R",R"™) such that for every R > 0,
there exist a,a’ and ¢ > 0 such that a +a’ <1 and

—]lBR ReV
(u, —i]lBRA : VU)

a(—A) + ¢,

<
< A{u, (@' (—A) + ) u)y, Yu e C&O(R™).

Let U € HL (R") satisfying —AV +iA-VU + VU = 0 weakly. If V vanishes
on a set of positive measure, then ¥ has a zero of infinite order.

Proof. We take 6 € (0,1/2] and define a smooth real positive localisation
function n with support in Bss, equal to 1 in By, and such that |Vn| < ¢/d
and |An| < ¢/§%. And integration by parts and the use of 2Re UVV¥ =
V || yields

Re/nQEA\I/ = —/|77V\I’|2 —/V(UQ)ReWV\IJ
1
= [Iver+ 5 [102 a6,

Hence, multiplying Schrodinger’s equation by 7?W¥, taking the real parts,
integrating by parts and rearranging the obtained equation yields

_ 1
/|nv\1;|2 = —Re/n2\I'iA-V\IJ —Re/V|77\I/|2 - 5/1@\2&72
_ 1
— [ n@iA- Y w) - [ ®ev) e+ 5 [0 an?
1
<G+d) [IVowP+2c [ o+ 5 [ o g
/ 2 / o 1—a—d 2 2
= (a+d) [ 9P + (@t a) [ [0V + =5 [ g
+2c/ynqx|2, (1.24)

where we used the assumptions on the potentials. We move the first term
of the right-hand-side to the left, which yields

C
Jinvep <c [ (2 + 190l + o) < 55 [ (2s)
26

where we used that suppn C Bss. Then we have

[oavur= [ wvwp < [uver< [ e,
B; B; 0% JBys

where ¢ is independent of §, and where we used that n = 1 in Bs. This
estimate is the same statement as |6, Lemma 1]. The end of the proof is thus
exactly the proof of |6, Proposition 3]. This consists in applying Holder’s
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and Sobolev’s inequalities, so [ |¥|? is controlled by [ Bos |¥|? times a factor
which is proved to be small by using Lebesgue’s density theorem. Iterating
this estimate yields , that is the definition of ¥ vanishes to infinite order
at the origin. O

The last proof extends to Pauli operators, which Zeeman part can be
put in a matrix potential.

Proposition 1.4.2 (Figueiredo-Gossez for Pauli systems).
Let V i= (Va,8)1ca pem b€ @ m X m matriz of potentials in L (R™,C)

and let A := (Aq Ji<a<m be a list of vector potentials in L% (R™,R™), such
that for every R > 0, there exists cgp > 0 such that

m(_A) + CR,

—1py,ReV,p <e¢
(u, (€nm(—A) +cr)u), Yue C(R"),

<
<u, _iILBRAa . V’LL> <

where €,m s a small constant depending only on the dimensions n and m.
Let ¥ € HZ (R™,C™) be a weak solution of the m x m system (L.8), that is

(—]lmeARn LA Ve + 17) U=

If U vanishes on a set of positive measure, then ¥ has a zero of infinite
order.

Without loss of generality, we can thus assume that W vanishes to infinite
order at the origin.
Step 2. VU and AV vanish to infinite order as well.

First we remark that if ¥ € L?*(R"), then vanishing to infinite order

at the origin is equivalent to [g [2|™" |¥|?> dz being finite for every 7 > 0.

Indeed, if ¥ vanishes to infinite order at the origin, that is [ U < epek,

then we get, after integrating over e,

OfB\ d_/Bl/‘\I’ ,‘f
C L e ()
T2

0, then

dedz

Conversely, if [, [2|™" |¥|? is finite for every 7

< [ el @) e < [ jal ™ ) d.
B Be B

The finiteness of these integrals will play an important role later.
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Lemma 1.4.3 (Finiteness of weighted norms).
i) If O € HLE(R™) with € > 0 and if ¥ vanishes to infinite order at the
origin, then V¥ as well.

ii) Let V € L2 (R",C) and A € L% _(R™,R") be such that

loc loc

for some a,a’ such that a+a’ <1 and c,c’ > 0. Let ¥ € HL _(R") satisfying
—AV + A - VU + VU = 0 weakly. If ¥ vanishes to infinite order at the
origin, then V¥ as well.

iii) Let V € L2 (R™,C) and A € L (R",C") be such that

V21, <a(-A)% +e¢, 1A 15, < e(—A) +c.,

for some a < 1, ¢ 2 0, for all ¢ > 0 and some c. > 0 depending on €. Let
U € HE .(R™) satisfying —AV +iA- VU + VU = 0. If U vanishes to infinite
order at the origin, then V¥ and AV as well.

This lemma also extends to Pauli operators.

Proof. i) Take § €]0,1/4], and choose a smooth real positive localization
function n equal to 1 in Bs C R"™, supported in Bss, and such that 0 < n < 1,
|Vn| < ¢/6, and |An| < ¢/82. For any k € N, k > 0, there exists ¢; > 0 such
that

14€

2 (n¥)

1 _e_
o

[vee= [ auE < [1vone<cfea

< MLty (/ |@|2>‘+6 < £ (o (20))F = i
X X C = C € s
52 Bos 52 k k

where we applied the Gagliardo-Nirenberg inequality in the second inequal-
ity, we used ¥ € Hﬁge(R”) in the following one, and we used the definition
of ¥ vanishing to infinite order at the origin in the last inequality. We
notice that our estimate is the definition of VW vanishing to infinite order
at the origin.

i1) Let ) be the same function as in ¢), and consider the inequality @D
again, in which we used Schrédinger’s equation of W, we obtained @,
and we will use it once more. Since n =1 in B, we have

2 _ 2</ 2<£/ 2 . € K\ _ sk
Jwur = [ nver < [nver < g [P < g (a@o)f) = 4ot

where we used the definition of ¥ vanishing to infinite order, and this proves
that VW vanishes to infinite order as well.
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i11) We take the same funtion 7 as in i), adding the constraint |0;;n| <
c/r? for any i,j € {1,...,n}, and we take § €]0,1/4[. We know that for any
&,0 € R and any « €]0, +oo[, we have

(€+0°<(1+a)e+ (1+a71) 6
So using the assumption on V| we have
[ 1vnup
<a [1AG)P +e [ v
= a/ InAW + 2V - VU + UAn|? + c/ Inw|?
<a(1+a) [ lnAvf + (1 + ;) [129n- 9w wag? + e [ o

1
<a(l+a) / AT + 2 (1 + a) / |WAR|?

1
+4<1+a)/|w-vn|2+c/|nx1/|2,

for any a > 0. As for the gradient term, we have
[ina- vl < [|aPpve?
<e [ IVIvel?+e [ vep
= [ W9 IV + V9| Vo + . [ Ve
< 26/772|V|V\Il|]2+26/\Vn|2|V\Il]2+ce/\nV\I/\2.

We denote by V¥ = (8ij\11)1<ij<n the Hessian of ¥, its square being

‘V2\IJ|2 = Yicij<n |8ij\11]2. Now by convexity of the map f — ‘V\/ﬂz
and then the diamagnetic inequality, we have

2

VIVEE = v, S arp <Y Iviaw? <Y Vo = |vie|
=1 =1 =1
Also,

—~ 2
kikejm¥|

[ = 3/

1<i,j<n

<5 X [ (BB w) ] =n f1a g,

1<i,5<n



50

therefore, denoting by ® the tensor product on n x n matrices, and making
use of previous inequalities, we obtain

20,12 _ 2 . B 2
V| = [ |[VE(n¥) —¥Vnp—-Vne V¥ - VU ® Vn
2 2 2. |2 2
<4 [|V2ou)[ +4 [ vy +8 [ vy e vy
2
< 4n/]A(17\I!)]2+4/‘\IIV277‘ +4n2/]V77\2\V\IJ|2
2 2 2. |2
<an [ (nARP +4an [ [wAYP +4 [ |0V

+4n(n + 2) / \V|? V)2

We use Schrodinger’s equation pointwise and gather our previous inequalit-
ies. We get, for any a, 5 > 0,

/|nA\1;|2 :/|77Vx1/+mA.v\m2

<@+8) [1vaul+(1+5) [na-ver
(a1+6 1+a)+86n< ;))/\nmﬂ
+E ( ) 1+B)+8en( >>/|x1fAn|2

4( ) 1+,3)+26(4n(n+2)+1)( ))/Nny |V ?

+(1+ /|n\m + ce (1+ >/ynv\m + 8¢ <1+ )/‘\Wzn‘

We take o, 3 and e such that a(1 + 8)(1 + «) + 8en (1 + 87!) < 1. This
allows us to move the term [ [pAW|? to the left and obtain

C _
[ sur < flaner < g [ (1P 4 19eP) < g (l20)f) = dat
5

This proves that AW vanishes to infinite order at the origin, by the definition

[L9). O

+

Step 3. Proof that ¥ = 0.

We consider some number 7 > 0 (large), and we call ¢ any constant
which does not depend on 7. We take a smooth localisation function 7,
equal to 1 in Byjp C R", supported in Bj, and such that 0 < n < 1. We
take the same weight function ¢ as in Theorem Thanks to Step 3, all
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the expressions we write are finite. We define ks, := r,0 3. We start by
controling the gradient term by using the assumption on A,

2

~ 2 m
eT?A -V (n¥) LBy Z Td)ZAl
B ea LQ(Bn
2
7'47 7
<n Z A0 )LQ(Bl)
1<asm
1<i<n
L5( + 2
< nmenms ) ”(_A)4 ’ (e °0; (U\I}a)) L2(By)
I1<a<m
1<i<n
+ nmc Z eT?9; (N, ) L(By)
1<as<m
1<i<n

We now use the fractional Carleman inequality (1.2.2) with s’ = 1/4 and
s’ = 0, this yields

4.V (n0)|°
ANV O

< Kpnm? (Gn,m,é (6/4)~ P ) f:

€PN (n¥,)

L2(B1)

= Kkpnm? (en,m,(; (5/4)_5 + 77 c) e?A (n\I/)

L%(B1)

Similarly, for the multiplication potential V, we begin by using the assump-
tion ) and we get

eT¢nV\IJ

L2(B1)

m
€T¢’I7 Z Vaﬁ\Pﬁ

-3
a=1
<m Z HeT‘ﬁnV

1<a,B<m )
<3 (cuma -1 (o) )

We proceed by using our fractional Carleman inequality of Corollary
yielding

L%(Br1)

+c ewn\Ifﬁ

L2(Bi1)

eT¢nV\II

< Kpm (6717,,17(;(35/4)7g + 7730) > eTOA (77\1/5)

L%(B1) L2(B1)

= Kpm (en7m75(36/4)7g + 7’736) ePA (7]\1/)

L%(By)
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We can now estimate
2

12(By) O;

eTnA - VU

2
L2(Bn1)
2

eTOnAT eTPnAT,,

2
L2(B1)

eV

TNV U

2

<2 +2

L2(B1)

2

A (V(nW) — WVn) L)

=2 +2

L2(B1)

TOI A .
L2(31)+4 e"?VA-Vn

2

2
L2(Bi1)

2

<4[eA-V (D)

+2 eV

L2(B1)
2

TP
e"?A (n¥) L(By)

< 6K,nm? (En,m,é (5/4)73 + Tﬁlc)

2

eTOUA - Vn
L?(Bx)

+4

2
L2(B1)’

9 2

=25 €A (W) +4[e WA -V

L2(B1)

4 3 c
czﬁﬁ = ()’mrmm2 <en7m75 (5) + 7_) .

Eventually, the last inequality yields
eTON (D)

where

L?(By)
eTnAU

(n
< + 2™V - V¥ eTOWAn

L2(By)
€A (n0)

L%(Br1) +

eTPUA - Vn

L2(B1)

L2(B1) 2

<ec
X Ced,7 L2(B)

+2]e™Vn- V¥ + |e™* WAy

L2(B1)

L2(By)

Now we recall that Vi and An are supported in B1\B /; and that they are
bounded by a constant independent of 7, ¢, d, hence

TP
€ A(T’\Ij) LZ(BI)
< e wA
< cepr |CAMD)] el VA (B\10) (1.26)
T¢V\Ij ¢
+cj|e L2(Bi\By2) tele L?(B1\By2)
T ¢ > A
< cesr |€7PA (D) L2(31)+Ce () |wa L2 (Bi\By ») (1.27)
T L o(3
4 eem(3) V912 (505,,) + 0 (3) V1.2 (5085,
< cesr [€7°A (nT) + cem(3) (1.28)
X “¢,0,7 L2(B1) ’
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where ¢ does not depend on §, 7 or €, and where we used that ¢ is decreasing.
We recall that ¢ is fixed, and can be taken as small as we want. The constant
€n,m,o Needs to be small enough so that Gmnnm2(4/5)5/26n,m,5 < 1. Then 7
needs to be large enough so that c. 5, < 1. Then we move the first term of
the right hand side of to the left and get

eTOA (D) < eem(3), (1.29)

L2(B1)

Finally, using our Carleman inequality once more, and because ¢ is decreas-
ing, we find

¥l L2B, ) <

L2(B1)

where we used is the last step. Letting 7 — +oo proves that ¥ =0
in By/;. We can propagate this information by a well known argument, see
for instance the proof of [38, Theorem XIII.63]. This concludes the proof of
Theorem [[.4.2] O

1.5 Proof of Corollary

We give a proof without magnetic potentials for simplicity, and provide
a lemma at the end enabling to extend it. We take n = dN. Let R > 0
and U € H32(R®). We apply the inequality (1.11) to the function z; —

U(...,x;,...) and then integrate over z1,...,Zi—1, Tit1,..., TN to get
3 2
Lol i < esan [ a0 ven [,
Br R4N RAN

For j # i, applying (1.11)) with a radius 2R, we have similarly
3 2
[ ot =ap)P 9P < esan [ A0 wer [ wP.
Br RAN RAN
We consider the many-body potential

N

V(zy,...,zN) = Zv(xl) + Z w(x; — xj), (1.30)

i=1 1<i<j<N
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for which
N 2
VP g, =1p, | v(@)+ Y. wlz—aj)
i=1 1<i<j<N
N N —|—1
<—— ZﬂBR )+ Y g, (i — ;)
1<i<j<N
N(N + 1 3
<(4<65sz Ag,) 26+NCR>
N(N +1)? 3_
< (4) (ﬁé,d,N(_A)g 2+ NCR) ,

where in the last inequality we have used that

N N 320
Z’ki|3—4é < <Z|k1’2> ]

i=1 i=1
Thus we can take

desan 1
N(N+1)2 N(N +1)%k5; 3 an

€5,d,N =

and we obtain the result by applying Theorem [1.4.2
To finish, we prove that the assumption that v,w € Lf (RY) with p >
max(2d/3,2) 1mphes (L.1I). This is very classical [20, B1]. First let s €

(0,d/2), let v € L2S (Rd) R > 0 and u € H*(R?) supported in Bg C R?.

loc
We have v = v1jysar + v1jyj<nr, SO

2 2 2
| i< [ \vnﬂva}mBR\ P+ 0 [l

< ety Dl g a2

(—A)%u2 + Mu?,

< Cds

U]l\v|>M' Lt (B2)

where, in the last line, we have used the Sobolev inequality. By dominated

U]l‘”|>MHL%(BR) tends to 0 when M — +o0o. We can do a
similar treatment for w. Therefore, this proves that for s € (0,d/2) and

convergence,

q=>1,ifv,we L&

10C(Rd) then for any R > 0 and any € > 0, there is c. g
such that

0" g, + w1, < e(=A)* +cep in R .
R )

For the case d € {1,2}, we need v, w € L (R%) because we use |V|*. We
have the Sobolev embedding H>/? (Rd) < L>®(R?), and the argument is the
same. The potential term can be handled by using the following Lemma.
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Lemma 1.5.1. Let A € L{ (R* R?), then for any e > 0 and any r > 0,

loc
there exists cc, > 0 such that

[(u, =il g A Vu)| < (u, (e(—A) + cep)u)  Vu € C(RY). (1.31)

Moreover, for any € > 0 and any R > 0, there exists cc g > 0 such that

< (u, (e(—A) +cer)u)y, Yue CgO(RdN).

N
|<u, —iﬂBR Z A(l‘g) : Vgu>

(=1

Proof. Let d > 3 and » > 1. Take M > 0 and let us decompose A =
Al g0 + Al )< s For any u € C*(R%), we have

(u, —ilp, A - V)| < /|A]13Ty V|

</ |A] |[uVu| —|—M/|uVu|
{|A|>M}NB;

S EUTY BN 1 PR Vo L T T T

L4(Br)

—1 2 3 9
sy 1, s [Vl 2 + M /\W| M /M

< (C HA]l\A\>M

< HA]l\A|>M

ey H M) IVl 428 [,

where we used Holder’s and Sobolev’s inequalities, and where the coeffi-
cients are independent of u. By dominated convergence, ”A]l‘ Al> M”Ld — 0
when M — —+oo, so this proves (1.31). For the N-body case, we use the
previous result on each N components and sum. For d € {1, 2}, we have the
subcritical Sobolev injections and the argument is the same. ]
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Chapter 2

New Hohenberg-Kohn
theorems

This chapter is identical to the paper [19].

We prove Hohenberg-Kohn theorems for several models of quantum mech-
anics. First, we show that the pair correlation function of any ground state
contains the information of the interactions and of the external potentials.
Then, in the presence of the Zeeman interaction, a strong constraint on ex-
ternal fields is derived for systems having the same ground state densities
and magnetizations. Moreover, we provide a counterexample in a setting
involving non-local potentials. Next, we prove that the density and the
entropy of a ground state contain the information of both the imposed ex-
ternal potential and temperature. Eventually, we conclude that at positive
temperature, Hohenberg-Kohn theorems generically hold, in particular they
hold in the classical case.

2.1 Introduction

The ground state of a many-body quantum system at equilibrium is a
quantity involving a large number of variables, and one cannot measure it
directly. Therefore, it is natural to ask which simple and measurable quant-
ity is sufficient to know to get all the information of a system. Then one can
work only with this relevant reduced information as in Density Functional
Theory, which is one of the most successful methods in quantum physics and
chemistry to simulate matter at the microscopic scale [8, 30, 32, 33]. A fam-
ous result of Hohenberg and Kohn [30] from 1964 shows that, at equilibrium,
the ground state density of a system of quantum electrons contains all the
information of the external electric potential. This implies that any phys-
ical quantity is a functional of this density and justifies Density Functional
Theory. Then, many articles were devoted to extend this initial work to
other configurations, because those conceptual results provide fundamental
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insights on the structure of quantum mechanical models. The main goal is
to establish a bijective matching between an external imposed field, and a
ground state internal reduced density.

In chronological order but not exhaustively, Mermin extended the the-
orem to fixed positive temperature [46] (Thermal DFT), Barth and Hedin
looked at Hamiltonians having a Zeeman term [72] (Spin DFT), Gilbert con-
sidered non-local potentials [23] (Matrix DFT), Vignale and Rasolt treated
Pauli Hamiltonians without the Zeeman term [71] (Current DFT), and
Siedentop, Miiller and Ziesche considered pair potentials [66, 75| (Pair DF'T).
In those works, the authors conjectured corresponding Hohenberg-Kohn the-
orems, that is some reduced ground state densities contain the information
of external potentials applied to the systems. Nevertheless, the provided
proofs turn out to be incomplete and first counterexamples were found by
Capelle and Vignale in models dealing with magnetic fields [9, 10] (Spin
DFT, Spin-Current DFT and Superconducting DFT at zero temperature),
invalidating such general Hohenberg-Kohn properties. In two recent articles
[20, [21] grouped in Chapter (I, we proved a unique continuation property
necessary in the final step of the rigorous proof of the original Hohenberg-
Kohn theorem. But our work does not cover much of the systems mentionned
above.

In this chapter we further analyze Hohenberg-Kohn theorems for inter-
actions, spin, non-local potentials and temperature, and complete the proofs
present in the litterature when possible. First, we comment on the original
Hohenberg-Kohn property. In Theorem we show a Hohenberg-Kohn
theorem for interactions, indicating that pair correlations of any ground
state are sufficient to deduce the interactions between particles, in general
settings containing several types of particles. Next in Theorem we
prove a partial Hohenberg-Kohn type result for Spin DFT, that is, a strong
constraint on external fields when ground state one-body densities are equal,
and we provide a counterexample to the Hohenberg-Kohn theorem in Mat-
rix DFT. Then, we give a rigorous proof of the Hohenberg-Kohn theorem
in Thermal DFT in Theorem [2.4.1] extending the existing statements by
showing that the ground state entropy and the one-body density contain
the information of both the temperature and the external electric poten-
tial. Eventually, we show that at positive temperatures, Hohenberg-Kohn
theorems “generically” hold, in particular in the classical case.

2.2 Standard setting and interactions

The original Hohenberg-Kohn theorem initiated many works, like |21}
30, 138, 48, 55] for instance. In this section we present weaker assumptions
under which it holds. Most of them can be applied to other Hohenberg-Kohn
theorems presented in sections below. We denote by d the dimension of the
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one-body space R%, and by N the number of particles. Let us consider the
interacting Hamiltonian

N N
HY (v) ::Z_Ai—i— v(x;) + Z w(x; — xj), (2.1)
i=1 i=1 1<i<j<N
where v and w are respectively the external and interacting potentials. Let
q € N be the spin number. The one-body density of a wavefunction ¥ €
L?(RIN, CqN), simply called the density hereafter, is defined by

N
pu(T) == Z Z/Rdw_l) |O%|2 (@1, ., i1, T, Tig1s - - - TN)

se{l,..,g}N =1

X dwl s dl‘ifldl‘prl s dSCN.

The set of square-integrable N-particle antisymmetric wavefunctions will
be denoted by L2(R¥) := AN, L?*(R?). In the paper we will write E;,
i € {1,2} for ground state energies of the corresponding models we are
treating. For instance here, F; := (V;, H(v;)¥;).

2.2.1 Standard Hohenberg-Kohn

The usual assumption in the Hohenberg-Kohn theorem is the equality
of ground state densities, py, = pw, almost everywhere, where ¥; and ¥y
are ground states produced by two electric potentials v; and vo. In the
case of Coulomb systems of molecules, this can be replaced by py, = pw,
in a ball, by real analyticity 15| 16, |31} 48]. Nevertheless, we remark that
in the general case, the proof only requires the following constraint ,
which we present together with the proof of the Hohenberg-Kohn theorem
[20, 21} 30}, |39, 55|, for completeness. We will denote by fy = max(f,0) and
f— = max(—f,0) the positive and negative parts of a function f = f, — f_.
Let Q be a connected open set, we work on QY with any boundary condition
for the Laplacian. We call Q( XY, —A;) the corresponding form domain.

Forv € Ld/Z(Rd) such that v_ € (L%? 4 L>®)(R?), we also denote by HN (v)

loc

the Friedrich extension of the operator in (2.1)), whose form domain is
Q(H" (v)) = {‘I’ < Q( i —Az‘) ‘ Jra vpw < +OO}.

Theorem 2.2.1 (Hohenberg-Kohn theorem). Let Q C R? be an open and
connected set, and choose any boundary condition. Let p > max(2d/3,2), let
v1,v2 € LY (Q) having (v1)—, (v2)— € (LP+L>)(Q), and w € (LP+L>)(R?)
such that HN (v1) and H™(v9) have at least one ground state each, we
respectively denote by Wi and Uy one of the ground states of HY (v1) and

HN(v3), and we assume that [(v1)py, and [(v2)ipy, are finite. If

[ 01 = e2)(pw, = pu) =0, (2.2)
Q
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then vy = vg + (Ey — E2)/N.

Proof. From the conditions imposed on the potentials, ¥o € O (H N (vl))

and Uy € Q (H N (vg)). Using the definition of the ground state energy, we
have

E; < <‘1’2,HN(111)‘1’2> = Fo + /(Ul — V2)Pw,,
which can be written
E1 — E2 < /(’Ul - ’U2),0q;2. (23)

Exchanging labels 1 and 2, we also have
EQ — E1 < /(Ug - Ul)p\lll- (24)

Now using the hypothesis (2.2), we get
By — By = /(v1 —v2)py, = /(v1 — V2) Py,

and thus <\112,HN(U1)‘112> = FE;. Consequently, ¥y respects Schrodinger’s

equation for H(v1), that is HY (v1)¥y = E1¥,. Taking the difference with
Schrodinger’s equation verified by Wy for H™ (v5), we have

N
<E2 —F + Z(Ul — UQ)($1)> Uy = 0.

=1

Since Schrodinger’s equation is verified by Ws, it does not vanish on sets
of positive measure by unique continuation by [20, 21] (or see Chapter (1)),
which is a local property, and we get

N

Ey— E1 + Z(Ul — 7)2)(1'7;) =0, (2.5)
=1

a.e. in Q. Integrating this equation on (z;)2<icy € AN™! where A C Q
is bounded, we obtain that there is a constant ¢ such that v1 = vy + ¢
almost everywhere on 2. Eventually, ¢ = (Ey — E2)/N by using (2.5 once
again. [

This proof relies on a unique continuation result |20, 21] (Chapter [1),
itself based on a Carleman inequality, and its use yields the condition p >
max(2d/3,2). In the quantum case, the Laplace operator forces minimizers
to be spread in the whole space by unique continuation, which is linked to
the Heisenberg principle. Note that, on the contrary, in the classical case
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minimizers of the energy at zero temperature have a very small support (they
concentrate on the minimizers of the energy), and therefore they provide
almost no information on the potential.

The hypothesis is a much weaker assumption than py, = py,.
Indeed it replaces an infinite set of equations by only one. Moreover, it
is global, and it better exhibits the duality between electric potentials and
ground state densities. This reduces to py, = py, when one wants it to be
independent of external potentials.

2.2.2 Remark on the original proof

The original proof of Hohenberg and Kohn is by contradiction, it assumes
the non-degeneracy of the systems and uses strict inequalities in and
(2.4). The authors precised that two different potentials could not lead to
the same ground state, and Lieb [38] remarked that this fact relies on a
unique continuation property, later proved in [20, 21| (Chapter [1)). The
proof using non-strict inequalities, first appearing in [55], is more general
because it avoids to assume non-degeneracy of systems. Moreover, it is
direct (proofs by contradiction are avoided when possible) and does not
involve any additional argument compared to the original proof.

In the literature, there are many articles presenting Hohenberg-Kohn
results but in which authors do not show that two different operators cannot
produce the same ground states. This leads to incomplete proofs at best, but
to false statements at worse. For instance the Hohenberg-Kohn theorems
for interactions [66], and at positive temperature in the canonical case, hold
by using Lemmas [2.2.3] and but in the case of non-local potentials, a
counterexample can be found as presented in section The proof of a
Hohenberg-Kohn result always follows the same scheme, and the only extra
properties to show concern this step. They usually consist in a lemma,
as Lemmas [2.2.3] 2.2.6] 2.4.2] [2.4.5] see also the proof of Theorem [2.3.1]
Providing those results for some of the main Hohenberg-Kohn statements is
one of the goals of this work.

2.2.3 A semi-metric on the space of binding potentials

In the following, we take Q = R? for simplicity, and we show that the
quantity involved in has special properties. We define the equivalence
relation ~ on the space L{ . of functions and write v ~ w if there is some
constant ¢ such that v = u + ¢. We define the space of potentials

VWi {ve Lf (RY) \ v_ € (LP + L®)(RY),

loc

H" (v) has a non-degenerate fermionic ground state} / ~,
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where we identified potentials modulo constants, and where p > max(2d/3, 2).
We define the map

VN — (L'n L9)(RY)

7w ),

which associates the unique ground state density to any potential v € V'V,
and where g := d/(d — 2) if d > 3, ¢ can take any value in [1,4o0] if
d =2, and ¢ = +o0 if d = 1. The Hohenberg-Kohn theorem implies the
injectivity of p, therefore it is bijective on its image. This is the reason why
it is commonly said that, at equilibrium, the ground state density contains
the information of the external classical electric field. Now we define the
function

d(o,0) == [ (v =u)(p(v) = plu)

if [uyp(v)and [vip(u)are finite, and d(v, u) := +oo otherwise. We remark
that d(v,u) > 0 for any v,u € VY, using the inequalities and
presented in the proof of the Hohenberg-Kohn theorem, and we remark that
d(v,u) = 0 if and only if v ~ u. Thus d is a semi-metric. For example,
d(v,u) is finite when applied to v(z) = 22 and u(z) = —Zy |z|~' (for
Zy large enough so that u € VV), because of the exponential decay of
ground states when the potentials grow polynomially and in presence of a
gap between the ground energy and the essential spectrum [1} 29, 67]. Those
are examples of standard physical potentials, but their LP? + L°° distance is
infinite. Therefore d seems to be a natural “physical distance”, because it
enables to compare very different, but still physical, potentials.

In Theorem and in the definition of d, we can avoid the assumptions
J(v1)4pw, and [(v2)1pw, to be finite, replacing them by the assumptions
that (v1)+ and (v2)4 are at most polynomially increasing when |z| — +o0.
Then by the exponential decay of ground states, [(vi)4pw, and [(v2)+pw,

are automatically finite if F; < min oegs (H N (vl))

2.2.4 Hohenberg-Kohn for interactions

We consider N particles in R?, submitted to a two-body multiplication
operator W, accounting both for interactions and external potentials. The
corresponding N-body Hamiltonian takes the form

N
HY(W) =3 =Ait+ > Wiai), (2:6)
i=1 1<i<j<N

acting on L?(R). We will also use

N N
HY (v,w) :Z—Ai—l—ij(xi)—l— Z w(x; — xj), (2.7)
i=1 =1

1<i<j<N
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on L*(R?), which corresponds to W (z,y) = x5 (v(z) + v(y)) +w(z —y).
The two-body reduced density of a state ¥, or pair density, is defined by

(2)

oD(z,y) = YN 1)

1) 2
2 /]Rd(N72) |‘11| (:Cayax37"'7:CN)dx3"'de-

We can deduce the density from pg ) by taking its marginal

__2 (2)
pu(r) = N_1 /]Rd Py (7, y)dy.
The energy of a state is coupled to the two-body potential W only via pg ),
because

<\11, 3 W(:Ei,xj)\ll>: Wi,

2d
1<i<j<N R

The next Hohenberg-Kohn theorem establishes a duality between W and
p?), and between (v,w) and p(?). A similar statement is present in [66], but
with an incomplete proof, which needs Lemma ii) (see the remark in
section . The knowledge of p(?) is sufficient to determine W alone or
the pair (v, w), hence the ground state pair correlations p(2) contain all the
information of the system.

Theorem 2.2.2 (Hohenberg-Kohn for interactions).

i) Let ¢ > max(4d/3,2), and let W1, Wy € (L9 + L) (R??) be even two-
body potentials such that HN (W1) and HN (W3) have ground states U1 and
Uy If

2 2
Lo W= w) () = ) =,

then
2(Ey — E»)

N(N-1)"

ii) Let p > max(2d/3,2) and let the potentials vi,ve, w1, wy € (LP +
LX) (RY), wy,wy even, be such that HY (v, wy) and HN (vg, ws) have ground
states W1 and Wq. If

Wi =Wy +

2 2
/Rd(vl—vz) (pw, — p%)+/R2d (w1 — wa) (2—y) (p§) —p$)) (2, y)dady = 0,
then there exists a constant ¢ € R such that

w1 = wsg + ¢,

_ El—EQ C(N—l)
v = v2 + N 5 .
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We stated the theorem in the whole space R? for the sake of simplicity,
but as Theorem it holds for any open connected domain Q C R%,
with any boundary condition. More precisely, knowing p( on Q2 enables
to know v on Q and w on {z —y | z,y € Q}.

Pair DFT (or 2RDFT for two-body reduced density functional theory)
was founded in [66) [74, 75], and further explored in [2-4, 11}, [18] 24, [28|
37, 149-51] among other works. In particular, Mazziotti [41-45] studied it
extensively. This framework gives to the ground state two-body reduced
density the central role. Theorem shows that this theory is well-posed.

Proof. i) By the standard proof of the Hohenberg-Kohn theorem recalled
above, we have (Wa, HY (W})Wy) = Ej, so ¥y is a ground state for HY (W),
and HYN(W1)Uy = FE1VU,. Taking the difference with HY (W5)Wy = EoWs
yields

N
(El — Fy + Z (W1 — Wg)(l‘i,l'j)) Uy =0.
1<i<j<N

We use the Theorem [[.4.2] in which we need an assumption of the type
W] < e(—A)%_‘S + ¢ in R?, We can apply Corollary without w,
replacing v by W, and d by d’ = 2d, hence the number 2d’'/3 = 4d/3. The
normalized function Wy thus cannot vanish on a set of positive measure and
we have

N
FEy — FEy + Z (W1 — WQ) (fL‘i, Qj‘j) =0

1<i<j<N

a.e. in R™. We conclude by the following lemma, which also enables to
prove ii). O

Lemma 2.2.3.
i) Let W € L (R??) be even and such that

loc

Z W(xi,xj) = 0, (2.8)

1<i<j<N

a.e. inRW. Then W =0 a.e. in R%*.
i) If v,w € Ll (R?), with w even, and if

loc

N
o)+ Y. w(w—aj) =0, (2.9)
i—1 1<i<j<N

a.e. in R then v and w are a.e. constant and verify

N-—-1
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Proof of Lemma[2.2.3, i) We consider ¢ € C(RY) such that [¢ # 0 and
integrate (2.8) against ©®V which yields

/ Wp®% = 0.

We use it with o = x +en, x,1n € C°(R?), [ x # 0 and € small, and viewing
the result as a polynomial in €, the coefficient in € has to vanish, therefore

/W(X®77) =0. (2.10)

Let f € C(R%R,) be a regularizing function such that [f = 1. For
zo € R? and € > 0, we denote by f£ (z) := e f((x — x¢)/€) the translated
and scaled function, and write f¢ := fj. We apply to x = f;, and
n = fy, for any zo,yo € R?, to obtain

0=Wx(f®f)) (z0,90)-

We let € — 0, s0 W (f¢® f¢) — W a.e. in R?, and we get W = 0.
ii) We apply i) to W (z,y) = (N — 1) (v(z) + v(y)) +w(z—y), yielding

v(z) +v(y) + (N - 1wz —y)=0 (2.11)
a.e. in R??. This can be rewritten
v(@+y)+o(y) =—(N-Nw@)=—-(N-Dw(-z) =v(-z+y) +v(y),

and we have thus v(z 4+ y) = v(y — x). This implies v(y) = v(y — 2x) for a.e.
(z,y) € R¥, hence v is constant and w as well. O

A first consequence is that in a Kohn-Sham configuration, pair densities
are different.

Corollary 2.2.4 (Pair densities in the Kohn-Sham setting). Let potentials
v1,v9,w € (LP + L®)(RY), with p > max(2d/3,2), where w is even and not
constant, such that HY (vy,w) and HY (va,0) have ground states ¥y and V5.
Then py) # piy,.

1 2

The proof can be done by contraposition, applying Theorem i7).
We note that we did not need to assume that py, = py,, as in the Kohn-
Sham setting. This corollary is to compare with a similar result in Matrix
DFT, claiming that it is not possible to reproduce the ground state one-
body density matrix of an interacting system by a non-interacting system
driven by a different electric potential. Indeed, for interacting Coulomb
systems, Friesecke proved that the ground state one-body density matrix
has infinite rank [17, Theorem 2.1], whereas it is a finite rank projector for
non-interacting systems.
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When several types of particles are present, we can use the same prin-
ciple. This illustrates the robustness of Hohenberg-Kohn results for inter-
actions. For instance let us consider a mixture of two types of particles,
N € N\ {0} of the first type and M € N\ {0} of the second, either fermi-

ons or bosons, represented by a wavefunction ¥ € L2 ((]Rd)N x (RHM, (C)

(anti)symmetric in the first N variables and (anti)symmetric in the last
M variables. The interactions between the particles of the first (resp.
second) group are mediated by a function w, (resp. wp), and the inter-
actions between the two types are mediated by a third one w,},. An external
potential v, (resp. v}) acts on the first (resp. second) type of particles. The
difference in masses is implemented in a constant o # 0. The Hamiltonian
is

N N+M
H(Uaa Vb, Wy, Wh, wab) = Z(_A’L + ’Ua(gji)) + Z (—CMAk + ’l)b(Ik))
i=1 k=N-+1
+ Z wa(mi—xj)—i— Z wp(xp—x7)+ Z Wab (T —x).
1<i<j<N N+1<k<ISKN+M 1<i<N
N+1<k<N+M

We define the pair function of the first type

2) _ (N 2
pa,\I/(x7y) = <2> /Rd(NJerZ) |l11| (x,y,(lf3,...)d$3...d$N+M,

the one of the second type

(2) _ (M 2
pb,\I!(x’y) T <2>/]Rd(1\’+M—2) ‘\II‘ (xla--waaxay,xN-i—&---)
del---dede+3---de+M7

and the pair function between the two types

(2) . 2
pab,\l,(x,y) =NM AP, |U|° (2,22, ..., TN, Yy TN42, - .- )
X dxg e dede+2 e de—&-M-
Using the symmetries, the energy is thus

N+M

2
> [ v

N
(¥, H(va, Vb, Wa, Wh, Wah)¥) = Z/d ]Vi\If\Q + «
i=17/R E=N-+1

2 (2) 2 (2)
TN /Rd Paw(@)val@)de + /Rd Pp.p (@, 2)op(z)dz
(2) _ (2) B
+ [ ene —ypdady + [ oy (@ yywn(o - y)dady

(2) o
+ [ S l@ (e - y)dady.
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Theorem 2.2.5 (Hohenberg-Kohn for different particles). Let p > max(2d/3,2)
and let the potentials vy i, Wy, Wab; € (LP + L) (RY) for n € {a,b} and
i € {1,2}, with wy;, wan,; even, such that H(vVa, Vai, Wai, Wh i, Wab,i) have
ground states W;. If
2) ) 2 _ @ @ _ @

pa\Ill_pa‘lfg’ pb‘lfl pb,ﬁ’z’ pab,\lfl_pab,\lfg?
then vy 1 — Up2, W1 — Wy2, and Wap 1 — Wab 2 are constant, for n € {a,b},
and satisfy

N(N -1)
2

M(M 1)
2
+ N(vaq — Va2) + M(vp1 — vp2) = E1 — Es.

(Wa,1 — Wa2) + (Wb — wp2) + NM(wap 1 — Wap 2)

A slightly modified unique continution property is necessary for the
proof, which takes into account the presence of . Also, the proof follows
the same steps as for the standard Hohenberg-Kohn theorem, and requires
the following lemma.

Lemma 2.2.6. If vy, Uy, Wa, Wy, Wap € LlOC(Rd), with w,, wy, and wyy, even,
and if

N+M
Zva :L'z + Z Up Jfk) + Z wa(mi —LU]‘)
k=N+1 1<i<j<N
+ Z wp(xE — 1) + Z wap(z; —xK) =0, (2.12)
NA1<kE<IKN+M 1<i<N

N+1<kSN+M

a.e. in R then vy, vp, wa, wy, and wyy, are a.e. constant and verify

N(N -1 M(M -1
Nuv, + Muvy, + ( 5 )wa—i— ( 5 )wb—i—NMwab:O.

Proof. We start by taking ¢ € C°(R?) such that [ ¢ = 1, we multiply ([2.12)

N+M . d M .
by [T,-ny41 w(zk) and we integrate over (zx)nii<k<n+m € (R , which
yields

N

Z (va(i) + Mway, * @) + Z wa(x; — xj) = ¢,
i=1 1<i<j<N

where ¢ is a constant. Applying Lemma [2.2.3] i), we know that w, is
constant, and by symmetry, wy as well. We thus want to show that if

N+M
Zva i)+ > wv(zp) Yo wan(w—xp) =0,
k=N+1 1<<N

N+1<kSN+M
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then v,, vy and w,p, are constant. With similar notations as in the proof of
Lemma i), and choosing f even, we take any z,y € R? and multiply
the equation by

fo(@) . fo(en) fy(@ni) - fy(angm),
and then integrate over all coordinates, giving
Nvax f(x) + Moy * f(y) + NM (wap * [+ [€) (x —y) =
Letting € — 0 yields
Nuva(z) + Mop(y) + NMwap(z —y) =0, (2.13)
for a.e. (z,y) € R% Using the fact that w,y, is even, we have

Nuva(x) + Moy, (y) = —NMw,p(x —y) = —NMwap(y — )
= Nuva(y) + Moy (),

hence
(Nvy, — Muwy,) (x) = (Nvy — Muwy) (y)
a.e. so Nv, — Mwy, = c is constant. Equation can then be rewritten
op(2) + vb(y) + Nwan(z —y) +¢/M =0,

which is similar to (2.11). With the same argument as in the proof of Lemma
i1), we can proove that vy, v, and w,p, are constant. O

Many quantum models are replaced by approximate effective ones in
which interactions are changed, because they are easier to study and are
exact in some limits. Theorem shows that they cannot have the same
ground state pair correlations, hence it provides a limit to their predictive
power.

By measuring pair functions of bound ground states, one can thus ex-
haustively reconstruct the interactions between particles in non relativistic
quantum settings, using an inverse procedure. In particular, this could be
applied to the phonon-mediated effective interactions between electrons in
a superconducting medium.

2.3 Absence of Hohenberg-Kohn in Spin and Mat-
rix DFT

We have seen that for the standard model, a Hohenberg-Kohn theorem
holds. However, for other models, this is not necessarily the case. In Spin
DFT, it is well-known that it does not hold [10], however we will show a
partial Hohenberg-Kohn result in this model. We also give a counterexample
to a Hohenberg-Kohn theorem in Matrix DFT.
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2.3.1 Partial Hohenberg-Kohn in Spin DFT

Spin DFT was founded by von Barth and Hedin in [72]. It is a version of
Density Functional Theory based on a variant of the Pauli Hamiltonian, in
which the coupling between the current and the magnetic field is neglected.
The only magnetic feature taken into account is the Zeeman interaction.
It is a very active field of research in quantum physics and chemistry |14}
26, 34, 5254, 5860, 72]. This framework enables to study the relations
between the ground state magnetization and the electromagnetic field.

We consider the Hamiltonian of Spin DFT

N
HY(v,B) = Z (= A; + 05 - B(m;) +v(x)) + Z w(x; — xj),

i=1 1<i<j<N

where - is the scalar product of R?. We fix the dimension d = 3 and recall
the definition of the Pauli matrices

0 1 0 —z 1 0
T __ Yy z _

acting on one-particle two-components wavefunctions ¢ = (¢T, ¢¢)T, where
¢t ¢t € L*(R?,C) and [a |#|* = 1. In this case, o; - B(x;) = By(zi)o? +
By(z;)o! + B, (x;)o7. The state of the system is described by antisymmetric
and normalized wavefunctions ¥ € L2 ((Rd x {1, 4N ) We introduce their
one-body densities

N
p%ﬁ(x) = Z Z/}éd(]\ril)\IJ(OZ,ZL';SQ,I'Q;...)\II(B,J:;SQ,ZUQ;...)
(s2,sn)E{t V1=l

X dxo - - -dxy,

where o, f € {1,]}, but for the sake of simplicity we will not always write
the subscript ¥. We remark that p™ = ptt =: ¢, We define the density
p:=p' + p* and the magnetization

pH + ¥t 2Re ¢
mi= | —i (pN - pH) =| 2Im¢ |. (2.14)
ot — o ptt — pht

The quantum wavefunction is coupled to the external magnetic field only
via the magnetization. Indeed, using fermionic statistics, we have

N

<\11,Z (0; - B(x)) \1/> = [ B-my.

3
i=1 R
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It is well-known that there is no complete Hohenberg-Kohn theorem in
this model, due to a counterexample of Capelle and Vignale [10] recalled
below (see also [14]). More explicitely, if the ground state densities and
magnetizations of two systems are equal, this does not imply that the ex-
ternal potentials and magnetic fields are equal. However, in the following
theorem, we show that those assumptions imply a strong constraint on the

external fields imposed on the system. This specifies the relation between
(v, B) and (p, m).

Theorem 2.3.1 (Partial Hohenberg-Kohn for Spin DFT). Let p > 2, let
w, vy, v9 € (LP+L>®)(R3,R) be potentials and By, By € (LP+L>®)(R3,R?) be
magnetic fields. We assume that H" (v, B1) and H™ (vq, Ba) have ground
states, which we denote by V1 and Vo. If

[ =) pu, = pun) + [ (Bi=Bo) - (mu, —mu) =0, (215)
R3 R3

then

Ey — E
[Bi = Ba|x = —F7— + w2 — v, (2.16)
where x is a measurable function taking its values in the discrete and finite

set {—1,-1+ 2, -1+ 4,....,1— 2 1}

In particular, the condition (2.15) is satisfied when (py,, my,) = (pw,, Mw,).
We remark that on connected subsets where v1, v9, B1, By are continuous and
where By # Bs everywhere, x is continuous hence constant. Also, when N
is odd, x can never vanish, thus if we have vy — E1/N = vy — E5/N and
my, = my,, we can deduce that B; = By. At fixed v, if we formally define
a function fuk(B) = (my, E) associating to a magnetic field the ground
state magnetization and energy, Theorem implies that fyxk is injective,
so it is bijective on its image. This shows that knowing my and F enables
to know B. Consequently, for a fixed v and N odd, all physical quantities
are functionals of the ground state pair (m, E).

To build a counterexample, Capelle and Vignale [10] start from a system
which ground state is an eigenvalue of the z momentum operator Zfil o7,
and where the ground energy of H™(v1,0) is isolated from the rest of the
spectrum. For instance one can choose to start from B; = 0, with a binding
v1. Then they perturb this initial system by adding By = be, where b € R
is so small that there is no energy levels crossing, and they keep the electric
potential v3 = w; unchanged. In this case, our equation becomes
Nbx = E1 — Eo, where yx is as in the statement of the theorem.

Proof. Following the same steps as in the proof of the standard Hohenberg-
Kohn theorem, we can show that <\112, HN (vy, Bl)\IJ2> = F;. Thus ¥,
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respects Schrodinger’s equation of the first operator HY (vy, B1)¥y = E1Vs.
Taking the difference with H (vg, By)Wy = Ep Wy yields

N
(Z (]12N><2N’U(ﬂfi) + B(xl) . Uz)) Py =0,
i=1

where v := vy — v + (Ey — E1)/N and B := B} — Bs. By strong unique
continuation for the Pauli operator [21] (see Chapter 1)), W9 does not vanish
on sets of positive measure, thus we get

N
0o (Z (Lon yonv(x;) + B(x) - O'Z')> (2.17)

i=1
a.e. in R™N. We work in a cube C := [0, a]? for a fixed a € R,. The function
x +— v(x) + B(x) - 0; is continuous on a set L, such that |C\L,| < 1/n, by
Lusin’s theorem. Hence, Y | v(x;) + B(;) - 0; is continuous on (Ly,)". We
take the limit n — 400 and use that the map giving the eigenvalues of a
matrix is continuous, to infer that

N
0co (Nv(x) + B(z) - Zm)

i=1

for a.e. z € C. We extend this conclusion a.e. in z € R3 by letting a — +o0.
Eventually, one deduces that for a.e. z € R3, at least one of the eigenvalues
of Nv(z) + B(z) - 2N, 0; vanishes. Those eigenvalues are

{Nv(z) +Jj|B(@)|}jef—n—N+2, . N—2.N} 5
by next Lemma for which we give a proof in the appendix.
Lemma 2.3.2 (Local diagonalization of the Zeeman interaction).

For B € LL _(R%R3), "N, B(x;) - 05 is diagonalizable in the spin vari-

loc
ables, with eigenvalues

N
{Z(—m er)\} :
i=1 (si)1<i<n€{0,1}Y

a.e. in RN

Hence, for each z € R3 such that B(z) # 0, and such that v(x) and B(z)
are finite, there is a real number x(z) € {-1,-1+2/N,...,1—-2/N,1}
respecting v(x) + x(z) |B(z)| = 0. On the set

{z e ®* | B(x) # 0, [v(@)| + |B(2)] < +o0},

X is measurable, and on the complementary space we choose x(z) = 1 for
instance. The function y is thus measurable. O



76

2.3.2 Counterexample in Matrix DFT

Founded by Gilbert [23], Reduced Density Matrix Functional Theory
(RDMFT), hereafter called Matrix DFT, is extensively used in quantum
chemistry |5} |6}, 13, 32, 136l |40, 47, 64} 65| 70, 73]. This method is similar
to standard DFT but the central internal quantity is now the one-particle
reduced density matrix (IRDM) which is defined by

r(z,y) = N/ D(z,xo,...,2N;Y, X2, ...,xN)dze - - day
RAN-1)
for mixed states I', and reduces to

yo(z,y) =N A U(z,z,...,2Nn)V(y,x2,...,oN)dzy - -day
in the case of pure states I' = |¥) (¥|. The kinetic energy part of the
exchange-correlation functional is not approximated, since the kinetic en-
ergy is an exact functional of the IRDM. The drawback is that it is compu-
tationally more expensive than standard DFT, because 1RDM kernels have
two space arguments instead of one. The external non-local potentials at
stake in this framework are one-body operators of

Gi={G=G"|D(G]?) c H'(R?), Ve>0 3ec >0 |G| < —eA+cc}.

The multiplication by v € (L¥? 4 L>®)(R%), or a gradient magnetic operator
—2iA-V where A € (L%4 L*>)(R?), belong to this class. One obtains the full
Pauli Hamiltonian when G = —2iA-V+A?+¢-curl A. Also, we can choose it
to act by multiplication on the momentum space (G¥)(k) = g(k)¥(k) with
lg| < €k?+c, for any € > 0. An operator G € G acts on many-body functions
by the second quantized G(N) € £(L2(R*)) of G on the N-particle sector

N
¢M =3 a;, (2.18)
i=1

where each Gj is a copy of G acting on the i body, that is G; ==1® --- ®
G ®---®1. For instance, when G has a kernel,

N
(G(N)\Il> (‘Tla s 7‘,1:N) = Z~/Rd G('rhy)ql(xlv s Ti—1,Y, Tt 1,y - - - 7:1:N)dy
i=1
The Hamiltonian in this formalism is

N N
HN(G) = Z—Ai—FZGi—F Z w(xi—.rj), (2.19)
=1 =1

1<i<j<N

and the operators in G are such that all H N (G) have the same form domain
H'(RY). A state is coupled to the external non-local potential only via its
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one-body density matrix, and the interaction energy of W with G is equal
to Tr Gyy.

In his pioneering work, Gilbert [23] wrote that the proof of Hohenberg
and Kohn cannot be extended to G + +, but he remarked that the injectivity
U — vy holds, when W is taken in the set of ground states of HY(G)’s, and
where G’s are chosen in G and produce non-degenerate ground states. Here
we provide a counter-example showing that the map G — ~ is not injective.
This implies that in its most general formulation, Matrix DFT is ill-posed
because it does not respect uniqueness.

Let G € G be such that H(G1) has a unique ground state ¥; isolated
from the rest of the spectrum. We assume that

39 € H'(RY), [ |¢|” = 1 such that (¢ A L2RIN-D)) L0 (2.20)

The assumption (2.20) is equivalent to the existence of an orthonormal basis
{¢i};cn such that ¢; never appears in the decomposition of ¥ on the basis
built from {¢;};c. We take Gy = G1 + €|9) (¢|. We have |¢) (¢| € G and

N
HN(Go)Wy = HN(G1)¥; + ¢ (Z ) <¢|Z.> Uy = B 0.

i=1

We also have HV (G1) < HV(G3) in the sense of forms, therefore by the min-
max principle, Fq < Fs and W1 is a ground state of HN(GZ). Hence we have
two Hamiltonians having different non-local potentials but the same ground
state. We get counterexamples if we can find w and G such that
holds. This is the case when w = 0 because then, ¥4 is a Slater determin-
ant. We have thus here a class of counterexamples to the Hohenberg-Kohn
property G — . This argument also works for the corresponding theory
considering mixed states, because when w = 0, the ground state is still a
Slater determinant. We note that in |17, Theorem 2.1], Friesecke proved
that for interacting Coulomb systems and denoting by ¥ the ground state,
rank vy = 400, but it is not proved that Im -y spans the full space, in
which case the condition would be wrong for Coulomb interactions.
This uniqueness property for non-local potentials when w = |-|_1 is thus an
open problem, one could also try to determine it in the simpler Hartree-Fock
model for instance.

2.4 Recovering Hohenberg-Kohn in Thermal DFT

In this section we show that Hohenberg-Kohn theorems which do not
hold at zero temperature are true when 7" > 0. Founded by Mermin [46],
Thermal DFT is the Density Functional Theory framework dealing with a
fixed positive temperature. This formalism was used in several works [5|
7, 112, 56}, 57, 63, [68], in particular to model warm dense matter |25], and
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nuclear matter. We provide here a new formalism of Thermal DFT enabling
to work with systems having possibly different temperatures.
The set of N-particle canonical states is

N
Scan

={TeL(LZ®R™) [0<P =" TrT =1},
and the set of grand canonical states is
Spei={T e £(Ca} LAR™)) |0<T=T"TrT =1},

The entropy is denoted by St := —Tr'InI". We denote the particle number
operator by N, the average number of particles of a state I' is Tr NT. We
define the k-particle matrix densities

k
r.=3%" <n> Tt o 1n L,
k>n
and the density
pr(x) = T (z,2).

In the grand canonical case, for states I' = Go & Gy & --- where G, >
0, we define the partial densities p,(x) := n(Tre—,G,) (x,z), and thus
pr(z) = >,>1pPn(x). Also, the number of particles is the total mass of
the density [ pr = Tr NT. We define the second quantized operators K :=
O iy~ V= @2 T u(@), W= @z igicjen w(mi — ),
and

H(v) =K+ V+W.

The wavefunction is coupled to the external potential only via its density,
Tr VI = [wvppr. We denote by H™ (v) the usual N-body Hamiltonian (2.1]).

The free energy of canonical states is
Eyr(Dn) :==Tr HY (0)T'y — TSty
=Tr HY(0)Ty + /UpPN — TSry-
The free energy of grand canonical states is
Epr(T) :== TrH(v)I' — T'Sp

= TrH(0)I" + /vpp —TSr.

We can add a chemical potential in the manner &, r,,(T") := &, r(I')—pTr NT
but &€, 1, = Ey—pu1 s0 without loss of generality, we can set u = 0 (or change
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v — v— p everywhere), and work with &, 7. By Gibbs’ variational principle,
when
Tre BO/T Ty HY0/T & oo,

those functionals have a unique minimizer, called the Gibbs state. It is
I = Z e H®/T in the grand canonical ensemble, and 'y = Z-le~HY(v)/T
in the canonical one, where Z := Tre HW/T (vesp. Z := Tre*HN(”)/T) is
the partition function.

2.4.1 A Hohenberg-Kohn theorem for (v,7T) — (p,5)

We can now show a complete Hohenberg-Kohn theorem for Thermal
DFT, extending Mermin’s statement [46] to systems having different tem-
peratures, and to the canonical case. We define the exponent

p=d/2 ford>3,
p>1 for d = 2, (2.21)
p=1 ford =1.

Theorem 2.4.1 (Hohenberg-Kohn at positive temperatures). Let Ty, Ty >
0, and p as in 221)). Let vi,ve € LY (RY), w, (v1)_, (va)— € (LP+ L>®)(R)
be potentials such that Tre H)/Ti < 400 for j € {1,2}. We denote by
I'1,T'y the grand canonical Gibbs states corresponding respectively to &y, 1,
and Ey, 1, and we assume that [(v1)+pr, and [(ve)ypr, are finite. If

~ (T = 12) (Sry = Sra) + [ (01 = v2) e, = pra) =0,

then Ty =15, v1 = vo, Z1 = Zo and I'y = I's. In the canonical setting, with
stmilar assumptions we deduce that Ty = Ty, vi = vo+T1 In % andT'y =T's.

This result shows a duality between the internal equilibrium state quant-
ities (p, S) and the external imposed quantities (v, T"). The equilibrium state
density and entropy of a quantum system contains the information of (v, T).
In particular, all physical quantities are functionals of the ground state pair
(p, S). Nevertheless, we are not aware of any functional of the ground state
energy defined in terms of (p, S), approximating the exact one.

Proof. By the standard proof of the Hohenberg-Kohn theorem, we show
that &, 1, (I'2) = E; using that I'y belongs to the quadratic form domain
of H(vy). Gibbs minimizers are unique, this can be proved by using Klein’s
inequality [61, (5.3)] or Pinsker, so I'j = I'y, that is

Zl—le—(T+W+V1)/T1 _ Z2—16—(T+W+V2)/T2 7

on the antisymmetric Fock space. Restricting to the zero-body sector yields
Z1 = Zo, SO we can rewrite

1 @
— 7 (T+W+Vy) — - (T+W+Va3)
e T1 —e T ,
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with « := T1/T». By injectivity of the exponential map for operators, we
obtain

T+W+Vi=a(T+W+V,),
on the antisymmetric Fock space. Restricting to the one-body sector gives
—A+v =a(—A+uv),
and
(a — 1A = avg — v1.

In Hlloc(]Rd), the left-hand side is translation invariant, thus so is the right
hand side, and we deduce that o = 1, and then vy = vs.

If we consider the canonical setting instead of the grand canonical one,
we only have a constraint on the antisymmetric N-body sector but the proof
is the same. Indeed, the same reasoning leads to

i=1 1<i<j<N
= (— A+ o)) + w(z; — xj) — NTz1n 4 (2.22)
“\- - Z
i=1 1<i<y<N
in L2(R¥). We conclude by using the following lemma. O

Lemma 2.4.2. Let A, B € Li. (R3R3), v,w € LL _(R3), with w even, and
a € R be such that

Loxo (Z ((=Ay) = 2iA(z) - Vi+ () + Y w(xj — xk))
j N

Jj=1 1<k

N
+ 05 Blzj) =0,
j=1

as an operator of L2(RN) (or of the bosonic counterpart). Then a = 0,
A=0, B=0,v and w are constant and verify v+ w(N —1)/2 = 0.

Proof. We only provide a proof in the fermionic case, since the bosonic
one follows from similar arguments. We choose a basis of the spin variable
(81,--+,8N)s;eqt,)} in which the first element is [1,...,1) and the second
oneis [T,...,T,1). We consider a purely spatial antisymmetric function ¢ €
L2(R?N) and form the fermionic function ¥ := ¢ ® D sie {515 SN,
symmetric in spin and antisymmetric in space. We apply -2}2[), seen as
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a matrix in the previous spin basis, to our function, and we substract the
second component of the resulting vector from the first one, which yields

(Bz — iBy)(xN)¢(x17 ey acN) = 0,

a.e. in R, Since this holds for any antisymmetric 1, we deduce that
B, = iB,, and since B is real, then B, = B, = 0. A similar argument leads
to B, = 0. We thus have

N
D (a(=A¢) = 2iA(x) - Vi+o(z) + D> wlzy—ap) =0 (2.23)
j=1 1<<k<N

on L2(R). We choose a smooth localizing function x with support in the
ball B, C R? for some r € R, we take centers y1,...,yn € R3 separated by
distances larger than r, we form the orbitals ¢;(z) := (xe ®')(z — ;) and
the N-body wavefunction ® := AY;¢;. We apply to it, yielding

N
VO +Y 1A A(—aA—2iA-V)g; A Ay =0, (2.24)

=1

where V' := Zé‘vﬂ v(7i) + 21<jcneny W(Tj — 1), We compute

o—ala]
(—aA —2iA-V) (X(x)e_“‘m|) = (—a’alz|x

]

+2a(a(x+z-Vx)+ixA z) —alz|Ax — 2i|z| A V).

Finally we evaluate in the neighborhood of one of the y;’s, and as a
polynomial in a, the resulting equation implies o = 0, and then A = 0 a.e.
in an open region, which can be extended to the whole space R¢ by moving
the y;’s. Hence we can also deduce that V = 0 a.e. in R%, and we conclude
by using Lemma [2.2.3 O

We could have stated the theorem with the assumption 77,75 € R,.
In this case, we should also assume that vi,vo,w € LfOC(Rd) with ¢ >
max(2d/3,2) in order to use the standard Hohenberg-Kohn theorem in the
case T = Ty = 0. Indeed, if T} = 0 and 75 > 0, the minimizer I'y of
the first functional is pure, but it minimizes &,, 7, and is in its variational
minimization set. Consequently it is equal to the Gibbs state 'y which
is not pure. There is a contradiction and therefore this configuration is
impossible, T7 and T3 are either both equal to zero, or both strictly positive.
We emphasize the fact that when temperatures are strictly positive, the
proof does not involve any unique continuation argument, and is thus much
simpler than at zero temperature.

We showed that the knowledge of the ground state pair (p, S) contains
the information of (v,T"). We conjecture now that the knowledge of p alone
does not contain the information of (v,T'), i.e. that the map (v,T") — p,
giving the density of the Gibbs state for the pair (v,T"), is not injective.
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2.4.2 Lifting ill-posedness at positive temperature

We are going to see now that increasing the temperature generically
removes the ill-posedness of Hohenberg-Kohn theorems. We begin to analyze
Current DFT, for which there are counterexamples to a Hohenberg-Kohn
theorem [9, 35]. We define the paramagnetic current of a wavefunction ¥

N
j\p(IL’) = Im Z Z /]Rd(Nfl) in\lﬁkdwl ce dmi_ldxiﬂ ce d:L’N,

(Sk)1<ng€{T,¢}N =1

and its total current by ji := j + pA + curlm, where the magnetization
of a state is defined in (2.14). The Hamiltonian that we consider is the
many-body Pauli operator

N
HY (v, A,w) ==Y ((Uj =iV, + Ax)))) " + U(%’)) + Y w(w—ay),

j=1 1<i<j<N

which is H(v, A, w) := @2 i (05 (=iV; —I—A(:Uj)))2+V+W in the grand
canonical setting. In the case of canonical and grand canonical states, we
can also define a current and a magnetization jr, mp by the decomposition
of I' into pure states. We choose the Coulomb gauge, and using fermionic
statistics and the grand canonical ensemble, the kinetic energy of a state
can be expressed by

N
Tr (Z (0 (—=iV; + A(xj)))Q) r

j=1
— Tr (AT + /AQpF + /A - (2jr + curlmr).

Theorem 2.4.3 (Hohenberg-Kohn for interacting Pauli systems at 7" > 0).
LetTy,T5 > 0, letvy,vg € L?()/CQ(Rg), let A1, As € (L3+LOO)(R3), (v1)—, (v2)—,
wi,wa, |eurl Ay|, |eurl Ao| € (L3/2 + L*®)(R3) be potentials such that wi
and wo are even and such that the two grand canonical partition functions
Tr e 845w/ T5 gre finite. We denote by I't,T's the grand canonical Gibbs
states corresponding to the free energies in the Pauli model with temperature,

and we assume that all the quantities involved in (2.25)) are finite. If
— (Ty = T2)(Sr, — Sry) + /Rd(’vl — AT — vz + A3)(pr, — prs)
+ /]Rd (A1 — Ag) - (2js,r, — curlmp, — 2ji r, + curlmr,)

+ [, =) (@ =) of) = ) (@ y)drdy =0, (225
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then there exists ¢ € R such that T7 = Ty, A1 = As, w1 = wo + ¢, v1 =
vg —c(N —1)/2, Zy = Zy and T'y =T'9. In the canonical setting, we deduce
that Ty = Ty, A1 = As, wi = wo +c¢, v1 = vo + T} ln% —c(N —-1)/2, and
I'i =T1%s.

The proof follows the one of Theorem and uses Lemma, The
assumption (2.25)) is fulfilled when

(Pl“l,jt,l“l , My, Sl“l) = (przvjt,rzy mry, SFQ)

for instance. This remedies to the ill-posedness of the problem at zero tem-
perature. Following ideas of Ruggenthaler and Tellgren [21} |62} |69] (see also
Chapter , another way to do so is by adding internal magnetic degrees of
freedom.

The last theorem (without spin) holds for classical canonical and grand
canonical systems, and the proof is the same. A similar statement with
different interactions is present in Henderson [27]. In the classical canonical
case, states are symmetric probability measures p € Ps(RW x RV) on the
phase space, and the current is

Julx) = N/Rd(N—l)XRdN pru(x, p1, T2, P2, T3, 3, ... )dza. .. deydpr ... dpy.

Other internal variables can be defined similarly, and the assumption

— (T1 — T2) (S, — ) + /Rd(vl A2 = vy — A2) (o — )
+ Q/Rd(Al - AQ) ’ (jﬂl - j,uz)
b =) o= )2 2 )y = .

has the same consequences as in the quantum counterpart. In particular, it
is ensured that (p(?), j, S) contains all the information of a classical system at
equilibrium. Without magnetic fields and at fixed temperatures, p® alone
contains all the information. It is nevertheless important that temperatures
are striclty positive in the classical case, whereas they can vanish in the
quantum case.

A similar version of the next theorem at fixed temperature in the grand
canonical case was presented in [5]. It shows that at positive temperature,
Matrix DFT is well-posed.

Theorem 2.4.4 (Hohenberg-Kohn for non-local potentials at T > 0). Let
Ty, To > 0, let p be as in (2:21), let v € LY (R?) with v_ € (LP + L*>)(RY)

be a trapping potential, let G1,G2 € G be such that Gj = eA — c. for any

o0

e > 0, and such that Tr e (HO+ET 3 GD) /TS g finite. We denote by
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'y, Ty the grand canonical Gibbs states corresponding to the free energies
with temperature in this model, and we assume that [ Givyp, and [ Gavr,
are finite. If

*(Tl - TQ)(Sl"l - SF2) +Tr (Gl - G2)(’Y1"1 - 71"2) =0, (2'26)

then Th =15, Gy = Go, Z1 = Zs and I'y = 's. In the canonical setting, we
deduce that Ty =Tb, G1 = Gy + T 1In % and Ty = Ts.

The proof follows the one of Theorem and uses the following lemma.

Lemma 2.4.5. Let G be a self-adjoint operator for which G > €A — ¢, in
the sense of forms in L*(B) for some ball B C R?, for any € > 0 and some
ce 2 0. If

g: (—O[AZ‘ + Gi) =0 (2.27)

i=1
in L2(BN) (or in the bosonic counterpart) for some a € R, then a =0 and

G =0 on B.

Proof. We treat the fermionic case, since the bosonic one follows from similar
arguments. Let (¢;);en be an orthonormal basis of L?(B). We apply (2.27)
to AN, #; and take the scalar product with this same vector, which gives

(2

N
(i, (—aA 4+ G) ¢i) = 0. (2.28)
=1

The same procedure applied to AN 51 ¢; yields SN E (hr, (—aA + G) ¢i) = 0
and taking the difference between those equations, we get

(01, (A + G) ¢1) = (PN 11, (—aD + G) PN 1) -

Similarly, we have (¢;, (—aA + G) ¢i) = (¢, (—aA + G) ¢;) forany i, j € N,
and using again, we conclude that (¢;, (—aA + G) ¢;) = 0 for any
1 € N. By polarization, we deduce that —aA + G = 0 and we reduced the
problem to the 1-particle case. With € = a/2, we have G = aA > § — ¢, /9,
and thus §(—A) < ¢,/2, which implies a = 0 and G = 0. O

We refer to [22] for a review about Matrix DFT at positive temperature.

Appendix

Proof of Lemma [2.3.2]

We consider the canonical spin basis (|p, ..., pN>)pi e{t,1}» Which we are
going to rotate. We define B, := B, + iB, and assume that B (z;) # 0
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for all ¢ € {1,..., N}, otherwise the corresponding one-particle operators
are already diagonal. For one particle and B € R?, we define the rotated
orthonormal spin basis

Ly (Bt 1BDID + B O

V(B +1B)’ +|B.J?

(B-—|B)It) + BL )
V(B.—B)> +|B.P

The operator B - ¢ is then diagonal on this one-particle basis, o - B |—) =
|B||—), 0 B|+) = —|B||+). Now we work at a fixed (x1,...,2x) such
that all B(z;) are finite. We define B_,4 := B, + |B|, B, := B| =: B,
B+ := B, —|B|, and for N bodies we define similar rotations, that is for
(si)1<i<n € {—, <}, where (=1)7 :=1 and (=1)* := —1,

Z(pihgigNE{T,i}N H’f\;l Bsipi (‘Tz) ’ph cee 7pN>
. 2
N (B + (<1)% (B ) + B (z:)]

|81,...,8N> =

9

which is built from N consecutive one-body rotations. We finally compute

(X B@i) i) [st, - osv) = (SN (=D)% [B@o)]) |st,. . osw) . O
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Our goal is to study the potential-to-density map. We first have to
remark that its starting space is the set of binding potentials. In Chapter
we prove that this set is path-connected.

Then, in Chapter [4, we look at the subset of potentials for which the
ground state is non-degenerate. We prove that on this set v — p(v) is
smooth and locally compact. We also show that its differential is compact.
This allows us to deduce that the Kohn-Sham problem is ill-posed on a
bounded set §2, when restricted to the non-degenerate case.

Finally, we complete the picture by providing in Chapter [5[some aspects
of linear degenerate perturbation theory. We show that the potential-to-
ground state density map is singular on degenerate potentials.



Chapter 3

Path-connectedness

3.1 Statement

Let us recall [10] that
@p+LmXRdR)
= {f € (IP+ L®)(RLR) | Ve > 0,3gc, he, f= get e [hel e < €, g €17}

We consider an open connected set  C R? with smooth boundary, in which
the systems live. We consider an external potential v € (LP 4+ L>)(R%,R),
which does not have to be negligible at infinity, and an even positive inter-
action potential w € (LP + L>)(R? R, ). The exponent p can be taken to

2d2

be p > max (g in case we need to apply unique continuation for the

many-body Schrédinger’s operator [2], or it can be taken to be

p=1 d=1
p>1  d=2 (3.1)
p=d/2 d>3

otherwise. In any case, our space includes Coulomb-like singularities in-
volved in the physical situation. We consider the N-particle Schrodinger
operator

N

Z —A; + Z w(xi—:cj)—{—Zv(xi), (3.2)

1<i<g<N =1

acting on the space of antisymmetric spinless wavefunctions L? ( )
AN L2(R%). Tts Friedrichs extension has the quadratic form domain H!(RY),
We denote by &,(¥) := <\IJ,HN( v > the energy functional, by T'(¥) :=

[|V¥]? the kinetic energy and by

N(N -1
()/RdN w(x _ZE2)’\11’2($1""7xN)d$1"-d$N

W(¥) = 5
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the interaction energy of a state W. We denote by

pu(z) =N ) |‘1’|2($a$27---7$N)d$2"'d$N

RAN-1

the one-body density of a state and by

N o : N
E™ (v) := \Ifeng@dN) <\I/,H (U)\Il>
J1eP=1

the ground energy of a potential v. We also denote by £V (v) := inf oess (HN(U))
the bottom of the essential spectrum of H (v). Since we work under the
condition that 0 < w € LP + L, the HVZ theorem [4, 8| 14} 15] says that
EN=1(v) = ¥ (v) whenever v € LP + L.

Definitions

We now introduce the space of non-degenerate binding potentials
VWi {ve (17 + 1)®RY) | BN (v) < 3V(v),
dim Ker (HN(U) - EN(U)) = 1},
the subspace of (possibly degenerate) binding potentials
Vi = {ve (1P + L2)®Y) | BN (v) < 2V (v)},
and the most general set of metastable binding potentialslﬂ
Vi = {v € (L + L®)(R?) | dim Ker (HY (v) — E¥ (1)) > 1}

all endowed with the norm of LP 4+ L, recalled below in (3.3). They satisfy
VN c VI ¢ VA, C LP + L*, and we will not consider V2. in this
document.

Geometry

By perturbation theory [6, 10] (see also (i7) in Lemma in Chapter
, YN and Vév are open in V := LP 4+ L*°. The manifold structure is then
canonical and locally flat. The injections VV < V and Vév — V) make them
smooth closed embedded manifolds of V, and T, VY = V. We now show
that the set of trapping electric potentials is path-connected.

'Elements of Vi, \V2 have EV (v) = XV (v), here is an example. Take N =1, d > 5,

U(z) = c(l + xz)“% where ¢ normalizes ¥. We have —AV¥ + v¥ = 0 with v(z) =
—d(d—2)(1+ 272 € L¥2N L. We know that ¥ is the ground state since it is strictly
positive everywhere. Hence EV (v) = ¥V (v) = 0.
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Theorem 3.1.1 (Path-connectedness of the space of binding potentials).
Take p as in (3.1), and take w € LP + L with w > 0. Then NA_, V5 is
path-connected.

Remark 3.1.2. For instance we can connect all the elements to a well
—cqN1p,, where the constant cqn > 0 is chosen large enough so that
—cq,N1B, belongs to ﬂnNleg. The assumption on w is present because
we use the HVZ theorem. We conjecture that VéVH C Vév for any N > 1
and any interaction w = 0, which would imply ﬂflv:lVg = Vév.

Remark 3.1.3. If in the definition of Vév, we replace LP + L by LP 4 L°,
then mszlvg is path-connected as well, as can be seen from our proof below.

Remark 3.1.4. As proved in (9, Thm 3.11, Thm 3.12, Thm 3.13] the set
of binding potentials Vév N LP is dense in LP. We can see it by approaching
v € LP with a sequence v, = v — Zf\;l Ln]lBrn(y?) where L,, and r, are
chosen such that v, € VY, 0 < L, — 0, r, = +oo, y' € RL, |y?| — +o0,
[y —yj| — +oo. This result also holds in LP + L° by density of LP in this
space.

Remark 3.1.5. Theorem[3.1.1 raises the question of path-connectedness of
VN Adiabatic processes are deformations of the potential when the initial
system is in its ground state, slowly enough so that the system remains in
the ground state thanks to the adiabatic theorem [5, |13]. The time scale of
change in v needs to be small with respect to the energy difference between
the first two levels, hence a necessary and sufficient condition for this process
to be possible is to remain in VIV during the deformation, without crossing
the degenerate potentials Vév \V¥, otherwise excited states can be populated.
By analogy with other areas of quantum physics we say that two potentials
v,u € VN are adiabatically equivalent if they are path-connected in VN . This
defines equivalence classes in VN and it would be interesting to know whether
this is only one class. We remark that in classical mechanics this is the case.
Graphically, degenerate potentials VéV\VN constitute a “web” in the space
of binding potentials.

Remark 3.1.6. We could also define an “excited” adiabatic equivalence, that
is when we transform the potentials infinitelly slowly, the occupied states can
populate the excited levels, but they have to remain bound. More precisely,
for k € N, we define the set of potentials v € LP 4+ L™ such that EN-%)(v) <
YN (v), where EN®)(v) is the energy of the k' excited level. By a slight
adaptation of the proof of Theorem [3.1.1], this set is path-connected.

We will explain in the proof that to any path connecting two given
binding potentials, there is a corresponding piecewise real analytic path
t — W(t) of ground states connecting two initial ground states. Hence there
also exists a corresponding path of densities t — p(t).
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Corollary 3.1.7. The set of v-representable densities
{qu e LYRY R,) ‘ ¥ is the ground state of H (v) for some v € mﬁzlvg}

s path-connected.

3.2 Proof of Theorem [3.1.1]

We recall that the natural norm of LP + L™ is

[0l oo = (A e + gl Loe)- (3-3)

min
fELP geL>®
f+g=v
The set LP 4+ L2° is a closed subspace, it is the closure of L? in LP 4 L.
We now prepare for the proof of Theorem The following lemma
will allow us to modify potentials while remaining bound.

Lemma 3.2.1. Ifv € Vév, O0<ue P+ L™ and

inf /up < 2Nw) - ENWw), 3.4
\IIGKer(HN(v)fEN(v)) v ( ) ( ) ( )

JieP=1
then EN (v +u) < V(v + u).

Proof. By the min-max theorem, ¥V (v) < ¥V (v+u). Let ¥, be one ground
state minimizing the left hand side of (3.4]), which is a minimization problem
in a compact set since dim Ker (H™ (v) — EN(v)) < +o00. We compute

EN (0 + 1) < Eosa(Wy) = BN (0) + /up% < SN(w) < SV (v + ),

and consequently v 4+ u € Vév . O

Proof of Theorem 3.1.1. We split the proof into several steps. Consider a
binding potential v € m,{f:lvg. We will deform it continuously into a hole of

type —cl g, such that it remains in N2, V2 during the deformation.

Step 1: connection to a negative bounded potential with compact support.
We decompose v = v, + v Where v, € LP and v, € L. We start by
transforming v, to vy, |<as, and when M is large enough, this operation
changes infinitesimally E™(v) and X" (v) by classical perturbation theorems
[6, |10], so ™ — E™ remains strictly positive during the modification. More
precisely, we can take

o(t) = (1 —t)hv+t (Up]l\vpKM + U<>0> = Voo + Vpljy, (< + (1- t)vp]l|vp|>M
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which links v to vy := vpl}y,|<pr+Vee € L by aline on which u(t) € m,fyzlvg

for all ¢t € [0, 1].

Let us denote by ¥} a ground state of vy, for all n € {1,...,N}. We
take some L > |v1],, and consider the path of positive potentials u(t) =
t(L—v1)lga g, = 0fort € [0,1]. We know that W} decays exponentially at
infinity [1}, 12], so we can choose r = r(L, vy, w, N) large enough such that

sup /u(t)p\ygl < (L + vl )/

pun < E"(vl) — En(’Ul),
tel0,1] R\ B, !

for any n € {1,..., N}. Hence by Lemma vy + u(t) € NN, V8 for any
t € [0,1], and we redefine

Vo ‘= V1 —|— 'LL(]_) = L]]'Rd\Br + vl]lBT7

for the following. We then use that X" (vy) — E™(v2) is invariant under the
gauge transformation vy — v2 + ¢ so we move the potential by adding —tL,
t €[0,1]. We “filled vy up to the roof” and obtain

V3 IZUQ—L:(’Ul—L)]lBT < 0.

We have thus linked our potential to a negative potential with compact sup-
port.

Step 2: build the wall. Next we raise some big wall again, further
away. We want to apply Lemma m to u(t) = tllga\p,. We choose
R > max(r, diam suppvz) and £ > 1 so that

¢ qug < E”(vg) — En(’l)g) (3.5)
RNBpg 3

where W7 is one of the ground states of v3. We know that there exist
a, 8 > 0 such that fRd\BR puy, < ae PR [1,]3,[12], hence we link ¢ and R by
taking /

R=c¢(1+1n?), (3.6)

with ¢ large enough so that holds. By Lemma we deduce that
tllga g, +vs € N, V2 for any t € [0,1]. In particular, Uga\p, +v3 €
N, V2. Shifting this last potential by the constant —t¢ for t € [0, 1], we
also have

01 = t) g\ g, + (v3 — t0)Lp, € NN, V3.

In particular, (vs — ()1 g, € ﬂf;;lVg. We can hence choose £ as large as we
want, and R(¢) will also be large.
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Step 3: seal the hole. Next we define Vy p 1= (v3 — £) 1 g, for any £ > 1
and R = R({) linked by (3.6). By the HVZ theorem [4, [14, [15] used in the
form of [8, Theorem 3.1], we have ¥"(V, r) = E"’l(Vg,R) for any n > 1,
¢ > 0 (with the convention E° := 0). We will misuse notations for ¥"(Vy )
and ¥"(v3) because they can be degenerate, but by [11, Theorem 1.4.4,
Corollary 1.4.5] and by working with ¢ > ¢y with ¢y large enough, we can
take branches of associated ground states.

Take a > 0 fixed and let us denote by (p;)1<icn, @i € H'(B,,C) an
orthonormal familly of functions. For R > a and for any n € {1,..., N} we
have

—tn < E"(—l1p,) < & (Ayp;) — In,

and we deduce that E"(—{1p,) = —¢n + O(1) when ¢ — +oo. Since
|vs| = < M by the first step, then

E"(Ver) = X"(Vor) = E"(Vr) — E" ' (Vi.r)
< E" (L) — E" (= (€ + Josl o) 1By)
< & (Nzpi) —n+ (L + vz ) (R — 1)
< —l+ cMmuw,Ns

where cpr ., 8 does not depend on £ or on R. We thus showed that

E™(V, — X"V — —
negl?}fzv}( (Ve.r) (Vi,r)) 00

when £ — +o00. We take ¢ large enough so that
/v:qum(vw) SMN <!l —cpuwn <X"(Vor) — E"(Vir), (3.7)

for any n € {1,...,N}.

Then again applying Lemma to u(t) = —tvs > 0, and using
, we have Vo g — tvg € NA_, V% for any ¢ € [0,1]. In particular,
‘/K,R — Vg = *f]lBR € ﬂnNzlvg.

Step 4: connect any two potentials. We showed how to connect an initial
binding potential v with one well —¢1 . To connect v with an other binding
potential u, we can just connect both of them to a same well —E’]IBR,, by
taking ¢/ and R’ adapted for the two. O

Proof of Corollary[3.1.7. We show here how to find a continuous path of
ground states which links any initial and final ground states corresponding
to the path of potentials in the previous proof. We follow an argument
used in the proof of |7, Theorem 4]. We take a ground state ¥y of the
initial potential v = v(0) and a ground state ¥; of the final potential well
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—clp, =v(1). We consider the previous path of potentials ¢ € [0,1] — wv(t),
which is piecewise linear.

Let us denote by (@i(t))iep() an orthonormal basis of Ker (H N(v) —
EN(v)). By analytic perturbation theory [10, Theorem XII.13], at each
point, we can choose this familly to be analytic on the left and on the
right, with possibly different limits. There is only a finite number of jumps.
Indeed, the essential spectrum is strictly separated from E (v(t)), uniformly
in t € [0,1], thus only a finite number of eigenfunctions are involved. So
if the left and right limits are different an infinite number of times, this is
because two eigenfunctions ¢;(t) and ¢,(t) cross an infinite number of times
at the ground state energy level. Since they are analytic, their energies must
be equal and hence their energies a posteriori do not cross.

By the above argument, we have k£ € N and tg,...,t; € [0,1] such
that (¢i(t))icp() is piecewise analytic on [t;, t;1]. On Jt;,t;11], we choose a
ground eigenfunction path W(t) € Ran(y;(t));ep(r)- When there is a crossing
of eigenvalues at ¢; € [0, 1], by analyticity of the eigenfunctions, there are
definite limits (cpi(t;))ieD(ti—) and (goi(tf))ieD(t;r) on the left and on the
right of ¢;. Let us denote by W(t;) and W(tJ) the ground state limits
on the left and on the right. At the interface, the ground eigenspace of
v(tp) is Ran(goi(ti_))ieD(t;) + Ran(gpi(tf))ieD(tj). The set of normalized
ground eigenstates is the unit sphere of this vector space, and we can add a

path of ground eigenfunctions staying on this sphere to connect ¥(¢; ) and
(th). O

We conjecture that VN+1 ¢ VN, This is striking that such an intuitive
fact is not direct to show. We also remark that the convexity of N + EV (v)
would imply it. A counterexample to the convexity of N + EN(v) is given
in a remark after |9, Theorem 4.1] when the interaction w is a soft core. But
in this case Vév e Vév still holds, so we conjecture that VN1 ¢ VN holds
for any interaction w = 0.

It also seems natural that if w = |'|_1, v,u eV, v<uandu € VN, then
v € VN. We hence conjecture that v +— EN*1(v) — EN(v) is increasing on
VN N YN+ for the Coulomb interaction.



Chapter 4

Smoothness of v — p(v),
compact differential

In this chapter, we show that on the set of non-degenerate potentials,
the potential-to-ground state density map is smooth, locally weak-strong
continuous and has a compact differential. The first section presents the
results and the following ones contain the proofs. We recall that the set of
non-degenerate potentials is

W= {ve V| EN©) < 2V(v), dimKer (HN(v) - EV(v)) =1}, (4.1)

where V = LP + L*> or V = LP + LZ° depending on the situation.

4.1 Statements

The main purpose of this chapter is to investigate properties of the map
v +— p(v). The interaction and potentials are in the space LP + L*°, where
we will consider exponents

p=1 ford=1
p>1 for d =2 (4.2)
p=d/2 ford>3,

if we work in the sense of quadratic forms, or p > max(2d/3,2) when we
need to use the unique continuation property (see Chapter [I| and [8]). We
take a bounded or unbounded domain © C R¢ with Lipschitz boundary. We
define the potential-to-ground state density map

Voo WH(QR)N{[ =N}

P2 w0 e p(v) = pa),

where ¥(v) is the unique ground state of H(v) (up to a phase factor). The
space WrL(Q) N { [, = N} is a closed embedded submanifold of W*1(Q),

101
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hence it is a smooth manifold. The main property of v — p(v), lying at the
heart of DFT, is its injectivity, this is the Hohenberg-Kohn theorem proved
in Chapter [I] and in [8, 15, [21], when p > max(2d/3,2). The next result
provides some other properties.

Theorem 4.1.1 (Properties of p). Take V = LP + L™ with p as in ([{.2)),
and w € LP 4+ L.

e (i - Smoothness). The map p is C* from VN to Whin{[.=N}. It
is injective when p > max(2d/3,2).

e (it - Compactness of the differential). Its differential, evaluated at
some v € VIV, is given by

(dyp)u = —2N A dzs---dzy

N
W) (B (0) = BN (0) (1 = [0 (0)) (¥(v)]) (Z M%’)) V().
i=1

For allv € VN, dyp is compact from LP + L>® to WL, not surjective, and
moreover,

2
I(dop) iy < ol g [l (o)

The differential d,p is injective when p > max(2d/3,2).

e (iii - Local weak-strong continuity). Let p be as in , with p > d/2
when d > 3, w € LP + L, w > 0 and V = LP + L in the definition
of VN. Let A C Q be a bounded open subset of Q. Consider that
ve VYV, v, = v weakly and vnloga — vig\a strongly in LP + L. Then
EN(v,) — EN(), v, € VN for n large enough, and \/p(v.) — /p(v)
strongly in H*(Q).

The regularity properties of p enable us to deduce a Hellmann-Feynman
formula [5] in its full generality.

Corollary 4.1.2 (Hellmann-Feynman). Let p be as in , and choose
YV = LP + L>®. The energy v — E™ (v) is Lipschitz continuous, concave and
weakly upper semi-continuous on LP +L>, C>® on VN. For anyv € VN, u €
LP + L*°, its differential is

(dvE)u:/Qup(v).

When p > max(2d/3,2), v — EN(v) is strictly concave and strictly increas-
mng on Vév.
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The previous expression can be formally written (d,F)" = p(v), where *
denotes the dual representation at stake in Riesz’ theorem, and this corres-

ponds to the notation %‘ used in the physics litterature.
v

Since v — V¥(v) is locally weak-strong continuous similarly to (zi¢) in
Theorem then for  bounded ¥~! is discontinuous as we will see in
Corollary But we can still prove a weak inverse continuity property.

Proposition 4.1.3 (Weak inverse continuity of V). Let p > max(2d/3,2).
Let v, € VN be a sequence of potentials such that v, — E™ (v,,) /N is bounded
in LP + L>®, and such that ¥ (v,) — ¥ (v) strongly in H*(R™), for some
v e VN, Then [o(v, — v)zpq,(v) and v, — v a.e. in Q, up to a constant and
a subsequence.

Consequences for the Kohn-Sham problem

In 1965, Kohn and Sham postulated the existence of effective one-body
potentials which would remove the electronic interaction while keeping the
same ground state density [17], by adding a one-body potential. The res-
ulting non-interacting problem Zﬁ\;l —A; + vks(z;) is then much easier to
handle than H™ (v) since it has no interaction. By the Hohenberg-Kohn
theorem, the inverse map p~! exists on its range. Let us denote by pu—o
the map p for which w = 0, then Pw:O(Vészo) is the set of non-interacting
v-representable densities. Considering elements

vep ! (p(VN )N pw=o(Vi,V:o)) =YV Np7" o pu=o (Vg:o) :

(which set is possibly empty), the Kohn-Sham potential is defined as

ks (V) 1= Pyt © p(v).

In other words we have p(v) = py—o(vis(v)). Knowing p(VN) N pu—o(VA_,),
as raised by Lieb in [21, Question 8], is thus an important open problem. The
direct problem p is well-posed in the standard sense [3} 9, |L0] by injectivity
and regularity, and the Kohn-Sham problem is its corresponding inverse
problem.

The linearization of this inverse problem is ill-posed because p has a com-
pact differential by Theorem [4.1.1] which indicates the problematic nature
of the existence of Kohn-Sham potentials. In bounded domains, the Kohn-
Sham problem is ill-posed in the sense of Hadamard [13, Definition p8|,

because p~! is discontinuous.

Corollary 4.1.4 (The set of v-representable densities is very small). Let
p be as in , with p > d/2 when d > 3. When the system lives in a
bounded open connected set Q C R?, then v — p(v) is compact, its inverse
p~ 1 is discontinuous, and p(VN) is a countable union of compact sets. In
particular, p(VN) has empty interior in Wt n{[. = N}.
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By Corollary pw=0(VY_o)Np(VY) is included in a countable union
of compact sets, hence it is meagre in the sense of Baire. The Kohn-Sham
potential thus seems to be defined on a sparse set, possibly empty, under our
conditions on p. The situation cannot be much better when 2 is unbounded.

The challenge raised by the Kohn-Sham problem is to find relevant ap-
proximations of this effective potential. Such one-body effective potentials
methods are very common, successful and versatile in many areas of physics.
The mean-field approximation consists in removing the interaction operator
and replacing v by v + w * p(v), the rest of the expansion is called the

exchange-correlation potential
Uxe (V) = ks (V) — v — w * p(v). (4.3)

If it exists, the Kohn-Sham potential is unique by the Hohenberg-Kohn
theorem, when p > max(2,2d/3). The self-consistent field (SCF) equations
are two equivalent fixed-point relations fulfilled by (resp.) potentials in V2_,

and densities in py,—g (ngo),

v = Pq;l:o (.Z‘ = ]1—A+v<eF(xa 113‘)) ) X=x ]I—A+P;1:0(X)<€F($’x)’
where the Fermi level ep € R is such that only the first NV orbitals are taken.

The rest of the chapter is devoted to the proofs of Theorem Pro-
position |4.1.3| and Corollaries and

4.2 Proofs: basic inequalities on potentials

We recall here in Lemma several well-known facts about potentials.
In this chapter, the L?(R") — L?(R") operator norm will be denoted by |-.
For simplicity, we will also use the notations

N

Yo vi= Zv(:r:i)7 doij Wij = Z w(x; — xj).

i=1 1<i<j<N

Lemma 4.2.1. Take v,w € (LP + L>®)(R%).
(1) Taking p as in (4.2)), we have

H( — Agan +1) 72 (X, 0) (= Agan +1) 72

1
2

1
<N (= Brat ) 7Ho( = Apa + 1)

< capN ||UHLP+L°° . (4.4)

(13) Let C C C, be a contour in the complex plane which is such that
dist (z,J(HN(U))> >n > 0 uniformly in z € C. Let p be as in (4.2)), then

the operators

(—A+1)72 (HY —2) (~A+1)"

=

(—A+1)2 (HY —2) 7 (~A+1)

=
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are uniformly bounded in z € C.
(ii) Letv € VN, and p as in (4.2). Foru € LP+L> such that |uf
is small enough, we have v +u € V.

Proof.
(i)  If pis as in (4.2)), we have

H(_ARdN + 1)_%(21 Ui)(—ARdN + 1),%

N
< ; H(_AW + 1) 2y (—Agan +1)72

<N |(~Aga +1)7F0(~Aga +1) 73

where we used that H(—Ai)%(—ARdN +1)7 2| =1.

e Let us write v = v, + V. We have

H(—A+1)—%v(—A+ 1)"2

H —A+1)" 2vp( A+1 -3

H —A+1)" 21)00( A+1)" 3

<|-a+1)° 2vp<—A+ 1)

1

<[Vl -2+ 07| + ol (45)

In the last inequality, we used that

(~A+1) 20, (A +1)7E = (~A+1)77 /ol sgn(uy)y/lopl (-A +1)7F,

where sgn(v) is equal to 1 if v > 0, =1 if v < 0 and 0 if v = 0, it verifies

lsgm(v)] < 1, hence
1

H\/ lop| (FA+1)72

As for the first term in , for d > 3, with p = d/2 we have

i i <l -

where we used the Hardy-Littlewood-Sobolev inequality [22, Theorem 4.3]
in the last inequality. For d € {1,2}, we can use the Kato-Seiler-Simon
inequality [29, Theorem 4.1] to get

|l =74 < |yl -2 1))
”

[(—a+ 1)—%vp(

|vp]
L2

Sap

1
2

< (2m) =4/ p)

< Cd,p\/ ”UP”L;D'

ol | | (lef* + 1)

L2p
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(i4) Take ¢ > 0 and let us define A := 37, v; + 37,;; w;j. We remark that
Htc=(-A+0)7 (1+(-A+0) 2A(-A+¢)72) (A + )7,

hence we only need to show that H(—A+c)7%A(—A+c)7%
instance we will show that

< 1. For

L 2

|(=Ags + 0)720(=Ags + )72 < H\/M(—AW to)z

is as small as we want. For any e > 0, there exists ¢ > 0 such that
|v| < e(—A) + ¢, in the sense of forms, hence for all u € C*°, we have

H\/M(—A—I—c)_éu

2

< eH(_A)%(_A+c)—%u (—A+c)2u .

C
< (et %) Jul.

We can first choose e small and then choose ¢ large so that H VIv[(=A + c)fé
is arbitrarily small.

2
L2 T Ce

2
L2

(731) The statement follows from the resolvent formula
—1 -1
(z - HN(v—i-u)) - (z - HN(U)>
1

= (- HY ) (Zw) (- HYW)
and Cauchy’s formula
S PP 1§ dz
EYO} ™ 9 Jo 2 — HN(v)’
see for instance 20}, 27]. O

4.3 Proofs: the wavefunction-to-projector map

In this section we present several basic facts about the space of ortho-
gonal projectors {|W) (W] | @ € HY(QN), | |7, =1},

4.3.1 Main properties

Quantum pure states are rays of projective Hilbert spaces [31, Section
2.1]. By nature, the map v — |¥(v)) (¥(v)| has no information on the phase
of the ground states, so we will need to adapt the projective approach to
regular pure states. We denote by

_ HFNnS

Si= {Ve M) [ W] =1}, Hy= g,
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respectively the unit sphere of the set of antisymmetric wavefunctions L2(RV),
and the Sobolev spaces corresponding to physical wavefunction, where S!
is the unit circle of dimension one representing the phase of a pure state.
We denote by [-] the canonical projection of H* onto H{;. The indice “p”
can either stand for “physical” or “projective”. On this space, the natural
metric is
Di(¥,®) == inf -] =D ((-A+1)
»,peHFNS
[Y]=0,[¢]=2

v, (-A+1)50),

where
D(T, ®)? :=Do(¥, ®)* = |[7. + |l7> — 21{, )|

In the case k = 0, the main properties of these objects are well-known [24],
and we adapt them for £ > 1. The next proposition shows that H{f is a
smooth manifold, on which one can use differential geometry.

Proposition 4.3.1. The space Hff is a completely metrizable (via Dy)
smooth manifold modelled on a Hilbert space isomorphic to each of the
Hilbert spaces {w}L N H* where 1y € H*. Moreover, for any ¥ € Hg,

TyHE ~ ()} N H* locally, where )] = V.

The space of regular rank-one projectors
We define the k™ Sobolev space of operators G, as being the linear
subspace of B (L2(RdN )) which norm

k
2

k
[ls.., = |(~A +1)2A(-A +1)3

is finite, it is a Banach space. We then define the state-to-projector map

Hy — Gopn{Tr-=1}1n{|| =1}

71y e,

and can show that it is very regular.

Proposition 4.3.2 (& is an embedding). & is a smooth embedding, 7~!
is globally Holder and C*°.

For the definition of an embedding, see |33, p559]. As a corollary of the
previous results, the space Im & is smooth.

Corollary 4.3.3. Im & is a submanifold of S N {Tr- =1} N {|-| =1},
TowyIm P =Imdy P, and all the topologies (S k)peli 4] 0N Soo e are
equivalent.
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4.3.2 Proofs of Propositions [4.3.1| and [4.3.2|

In the literature, the case Hg is studied in |24]. Its natural inner product
is the projective inner product

(¥, )]

WhieD = gl Telm

The space H{f is in bijection with PH*, but we will not directly endow it with
the same structure as in general projective Hilbert spaces theory. Indeed, in
this case the metric would be

U, P) — inf —
R A U

but it is not the one we want to work with. The relevant one is ;. On
H x H*, we have D, < Dy for k < £. A property of D is that

1917 — 12172 < D(¥, 9)* (4.6)

Dy ([, [e]) = it |(=A+1)% (o —ev)

0e[0,2m

L2

k
2

= Il + Il — 2 (-2 + D, (- + D)
=D ([(-a+1)3y], [(-a+1)3¢]).
First we prove Proposition .31}

Proof of Proposition [{.3.1]

e Let us denote by 7 the canonical projection from H*N'S onto H{f . For
each unit vector ¢ € H* N'S we define the open sets U, := 7 (H"\ {(p}L) C
HE. The charts hy, : Uy, — {¢}* are defined by

T N (1 B Pgo)¢ _ ¢ B
hem W) = oy Tl ¢

for any ¢ € H*\ {¢}", where (Ug)pemrns covers H{;. Those charts are C*,
we can verify that they are also injective and that their inverses are the
maps {p}T — Ugp, ¢ — (¢ + ¢), which are also C*°, hence h,, are smooth
diffeomorphisms. For ¢,1 € H* NS, the transition maps

hoop-l. MW (U, NUy) — h(ﬁ ((}{%(ﬂgﬁ)
@ Oy - LS I\ )
¢ = et
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are C* by composition. More precisely, the proofs follow from [24].

e Dy is positive and symmetric. Assume that for ¥, ® € H{f, Dy (T, ®) =
0. Then for given ¥, ¢ € H* NS such that [¢)] = ¥ and [¢] = ®, there exists
a sequence 0, € [0, 27| such that

Hzp — ety 0.

——
Hk n—+oo

Up to a subsequence, 6, — 6 € [0,2x][, then Hzp — ewd)H and U = @,
n—+o00 HE
Now for ¥, ®, = and £ € HI’f such that [{] = E, we have

Dy (,¥) = inf - < inf - +E =
(@)= it ol < int (10 €t 1€~ V)
[¥]=1,[¢]=2 [Y]=T,[¢]=®
= inkf |¢ — &l pw + in}f 1€ — ) gr =Dy (P,2) + Dy, (E,¥),
PpEH"NS YeHFNS
[g]=2 []=0
and we can conclude that D, is a metric. ]

Next, our goal is to relate vectors in HI’f with their corresponding rank-
one projectors. For k = 0 [24], & is bi-Lipschitz, with constants

275D(T, d) < [Py — Po| < D(T, D). (4.7)

For our application we will need to work at £k = 1. We first make some
preliminary computations.

Lemma 4.3.4.
(i) For any x,¢ € L?, [|) (x|I = 19l .2 [x] >-
(i) If moreover x L ¢, then [[x) (@] + |) (xII = Ix| 2 18] 2-
Proof. [(§)] We have
l16) (xll = sup 1¢) (x| €l > = I¢l> sup [{x, &)l

¢eL’ns €eL?ns

= 2 X = 2 2.
Il <x, ”X’L2>‘ Ixlz= el

We can compute the norm by using the equality

(1) (8] + 18y (x)* = IxI72 19) (@] + [l72 [x) (X,
and the fact that ¢ L y. O

Now we establish our main estimates, relating the metric Dy with the
S,k norm on rank one projectors.
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Lemma 4.3.5. For any 1, p € L?, we have

(T 1Py — Pyl)” = (10132 +lel22)” — 410, 0)
=D([¥], [e])" + 41, 0)|D([W), [])>,  (4.8)

and

1 1 9 9
Py = Pol = 5T |Py = Pl 4 3 |ll72 — ele

Proof. The operator Py — P, has its eigenvalues of the form x = av + By
for some «, f € C. Hence the system (Py — P,) x = Ax can be written

a3 + Bz —Aa=0

az+Blelrs + A8 =0,
where z := (p,1). We assume that 1) # ¢ (in (L?NS)/S1), 2 # 0, a # 0 and
B # 0, because the same conclusions will hold in those cases. Expressing o
using the second equation, replacing it in the first one, multiplying by z and
dividing by [, we obtain

2 2 2 2 2

N+ (lelzz = 9172 ) + 121° = [17: lelz= = 0.

The eigenvalues are thus Ay = 3 <||¢||%z - H90||%2) + /A where

2
A= (10l5e + lolfz)” — 412

< VA, we have

. 2 2
Since ‘Hd)”p — |elze

{ IPy = Pl = max (-], 1A4]) = 31013 — ol + 3VA, o)
Tr [Py — Pyl = [A_| + As| = VA,
This implies the conclusion of the lemma. O
This lemma shows that
1
§Tr|P¢—P<p|<||P¢—P¢||<Tr\P¢—P¢| (4.10)

and proves that the &, norms are all equivalent, for all p € [1,+00], on
the space {P\p | e H k} This also implies

2
D[], [¢])* < (Tr | P, — Py)? < (14 )D([)], [¢])* + 4, o)”

€
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for any € > 0. Finally, for any ¢ > 1, and any v, p € HI’J“,

1 2 2 2
ka(\Ilv(I)) <P = Polg, < (1+€)Dy(¥,2)" + N [ i 12 e -
(4.11)

We now consider the state-to-projector map &?. We cannot directly
work on Guo N {|-| =1} because this is not a manifold since |-| is not
differentiable, and we cannot choose G N {Tr- =1} either because we
cannot prove it to be a manifold by applying the preimage theorem [33]
Theorem 73.C] since the trace norm is not controlled by the operator norm.
Proposition states that Im &2 has a convenient geometric structure on
which we can use differential geometry without complications.

Proof of Proposition[{.3.9

e Regularity. First, & is injective. The map ¢ + [¢) (| from H'NS to
Soo,1 is C°. Since Hg is the quotient of H' N'S by the action of the proper
and compact group S, then 2 is also C*. The tangent space of H* NS at
some point ¥ € H*N'S is

Ty (H" NS) = H* N'TyS = {¢ € H* | Re (¥, ) :0},
and the tangent space of H1§ at some ) € Hlff is
Trgy HE = (Ty(H*N8)) / (Ty(S" - 9)) ~ {6 € H* | (,0) =0} (4.12)
= H n{y}t.
Finally, the differential of &2, defined on each chart Uy, is given by

Uy C Hy —  B(HEN {0} Guy)

dZ :
[4] — (o @) (Y] + [¥) (el).

We can show that it is injective.

e Splitting. To show that & is an immersion, it remains to show that
for any ¢y € H*N'S, Im djy) 2 splits Go i, (see [32, p766]), i.e. that there is
a projection from G x onto Imdpy &2, where

Im djy & =~ {\<P> (W] + [¥) (¢l \ pe H N {w}i} C Goo i
First, Imd,) & is closed. We define the linear operator

60071C — Im dw}z@

WG P iGPy+ PyGPy .
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il
We decompose H* = Span w@{l/)}J‘, where the projections on each parts
are continuous in H*¥ — H*. We can represent an element G € Sk as

G = aly) ([ +[@) (W] + ) (o] + M
where a € R, ¢ € H* N {y)}" and M € GOoJC({w}J‘). This is the division
Soop = Imy & Im(1 — ),

where @ means that Im~ N Im(1 — v) = {0}. We compute vG = |¢) (| +

[¥) (@, thus 72 = 7.
e Im~ and Im(1 —~) are closed in Gk, For p € H*N {y}*, we define

Gy = |¥) (o] +|¢) (] € Im~. Let ¢, € H*N{y}* be a sequence such that
G, 6—> G for some G € G . We define ¢ := Gyp. We have ¢ — ¢, =

00,k
(G = Gy, )¢ and then | —pn| g < UG = Gonls,, , Y] and oo — .
We have G — Gy, = Gy, 50 |Gy — G, ”@Oo’k < 2[Y] e [0 — onlgr and
Gy, GOTIC Gy, so G = G,. We conclude that Im+ is closed in & j.

For « € R and M € GOo,k({z/J}L), we define Go o = aPy + M €
Im(1 — 7). Let (o, M,,) € R X S0 x({1}T) such that G (an,Mp) o G for
oo,k

some G € G . We define a := (¢, Gy) and M := G — aPy,. We have

a—ap = <¢, (G — G(an,Mn))¢>
= ((~A+ )75y, (-A+ 1)

(G = Glapas)(~A+ DE(—A+1)"5y)

50 | — | < )3 |G — G (an, M) and o, — «. Moreover, M, —

oo,k

M = Gy = G+ (an = a)Py so My~ Mg, < |Gy, -

lan — af |4]3 and M, 5 M. Eventually,

|Gl = Glann|  <IMa=Mls_, +lan —all¢l5n

Gw,k
and G(q,, M,) G—> Ga,nr) 50 G = G(qn) € Im(1 — ). We conclude that

Im(1 — ) is closed.
e 7 is continuous. Let G, := {(G,7G) | G € G} be the graph of .
Let (Gn)nen € GY & be a sequence such that G, G—> G and 7G), 6—> F

for some G, F € G . Im~ is closed so F' € Im~y and vF = F. Also,
Gn —vGp, = (1 —v)Gy o G — F, but since Im(1 — ~) is closed, then
oo,k

G—F € Im(1—-+)s00 = ¥ (G — F) = 7G — F and vG = F. This
proves that G, is closed in G, and thus by the closed graph theorem, ~y
is continuous.
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e Conclusion. vy is thus a projector and Imdy) & splits G . We con-
clude that & is an embedding.

o 271 isC®. We know that & is a C'-embedding, thus at any point
¥ and working in local charts, dy & is invertible and its image splits, so we
can apply the inverse function theorem. We refer to [33, Theorem 73.E] and
[18, Section 1.5]. All the degrees of regularity of &2 are passed on its inverse
[18, Proposition 5.3]. O

The proof of Corollary consists in applying [33, Theorem 73.E], and
the fact that the topologies are equivalent by . Since & and 2! are
C', then do(w P71 = (dg2)"! by the chain rule. Also, & is bi-Lipschitz
for k =0 by .

4.4 Proofs: the wavefunction-to-density map p

In this section, we provide a basic property on the map ¥ — py from
H] (RN to H'(R?). We define the map from a wavefunction to its one-body
density,

p: HY — WHRH)N{[ =N}

by p(Cy) := py, and we also use the notation py := p(¥). Its differential
has to be defined in local charts, by

HE — B(HFn{p}" whin{f =0}
[w] — d[w]ﬁ = 2N Re fRd(N_l) E °

which depends on the point of H* at which we look, contrarily to p. The
choice of 1) is the choice of a relative phase in the corresponding chart. This
section consists in proving that it is smooth as claimed in the next lemma.
Lemma 4.4.1 (Smoothness of p).

v, d e H{f, we have

For any k € N, p is C*. For any

low — palis < coa([W]g + [ )Dx (2.8),  (4.13)

where ¢y q i a constant depending only on k and d. The map p is nowhere
injective and not proper.

The map ¢ ~ [y, from L? to L? for instance, is compact. For this
reason we believe that dyp is a source of compactness in dyp = dy(,)pod, ¥,
which is itself a source of ill-posedness in the inverse Kohn-Sham problem.
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Proof of Lemma |4.4.1).

e Not proper. We take p € C*°(£2, Ry ) such that [ p = N and show that
p~ 1 ({p}) is not compact. Indeed, considering the Harriman-Lieb represent-
ation Wy of p, having an orbital with (k,0,0) momentum [12] [21, proof of
Theorem 1.2}, it verifies py, = p but |¥y| ;1 — +oo.

o Continuity. Let Y := {(a:Q, .., TN) E QN_I}. We have

ow = ol =| [ (101 = o) av| < [ 1161~ Il Gl + fel) @
< [ e =l (1l + el Ja.

thus by integrating in the last variable we obtain

2
[ 160 =pol <o = lia [ [ (101 +161) < 200 = e
We conclude that
2
15w = Vo2 < oo = pol < 210 — @2, (4.14)
As for the derivatives,
Vips—ps) =2Re [ TV (=) +2Re [ T=Ve,
SO

IV (g — pe)lpr <21V (0 = @)z + 2|Vl 2 1Y — ol 2
<201+ Vel [(-A+1)7 (0 - )

L2’

For the double derivatives, we can show that

[A (o = pe)lr < 20Vl + Vel ) [V (¥ = @)l 2
+20¢ = el A%l g2 + 2 (el 2 [A (= @)l 12

and more generally for any k& € N, there is a constant ¢ 4, depending only
on k and on the dimension, such that

k
lpy — Pcp”wk,l < Ck,d Z ( [0 =i + |l ge—i ) 1Y — @l g
=1

< crd([$lgn + el ge ) 1¢ = @l -

In the right term involving both ¢ and ¢, we can change the global phase
to estimate by the Dy metric, this leads to (4.13).
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o Differentiability. We see H{f as a smooth manifold, with charts ¢, for
1 € H* as considered in the proof of Proposition The description of p
is then done in those charts. We denote by 5 the map H* — Wh! ¢ — P
For ¢ € HF close to 1 € H* NS, we can represent p by p(p) = po 6;1(4,0) =
P (m(¥ + ¢)) = py+y, hence p is smooth. We have

pue = po—2NRe [ G = [ Jol,
Y Y

with ‘
tually,

v @go”wk < Y] g lelgx, therefore 2N Re [y ¢- is bounded. Even-

H [ 1P
Y

Hence p has differential dyp = 2N Re [y ¢, which is a representative of
djy)p in the chart (Uy, cy). O

< Caklelpz lolgn -

Wk

The conclusions of this section hold for other potential-to-ground state
density maps, for instance for the current map ¥ — jy etc.

4.5 Proofs: maps from potentials to ground state
quantities

In this section, we prove the corresponding results for the map v —
|W(v)) (¥(v)|, and then transport them to the map v — p(v).

4.5.1 The restriction
For any operator A of L?*(Q), we define A, = (1 — P‘I’)A\{Q}L as an

operator of {U}* and A, := A(1 — Py) as an operator of L2. We need to
work in {\I/}L because it corresponds to the tangent space of S at U. We
split L2 = Span¥ & {W}*. Let us write H and E instead of HN (v) and
EN(v), P is the orthogonal projection on Ker(H — E) and P, :=1— P.

Proposition 4.5.1 (Properties of H ). Let p be as in ([&.2)), and let v € VY,
H:= HN(v), E:= EN(v) and A € R.

(i) As an operator on {W}*, H, is self-adjoint on D(HN (v)) N {¥}*.
OnN{\If}J‘, (H—)\)ll/2 = (H — N2 for X & o(H). Moreover
o(H))=0c(H)\{E} and oess(H|) = 0ess(H).

(ii) The operator (—A + 1)%(H ~E)['PL(-A+ 1)% is bounded.
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Proof. The first part|(i)|is well-known and follows from the spectral calculus
20, 26]. Since H and (H — E)|' commute, we have for A > 0,

l(—a+12 (- BT (-a+1)?
H—FE+\

(H—FE+\):z

<|-a+n:@H-EB+N:

N

= l(~a+1) (H—E)["H—-E+)72(-A+1)

NI

2
[ - B+ )1 - B)T!|

(H—E+\) "2

N|=

2
—|(=a+1) M - BT+ P

1 12
< (M(EB,o(HN{EN T +1) |[(-A+1)2 (H - E+ )73

By decomposing
(-A+1)2(H-E+A\) " (-A+1)2
= ((H-E+NF(-a+ 1)) (H-E+)7 (-A+1)7),
we obtain

(A+1)3 (H-E+ N5 = |(cA+ 1)} (H- B+ (A +1)
|

I

which is finite by Lemma [4.2.1 O

4.5.2 The potential-to-density matrix map P
We define the map

VYV Im&
v Py = [P(0)) ((v)]

giving the ground state density matrix. Its differential is

VN — B(V,Gli)

P v — (ur— (dyP)u)

and we recall that, if ¢(v) is a representative of ¥(v), then
(dvp) u € <dqj(v)e@) (T‘IJ(U)HII)C) (4.15)
= {[v @) (6] + 9} ()] | 6 € H* N {w:()}*} .

The differential of P takes its values in the tangent space of Im &2, cor-
responding to the tangent space of HI’f. On this last space, the relevant
operator acting on tangent vectors is H™ (v), .

We define the contour C := {z eC| ‘z - EN(U)’ = n(v)} where n(v) :=

dist (BN (v), o (H (0)\ {E (v)} ) /2,
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Theorem 4.5.2 (Properties of P). Let p be as in (4.2) and V = LP + L*°.
The potential-to-ground state density matriz map P is C°. At some point
v e VN, its differential is

(dyP)u = erijidz(z — HN(U))_I(ZZ» ul) (z — HN(U))_1 (4.16)
= (EN(v) = BN (0)) [ (S w) P(v) + P (o) (i) (BN (v) — HY (v)) |
(4.17)

Also, for any v € VN, Tr ((dyP)u) = 0 for any u € LP + L>®. The dif-
ferential d,P is compact from LP + L™ to &1 and not surjective. If
p > max(2d/3,2), then P and d,P are injective.

Proof.

o Continuity. Let v,u € VY be such that |v—u|;,, - < € with e
so small that ‘EN(U) - EN(u)’ < n(v)/8 < n(u). For all z € C such that
‘z - EN(U)’ = n(v)/2, we have thus dist(z, o (HN(U)>) > n(v)/8. We use

the resolvent formula and integrate over a contour C located around E¥ (v)
and EN(u), we have

PW) =P = [(~A+ 1) HCEA+ 1) H(Tilw—u)(-A+1)

[NIES

x D(2)(~A+1)72,

where

are bounded uniformely in z, as justified by Lemma We estimate

[P@) = P, <e|(=A+1)72(Liv—u))(~A+1)7F
eN |(=Aga +1)7% (v —u) (~Aga +1)72

N

<
<cN v - U”Lp+L<>o )

where we used Lemma Finally, we saw in Corollary that on
Im P, the norms G, 1 and &1 1 are equivalent.

o Differentiability. Let v € VN and v € LP 4+ L* be small enough so
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that v +u € V. By the resolvent formula, we have

1

Plv+u)—Pv) — —?i (z—HN(v)>7l (> ui) (z—HN(v))i
- —% (z—HN(v—l—u))_l {(Zlul) (Z—HN(U)>_1}2

_ fji(—mr )72 G(2) (“A+1)77 (S u) (A +1)72 O(2)

X (~A+ 1) (Su) (A +1)T20() (A +1)72,

N

NI

where the operator G(z) = (—A+ 1)% (z — HY (v + u))f1 (—A+1)2 is

uniformly bounded in z. Therefore

Hp(v +u) =Pv) — 5= fi (== HY(0) " (Tiw) (z — HN(0) ™

6oc>,1

< clulgpipe

where ¢ is independent of w. Hence d,P exists and is given by the first
equality in @ .

o Formula (4.16). We denote by A the domain delimited by C. First,
because the only singularity inside A is on z = E¥(v), we have by the
spectral theorem

?{ (2 — HY(0)) " "P0) (5, w) (2 — HY (0))"'P(v) = 0.

—_—~—

Moreover, since A and o(HM(v),) are disjoint, we have by the spectral
theorem

i. %C(Z — HN(U))fl (1 — 'P(’U)) (ZZ Uz)(z _ HN(’U))fl’P(U)
1 -1 Y. N -1P(
_7.7£(Z—[—[N('U))L (Zzul)( HN( )~1P(v)

= TM(EN(U) - HN(U))Il(Zz ul) (fc(z _ HN(U))_1> P(v)

= (BN (v) = HY (0) T (X; wi) P(v)?
= (EY(v) = HY (0)) 11 (3; wi) P(v).
Similarly,
el Ak HY (0)" P (0) (5 wi) (2 — HN (v)) 7!
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o Reqularity of the differential. The following expressions are well-known
[16]. Let v, h € VY be potentials, close enough so that we can find a common
relevant integration contour C, and u € LP 4+ L™ an element of the tangent
spaces. We have

-1

therefore |(d,P — d,P) uHGOQ1 <clv— hHLp+Loo ”uHLp+Loo and

|dyP — th||Lp+L0°—>GOO,1 <clv— h||Lp+Loo )

and thus v — d,P is locally Lipschitz.
By similar methods, we can show that P is infinitely differentiable and
that for any m € N, the m'" derivative is given by

1

(dv 73)(1)1, e ,Um) = 27TZ

AL ﬁ (00)0) (2 — BV (@)™

with [(d7P)(vr, ... vm)le ., < eIl |vel oy poe-

e Tr(d,P)u = 0. This is because the differential takes its values in the
tangent space of the image space, but we verify it analytically here. Take
ve VN and u € LP + L. We have

(T(), (BY () — B (v) (2 w:) P(0)¥(v))
= (U(), (1 = P(v)) (BN (v) - HN< )L (i) ()
= {1 =P) W), (BV(v) = HY (v)) ' (5 wi) ¥ (v)) = 0,

o Injectivity of the differential. Let v € VN and u € LP+ L™ be such that
(dyP) u = 0. We consider the representation and let HY (v) — EN (v)
act on the left, this yields (1—P(v))(X; ui)P(v) = 0, that is (3, u;)¥(v) =

v) [up(v). By unique continuation (see Chapter [lf and |7, [8]), the nodal
set of ¥(v) has zero measure, hence >, u = [up(v) and by integrating on
[0, 1]d(N_1) we can conclude that u is constant.

o (Compactness of the differential. Let us first show a lemma. We recall
that a sequence of operators L,, of L?(R"), such that |L,| < ¢, converges
strongly to 0 if | Ly, f] ;2 — O for any f € L*(R"), and converges weakly to 0
if (g, L,f) — 0 for any f,g € L?(R").

Lemma 4.5.3.
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(1) Let Ly, be a sequence of operators such that |Ly,| < ¢, L, — 0 weakly,
and let A and B be two compact operators, then |AL,B| — 0.

(1i) Let Ly, = (—A+ 1)7% Up (—A + 1)7% with uy, — 0 in LP + L*° and
p as in (4.2). Then |L,| < ¢ and L, — 0 strongly.
(iii) Let Ly, be a sequence of operators of L>(R™) such that |Ly| < ¢ and

L,, — 0 strongly, and let A € &1(R™) be a self-adjoint trace-class operator.
Then Tr (L, AL,) — 0.

Proof. (i) The set of finite rank operators is dense in the set of compact
operators so by an “e/2” argument, we can assume that A and B have finite
rank. So let us write them A = > |fi) (g;| and B = > |hi) (us|. We
have

AL Bl = | > (gi Lnha) | fi) (wil

1<i,5<m

> Wgis Lahi)l 1 fill g2 il 2

1<i,5<m

and we conclude by letting n — +oo, where (g;, L,h;) — 0

(i) As we showed in Lemma [4.2.1] u | Ln| < clunl oy poo, With ¢ inde-
pendent of n, hence |L,| is bounded. By density of C°(R?) in L?(RY),
we hence only need to show that |L,f| — 0 for any f € C®(R%). So let
f € C*(RY), and take a function y of R, equal to 1 on [0, 1], vanishing

n [2,4+00) and smooth and decreasing on [1,2], and define the localiza-
tion function x,(z) := x(|z|/r) on RY We take r large enough so that
supp f C B,. We have

|Laxir| = L (a4 )72 (a1 ]

_1
2

and since (—A + 1)% f € L?(R?), we only need to show that L,x2 (—A + 1)
converges strongly to 0. We will in fact prove that

lim  lim HLnxf (—A+1)"2

r—-400 Nn—-+400

=0.

Let us consider the decomposition

N|—=

[SIES
=

Lox; (~A+1)72
=(-A+1)2u, (-A+1) 2, [XT;( A+1)” ﬂ
(A ) T, (A1) ] (CA+ ) 2y,
+[(—A+1)*%,xr]un( A+1)"My

Xr (A + 1) E uy (<A + 1>—1xr.
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We also have
(CA+D)72 0] == (A1) [(-A+ D)7 0] (-A+1) 2,

< ¢/r for some constant ¢

For r large enough, we have H [(—A + 1)% ,XT]
independent of r [11, Lemma 1], hence

L2 (—A+1)72 —x (CA+ D) 2w (A + 1)y,

<efr,  (4.18)
where c is independent of n and r. Now we decompose
_1 _
Xr (A +1) 2w, (A +1) " xe

= (A D) TE (A1) TE Juy
1+e 1+e 1—e
X sgn(up) |un| 2 (FA+1)" 72 (“A+1)" 2 .

1—¢
2

Ford > 3, p > d/2, and for e small enough we can still use the HLS inequality
to prove that

1t+e

1+te = >
<caluplps -

¥ (-a)

H‘“p’

For d = 2, we can still use the Kato-Seiler-Simon inequality, where we have
to take 0 < e < min(p — 1,1), so 2p/(1 £ €) > 2 and

1te _d(+e) _lte

[l % (8 + )75 | < 075 lugl F| 2 |1+ 1)
P S P s L2
2 5 1fe
= cape| (122 + 17 2 T3
For d =1, p =1 we also use the same argument. Hence
_1=c _le
(“A4+1)""2 up, (“A+1)" 2 (4.19)

is bounded uniformly in n. Let us take h,g € C*°(R%). We have

(h(~A+ 1) F u, (~A+ 1) )
_ /un (Ca+1)7Fn) ((Fa+ ) %y),

and by regularity of h and g, (—A + 1)7% h,(—A + 1)7%9 € H'(RY)
so the above expression converges to 0 when n — 4o00. By density of
C®(R?) in L?(RY), this shows that (#.19) converges weakly to 0 when n —

+00. Finally, since x, (—A +1)72 and (—A + 1)_% Xr are compact, then

Xr (A + 1)_% un (—A + 1)y, = 0 strongly by applying Lemma (7).
Considering (4.18) again, by choosing r large and then n large, we can make
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HLnX?» (—A+ 1)_% arbitrarily small.

(731) We consider the representation A = Y 722, \; | fi) (fi| where (fi); is
an orthonormal familly of L?(R?) and 333°; |\;| < +oo. Take m € N, we
have

m

<Yl Lafilfe +e D0 Nl
i=1

izm—+1

T (L, ALy,)| =

> AilLnfilze

i=1

Let € > 0. By choosing m large enough, we can have c¢_;-,, .1 |\ < €/2

and then, since |Ly,f;|;2 — 0, we can also choose n large enough so that
2

i1 | Al | Ln fill 2 < €/2. O

We denote by ¥ a representative of U(v). Let u, € LP + L* be such
that u, — 0 in LP 4+ L°°. We have

|(HY (0) = BN (@) 1 (Silun)i) 19) (9]

O 0,1
= [ W]z

(HY (0) = BN () (Zi(ua)) ¥,

We want to show that the following quantity converges to zero,

[ (0) = BN () [ (Zi(n)o) ¥,
<Ja+n2 (@YW - BY@) ] (-a+1)
(A 4+ 1)77 (S (un)i) ¥

L2

(—A+1)" 2 Up () U

N
&
.MZ "

@
I
—

L2

(—A; 4+ 1) 2 up(a) 0

< ¢y

8

@
Il
A

2’

[

We define L, := (—A + 1)_% un (—A 4+ 1) 2 and notice that

_1 2 1 1 1
(=20 +1)72 wn (@)W Lo = TR (Ln (A +1)7 9 (~A+1)2 L),

where g is the one-particle density matrix and (—A + 1)% v (—A + 1)% €
&1. By Lemma m (i), the operator L, converges strongly to 0 as an
operator of L?(R?). Finally we apply Lemma (7i7) to deduce that

[-a0+ 1) 2 ()], >0

L2

By the open mapping theorem, an operator cannot be compact and
surjective, hence d,P is not surjective. O
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4.5.3 The potential-to-ground state map V¥

We define the map

v VN — HI(Q)
v — Y(v),

as being the composition ¥ := 2~ 1o P.

Theorem 4.5.4 (Regularity and local weak-strong continuity). We take p
as in , V=LP+ L*® and w € LP + L.

(i — Smoothness). The map W is C* from VN to Hl. It is injective if
p > max(2d/3,2).

(ii — Compactness of the differential). For v € VN, d,¥ : LP + L[> —
{T ()} N H equals

(d®)u = —(HY(v) = E¥(0) | (SLyu(@) (), (420)
where (H™ (v) fEN(v))J__l is the inverse of the restriction of HY (v)—EN (v)

to {T(v)}*" on this space, and 0 on CU(v). Moreover, [ U (d,¥)u = 0, for
allv e VNV, d, ¥ is compact, not surjective, and we have

1(do®) w3 < o \!uIILp+Loo/QIu\ p(v).

If p > max(2d/3,2), then at some v € VN, d,¥ is injective.

(717 — Local weak-strong continuity). Let p be as in , with p > d/2
when d > 3, w € LP + L, w > 0 and V = LP 4+ L° in the definition
of VN. Let A C Q be a bounded open subset of Q. Consider that
v e VN, v, = v weakly and vplg\a = v\ strongly in LP + L*. Then
EN(v,) = EN(v), v, € VN for n large enough, and ¥(v,) — ¥(v) in H.

(iv — Compactness for 2 bounded). Let p be as in (4.2]), with p > d/2
when d > 3. When Q is bounded, v v ¥(v) is compact, and U~1 is
discontinuous.

If Q = R%, ¥ is not weak-strong continuous because of simple counter-
examples. For instance by taking a sequence v,(z) = u(xz — n) where
u € VN, and v € VN, ¥U(v, + v) does not necessarily converge to ¥(v).
When 2 is bounded, weak-strong continuity implies compactness. Such
input-output maps involving second order differential equations are gener-
ically locally compact [13]. In particular, Theorem [4.5.4] (éi¢) implies that
quantum particles are insensitive to highly oscillating local electric fields.

Proof of Theorem [{.5.7)
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e The properties (i) and (i7) are deduced from the composition ¥ =
=1 o P and from Theorem m We only have to prove the expression

(4.20). We remark that

(d,P)u = ‘ (BN () - HY (v))

-1

L (S ¥) ) ()
+ 10 (0)) ((0) (X w) (BN (v) — HY (v)) 1|
~ (40 2) ((BY@) - BY@) | (Siw)¥0) ).
Now since Z~ ! is C!, we have
(@) u=d, (2 oP)u=(de)?) o (dP)u
= (BYw) ~ HN @) | (S ¥(0).
We have

) ulye < |-+ 07 (BY0) - BYW) -y
(~A+1)2 /S [l
<e (uunmm / ] p(v)) 3

o (iit) Let v, € LP + L be a sequence which converges to 0 weakly.
Let ¥, be an approximate minimizer of E™V (v + v,,), that is

L2

Vi)

X

L2 ‘ L2

1
Evtvn (VUn) < EN(U + vp) + '

and p, = py,,.
e If d >3 and p > d/2, then we know that

[vnl < Cas [onl g ooy ((—A)17° +1)

for some s > 0 depending on p. But [vn[(p o0y is bounded in n, and
for any € > 0, we have (—A)!™% < (1 — s)e(—=A) + se 1t1/5. We thus
proved that for any ¢ > 0 there is some ¢, € R independent of n such that
|vn| < €(—A) + ¢, in the sense of forms in Q. In dimensions d € {1,2}, the
same holds under our assumptions on p.

e Next we prove that [wv,p, — 0. First, take some wavefunction func-
tion ® € ANH(), we have

EN(0 4 v0) < £(@) + [ vnpe < £(@) + can lonl g1 V7B
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and since vy | 15, 1 is bounded, then EY (v+wv,) as well. By the statements
above, for any ¢ > 0, we have

(1= [IVOP e < €0l ) <

uniformly in ¥ and in n, for some ¢, > 0. Hence ¥,, is bounded in H'(2) and
U,, — W, weakly in H!(Q) for some ¥, € H!(Q) and up to a subsequence.
We have [ |V/pn]* < [ |VU,|? 50 /pn is bounded in H'(£), hence there is
some x > 0 in H*(2) such that \/p, — x weakly in H'(£2) hence strongly in
L?(9) locally. We define po := x2. Let € > 0, and let us decompose [ v,,pn,

into
‘/ UnPn / Un (pn - poo)‘ + ’/ Unpoo‘ + / UnPn
Q B,NQ B,.NQ Q\ B

S ‘/Bmﬂ U (VP = Voe) (VPu \/pTO)‘ " ’/Bmfz Unpoo‘ (4.21)

+ lonl (4 Loy 8, Sgg IvPrl g -
n

<

Also, the sequence vy |y, o is bounded. We take r large enough so that
A C By, and recall that v,1g\p, — 0 strongly. Then we take n large
enough so that the last term in is smaller than e, which is possible
since vpIg\pa — 0. We also take n large enough so that the second term
in is smaller than e. As for the first term, we will need that for any
functions f, g, h in the appropriate spaces,

[ Fah] < 151w Ul 1]ty < DS Ll 1o Pl

Td—2A\
5 5)(d—2 :
where 1(0) = gtz §0N) = (dsz)(lz(%(j—ifn(a)))’ this

holds for any § > 0 and any A €]0, 1] small enough, and we used the Holder
and Gagliardo-Nirenberg inequalities. We apply it to our decomposition,
where \/pp, — |/poo strongly in Wi aex e (B, N Q) by the theorem of
Rellich-Kondrachov, where A > 0 and 4 > 0 are close to zero. This term is
smaller than e for n large enough, and we conclude that [ wv,p, — 0 for the
considered subsequence.

e Since w = 0, then E is weakly upper semi-continuous, and we have
limsup EV (v + v,) < EN(v). Moreover, let I'oy = Go @ --- ® G with
TrI'sw = 1 being a geometric limit defined in |19, Definition 2.1], up to
a further subsequence, of |¥,) (V¥,| in the sector of the Fock space with
number of particles less than N. This last space is compact as shown in [19]
Lemma 2.2]. Since

1
E¥ (v +vn) < Eupv, (Un) = & (¥n) + /vnpn <SEY(vtvn) +
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then by weak semi-continuity of £, under geometric convergence [19, Lemma
2.4], we have

N N
liminf BN (v + v,) = E(To) = Z Tr H™(v)Gy, = Z E™(v)Tr G,
m=0 m=0
> EN(v). (4.22)

We used the HVZ theorem to deduce that EM (v) is decreasing in M in the
last inequality. We thus have E™ (v 4+ v,) — EN(v) = &,(T's). We did not
use the assumption v € VYV yet, so repeating the same argument, we can
also deduce that E"(v + v,) — E™(v) for any n € {1,...,N}.

Since EN (v 4+ v,) — EN71(v), then

YN+ v,) = BN v+ v,) = BN (v) = 2V (0) > BN (v),

where we also used that v € V¥ and EVN~!(v) = £V (v) by the HVZ theorem.
Hence for n large enough, we have EV (v4v,,) < 2V (v4wv,,) and v+wv, € VV.

Since v € VN and by the HVZ theorem, we have E™(v) < EN71(v) so
since E"(v) strictly decreases in n, we have EV(v) < E™(v) for any m €
{0,..., N — 1}. By considering again, we have SN _ E™(v)Tr G, =
EN(v) and can deduce that TrGy = 1. This yields |¥,) (¥,| converges
geometrically to I's, with ImT'o, C Ker (HN(U) - EN(’U)) = C¥(v). By
[19, Lemma 2.1], we deduce that |¥,) (¥, | — [¥(v)) (¥(v)| in &1, and
since

[1Wn) (Walle, , = T [[Wn) (Tnl| = Tr [Wn) (U] = 1 = [[¥(0)) (T(0)]]s, , -

then [¥,,) (V.| — [¥(v)) (¥ (v)] in Sy, so ¥, = ¥(v) in L2 up to a sub-
sequence. A posteriori this also holds for the full sequence by uniqueness of
the limit W(v). Moreover, ¥,, converges to ¥ (v) weakly in H! and strongly
in L2, where 9(v) is a representative in L? of ¥(v). Since the norm associ-
ated to &, is equivalent to the H! one, then ¥,, — v (v) strongly in H!. By
continuity of the map ¥ — p, we also have po = py__.

e (iv) When 2 is bounded, Lemma implies that v — ¥(v) and its

differential are compact, and ¥~ is discontinuous. O
We turn to the proof of Proposition |4.1.3

Proof of Proposition [4.1.3 (iii) and (iv). Here we will write ¥ for a repres-
entative of ¥(v) and ¥, for a representative of ¥(v,), and define V,, :=
vp — EN(v,)/N and V := v — EN(v)/N. We have Schrédinger’s equations

(i (Va)i) ¥ = (A = 355 wij) W, (Zi V)T = (A =35 wij) .
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Since p > max(2d/3,2), then w and V,, are infinitesimally bounded by (—A)
in the sense of operators with uniform constants, and therefore

IS5 (V= V) @l = (= A+ 555w + Sil(Va)i) (% — W)
< Cd,N (Cw,d + ||VnHLp+LOO) ”\I’n - \I/”H2 :

Since V;, is bounded in LP + L*°, then |>;(V;, — V);¥|;2 — 0. We also
deduce that 3;(V,, — V); ¥ — 0 a.e. in Q¥ up to a subsequence. By unique
continuation [8], the nodal set

S::{:L‘EQN‘\IJ(;U):O}

has zero measure in QY and we deduce that

N

N
S vn(w) = (),
=1

=1

a.e. in OV, up to a constant and to a subsequence. We can deduce that
vp — v a.e. up to a subsequence by using Lemma [4.5.5| provided at the end
of this proof. Since v, — v is bounded, then v,, — v weakly in LP 4+ L*°. We
have

”Zz (Vn - V)i \IIHL2
= [0 = 0pu+2 [ (00 = 0)@) 00— )@ (@, y)drdy,
Q 02

where pg)(ac, y) ;= N(N=1)/2 [ |U|? (z,y, x3, ..., xx5)das - - - dzy is the pair
density of W. Since v, — v weakly, then

| = @)@ = )@ (@, y)dady — 0

and we conclude that [, (v, — v)%py — 0. O

Lemma 4.5.5. Let v, € LL _(R?). Then v, — 0 a.e. in R? if and only

loc n—-+o0o
if >, () n_}—_‘fOO 0 a.e. in RN,

Proof. Let S C R be the set of x’s such that v,(z) — 0. Then for

n——+oo
(z1,...,zy) € SN, we have 3, v, (x;) " 0, and SV has full measure in
n—-+00o

RN,

For the converse statement, we define

n—-+o0o

N-1
L= {m e R? ‘ vp(x) + Z vn(z;) — Oae. in (z1,...,25_1) € RIV-D
i=1

2
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and for any x € L we define

N-1
Ly = {(xla ce 7'%'N_1) < Rd(N_l) ‘ Un($) t Z Un(xZ) _>—+> O} .

By the theorem of Fubini, L has full measure in R? and L, has full measure
in RN We also define

N-1
I d(N—-1) ) d
L= {(xl,...,x]v_l) €eR ‘ vn(y) + ; U () T Oae yelR }

and for (x1,...,2ny_1) € L/,

N-1
L/(:Bl,...,xN,l) = {y € Rd ‘ vn(y) + Z Un(-xz) - 0} .

n—-+o0o

L has full measure in R4N=1 and Lig,,....on_,) has full measure in R?. Now
let y1,...,yn—1 € L such that (y1,...,yn—1) € L', and let y1,...,yy_; €
L’(y1 uy_y) L. We have

N-1
n (Y1)

—
n +oo p

for any ¢ € {1,..., N — 1}, therefore

N—1 N-1
!
)~ ~(N-1) Y v
k=1 k=1
Ui /

Now let z € L(yl,-'.,ywq) N L(yi~-~»y§v_1)’ we have

N-1 N-1

!
Up, TH+OO and vn(2) ety Un(Yg),

k=1 k=1

and therefore
1 N—

Af—-l n—%Hm 2:

. . I /
and finally we obtain vy, (z) T 0. Since Li, . 0 L(y/l“"?y;\[fl) has
full measure in RY, then v,(2) — 0 a.e. in z € R% O

n—-+0o00
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4.5.4 The potential-to-density map p: proof of Theorem4.1.1
Proof of Theorem [{.1.1]

(i) We can decompose p = po ¥ and those two maps are smooth so the
composition is so as well.
(i) @ The differential is injective because if (dyp) u = 0, then

(1=P(v)) (X ui)¥(v) =0,

so (X, u;)¥(v) = a¥(v) for some constant o € R. By unique continuation
[8], we deduce that >, u; = o and then u is constant.

e The operator d,p cannot be simultaneously compact, surjective and
continuous, by the open mapping theorem. The formula for the differen-
tial follows from and Lemma m The bounds follow from The-
orem and by the the smoothness of p implying that |dw gy k1 _, gr s
bounded for any k € N. Let us denote by E{¥(v) the first excited eigenvalue
if it exists, or ¥ (v) otherwise. An expression for the quadratic form d,p is

(i) @ (v), (HY () = EN(0)) | (Zw) U(v) )
(1=P©)) (Ziu) ¥ (), (HY (v) = BN () [ (2 u) U(v) )

L 2
- H (™ () = BY () 2 (55 ) U (o)

We remark that for any u € LP + L*°, we have (u, (dyp)u) < 0. The
inequality [(v—u)(p(v)—p(u)) < 0 for any potentials v, u such that v—u # 0,
presented in [6, Section 2.3], implies (u, (dyp)u) < 0 for any potential which
is not constant, hence d,p < 0 in the sense of forms. O

The fact that Imd,p is probably dense in W' could suggest to prove a
local surjectivity result using [1, Theorem 2.5.9] or [25]. Unfortunately, the
compactness of d,p prevents us from doing so.

Proof of Corollary[{.1.4} In this particular case, VN = LP + L*° = LP. By
Theorem [£.5.4)and Theorem[£.1.1] p is weak-strong continuous. We conclude
by applying Lemma [4.5.6] (iit). O

4.5.5 The potential-to-ground energy map

Finally, the regularity of v — p(v) can be transported to v — EV (v).

Proof of Corollary[4.1.3

e The energy is weakly upper-semicontinuous by the same proof as for
the weak lower-semicontinuity of the Lieb functional |21, Theorem 3.6]. It
is Lipschitz continuous and concave by [21, Theorem 3.1].



130

e We can decompose EV(v) = <\I/(v),HN(0)\II(v)> + [vp(v), where
v = [wvp(v) is C* because v — p(v) is so, and (p, ) — <<p,HN(0)¢> is

bilinear so v — <\I/(U), HN(O)\I/(U)> and v — EN(v) are C*°.
e As for the differential, we start by following similar arguments as in
[23, Theorem II.16]. By definition of the minima, we have

EY (0 +u) = B¥(0) < £ (¥(0) = E,(0(0) = [ up(v)
[ uplv+0) =SB0 + ) = E((0 + ) < BV (0 +u) - EV()
hence
/u(p(v ) — p(v) < EN(v+u) — EN(v) - /up(v) <0,

By the Gagliardo-Nirenberg inequality, if ¢ € [1,d/(d — 1)] (with d/(d—1) :=
+00 if d = 1), then for any f € Wh1(R9),

d(1-1 1—-d(1-1
1 < el s 0o
Take ¢ := p/(p — 1) € [1,d/(d — 1)]. By continuity of p proved in Theorem

[4.13] we have
E¥(o+0) = BY(0) - [up(o)] < | [ ulp(v + ) = p(0)

c HUHLPJrLOO lp(v+u) — P(U)HleLq
clul oy poo (lo(v +u) = p()lp1 + lp(v +u) — p(v)| 14 )

14+min(1,d(1—2
< clulpmd =)

NN

and ¢ > 1 so 1+ min (1, d (1 — %)) > 1 and this proves the existence of the
differential.

e We show that EN(v) is strictly decreasing on VY. Take u € V5,
v € VYV with v < u, and v < u on a set of positive measure. By unique
continuation [8, Remark 1.6], the nodal set of p(u) has zero volume, hence
{op(u) < up(u)}| > 0 and

EN(0) < &(¥(u)) + /Up(u) < & (T(w) + /u,o(u) _ EN(u).

e Eventually, we prove by contradiction that EV is strictly concave on
Vév . Let v,u € Vév , we start from the point u and look at the (half line)
direction v — u. By using the concavity of EV and formula ([5.9)), we have

ENW) — ENW) < (T6,EN) (v —u) = inf v —u).
@) () < ( >( ) \IfGKcr(HN(u)—EN(u)) /p\p( )

[lepP=1
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The minimizing set in the right hand side of the previous inequality is com-
pact, let us denote by ¥, , one of the minimizers. This yields

EN(w) — EN(u) < & (Vi) — Eu(Tus) = Eo(Vup) — BN (u).

Let us assume that we have equality above, then EV(v) = Ev(Vyp). The
following is the same argument as the second part of the Hohenberg-Kohn
theorem [15], as presented in [6, Proof of Theorem 2.1] for instance. We know
that U, , is a ground state for H(v), hence it respects its Schrodinger’s
equation HN(U)\I/W, = EN(’U)‘I/U’U. Substracting with ¥,, ,’s own Schrédinger’s
equation, we obtain (EN(u) —ENWw)+ (v — u)l) U, = 0, and by strong

unique continuation [7, 8], that v = u + (EN(U) - EN(u)) /N. O

4.5.6 Appendix: weak-strong continuity and compactness

We recall here relations between weak-strong continuity and compact-
ness.

Following [14, Definition 7.6], we say that a map is compact if it maps
bounded sets into relatively compact sets. The link between ill-posedness
of a problem and its linearization can be involved, see for instance |28] and
[4, Appendix]. We start by considering standard results, and adapt them to
the case when the image space is an embedded submanifold.

Lemma 4.5.6. Let X andY be Banach spaces, U C X an open set, M — Y
a closed embedded submanifold of Y, and a map f:U — M.

(i) If f is compact, continuous and differentiable on U, then dgf is com-
pact for any x € U.

(ii) If U = X is the dual of a Banach space, and if f is weak-strong
continuous, then f is compact.

(iii) If f is compact and M is infinite-dimensional, then f(X) is a countable
union of compact sets, and f(X) has empty interior.

(iv) If f is compact and X is infinite-dimensional, then f~' is discontinu-
ous.

Proof. The only difference in the proof, with respect to the standard M =Y
case, is (i).

In the case M =Y, this is proved in [14]. We apply it to tpr—y ©
f U = Y and get that dg (Lprrsy o f) (X N[ <1}) = v, My ©
(dof) (X N{]] <1}) is compact. A map is proper if preimages of relat-
ively compact open sets are relatively compact open sets |30, Definition
16.26]. Onme can prove that for a Banach space F' and a closed subset
E C F, the inclusion map E — F' is proper. Since LT}, M—Y IS proper,
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then (dyf) (X N{|-] < 1}) is relatively compact. We remark that we only
used that M — Y is an embedded submanifold of Y, we did not use the
closed condition.

Let G C By(r) C X be a bounded set and x,, € G a sequence.
By Banach-Alaoglu’s theorem, z,, — x for some x € By(r) and up to a
subsequence. By weak-strong continuity of f, f(z,) — f(x) strongly.

We define the sets X, := X N{z € X | |z|y <r}, for r > 0. Since
f is compact, then the f(X,)’s are compact and thus have empty interiors
by Riesz’s theorem |2, Theorem 6.5], which applies in our case because M
is locally a normed vector space. We have

f(X) = UreNf(Xr) - UreNf(Xr)-

Finally, by Baire’s theorem [2, Theorem 2.1] f(X) has empty interior. We
recall that a closed subset of a compact space is compact.

Let B C X be a ball, f(B) is relatively compact. Assuming that
f~1is continuous, f~! (f(B)) D B, is also relatively compact, and hence B
as well. But this is a contradiction with [2, Theorem 6.5]. The inverse f~!
is thus discontinuous. O

Here is a summary of the relations between compactness and weak-strong
continuity for a map and its differential.
f compact =————= d, f compact V&
fU=Xisa dualﬂ ﬂ Wif X reflexive
f locally weak-strong C d, f weak-strong C Vz
We also remark that d,f weak-strong continuous for any x € U does not
imply that f is weak-strong continuous, a simple counterexample is L?(R") >

 + |32, and this is also the case for p. Lemma enables us to justify
Corollary on the discontinuity of p.
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Chapter 5

Perturbations of degenerate
systems

In the previous chapter we studied the set of non-degenerate potentials.
Here we look at the situation where the first (or any other) eigenvalue is
degenerate, but still isolated from the rest of the spectrum. A very natural
question is to ask whether the degeneracy can be lifted by perturbing a little
bit the external potential v and, if it is so, to which order in the perturb-
ation this happens. The effect of a small perturbation can in principle be
computed exactly to any order, but the formulas are not easy to handle in
the case of an external potential. We explain here the situation for the first
order and prove, in particular, that in a non interacting system (w = 0),
most perturbations will lift a two-fold degenerate ground state. The import-
ant question of whether this holds for higher degeneracies or for w # 0 will,
unfortunately, be left open.

Perturbation theory started with the work of Rayleigh on the propaga-
tion of sound, which inspired Schrédinger [15, [16] to apply it to quantum
mechanics in its beginning, initially used for the Stark and Zeeman effects.
Perturbation theory for systems at equilibrium is one of the main approaches
in quantum mechanics. It is versatile and has been extensively studied and
applied in many situations. Its mathematical framework was initiated by
Kato, among others, and is presented in |10} 13} [19] for instance. See also
the reviews [5, 11].

By perturbing the initial Hamiltonian having a degenerate level, one usu-
ally wants to know whether the degeneracy will be broken, and compute the
eigenenergies and eigenstates shifts. This has been extensively studied when
the symmetry group breaks into a subgroup, providing important concepts
in theoretical physics in general. One can refer to [14, Chapter 5.2] for a
first presentation. The analysis of degenerate perturbation produces quite
involved structures in general cases [1, 2, 4, 6, 17|, see also [9, Section 5],
[13, p28] and [3| [7] for mathematical aspects, as well as |12} |20] for reviews.
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In [4], Hirschfelder studied the most general case where the perturbation is
analytic, that is of the form Z;;of A'h;, and he provided a full solution of
the Rayleigh-Schrodinger series.

We present those relations and recall the mechanism of solving the prob-
lem in Section Then in Section we apply these results to many-
body systems and link them to questions arising from the general DFT
framework.

5.1 Results

5.1.1 Known results

We work here in a general case where we consider a separable complex
Hilbert space H carrying states, its scalar product is denoted by (-,-). We
consider a general perturbation operator, which can be chosen to be an
electric or magnetic potential, a non-local one, an operator acting on spin,
an interaction etc.

In a neighborhood of A = 0, we study a Hamiltonian in the form

H(A) =" A"ht,
n=0

where H(0) = h(®Y) = H is our initial operator. In particular, we study
the level E, and define D := dimKer(H — FE). Our starting point is |18
Theorem 1.4.4, Corollary 1.4.5], stating that close to A = 0, the singularities
arising from degeneracies are removable. In the given reference this is stated
for # = L?(R%) but this applies for any separable Hilbert space. It justifies
the existence of D maps F; : R - R, ¢, : R — H, i € {1,... D}, analytic in
a neighborhood of 0, E; being the eigenvalues of H(\) such that E;(0) = E,
and their associated orthonormal eigenfunctions ¢;. By analyticity, F; and
¢; can be expressed in the so-called Rayleigh-Schrodinger series

+00 oo
EN) =Y AEM, di(A) =3 Angl™, (5.1)

valid in a neighborhood of 0 and solving Schrédinger’s equation

H(N)gi(A) = Ei(A)di(N). (5.2)

We sort the energies by increasing order in the sense that F;(\) < Fi11(\)
asymptotically for A — 0F. There can be several possible definitions of E;
and ¢; with those constraints, but this will not affect the results presented
here. The coeflicients are the derivatives Ei(n) = (n!)~! (d"E;/d\") (0) and
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dim = 2

dim =1

Figure 5.1: Example of successive breakings of degeneracies, at different
orders. Illustrates ([5.3)).

(bz(n) = (n!)~1(d"¢;/d\") (0). By defining H™ = p(® — Ei(”)’ equation
(5.2)) can be rewritten as

for any n > 0.
We need to do a “tree diagonalization” to find all the quantities we want.
Even if its rigorous description can seem technical, it is quite intuitive. The

picture is that some central operators Qgi)Q are successively diagonalized,
each time by reducing our attention to some eigenspaces Im Pi(n). This
defines a series of eigenvalues and eigenprojections, where the eigenvalues
correspond to the Rayleigh-Schrodinger series Ei(n), and the ranks of the
eigenprojections dim Im Pl-(n) decrease. Thus there exists M € N such that
for any n > M, the dimensions of the spaces Im Pi(n) remain constant, at
this point all removable degeneracies are removed. If dimIm Pi(M) =1 for
any i € {1, ..., D}, the degeneracy is completely broken at order M and the

natural orthonormal basis of Ker(H — F) is (ngo))lgig D, where the ¢§0) are

extracted from the projections Pi(M). Otherwise, some degeneracies remain
but we still obtain the projections on both broken and unbroken eigenspaces.
To illustrate our presentation, we display in Figure [5.1] a graphical repres-
entation of a situation corresponding to the example

Ei(N)=E =22 +3X2 =5X3 + O(\Y), Fo(\)=FE —2X+3)X2 —4X3 + O(\})
Es(AN)=E =2 432+ X+ 00\, E/\)=E—-22+4\2 -+ 00
Es(\),Eg(\) = E+3Xx = A2+ X3+ 00\, (5.3)

Here a 6-fold degenerate system is split into smaller degeneracies, depending
on the order in A.
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Computing the zero order eigenbasis and the energies shifts

We now explain how to find the Rayleigh-Schrodinger series, from the
work of Hirschfelder [4]. Let P be the orthogonal projection of H onto
the degenerate eigenspace Ker(H — FE). For any n € N, we define the
eigenprojections

PO= Y (),

1<j<D
EY=E"vee(1,...n}

corresponding to the eigenspaces at order n in A, the complementary pro-
jections

P = Z ‘ ¢§0)> < ¢§o)‘ .
E;”:Ei“l’i;:ﬁ,...,nfl}

and the resolvents Ry := —(H — E)IIPJ_, and for n > 1,

(0) (0)
he oy B0
1<j<D Ej(n) - Ei(n)
B =E"vee{l,...n-1}
B #E™

Let us define the operators F(_nl) = Hi(n) forn >0, and forn >0, p > 0, we

define the operators Fj(gn) by the recursive formula

n—1
n n k n—
=1 4+ S W R,ri—kr), (5.4)
k=p+1

Let us choose one state label i. Then it is shown in [4] that for any n > 1,
and for any state (;55-0) € Im Pi(n_l), we have

]Di(n—l)r(n)zpi(n—l)¢§0) —0. (5.5)

n—

Moreover, the operator M,, := FS% + Ei(n) contains only terms Ei(z) with
¢ < n — 1, hence the diagonalization (5.5)) gives the energy shifts E](n) =
<¢§O),Mn¢§0)> of the states gb;-O) € Im Pl-(nfl), which are the eigenvalues,

and it gives the eigenprojections Pj(n). It also constrains the basis states
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which have to respect ¢§0) € Im Pj(n). This is the tree diagonalization. We
can also explicit the operator

]51( )Fg)p() | Z (E(" E">‘¢O)>< )"

Remark that we can compute ¢§0) and E,L»(n) independently from ¢§n). Those
formulas enable to compute the gbgo) s, up to U (DZ(M)) rotations in case some

(M)

degeneracies are never broken, that is, in case D, ’ > 2 for some i’s.

Gauge

We normalize the states ¢1(0) to 1 by convention. Let us show that we
can choose the Rayleigh-Schrodinger series (5.1)) such that

o™ 1 ¢l Vn>1, Vie{l,..D}. (5.6)

Decomposing the states series onto Cqbl(-o) and its orthogonal space, we have

+00 oo
) (1 + 3 A0, ¢’(n)>) o+ 3P <o>¢(n
= i=1

Dividing by 1 + Ej:“f A"((bgo), ¢(n)>, we obtain a new series which still re-

7

spects Schrodinger’s equation, and respects . We remark that we cannot
freely normalize |¢;(A)| = 1 and at the same time fix (5.6)). For instance if
we also have qu(o | = 1 then the ﬁrst order equation in A of |¢;(N\)| =1
is 2Re <¢(2) > + ||¢> 2 = ngﬁ |2 = 0, so gbgl) = 0. We see that this
normalization modlﬁes the Rayleigh-Schrodinger series. For this reason, in

this document we will not consider that our vectors are normalized, but we
will consider that they respect (5.6). Only the ¢Z(»O)’s are normalized to one.

Computing the states shifts

Most authors usually assume that there exists an operator, called the

wave operator by analogy with scattering theory, such that gbl(n) = Wi(n)@@)
It can be written in the form

o™ = GM +3 " R;BY* )‘) (5.7)

7=1

where the operators B,(Lj ) are defined by B%n) "™, for k>1landn > 1,

n2’

n n n—k l+k
Bl(c—l—)lzBlE:)+Fnk)2ZRB( g
I2n—k
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and forn > 1,

n—1
T =18 4 3T ST R, B (5.8)
k=1 21

We recall that Ry = 0 for any ¢ > M;, where M; is the order at which ¢;
becomes non-degenerate.

5.1.2 Applications to H"(v)

We want to study the map v +— p(v) on the singular potentials VéV\VN,
to complete our general picture. So we now relate the results presented in
Section B.1.1] with the framework of the rest of this document. We need to
define a slightly weaker definition of Gateaux derivation, because the ground
state of H + AG in a neighborhood of 0T is in general different from the one
at 0. Take X a manifold locally modelled on a real vector space Y. We
say that a function f: X — R is half Gateaux differentiable at « € X if for
any direction y € Y,

lim  (f(z +ty) — f(x)) /t = (*c%f) (y)

o<t—0t

exists, i.e. f has a right derivative in every direction. Higher half Gateau
derivatives (t67 f) (y) are defined similarly.

Theorem 5.1.1 (Degenerate Hellman-Feynman). Let p be as in (4.2), V =
LP + L™, and w € LP + L™. The energy EV is infinitely half Gateaux
differentiable on the singular points VéV\VN, with

5, BN (u) = mino (P(v)( X, u)P(v)) = min /p\pu (5.9)
\IIGKer(HN(v)—EN(U))

JieP=1
0, EN (u) = — (+5UEN) (—u) = max /,o\pu.
\IIEKer(HN(v)fEN(v))
J1ePP=1

If *6,EN(u) < ~0,EN(u), then the perturbation of HY (v) by u makes

decrease the degeneracy by at least one. If moreover dim Ker (HN(U) —
EN(v)) =2 and if V1, Vs is an orthonormal basis, we have

jE(5UEN(u)

2
= %/“(P\h + pw,) 4[;\/(/%6(/)% —p%)) A (W, ()W),
(5.10)
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In the case where dim Ker (H" (v) — E¥ (v)) > 3, the same optimization
problem as for leads to more complicated formulas.

Note that for the first order, we could deduce by using that concave
functions have subdifferentials, but in Theorem [5.1.1] we can also deduce
formulas for all orders.

Given some degenerate potential v € Vj \VN , we want now to know
whether there is a direction in which one can break the degeneracy. At first
order and for D = 2, there is a simple criterion. We also want to know
whether EVV is differentiable at those degenerate potentials.

Corollary 5.1.2. Let p be as in , V=LP+L*® and w € LP 4+ L*°.
(i- Generic breaking.) Let D = 2, take two unit vectors ¢, p € Ker (H (v)—
EN(’U)) with ¢ L @. The degeneracy is broken in no direction at first order
if and only if py = py and [gav-1) Ypdas - --dey = 0.
(ii - The energy is not differentiable.) Let v € VAX\VY be a degenerate

potential, and w = 0. Then EV is not differentiable at v, in particular
t6,EN(u) < ~0,EN (u) for at least one direction u € LP + L.

We think that almost all directions break the ground degeneracies at
some order since V¥ is dense in Vév . We conjecture that at those degenerate

potentials, EYV is not differentiable either in the interacting case, that is,
there is a direction in which the left and right derivatives are different.

5.2 Proofs of Theorem and Corollary [5.1.2

Proof of Theorem[5.1.1. We prove (5.10)). In this case we minimize over the
Bloch sphere projective space P Span (V1, ¥s), we have

(+5UEN) (u) = aﬁglef(lc /UPa\Izlerpr,

[la®i4+bWs =1

and the constraint on a,b reduces to |a|* + [b|> = 1. We can take the
parametrization a = (cost) e, b = (sint) /"% and Wy, U, are real. We
define A := 3 [u(pw, — pw,), B := (¥1, (3; u;)¥2), and have

(touEN) (w)

= em[(l)% (cost)? /up\pl + (sint)? /upq,2 + (U1, (X, u;) W) cos O sin(2t)
€ ]

2/ (pw, + pw,) + err%m }Acost%—BcosHsmt
t

Optimizing over t yields the optimal value t* € 7N + arctan (B(cos#)/A)
and using the classical formula for cosarctan and sin arctan, we get

A2 + B?
Acost® + Bcosfsint* = + + (cos 6)° :i:\/A2 (cos 6)2B2.
A\/1+ (B(cosf)/A)2




143

Finally optimizing over 6 gives (5.10). We could also have computed the
eigenvalues from

but this would not have given us the rotation enabling to compute the
eigenvectors from the initial vectors. O

Proof of Corollary[5.1.3,

e (i) is a corollary of equation (5.10).

e (ii) When w = 0, then EN(v) = S-N | \; where ); is the i*" eigen-
value of —A +v. So HM(v) is degenerate if and only if Ay = Ayy1. Let
(¢i)1<i<p be an orthogonal basis of Ker(—A +v—Ay), and (¥;), ;< y_p be
an orthogonal basis of Im1_ay<y,, Where 1 < k < D —1 is the number of
particles in the degenerate Fermi level. We form two orthonormal minimizers
Uy =1 A AON_k Ay o and Ug 1= 1 A~ ADN_k A@ri1 AR o
We assume that §,E" is differentiable, hence degeneracy is broken in no
direction at first order, then applying (i) to ¥y, Wy yields prer+1 = 0, con-
tradicting |[{¢x = 0}| = 0 implied by unique continuation [§]. O
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The Kohn-Sham problem
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Chapter 6

Regularization of the
problem

In 1965, Kohn and Sham postulated the existence of effective one-body
potentials which would replace the electronic interaction while keeping the
same ground state density, and stated its relation with the exchange-correlation
functionals [15]. This led to the developement of very successful approxima-
tions and techniques enabling to predict properties of microscopic systems in
quantum chemistry and physics. The existence of such a potential producing
a prescribed ground state density is called the v-representability problem.
Despite its importance, there are only a few works addressing the mathem-
atical aspects of this theory, although several numerical studies were carried
over. In [20] Lieb proved that any density can be approximately represented
by a ground mixed state in some external potential v. In classical Density
Functional Theory (DFT) at positive temperature, the v-representability
problem was solved by Chayes, Chayes and Lieb in [5]. In this work, the
authors use a variational approach to prove that given a density, there exists
an electric potential whose Gibbs’ state has the targeted one-body density.
Then, Chayes, Chayes and Ruskai proved in [6] that for quantum lattice
systems, any density is v-representable in the mixed states setting, both at
zero and positive temperature.

In [25], Wu and Yang numerically apply the dual variational principle
which leads to an evaluation of the Kohn-Sham potential. This inverse
procedure has also received significant attention recently in [4, 11, 13, |14}
16}, [22(-24] for the standard problem and in [1] for nuclear DFT. However,
this method has never been shown to be mathematically legitimate. In
particular, the exact Kohn-Sham potential of some density p maximizes
Vs EN(V) — [Vpin (LP + L®)(R% R), where p is as in and where
EN(V) is the N-particle ground state energy, but this functional is not
coercive in this space as we will see in Section

Hence, to practically compute the Kohn-Sham potential, we need to reg-

147
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ularize the problem. In our approach, we restrict our attention to potentials
of the form ), v;a; where the o; are fixed weight functions and v; € R
are the only parameters. This is a discretization of the space of potentials
in the spirit of the finite element method, for instance. The correspond-
ing functional is then coercive and hence the dual problem is well-posed.
Said differently, the discretization amounts to integrating the problematic
short-distance degrees of freedom, and implements an ultra-violet cut-off.
Correspondingly, we define pseudo-discrete regularized Levy-Lieb and Lieb
functionals by relaxing the condition py = p to [pga; = [ pa; for any
i. A similar approach was applied to optimal transport in [2], where the
numerical efficiency seems promising.

In this chapter, we first present our main results, and then provide their
proofs.

6.1 Main results

Let d € N and let Q C R? be a (bounded or unbounded) open set with
Lipschitz boundary, representing the space in which our quantum system
lives. We do not consider spin degrees of freedom but our results can be
extended in this way without complications. We define

p=1ifd=1, p>1ifd=2, p=d/2ifd> 3. (6.1)

In all this chapter, we consider an even non-negative interaction potential
w € (LP + L>®)(R?,R,). We take external electric potentials V € (LP +
L) (2, R), and consider the self-adjoint N-particle Schrodinger operator

N N
HN(V) = Z —A; + Z w(x; — ;) + ZV(@-), (6.2)
i=1

1<i<j<N i=1

acting on the antisymmetric N-particle space L2(QV) := ANL2(Q) with
Dirichlet boundary conditions. We denote by

EN(W):= inf U, HN(V)T) > —0
) TerL2(QN) < V) >

st
the ground state energy, and by Ey (V) := <\II, HN(V)\IJ> the corresponding

energy functional. The one-body density of a state ¥ € L2(V) is defined
as

pu(x) =N U (2, 22,...,25)dzs - day.

QN-1

A mixed state is an element of

SNAQ) ==& (LAAYQ))N{T =T* >0, Tr (~A) < +o0},

mix
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and having TrI" = 1, where &1 (L?(AN(Q)) is the space of trace-class oper-
ators of L2(AVQ). The one-body density of such a mixed state I is

pr(z) =N [(z,xo9,...,xN;2,22,...,25)dxs - - - d2N,
QN-1
where we denote by I'(x1,...,2n;¥1,-..,yn) the integral kernel of the op-
erator I'.

In this section we state our results. Their proofs are provided in the
following section.

6.1.1 Pseudo-discrete regularizations of Levy-Lieb and Lieb

The exact Levy-Lieb (or pure) and Lieb (or mixed) functionals [17] |19}
20], are

FN(p):= inf (U, HYN(0)T), FXN = inf TrHN(O)T
()=, _mmf (0 HY (©0)¥) moc(p) =, it T H (0)
pPe=p pr=p

We now relax the density constraint. Let us consider a subset I C N and a
set o = (), of weight functions forming a partition of unity for 2, that
is >;cr i = Lg, where o € L®(Q,Ry). Forr € (1(I,Ry)N{>;c;mi = N},
we introduce the regularized Levy-Lieb and Lieb functionals

FNe) .= inf v, HYN(0)U), FN%r):= inf Tr (HYO)I),
)= i (BHTOF) Bal0)= it T (HVOT)
faipq,:m viel fozipr:n- viel

and we define them to be +0o0 when the minimizing sets are empty. We

N . . .
know that F. ;% is convex. Consider now the assumption

lim > r; = 0. (6.3)

R—
+oo iel
supp o' NBL#9

Theorem 6.1.1 (Existence of minimizers). Take w > 0 and r € ¢*(I,R})
such that Y ;c; i = N, and o = (o)1 a partition of unity for Q. Under the
tightness condition (6.3), FN*(r) and FN2() have at least one minimizer
when they are finite.

For a given p € L'(Q, R, ), we define

rpi= (/ aip) c MI,Ry).
i€l

This sequence contains the partial information on the density p which we
are going to retain. Since the minimizing set of F'V:®(p) is included in the
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one of FN:%(r,), for any p > 0 with \/p € H'(Q) and « as defined above we
have

FNr) < FN(p)  and NS0, < EN(o).

mix mix

In particular, F¥%(r,) and lex (rp) are finite.
Our approximate Levy-Lieb and Lieb functionals converge to the exact
ones when the integrated weights tend to carry all the information of the

density.

Theorem 6.1.2 (Convergence to the exact model). Take 0 < w € LP+ L*°
with p as in . Let Q) be a connected open set. Consider a density
p € LY(Q,Ry) such that \/p € H}(Q) and [p = N. We assume that
a, = (af)icr,, where of € L*(R), is a sequence of weights forming a
partition of unity for 0, and such that for any f € C° (), we have

inf = gnl o —0 (6.4)
gn€Span{aficl, } ” (LP+L>)(Q)

when n — +o0o. We also assume that

lim sup Z /pa (6.5)

r—-+00 neN

el
supp ' NBr#J
Then
Jim FNen (r)) = FN(p), lim Fid” (r) = Fai(p).

Let W, be a sequence of approximate minimizers for FN"’"(TP), that is,
such that &(V,) < FN@n(r,) + €, where ¢, — 0 when n — +oco and
[aipy, = [aip for anyi € I. Then U, — Weyaer strongly in HY(QN) up
to a subsequence, where Wexact S a minimizer of FN(p). If T, is a sequence
of approximate minimizers for phan (rp), then I'yy = Dexact strongly in the

mix
kinetic energy space S11 up to a subsequence, where I'exact 95 a minimizer

of Filix(p).

The space Gy is the set of operators A of L2(R%V) endowed with the
norm [Alg, , = Tr [(—A+1)7 A(-A+1)
Our assumption (6.5)) is used to control the decay at infinity. If all the

o' have a compact support of diameter bounded by d independent of ¢ and
n, then

o/fg/ — 0
Z -/p ‘ |x|>r—6prﬁ+°°

supp o' NBr#2
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and is satisfied.

If af = Lgor is a sequence of partitions of = U;en(Yj" where 2} are
convex, and sup;cy diam 2! — 0 when n — +o0, then the assumption
is verified by Lemmabelow. Assumption is verified as well. Again
by Lemma in this case we have an explicit bound on the convergence
of densities

lo = pwall(anpa) @) S ca( 1Pl + sup Iv/ew,] 1) sup diam Q7

where ¢4 only depends on d, and ¢ is as in . Note that H,/,o\pHHl and
N

A typical choice for the o' is given by the partition of unity finite element
method (3} 21],

o e controlled by FV(p) due to the Hoffmann-Ostenhof inequality.

6.1.2 The dual problem

Correspondingly to the previous approach, we change the exact model
by discretizing the space of potentials. We consider a sequence of weights
a = (a;)ier, take r € £1(I,Ry). The dual problem is the maximization of

Gra(v) = EN (Z Uz'az‘) - Z VT,

i€l i€l

over the space ¢*°(I,R) of potential coefficients v = (v;)ier. We have

EN (Z viai> = inf (FHJL?(T) + Z%ﬂ‘) , sup Gra(v) = FHJYD?(T)’

iel ret (IRy) il vet(I,R)
ier i

as in the exact models, and by the same proofs as [20, Theorem 4.3].
Again by the same proof as for the lower semi-continuity of the exact Lieb
functional [20, Theorem 3.6], G, o is weakly upper semi-continuous in the
¢>(I,R) topology. Moreover, if HV (> ier viai;) has a ground state ¥, then

Gra(v) =& (V) + Y v, <?“z' + /p\pvoéz) -

el
Gauge invariance

The gauge we are dealing with is the choice of a reference for energies,
that is the transformation V' — V + ¢ for a constant ¢ € R. The exact dual
functional V + EN(V) — [Vp is gauge invariant, and since we want our
approximate functional to be so as well, we are naturally led to take

Zaizlon Q, ZWZN~ (6.6)

i€l el
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The last condition is of course fulfilled for r» = r,, which is the interesting
situation.

Remark 6.1.3. Let us explain why the previous conditions are neces-
sary to ensure gauge invariance. Letv € £>°(1,R) be such that HN( S ier Vict)
has a ground state, which we denote by ¥,. Take c € R, we have

EN <Z(,UZ +C)Oél'> < gZigI(U#C)ai(\I’v) = EN (Z Uiai> +C/Zaip\yv,

el il iel

and hence

Gra(v+c¢) < Gra(v) +c (— Zm +/Q <Z ozl-> pq,v> )

i€l 1€l

To have a gauge invariant theory, we want to have

[ (v r-Ta)m -0

el icl

otherwise Gr.qo(v + ¢) = —o0 for ¢ — 400 or ¢ = —oo. This requirement
should not depend on v, hence we need Y ;c;ri = N ;cra; a.e on §2. We
are thus naturally led to assume .

Uniqueness

A Hohenberg-Kohn theorem adapted to our situation shows that the
map v > 7, , where ¥, is a ground state of H N (> wicv), is essentially
injective. Hence if G, o has a maximum, it is unique.

Theorem 6.1.4 (Hohenberg-Kohn). Let Q C R? be an open and connected
set, with Dirichlet any boundary conditions. Let p > max(2d/3,2), and take
an interaction w € (LP + L®)(RY). Let v,u € (*(I,R) and o = (o)ier
where o; € L°(Q,Ry), be such that HN (3 ,c via;) and HN (3,c5 uicv;)
have at least one ground state each, which we respectively denote by ¥, and
U,. If [aipw, = [aipy, for anyi € I, then v = u + ¢ for some constant
ceR.

The proof follows from the standard Hohenberg-Kohn theorem [9, 12] in
the form of [10, Theorem 2.1] and Theorem in Chapter

Coercivity

Let p € L'(R? R,) be a target density which we want to represent by a
potential. In the exact model, the dual problem boils down to maximize V'
EN(V) — [Vpover (LP + L>®)(Q,R). First of all, as a consequence of |20,
Theorem 3.8], one needs to assume that \/p € H'(R?), otherwise the above



153

functional is not bounded from above. Moreover, even if \/p € H L(RY), this
functional is not coercive for d > 2, not even locally in (LP + L*)(Q,R).
For instance take p > 1, take p continuous at the origin, and take a positive
potential V' € (L' N LP)(RY) with compact support. Consider the sequence
Vo(x) :== n?V (nx). Then |V,|?, = n?P~Y [VP — 400 because p > 1 but
EN(V,,) = 0 because V,, > 0, and [ V,,p — p(0) [V is bounded. We remark
that this last counterexample does not hold when d = 1, because then p = 1.
The main goal of this section is to recover coercivity for the discretized dual
problem, in order to make it well-posed.

If there is some i € I such that r; = 0, denoting by e; the i*" degree of
freedom of the potentials, when ¢ — +o0o we expect that G, o(v + ce;) —
EN( > j4i Vi), Where Eg(z#i vja;) is finite and is the ground energy of
the system living in Q\ supp o; with Dirichlet boundary conditions. Hence
G« is not coercive in this case. This shows that

r, >0 Yiel

is a necessary condition for G, o to be coercive.

We define

where EV(0) is the energy of N interacting particles without external po-
tential. It respects EN(CQ]IQ) = (0 and it is non-positive because w > 0. It
vanishes when Q = R? for instance. We can choose the gauge we want, so
we will take potentials v such that EV (3,c; vioi;) = 0 for convenience. Our
variational space of potentials can thus be

{v € 0(LR) | EN(D  viay) :0},

where [v]pn = 3ier [vi] 7i-
Now we can state our main result for the discretized model.

Theorem 6.1.5 (Well-posedness of the dual problem). Take a non-negative
interaction w € (LP + L>) (R4, R ) where p is as in (6.1).

e (Coercivity) Let a be a partition of unity of Q, with o;; € L°(R%, Ry,
such that we have R > 0 for which

(supp ) \ Ujer, ji SUPP o

contains a ball of radius R, uniformly in i € I. Let r € {*(I,Ry) be such
that > ;c;mi = N and r; > 0 for all i € I. For any v € (X(I,R) such that
EN (e viai) = 0, we have

v;<cq 't

Seq Ti
Gro(v) < —min | 1, Luizen i lv—calp +  min <\I/,HN(0)\I/> .
7 weANH}Y(Bg)

J1wP=1
(6.7)
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In particular when I is finite, Gy o is coercive in (-(I,R) = (*(I,R).

e (Existence of an optimizer) Let I be finite, and make the previous
assumptions. There exists a unique v € {*(I,R) (up to the gauge choice)
mazimizing Gro. If moreover € is bounded, there is an N-particle ground
mized state Ty, € SN, (Q) of HN (X¢1 viay) such that for alli € I, [ pr,o; =

r;, and such that

sup  Gra(u) = Gra(v) = & (L) = FN*(r). (6.8)
uell(I,R)

E’v->c i
] ] 1 ZCQ
In , we use the convention that min (1, -

Here are some remarks.
(i) If the ground eigenspace is non-degenerate, that is, if

dim Ker (HN (Z v,-ai) — EN (Z viai>) =1,

then I';, is a pure state, and is also equal to the discretized Levy-Lieb
functional FN<(r).

(ii) The weight functions «; can have overlapping supports, but our
assumption essentially says that the inside part is not too small. In the case
I infinite, it is not clear whether the bound implies that G « is coercive.

) =1 when v > cq.

vi<cq

However, when I is finite, we have >, ., 7 < N and >_, - ., 7 = minr so
(6.7) yields
minr
Gra() <~ ol +c

for any v € £L(I,R) = ¢}(I,R), where ¢ = cq min /N +&y(®P) is independent
of v, and minr > 0 thus G, is coercive in the ¢L norm. Here @ is a
minimizer for the interacting Dirichlet problem on Bp.

(iii) Our bound does not pass to the continuous model because
then R — 0 and

min <\II,HN(O)\I'> — +o00.
VeANHE(BR) R—0

[lwP=1

(iv) In the statement, T is a ground mixed state of HY (3 v;a;) in the
sense that RanT' C Ker (HN(Zviai) - EN(Y viai)).
(v) The pair (v,T',) is a saddle point of the Lagrangian

L@,T)=&@)+ v (—Ti + /Praz')

el

and v is a Lagrange multiplier.
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(vi) If v € ¢°(I,R) is such that HY (Y wv;c;) has a non-degenerate
ground state W(v), then G, o is C* at this point, with

dGT,a
T (v) = —T¢+/P\y(y)ai.

(vii) In the exact model, the existence of a maximizing potential has
not been shown, even when (2 is bounded. We recall that the existence was
proved for the quantum theory on a Z< lattice [6], and in the exact classical
case with positive temperature [5].

6.1.3 Building Kohn-Sham potentials

The problem of v-representability is, given a density p € L'(Q, R,) with
[p=N,peH' and [{p=0}NQ| =0, to find a potential v having a
ground state ¥, respecting py, = p. We will call it the inverse potential.
When w = 0, it is the Kohn-Sham potential [15].

The mixed states case

In the mixed states setting (at zero temperature) and using the Bishop-
Phelps theorem, Lieb showed in [20, Theorem 3.10, Theorem 3.11, Theorem
3.14], that any such p can be approached to any precision in L! N L4/(d-2) by
a v-representable ground state density. We can state a similar result using
our variational approach.

Corollary 6.1.6 (Constructive approximate v-representability in the mixed
states setting). Let Q C R? be a possibly unbounded open set with Lipschitz
boundary. Let p € L'(2,R}) be such that \/p € H}(Q) and [{p =0} N Q| =
0. There exists a sequence v, € L*(Q,R) with compact support such that
HY (v,) has a mized ground state T, with Ty, — Too strongly in &11 up to
a subsequence, where U, is a minimizer of FY. (p). Moreover, VP, = /P
strongly H (), & (Ty,) < FN_(p), and & (Ty,) — FY._(p).

Although the existence part of Theorem holds only for bounded
open sets €2, Corollary holds when €2 is unbounded. The proof uses
Theorem on a sequence of growing bounded sets €2,, with well chosen
weight functions «aj'. We conjecture that if there exists a potential which
exactly produces p, this sequence v,, converges to this exact inverse potential,
in a suitable sense.

The pure states case

For any density p, FN. (p) < F¥(p) implies that p is not v-representable
with pure ground states. This is also closely related to the degeneracy of

the ground eigenspace. To continue, we make a conjecture.
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Conjecture 6.1.7 (Continuity of the Levy-Lieb and Lieb functionals). Take

densities p, pn € LY(R%,Ry) such that \/p, \/pn € HY(RY). If \/pn — \/p in
H'(RY), then F¥(pn) — FN(p) and Fi(pn) = Fii(p)-

Conjecture [6.1.7] would imply that the set of pure-state v-representable
densities is not dense in L'(R? R, ) when d > 2. Indeed, consider a density
p such that FXN (p) < FN(p), the existence of such densities is presented in
[20, Theorem 3.4 (ii)] for d = 3 but similar examples hold for any d > 2.
Then by Conjecture there exists R > 0 such that FY_(x) < FN(x)
for any positive /X € Bg(,/p), where the ball Bg(,/p) is in the H'(R%,R).
Hence Bg(,/p) is an open (in the set of non-negative square functions) set
of densities which are not pure-state v-representable.

However, with a different method which is not variational, it might still
be possible to represent those densities, with excited states. As presented
in [§] for instance, the Kohn-Sham potential can be seen as a Lagrange
multiplier corresponding to the Euler-Lagrange equation of the Levy-Lieb
functional. We give here a result for the discretized problem which only

works for N = 1.

Theorem 6.1.8 (Pure excited v-representability, N = 1). Take N =1, let
Q C R? be a bounded open domain with Lipschitz boundary, consider a finite
partition of unity (o;)icr for Q, and r € (*(I,Ry), Y;e;mi = 1 and such
that r; > 0 for any i € I. There exist v € £>°(I,R) and a pure one-particle
ground or excited state ¥, € HX(Q) of —A + 3 ,c;vic; such that for all
(RS I7 fp\Ifrai =T

The state representing r is a ground state if and only if Fé\[lf(r) =
FNe(r). Applying the last result for an increasing sequence of a’s, we get
the corresponding approximate representability, as we obtained Corollary
6.1.6, For N = 1 the limit potential must be A,/p/,/p and the state must
be the ground state. We conjecture that Theorem holds for any V.
A sufficient property to prove it, is that minimizers ¥ of our approximate
Levy-Lieb functionals have [{¥ = 0}| = 0.

Conjecture 6.1.9. Any minimizer ¥ of FN:%(r) satisfies
Hx eRWN | U(z) = 0}‘ = 0.

This conjecture is related to a unique continuation property. In the
Hohenberg-Kohn theorem, one considers minimizers of the energy &,, re-
specting Schrodinger’s equation, and this implies [{¥ = 0}| = 0 by unique
continuation [10]. Here, this is a converse property in the sense that we con-
sider minimizers of F¥'®(r), and the property [{¥ = 0}| = 0 of minimizers,
that we want to show, would imply that they respect Schrédinger’s equation
(see the proof of Theorem [6.1.8).
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We remark that Conjecture also implies that for any r € /1(I,R,),
xk~Y(r) is a manifold, because dyk is then surjective and one can apply
the preimage theorem [27, Theorem 73.C p556]. Since dyk is closed, this
mathematical framework can be applied to define the so-called adiabatic
connection of DFT, because one can apply the implicit functions theorem
and let w decrease while the inverse potential v increases, keeping the density

fixed.

6.2 Proofs

6.2.1 Proofs of Theorems [6.1.1| and [6.1.2

We start by proving the existence of minimizers.

Proof of Theorem [6.1.1. Let us denote by V¥, a minimizing sequence for
FN2(r). Since w > 0, then

[19vmnl < [ 1992 < &(w) - PY2 (),

by the Hoffman-Ostenhof inequality, and ¥, is bounded in H'(Q2") and
there exists Wo, € ANVH() such that ¥, = ¥, in H1(QVY) and ,/py, —
VPoo in H'(Q). At this step, poo and V., are not related. By summing
all the constraints on the density and using that 1o ) ;c; o = 1o, we have
[ pw, = N. We estimate

/BgnQ Pw, S /P\I/n Z Qi = Z Tis

supp o;NBE#D supp a; NBE#D

and using the assumption yields sup,, |, Ben PU, — 0 when r — 4o0.
This implies that ,/pg, converges strongly in L*(Q2) and weakly in H*(12),
up to extraction of a subsequence. The tightness of pg, also implies that
U, — U, strongly in L2(2), that the limit of py, is py_, and eventually
that [ py__a; = r;. By lower semi-continuity of the energy functional since
w >0, & (Vo) < FN2(r), hence ¥, is a minimizer. By equivalence of the
quadratic form & with the one of H!, ¥ — W, strongly in H!(Q).

In the mixed state case, let us denote by I',, a minimizing sequence.
We use the compactness of the Fock space of particle number less than
N, S (]—" SN ) for the geometric convergence |18 Lemma 2.2], we thus have

I, =g ' forsome ', € S (]-'<N>. As before, the tightness of pr,, implies

I’y — ' strongly in trace-class by [18, Lemma 2.3], hence I's, is an N-
particle density matrix. O

One does not need the weight functions «; to have the diameters of
their supports converging to zero to get that our regularized functionals
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converge to the exact one. Nevertheless, when this is the case, we can deduce
bounds on the rate of convergence of the densities of minimizers to the target
density. More precisely, the following result quantifies the distance between
two densities satisfying [ pa; = [ xa; for all i € I. We consider exponents

q€[l,+00)ifd=1, ¢€[1,2)ifd=2 and q=d/(d—1)ifd>3. (6.9)

Lemma 6.2.1 (Bounds on approximate densities). Let g be as in . Let
Q be an open set, oa; = Bfi where k; € Ry and B; are non-negative concave
functions on supp «;, with sup;cydiamsupp a; < 400, 1o Z:;Of a; = 1q.
Let p,x € L*(,R) such that VP /X € HYQ). If [ pai = [ xa; for any

1 €1, then
lo = lzinznyey < cal [Vl + 1Vl ) supdiamsupp
(2
where cq only depends on d.

Proof of Lemma [6.2.1. Takep > 1. We use the weighted Poincaré-Wirtinger
inequality from [7, Theorem 1.1] with cs; := ([ ;)" [ fay. We obtain

/|f —cpilf a; < ¢p (diamsuppozi)p/ IVFIP a,
for f € {p, x}. Thus, since ¢,; = ¢,; by assumption,
[lo=xlai= [lp=cpi= (= cpla
<& (/ |p = cpal” @i + / X — Cp,z‘\paz)
P
< ¢ (supdiamsupp ai> /(\Vp\p +|Vx P ).
ieN

Summing over ¢ and raising to the power 1/p yields

lo=xlzr <cp <$u§ diam supp ozi) (IVole + 1Vl )- (6.10)
1€

We take p = q, so by writing Vf = 21/fV+/f and by the Sobolev inequality,

we have

2
IV <2|VVF| L VI o < 9VE,,-
Applying (6.10) concludes the proof. O

We prove now the convergence of our regularized functionals to the exact
ones.
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Proof of Theorem[6.1.2 Let us denote by ¥, a sequence of approximate
minimizers for F™n(r,). Since w > 0, then

/ Vpu, |’ < / IV,[* < E(Wn) < FN(r,) + en < FN(p) + €n,

where €, — 0. Hence (¥,),cy is bounded in H'(QV) and there exists
U, € ANHY(Q) such that ¥,, — ¥, weakly in H'(QV). By summing all
the constraints on the density and using that 1o} ;c;a; = 1o, we have
[ pw, = N. We estimate

/Bgmpmé/mn > G?Z/P > af

supp o' B #@ supp o' B #2

and using the assumption yields sup,, |, Benq Pu, = 0 when r — 4o0.
This implies that ,/pg, converges strongly in L*(Q2) and weakly in H*(£2),
up to extraction of a subsequence. The tightness of pg, also implies that
U, — U, strongly in L?(Q%) and that the limit of py, is py__.

Let f € C°(Q2), by assumption , there exists a sequence of functions
fn € Span{a},i € I,} such that |f — ful;» o — 0 when n — +oo. We
also have [ fnpw, = [ fnp because f, € Span{al,i € I,,}. By using

‘/f(pxpn —p)’ = ‘/(f = fu)(pw, —p)‘
< (mnm s nmum) 1F = Fullios e

we deduce that [ fpy, — [ fp. This is a convergence of py, to p in the
sense of distributions and by uniqueness of the limit, we have then p = py__ .

We deduce that W, belongs to the minimizing set of FV(p), consequently
FN(p) < &(V4). By also using lower semi-continuity of the energy func-
tional since w > 0, we have

FN(p) < &(Voo) < liminf E(W,) < FN(p).

We have thus equality and we conclude that W, is a minimizer of F¥(p).
Let us consider the quadratic form ¢(¥) := <\I', HN (O)\Il> The convergence
on the Levy-Lieb functionals FN:@n(r,) — FN(p) gives ¢(¥,,) — ¢(¥oo),
and since w > 0 is (—A)-bounded as a quadratic form, the associated norm
of ¢ is equivalent to the H' norm, and hence ¥,, — W, in H'.

In the mixed states case, we follow a similar adaptation as for proving
Theorem As in the pure states case, the norm of & is equivalent to
the norm of &y 1, hence I';, = I's, strongly in &1 1. O]
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6.2.2 The dual problem: proof of Theorem [6.1.5

In this section, we prove Theorem [6.1.5] on the coercivity of the dual
functional G, o. In the proofs we will use the notation

EY.(v) = EN (Z viozi) , V(v) = Zviozi.

el el

We recall that cq := —EN(0)/N is the constant such that the energy
EN(Yercaai) = EN(cq) = 0 vanishes. We present a fact about the sign
of the potential.

Lemma 6.2.2. Let v € £>°(I,R) be such that EY (v) = 0 and v # cq. If
HN(V(v)) has a minimizer, then there exists k € I such that v, < cq. If Q
is bounded, then there exists £,j € I such that v; < cq < vy.

Proof of Lemma[6.2.3
e Let U be a ground state of HY (V (v)). We have

0= B} (0) = Eviuy(¥) = £ (W) + [ (V(0) = ca) oo

> B¥(ca) + [ (V(0) = ca) pu = 3 (v = ca) [ pua.

Thus

Z |vi—cQ\/,oq,vai < Z "Ui—CQ|/p\vaéi. (6.11)

vVi>CQ v;<CQ

If v > cq, then the right hand side of vanishes and v = ¢ because
{pw, =0} = 0 and therefore [ py,a; > 0 by unique continuation |10}
Remark 1.6].

e If O is bounded, then £V (0) has a minimizer ¥ and

0= B3(0) < Evy (1) = Eaa(0) + [ (V(0) = ca) po

=Y (vi—cq) /P\pai,

el

then we obtain the inequality opposite to (6.11]),

> v —CQ|/p\1/Oéi < D v _CQ|/P\I/0%‘; (6.12)

v;<CcQ vi>cQ

for this particular state. If v < cq, then the right hand side of (6.12))
vanishes, but this is not possible since the left hand side has to be strictly
positive, hence there is £ € I such that v, > cq.
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By unique continuation [10, Remark 1.6], [ p,co; > 0 for any ¢ € I and
any ground state density p, of u € L®(I,R). Hence u — EXY,(u) is strictly
increasing. By taking a potential v € ¢>°(Q,R) such that EY (v) = 0 and
vp > cq for some £ € I, if we suppose that v > cq, then 0 = E(Ji\i[S(CQ) <
E¥ (v), which is a contradiction. We conclude that there is also j € I such
that v; < cq. ]

We are now ready to prove the coercivity for the dual functional.

Proof of Theorem [6.1.5,
e We first prove (6.7). We assumed that there are points y; € R? such
that for any ¢ € I,
Br(yi) C (supp ;) \ Ujer,ji Supp o).
We write X = (z1,...,zy) and Y; = (y;,...,¥;). Let ® € ANH}(Bg) be a

minimizer of
min U, HY (0)) .
VeANHL (BR) < >
J1wP=1
We take some non-empty @@ C I and form
1

YoV (X —Yi).
\/ZiEQ TiieQ

This satisfies [pan [Ug|* = 1, T(¥q) = T(®), W(Tg) = W(®) and

-1
pug () = (Z Ti) Z ripa (T — yi)-

1€Q i€Q

Vg =

For any i € I, the only non-vanishing element of o in Br(y;) is a;, so a; = 1
on Bg(y;). We deduce that

Gr,a (U) < EU (\IIQ) - Z ;T

i€l
N =3 cori
= 50(‘1)) + 72 ZGQ : Z’Uﬂ‘i — Z VT
i€eQ  icQ ieNQ
Tieng™
= EO(CI)) + ZZ:GI\Q ‘Z va; — Z VT
i€Q " icq i€\Q

Since G is gauge invariant, for any p € R and any non-empty @ C I, we
have

Y nori
Gra(v) = Gralv — 1) < E(®) + % S i—pri— > (vi— i
i€Q " jcq ieNQ
(6.13)
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We define the two sets I := {i € I | £v; > cq}. In the case I, # &, we
take Q) = I and p = cq yielding

Cra®) — Eo(®) < 22970 5™ (4 eohri — Y (v1 — ca)r

Zv¢<cg Ty v;<cq V; ZCO
Seo Ti
< min (1, Z) S (i ca)ri— 3 (o= ca)r
Zvi<csz T4 vi<cq Vi =CO
Z > T
< _%”U_CQHZ}' (6.14)

In the case v = cq, we have G o(v) = —cqN = EN(0) < &(®) hence the
bound also holds.

If v > cq, then inf v = cq otherwise 0 = EY, (v) > EX,(infv) > EY cq =
0. We take a sequence (vy(n))nen Where ¢(n) € I is such that v,y — cq
when n — +o0o. If I is finite, then there is £ € I such that v, = 0 and we
take p(n) = ¢ for any n € N. We choose @ = {¢(n)} with only one element,
and then

Gra(v) < Zvﬂ“z < ) + Vyp(n )/p\pQ Qp(n Zvlrl

el el
- HUHZ% + NU«p(n) + & ((ID) .

By gauge invariance, we also have
Gra(v) = Gra(v—ca) < = |v = calp + N (vy0m) — ca) + &0 (@),
and taking the limit n — 400 yields
Gra(v) < —v—calp + & (D).

e Let v" be a maximizing sequence. By coercivity, >, [vf*| 75 is bounded
hence |[v]'| < ¢/r; uniformly in ¢,n. There exists (v5°);er € €>°(,R) such
that v — v for all i € I, up to a subsequence and finally v> € £1(I,R)
by Fatou’s lemma. By weak upper-semicontinuity of G o, we have

sup Gpq = limsup Gy o (v") < Gra(v™),
£°(1,R)
hence v*>° maximizes G, . The maximizing potential is unique by concavity
of the functional.

Now assume that €2 is bounded. Let I', be the minimizer of lex (r),
which exists by Theorem [6.1.1] “ Since [ pr,o; = 14, then

EvipeyTr) = Tr HY (V(0™)) Ty = Tr HY(0)T + > vr
el

+Zv T = Edls ).

el
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By diagonalizing I, =: Y ,cn Ae|we) (pe], where Y ,cnA¢ = 1, and since
Eo(T") is linear in I', we have

D My veey (00) = Egis(v™°).
ten

But Ey(ye) () = EY(v™°) and thus Ey ey (¢r) = EY(v™) for any £ € N,
and finally

er € Ker (BN V(1)) ~ EY(v))
[

Remark 6.2.3. When Q = R?, the situation is different. Assume also
EY (v) = 0. We apply (6.13) with Q = {v; < €} for some € > 0, which is
not empty since inf v = 0. This yields

e T
Gra(v) —&(P) < —min | 1, ZwizeTi v —€|n
Z”L)i<6 Ti e

and we conclude by letting € — 0,

: 2v;>0 T : 2v;>0 T
Grao) -~ £9(0) < i (152207 < (1, 25207 .
Vi

The problem is that we are not able to find a strictly positive lower bound
for > 2.~0 i, which would provide coercivity.

Remark 6.2.4. A natural norm on potentials is the gauge invariant quotient
norm

H"U”e;/N = ;ilel]% Jv— /i”e; )

where v ~ u when v—u is constant. If in (6.13)) we take Q@ = {i € I | v; = inf v},
p = infv we obtain

Gr.a(v) — & (P) < — Z (vi —infv)r; = — Jv —inf vl < —[v]p ;.-

v; >inf v
Hence Gy is coercive in the £L/ ~ norm, but this is not a convenient norm
because by definition we do not control the constant.
6.2.3 Building Kohn-Sham potentials: proofs of Corollary
and Theorem [6.1.8]

In this section, we show how Theorem yields approximate v-representability
when €2 is unbounded.
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The mixed states case

Proof of Corollary[6.1.6. Consider copies of the cube C™ := [~1/n,1/n)?,
centered on the grid points of (Z/n)?. Take Q, to be the union of all those
cubes (C}");er, which are included in QN B,,, where B, is the ball of radius
n. They form an increasing sequence €2,, C £,,11. We choose ' := Len. We

apply Theorem to r(™ = CnTplg, With ¢, = N/ an p. The condition
|{p =0}| = 0 ensures that rgn) > 0 for any i € I,, n € N. We denote
by o™ € £°°(I,R) the maximizer of G, ) ,,, and by I', a minimizer of

FN:an(p(M) We have [ pr,a? = ¢, [ pa? and finally apply Theorem
Each T, lives in SN, (©,) and each HY (3 v?a?) is an operator of

mix

L2(QY), but by “digging pits” close to where the density is localized, we
can create a potential V,, = —\,1q, + > ;vi'af’ with ), large enough so
that we keep the same properties for systems living in R O

The pure states case

Proof of Theorem[6.1.8. We assume N > 1 and only restrict to N = 1 at
the end of the argument. We define the map

. mevn{rer=1 — ®)"
| vo— (fp‘l/ai)ie[-

It is C* and since [ is finite, Ran dy# is closed for any ¥ € L2(2V) because
the image lives in a finite-dimensional space. Now dgG has closed range
for any ¥ € AN H'(Q) because its target space is finite-dimensional. We
compute, for any ¢ € H}(QV) and any v € RII,

Zvi ((dwr) @), = QNReZvi /QN(\IJa)(azl, cooyon)i(xy)dey - - day
i€l el

N
= ZRG/QN; (;viaz) () (Up)(z1,...,zn)dey - - day

= 2Re <(,0, (Zl V(”)Z)\Ij>

Furthermore, h : ¥ — <\IJ, HN(O)\IJ> is C*° with differential
(dwh) ¢ = 2Re (i, HV (0)¥) .

Let ¥ € H}(QV) with unit norm be a minimizer of FN:®(r), then [ pya; =
r; for any i € I. We apply [26, Prop 43.19 p291], ensuring the exist-
ence of Lagrange multipliers (v;);e; € (¢*(I,R))" = ¢*(I,R) such that
HY(V(v))¥ = 0 weakly, or such that (3, V(v);)¥ = 0 weakly and v # 0.
We prove by contradiction that the second case is impossible, so let us
assume that (Y, V(v);)¥ = 0. This is where we need N = 1, which implies
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V(v)¥ =0 and 0 = v; [ pga; = viry, but since r; > 0, we conclude that v; =
0, which is a contradiction. If Conjecture holds, then (Y-, V(v);)¥ =0
implies (>; V(v);) = 0 a.e and v = 0, and this avoids the second case for
all N.

We hence know that

HN(V(v))¥ =0 (6.15)

with V(v) € LP(Q), p as in (6.1)), so ¥ is in the domain of H" (V(v)) and
consequently is an eigenvalue. Since €2 is bounded, V¥ is in the discrete
spectrum. ]
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Chapter 7

Numerical investigation of
the attainability set

In this chapter, we numerically analyze the dual problem and try to
compute the Kohn-Sham potential. This can also be seen as an inverse
problem. We conclude that for d = 1, given a density, we can always find
a potential which ground (or excited) state density is equal to our initial
target density. In dimensions d = 2 and d = 3, the state of our analysis
does not enable to make such conclusions, but we think that further work
will bring an answer.

For practical reasons, we do not use the framework of Chapter [l Instead
we discretize the space on a finite grid (Z N [—L, L]), this corresponds to
the model studied in [5]. In this case and for d = 1 for instance, the laplacian
and the potential multiplication are respectively the matrices

v(xy) 0
0 wv(za)

We implemented the algorithm in Python. We consider the operators in a
plane waves basis, and compute the Fourier series of functions with the fast
Fourier transform methods of Numpy.

We consider the operator

N
ngo(v) = Z (—A; +v(x;)) .

=1

Given some density p belonging to the set
{pel'®)|p>0,[p=N,ypc H(R)}, (7.1)
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called the target density, our goal is to find a potential v such that HY ,(v)
has at least one k" excited state W) (v) and such that for some U (v) €
Ker (Hyp_o(v) = EWN (),

Py (k) (v) = P-
We would also like to know whether the set of v-representable densities

{Paoy | v € (7 + L®)(RY), ¥ (v) € Ker (HY_o(v) — EMN (v)) }
(7.2)
is dense in the set of densities ([7.1). We recall that for & = 0, when the

searched potential v exists, it is unique by the Hohenberg-Kohn theorem [6),
7], as seen in Chapter [I| No similar result seems to be known for k > 1.

More explicitely, since w = 0, we are led to study the one-body operator
— A+, its eigenvectors are denoted by ¢!, having energies E? = [ ]V(pfﬁ +
v |gof}|2. The N-body excited states are W(%) = A;cq, 0!, where S, C N0
is one of the corresponding sets of fondamental and excited states labels
and depends on v, in particular Sy = {0,..., N — 1}. The sets Sy can take
several configurations for some given k in which case the N-body level k is
degenerate. The density is

Py = D

1€SK

2

I

©h

and the energy is E(k)’N(v) = Yies, E!. Hence given some positive dentity
p with [ p = N, we search v such that > ies,, ‘gpﬂQ =p.

In [11, (3.17)], Lieb introduces the density functional FY. (p) in the
form of the maximization of the map v ++ EV(v) — [wvp, which is the dual
problem of the Levy-Lieb functional. For quantum lattices [5], for classical
systems at positive temperature [4] and for the exact discretized model in a
bounded domain (see Chapter @, the corresponding dual problem is well-
posed, that is, this functional has a unique maximizer. This is the Kohn-
Sham potential of the prescribed density. This shows that for k = 0, the
numerical maximization of v +— E¥(v) — [wvp is expected to provide the
potential v such that p(v) = p.

We investigate the cases d = 1 and d = 2, and we conjecture that the
cases d > 3 are similar to the case d = 2. Each of our tests were made on
several dozens of input functions, which were randomly chosen.

7.1 Algorithm for ground and excited states

In the case of mixed states, according to [11, (4.5)], we have

sup  G,(v) = inf TrHY (0)T. (7.3)
verrire resy.

pr=p
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Hence, maximizing

G,(v) := EN(v) — /vp

would lead to the “mixed” Kohn-Sham potential. In the pure states case,
(7.3) does not hold anymore but we can still try to maximize G,. We extend
the original problem by considering the maps

)

G () = BV = [up=— [vp+ 3 [ (|7
€S
for k € N0, where excited energies E(*):N (v) are defined by the usual min-
max formula [12, Section 12.1], the ground energy being EV = E©O:N | In

the case where the k™ level of H)_,(v) is non-degenerate, the Hellman-
Feynman theorem yields

(duGE,k)’N> U = /U(P\y(k)(v) - ),

2 ;
+ v g,

for any potential u. We apply a gradient ascent algorithm on ng)’N to

maximize it, expecting that the maximizing potential would have its k"
excited state density equal to p, as it is the case for k = 0 [5]. That is, we
start from the exact one-body potential

A
L,

Vo -

and compute iteratively
Unt1 = Up + )\(P\w)(vn) - p);

for some W) (v,) chosed arbitrarily in Ker (HY_o(v) — E®)N(v)). The
global constant in potentials has no importance during the scheme, we only
fix it in the graphs, such that [v = 0, for readability purposes. As expected,
for N = 1 and k = 0, the potential vg = A,/p/\/p has a density very
close to the target density p. Moreover, we found that A = 1, kept fixed
during the procedure, is a good speed-convergence trade-off. Note that
in [15], the authors use v"*! = pumyv"/p, and in [9] they use Ml =
v+ A (p\II(U") - P) /p-
We consider that the algorithm converged when

/N <1073,

o) =)

Ll

If it does not converge,

Py (v,) ~ pHLl /N oscillates between higher values,

and min, ey Hqu(k)(vn) - pHLl /N is typically between N and 1072,
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7.2 Justification of the algorithm

We want to provide evidence that the outputs of the algorithm are le-
gitimate. To this purpose, we take potentials v and their target densities
Py (v) and we launch the algorithm on this density, as it is the case in
Figure [7.2]

Ford =1, k = 0 and for any N > 1, the output potential of the algorithm
is close to the initial v. For d =1, k > 1 and N > 1, the output potential
is also close to the initial v, modulo some oscillations as in Figure but
the output density converges to the targeted one. For d = 2, £k = 0 and any
N > 1, the output potential is also close to v. However, for d =2, N > 1
and k > 1, the algorithm is not able to converge, neither in density, nor in
potential. So we cannot test our technique in these cases hence for d = 2 we
only consider k = 0.

7.3 Preliminary remarks

In the simulations, we noted that the densities can be very close while
the potentials are not. This is a usual property for locally weak-strong
continuous maps. Highly oscillating parameters do not change much the
final quantities, see Theorem [4.1.1|in Chapter

In the ground state case, starting from vy = 0 only slightly affects the
convergence, whereas in the excited state case, the algorithm converges sig-
nificantly quicker when we start from vg = A,/p/\/p compared to vy = 0.
Remark that in practice we need to impose a cut-off on vy, because it di-
verges in the areas where ,/p is close to zero.

The presence of nodes is problematic, and excited orbitals have more
nodes. In those areas where an orbital is close to zero, and from the point
of view of the algorithm, the transmission of information between potentials
and orbital densities is blocked, this is certainly the reason of the presence
of oscillations in the excited state case. Also, if we split the density into two
separated parts of non-integer integrals, the algorithm does not converge.
The area situated between the two separated pieces, where the density is
close to zero, raises the divergence issue. Indeed, one electron has then to
split by tunnelling effect, which has a very short range. Our target densities
hence have to hold in only one piece. We illustrate this fact in Figure [7.1
for d = 1, where the target density is split in two separated gaussians. In
the first case, the two gaussians are equal, each of integral 1.5, hence one
of the electrons has to be split into two parts for the target density to be
represented, and we can see that the algorithm diverges. In the second
case, the left gaussian has integral 2 and the second has integral 1, and the
density can be represented, and the problem boils down to two independent
representability problems.
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Figure 7.1: Plot of target and algorithm densities for d = 1, N = 3. In
the first case, the left and right gaussians have integral 1.5 whereas in the
second case, the first has integral 2 and the second one has integral 1. We
see that when the different gaussians have integer masses, the density can
be represented but when they have fractional masses, the density cannot be

represented.

7.4 Dimension 1

Let us start from some target potential v and its target density Py (k) (v)-
After a few iterations, we show in Figure an example of what one can
obtain, in the ground state setting £ = 0 and for the second excited state
k = 2, with the same target potential.

For any N > 1 and any k£ > 0, the algorithm always converges to a
potential v such that P k) (v)- This provides evidence to the fact that the
set of k' excited state v-representable densities is dense in the set of
normalized positive functions ford =1.

To illustrate the response of the algorithm to different kinds of input
densities, we give examples of Kohn-Sham potentials in Figure It is
surprising that the algorithm, using a dual formulation, finds the inverse
potential in the excited state configuration, while the primal problem does
not admit a formulation for excited states. The fact that the map v —
Py (k) (y) Seems injective could motivate the development of functionals in
terms of excited densities, for d = 1.

7.4.1 Levy-Lieb, degeneracies and convergence

We restrict to the ground state case. The convergence of the algorithm
has a very close relationship with degeneracies of the ground eigenspace. In
the proof of |11, Theorem 3.4], Lieb identified a class of densities p such that
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1 —— Density
---- Target density

| b i —— Potential
h 1 ---- Target potential
T T = T T
4 —— Density k) —— Potential
---- Target density 11 ---- Target potential

Figure 7.2: Plot for d =1, N = 5, in the ground state setting k£ = 0 on the
first line and for the second excited state k = 2 on the second line. We start
from a target potential v and launch the algorithm on Py (v)-
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(\ﬁﬁﬁ/\

Figure 7.3: Target densities in red and their Kohn-Sham potential (in dif-
ferent units) in blue, for d = 1, N = 5, for the ground state setting and
starting from several initial target densities.

FN._(p) < FN(p). He used radial symmetry and degeneracies of spherical
orbitals in dimension 3, which can also be used in dimension d > 3 but not
in dimension 1. Moreover, relying also on |11, Theorem 3.10], we think that
a density p is v-representable with ground states if and only if FY. (p) =
FN(p).

We think that our algorithm converges if and only if FN. (p) = FN(p),
and that this is also equivalent to the fact that the ground eigenspace of
HY o (vis(p)) is non-degenerate, where vys(p) is the Kohn-Sham potential of
the mixed state case.

To prepare the discussion, we recall a well-known result specific to the

dimension one.

Proposition 7.4.1 (Non-degeneracy theorem). For d =1 and N =1, for
v € (L' + L*®)(R), every eigenstate of HY (v) is non-degenerate.

We recall its proof for the convenience of the reader.

Proof. Let ¥y, ¥y € H'(R,R) be such that H (v)¥; = EV; for i € {1,2},
with £ € R. Then by multiplying the first equation by Wy and the second
by ¥; and substracting, we can work on the Wronskian and get 0 = U 0 —
T U} = (U0, — U ¥))'. Hence U, U, — Uy W) = ¢ for some constant
c € R, but since ¥y, ¥y € H', then ¢ = 0. We have then ¥} /¥; = U, /¥,
on {z €R ‘ Uy # 0, ¥y # 0}, which has full measure by unique continuation
[6]. Finally U1 = aV¥y with a = £1. O
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This result could justify the fact that the case d = 1 is very different from
the case d > 2 that we will study. Even for N > 2 and k > 0, the eigenspaces
of HY_,(v) might be “generically” non-degenerate in a sense that should be
precised, and this would justify that densities are always v-representable as
seen in simulations. For a general N > 1 and w = 0, ground states can be
degenerate, this happens when several combinations of the N first orbitals
have the same energy, but this must be a quite “rare” situation. Hence for
d = 1, we conjecture that densities are generically representable, with any
excited state, and FN. (p) = F¥(p) for any regular density p. This would
legitimate the inversion of p for one-dimensional systems, as done in [8, |10}
13| for instance.

7.5 Dimension 2

7.5.1 Experiments

For d = 2, we restrict to k = 0 because the algorithm did not manage
to reconstruct potentials from excited densities. We noted that the conver-
gence of the algorithm depends on the target density p. In Figure we
present the case N = 2 and a gaussian target p(z) = (2710)*16*9”2/(2” ). In
this case, the algorithm oscillates between two rotated configurations. In
Figure the picture on the left is the target density, and the two others
are the final two configurations which persist indefinitely. The curve shows
”IO\IJ(O)(vn) — p‘ o /2 against the iteration n, we see that it converges to some
threshold above 0.6.

We tested the algorithm on hundreds of different densities, chosen to
be sums of gaussians having random parameters. Even for densities which
present less symmetries, the algorithm hardly attains precisions lower than
1072, whereas on densities Py (k) () COMINg from potentials, they always reach
1073.

7.5.2 Levy-Lieb, degeneracies and convergence

We launched the algorithm on many densities, chosen randomly, and
most of the time it did not converge. We now give a quantification of the
relation between symmetry, degeneracy and convergence. We consider a
familly of densities

pa(z) = cq (e—ux—xoné/(za% + a€—||x+xo||§/(2a2)) , (7.4)

/5

where ¢, is such that [p, = N, and 2o = ( 0

) . We then compute

inf Hp(o) (vn) — pa‘

N
neN L1 /
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Figure 7.4: Gaussian target density for d = N = 2, ¢ = 1, the two

ground state density configurations of potentials maximizing Ggo)’Q, and

Hpq,(o) (vn) — (271'0‘)—1@_:1:2/(202)

o /2 against n.
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Figure 7.5: Plot of inf,cn HP‘I’(O)(vn) - Pa’

I /N against o for d = N = 2,
o =1, when we progressively break the radial symmetry of a gaussian target
density.

for several values of @ between 0 and 1, and plot the results on Figure
This progressive breaking of the radial symmetry shows that densities are
closer to be v-representability when they are less symmetric. We also con-
jecture that FN(p) — FN_(p) decreases when symmetry is broken.

The oscillations we see in Figure|7.4]look like oscillations of the Roothaan
algorithm used in the Hartree-Fock case [14]. This oscillating behaviour is
circumvented by passing to the mixed states case, as done in the Optimal
Damping Algorithm [1-3].

Finally, we show here that the radial symmetry can also enable the
system to converge. Indeed, for values of N such that the Fermi level is full,
then the density of the system is also radial. Hence this boils down to one
dimension, in which case the algorithm always converge. In Figure [7.6] we
provide the minimal distances for different values of N, where the target
density is one Gaussian with the same parameter o as in . We see
that for the values of IV such that the external electronic shell is closed in
dimension 2, the algorithm is convergent, otherwise it diverges.

7.6 Improvements

In d = 1 and for £ > 1, at each iteration of the potential, one can
convolve it with a gaussian, to avoid oscillations of the searched potential.
This is a standard technique in inverse problems. We will also improve the
algorithm to make it converge in all cases to the Kohn-Sham potential for
mixed states. A final step can then check whether a pure state representing
the described density exists, from the knowledge of this mixed states Kohn-
Sham potential.
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Figure 7.6: Gaussian target density, plot of

infpen HP\p(O)(vn)—(27TU)_1€_I2/(2‘72) o /N against N for d = 2. We

see that the algorithm converges if and only if the external electronic shells
are closed.
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RESUME

La théorie de la fonctionnelle de la densité est la méthode la plus efficace pour modéliser la matiere quantique a I'échelle
microscopique. Son champ d'applications et tres large, il couvre les atomes, molécules, solides, fluides. Malgré son
éclatant succes en physique et chimie quantique, peu de travaux mathématiques ont porté sur ses fondations. L'objectif
de cette thése a été d'étudier les principales questions liées aux fondements de la théorie. Nous avons traité certaines
questions mathématiques autour du théoreme de Hohenberg-Kohn, analysé les propriétés de I'application des potentiels
vers les densités des états fondamentaux, et avons enfin étudié le probleme inverse de Kohn-Sham.

MOTS CLES

Physique mathématique, mécanique quantique a N corps, théorie de la fonctionnelle de la densité, théorie
spectrale, analyse fonctionnelle.

ABSTRACT

Density functional theory (DFT) is the most efficient method to model matter at the microscopic scale. Its range of applic-
ability is very wide, covering atoms, molecules, solids, fluids. Despite its tremendous success in physics and quantum
chemistry, few mathematical works were devoted to its rigorous foundations. The goal of this PhD thesis is to address the
main ones. We analyze mathematical aspects about the Hohenberg-Kohn theorem, about the potential-to-density map,
and about the Kohn-Sham inversion procedure.

KEYWORDS

Mathematical physics, N-body quantum mechanics, density functional theory, spectral analysis, spectral the-
ory, functional analysis.
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