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Résumé succinct

Dans cette these, on se propose d’étudier les propriétés mathématiques et numériques de certaines
méthodes de plongement en mécanique quantique. Le principe de ces dernieres réside dans I’approximation
d’un grand systéme quantique en une collection de sous-systéemes auto-cohérents. Cette stratégie per-
met d’outrepasser les limitations pratiques inhérentes du probleme & N-corps, et de décrire certaines
propriétés de systemes électroniques fortement corrélés.

La premiere partie pose le cadre mathématique et introduit les deux méthodes étudiées dans cette
these : d’une part la Théorie du Champ Moyen Dynamique (Dynamical Mean-Field Theory (DMFT)),
s’'intéressant aux fonctions de Green quantiques & un corps, et d’autre part la Théorie du Plongement de
la Matrice Densité (Density Matrix Embedding Theory (DMET)), portant sur la matrice densité réduite
a un corps.

On présente alors une analyse des équations DMET, ot 'on démontre l’existence et 'unicité d’une
solution “physique” dans la limite faiblement interagissante. La qualité de I'approximation réalisée est
aussi étudiée dans cette limite : on montre I'exactitude au premier ordre, en le parametre d’interaction
entre les électrons, de 'approximation DMET. Des résultats numériques présentent ’applicabilité des
théoremes démontrés, et soulignent 'importance des hypotheses formulées.

Les équations DMFT sont étudiées dans la partie suivante, dans le cadre de 'approximation du solveur
d’impureté “Iterated Perturbation Theory (IPT)”. Notre analyse montre 'existence de solutions & ces
équations, a l'aide d’une reformulation originale de ces dernieres en termes d’un probleme de point-fixe
dans ’espace de certaines mesures positives.

Enfin, on étudie les propriétés d’une version discrete des équations IPT-DMFT, en donnant des
résultats d’existence et d’unicité de la solution. Des simulations numériques réalisées sur un modele de
Hubbard révelent I'intérét et les propriétés de cette méthode dans I’étude d’un effet de fortes corrélations:
la transition de Mott.

Executive summary

In this thesis, we propose to study the mathematical and numerical properties of certain embedding meth-
ods in quantum mechanics. The principle of these methods lies in the approximation of a large quantum
system into a collection of self-consistent subsystems. This strategy makes it possible to overcome the
practical limitations inherent in the N-body problem, and to describe certain properties of strongly
correlated electronic systems.

The first part sets out the mathematical framework and introduces the two methods studied in this
thesis: Dynamical Mean-Field Theory (DMFT), which deals with one-body quantum Green’s functions,
and Density Matrix Embedding Theory (DMET), which deals with the one-body reduced density matrix.

We then present an analysis of the DMET equations, in which we demonstrate the existence and
uniqueness of a “physical” solution in the weakly interacting limit. The quality of the approximation is
also studied in this limit: the first-order accuracy of the DMET approximation in terms of the electron
interaction parameter is shown. Numerical results show the applicability of the theorems demonstrated,
and underline the importance of the assumptions formulated.

The DMFT equations are studied in the following section, in the framework of the approximation of
the impurity solver “Iterated Perturbation Theory (IPT)”. Our analysis shows the existence of solutions
to these equations, using an original reformulation of the latter in terms of a fixed-point problem in the
space of certain positive measures.

Finally, we study the properties of a discrete version of the IPT-DMFT equations, giving existence
and uniqueness results for the solution. Numerical simulations implemented on the Hubbard model reveal
the interest and properties of this method in the study of a strong correlations effect: the Mott transition.






Résumé détaillé

Cette these se concentre sur l'analyse mathématique et numérique d’une classe d’approximations en
mécanique quantique, les méthodes de plongement (embedding methods). Ces dernieres s’intéressent plus
précisément aux systemes d’électrons en interaction, et sont motivées par des réalisations expérimentales
dont I'explication théorique est un sujet actif de recherche, aussi bien en physique de la matiere condensée
(supraconductivité & haute température par exemple) qu’en chimie quantique (structure électronique par
exemple).

Vue d’ensemble

Avant de présenter ces approximations, rappelons que I’étude de systemes quantiques impliquant un grand
nombre de particules en interaction constitue un véritable défi pour le mathématicien appliqué, aussi bien
analytique que numérique. Par exemple, connaitre les états admissibles d’un systeme quantique isolé et
composé d'une assemblée de IV particules en interaction nécessite de résoudre d’un probleme aux valeurs
propres, l’équation de Schrédinger a N corps. Cette équation, dont 'inconnue est la fonction d’onde a
N corps, est une équation aux dérivées partielles posée dans un espace fonctionnel dont la dépendance
spatiale croit exponentiellement avec le nombre N de particules décrites, et pour laquelle la recherche de
solutions explicites est tres difficile. Des approches numériques issues de la simulation des équations aux
dérivées partielles, comme celles des éléments ou des volumes finis, sont des lors cantonnées a ’étude d’un
faible nombre de particules, et échouent en particulier & décrire la situation limite d’un nombre infini de
particules, aussi appelée limite thermodynamique.

Ce constat explique le recours a des méthodes d’approzimations spécifiques, dont I’élaboration remonte
a 'avenement de la théorie de la mécanique quantique elle-méme. L’exemple archétypique et primordial
de ces méthodes est certainement la théorie de Hartree-Fock, dont I'objet d’étude est I’état fondamental
d’une assemblée de fermions en interaction. Sans entrer dans les détails ni le formalisme, indiquons en
résumé que son principe consiste a trouver la meilleure solution approchée parmi les fonctions d’ondes
représentant des électrons non interagissants, les déterminants de Slater. Une fois cette solution trouvée,
I’écart entre celle-ci et la solution exacte décide du caractere corrélé du systeme : lorsque l'écart est
faible, c’est-a-dire lorsque la solution calculée par la méthode de Hartree-Fock est proche de la solution
exacte, le systeéme est dit faiblement corrélé. Bien entendu, c’est la situation contraire, celle des systemes
dits fortement corrélés qui motive 1’élaboration actuelle de nouvelles méthodes d’approximations, et en
particulier celle des méthodes de plongements.

Bien que le sujet soit encore émergent et que ses contours soient a préciser, on peut dégager de la
littérature existante le principe sur lequel cette nouvelle classe d’approximation repose. Contrairement
a la méthode de Hartree-Fock, les méthodes de plongement approchent la solution exacte en considérant
une collection de sous-problémes d’électrons interagissant, appelés probléemes d’impureté. Ces derniers
sont formés a la suite d’une décomposition du systeme original, et sont ainsi définis pour étre résolus
efficacement par des méthodes précises. En reportant les détails de la construction de ces problemes
d’impuretés (celle-ci dépend d’ailleurs de la méthode de plongement considérée), indiquons seulement
que, par un procédé donné, chaque probleme d’impureté est obtenu par moyennisation des interactions
extérieures a celui-ci, donnant lieu a I’équivalent quantique d’un champ moyen, de fagon analogue a
celui que 'on présente lors de 1’étude du modele d’Ising. Toujours de fagon informelle, les méthodes de
plongement peuvent aussi étre considérées comme un équivalent quantique des méthodes de décomposition
de domaine des équations aux dérivées partielles.

En se concentrant sur la résolution d’une collection de sous-problemes, les méthodes de plongement
ont ainsi une complexité algorithmique bien moindre que les approches conventionnelles. C’est d’autant
plus vrai lorsque le systeme possede une invariance par translation spatiale, réduisant alors la résolution
a celle d'un unique probleme d’impureté. Toutefois, et de la méme facon que pour le modele d’Ising, les
méthodes de plongement imposent que les parametres du champ moyen des problemes d’impureté soient
cohérents avec la solution obtenue : il s’agit d’'une méthode auto-cohérente, qui, sur le plan de 'analyse
mathématique, meéne & la résolution d’une équation de point-fize. La résolution pratique de ces équations
utilise cette formulation, et fait donc appelle & des méthodes itératives, avec accélération ou non.

Malgré 1'usage généralisé de ces méthodes, leur étude mathématique est tres limitée. Dans cette
theése, nous nous intéressons en particulier & deux méthodes de plongement : la théorie du plongement
de la matrice densité d'une part (Density Matriz Embedding Theory (DMET)), utilisée essentiellement
en chimie quantique et s’intéressant a la matrice densité réduite a un corps, et la théorie du champ
moyen dynamique d’autre part (Dynamical Mean-Field Theory (DMFT)), davantage utilisée en physique
de la matiere condensée et se concentrant sur la fonction de Green a un corps du systeme. Dans les



deux cas, I'objectif premier est de montrer leur caractere bien posé, c’est-a-dire 'existence et 'unicité
d’une solution & I’équation de point fixe qui les définit mathématiquement. L’espace dans lequel cette
équation est posée doit répondre a deux obligations: d’une part, il doit assurer le caractére bien posé
de I’équation, et d’autre part, il doit se restreindre aux solutions dites “physiques”, celles qui partagent
certaines propriétés attendues de la solution exacte que la méthode se propose d’approcher.

Cette these s’organise donc comme suit. Le premier chapitre constitue une introduction générale,
aux systemes quantiques fortement corrélés. Il définit les quantités auxquelles les méthodes étudiées
s’intéressent, et présente brievement la structure de ces méthodes ainsi que les résultats mathématiques
obtenus. Dans le deuxiéme chapitre, on étudie la théorie du plongement de la matrice densité (DMET).
Le troisiéme et le quatrieme chapitres sont quant a eux consacrés a I’étude de la théorie du champ moyen
dynamique (DMFT), sans puis avec discrétisation. Cet ordre, anti-chronologique pour ce qui releve du
développement des méthodes, est celui que 'auteur a suivi durant son doctorat. Il est motivé par le
fait que les objets impliqués vont par abstraction croissante : l'approximation DMET se pose dans un
espace de matrices bien décrit mathématiquement par des travaux antérieurs, alors que I’approximation
DMFT nécessite I'introduction des fonctions de Nevanlinna-Pick, dont I'usage en mathématiques de la
mécanique quantique est peu répandu.

Chapitre 1 : introduction générale aux méthodes de plongement

Le premier chapitre introduit et motive les méthodes de plongement. Partant d’une expérience de
lévitation d’'un aimant au-dessus d’un supraconducteur, on présente d’abord un modele minimaliste
d’électrons en interaction, le modele de Hubbard. Ce modele est présenté pour deux raisons : d’une
part, il intéresse aussi bien le champ de la matiere condensée que celui de la chimie quantique, modele
plus connu par ce dernier sous le nom de Pariser-Parr-Pople, et d’autre part, c’est la résolution approchée
de ce modele qui a motivé ’élaboration de la premiere méthode de plongement, la théorie du champ
moyen dynamique.

On présente ensuite les deux quantités d’intérét des méthodes de plongement considérées. Le formal-
isme adéquat pour une présentation unifiée de ces dernieres dans les situations qui intéressent les deux
méthodes est celui de la seconde quantification pour un systéeme fermionique, dont les grandes lignes
sont rappelées. On introduit alors la matrice densité réduite a un corps d’un tel état, et on détaille
les propriétés de cette derniere dans le cas d'un état déterminant de Slater et dans celui d’un état de
Gibbs. La partie la plus importante de I'introduction se concentre alors sur le cadre mathématique des
fonctions de Green quantiques & un corps : le formalisme introduit permet de voir cette derniere comme
une généralisation dynamique de la matrice densité réduite & un corps. On introduit pour ce faire la
notion d’état stationnaire d’un Hamiltonien donné, qui englobe les états propres de ce dernier ainsi que
I’état de Gibbs associé, et on définit alors les propagateurs de particule et de trou. On calcule alors
I'expression de ces derniers dans le cas d’un systéme de fermions non interagissant (le Hamiltonien & N
corps est construit & partir d’'un Hamiltonien & un corps), explicitant ainsi le lien entre les propagateurs
et la matrice densité réduite a un corps. Cette situation est aussi celle dans laquelle les fonctions de
Green quantiques & un corps (ordonnée en temps, avancée et retardée), introduites a cet endroit, sont
effectivement des fonctions de Green de l'opérateur différentiel impliqué dans I’équation de Schrodinger
a un corps. On introduit alors la transformée de Fourier généralisée de ces fonctions (définie dans le
demi-plan complexe supérieur), qui, toujours dans le cadre d’un systéme de fermions non interagissant,
se révele étre la résolvante de 'Hamiltonien a un corps. Dans le cas général d’un Hamiltonien quelconque,
les fonctions de Green quantique & un corps ne sont plus les fonctions de Green d’un opérateur différentiel
donné. Cependant, et pourvu que celle-ci soit bien définie, leur transformée de Fourier généralisée définit
une fonction de Nevanlinna-Pick a valeur dans I’ensemble des opérateurs bornés. Cette propriété permet
alors d’introduire et de discuter du contenu physique de la mesure spectrale associée, en comparant la
représentation intégrale des fonctions de Nevanlinna-Pick et celle de Kallen-Lehmann des fonctions de
Green quantiques a un corps.

Cette introduction générale se conclut par une présentation des deux méthodes dans ’ordre inverse de
celui choisi pour cette these, afin de proposer une perspective différente. Pour se démarquer plus encore
des présentations individuelles de ces méthodes dans les chapitres qui leur sont dédiés, la théorie du
plongement de la matrice densité est présentée d’une maniere différente et plus concise, et que les lecteurs
habitués aux méthodes issues du champ de 'information quantique apprécieront peut-étre davantage. Les
contributions mathématiques y sont alors résumées et un tableau récapitulatif permet de comparer les
deux méthodes. Enfin, quelques perspectives sont dégagées, essentiellement concernant la théorie du
champ moyen dynamique.



Chapitre 2 : la théorie du plongement de la matrice densité (DMET)

Dans le deuxiéme chapitre, on s’intéresse a la théorie du plongement de la matrice densité. Ce chapitre
est tiré d’un article coéerit avec Eric Cances, Fabian Faulstich, Antoine Levitt et Eloise Letournel.

Comme annoncé dans l'article introduisant cette méthode, la théorie du plongement de la matrice
densité se veut étre une “alternative plus simple” a la théorie du champ moyen dynamique. D’une part,
elle se concentre sur la matrice densité réduite & un corps de I’état fondamental (une quantité statique,
par opposition & la fonction de Green) D’autre part, les problemes d’impureté sont de dimension finie.
Cette approche permet de mobiliser, lors de ’étape de résolution de ces problemes, des solveurs précis
et bien connus de la communauté de la chimie quantique (méthode Full Configuration Interaction (FCI)
par exemple). Pour cette raison, 1’étape impliquant la résolution commune des probléemes d’impureté
porte le nom de “solveur haut niveau” (high-level solver). Par opposition & ce dernier, la boucle de
rétroaction (qui permet de définir le probleme de point fixe) porte elle le nom de “solveur bas niveau”
(low-level solver), car il est attendu que cette étape fasse appel a des méthodes moins précises et donc
moins coiiteuses (méthode de Hartree-Fock par exemple). Cette méthode s’applique & des probleémes
issus de la chimie quantique, pour lequel le Hamiltonien est constitué de deux termes : I'un modélise le
comportement individuel des électrons, 'autre les interactions entre ces électrons.

Dans cette partie, on introduit la premiere analyse mathématique de cette méthode. L’approche
adoptée trouve son origine dans I'affirmation selon laquelle cette théorie serait exacte dans la limite
non-interagissante (de fagon analogue a la théorie du champ moyen dynamique) : I’analyse est d’abord
entreprise dans cette limite, puis étendue & la limite faiblement interagissante.

Ainsi, apres une introduction permettant de formaliser mathématiquement cette méthode, on prouve
d’abord que, dans la limite non-interagissante et sous des hypotheses raisonnables, la matrice densité
réduite a un corps exacte est effectivement solution de I’équation de point de fixe de cette méthode. Toute-
fois, rien n’indique que cette solution est unique (des résultats numériques vont d’ailleurs dans le sens
contraire de cette affirmation) : on se contente donc, ensuite et sous deux hypotheses supplémentaires, de
prouver l'existence et I'unicité d’une solution dans le voisinage de la solution exacte dans la limite faible-
ment interagissante. De plus, on montre que cette solution est analytique en le parametre d’interaction,
tout comme la solution exacte. Dans cette limite, la théorie du plongement de la matrice densité fournit
donc une approximation “physique” de la matrice densité réduite a un corps, au sens ou la solution
approchée partage cette propriétés de la solution exacte. Toujours dans cette limite faiblement interagis-
sante, on montre enfin que la solution fournie par la méthode est exacte au premier ordre en le parameétre
d’interaction entre les électrons.

On complete alors cette analyse mathématique par une étude numérique pour deux systémes, 'un
impliquant dix atomes d’hydrogene et 'autre six. Pour le deuxieme systeme, les atomes sont placés
dans une configuration paramétrée par un angle donné : en faisant varier cet angle, on montre alors
numériquement que, a priori, la solution approchée n’est exacte qu’au premier ordre en le parametre
d’interaction. Toujours en variant la configuration de ces atomes, on montre que pour certaines valeurs
de I'angle violant les hypotheses nécessaires au théoreme d’unicité, il existe plusieurs solutions a I’équation
de point fixe posée.

Chapitre 3 : la théorie du champ moyen dynamique (DMFT)

Le troisieme chapitre porte sur la théorie du champ moyen dynamique. Ce chapitre est tiré d’une
prépublication coécrite avec Eric Cances et Solal Perrin-Roussel.

Par opposition au chapitre précédent, la théorie du champ moyen dynamique cherche elle a approcher
une quantité réduite dépendante du temps d’un systeme quantique : la fonction de Green quantique a un
corps associée a un état de Gibbs. Bien qu’elle ait été étendue par la suite a des modeles plus généraux,
en particulier lorsqu’elle est combinée a d’autres méthodes telles que la théorie de la fonctionnelle de
la densité , la DMFT cherche, dans sa version primitive, a approcher la fonction de Green d’un modele
de Hubbard. Pour ce faire, elle procede de fagon analogue a la théorie de champ moyen du modele
de Ising. En premier lieu, on réalise une partition du graphe en une collection de sous-graphes. A
chaque sous-graphe est ensuite associé un probléme d’impureté de Anderson, pour lequel 'impureté est
spécifiée par le sous-graphe, alors que le bain ainsi que son couplage & I'impureté sont les inconnues de
la théorie. Ces derniers, représentés par leur fonction d’hybridation, sont choisis de sorte a satisfaire une
équation d’auto-cohérence formulée a l'aide de la self-énergie des problemes d’impureté et de la fonction
de Green non-interagissante du modele de Hubbard. Cette équation d’auto-cohérence garantit en outre le
caractere exact de cette méthode dans les situations limites des électrons non interagissants et strictement
interagissant.



Dans cette partie, on propose donc la premiere analyse mathématique des équations de la théorie du
champ moyen dynamique, appliquée & un modele de Hubbard et pour un solveur d’impureté spécifique,
le solveur Iterated Perturbation Theory (IPT).

Apres une remise en contexte dans la premiere partie, la cadre mathématique et I'approximation
physique en question sont introduits. On y rappelle les définitions et les propriétés de la fonction de
Green a un corps, puis on introduit la self-énergie pour un espace de Hilbert a une particule de dimension
finie. Cette quantité intermédiaire est centrale dans la théorie du champ moyen dynamique : apres
avoir rappelé la définition du modele de Hubbard, on présente le modele d’impureté de Anderson, pour
lequel la self-énergie se révele étre un opérateur localisé sur 'impureté. C’est cette propriété qui motive
I’approximation de la théorie du champ moyen dynamique, qui, & un modele de Hubbard, associe une
collection de modeles d’impureté de Anderson. Cette association est présentée avec tout le formalisme
mathématique nécessaire (en particulier, grace au langage de la théorie des graphes), et discutée dans
les limites triviales d’électrons non interagissants et strictement interagissants. On présente alors le
solveur d’impureté IPT. Cette notion nécessite I'introduction d’un formalisme propre aux fonctions de
Green associées aux états de Gibbs, le formalisme dit de Matsubara. On montre en particulier le lien
qu’entretient ce dernier avec le formalisme des fonctions de Green introduites jusqu’ici, avant de présenter
le solveur IPT pour un systéme invariant par translation et paramagnétique. Cette section se conclut
par la présentation des équations IPT-DMFT, dont on se propose de faire ’analyse mathématique.

Dans la troisieme partie, on commence par montrer le lien entre, d’'une part, les fonctions de Green,
la self-énergie et la fonction d’hybridation, et d’autre part, les fonctions de Nevanlinna-Pick : & un
signe pres, ces quantités issues de la physique sont des fonctions de Nevanlinna-Pick & valeurs opérateur.
C’est cette propriété qui définit les solutions dites ”physiques” aux équations auxquelles on s’intéresse.
On montre ensuite ’absence de solutions définies par un bain de dimension finie. Cette proposition
motive I'extension du domaine & celui de fonctions représentant un bain de dimension infinie, pour lequel
on montre l'existence de solution(s). La preuve est basée sur un théoréme de point fixe de Schauder,
apres avoir reformulé le probleme en termes de mesures de probabilité via la représentation intégrale des
fonctions de Nevanlinna-Pick. En corollaire de la preuve, on montre que toute solution aux équations
IPT-DMFT ont une mesure de Nevanlinna Riesz admettant des moments a tout ordre.

Chapitre 4 : étude d’un schéma de discrétisation des équations IPT-DMFT

Dans ce dernier chapitre, on s’intéresse a un schéma de discrétisation des équations IPT-DMFT. Ce
chapitre est tiré d’un article en cours de rédaction avec Eric Cances et Solal Perrin-Roussel.

L’intérét majeur des méthodes de plongement réside dans leur capacité a fournir une approximation
numérique des quantités auxquelles elles s’intéressent. C’est le cas de la théorie du plongement de la
matrice densité, qui, telle que présentée et étudiée au chapitre 2, est formulée dans un espace de dimension
finie et ne nécessite donc pas a priori, de schéma de discrétisation supplémentaire. En revanche, on a
montré dans le chapitre précédent que les équations IPT-DMFT admettent une solution lorsqu’elles sont
formulées dans un espace de fonctions de Nevanlinna-Pick. Cet espace n’est pas de dimension finie, et
toute approche numérique nécessite donc une discrétisation des équations étudiées jusqu’ici.

On s’intéresse plus particulierement aux équations discrétisées aux fréquences dites de Matsubara
(aussi appelées “fréquences imaginaires”) : les fonctions sont remplacées par leur évaluation en un en-
semble discret de points également espacés sur ’axe imaginaire pur, les fréquences de Matsubara fermion-
iques. Cette méthode de discrétisation est naturelle lorsque 'on utilise le solveur IPT dans sa version
continue : celui-ci ne nécessite que la donnée de la fonction d’hybridation en ces points, et fournit la self-
énergie a partir de ces mémes points. Elle permettrait, pour un nombre infini de fréquences de Matsubara,
d’obtenir la solution dans le demi-plan complexe supérieur tout entier par prolongement analytique. En
revanche, pour un nombre fini de fréquence, le solveur IPT n’a pas acces a l'intégralité des fréquences
de Matsubara : on doit donc étudier une version approchée de ce dernier, pour lequel aucun résultat
mathématique précédemment établi ne s’applique directement.

Dans ce chapitre, on présente d’abord la méthode et les équations étudiées. Apres un bref rappel
du formalisme de Matsubara, on définit les équations concernées sont définies. La différence essentielle
avec le chapitre précédent réside dans le fait que ces équations ne sont pas adaptées au formalisme des
fonctions de Nevanlinna-Pick. Pour cette raison, on relaxe le critere de solution “physique”, en imposant
seulement que les solutions soient (& un signe un preés) des vecteurs aux composantes dans le demi-plan
supérieur.

On montre dans la deuxiéme partie un théoreme garantissant l’existence de solutions, uniformément
en le parametre d’interaction, pourvu que les autres parametres du modele et de ’approximation DMFT



respectent une certaine inégalité. La preuve est basée sur le théoreme de Brouwer, ainsi que des esti-
mations des différentes quantités impliquées dans ce formalisme, et ne fait aucun usage de la théorie des
fonctions de Nevanlinna-Pick.

Dans la section qui suit, on effectue des tests numériques en implémentant un algorithme itératif basé
sur cette discrétisation, grace a la librairie TRIQS. On montre alors numériquement la transition de Mott
ayant lieu pour un modele de Hubbard, telle que prévue par 'approximation DMFT discrétisée. On
s’intéresse ensuite a la convergence de I'algorithme: on discute en particulier du role de la température et
du parametre d’interaction entre les électrons dans celle-ci. Guidé par cette étude numérique, on exhibe
d’ailleurs une solution aux équations qui ne satisfait pas au critere minimal de solution physique défini
au préalable.

Cette étude est cohérente avec le résultat d’unicité présenté dans la derniere partie : on montre que,
pourvu que la température soit suffisamment élevée (relativement aux autres grandeurs du systeme), la
solution est unique et peut étre obtenue a ’aide d’une méthode itérative directe. La preuve de ce dernier
théoreme repose sur le théoreme de point fixe de Picard.
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This thesis is devoted to the mathematical and numerical analysis of embedding methods in quantum
mechanics. In this chapter, we introduce these methods and the context in which they emerged: the
study of strongly correlated systems, for which a complete theory has not yet been established. We begin
with a physical motivation, by introducing a concrete and prototypical example of strongly correlated
material, namely some high critical temperature superconductors, to give the reader an idea of the stakes
involved in research in this area of physics. We then present the Hubbard model, its various physical
realizations and what is known about it analytically. This will motivate the introduction of reduced
quantities, namely the one-body density matrix and one-body Green’s functions, after a brief reminder
of the second quantization. Special emphasis will be placed on quantum Green’s functions, which are
widely used in physics but little treated from a mathematical-physics point of view. Once these notions
are defined, we finally introduce the two embedding methods that we deal with in this thesis, Dynamical
Mean-Field Theory (DMFT) (based on one-body Green’s functions) and Density Matrix Embedding
Theory (DMET) (based on one-body density matrices), and describe the contributions of this thesis. We
conclude this introduction with perspectives and what we consider to be interesting problems to discuss
in the (near) future.

1.1 Strongly correlated materials: motivations for the Hubbard
model

1.1.1 Motivation: high 7, superconductivity

Introductory experiment Let us begin with the description of an experiment that we can reproduce
at Bcole des Ponts: consider a normal magnet, placed on top of a button made out of a certain ceramic
that has no magnetic properties at room temperature. These two are placed in a cryostat in which we
pour liquid nitrogen (Figure . The liquid boils instantly, and a few seconds after the evaporation
slows down, the magnet lifts off the bottom and floats in a stable position above the ceramic (Figure
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(a) Overview of the experimental
setup: liquid nitrogen lies in the
Dewar storage (blue), while the
magnet (metallic) is placed on top
of the ceramic button (black), the
two later being placed in the cryo-
stat (beige). The white fumes are
due to the solidification of water
vapor when it comes into contact
with cold nitrogen vapor.

(b) A few seconds after pouring,
the liquid nitrogen stops boiling,
and the magnet lifts off the ce-
ramic. The latter two are then re-
moved from the cryostat to make
the levitation easier to visualize.
Note again the white fumes exhal-
ing from the ceramic, due to the
solidification of ambient water va-
por near the cold ceramic.

(¢) When the magnet levitates, it
can perturbed a little with the
tip of a tweezers without caus-
ing it to fall: the levitation is
stable, which means, according
to Earnshaw’s theorem, that the
magnetic properties of the ceramic
at a sufficiently low temperature
are not compatible with paramag-
netism/ferromagnetism.

Figure 1.1: Levitation of a magnet over a button of ceramics, cooled down with liquid nitrogen. Ex-
periment carried out at Ecole des Ponts. Credits: F. Chevoir and M. Lemaire (Navier) for the safety
equipment, materials and liquid nitrogen, K. Chikhaoui (student) for the pictures.

1.1b)). When the liquid nitrogen is completely evaporated, the system reheats and the magnet lands on
the ceramic.
Let us try to explain the different mechanisms at work in this experiment:

e When we pour liquid nitrogen into the cryostat, it comes into contact with the system which is
much warmer: at ambient pressure, liquid nitrogen is in equilibrium with its vapor at a temperature
of T, = 77 K (-196 °C), while the cryostat and the button of ceramic are at room temperature (of
the order of 300 K / 25 °C). Therefore, heat flows from the latter to liquid nitrogen, which boils:
the liquid-gas phase transition is associated with a latent heat, so that the heat of the ceramic is
absorbed by the change of the physical state of nitrogen. The temperature of liquid nitrogen being
fixed by its equilibrium with its vapor, the ceramic knob eventually reaches the temperature T;_,,.

e As soon as the ceramic knob is cold enough, it exerts a force that lifts the magnet: in addition to
gravity, the only force the magnet is subject to are magnetic forces, so that the ceramic creates a
magnetic field. Since the two bodies are not moving one with respect to the other, and there is
no electric field, we can exclude induction as the origin of this magnetic field. The most convinc-
ing explanation is therefore the following: at a sufficiently low temperature, the ceramic exhibits
magnetic properties.

For most phenomena, magnetic systems can be classified according to their response to magnetic field
intensity: a magnetic system is paramagnetic/ferromagnetic (resp. diamagnetic) if for a given magnetic
field intensity H, the magnetic induction B is greater (resp. smaller) than what it would be in the
vacuum [I05, 26]. The described levitation is stable (one can even touch the magnet with the tip of a
tweezers without making it fall, as in Figure , which by Earnshaw’s theorem [2] cannot be achieved
with paramagnetism/ferromagnetism: at 77 K, the ceramic is diamagnetic.

Levitation with diamagnetic systems is not specific to this experiment: for example, one can levitate
a thin sheet of pyrolitic graphite over a set of magnets, as shown in Figure [[.2] To explain the big
difference with the previous experiment, we need to introduce the notion of magnetic susceptibility u: a
homogeneous isotropic diamagnetic medium satisfies the linear constitutive relation

B = uH,
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Figure 1.2: A thin sheet of pyrolitic graphite levitating over a set of magnets. Credits: Splarka - English
Wikipedia, Own work, Public Domain.

where p is less than the magnetic susceptibility of vacuum pg. For pyrolitic carbon, u differs from pg
by only a few tenth of a percent [37], while in our experiment, (most of) the medium has magnetic
susceptibility p = 0: inside the ceramic, the magnetic induction is zero B = 0 El

This effect, discovered in 1933 [33], is known as the Meissner effect: below a certain temperature, called
the critical temperature T., some materials are perfectly diamagnetic (i.e. 4 = 0). An other crucial and
unrelated property of these materials is the absence of electrical resistivity below the critical temperature,
as already discovered by K. Onnes in 1911 [87]: for this reason, they are referred to as superconductors.
These two properties make superconductors attractive for industrial applications: they can be used in
very-low friction bearings, magnetic sustained trains, generation of high-magnetic fields (for instance for
Nuclear Magnetic Resonances, see the recent breakthrough [21I]) and indeed lossless energy transport. At
the time of writing, their usage is limited by the cost related to their refrigeration: in spite of a global
research effort [20], no superconductor phase has yet been observed in ambient temperature and pressure
conditions [38], and no general theory accounting for ambient critical temperature exists.

Lack of a microscopic theory for cuprate-based superconductors: Many attempts have been
made to provide a microscopic theory of superconductivity. The most fundamental and generally accepted
theory is the Bardeen-Cooper-Schrieffer (BCS) theory [9]. We will not detail its derivation nor its origins,
and refer to [34] [35] [49] for a mathematical approach to this theory and how it relates to other models such
as the Ginzburg-Landau theory. Suffice it to say that this theory is based on a phonon-mediated attractive
interaction model for electrons, and is able to estimate the maximum critical temperature 7., which is
found to be of the order of 20K [22], much colder than the temperature of liquid nitrogen. Therefore, the
ceramic we have used in the experiment cannot be described by conventional superconductivity theory,
and is called a high-T, superconductor.

A common classification of high-T,. superconductors is based on their chemical composition. The
ceramic presented in the experiment is a crystalline material with unit cell represented in Figure
compound of yttrium, barium and copper oxide, and admits as chemical composition YBasCuzOr_s
where § € [0,1] is a doping parameter controlled experimentally during the synthesis [108], [106]: it
belongs to the so-called group of cuprates high-T, superconductors, for whose discovery [I0] the 1987
Nobel prize was awarded to J. Bednorz and K. Miiller. A shared feature of the compounds of this family
is the presence of CuQOs planes as illustrated in Figure [1.3bl These planes are considered to be the
medium for the superconducting charge carriers, while the rest of the crystal controls the amount and
presence of electrons in these planes (see [I10] for a recent direct evidence).

As we will see in the next section, many models attempt to describe these materials. Contrarily to the
BCS theory, a whole class of them try to explain the observed superconductivity in terms of electronic
and magnetic effects on the copper ions of these planes [5, [6] IT1] rather than in terms of coupling to the
phonon modes of the ionic lattice. A prototypical example of this is presented below, and is referred to
the Hubbard model.

1This is a bit oversimplified: with this particular shape, levitation would not be stable if the whole of the ceramic knob
where perfectly diamagnetic. In practice, some localized regions called vertices remain in the conventional state while the
bulk of the body is actually perfectly diamagnetic. The physics of these vertices is well described by the well-established
Ginzburg-Landau model and we refer to [96] for an detailed discussion of this model. For the purposes of this experiment,
the double image dipole model [53], which assumes the existence of vertices and the perfect diamagnetism of the bulk of
the ceramic, is sufficient to explain the stability.
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(a) Unit cell of YBaxCuzOr (b) CuO3 planes, characteristic to cuprate superconductors.

Figure 1.3: Unit cell of YBagCuzO7 (left) and CuOs planes (right). Yttrium (electric blue) is sandwiched
between two copper (orange-brown) oxide (red) squares, which in turn are sandwiched between two
barium (green) elements. The (two parallel) CuOq planes are obtained after replicating the unit cell along
the two directions orthogonal to the Ba-Y-Ba axis. Credits: Ben Mills - Own work, Public Domain.

1.1.2 Fermionic Hubbard model

In this thesis, we will not introduce quantum physics in detail, and refer to [93| 23] for a general overview
and [50} [63] for a first mathematical approach.

Originally introduced in chemistry to provide with a minimal model for interacting electrons in un-
saturated conjugated hydrocarbons [89, [01], the Hubbard model erupted in condensed matter physics
[52] [47, 57, B] to report on magnetic properties of crystalline materials with narrow energy bands. From
the perspective of magnetic materials (resp. unsaturated conjugated hydrocarbons), the Hubbard model
can be seen as an extension of the tight-binding model [7, [59] (resp. the Hiickel method [I09]), the
latter being much more founded mathematically [32, [05]. In this approach, the Hubbard model is most
relevant for almost flat bands, where the velocity of single electrons is low enough for them to interact
significantly.

This model describes particles evolving in a static medium (in the atomic picture, it focuses on valence
electrons while ions are fixed as in the Born-Oppenheimer approximation [I2]). As is the case for periodic
tight-binding models, the spatial representation of electrons is reduced: to be more precise, the position of
an electron is described by a finite collection of orbitals, which can be thought of as localized. For instance,
assuming that electrons are restricted to moving on a torus [0, L), the natural spatial one-particle space
in the continuous approach, L*([0, L), C), is discretized using a set (¢;);c, of L = |A[ localized orbitals
(for particles moving on R, one can choose a finite set of exponentially localized Wannier functions [76],
if such functions exist [88]). In any case, the spatial description of single electrons is described by a
finite set A of what are commonly called sites and which we call Hubbard vertices in this presentation for
reasons that will become clearer in the following. Taking into account the spin degrees of freedom, the
one-particle space H is therefore the 2L dimensional space spanned by the basis By given by

H =Span(By), Bi=(¢:® U)ieA,ae{T,J,} =By UB,. (1.1)

Now we will describe what the model aims at taking into account. This is encoded in the Hamiltonian,
which is best expressed using second quantization techniques. We will recall this formalism in Section [L.2
and for now refer the unfamiliar reader to |51} 10T} [86], [75] for a chemistry/physics orientated presentation
of these notions, and [I3],[I4] for a mathematical overview about this formalism. Below are the effects
included in the model.

e On the one hand, it aims to describe the tunneling effect that single electrons experience, just as in
tight-binding models: electrons can jump from one site to an neighbouring one. To model this, we
associate each allowed transition with an edge, forming the set E of Hubbard edges: the strength of
the tunneling effect depends on the corresponding sites and is modeled by the hopping matriz T,
which can be chosen real-valued in the absence of magnetic field 7: E — R.
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Figure 1.4: Schematic of the two effects modeled by the Hubbard model (left), on the cyclic graph (left).
The square-grid graph (right) is widely used to provide with 2d models of cuprates.

e On the other hand, it includes interactions between electrons. In the picture where the sites model
local (in space) one-electron states, the model includes only the shortest (in range) interactions,
namely when two electrons are on the same site: the strength of this interaction is governed by the
on-site repulsion U : A — R.

Denoting by (&iﬂ /d;[ g) et} the annihilation/creation operators associated to the one-particle
" /ieN oe{T,
states that span H and satisfying the Canonical Anti-commutation Relations (see Section [1.2]), the Hub-

bard Hamiltonian thus reads

Hy = Z ,Ti,j <&1’L,Uéj70 + &;’Udi,g> + Z Uiﬁi,Tﬁi,i7 with ﬁi,g = CALI’UCALIL'J
{i.j}eE,oce{t i} i€A
where the first term models the tunnel effect, and the second the local interaction. These two effects are
shown schematically in Figure and the advantage of the graph formulation Gy = (A, E) (which is not
new [811,[82] [§]) lies in its generality, placing unsaturated molecules and truncated lattices with arbitrary
hopping on the same ground. Another advantage of this formulation is that it makes the Dynamical
Mean-Field Theory (DMFT) easier to express as we will see in Section m
To get a first insight into this model, let us have a look at two simplifying limits:

e When U = 0, the model reduces precisely to the aforementioned tight-binding model. Note that in
this setting, the Hamiltonian describes a set of non-interacting electrons, which greatly reduces its
complexity: all its properties can be derived from studying the one-particle Hamiltonian as in band
theory [7,[63]. The matrix of the latter in the basis set B; even reduces to the block diagonal matrix
Adj(Gu,T) ® Adj(Gy,T) where Adj(Gy,T) is the adjacency matrix of the weighted graph (Gg,T),
about which much is known for graphs representing common lattices. For example, eigenstates of
the model designed with Gy being the d-dimensional grid with periodic boundary conditions C'E[d
are delocalized (in the picture where sites represent localized orbitals).

e If T'= 0, the Hubbard Hamiltonian is already diagonal in the basis By: the model reduces to a
collection of idealized one-orbital atoms (in the atomic picture), whose energy is spin-independent
and depends only on the doubly occupied sites. In this setting, the model describes a set of non-
interacting sites (and strictly correlated electrons), and unlike the prior setting, eigenstates are
localized (still in the picture where sites represent localized orbitals).

For generic fillings, the first limit describes a metal, while the second describes an insulator: as
the on-site repulsion U increases, a metal-to-insulator phase transition is expected to occur. This
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interaction-driven phase transition is known as the Mott transition [85, [84] [6 19, B0] and represents
a first example of strongly correlated effect. Note also that both limits are incompatible with ferromag-
netism/antiferromagnetism: however, spin-ordering is expected to appear in between. As was shown
mathematically soon after its introduction in condensed matter physics (see the review [64] for a general
discussion of mathematical results in this field), these phase transitions are strongly dependent on the
graph involved: for instance, the seminal paper [65], 66] shows the absence of Mott transition for the
ground state of the ”1d chain” (the cyclic graph, as depicted in Figure , while ferromagnetism is
shown to occur in ground states of line graphs such as the kagome lattice [81] [82, [83].

When it comes to cuprates, several Hubbard models have been derived since the discovery of their
superconducting phase: for example, it can be derived from a Wannier function approach as in [B] [6l TT1])
or as a specific low coupling limit of the Emery model [27] 28] (which was introduced as an “extended
Hubbard model ”, and is now referred to as a three-band Hubbard model [24] [54]), both being based
on the square-grid graph (and its various next-nearest-neighbor extensions). More than 30 years after
the first models were introduced, these derivations still form an active research area [72] [54], due to
the very complexity of the associated Hubbard model. At the time of writing, we are not aware of any
mathematical derivation of this model from first principles of quantum mechanics for fermions (see the
unpublished [36] for a derivation related to the bosonic case), and this matter is far beyond the scope
of this manuscript. It is rather a starting point for the derivation of other models, with for instance the
derivation of the Heisenberg model in the U — oo limit [64] 3], or, for bosons, the derivation of the discrete
non-linear Schrédinger equation as a mean-field limit [90]. The Hubbard model is also motivated by the
study of optical lattices [29] and moire bilayer materials [I07], the two being complementary tunable
platforms to explore the different parameter regimes, shedding new light from experiments on strongly
correlated effects.

In this context, embedding methods have emerged as new approximations to better understand strongly
correlated systems. In this manuscript, we will present two related methods, the Dynamical Mean-Field
Theory (DMFT) and a “simple alternative” to it [60], the Density Matrix Embedding Theory (DMET).
The general idea of these two embedding schemes is to design approximations for reduced quantities,
instead of wave-functions methods like (generalized) Hartree-Fock [§]. The first theory, DMFT, focuses
on the quantum one-body Green’s function, while DMET aims to provide an approximation of the
one-body reduced density matrix. In the next section, we will introduce these objects, and describe
their properties, both from a physical and mathematical point of view. This will pave the way for the
introduction of the embedding methods we are interested in.

2https://commons.wikimedia.org/w/index.php?curid=97679108, and
https://commons.wikimedia.org/w/index.php?curid=91250759
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1.2 One-particle reduced quantities in quantum mechanics

In this section, we introduce the main quantities on which our embedding methods focus. After a
reminder about second quantization, we introduce the well-known one-particle reduced density matrix
vq, and give some of its properties and uses. We then switch to the dynamical setting, by introducing
quantum equilibrium one-body Green’s functions. As already mentioned, these quantities are of general
use in the physical community, much less in the mathematical one. In order to define them without
difficulty, we restrict ourselves to the fermionic setting, where the annihilation/creation operators are
bounded. We discuss their properties, and clarify the origin of their designation by focusing on the case
of non-interacting Hamiltonians. We also introduce their Fourier transform in the appropriate sense,
showing the link between different approaches and the relevance of Pick functions in this setting.

1.2.1 Second quantization, one-particle reduced density matrix

We place ourselves in a similar setting to that of [14], and we refer the reader to this reference for a
general introduction. A pedagogical introduction can also be found in [8] and [T102].

The setting is as follows: let the Hilbert space H endowed with the sesquilinear inner product (-, -) be
the one-particle space. The fermionic Fock space F, which describes statistical states with an arbitrary
number of fermions, is defined as

F=P (F), ﬁ:éoao’ﬂ@n, H@’":é?{, HE = C,
n=0

where the closure is taken for the norm induced by the canonical Fock inner product inherited from
(,), and the operator P_ is the projection defined on tensor products with for all n € N*, for all

¢17"'7¢n€H7 1
P(1®...8¢n)=— > e0)bo(t)® - ® bo(m,

: ceS,,

where G, is the set of permutations with n elements, and extended to F by linearity and continuity. The
creation/annihilation operators d; /ae are then defined as follows: for all ¢ € H, first define d; and ag
on finite linear combinations of tensor products with, for all n € N*, for all ¢1,...,¢, € H, for all A € C,

52(¢>1®...®¢>n):(\/n+1)¢®¢1...®¢m aLA:,\gb,
&qb ((bl ®---®¢n) = (\/ﬁ<¢a¢l>)¢2®¢m C~l¢/\=0.

The fermionic creation/annihilation operators &27 a4 are then defined on linear combinations of tensor
products by
al, = P_alP_, ay=P_ayP_

They satisfy the Canonical Anti-commutation Relations (CAR): for all ¢, ¢’ € H, we have
{ag,a¢} = {al,al,} =0, {ag.al,} = (6.4

where {-,-} stands for the anticommutator. Using the adjoint relation &; = (Gy) which holds for linear

combinations of tensor products, it follows that the creation/annihiliation operators &L, a4 are bounded,
hence admit bounded extensions to F, with

lagl = llabll = ll¢l (1.2)

Note also that ¢ — d; is linear, and that ¢ — @, is anti-linear. They belong to the C*-algebra B(F) of
bounded operators on F. A state Q is a linear functional on B(F), that is positive, meaning it satisfies for
all O € B(F), Q(O'0) >0, and of norm 1, that is sup{|Q(O)|, |O|| = 1} = 1. They are a generalization
of quantum states to the statistical mechanics setting, and we will come back to this point later. For
now, we define the one-particle reduced density matriz [I02, Chapter 8].

Definition 1.2.1 (One-particle reduced density matrix vq). The one-particle reduced density matriz o
associated to S is the unique self-adjoint operator in B(H) represented by the sesquilinear form defined
by for all ¢, ¢' € H,

(@700 = (alya)
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The operator vq is positive because € is also positive, self-adjoint by the fact that positivity of Q
implies Q(O1) = Q(O) for all O € B(F), and it satisfies 0 < 7o < 1 in the operator sense (this follows
from and the fact that states are of norm unity). At this point, we will provide examples to help
the reader grasp its meaning. We will abbreviate it by I-pdm [8, [102] or I-RDM [I7] indifferently in the
following.

Suppose we want to describe a quantum system of IV particles, with the wave function Uy € Hy =
P_ (H®N) such that ||¥| = 1. In the formalism of second quantization, it is described by the vector

state Qg : B(F) 3 O — (¥y,0¥y). From this example, we see that states defined as linear forms
provide with a generalization of the average value of observables. For such a state, the 1-pdm ~yg is very
useful to characterize the wave function from which it is defined: it is easy to show that the number of
particles N is equal to the trace of g (which is trace-class in this setting):

Tr(yg) = N.

Another crucial property in this setting is the following equivalence: g is a projector if and only if there
exists ¢1,...,0n € H such that

v=al ...al |0), (1.3)

where |)) € C, [||0)]| = 1 represents the vacuum, and in this case Ran(yy) = Span(¢;);cp1,n]. Such a wave
function is called the Slater determinant associated with the one-particle states ¢1,...,¢x (also called
spin-orbitals), and Ran(~y) is the so-called occupied spin-orbitals space, while its orthogonal complement
is the wvirtual spin-orbitals space. These states prove particularly useful for describing non-interacting
fermions: given a one-particle Hamiltonian H° € S(H), with domain D(H?), its second quantization
dU'(H?) is defined [14] as the self-adjoint operator which, for all n € N*, for all ¢y,...,¢, € D(H°),
satisfies

AT (H)P_ (p1 ® ... ® ¢,) = P_ <Z¢1®...®H0¢i®...®¢n>.
=1

This Hamiltonian models non-interacting fermions and therefore will be called a non-interacting
Hamiltonian. In this context, an interesting problem in quantum physics is to determine the N-particle
ground state of this Hamiltonian, which is a solution (if it exists) to the following optimization problem:

inf{Qy (dT(H)), W€ HyNDAL(H"), |¥]=1}. (1.4)

Assuming that H° is bounded from below, this problem is equivalent to the following one, which involves
only 1-pdms ~q associated with Slater determinants,

inf{Tr(yoH"), 7% =70, Ran(yq) C D(H), Tr(yq) =N}

This result is at the basis of the Hartree-Fock theory, which provides the ground state of a quantum
system while imposing the latter to be a Slater determinant. We refer the interested reader to [51]
for a general overview about this theory and its augmented versions. Its very great successes led to
many generalizations that we will not cover here: in view of its application to the Hubbard model and
superconductivity, let us only mention the Generalized Hartree-Fock theory [8] which is formulated using
the generalized 1-pdm.

To make things even clearer, we give the expression of g when the one-particle space consists in
the continuous setting H = L2(R?, C), which represents spinless particles evolving in the d-dimensional
space: for all ¢, ¢’ € H, we have

@) = [ Bl (s with e =N [ FEREL) (1)

so that vy is a kernel operator: the diagonal elements of the latter coincide with the one-body density,
the key quantity in Density Functional Theory (DFT).

Vector states are included in the more general class of normal states Q : B(F) 3 O — Tr(pO) where p
is the associated density matriz, a self-adjoint, positive operator satisfying the trace condition Tr(p) = 1.
In the previous case of a vector state, p is the orthogonal projection on W: this fact, in combination with
Equation , is related to the denomination of the one-particle reduced density matrix: the latter can
be seen as a partial trace of the density matrix.
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Another typical example of normal state is a Gibbs state: for all chemical potential u € R and inverse
temperature 3 € R7, assuming e~ PH=1N) g trace-class where N = dl'(1) is the number operator, the
density matrix reads

p= %e—ﬁ(ﬁ—um.
Tr(e—BH—nN))

In the setting of a non-interacting Hamiltonian dI'(H°), the trace-class condition is equivalent to
e=PH® ¢ S(H) being trace-class as a one-body operator [14, Proposition 5.2.22], and in this case the
1-pdm is given by the well-known Fermi-Dirac distribution:

1
T 14 eB@-w)

As we will see in Section Density Matrix Embedding Theory is formulated in terms of 1-pdms
Yo (and not density matrices p!). We postpone its derivation below, and give for now a mathemati-
cal presentation of the objects Dynamical Mean-Field Theory is based on: quantum one-body Green’s
functions.

Q

1.2.2 Quantum one-body Green’s functions

In this section, we introduce quantum one-body Green’s functions, a fundamental concept in condensed
matter physics that has been used for more than half a century.

Their appearance in quantum mechanics is closely related to two other disciplines: quantum field
theory on the one hand, in the generally accepted affiliation [55] 25] of Schwinger’s ideas [99] [100), [74] [98]
and from which it can be seen as an implementation of an elaborated technique in a simpler setting, and
kinetic theory of fluids on the other hand, to which it owes the BBGKY hierarchy (see the series of papers
by M. Born and H. Green [11], and T. Matsubara’s remark about them [77] for this affiliation) and from
which it appears merely as a quantum generalization of the classical notion of dynamical correlation.

In this manuscript, we introduce them from a mathematical perspective, with a presentation that
resembles more the second point of view and fits better with the above presentation of the 1-pdm. This
approach is actually not new, with for instance, the demonstration of the existence of their thermodynamic
limit in [94] based on similar results obtained for the reduced density matrices in [44]. More recently,
the properties of these objects for ground state has been studied in the infinite-dimensional setting of
the GW approximation in [I6], and in a finite dimensional setting for various applications, including
DMFT, in [71]. Our presentation lies in between these two milestones, with a general presentation in the
Hilbert space setting, using second quantization formalism, with applications in the finite dimensional
setting when needed. In any case, we will consider equilibrium states, which encompass ground states
and Gibbs states as we detail below. The aim of this section is also to clarify to what extent quantum
Green’s functions are indeed Green’s functions in the sense of fundamental solutions to linear differential
operators. Note also that we do not consider the anomalous setting [69], which is a generalization of
Green’s functions similar as the one that generalizes the 1-pdm in Generalized Hartree-Fock theory [g].

Equilibrium states We place ourselves in the same setting as in the previous section and refer to
HesS (F) for any self-adjoint operator on the Fock space. In this setting, the dynamics is governed by
the strongly continuous one-parameter unitary group {e~%#},cg, defined by functional calculus [63]. For
all bounded operator O € B(F), we denote by H(O) : R — B(F) its Heisenberg picture defined by, for
all t € R,
H(O)(f) _ eitHOAefitH

In layman’s terms, the Heisenberg picture of an operator represents its evolution with time under the
dynamics of H. For the sake of simplicity, we consider only equilibrium states in this thesis, which are
normal states with density matrix p such that, for all ¢t € R,

[p, '] = 0.
This assumption, if violated, leads to the much more sophisticated out-of-equilibrium Green’s functions,
about which we are not aware of any mathematical approach and that we do not cover in this document
(see for instance the Schwinger-Keldysh formalism [58] [55] 48]). Our setting includes the cases of vector
states with eigenvectors of H (provided such vectors exist) and Gibbs state (provided the operator
e~ PUH—RN) g trace-class). We are now in position to introduce the particle and hole propagator which
are specific correlations between evolved-in-time annihilation and creation operators.
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Definition 1.2.2 (Particle propagator). Given H e S(F) a self-adjoint operator and a corresponding
equilibrium state ), the particle propagator P, : R — B(H) is the unique bounded-operator-valued map
with, for allt € R, P,(t) being represented by the sesquilinear form defined by, for all ¢, ¢’ € H,

(6, Py(t)¢') = Q(H(ag)(t)al,).

Similarly, the hole propagator P, : R — B(H) is the unique bounded-operator-valued map with, for all
t € R, Py(t) being represented by the sesquilinear map defined by, for all ¢,¢' € H,

(&, Pu(t)) = Q(a), H(ay)(t)).
In particular, we have ||P,(t)|| <1, ||Pn(t)|| <1 for allt € R.

The bounds can be proven similarly as for the bound on the 1-pdm. Note that, contrarily to the
latter, the operators P,(t), P, (t) are not self-adjoint for generic values of ¢. Nevertheless, they satisfy the
following adjoint relations: for all t € R,

Pp(t)T = Pp(_t)v Ph(t)T = Ph(_t)~ (1-6)

Note finally that our definition encompasses correlations between H(da,)(t) and H(&;,)(t’ ) for all ¢,¢ € R:
as expected from a physical intuition, these correlations only depend on time differences (equilibrium
states are time-translation invariant), and one can prove using the cyclicity of the trace that

@ (i) (OH(@L)(F)) = (0, Byt = )0), @ (H(al)(OH(@e)(#)) = (6, Pult’ = D).

Before we go any further, let us say a few words about their denomination. As for the 1-pdm, it
originates from the setting of vector states Qg with N particles (¥ € Hy): for such a state, the particle
propagator is given by

it itEw  —itE A
(6, Bp(t)¢') = (ale MW, e~ Hal w),

and can be given the following interpretation: assuming that H is particle conserving [°| it provides a
comparison between two states with N + 1 particles, one being the evolution at time t of d;,\Il, the other

being &L applied to the evolution at time ¢ of W. It therefore provides information about how added
particles propagate in the system. Similarly, the hole propagator supply information about how holes
(removing of particles) propagate in the system.

Finally, note that the 1-pdm is related to the two propagators by 7o = P, (0) = 1—P,(0). For arbitrary
time, the relation is in general more complex, apart from the setting of non-interacting Hamiltonians
which we present now. This setting will also motivate the definitions of Green’s functions.

Non-interacting Hamiltonians and Green’s functions

The notion of non-interacting Hamiltonian has already been presented in the previous section: when
it comes to dynamics, the physical intuition is that particles precisely evolve independently one from
another. In mathematical terms, this is ensured by the following property: given a non-interacting
Hamiltonian dI'(H°) € S(F) being the (self-adjoint) second quantization of the one-particle Hamiltonian
H° € S(H), the evolution operator reads, for all ¢ € R,

e—itdF(HO) — F(e—itHO) (17)

where for all one-particle unitary operator U € B(H), its unitary second quantization I'(U) is defined
with for all n € N*, for all ¢1,...,¢, € H, for all A € C,

LU)P_ (1@ ... @ ¢n) = P (U,...,U¢p), T(U)A=A

The proof of , based on Stone’s theorem [63], poses no problem and can be found in classical
textbooks [I4]. The dynamics is therefore dictated by a strongly continuous unitary operator group that
takes a very simpler form, and we find as a direct consequence that for all ¢ € H, for all ¢t € R,

H(@g)(8) = yurmo - (1.8)

In other words, B(F) 3 O — H(O)(t) is the Bogoliubov transform [14] induced by the unitary etH A
consequence of this property is the well-known following property about propagators.

3Meaning that H and N commute, in the sense that [e“ﬁ,e”N] = 0 for all t,s € R [63], which is the case for the
molecular and Hubbard Hamiltonians.
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Proposition 1.2.3 (Particle and hole propagators of a non-interacting Hamiltonian). Given a non-
interacting Hamiltonian dU'(H®) € S(F) associated to the one-particle Hamiltonian HY € S(H), the
particle and hole propagators Py, Pj, associated to an equilibrium state ) read

Py(t) = e (1 —nq), Pu(t) = e " g, (1.9)

where vq is the 1-pdm associated to . In particular, these propagators are continuous for the strong
operator topology. Moreover, they satisfy the following differential equation on the domain of H°, for all

teR,
dP

dt

Proof. We give it for the particle propagator only, the other case being similar. The proof of Equation
(1.9) is a direct consequence of (L.8)): for all ¢, ¢’ € H, for all t € R, we have

(6, Po(t)¢') = Qaguumo 4itly ) = (6, €7 By(0)') = (9,7 (1 = 70)¢).

=HP.

As for the continuity, it 0follows from the continuity of e** . Moreover, by definition of equilibrium states,
the 1-pdm vq and e*f" commute for all ¢ € R: using Equation (1.8) and the cyclicity of the trace, we
have for all ¢, ¢’ € H, for all t € R,

70 170 . R i N A
<¢7 e—th ,erth ¢/> _ Q(agitH0¢aLtH0¢/) _ rI\r( tdF(H )pe tdF(H )a¢a2,) _ <¢77@¢/>

using the commutation of p with e~ (H®)  This implies that [yq, H°] = 0 on the domain of HY, so that
finally, we have by Stone’s theorem, for all ¢ in the domain of H°

Z2(1)p = (1 —ya)e " HG = HOP,(t)$
O

Note that stronger continuity is not expected to hold in the general case: for instance, the 1-pdm
associated to the vacuum vector state is 0, so that the particle propagator is precisely e " 0, which from
Stone’s theorem is known to be continuous for the norm topology if and only if H is bounded [50].

The above result gives a second insight about the denomination of the propagators: for a vector state
U being a Slater determinant of N eigenstates of H°, the particle propagator describes how particle
added to the virtual orbitals space evolve in time, while the hole propagator describes the evolution of
particles in the occupied orbitals space. This fact shows how complementary these objects are, even in
the non-interacting setting: the one-body time-ordered Green’s function, which we introduce now, makes
use of this property by combining them appropriately.

Definition 1.2.4 (One-body time-ordered Green’s function). Given H € S(F) a self-adjoint operator
and a corresponding equilibrium state ), the one-body time-ordered Green’s function G : R — B (H) is
the map defined by R

iG = xr, Pp — Xr* Ph,

where X 4 is the characteristic function of the set A C R. For all t € R, we have |G(t)|] < 1.

As we did for the propagators, let us say a few words about the terminology: “body” encompasses
“particle” and “hole”, and “time-ordered” comes from the fact that, for all ¢ € R, for all ¢, ¢’ € H, we
have

(0,iG(1)¢) = @ (T(E(as), Hal,)(1,0)) (1.10)

where for all operator-valued functions R > ¢ — O(t) € B(F),R 3t — O'(t) € B(F), their fermionic
time-ordered product T(0O,0') is the operator-valued function R? — B(F) defined as

() if t > t,

1.11
(t) otherwise. (1.11)

T(0,0))(t, ) = { O( (2?

In a sense, the time-ordered Green’s function encapsulates both the particle and hole propagators,
making use of the redundancy induced by their adjoint relation (|1.6). Finally, “Green’s function” comes
from the following statement, which holds true only in the non-interacting setting.
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Proposition 1.2.5 (Non-interacting one-body time-ordered Green’s function). For a non-interacting
Hamiltonian dU(H®), with H° € S(H), the one-body time-ordered Green’s function satisfies the following
differential equation in the distribution sense for all ¢ in the domain of H°

(ii — H0> Go = 6o, (1.12)

with the initial condition iG(0") = 1 — ~yq in the strong operator topology.

Proof. The proof follows from Proposition and the fact G has a jump in 0 which is given by
iG(0T) —iG(07) = P,(0Y) + P,(07) =1 —yq + P,(0%) =1 (1.13)

where all the limits are in the strong operator sense and where we have used the adjoint relation of
Py O

Other one-body Green’s functions are used, depending on the context in which they can be applied
[45] [74], (56, 55, [73], [75]. Among them, there are the advanced (resp. retarded) Green’s function GA (resp.
GT), given by . .

iGA = —xr_(Pn+ Pp), iG"=xzr, (P,+P). (1.14)

In the non-interacting setting, they reduce to:
iCA — _XRie—z‘tH‘J? iR _ XRJre—itHo_ (1.15)
Indeed, they also satisfy in this setting, but with initial conditions
iGA0Y) =0, iGROT)=1. (1.16)
The particle (resp. hole) Green’s function G (resp. G*) [16], defined by

G’P = XR+Pp7 GH = _XR*_ P;{ (117)
satisfy, still in the non-interacting setting, the differential equations
d ~
(idt — HO) GP =60(1 — 7q) (1.18)
d -
<Z~dt - H) G = b (1.19)

and therefore are not Green’s functions even in the non-interacting setting. They merely serve as “building
blocks that have to be combined” [75, p.107] to lead to G.

For reasons that will become clearer in the following, it proves useful to look at the Green’s functions
in the Fourier domain. For this purpose, the adequate notion is the one of Generalized Fourier Transform
(GFT), already introduced by Titschmarsh in [I04]: given f : R — B(#H), the associated GFT f is defined
on the whole upper half-plane C4 = {z € C,3(z) > 0}, by for all z € C,,

F2) = f1(2) + f-(3), withVzeCy, fulz) = /R ¢ (1)dt, (1.20)
and Vz € C_, f_(z) = / et f(t)dt, (1.21)
R*

where C_ = {z € C,3(2) < 0}, provided the integrals make sense for an appropriate operator topology.
This approach has the advantage to circumvent any analytical continuation techniques and is particularly
relevant in the non-interacting setting, as we state now. This result explains the i prefactor present in
all our definitions of Green’s functions.

Proposition 1.2.6 (Non-interacting Green’s functions are resolvents in the Fourier domain). Given
a non-interacting Hamiltonian H° € S(H), the Generalized Fourier Transforms of the one-body time-
ordered, advanced and retarded Green’s function G : C; — B(H) of an equilibrium state Q are well-defined
for the strong operator topology, coincide, and read for all z € C,

G(z)=(z—H)". (1.22)
Namely, they are the resolvent of H, and are independent of the state Q1. We call GO the non-interacting

Green’s function.
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Proof. The proof is a consequence of [I3 Proposition 3.1.6]: for all ¢ € H, we have in the strong operator
topology, for all z € C,,

/ ete gt — i (z — HO) (1.23)
Ry

and similarly, for all z € C_,
/ eiFtemitH gy — (= — HO)71 : (1.24)

It gives immediately the result for the GFT of GE. For the advanced, we have, for all z € C_, GA(z) =
(z — HO)_1 which gives the awaited result by reflection to C,.. Finally, we find, for all z € C,, G4 (z) =
(1—79) (2 — Ho)f1 and, for all z € C_, G_(2) = vo (2 — H0)71 from which we conclude. O

This result is indeed of paramount importance, and holds only in the non-interacting setting. At this
stage, let us introduce the imaginary part of an operator: for any bounded operator O € B(H), it is
defined as

3(0) = %(O _ oM. (1.25)

For the present case, the non-interacting Green’s function satisfies $(G°(2)) < 0 for all z € C,, and is
indeed analytic on C,. Hence, it is the negative of an operator-valued Pick function [43]. This property
also holds for the interacting Green’s function, but we will not deal with the fully general case here. Let
us only say that in the simpler case of vector state Q¢ with ¥ an eigenvector of H (this setting is highly
similar to the one of [I6], to which the reader is referred to for more details), we have for all ¢, ¢’ € H,
for all t € R,

(6. Bp(0)) = (W, a5e"T)al, W), (1.26)
so that, using the same property as in the proof of Proposition [[:2:6] but for the strongly continuous
one-parameter unitary group el € B(F), we have for all z € C,

(6, Gy (2)¢') = (U, g (z (- EVI,))f1 al, v) (1.27)

where the GFT makes sense in the weak operator topology as in [16]. This shows in particular that we
have for the GF'T of the time-ordered Green’s function

(6. 3G (2)6) = {alw.5((= — (8 — ) ) Halw) <0 (1.28)

Similarly, S(G_(z)) < 0 for all z € Cy; this shows that the Generalized Fourier Transform of the time-
ordered Green’s function is well defined. In addition with the fact that it is analytic, it is therefore a
negative of an operator-valued Pick function. We then have the following representation property [42]:
there exists a bounded-operator-valued Borel measure A on R, such that

Glz) = /R L ga() (1.29)

z—¢€

This measure is known as the spectral function in condensed matter physics and is full of physical
interpretation. For instance, as we mention in Chapter [4] it allows to determine whether an interacting
quantum system is a conductor or not, based on its low energy properties, and reveals (if they exist) the
quasi-particles of the system. Moreover, it is theoretically measurable by Angle Resolved Photo Emission
Spectroscopy (ARPES) experiments, and we refer to [75] for a discussion about this statement. Finally,
the measure A takes a very simpler form in the finite-dimensional setting: as detailed in the next chapter,
the Green’s function can be theoretically calculated using the Kallen-Lehmann representation: it reads,
for all z € Cy, for all ¢, ¢’ € H,

,G(2)¢') = PPV by al, ), 1.30
(6,G(2)¢) ¢§Bz+<Ew—E¢f><¢a¢w><w aly) (1.30)

where B is a joint eigenbasis of ﬁ,ﬁ with corresponding eigenvalues py, ;. The spectral function
therefore gives the one-particle excitation energies of the system.

This formula could let the reader think that for finite dimensional systems, meaning any computation,
Green’s function are easily computable as a sum of explicit terms. But this sum implies the prior
diagonalization of a self-adjoint operator in the Fock space, whose dimension grows exponentially with
the dimension of the one-particle Hilbert space, which is precisely the bottleneck of computations of
quantum systems. The idea of embedding methods is precisely to bypass this step, in a manner that we
detail in the next section.
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1.3 Embedding methods

In this last section, we introduce the embedding methods we were interested in during the PhD. Since the
mathematical analysis of these approximations is new, we had to give a detailed mathematically oriented
presentation of these methods, in [17] (Chapter [2) for DMET and [I8] (Chapter [3) for DMFT, so that we
will not discuss all the details but rather give a general overview. We present them in the order in which
they appeared chronologically: first DMFT, from the perspective of the sparsity pattern of the self-energy
rather than that of path integrals and the “cavity method” [41], then DMET which was developed as a
“simple alternative” to DMFT. In this order, we highlight the main similarities and differences between
these two methods, comparing DMET with respect to DMFT, the symmetric comparison being given in
Section The interested reader will find very helpful resources in [71], Part VI and VII for DMFT
(see in particular the original Euclidean field presentation of DMFT) and Part V for a discussion about a
similar embedding of 1-RDM. Finally, we present some guidelines for future work on DMFT, which this
thesis calls for.

1.3.1 Dynamical Mean-Field Theory

In its original formulation [40, A1], the principle of DMFT is to approximate the Green’s function of a
Hubbard model using an Anderson Impurity Model (AIM), whose parameters are determined by a self-
consistent condition. An AIM describes an impurity embedded in a medium, and for this reason, DMFT
was also called “Local Impurity Self-consistent Approximation” (LISA) in its early days [41]. Before
discussing its principle in more detail, let us say that the design of this approximation was motivated by
previous studies of the “d = c0” Hubbard model [80], this model simplifying in this limit in a similar way
as that of classical spin systems, for example the Ising model on the d-dimensional hypercubic lattice, as
d goes to infinity. From this point of view, DMFT is a “mean-field” method in the sense of a classical-
quantum analogy with mean-field methods applied to classical spin systems such as the Ising model, and
it is “dynamical” due to the fact that Green’s functions are time-dependent functions [39].

Anderson Impurity Model The AIM [4] is a quantum model for magnetic impurities embedded in
a set of conducting electrons living in a system that is called the “bath”. Originally formulated for a
single-site impurity, it has been then extended to multiple sites to model impurity clusters and for the
purpose of cluster DMFT. Its formulation is better expressed using the formalism of second quantization
and is fully given in Section briefly, it describes two subsystems, on the one hand the “impurity”,
described by a Hubbard model and onto which electrons interact, and on the other hand a “bath” of non-
interacting electrons, these two subsystems being coupled by the tunnel effect, meaning that electrons
can jump from one to the other, in a similar way as in a tight-binding model. A crucial property of this
model lies in the locality of the interactions between the electrons (they interact only on the impurity),
which translates mathematically into the fact that the Hamiltonian reads

Hyp=dU(H®) + H', with A" € A{alag, ¢, ¢ € Himp}, (1.31)

where the latter is the impurity Gauge Invariant Canonical Anti-commutation Relations (GICAR) sub-
algebra (see [97] for a self-contained presentation of these algebras). The consequence of this property is
that the self-energy 3, well defined for any equilibrium state of a finite dimensional quantum system as

S= (G —at (1.32)
is non-zero only on the impurity, meaning that in the orthogonal decomposition H = Himp ® Hpath of

the one-particle space, it reads
([ Bimp O
3= ( 0 O) . (1.33)

This property of the self-energy is known as its sparsity pattern [69] and Theorem and lays the
groundwork for DMFT. The main idea of this method, illustrated in Figure [1.6] is to use a partition
B of the original set of Hubbard vertices A, and to “embed” each of the elements of this partition in
a “bath”, thus defining a collection of Anderson Impurity Models. The “impurity” is defined by the
subgraph induced by the DMFT partition 8, while the baths, represented by their hybridization function
A, are chosen so as to satisfy the following self-consistent equations for all p € B,

Gimp,p = GDMFT,p (1.34)
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Figure 1.6: Principle of the DMFT approximation: after partitionning with 3, define a collection of
self-consistent AIMs

where Gpumpr is defined as
-1
Gpwmrr = (2 — HYy — Spurr) (1.35)

where HY, is the one-particle Hamiltonian associated to the non-interacting part of the original Hubbard
model, and Ypypr is given by

EDMFT = @ 2imp,p (136)

peEP

To close the loop, the last ingredient to be provided is an impurity solver which, for fixed impurity
parameters, gives the self-energy iy, of an AIM given a hybridization function A: in our work, we were
interested in the Iterated Perturbation Theory (IPT) version of this solver, which we present at length
in Section after introducing the formalism of Matsubara’s Green’s functions. Note that Equation
imposes self-consistency, and is the justification of the terminology of DMFT, each subgraph being
treated as if its neighborhood hosted non-interacting electrons. Overall, we end up with the following
equations

VzeCy, A(z)=W (z— H) —%(2)) Wi (1.37)

S =IPTs(U,A). (1.38)

Contributions of this thesis To our knowledge, the only mathematical contributions to the analysis
of DMFT are found in [71, Part VII], where the authors show that the “DMFT loop” (corresponding to
our Bath Update map) defined by @ is a well-defined map between self-energies and hybridization
functions of finite dimensional systems. In this thesis, we give in Chapter [3| a mathematical analysis of
these equations, which discusses the existence of solutions to these equations as we describe below:

e After a lengthy introduction in which we detail the definition of the appropriate objects and the
derivation of DMFT, we provide in Proposition [3.2.18| the counterpart of what is proven in [71], by
showing that the IPT solver involved in Equation (1.38)) is well defined for hybridization functions
associated with finite dimensional baths, and returns a self-energy associated with a finite dimen-
sional system structure. The proof of this statement relies on analytic continuation problems, which
we introduce in Appendix and for which we give a uniqueness result which, to the extent of
our knowledge, is new.

e With the two equations being well-defined between hybridization functions and self-energies of finite-
dimensional systems, we are in a position to study the existence of solutions to the IPT-DMFT
equations: we prove in Proposition [3.:3.5] that, apart from trivial limits for which DMFT admits a
unique (and exact) solution as we present in Proposition there is no solution associated with
finite-dimensional baths. This result is well known in physics, and relies on the fact that, without
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bath truncation, the dimension of the AIM’s baths increases with each iteration of the DMFT map.
Note that this result depends on the impurity solver implied in the DMFT loop: it is also expected
to hold for the theoretical (and exact) impurity solver, but not for less accurate solvers such as
(static) Hartree-Fock theory which returns constant (in frequency) self-energies.

e The latter fact suggests to look for solutions in the closure of the set of hybridization functions and
self-energies associated to finite dimensional systems: our approach is based on an extension using
(negatives of) Pick functions, which are analytic maps from the upper half-plane C, with positive
imaginary part. Using the Nevanlinna-Riesz measure associated with the latter, we reformulate the
equations in terms of matriz-valued positive measures, and in this setting we show that both the
Bath Update map (Proposition and the IPT map (Proposition are well defined for the
appropriate spaces of measures, which encompass the finite-dimensional baths setting.

e This framework proves useful in Theorem [3.3.9) our main result, in which we show that the IPT-
DMFT equations admit a solution. Our proof is based on a reformulation of the equations into
a fixed-point problem, for which we use a Schauder(-Singbal) fixed-point theorem with the weak
topology on the space of finite measures. As a by-product of the proof, we show that a solution of
the DMFT equations admits moments up to any order in Proposition [3.3.10} This property implies
that the Green’s function associated with a solution admits a spectral measure A with moments up
to any order: from a physical point of view, this means that no global quasiparticle is predicted by
DMFT, the presence of which being associated with a Lorentzian spectral function [75] that does
not have moments of order higher than zero.

Since DMFT is a practical computational scheme, in Chapter [4| we also discuss the standard discreti-
sation scheme used with the IPT solver, which is based on the restrictions of the hybridization function
and the self-energy to the discrete set of Matsubara’s frequencies. The mathematical and numerical
contributions of this analysis are presented below:

e After presenting how this algorithm can be used to gain insight into the Mott transition, we start
by proving the existence of the solution of the discretized equations in Theorem .21} contrary to
what is done in [I8], our proof is not based on Pick functions, and the result we obtain is weaker,
requiring assumptions on the parameters defining the model. Moreover, there is no guarantee that
the obtained solution is compatible with a “physical” solution, and our theorem only ensures the
solution satisfies a necessary condition for this to hold.

e We then provide a numerical exploration of the classical fixed-point algorithm associated with the
discretized equations for the Hubbard dimer in Section[4.3] We start by showing evidence for a Mott
transition at high-enough temperature using Pade approximants for analytic continuation, and show
in this setting that linear convergence up to machine precision is observed for high temperature
(8 = 1), independently of the value of the on-site repulsion U and for two very distinct initial
guesses. However, for low temperature (8 = 10) and intermediate values of the on-site repulsion
U we see a very different trend, where the convergence is not monotonous and sometimes leads
to unphysical solutions (see Figure @ Results for small and large on-site repulsion indicate that
uniqueness should hold in this regime.

e These results suggest implementing a continuation method to explore the intermediate U region,
starting from low /large values of U. Our simulations indicate that coexisting solutions for interme-
diate values of U are not observed, and merely correspond to “metastable” solutions that require
many more iterations to reach convergence.

e We conclude this chapter by proving what is observed for small and large on-site repulsion in
Theorem [4.4.1] namely that solution is unique in these regimes. Our proof is based on a simple
estimate of the discretized DMFT map and on the Picard fixed-point theorem, and provides only
with a uniqueness result in a neighborhood of the origin.

1.3.2 “A Simple Alternative to DMFT”: Density Matrix Embedding Theory.

As claimed in the seminal papers [60, [61], Density Matrix Embedding Theory (DMET) is inspired by
the principles of DMFT, and aims to provide a “simple alternative” to the latter, both in the setting of
quantum lattices [60] and molecular Hamiltonians [61]. These methods are both based on an approxi-
mation of a large interacting system by a collection of smaller, self-coherent subsystems, obtained after
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the decomposition of the one-particle space. If a direct comparison of ”simplicity” with DMFT is not a
mathematical question, we can outline how the setting of DMET is simpler than that of DMFT before
giving the details of its derivation: on the one hand, it focuses on the one-particle reduced density matrix
(which we will abbreviate as 1-RDM and note D in this section, to be consistent with Chapter |2 and
more generally with the chemistry literature, and not 1-pdm as we did in the previous Section) of a
finite dimensional system, and on the other hand, the dimension of the bath is finite and fixed by the
decomposition of the one-particle space.

As its name suggests, DMET provides an approximation to 1-RDM D of a quantum system in one
of its ground states ¥, with a given number of electrons N (generalizations to Gibbs states are emerging
[103] but we do not discuss them here). For interacting electrons, such a vector is not expected to be a
Slater determinant so the exact 1-RDM is not a projector (see the previous Section for a discussion about
this property). Nevertheless, DMET approximates the exact 1-RDM with a projector, and is similar to
the Hartree-Fock method in this respect. In other words, the approximate 1-RDM lies in the following
set:

D={DcS(H), D?*=D,Tr(D)=N}, (1.39)

while a general 1-RDM of a N particle vector state lies in the convex hull of the former set:
CH(D)={DeS(H), 0<D<1,Tr(D)=N}. (1.40)

Like DMFT, DMET is based on a “fragmentation” of the one-particle space: in DMFT, it is given
by the partition B of the Hubbard vertices, while in DMET it is given by an orthogonal decomposition
of H into so-called “fragments” X, which are finite dimensional (dim(X,) = L,): we assume that

Ny
H=PX. (1.41)
=1

where Ny is the number of fragments. Note that such a decomposition can also be derived in DMFT,
from a DMFT partition 3 and using the basis given in , showing the importance of localized orbitals
in the development of this method. In our analysis [17], we have dealt with a finite number of fragments,
making H finite dimensional, which corresponds to the setting in which numerical simulations are carried
out. Now for a given projector 1-RDM D € D, we define for each fragment X, the associated “impurity
space” Wy p CH as

Wac,D :X$+D(Xac) :D(XT)® (1 7D)(Xac) (142)

where the last sum is orthogonal. This space is of finite dimension dim(W, p) < 2L, and our assumption
(A2) for the main theorems is that this equality holds for a specific non-interacting 1-RDM D, which
we will specify later (impurity spaces are of maximal dimension): in the following we consider it holds
for any D, which is true in the neighborhood of such a D°. Since DMET is interested in the ground
state of a given Hamiltonian Hes (F), it aims at giving an approximation to the following minimization
problem .

weﬂ}lvr}{qj‘|:1<\lf,H\Il> (1.43)
which we already discussed in the previous section. The search space for such a problem is of very high
dimension, and the principle of DMET is to reduce it by “freezing” the degrees of freedom that are
outside the impurity space. This is done as follows for each impurity space Wy p:

e Start by defining the associated “core space” H;°}5 by decomposing in orthogonal subspaces Ran(D) =
D(X,)® Hl5- As we mentioned previously when introducing 1-RDM, a 1-RDM is a projector if
and only if it is associated with a Slater determinant Vp = d];n ...&:;N\(Z)) of a set of {¢;}icp,n]
spin-orbitals (see Equation (1.3))): in the following, the latter are chosen to be consistent with the

previous decomposition, meaning D(X;) = Span(¢;)icq1,z,] and H5 = Span(éi)ie[r, +1,n]-

e Then similarly define the associated “virtual space” 'H‘;l% by decomposing into orthogonal subspaces

Ran(1— D) = (1-D)(X,)® H;i% (note that the “virtual space” of DMET is not the virtual spin-
orbitals space introduced in the previous section, which corresponds to Ran(1 — D)), so that we
end up with the following decomposition of the one-particle space H

H =D(X,)® (1 - D)(X,) dHp & HLT . (1.44)
Wa.p HE™
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e Now recall that the vector states Qy, are normal states (in finite dimension, every state is a
normal state), with the density matrix pp € S(F) being the orthogonal projector on ¥p: using
the following isomorphism for the Fock space F(H) associated to H (see for instance [102, Problem
6.3], the Fock space operation being somehow an exponential for & and ®):

FH) = F(Wap) @ F(HI'D), (1.45)
the density operator reads up to this isomorphism
PD = Pw, p © Prery, (1.46)

where pw, ,, € S(F(Wy p)) (resp. puery € S(F(HS'H))) is the orthogonal projection on the Slater
Determinant state Wy, , (resp. Wyeny) associated with {@;}icqi,r,] C D(Xye) C Wap (vesp.

core env )

{#itierr.+1.81 C HED CHSY)

e Writing p = (pw, , ® 1)(1 @ pgeny ), we end up with
(W, W) = Te((pw, , 1) (10 pregmy ) ) = T, BR) = (W, AR, ) (147)

where H i;’n[g’ =Tr }‘(H;‘j,g)((l ® ﬁy;%)fff ) is given by a partial trace on the environment Fock space
F(H™ (see [92] for a discussion of the meaning of partial trace in quantum information) and is
called the “impurity Hamiltonian”. Its expression for H = dI'(H°) 4+ H’, where H' is a two-body
operator, is given in detail in [I7, Proposition 7] and in part in [71, Part V, Section 5].

e With this formula, freezing the environment degrees of freedom means fixing ﬁgnl‘g, and optimizing
on Wy, , when looking at the ground state. Finally, for reasons that will become clearer when
looking at the big picture, DMET considers the ”grand canonical” impurity Hamiltonian H oD —
uN,, where N, is the fragment (and not impurity !) number operator N, = dr'(I1,), I, being the
orthogonal projector on X,, and p is the chemical potential to be specified below. With all these
considerations, we arrive at the impurity problem which reads as a grand canonical ground state
minimization over F(Wy p):

, inf (pimP, (H;mg - uz\?w) pimp) (1.48)
U PEF(We,p),  ||¥Well=1 '

Assuming that the above minimization problems have a unique solution for all z € [1, N¢], we denote
by P, .(D) the 1-RDM of the solution to the z-th impurity problem. The high-level DMET map F HL g
then defined as

FU(D) = 3 LB, . (D)IL, (1.49)
r=1
where p is chosen such as Tr(FHY(D)) = N. This is the first part of the DMET iteration, and is called
“high-level” because it requires high-level computations to solve the impurity problems (compared to
cheap computations such as Hartree-Fock). In comparison with DMFT, this step corresponds to the
impurity solver, but unlike our analysis of DMFT where we were interested in the IPT approximate
solver, here we assume that the impurity problems can be solved exactly. Note that FHL(D) is in

Ny
P =Bd(CH(D)), with Bd(0) = > TLOIL,. (1.50)

Now the second step, called the low-level step, is much shorter to express: it consists, for a given
P € P, in finding the closest projector 1-RDM D € D that matches with the block diagonal entries,
meaning satisfies Bd(D) = P. In our article, we studied the following low-level map:

F'™(P)= argmin &7 (D) (1.51)
DeD,Bd(D)=P

where EUF (D) is nothing but the (Hartree-Fock) energy (¥p, HU ) where p is the Slater determinant
associated with D. Compared to DMFT, this step is the equivalent of the Bath update map, but
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poses much more problems from a mathematical point of view: to be well defined, the above functional
must admit a unique minimizer, over a set which raises representability issues [31]. Overall, the DMET
equations consist of the following set of self-consistent equations:

D=F"(P)eD (1.52)
P=F"(D)eP. (1.53)

Contributions of this thesis To our knowledge, the very existence of a solution to the DMET equa-
tions was not proven mathematically. In Chapter [2] we partly answer this question by considering the
weakly interacting regime: given a Hamiltonian H= dU(H) + H! where H! is a two-body operator, we
consider the family of Hamiltonians H, where for all a € R,

H, = dl'(H®) + oH". (1.54)

The case a = 0 corresponds to the non-interacting setting, while the case & = 1 corresponds to the original
one. Our study provides insights into the weakly interacting setting, meaning for a in a neighborhood
of 0. The first assumption (A1) is based on the one-particle Hamiltonian H® and concerns the low-level
solver: its eigenvalues (counted by multiplicity) satisfy exy < 0 < eny1, so that it admits a unique
N-particle ground state ¥ being a Slater determinant, with associated 1-RDM (defined by functional
calculus) being

D° = xg_(H"). (1.55)

The second assumption (A2) concerns the high-level solver in the non-interacting case: we assume that the
impurities W, po are of maximal dimension. Under these two assumptions, we first show in Proposition
that for the non-interacting setting oo = 0, the 1-RDM DV, together with its block diagonal counterpart
PY = Bd(D°) form a solution to the DMET equations. This is partly a justification for the claim that
DMET “s exact in the non-interacting [...] limit” [60], and is the equivalent of Proposition
for DMFT. Note however that nothing ensures that this solution is the unique solution to the DMET
equations, even in the non-interacting setting.

We then study the weakly interacting limit, where we need two additional assumptions: Assumption
(A3) deals with representability issues near DY, and expresses that the block-diagonal mapping Bd is
surjective from the tangent plane TpoD of (D) at D to the tangent plane Tpo(P). This assumption
ensures the existence of projectors 1-RDM that coincide on the block diagonal entries for P in a neigh-
borhood of PY, and is motivated by the fact that in general, the sets Bd(D) and P do not coincide, as
we prove in Lemma The last assumption (A4) is a bit more technical and concerns the invertibility
of the response function associated with the high-level solver, and we refer the reader to Section for a
more detailed discussion of this. Under Assumptions (A1)-(A4), we are able to prove the following main
theorems.

e We first prove in Theorem that in the vicinity of & = 0, there exists a unique solution (D, P, )
which lies in the neighborhood of (D, P%). We call this set of solutions the “physical branch”:
both are real analytic in a and reduce to (D°, P%) when a = 0. The proof is based on the implicit
function theorem.

e Subsequently, we prove in Theorem that this branch provides an approximation to the exact
1-RDM to first order in « in the weakly interacting regime.

We conclude the paper with numerical insights: we show numerically that exactness to higher order is
not generally observed for the physical branch, and that our assumptions, if violated, can lead to multiple
solutions.

1.3.3 Overview table and perspectives.

For the reader’s convenience, we sum up our presentation of the two embedding methods this thesis
focuses on in the following table:

To conclude this introduction, we give below some guidelines for future work related to the mathe-
matical description of DMFT. The first project, in the continuation of Chapters [3] and [] could provide
insights into the uniqueness of the solution of the (non-discretized) IPT-DMFT equations and an alter-
native discretization scheme to that of Chapter 4] based on optimal transport algorithms and free from
analytic continuation techniques. The two others are more prospective and explore two facets of Green’s
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DMFT

|

DMET

General framework

Equilibrium state

Gibbs state, p = e #UH—1N) /7

Ground state, p projector onto ¥

Reduced quantity

Green’s function G (Pick function)

1-RDM D (self-adjoint)

Model of interest

Hubbard model (Gyg = (A, E),T,U)

Any finite dimensional

Decomposition of H

DMFT partition B of A

Any orthogonal decomposition @, X,

Mean-field model

Collection of AIMs

Collection of (W, p, H;“}}?)

Bath dimension

Infinite (non-interacting)

Finite, dim(W,, p) = 2dim(X})

Impurity step

Impurity solver A — 3 (IPT here)

High-level solver FFV: D — P

Self-consistency

Bath Update map ¥ — A

Low-level solver FF: P D

Mathematical results on self-consistent equations in this thesis

Existence Global [18], conditional Chapter Near oo = 0, under (A1)-(A4)
Uniqueness Trivial limits [I8], locally Chapter [4] Near o = 0, locally
Exactness Trivial limits [18] First order in a, near « =0

Table 1.1: Overview table of the main features of DMFT and DMET from the perspective of this thesis.

functions theory: on the one hand, the very definition of the impurity solver of an Anderson Impurity
Model, and on the other hand, the thermodynamic limit of the Green’s functions for a “d = co” Hubbard
model.

Certainly, much remains to be done concerning the mathematical status of DMET: let us mention, for
example, the study of the strictly correlated limit which has been initiated by some authors of [17], which
would provide insights into the complementary limit than that of Chapter [2l However, the author of this
manuscript is more interested in the problem of the mathematical description of DMFT, both from the
point of view of the mathematical tools involved and of the progress it would bring to the understanding
of Green’s functions methods.

Uniqueness, new numerical scheme In Chapter 3] we prove the existence of solutions to the IPT-
DMFT equations, and in Chapter 4| we prove for the discretized equations that a solution also exists,
and is unique in some parameter regimes: the next point to be clarified is indeed the question of the
uniqueness of the solution of the original IPT-DMFT equations. To answer this question, the arguments
invoked for the discretized equations do not easily transfer to the original ones: as mentioned in the
introduction of Chapter [] the big difference is in the functional setting, where in Chapter [3| we require
solutions to be “‘physical”, i.e. to be the Stieltjes transform of a positive measure. In order to conclude
on uniqueness, estimates for measure distances must be found and at this stage, we have not yet given
a satisfactory bound on the IPT map. A different approach might be to look at the moment problem
associated with a solution [I], with a first insight from the formal 5 — oo limit, for which we have
derived a recursive formula on the moments. An answer to this question of uniqueness would help to
understand Mott transition as predicted by DMFT, whose order as a phase transition is directly related
to the coexistence of solutions.

Another idea to investigate is the design of a new numerical scheme for the IPT-DMFT equations,
that bypasses the analytic continuation. It is based on Proposition which states that the analytic
continuation problem posed by IPT for a discrete measure admits a unique solution in the set of (nega-
tives) of Pick functions, which turns out to have a discrete Nevanlinna-Riesz measure. The support of the
latter can be deduced from the set of roots of a given rational function, which can be searched in parallel
and using classical root-finding algorithms, while the weights are given analytically. Moreover, it is easy
to show that a similar property holds for the bath-update map. These statements suggest an “exact
diagonalization” approach [15] [70} [78] to IPT as a fixed point algorithm on discrete measures. Indeed
the bath dimension increases exponentially with the number of iterations, and this algorithm needs to
be complemented with a bath truncation procedure [79] to avoid an explosion of the computation time
along the iterations: in light of the proofs exposed in Chapter [3] we believe that this procedure may be
advantageously done using discrete Kantorovich optimal transport algorithms.

Well-posedness of the exact impurity solver In this thesis, we have focused on the IPT approx-
imation of the impurity solver in our study of DMFT. In fact, precise computations are based on more
accurate solvers, and in order to provide mathematical insights about DMFT in this setting, the first step
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is to study the exact impurity solver. For given impurity parameters Gy, T, U, the latter is the map that
gives the self-energy X of an Anderson Impurity Model for a given hybridization function A. As shown
in [69] and Theorem this self-energy is sparse, and we would begin by showing its well-posedness.
Further work would include a study of its regularity in terms of measure distances, as we did for IPT,
and would lead to results on the existence of solutions to the “exact” DMFT equations. We believe
that the setting of AIM is a good candidate for discussing the definition of Green’s functions for gen-
eral equilibrium states, and this project could in the longer term contribute to the understanding of the
Luttinger-Ward formalism [62] 67, [68], while paving the way for the study of Continuous Time Quantum
Monte Carlo algorithms [40].

Thermodynamic limits of DMFT (?d=00” exactness) Once the question of the uniqueness of the
solution to the (IPT) DMFT equations is resolved, an interesting question is the existence and properties
of thermodynamic limits of the solution, DMFT being designed to understand periodic materials. A
particularly interesting topic would be to discuss the exactness of the solution of the DMFT equations in
the “d = 00” limit [80], meaning for the nearest neighbor graph of the d-dimensional hypercubic lattice
in the limit d — oo, and to discuss the scaling of the hopping matrix 7" and the on-site interaction U
which lead to non-trivial limits.
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Chapter 2

Some mathematical insights on
DMET

In this chapter, we provide a mathematical and numerical analysis of Density Matrix Embedding The-
ory (DMET) in the non-interacting limit. This part is joint work with Eric Cances, Fabian Faulstich,
Eloise Letournel and Antoine Levitt, and as been submitted to Communications on Pure and Applied
Mathematics (CPAM).

Abstract This article provides the first mathematical analysis of the Density Matrix Embedding
Theory (DMET) method. We prove that, under certain assumptions, (i) the exact ground-state density
matrix is a fixed-point of the DMET map for non-interacting systems, (ii) there exists a unique physical
solution in the weakly-interacting regime, and (iii) DMET is exact at first order in the coupling
parameter. We provide numerical simulations to support our results and comment on the physical
meaning of the assumptions under which they hold true. We show that the violation of these
assumptions may yield multiple solutions of the DMET equations. We moreover introduce and discuss
a specific N-representability problem inherent to DMET.
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2.1 Introduction

Electronic structure theory is a powerful quantum mechanical framework for investigating the intricate
behavior of electrons within molecules and crystals. At the core lies the interaction between parti-
cles, specifically the electron-electron and electron-nuclei interactions. Embracing the essential quantum
physical effects, this theory is the foundation for ab initio quantum chemistry and materials science
calculations performed by many researchers in chemistry and related fields, complementing and supple-
menting painstaking laboratory work. With its diverse applications in chemistry and materials science,
electronic structure theory holds vast implications for the mathematical sciences. Integrating mathemat-
ical doctrines into this field leads to the development of precise and scalable numerical methods, enabling
extensive in silico studies of chemistry for e.g. sustainable energy, green catalysis, and nanomaterials.
The synergy between mathematics and electronic structure theory offers the potential for groundbreaking
advancements in addressing these global challenges.

Within the realm of electronic structure theory, the treatment of strongly correlated quantum systems is
a particularly challenging and long-standing challenge. Here, the application of high-accuracy quantum
chemical methods that are able to capture the electronic correlation effects at chemical accuracy is
inevitable. Unfortunately, the application of such high-accuracy methods is commonly stymied by a
steep computational scaling with respect to the system’s size. A potential remedy is provided by quantum
embedding theories, i.e., a paradigm for bootstrapping the success of highly accurate solvers at small scales
up to significantly larger scales by decomposing the original system into smaller fragments, where each
fragment is then solved individually and from which, a solution to the whole system is then obtained [17,
20, [44]. Such approaches include dynamical mean-field theory [32, [I5] 16} 26 [30], or variational embedding
theory [27, [7), 22].

Subject of this article is a widely-used quantum embedding theory, namely, density matrix embedding
theory (DMET) [23] 24, 511 3], 56, 10, 48, @]. The general idea of DMET is to partition the global
quantum system into several quantum “impurities”, each impurity being treated accurately via a high-
level theory (such as full configuration interaction (FCI) [25] B9, 52], coupled cluster theory [§], density
matrix renormalization group (DMRG) [55], etc.). More precisely, the DMET methodology follows the
procedure sketched out as: 1) fragment the system, 2) for each fragment, construct an interacting bath
that describes the coupling between the fragment and the remaining system, thus giving rise to a so-
called impurity problem, 3) solve an interacting problem for each impurity using a highly accurate method,
4) extract properties of the system, 5) perform step 2)—4) self-consistently in order to embed updated
correlation effects back into the full system. Over the past years, a large variety of this general framework
has been developed, including how the bath space is defined (including the choice of low-level theory) [13]
39, 36l [59], how the interacting cluster Hamiltonian is constructed and solved [38] 4], 291 14, 43], and
the choice of self-consistent requirements [57, 58, [12]. This variety of DMET flavors has been successfully
applied to a wide range of systems such as Hubbard models [23] 3, €, 65, 67, [66], 54, [46], [45], quantum
spin models [T11 [18, 42], and a number of strongly correlated molecular and periodic systems [24] [56], (9]
37, [21, 40, 19, [49] 64, 60], [63] 611, 62), (0L, BT, B3] 34, []. Recently, the application of DMET variants on
quantum computers has been explored [28], 53] 5.

In this article, we follow the computational procedure where the global information, at the level of
the one-electron reduced density matrix (1-RDM), is made consistent between all the impurities with the
help of a low-level Hartree-Fock (HF) type of theory. In the self-consistent-field DMET (SCF—DMET)EI7
this global information is then used to update the impurity problems in the next self-consistent iteration,
until a consistency condition of the 1-RDM is satisfied between the high-level and low-level theories.

This article is organized as follows. In Section we introduce the many-body quantum model
under investigation and its fragment decomposition, and set up some notation used in the sequel. In
Section we present a mathematical formulation of the DMET impurity problem and introduce
(formally) the high-level DMET map. The low-level DMET map and the DMET fixed point problem are
defined (still formally) in Sections and respectively. In Section we state our main results:

1. in Proposition 2.1} we show that for non-interacting systems, the exact ground-state density matrix
is a fixed-point of the DMET map if (i) the system is gapped (Assumption (A1)), and (ii) the
fragment decomposition satisfies a natural and rather mild condition (Assumption (A2)). Although
this result is well-known in the physics and chemistry community, a complete mathematical proof
was still missing;

IThroughout the paper, DMET refers to SCF-DMET. This is in contrast to one-shot DMET, in which the impurity
problem is only solved once without self-consistent updates.
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2. in Theorem we prove that under two additional assumptions ((A3) and (A4)), the DMET
fixed-point problem has a unique physical solution in the weakly-interacting regime, which is real-
analytic in the coupling parameter a. Assumption (A3) is related to some specific N-representability
condition inherent to the DMET approach, while Assumption (A4) has a physical interpretation in
terms of linear response theory;

3. in Theorem we prove that in the weakly-interacting regime, DMET is exact at first order in a.

The numerical simulations reported in Section [2.4] illustrate the above results and indicate that DMET
does not seem to be exact at second order. Although, in the special case when there is only one site per
fragment, Assumption (A4) is a consequence of Assumptions (A1)-(A3) (see Remark [2.3), the numerical
simulations presented show that this is in general not the case. Further investigations using the Hg-
model (vide infra) reveal the existence of a specific configuration (©3) for which only Assumption (A4)
is not satisfied. In the vicinity of this configuration, DMET has at least two distinct solutions that arise
from a transcritical bifurcation at ©3. In Section we formulate the impurity problem in more detail
and discuss the domain of the high-level DMET map. In Section we study the N-representability
problem mentioned above and provide a simple criterion of local N-representability directly connected to
Assumption (A3). In order to improve the readability of the paper, we postponed the technical proofs to
Section [2 For the reader’s convenience, the main notations used throughout this article are collected

in Table[2.A.1]in Appendix 2

2.2 The DMET formalism

2.2.1 The quantum many-body problem and its fragment decomposition

We consider a physical system with L quantum sites, with one orbital per site, occupied by 1 < N <
L electrons, and assume that magnetic effects (interaction with an external magnetic field, spin-orbit
coupling, etc.) can be neglected. This allows us to work with real-valued wave-functions and density
matrices. We set

H :=RE  (one-particle state space), Ba = {ex}req,zy (canonical basis of RE), (2.1)

n = /\7—[ (n-particle state space), Fock(H) := @’Hn (real fermionic Fock space).

We denote by @, and af. the generators of the (real) CAR algebra associated with the canonical basis of
H, ie.

G, :=a(ey) and al =al(e,).
Recall that the maps
RE 5 fal(f) € L(Fock(H)) and REY > f a(f) € L(Fock(H)),

are both linear in this setting since we work in a real Hilbert space framework. Here and below, L(E)
is the space of linear operators from the finite-dimensional vector space E to itself. We also define the
number operator N by

L L
N = Z nly, = Z&L&H (particle number operator).

For each linear subspace E of H, we denote the orthogonal projector on E by IIg € L(H). We assume
that the Hamiltonian of the system in the second-quantized formulation reads

L
H = Z hma a>\—|— - Z VKAyga a)\agal,, (2.2)
K, A=1 WAL

where the matrix » € RY*% and the 4th-order tensor V € REXEXLXL gatisfy the following symmetry
properties:
hex = hy. and Vn/\uf = VV)\raf = anv)\ = Vugn/\~
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We denote by D the Grassmannian of rank-N orthogonal projectors in R%:

D := Grg(N,L) = {D e REXF | D* = D, Tr(D) = N}, (2.3)

sym
and by CH(D) the convex hull of D, i.e.

CH(D) ={D e R{:F|0< D <1, Tr(D) = N}. (2.4)
Physically, the set CH(D) corresponds to the set of (real-valued, mixed-state) N-representable one-body
density matrices with N electrons, and D is the set of one-body density matrices generated by (real-
valued) Slater determinants in H .

We consider a fixed partition of the L sites into Ny non-overlapping fragments {Z; } e, N, of sizes
{Lz}xeﬂl,Nf]] such that L, < N for all . Up to reordering the sites, we can assume that the partition is
the following:

[[17L]]:{(17 7L1)a(1+L17"' 7L1+L2)7"' 7(1+L1+"'+LNf—1a"' 7L)} (25)

Il I2 IN

f

This partition corresponds to a decomposition of the space into Ny fragment subspaces fulfilling
H=X1®---® Xy, with X, :=Span(es, v €Z,). (2.6)

For M € REXL we set

sym

Ny
Bd(M) := Y I, ML, (2.7)
r=1

where II, := IIx, is the orthogonal projector on X,. The operator Bd € E(Rfyﬁf) is the orthogonal
projector onto the set of block-diagonal matrices for the partition (2.5) (endowed with the Frobenius
inner product).

As we will see, a central intermediary in DMET is the diagonal blocks of the density matrix, P =
Bd(D) € Bd(D). It is clear that these blocks must satisfy 0 < P, < 1 and Zivzfl Tr(P,) = N. Conversely,
it is easy to see that grouping these blocks together into a block-diagonal matrix produces a matrix in
CH(D); therefore, we have

P 0 - 0
0 P 0
P := Bd(CH(D)) = {P = ,
0 0 Py,
Ny
st. V1< < Ny, P, e RExP 0< P, <1, ZTr(Pm) = N}. (2.8)
=1

From a geometrical viewpoint, P is a non-empty, compact, convex subset of an affine vector subspace of

REXE with base vector space
Yy, 0 -+ 0 .
Y= {Y - 0 "2 ? st.V1<az <Ny, Y€ Rﬁ;ﬁw,iﬂ(m - 0}. (2.9)
0 0 - Yy o

f

The structure of the set Bd(D) C P is a more subtle issue that we will investigate in Section

2.2.2 The impurity high-level problem

Given one of the spaces X, and a one-body density matrix D € D, we set:

Wep =X, +DX;, =DX,®(1—-D)X, (z-th impurity subspace). (2.10)
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We will assume in the following that
dim(DX,) =dim((1 — D)X,) =dim(X,) = L, (maximal-rank assumption), (2.11)
so that dim(W, p) = 2L,. Decomposing Ran(D) and Ker(D) as
Ran(D) = DX, ® Hs and Ker(D) = (1 — D)X, & H™,
we obtain the following decomposition of H = RE:
H=Wep®H, D& ’H"”t .

Note that the space 3’5 has dimension (N — L,). The matrix D can be seen as the one-body density
matrix associated with the Slater determinant

Lw (N_Lr)
U p = UOEPAWIET with UORP e ADX, and W)FTe A HO,

where U lglp and \Ilg o¢ are normalized. More precisely, U3, 1, is the Slater determinant built from an
orthonormal basis of L, orbitals in DX, and an orthonormal basis of (N — L) orbitals in H%5. The

so-defined wave-function W9, ,, is unique up to an irrelevant sign.

We denote by N x, € L(Fock(H)) the projection of the number operator onto the fragment Fock space
Fock(X,). Solving the impurity problem aims at minimizing, for a given p € R which will be specified
later, the thermodynamic potential

(U|(H — uNx,)|¥) (2.12)
over the set of normalized trial states in Fock(H) of the form
U =UrpATrEe (2.13)
with W55 fixed, and W15 in
Fock(W, @ /\ We.p  (z-th impurity Fock space).

The impurity Hamiltonian is the unique operator H "™P on Fock(W,. p) such that

VUIE € Fock(Wo,p), (UIPBIHIBIUID) = (WD A WS [H WS A TOE™e). (2.14)
For an explicit expression of H lmp , see Propos1t10n
The impurity problem deﬁned by - can then be reformulated as

_ min (Wimp | Fimp 1N, |\I/1mp> (impurity problem). (2.15)
W €Fock(Wa,p), [ ¥75 =1 :

In practice, this full-CI problem in the Fock space Fock(W, p) is solved by an approximate correlated
wave-function method such as CASSCF, CCSD or DMRG for example, but we assume in this analysis
that it can be solved exactly.

If (2.15) has a non-degenerate ground state for all z, we denote the one-body ground-state density

matrices by P, (D), seen as matrices in Rfyﬁf , and finally set

F/VIL-I,E(D) = HXwPu,w(D)HXx- (2.16)

Let us remark incidentally that if the ground state of the impurity problem is degenerate, we can either
consider F PILH; (D) as a multivalued function or define them from finite-temperature versions of ,
which are strictly convex compact problems on the set of density operators on the Fock space, and
therefore always have a unique minimizer. We will not proceed further in this direction and only consider
here the case of impurity problems with non-degenerate ground states.
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The combination of the Ny impurity problems introduced in (2.15) (see also (2.16)) gives rise to a
high-level DMET map FH
D>Dw FHY(D)eP (2.17)

formally defined by

FHY(D Z FHL(D)  (high-level map) (2.18)

;Lw

with p € R chosen such that Tr(FHY(D)) = N. The domain of FH* and the regularity properties of this
map will be studied in Section

2.2.3 The global low-level problem
The low-level map is defined by

FYY(P):= argmin " (D) (low-level map), (2.19)
DeD, Bd(D)=P

where EUF is the Hartree-Fock (mean-field) energy functional of the trial density-matrix D. The latter
reads

EMN(D) := Tr(hD) + 1Tr(J(D)D) - %Tr(K(D)D), (2.20)
where
L L
[J(D)lex == > VaewwDve and [K(D)]sx:= > VieraDye. (2.21)
v,§=1 v,£=1

The existence and uniqueness of a minimizer to (2.19)) will be discussed in Section

2.2.4 The DMET problem

Finally, the full DMET map is formally defined as the self-consistent solution to the system

In particular, D = F*(P) implies that P = Bd(D). Equivalently, we can formulate the problem as

P = FDMET(P) = FHL(FLL(P)).

Assuming that the solution to this fixed-point problem exists and is unique, P is expected to provide
a good approximation of the diagonal blocks (in the decomposition of H) of the ground-state one-
body density matrix of the interacting system. The mathematical properties of this self-consistent loop
will be studied in the next section, first for the non-interacting case, and second, for the interacting case
in a perturbative regime.

2.3 Main results

We now embed the Hamiltonian H into the family of Hamiltonians

Z h,ﬁ)\a a)\Jr— Z Vmufa a)\agau, a € R, (2.22)
K, A=1 K, \,vE=1

acting on Fock(#). For o = 0, we obtain the one-body Hamiltonian

L

Hy:= Y hexalay (2.23)
K,A=1
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describing non-interacting particles, and we recover the original Hamiltonian H for = 1. We denote by
FIL O FLL and FPMET the high-level, low-level, and DMET maps constructed from H.,.

We first assume that the non-interacting problem is non-degenerate. Denoting by &,, the n-th lowest
eigenvalue of h (counting multiplicities), this condition reads

(Al) en <0 <engt1,

where without loss of generality we have chosen the Fermi level to be 0. Assumption (A1) indeed implies
that the ground-state of Hy in the N-particle sector of the Fock space is non-degenerate, and that the
ground-state one-body density is the rank-/N orthogonal projector given by

Do = 1(_se(h). (2.24)

By perturbation theory, the ground state of H, in the N -particle sector is non-degenerate for all o €
(—ay,ay) for some 0 < ay < 4o0o. We denote by DSt the corresponding ground-state one-body
density matrix. As a consequence of analytic perturbation theory for hermitian matrices, the map
(—ay, o) 3 a— DIt e REXD is real-analytic.

Second, we make the maximal-rank assumption:
(A2) For all 1 < z < Ny, dim(DoX,) = dim((1 — Dy)X,) = dim(X,) = L,.

Assumption (A2) implies that the impurity problem (2.15) for H= ﬁo and D = Dy is well-defined for
each x and each . We emphasize however that this does not prejudge that the so-obtained Ny impurity
problems are well-posed (i.e. have a unique ground-state) for a given value of u, nor a fortiori that Dy is

in the domain of the high-level map Fi. We will elaborate more on the meaning of Assumptions (A2)
in Section

DMET is then consistent in the non-interacting case:
Proposition 2.1 (P, := Bd(Dy) is a fixed point of the DMET map for a = 0). Under Assumptions
(A1)-(A2), Py := Bd(Dy) is a fized point of the non-interacting DMET iterative scheme, i.e. Py is in
the domain of F}™, Dy is in the domain of Fi', and FPMEY(Py) = P,.
Remark 2.2. We formally define the high-level Hartree-Fock map
FiL.D - P,

as the high-level map constructed from the Hartree-Fock N-body Hamiltonian

L
HE = 3 (1 (D)]afan,
KA A=1
where
(D) = h+ J(D) — K(D) (2.25)

is the one-particle mean-field (Fock) Hamiltonian. Using exactly the same arguments as in the proof of
Proposition we obtain that the low-level map F™V satisfies the mean-field consistency property

FYM(Fii§ (D)) = Dx,

for any Hartree-Fock ground state D,. We will make use of this important observation in the proof of

Theorem [27)

We now study the DMET equations in the perturbative regime of  small. In order to use perturbative
techniques, we need to determine the space in which we seek P. Generically, at a # 0, we expect P
to be equal to the block diagonal of the one-body density matrix, which is not a projector. Therefore
it is natural to seek P in P = Bd(CH(D)). However, in the DMET method, D is constrained to be a
projector, and therefore P will necessarily belong to Bd(D). We will study in Section the relationship
between the two sets P and Bd(D) (the N-representability problem), and in particular show that, in the
regime of interest to DMET (many relatively small fragments, so that L > max, L, ), the two sets are
(generically) locally the same. Therefore, it is natural to assume the local N-representability condition:
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(A3) The linear map Bd is surjective from TDOD to ),

where ) is the vector subspace defined in Indeed, P is a (non empty, compact convex) subset
of the affine space Py + ) and Assumption (A2) implies that Py € P, Where ’P is the interior of P in

Py+Y. Thus Y can be identified with the tangent space at Py to the manifold 73. By the local submersion
theorem, this implies that any P in the neighborhood of Py can be expressed as the block diagonal of a
density matrix in the neighborhood of Dy in D.

Our last assumption is concerned with the response properties of the impurity problems at the non-
interacting level. Consider a self-adjoint perturbation Y € RSLyfnL of the one-particle Hamiltonian A,
non-local but block-diagonal in the fragment decomposition, i.e. such that ¥ € Ry, + ), and denote by
FHL, (D) the non-interacting high-level map obtained by replacing h with h+Y (so that FHLy, (D) =
FIL). Formally, we have

FHYy v (Do) = Py + RY +o(|[Y])), (2.26)
with R : RI, +Y — Y linear (the fact that RY € ) is due to particle-number conservation). The map R
can be interpreted as a non-interacting static 4-point density-density linear response function for frozen
impurity spaces. It follows from Assumption (A1) that constant perturbations do not modify the density
matrix: R(I1) = 0. Our fourth assumption reads:

(A4) the 4-point linear response function R : Y — ) is invertible.

This condition is somewhat reminiscent of the Hohenberg-Kohn theorem from Density Functional
Theory. Together with the local inversion theorem, it implies that, locally around A, in the non-interacting
case and for frozen impurity spaces W, p,, the high-level map defines a one-to-one correspondence between
non-local fragment potentials (up to a constant shift) and fragment density matrices.

Remark 2.3. We will show in Section that in the case when Ny = L (one site per fragment), it
holds: under Assumptions (A1)-(A2),

(A3) is satisfied = Dy is an irreducible matriz <= (A4) is satisfied.

On the other hand, numerical simulations indicate that in the general case, Assumption (A4) is not a
consequence of Assumptions (A1)-(A3).

We are now in position to state our main results.

Theorem 2.4 (DMET is well-posed in the perturbative regime). Under assumptions (A1)-(A4), there
exist 0 < at < ay, and a neighborhood Q2 of Dy in D such that for all « € (—ay,ay), the fized-point
DMET problem

)

POI?MET _ FSL (DBMET) DaDMET _ F(I;L (P(]?MET)

has a unique solution (DDMET PDMETY qyisp DPMET ¢ O (otherwise stated, the DMET map for H,
has a unique fized point PPMET in the neighborhood of Py). In addition, the maps (—dy,ay) 3 a +—

DDPMET ¢ RfyfnL and (—a4,a4) > a— PPMET ¢ ]RfyfnL are real-analytic and such that

DEMET = Do = 1(_ o )(h), PyMET = Py = Bd(Dy).

As is standard, the first-order perturbation of the exact density matrix is given by the Hartree-Fock
method. DMET is able to reproduce this, and is therefore exact at first order:

Theorem 2.5 (DMET is exact to first order). Under Assumptions (A1)-(A4) and with the notation of
Theorem[27), it holds

DBMET _ szact + 0(042) — D(I;IF + 0(042),
where DY is the Hartree-Fock ground-state density matriz for ﬁa, which is unique for o small enough.

The numerical simulations reported in the next section show that such exactness property is not
expected to hold at second order.

In the weakly interacting regime, the solution DPMET to the DMET fixed-point problem is the only
physical one because it is the only one laying in the vicinity of Dy, where the exact ground-state density
matrix is known to be by analytic perturbation theory.
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2.4 Numerical simulations

In this section, we perform numerical investigations of DMET for two distinct test systems: The first
system is Hyg in a circular geometry which serves as a benchmark where DMET has been previously
recognized for its exceptional performance [24]. By studying this system, we aim to reaffirm the efficacy
of DMET and numerically showcase that DMET is exact to first order in the non-interacting limit.
However, to gain a comprehensive understanding of DMET’s limitations, we also explore a second system
which is an Hg variant. This particular system allows us to numerically scrutinize the assumptions made in
the analysis presented above. Through these numerical investigations, we aim to provide valuable insights
into the mathematical structure of DMET, paving the way for further advancements and improvements
in this promising computational approach. Throughout this section, we denote by || - ||r the Frobenius
norm on matrix spaces.

2.4.1 H,, ring

We consider a circular arrangement of ten hydrogen atoms, with a nearest-neighbor distance of 1.5 ag
between each pair of atoms (where ay ~ 0.529 A is the Bohr radius). The system is treated using
the STO-6G basis set and is half-filled, i.e., containing ten electrons. We partition the system into five
fragments, each consisting of two atoms, as shown in Figure

Figure 2.1: Depiction of the Hig system in circular geometry. The red-shaded areas show the chosen
fragmentation.

In order to numerically confirm that DMET is exact to first order for this “well-behaved” system, we
determine P, for a € [0,1] and compute ||dP,/da|r. Figure compares the DMET result with the
exact diagonalization result (abbreviated FCI). We clearly see that DMET is indeed exact to first order
for the considered system.

First derivative Error in first derivative

0.10 I

—— DMET !

0.08/ — FCI 1072
0.06

1073

0.04 _

0.02 10~

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Interaction strength (a) Interaction strength (a)
(a) (b)

Figure 2.2: @) Shows ||dP,/da||r for DMET and FCI, respectively @ Shows the error on dP,/da
between DMET and FCI, measured in Frobenius norm.
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2.4.2 Hgz model

In this section, we will numerically investigate the assumptions required for the analysis presented in this
article. To that end, we consider a non-interacting H‘éf system, undergoing the following transition on
a circular geometry: We begin by placing three hydrogen molecules in equilibrium geometry, i.e., bond
length of 1.4 ag, equidistantly on a circle of radius 3 ag. We then dissociate each hydrogen molecule while
maintaining a circular geometry. Specifically, we break each hydrogen molecule in such a way that the
hydrogen atoms from neighboring molecules can form new molecules. We stop this transition at © =
Omax, when the hydrogen atoms from neighboring molecules form new hydrogen molecules in equilibrium
geometry. We steer this transition with the angle © that measures the displacement of the individual
hydrogen atoms relative to their initial positions. The dissociation is done in a manner that maintains
the circular arrangement of the hydrogen atoms throughout the process, see Figure [2.3] for a schematic
depiction of this process and a depiction of ©. The system is partitioned into 3 fragments that correspond
to the initial molecules. Note that the fragments remain unchanged during the transition process. In
order to fulfill the N-representability condition below (which is necessary for Assumption (A3) to
be fulfilled), we dope the system with four additional electrons, i.e., 10 electrons in total. The system is
discretized using the 6-31G basis set.
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Figure 2.3: Schematic depiction of the considered Hg transition. The left panel shows the initial config-
uration for © = 0; the right panel shows the final configuration ® = ©y,,x. The red-shaded areas depict
the imposed fragmentation. The arrows indicate the transition of the hydrogen atoms for © € [0, Oyax].

In order to numerically depict Theorem[2.5, we compute P, and D,, using a mean-field theory approach
(HF), DMET, and the exact diagonalization (FCI), and compare these quantities for o = 0 as well as
their first derivatives with respect to . Note that in the non-interacting limit, the mean-field theory
is exact, which is reflected in our simulations. We indeed observe that supg || P3¥(©) — PFCY(O)|r
and supg || DEF (©) — DECY(O)||F are equal to zero up to numerical accurary, while supg ||[PPMET(0) —
PECY R(©), , supg || DPMET(©) — DECY(O)| r are respectively of the order of 107!3 and 10~7 with the
chosen convergence thresholds. Figure[2.4]shows the first-order exactness of DMET in the non-interacting
limit for the Hi~ model.

Our numerical investigations include an analysis of Assumptions (A1)-(A4). We present a check
of Assumptions (A1) and (A2) in Figure Assumption (Al) can be directly tested by calculating
the HOMO-LUMO gap of the non-interacting Hamiltonian under consideration for each value of ©.
Furthermore, Assumption (A2) can be tested by monitoring the behavior of the smallest and largest
singular values of the matrix Py as a function of the variable © (see Lemma [2.6).
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First derivative [on fragments (P)]

First derivative [full 1-rdm (D)]

—— HF
1.8 DMET 2.0
—— FCI
1.6 1.8
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0.0 0.2 04 06 0.8 1.0 0.0 0.2 04 06 0.8 1.0
0 (rel.) 0 (rel.)
(a) (b)
Figure 2.4: (o)) Shows ||0s Pal,_, | for HF, DMET and FCI (b)) Shows [|0sDa],_ |l for HF, DMET
and FCI.
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Figure 2.5: @) Shows the HOMO-LUMO gap for the Hg model as a function of © for a = 0. (IEI) Shows
the largest and smallest singular values of P for the Hg model as a function of © for a = 0.

The validity of assumptions (A3) and (A4) is tested in Figure [2.6| by monitoring the lowest eigenvalue
of the operator S := (Bd|r,,p-y)*Bd|r,,p-y (Which corresponds to (A3)), and the smallest singular
value of the operator R|y_,y (which corresponds to (A4)).

We see that Assumptions (A1) and (A2) are uniformly fulfilled over the whole range [0, Opax]. As-
sumption (A3) seems to be satisfied for all © except two values ©1 ~ 0.885 and Oz ~ 0.957. Careful
testing around O shows that Assumption (A4) is additionally not satisfied at ©3 ~ 0.958, where all
other assumptions are satisfied. This illustrates the fact that in the general case Ny < L, Assumption
(A4) is independent of Assumptions (A1)-(A3) (see Remark [2.3).

Figure shows the Frobenius norms of the second derivative of P, and D, at o = 0 for HF,
DMET, and FCI. We see that the three methods give different results, and that the result in Theorem [2.5]
is therefore optimal. We also observe that for DMET, the second derivatives become noisy in the range
of ©’s where Assumptions (A3) and (A4) are poorly or not satisfied. This is probably due to conditioning
issues or to the use of convergence thresholds not directly connected to the computed quantity of interest.
The numerical analysis of DMET is left for future work.
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Assumptions (A3) and (A4) Assumptions (A3) and (A4)
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Figure 2.6: The orange line shows the lowest eigenvalue of S := (Bd|r, p—y)*Bd|r, p-y for the
Hg model as a function of © for o = 0 (which corresponds to (A3)), and the blue line shows the smallest
singular value oy of R|y_,y (which corresponds to (A4)). (b) Shows a zoomed version of () around
the second (local) minimum.
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Figure 2.7: () shows |02 Py, || for HF, DMET and FCT (b)) shows [|02Da],_ | r for HF, DMET
and FCI.

We now investigate more closely the violation of the hypotheses at ©3, where R is not invertible, but
(A3) is still satisfied. To that end, we compute the differential of FPMET(Py) at Py, as a function of O,
and see that for © close to O3, FPMET(P)(©)) possesses a simple real eigenvalue which transitions from
being positive (for © < ©3) to being negative (for © > O3), with all other eigenvalues having negative real
parts. As is standard, this type of eigenvalue crossing generically gives rise to a transcritical bifurcation
[47). This suggests the existence of another branch of solutions P;(0) of P = FPMET(P) which collides
with Py(©) at © = O3, and such that the largest eigenvalue of the differential of FPMET at Py has the
opposite sign to that at P;.

To find this branch of solutions, we employ a Newton algorithm on FPMET. Since we are looking
at small differences, this requires accurate computations of Fi' and FIY as well as their differentials
(without resorting to finite differences). The differential of FiI is computed analytically by perturbation
theory (taking into account the self-consistent Fermi level). For Fi'Y, we implemented a manifold Newton
algorithm to compute an accurate solution of the problem defining the low-level solver. This is done by,
starting from the point D,,, parametrizing D,; as D(X) with an unconstrained matrix X as in the
proof of Lemma and then performing a Newton step on the Lagrangian L(X, A) that corresponds
to minimizing EM (D(X)) subject to Bd(D(X)) = P. From the Hessian of the Lagrangian one can also
compute the differential of F{*, and then ultimately of FPMET,

To initialize the Newton algorithm on FPMET at a given © close to O3, we start from Py, and
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compute the eigenvector Y of dFPMET associated with the eigenvalue that crosses zero. Then, we run a
Newton algorithm started from Py + «a(© —03)Y, where « is an empirically chosen parameter (its precise
determination involves higher derivatives [47], which are cumbersome to compute). We observe the two
branches Py and P; shown in Figure confirming the transcritical bifurcation. Let us emphasize that
this bifurcation is not due to symmetry breaking, as can be shown from a detailed analysis of the solutions

Py and P; (see Appendix [2.B)).

Two branches of solutions

—— PO
P1

5.5282+
5.5281 1
5.52801
o 5.52791
5.52781
5.5277+
5.52761
5.52751

0.95795 0.95800 0.95805 0.95810
0

Figure 2.8: The two branches Py and Py (displayed are the scalars ), P;;) as functions of © near © = 0.
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2.5 Impurity problems and high-level map

2.5.1 Impurity Hamiltonians
It follows from the considerations in Section 2.2.2 that if
Vo e [1,N;], dim(DX,) = dim((1 - D)X,) = L,.

the impurity problem is well-defined for each fragment since the maximal rank assumption (2.11)) is
satisfied for each X,. The next lemma gives useful equivalent characterizations of these conditions.

Let us introduce the matrix

Or; xL, I = .,
E, := matg,, (€., k € I,) = Ir, € RE*E= with {L”I-. Lice<s If (2.27)
Oy xr, 7= Lcaran Lo

representing the orbitals of fragment 2 € [1, Nf], whose range is X,. We recall that ﬁ denotes the
interior of the set P = BAd(CH(D)) in the affine space Py + V.

Lemma 2.6 (Compatibility conditions). Let D € D. The following assertions are equivalent:
1. BA(D) € P;
2. Vx € [1,Ny], dim(DX,)=dim((1 - D)X,)= L,;
3. Vx € [1,N¢], 0<EIDE, <1 (all the eigenvalues of ETDE, are in (0,1));
4. Yz € [1,Ns], EIDE, € GLg(L,) and EI(1— D)E, € GLg(L,).
If D satisfies these conditions, we say that it is compatible with the fragment decomposition.

It is easily seen that if D is compatible with the fragment decomposition, then the column vectors
defined by the matrix

C*(D) = <DEx (ETDE,)'*

(1- D)E, (ET(1- D)Ex)_1/2> € RLX2Ls (2.28)
form an orthonormal basis of the impurity one-particle state space W, p defined in (2.10)). More precisely,

the first L, columns of C*(D) form an orthonormal basis of DX, and its last L, columns form an
orthonormal basis of (1 — D)X,. Likewise, the column vectors of the matrix

&*(D) = (E

(1-11,)DE, (ETD(1 — Hx)DEx)_1/2> € REX2Ls (2.29)

form an orthonormal basis of X, & (1 —II,)DX,.

We denote by a¥(D) and a% (D), 1 < j < 2L, the annihilation and creation operators in the basis of
the columns of C*(D):

L L

ag(D) =Y _(C™(D))wjin, a5(D)' = (C*(D));al.

k=1 k=1
These operators allow for an explicit form of the impurity Hamiltonian H ;mg as follows.

Proposition 2.7 (Impurity Hamiltonian). Let D € D be compatible with the fragment decomposition.
The x-th impurity Hamiltonian H,"} is the operator on Fock(W, p) given by

2L,

H,"p = Eg™(D) + Z [C*(D)T (h+ J(D*(D)) - K(D*(D))) C*(D)],;; @(D)"a;(D)
| 2L o
+3 > VH(D))ijmai(D)'a; (D) ae(D)ax (D), (2.30)
ik, 0=1

where

56



e the Coulomb and exchange matrices J(D%(D)) € REXE and K(D%(D)) € RL*L for the x-th impu-
rity are constructed from the density matriz

9%(D):=D — DE,(EYDE,)'ETD € Gr(N — L, L); (2.31)

e the rank-4 tensor V(D) is given by

VEDNigrr = Y Vi[O (D)]w[CF (D)5 1% (D)o [CF (D)]ees (2.32)
Ko\, v,E=1

e the value of the (irrelevant) constant ES™ (D) is given in (2.39)).

- 0, .
minant U '5" (see Section

Note that the matrix ©%(D) is in fact the one-body density matrix associated with the Slater deter-
2

2.5.2 Domain of the high-level map

A matrix D € D is in the domain of the high-level map FH formally defined in Section m if and only
if

1. D is compatible with the fragment decomposition (see Lemma, in such a way that the impurity
problem ([2.15]) is well defined for each x;

2. the set

Mp = {u eR ’ Vz, the impurity problem (2.15)) has a unique ground-state 1-RDM P, p ,,

Ny
and Z Tr (11, Py p 1) = N}
x=1
is non-empty;
3. the function
Fp:Mp3p— Y MyPypll, €P
=1

is a constant over Mp, which we denote by FH1N(D).

In the proof of Theorem we will study FI in the non-interacting (ow = 0) and weakly interacting
(Ja| small ) cases. We will see that in these regimes the domain of FII contains a neighborhood of Dy
in D.

2.6 N-representability and low-level map

In this section, we focus our study on the low level map defined in (2.19). Clearly, (2.19) has minimizers
if and only if P € Bd(D) (otherwise, the feasible set of the minimization problem is empty).

The next Lemma covers the extreme cases of minimal (Ny = 2) and maximal (Ny = L) numbers of
fragments.

Lemma 2.8 (Global N-representability).
1. If Ny = L (one site per fragment), then Bd(D) = BAd(CH(D)) = P.
2. If Ny =2 and L > 3, then BA(D) € BA(CH(D)) = P. More precisely,

Bd(D)={PecP | V0 < n < 1, dim(Ker(Il; PII; — n)) = dim(Ker(IIs PII; — (1 — n)) }.

Our analysis of the DMET method in the non-interacting and weakly perturbative settings relies on
the following weaker N-representability result.
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Definition 2.9 (Local N-representability). Let D € D be compatible with the fragment decomposition.
We say that the local N -representability condition is satisfied at D if the linear map Bd is surjective from
TDD to y

Note that Assumption (A3) can be rephrased as: the local N-representability condition is satisfied at
Dy.

A necessary condition for the local N-representability condition to be satisfied at some D € Bd~'P

is that
Ny
N(L - N) = dim(D) = dim(R™*N) > dim(y) = )

r=1

L,(L,+1)

; ~1 (2.33)

If Ny = L (one site per fragment), the above condition reads N(L — N) > L — 1, and is therefore
satisfied for any 1 < N < L — 1, i.e. for any non-trivial case. On the other hand, if Ny = 2 and
L =21, = 2L, (two fragments of identical sizes), the necessary condition reads N(L — N) > % -1
and is never satisfied as soon as L > 3. This result is in agreement with the global N-representability
results in Lemma In usual DMET calculations, condition is always satisfied, so that, generically,

P and Bd(D) coincide in the neighbourhood of Py.
The next lemma provides a sufficient local N-representability criterion.

Lemma 2.10 (A local N-representability criterion). Let D € D be compatible with the fragment decom-
position (i.e. D € Bd_IP). The following assertions are equivalent:

1. the local N -representability condition is satisfied at D;

2. the only matrices M € RLXE commuting with both D and the matrices 11, for all 1 < x < Ny are

Sym

of the form M = X, for some X € R;

3. if ® € REXL s an orthogonal matriz such that

D=3% < Iév 8 ) o7, (2.34)
then the linear map
R(L_N)XNBX»—)%H <I>< 0 XT)@TH €y (2.35)
ZmTUX 0 v ‘

18 surjective.

The third assertion of Lemma[2.10] gives a practical way to check the local N-representability criterion:
it suffices to (i) diagonalize D in order to write it as in (the columns of ® € O(L) form an
orthonormal basis of eigenvectors of D), (ii) assemble the matrix of the linear map in the canonical
bases of RE~N)XN and ), and (iii) check whether the number of positive singular values of this matrix

is equal to dim(Y) = ZNf Lo(Latl) g

rx=1 2

2.7 Proofs

2.7.1 Proof of Lemma [2.6]
Let D € D.
2) <= 3). Assume that
V1<az <Ny dim(DX,)=dim((1-D)X;) = L,.
Since D? = D, we have for all y € RE=,
y"(E; DE,)y = y" (E; D*E,)y = (D(E,y))" (D(E.y)) = [D(E.y)[?, (236)
and therefore,

0 <y"(EIDE,)y = |D(Ey)* < |Eyl* = [y|*.
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Thus 0 < ETDE, < 1 in the sense of hermitian matrices. Assume now that y* (EZ DE,)y = 0. Then,
E.y € Ker(D). But we also have E,y € X,. Since dim(DX,) = L, this implies that y = 0. Thus
0 < ETDE, in the sense of hermitian matrices. Likewise, we have EI DE, < 1. This proves that 2)
= 3). Conversely, if for all 1 <z < Ny, 0 < ETDE,, we infer from that D(F,y) = 0 implies
y = 0, hence that dim(DX,) = L,. Likewise, E'DE, < 1 implies dim((1 — D)X,) = L,. Therefore, 3)
= 2).

3) <= 4). Since 0 < EI'DE, is equivalent to EI DE, € GLg(L,) and EIDE, < 1 is equivalent to
ET(1 - D)E, € GLg(L,), we conclude that 3) <= 4).

Lastly, it follows from the definition of P that

P 0 - 0
0o P - 0 o

P=1 . ) , €eP <<= (M <x<N;0<P,=FEIPE, <1). (2.37)
0 0 --- Py

f

This shows that 1) <= 3), which concludes the proof.

2.7.2 Proof of Proposition

Let D € D and 1 < x < Ny. Let us first concatenate the matrix C®(D) € RE*2L= introduced in (2.28))
with a matrix C2, (D) € REX(E=2L2) in order to form an orthogonal matrix

¢*(D) = (C*(D)|Cew (D)) € O(L).

The column vectors of €%(D) define an orthonormal basis of H = R adapted to the decomposition
H =W, p @ H". The generators of the real CAR algebra associated with this basis are given by

so that the Hamiltonian

L
H = Z hma a>\+ - Z V,Ml,ga a)\agal,
K,A=1 H)\Vf 1

can be rewritten as

L L
F} T ~T /\x 1 ~T ~T ~T ~T
H= Z [W*(D)]iya; (D )T 5 Z Mgkt @ (D>T%‘ (D)Tal (D)ay (D)
i,j=1 4,9,k =1
with
L
= Y hea@(D)€"(D)y; ie. h*(D)=¢"(D)"he”(D)
K,A=1
and
[V (D)]ijhe = Z Vg€ (D) i€ (D) ;€% (D), 1 €% (D).
Ky ,E=1

Note that if 1 <14,5,k,1 < 2L,
[h*(D))ij = [C*(D)"hC*(D)i; and  [V*(D))ijn : Z Ve C* (D) i C* (D) 2;C* (D) C* (D)er
Ky v,E=1

in agreement with (2.32)). Let ¥ € Fock(#) be of the form

(N=La)
U =UrEAWYST with OB € Fock(W,p) and ¥o5 e N\ HSE.
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We have

L
(UIH[W) = (U5 AL Y [07(D))yag (D)'ay (D)

i,j=1
1 & ;

+5 > VE(D)liwai (D) ag(D) ar (D)ag (D) A,
i,j,k,l1=1

The terms in the Hamiltonian which change the number of particles in the impurity space or the environ-
ment do not contribute. The terms which act only on the environment subspace yield a term proportional

to H\IJ;mB||2 Expanding the above expression, we thus obtain

(\Il|fI|\I/>:a1+a2+a3—|—a4+a5+a6—|—a7

with
2L,
T im 0,core |~z ~x im 0,core
ar:= Y [B°(D)]y(WTH A B ar (D) ag (D) W75 A s
ij=1
2L, ) i
= > WD) (Wyrplat (D) ag (D) W,F)
ig=1
2L . .
= > [C(D)"hC™(D))i; (V"B [af (D)'ay (D) ,"h),
i,j=1
L . .
azi= Y (WD {WIE AL a7 (D)'a5 (D) WIh AW E)
i,j=2L,+1
L .
=| > DV @ (D) ag (D) W) | B,
i,j=2L,+1
L 2L ) )
agi= >, > [P(D)Ni( WIEAWT |7 (D) @ (D) A vE)
1=2L,+1 j=1 .. L
L, part. in imp. (L, + 1) part. in imp.
(N — L) part. in env. (N — L, — 1) part. in env.
= 0,
2L, L

avi=30 D D) WP AT @ D)a (DI A )
i=1 j=2L,+1

L, part. in imp. (Ly — 1) part. in imp.
(N — L) part. in env. (N — L, + 1) part. in env.
2L,
1 T imp 0,core |~z Tz T~z ~x imp 0,core
as: =g > VED) (s A WS (ag (D) ag (D) fay (D)ag (D) W5h A W)
i,4,k,l=1
| 2L _ .
=3 [VE(D)ijm (¥, plas (D)'ag (D)Yay (D)ag (D)|¥,75),
i,5.k,l=1

L
1 T im ,core |~z ~z ~z ~z im ,core

5 VIO (W AW @ (D) az(D) ap (D)ag(D) Wi A i)

1 L -
=5 D VEDNuw (Y5 (D) ag (D) ay (D)ai(D) vy | w5117,
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2L, L
=23 VIO VD)~ VD) s+ [V (D))

i,k=17,l=2L,+1
<\I,1mp A \IIO Core‘/\x(D)Ta;c(D)Ta?:(D) ( )|\I/1mp A \IJO core> )

(V"B [z (D) (D) Wimp) (WY 55 @3 (D) tag (D) :55™)
Noticing that
V2L, +1<j, 1 <L, (VySeat(D)af(D)wlse) = (€"(D)" De*(D)); (2.38)

we get

2L, L
“w= % Z Z (VD) ijre = VD) ijie — V(D) jirr + V(D) ik )

i,k=17,1=2L,+1
x (€7(D)" De*(D)) (V"B [ay (D)Tay (D) w5
2L, L

:Z( 3 uvw(D)w—[VI(D)L-MJ-—[V%D)]W+[vww)mnw<D>TD¢$<D>>M)

ij=1 Nk,I=2L,+1
x (WPlaf(D)'ay (D) WirE).

It holds for all 1 <4,j < 2L,,

L

Y VD) (€ (D) DE (D))

k,l=2L,+1

L L
> > Vel (D)]wi € (D) ak[€7(D)]; (€7 (D))]et[€7 (D)) ok Do [€7(D)] i
k,J=2L,4+1 k,A\,v,§,0,7=1
L—2L,

> Z Viawe [CF (D)) i Ceny (D) [CF (D)) [Cy (D) et Cone (D)l ok Dor [Coy (D))t

k=1 k,A\v,€0,7=1

L L L—-2L,
Z [CI (D)]iﬂ ( Z V"i)\l’f ( Z [anv(D)]Ak[Ccnv (D)]Uk>
K,v=1 A\E,om=1

L—-2L,
< env env(D)]§l>> [Cz(D)]V]

L
> [c ( Y Ve (Conn (D)0 (D) DO, (D) (D )T))\g) [C*(D)lv;

K,v=1 A€, om=1

- {C%D)TJ@%D))C”(D)LJ-’

~

with, recalling that €*(D) = (C*(D)|CZ,. (D)) is an orthogonal matrix,

51( ) - C’exnv( )Cgcnv( )TDC:nv( )thnv( )
= (1-C*(D)C*(D)")D(1 - C*(D)C*(D)")
=D - DE.(E'DE,)"'EID
=9%D) (see (2.31))).
Using similar arguments, we get

2L,

ar =Y [C*(D)T(J(@"(D)) - K(D"(D)))C*(D)], (¥,"Blai (D) (D) L,75).

ik=1

We finally obtain R
(V| H|Y) = (VB HI,TE),
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where H ;I?B is given by ([2.30) with

L

E™(D) = Y B (D) (W@ (D) ar (D) w5
i,j=2Ly+1
1 L
t5 Y VIDue (W a(D) @ (D) e (D)D) ). (239)
4,4,k 1=2L,41

2.7.3 Proof of Lemma 2.§]
The first assertion is a direct consequence of [2T, Theorem 6.

We now prove the second assertion. Let

K= {P = (P, Py) e RE x RE P2 |V0 < n < 1, dim(Ker(Py —n)) = dim(Ker(P, — (1 —n))}.

sym Sym

Let P = (P1, P;) € Bd(D) and D € D be such that Bd(D) = P. Let U; and Uz be two orthogonal matrices
of sizes (L1 x L1) and (Lo x Lg) respectively, and Dy = diag(my,--- ,myz,) and Dy = diag(m/,---,mf,)
two diagonal matrices with entries in the range [0, 1] ranked such that m; > --- > mp, and mj <--- <
miQ, such that P, = U1D1U1T and Py, = UQDQUQT. It holds

o U1 0 D1 C UiT 0 LyXLoy
D—<O U2)<C'T D2)< 0 Ul for some C' € R .

The condition D? = D reads
cct=pD,-D? Cc'C=Dy,—-D3 C—-D,C—-CDy=0,

that is
Lz Ll
VI<i<Li, V1<j<Ly, » Ch=mi—m}, > C}=mj—m}" (1—m;—m))0Ci=0.

This implies that C;; = 0 unless m} = 1—m; and that C;; = 0 whenever m; = 0 or 1, or m; =0or 1.
It follows that

utf o pf U 0
0o Ul 0 U,
I,

nilg, Cq

nelq, Cy
= b (2'40)
C,lT (1 - nl)Id/l

ci (1 —ne)la,

I,

with 0 < ny < -+ < n; < 1. Using again the idempotency of D, we obtain the relations CjCjT =
nj(1 —n;)la, and O Cj = n;(1 - n;j)lq;,. Taking the trace leads to d; = dj. Therefore, P € K so that
Bd(D) C K.

Conversely, let P € K and Uy, Us, D1, D5 as before. Then UlTP1U1 and U2TP2U2 read as the diagonal
blocks of the right-hand side of - ) with d; = d’ for all j. Setting C; = \/n;(1 —n;)l4,, the matrix
D defined by (2-40) is in Mg and satisfies Bd(D) P. Hence, P € Bd(D) and therefore K C Bd(D).
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2.7.4 Proof of Lemma 2,10
Let N, := L — N. For X € R™*¥ guch that || X| < 1/2, we set

g 3 n+ Iy —4XTX)12) Xt
fo(X): =@ < ’ X 3 (In, = (In, = 4XXT)1/2) > v

ga(X) : = Bd(fe(X)).

The map fe provides a local system of coordinates of D in the vicinity of D. Therefore, the local
N-representability condition is satisfied at D if and only if the map

adi 0 X7
dog¢:RNVXN9X'—>d09¢>=ZHx‘I’(X 0 ><1>Tnxey

z=1
is surjective. This proves the equivalence between the first and third assertions of the lemma.

Writing ® as @ = (®°¢|®Vit) with o € RIXN and ¢virt € REXNv | the adjoint of dogs is given by
dogs -V 3 Y s dogls (V) = 20Vt ygoee ¢ RNV

We therefore have for all Y € Y,
Ny
(dogadogs)Y =2 T, (1 — D)Y D + DY (1 — D))1L,, (2.41)
r=1
and therefore

Ny
Idoga (V)II” = Tr (Y (dogadogs)(Y))) = 2Tr [ Y Y T, (1 — D)Y D + DY (1 — D)) 11,

Ny
=2Tr | Y YL ((1-D)YD+ DY (1 - D))

x=1

= 9Ty (Y (1 - D)YD + DY (1 — D))) = 4| (1 — D)Y D||%.

Thus
YW ey, |doge(Y)ll =2[(1-D)YD].

The map dpgs is surjective if and only if its adjoint is injective. Thus the criterion is satisfied if and only
if
YWwe), (1-D)YD=0 = Y=0.

As D is an orthogonal projector, (1 — D)Y D = 0 if and only if ¥ commutes with D. In addition, a

matrix Y € RLXE is in Y if and only if (i) it commutes with all the II,’s, and (ii) its trace is equal to 0.

sym
LxL

sym  commuting with D and the

I, ’s is the null matrix. Lastly, this condition is equivalent to: any matrix ¥ € RsLyfnL commuting with D

and the II,’s is of the form Al for some A € R. This completes the proof of the second statement.

Thus, the criterion is satisfied if and only if any zero trace matrix Y € R

2.7.5 Proof of Proposition (2.1

For a = 0, the low-level map is formally given by

FM(P)=  argmin  Tr(hD) (formal). (2.42)
DeD, Bd(D)=P

Under Assumption (A1) (i.e. ey <0 < ent1), Do is the unique minimizer of

argmin Tr(hD).
DeD

Since Bd(Dy) = Py (by definition of Fy), Dy is the unique minimizer of (2.42)) for P = Py. Thus, P is
in the domain of F}M and Fi*(Py) = Dy.
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For a = 0, the high-level map takes the simple formal expression
Ny
F(D) = S ILC (D)1 ) (C7(D)T (h = ulL,)C*(D)) C*(D)'IL,  (formal),
z=1
where C*(D) is defined in and p € R is such that

Ny

> T (I, C*(D)1(—co 0 (C*(D)" (h — pIl,)C*(D)) C*(D)"'1I,) = N.

r=1

Therefore, a matrix D € D is in the domain of FI™ if and only if

1. the set

Ny
Mp =S peR| > Tr(M.C"(D)1(—o g (C*(D)T (h — pll,)C*(D)) C*(D)"I,) = N

is non-empty;

2. the function

Ny
Fp:Mp 3 pr > TC"(D)1(—s0) (C*(D)" (b — pll,)C*(D)) C*(D) T, € REXS
x=1

is constant over Mp. Its value is an element of P, which we denote by FH¥(D).

Let us prove that under Assumptions (A1) and (A2), Dy belongs to the domain of FH* and FHt(Dy) =
Py.

First, we observe that for each 1 <z < Ny, the space Wy o := X, + DX, is Do-invariant since Dy
is a projector. The linear operator Dy on R therefore has a a block-diagonal operator representation in
the decomposition W; o © Wéo of H =RE:

D 0
Dy = ( 00 bor ) (in the decomposition H = Wy o & W‘éo),
0

where D§ and 5(5)” are both orthogonal projectors. The corresponding representation of h is not
necessarily block-diagonal:

h./L‘ x
h= < o T EQ;D ) (in the decomposition H = W, o & Wgﬁo).

Let us now focus on the operator h”. To lighten the notation, we set
Do := EFDyE,.

We infer from Assumption (A2) and Lemma [2.6] that dim(DoX,) = dim((1 — Do)X,) = L, and

x

C§ = C*(Do) = (DoB.Dy,*|(1 = Do)Ea(1 = Do) /%)

forms an orthonormal basis of W ¢. In this basis, the operator A" is represented by the matrix

b* = C2ThCE — < E ) , (2.43)
0 b
with
b” : = Dy Y *ET DohDoE, Dy, (2.44)
b2 :=(1— Do) Y2ET(1 — Do)h(1 — Do)E,(1 — Dy )~ /2. (2.45)
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The zeros in the off-diagonal blocks of h* come from the fact that Doh(1 — Dy) = (1 — Dg)hDy = 0 since
h and Dy commute. In addition, we have

N
€1Do < DohDgy = Z&@‘%T <enDy, (2.46)
i=1
L
ent1(1=Dg) < (1= Do)h(1— Do) = > atpad <er(l—Dy). (2.47)
a=N+1
Combining (2.44)) and (2.46)) on the one hand, and (2.45)) and (2.47) on the other hand, we obtain
Elfo S f)ai S ENILm and €N+1ILm § [)i S ELILZ. (248)

We therefore have
L) =1 = (50 )0 o) = 10wt = (5 ) ). @

and thus

> MLCEL a0 L = Yo (T ) ) o,
r=1

Ny

= (B,EI)DoE,D; L EX Do(E, ET)
r=1
Ny

= ZHIDOHI = Bd(Dy) = Py.

r=1

As Tr(Py) = N, we have 0 € Mp, and Fp,(0) = Py. Let us now show that Mp, = {0}. It holds

x
I, = < %’” 8 ) (in the decomposition H = Wy o & W;jo),

and in the basis defined of W o defined by Cf, the orthogonal projector IIZ is represented by the matrix

1/2
DO,;E D(),/I (1 - DO,J?)l/2 > . (2.50)

v = C§TILCl =
A R ((1—Do7w>1/2Dé(3 (1- Do)

We therefore have in particular p*2 = p® = p®?. Consider the function

R>pes C(n): = % Tr (T C91 ooy (€2 (h = pa1,)C2) €271,

=1

Ny
= Tr(p"1(—oo (B° — b))
=1

Ny
=D Tr (P 1 (o0 (8" — pp*) p") > 0.
x=1
We already know that ((0) = N. We see from ([2.48]) that 0 is not in the spectrum of b for all z. By a

simple continuity argument, we obtain that for |u| small enough, 0 is not in the spectrum of h* — up® for
all x. We therefore have

Ny
C(u) = Z:l % fé Tr (p7 (2 = (b — ) *) dz (for |y small enough), (2.51)

where C is e.g. a circle in the complex plane, centered on the negative real axis, containing 0 and of large
enough radius. It follows that ¢ is analytic in the vicinity of 0 and that

Ny Ny
C0) = =30 g T (7 =5 (=07 e = (o) (2.52)
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where £ is the linear operator on ngmezL defined by

oM = — (Z_bm)_lM(z—hz)_l dz, (2.53)

VM € R2L X2L g
27

sym )

which can alternatively be defined by the linear response formula
L o0,0)(h” + M) = 1(_ o001 (h7) — £5 M + o([|M])). (2.54)

Let us diagonalize the real symmetric matrix h* as

2L,
= Z gz,nqsx,nﬁbz;n with gz,l < < gx,2Lza QSz,mQSz,n = Omn,

with (using (2.48]))
V1 SZSLI» VLz SG’SQLQ?) gx,i §€N <0<€N+1 Sga:,a'

Using Cauchy residue formula, we get

o M Mm+T SLox2Dy b ap _ 0 N(M+)T
VM_<M+_ M++) Raia 7 Lo M= N(M*™) 0 (2.55)
with
(M Jimn

Vi<m,n <Ly [NM")mn (2.56)

Ex,m+L, — Ezn

The operator £ is self-adjoint and positive. Denoting by 7 := eni1 —en > 0 the HOMO-LUMO gap,
we have

M~ Mt _ _
o= (N M ) EREEL 4 2 0 MR, (2.57)
Indeed, we have
Ny L, 2L, ¢ |2 Ny L, 2L,
onean =2y Y Y LMl SRSt S
rz=11i=1a=L,+1 z,a rz=14i=1a=L,.+1

=271 (Zo0,0) (B )M L(0 400y (57) 1> = 2971 |[ M T2
Let

Ny
[T det (v — up®) =

r=1

Jo = /LGR

Since p +— det (h* — up®) is a polynomial of degree L., the set Jy contains at most L elements. By similar
arguments as above, the function ( is real-analytic and non-decreasing on each connected components of
R\ Jo. At each pg € Jo, the jump of ¢ is given by

C(po +0) = C(po — ZTI“ p" 110y (b™ — pop™) p*) > 0.

The function ¢ is therefore nondecreasing on R. As a consequence, the set Mp, is an interval Ip,
containing 0. Using (2.50)), (2.52) and (2.57), we get
Ny
) > 2y7! Z 1D/ (1 = Doo)' 2| = 297" Y Te(Do o (1 — Do) > 0,

=1

since, in view of Lemma all the eigenvalues of the symmetric matrix Dy, (1 — Dy ,) are positive.
Thus Mp, = {0}. This proves that Dy is in the domain of F}* and that F1Y(Dy) = P,.

Combining this result with the previously established relation F&L (Po) = Dy, we obtain that Py is a
fixed point of the DMET map for aw = 0.
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2.7.6 Proof of Theorem [2.4]

We endow D with the Riemannian metric induced by the Frobenius inner product on RSLyfnL. For n > 0,
we set

wp:={PeP||P-PF| <n} and Q,:={DeD||D- D <n}.
Low-level map in the perturbative regime

Let us introduce the maps

g:D—=Y st. VDeD, g(D):=Bd(D)—- Py,

a:D—R st. VDeD, a(D):=Tr(hD),

b:D—R st. YDeD, bD):= % ((J(D) — K(D))D),
E:RxD—=R st. VY(a,D) €RxD, FE(a,D):=EM(D)=a(D)+ ab(D).

Since the maps Bd, J, K : ]RSLyfnL — RSLyfnL are linear, the maps g, a, b and FE are real-analytic. With this
notation, we have

(Assumption (A3)) < (B:=dp,g =Bd:Tp,D — Y surjective) .

Lemma 2.11 (Low-level map in the perturbative regime). Under Assumptions (A1)-(A3), there exists
arr >0 and 0 < nrp, < % such that

1. wy,, C Dom(FLY) for all a € (—apL, arL);

2. the function (o, P) = FY“(P) is real-analytic on (—apy,aLL) X wy .

Proof. The first assertion means that for all (o, P) € (—ar1, o) X Wy, , the problem

min EN(D) = min E(a, D) (2.58)
DeD | Bd(D)=P DeD | g(D)=P—-P,

has a unique minimizer, which we denote by F-U(P).

Using Lemma and the submersion theorem, we deduce from Assumptions (A2)-(A3) that there
exists 7 > 0 and C' € R such that for all P € w,, the set Bd™!(P) is nonempty and there exists
Dp € Bd™!(P) such that |[Dp — Do|| < C||P — Py||. Let D, p be a minimizer of EIF on Bd™'(P). Such
a minimizer exists since EF is continuous on D and Bd_l(P) is a nonempty compact subset of D, and
satisfies the optimality conditions

VpE(a,Dap)+dp, p9"Aa,p =0, g(Dap) =P — Py, (2.59)

where VpE(w, Do, p) € Tp, D is the gradient at D, p of the function D 5 D — E(«, D) € R for the
Riemannian metric induced with the Frobenius inner product, and A p € Y the Lagrange multiplier of
the constraint g(Dg,p) = P — Pp.

Denoting by

1
Cut = 5 max [Te((J(D) — K (D)D)},
we have
ENT(Da,p) < EJT(Dp) < & (Dp) + aCu < 7 (Do) + [|h/l||P = Pl + aCh. (2.60)

To obtain a lower bound of EXF (D, p), we use that

VD eD, &F(D)="Tx(hD) > & (Do) + 31D - Dol

This inequality is classical, but we recall its proof for the sake of completeness. For M € Rﬁyﬁf we set
M~ = l)()]\fDo7 ]\47Jr = DoM(l 7D0), M+7 = (1 7D0)MD0, ]\4++ = (1 7D0)M(1 7D0).

Let D € D and Q := D — Dy. Since Dy = 1(_ g](h), we have

h™T=hT"=0, h"~ <en, htT>eny, QTT>0, Q ~ <0,
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and we deduce from the fact that both D and Dg are rank-NN orthogonal projectors that

Q*=Q"™ —Q "~ and Tr(QTT)+Tr(Q ~)=0.
Combining all the above properties, we obtain

VD e D, a(D)=Tr(hD)

Tr(hDg) + Tr(h(D — Dy))

(Do) +Tr (R*FQ™ )+ Tr (b~ Q")
(Do) +en1Tr (@) +enTr (Q77)
(Do) + ST (@ = Q™)
(

a(Dy) + 211D - Dy (2.61)

v
2 2

As EFF(D) = a(D), this implies that
EXF(Da,p) 2 E7 (Dap) = aCu = EF (Do) + 2| Da.r = Dol = aCi.

Combining this result with (2.60)), we obtain
1Da.p = Doll* < 2y~ (2aCu + |4l P = Roll).-

This implies in particular that for |a| and ||P — Fy|| small enough, any minimizer D, p of (2.58) is close
to Dgy. To conclude, it suffices to prove that for |a| and ||P — Py|| small enough, (2.59) has a unique
critical point close to Dy. This leads us to introduce the function

©:(RxP)x(DxY)>((a, P),(D,A)) = O((er, P),(D,A)) e TpD x Y
defined by
@((Oé, P)7 (D’A)) = (VDE(av D) + (dDg)*Avg(D) - (P - PO)) .

As Dy is the unique minimizer of D — E(0,D) on D and Py = Bd(Dy), we have VpE(0, Dg) = 0 and
g(Dg) = 0, so that
@((07 PO)a (D07 O)) = (05 0)

In addition, denoting by
A := D%a(Dy) : Tp,D — Tp,D (2.62)

the Hessian at Dy of the function a for the Riemannian metric induced by the Frobienius inner product,
we have

A B*
vQm etn, D=, lapseio.m. o0l (§) = (5 %) (9).
where we recall that B := dp,g. In view of (2.61]), we have

vQ € Tp,D, (Q,AQ) >~|Q|> (2.63)

Since A is coercive and B : Tp,D — ) is surjective, it follows from the Schur complement formula that
the map
dD,AG)((O, ]:)0)7 (Do, 0)) : TDOD XY — TDOD x Yy

is invertible. It follows from the real-analytic implicit function theorem on manifolds that there exists
arr, > 0, 7 > 0 and n > 0, such that for all (o, P) € (—awr,arr) X wy, (2.59) has a unique solution
(Da,p; Ao, p) with D, p € wy, and the map (o, P) — D, p is real-analytic on (—arr, arr) X wy. O
High-level map in the perturbative regime

The following result states that the high-level map («, D) — FI(D) is well-defined and real-analytic on
a neighborhood of (0, Dy).

Lemma 2.12 (High-level map in the perturbative regime). Under Assumptions (A1)-(A2), there exists
apr > 0 and 0 < ngr, < % such that
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1. Q. C Dom(FIY) for all o € (—amL, amL);

THL

2. the function (o, D) — FHY(D) is real-analytic on (—amL, ann) X Qg -

Proof. For D € D compatible with the fragment decomposition, we set

L
(o (D))r = [C*(D)TRC™(D)] = 3 (" (D)) [C7 (D) B (2.64)
KN =1
L
[vm(D)]m\Vé = Z [éw(D)]H,N’[éx(D)]A,X[éw(D)]V,V’[5$(D)]§,§’VH’/\’V’§’7 (2.65)
RNV =1

where GI(D) is defined in Lemma Denoting by ¢, cl, 1 < k < 2L, the generators of the CAR
algebra on Fock(R?L+) associated with the canonical basis of R?£+ the high-level map can be formally
written as

Ny Lg

FIY(D) = Z Z €L’ +r I Fock(R2Nx ) (Tae.ppuchcr) eg;H\ (formal), (2.66)
=1k, =1

where 'y, p, € L(Fock(R?L+)) is the ground-state (many-body) density matrix associated with the
grand-canonical impurity Hamiltonian

2L, 2L, La
H(lfxp,D,u = Z [hx(D)]nACLC)\ +a Z [Vx(D)],@,\Vchciqcy — i Z c};cm
K, A=1 Ky v,E=1 k=1

the parameter u € R being chosen such that

Ny L,

Z Z TrFock(R2Nw) (Fa717D7#CLC)\) = N

r=1r,A=1

The results established in the proof of Proposition can be rephrased as follows: under Assumptions
(A1)-(A2),

1. the impurity Hamiltonian ﬁéI,l;l:,)Do,o has a non-degenerate ground-state for each x and that it holds

Ny L,
Z Z rFock(Rle (FO»LDO,OCLC)‘) = N;
z=1 K \=
2. the function
Ny L,
Ropu— Z Z Trpock(R2Na) (FO,ZL’,DO’#CLCA) €R
z=1r,A=1

is non-decreasing, real-analytic in the neighborhood of p = 0, and its derivative at u = 0 is positive.

Since the maps _ B
D> D+ [hy(D]ux € R and D3 D~ [V(D)]uae €R

are real-analytic in the neighborhood of Dy, we deduce from Kato’s analytic perturbation theory and the
implicit function theorem that there exists agy, > 0, ngy, > 0, and pyr, > 0 such that

1. for each (o, D, ) € (—amn, ovmn) X Oy, X (—pmn, pur), the impurity Hamiltonian H;(mwpD . hasa

non-degenerate ground-state for each x; we denote by 'y » p u(a,x) the corresponding ground state
many-body density matrix;

2. for each (a, D) € (—amr, amn) X §y,,,, , there exists a unique p(o, D) € (—pnr, pur) such that

Z Z TrFock(RzNw) (FOL7IE,D,[L(OL7D)CLC>\) = N7
r=1K,A=1
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3. the maps (o, D) = p(a, D), (o, D) = I'y 4 D u(a,n), and

Ny L,

(o, D) — FSL(D) = Z Z €LI$+HTI'FOCk(R2NT,) (Fa,x,D,y(a,D)CLCA) e€;+)\
z=1k,A=1
are real-analytic on (—ayr, anr) x €

THL *

This proves the two assertions of Lemma [2.12] O

Existence, uniqueness, and analyticity

We infer from Lemma and Lemma, that there exist apyer > 0 and npyeT > 0 such that the
function

<_aDMET7aDMET) X Wnpmer 2 a, P— @(Oz,P) = F(?MET<P> — P := FSL(F(SL(P)) —Pe)y
is well-defined and real-analytic, and we know from Proposition that
®(0, Py) = 0.

To complete the proof of Theorem we have to check that the function @ satisfies all the hypotheses
of the implicit function theorem, namely that

dp®(0, Py) = (dp, Fg™) (dp, Fg™) — Iy : Y = Y (2.67)
is invertible.
Let us first compute dp, Fg'* : ) — Tp, D. Differentiating the equality
VP €wy, (0, P), (Fy™(P), Ao,p)) = (0,0),

we obtain that the derivatives at Py of the functions w, > P +— FY(P) € D and w,, > P +— A(P) :=
Ao, p € Y are characterized by the relation

VY €Y, [dpO((0. ), (Do, 0)JY + [d(p,a)O((0, Fo), (Do, 0)]((dp, Fy )Y, (dp,A)Y) = 0,

=(0,-Y) =(A[(dpy FFY)Y1+B* (dpy \)Y ), Bl(dp, FEFL) Y]

from which we infer that
dp, Fy = A7'B*(BA™'B*)~%. (2.68)

Let us now compute dp, Fé{L :Tp, D — Y. We have
Ny
VD € Q. FoR(D) = ZHzCOE(Dﬂ(_w,O] (C*(D)" (h — (0, D)IL,)C*(D)) C*(D)"IL,,
x=1

where the function

D> D~ C*(D) = (DE,(EFDE,)"'/?| (1 — D)E,(ET(1 — D)E,)"'/?) € RL* (L)

o= (D) cz(D)

has been introduced in (2.28)). Setting as previously C§ := C*(Dy), and denoting by M (Q) := [dp,C*|(Q)
and £(Q) := [dpya(0, Dy)](Q), we get

Ny
Ap, FT(Q) = > T, (MUQ)L ooy () CFT + CE1( ey (6°) M(Q)T ) L,
=1

Ny

= Y ILCELE (M(QTRCE + C5ThM(Q) - Q)" C T T

z=1

Using (2.49)), we obtain

M(Q)L(—oo0) (") C§T + CFL(_ e 0) (h") M(Q)T = [dp, C* (Q)][C” (Do)]" + C* (Dy)[dp,C” (Q)]"
= dp,[C*C*T)Q).
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This implies that
My (M(Q)1( ooy (5) C5" + Ci1( a0 (5 M(Q)T ) T, = dp, [IL,CZC2 T ILY(Q).
Since
I,C% (D)C* (D)1, = (E,EL)(DE,(E] DE,)""/*)((Ef DE,)"'/*E] D)(E, E]) = I, DIL,,
we get dp, [[1,C* C* TT1,](Q) = T, QIL, and therefore

Ny
> (M@)o () T+ CE1 () (6°) M(Q)T) L, = BA(Q) = BQ,
x=1

Next, observing that for all Q € Tp,D,
dp,C%(Q) = DoEyS—(Q) + QE(E{ DoE,) ™'/,
dp,CY(Q) = (1= Do) E;S4(Q) — QE,(Ey (1 - Do)Ey) /2,
with Q — S1(Q) € RE=*Ls linear and
Q@ = DoQ(1 — Do) + (1 — Do)QDo, (2.69)

we obtain that

m@ncs + 5T = (yio V)

with
N(Q) : = (Ef (1= Do)E.)""?El (1 = Do)hQ — QhDy) Ex(EL DoE,) ™'/
= (Eg(l - DO)EI)_l/zEg(l - DO)[ha Q]DOEm(EgDOE;E)_l/Q-
We thus have

*

M@hcs + cs"n@ = (5 1) - C5"Iu, QUGS

which implies, using ,
f (M@QhC + C5"hM(Q) — UQp”) = £ (~C5" Do, 10, QIICE — LQp*) -

We therefore obtain
dp, Fi"" =B+ L,

with L : Tp,D — Y given by

Ny
Q€ Tp, D, LQ:= Y ILCGe! (C5" Do, [h,QICE +UQ)p") C5 L. (2.70)
x=1
Combining with (2.68]), and setting
R:=LA'B*:Y =), (2.71)

we obtain

dp®(0,Py) = (B+ L)(A'B*(BA™'B*)™ ") — Iy = R(BA™'B*)"1.
To conclude, we just have to show that the map R rigorously defined by (2.71) actually coincides with
the 4-point response function formally defined by (2.26|) (the latter is bijective by Assumption (A4)). We
have for all Q@ € Tp,D and Y € ),

(Q, BY)rp,p = (BQ,Y)y = Tr((BQ)Y)

Ny Ny Ny
=Tr ((Z HxQHI> Y) = Z Tr (I, QI Y) = Z Tr (QI, YIL,)
=1 =1 =1

=Tr (Q (i HIYHz)) = Tr(QY) = Tr(Q(DoY (1 — Do) + (1 — Do)Y Dy))

GTDOD
= (Q, DoY (1 — Do) + (1 — Do)Y Do) 1, p-
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Therefore
Ye), B'Y =DyY(1—-Dy)+ (1—Dgy)Y Dy. (2.72)

By a classical calculation (see e.g. [4, Section 2.2]), we have
VQ ey, AQ=—[Do,[h,Q]l. (2.73)

It is also easily checked that

CxT(B*Y)CE = €27 (DoY (1 — Do) + (1 — Do)Y Dg) C8 = ( 3 2 > +cstyes. (2.74)
Putting together (2.55)) and (2.70))-(2.74) yields
Ny
RY =Y 1,058} (C;;‘T (Y - e(y)nm) cg) c=T1L, (2.75)
x=1
where
Ny
(Y):=0AT'BY) =Tr(GY) with G:=) Cief(p”)C5" e RS, (2.76)
=1

Using the notation introduced in (2.26[), we have
FiLy iy (Do) = 3 TLCE1 (e (CgT(h LY - uynz)cg) czT11,,
r=1

where py € R is chosen such that Tr(l*:ﬁthry(DO)) = N. Using similar perturbation argument as in
Section one can check that FHL, 1 (Dg) is well-defined for Y € ) small enough, and that

Fil oy (Do) = S TG ooy (07 + (G5 (Y = pyTL)CF) G5 TL
r=1

— FI, (Do) + Y TLCE et (G5 (Y + iy TL)CF ) C§ "I + o(|IY ),
=1

with puy = £(Y') by particle conservation. This shows that the map R defined by (2.75)-(2.76]) actually
coincides with the 4-point response function in Assumption (A4).

About Assumptions (A3) and (A4) in the one-site-per-fragment setting
Let us show that when Ny = L, we have under Assumptions (A1)-(A2),
(A3) are satisfied = Dy is an irreducible matrix <= (A4) is satisfied.

Throughout this section, we assume that (A1)-(A2) are fulfilled.

Let us first show that (A3) implies that Dy is irreducible. We deduce from the second assertion of
Lemma m that (A3) is satisfied if and only if the only matrices in REXF which commute with Dy

sym
and all the II,’s are the multiples of the identity matrix. When Ny = L, the matrices in RsLyfnL which
commute with all the II, are the diagonal matrices. The diagonal matrices A = diag(A1,- -+, Ar) which

commute with Dy are the ones for which
V1 < ’L,] < L, )\Z[Do]” = [DO]ijAJW

If Dy was reducible, then one could find a permutation matrix P € O(L) such that PDoP~!is a 2 x 2
block-diagonal matrix. The matrix Pdiag(1,---,1,2,---,2)P~!, where the numbers of entries 1 and 2
match the sizes of the blocks of PDyP~!, would then be a diagonal matrix which commutes with Dy
and is not proportional to the identity matrix. We reach a contradiction. Thus, (A3) implies that Dy is
irreducible.
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Let us now show the equivalence
Dy is an irreducible matrix <= (A4) is satisfied.
We have for all Y € Y,

IRY[|* = Tr (RY)(RY'))
Ny

S (cger (G5 (Y 0L CF) G ILIL/C5 8, (cg"T (v - ') cg"THI,)

x,x’'=1

= iTr (mcges (c5™ (v - ) o) cgm.cges (cg™ (v - ionm.) ¢3) ¢ )
Ny

=3 T (patd (57 (v = 2L) 65 ) past (C57 (v = 01 GF))
=1

- Z leees (c5™ (v = 00, ) ¢ ) v

Using (2.50) and ([2.55)-(2.56)), we obtain after straightforward algebraic manipulations that
(RY =0) «= (V1 <z <Ny, pogt (657 (v = 20)IL) G5 ) v =0)
= (Vl <2< Ny, (1= Do) /2N (Y)DY? + DY2N, (V)T (1 = Do)/ = 0) ,

with
No(Y) = N (1 = Do.a)™Y2EL (1 = Do)Y Do, Dy = HY)DY/7 (1 = Do) /2).

In the case when Ny = L, we have L, =1 for all , and thus, Dy, and N (Y) are scalar quantities. We
then have in this special case by assumption (A2),

(RY =0) <= (V1 <z <Ny, No(Y)=0) < (My - Z(Y)z) :

where y = (Yi1,-++,Yrr)T € RY, 2 = (Do1(1 — Do), -, Dor(1 — Do)t € RY, and M € REXE is

sym
the matrix with entries

My = [Dolax — [Dol2y, My = —[Dol2, if x # 2.

T

Still by Assumptlon (A2), Z 2~1 2z > 0, and therefore using the fact that Dy is an orthogonal projector
(hence that Zgﬁzl[Do]m,I, = [D3]22 = [Dolzz), We get

(My=0(Y)z) = [{(y)= ==L - 2, aYe
erlzﬂ" Za:flzﬁ"

N N N
-~ (N Zm J;/ 1 Mr,x’ym/ Zz:fl[DO]z,my.T - Zx 2/:1 [DO]?C 2 Ya! )
Therefore,

(RY =0) < (My=0).

The matrix M is hermitian, diagonal dominant with positive diagonal elements and non-positive off-
diagonal elements, and such that

VISZ‘SN]% l,L: ZM.LL
' £z

Therefore the kernel of M is reduced to R(1,---,1)7 if and only if M is irreducible. Besides, we see from
the expressions of the coefficients of M and Assumption (A2) that M is irreducible if and only if Dy is
irreducible. We conclude that R is injective, hence bijective, if and only if Dy is irreducible.
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2.7.7 Proof of Theorem [2.5]
Perturbation expansion in the Fock space

This calculation is classical in the physics and chemistry literature, but we report it here for the sake of
completeness. Consider a family of Hamiltonians (H, )qer of the form

ﬁa = ﬁo + O[(Wl + /WQ)
on the real Fock space Fock(R™) where

Ny Ny
Hy = Z [ho]mnc;fncn and Wi := Z [Wl]mncincn

m,n=1 m,n=1
are one-body Hamiltonians and

Ny
= 1
Ws = 5 Z [W2]mnpchncipcqcp

m,n,p,q,=1

is a two-body Hamiltonian.

Let us provisionally assume that hg is diagonal, and more precisely that
: 0 0 . 0 0 0 0
hO:dlag(51,~~,5Nb) with &) <.+ <ey <0<epyg <-ovep,-

This amounts to working in a molecular orbital basis set of the unperturbed one-body Hamiltonian hg
and assuming that the Fermi level ep for having N particles in the ground state can be chosen equal to
zero. The ground state ¥y of HO in the A-particle sector then is unique and so is the one of H, for «
small by perturbation theory. We have

N
1 ~
Ty = WCN o), By = (o|Ho|W¥o) = Z;g?.

Denoting by d(a) the ground-state one-body reduced density matrix of f[a, the map a — d(a) is real-
analytic in the neighborhood of 0 and

d(a) = do + ad; + O(a?) with dy := ( IS[ 8 ) .

In addition, we have
[di]mn = (W1lch,cnl Vo) + (Wolc],cnl U1),

where ¥, is the first-order perturbation of the ground-state wave-function ¥q, solution to
(ﬁo — Eo)\:[fl = _H\Ilé <(W1 + WQ)\I/0> s v, € \I/d'
For 1 <1 <--- <1, <N (occupied orbitals) and m +1 < ay < --- < a, < Ny, (virtual orbitals), we set

®) =V, and pLir = el

s (o

c:glcil ey, @Y.
The @71 7’s (0 < r < min(N, Ny —=N), 1 < iy <--- <ip <N, a3 <--- < ap < Ny, form an orthonormal
basis of elgenfunctions of the restriction of ffo to the N-particle sector and it holds

T T
H()(I)?lll"."iar Ea1 ar(I)a1 cir with E?ilzcir :E()+§ €a, _E €. -

We thus obtain the sum-over-state formula

U Wy 4 Wal®))
\Ill = - Z Z Z < Egll1|za1 — E02| 0> (I)ill-uirra

1<r<min(N, Ny —A) 1<i1 < <in SN N+1<a; <---<a, <N
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yielding

- (@170 (W + W | @)
il == D, 2 2 B h

1<r<min(N, N, —N) 1<i1 <+ <ip <N N+1<a1<--<ar, <Ny

x (@175 |chycnl®0) + (@ ch,cal @TTE)) -
Since (@71 |af,a,|®f) = 0 if r > 2, and
(D%ch cn|®0) = 6n.i0ma,
<<I)a|c chp@ ) = —0m,q0n,i0p,a0g<N + Om,pOn,i0g,a0p<N + Om,i0n,g0p,adg<N — Om,i0n,pOq,adp<n’y

this expression reduces to

N Ny
(D¢ W + W |
== Z Z | 1 02| 0> (6n:i6m:a + 6m:i5n:a) .
i=1 a=N+1 €

We obtain that d; is of the form

_ (@ +W2|‘1’o>

0 df”
d1:<d+T 1 ) with V1§1§N<N+1§a§Nb, [dl}
1

0 0 — &0
Finally, we have
Nb Nb
(®F|ch,cn|PE) (@[ chch cqcp| 2E)
[dl]ai = Z [Wl]mnTgOO + Z [W2]mnpq 60 — Zop 0
m,n=1 a ? m,n,p,q=1 a 4
_ 1+ Jw, (do) — Kw, (do)las
N gl —¢f ’
where the direct and exchange operators are respectively given by
Nb Nb
[T ()] == Z Walnpmqdpg  and  [Kw, (d)]mn = Z [Walnpgmdpq-
p,q=1 p,q=1
Introducing the linear response operator SZO such that
1(—00,6F](h0 + W) = 1(—00,61:](}7“0 =+ W) _’QZOW + O(||W||)7
=dy
we finally obtain
==L} (Wi + Jw, (do) — Kw,(do)), (2.77)

this formula remaining valid in the general case when hq is not a priori diagonal and er not a priori equal

to zero.
Perturbation expansion of the DMET ground-state
Under Assumption (A1), the Hartree-Fock problem

argmin £ (D)
DeD

has a unique minimizer D" (a) for a small enough and the map a + D"F(q) is real-analytic in the
neighborhood of 0. This results from a straightforward application of nonlinear perturbation theory,

which we do not detail here for the sake of brevity. We set P (a) := Bd(D"(«)), and

dDexact dDHF dDDMET
Dexact = DHF = DDMET —
1 dov 0)7 1 do (0)7 1 do (0)7
chxact dPHF dPDMET
chact = PHF — PDMET = .
1 dov 0)7 1 do (O)a 1 dov (O)

(0]



We are going to prove that the above first three matrices on the one hand, and the last three ones on the
other hand are equal in Tp,D and Y respectively.

First, we deduce from (2.77) applied with N, = L, eg = 0, hg = h, W1 =0, W5 = v, that
DYet =~ (J(Do) — K (Do),

where J and K are the direct and exchange operators for the two-body interaction potential V introduced
in (2:21).

Next, by differentiating the self-consistent equation
DHF(O‘) = 1(700,0] (hMF(aa DHF(O[))) 5

where

MM¥(a, D) = h+ a (J(D) — K(D))

is the Fock Hamiltonian for the interaction parameter «, we get
DY = —g} (J(Dy) — K(Dy)).

Hence
D{{F _ Di}xact and PlHF _ Bd(D{{F) — Bd(Dtlexact) — Plexact-

Let us now show that PPMET = PHF For convenience, we will use the following notation

F'(a,P) := FLL(P), FHY(q, D) = FI&(D),

Flik(a, D) ZH C*(D)1(_ooq) (CT(D)T (WMF(a, D) — pMF (o, D)IL,) C*(D)) C*(D)" 1L,

where p¥(a, D) € R is the Lagrange parameter of the charge conservation constraint. The map
FIL(a, D) is the high-level Hartree-Fock map for the interacting parameter «, introduced in Remark
for a = 1.

We know from Theorem [2.4] that for all o small enough
FHL (Oé, FLL (OZ, PDMET(O())) _ PDMET(Q),
Taking the derivative at a = 0, we get

9o (0, Do) + OpF(0, Do) (0o F (0, Py) + 0p F™*(0, Po) PPMET) = PPMET, (2.78)

The same arguments as in the proof of Proposition 2:1] allow one to show that for all o small enough
FiE (0, FU% (o, P¥(a))) = PH¥(a),
yielding
daFiir (0, Do) + dp Fiig (0, Do) (0o F™"(0, Py) 4+ 0p F™(0, o) P{'Y) = P{™". (2.79)
Since FiH(0, D) = FHL(0, D) for all D in the neighborhood of Dy, we have
OpFHE(0, D) = 0p FM(0, Dy).
Using and the invertibility of dp®(0, Py) established in Section we obtain
PPMET _ _ (dp<1>(0,Po))*1 (0a FHL(O Do) + dpFM(0, D)0 F™2(0, y)) (2.80)
PEF — — (dp®(0, Py)) " (90 FiEE (0, Do) + Op FHE(0, D)0 FVE(0, y)) - (2.81)
Let us show that 9, F(0, Dg) = 0, FiiE (0, Dg). On the one hand, we have

Ny
Bk (0, Do) = 3 TLCE 1 oe) (C57 (h+ @ (J(Do) = K(Do)) ~ puie(a, Do)IL) CF ) G 1L,

z=1
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and therefore
Ny
OaFif (0, Do) = = 3 L.CELT (C§T (J(Do) = K(Do)) C — e (0, Do)p®) C5 "ML, (2.82)
z=1
On the other hand, we have
Ny
F*(a, Do) = Y TLCEDYE (a)C5 T,
z=1

where D;mDp (c) is the ground-state one-body reduced density matrix in the basis of Y, p, defined by C¥
of the impurity Hamiltonian (see Proposition [2.7)

2L,
5, (@) = 3 [C57 (h+ a(J(D7(D0)) — K(D*(Do))) G5 | (Do) ';(Do)
17]_04 2L,
+5 > [V(Do)lijm@i(Do) (Do) e ( Do)k (Do)
1,5,k =1

2L,
—ute) Y (G871 ai(Do)'a;(Dy),

i,j=1

where p(a) is the Lagrange multiplier of the charge neutrality constraint and where we have discarded the
irrelevant constant ES"Y(Dg). Using the notation introduced in (2.43)), this Hamiltonian can be rewritten
as
' 2L,
HP () =Y [57)i;a:(Do) a; (Do)

ij=1

9L
+a(( X [a" W@ () - K@ (00) 5] a0 5 (D0)

2L
£3 X VD00 5 (Do) Do)in Do)

1,5,k =1
2L,
—n(e) Y [C5TILCE] (Do), (Do).
i,j=1

We have
i Iy, O
mp _ T
Dm,D0(0)< 0 O>
Since p(0) = 0 and o — pu(«) is real-analytic, we can easily adapt the analysis done in the previous
section to the case when

Ny =2L,, ho="h% Wy =C: (J(D%(Dy)) — K(D*(Dy)) — ' (0)IL,) CE, Wy = VT(Dy),
and infer that

D™ (a) = D™ (0) — £ (cs” (J(®%(Dy)) — K(D"(Do)) — ' (0)IL;) C§

+ Jye (Do) (D5, (0)) = Kvre (D) (D5, (0))> +0(0?),

where £ is the linear response operator introduced in ([2.54). Observing that
G5 (J(D%(Do)) = K(D(Do))) Cf +Jv= (Do) (D75, (0) = Kve(y) (D75, (0)) = C§ " (J(Do) — K (Do) C,

we obtain that
Ny
0uFM(0, D) = — 3 MG (C3T (J(Do) — K (Do) Cf — 1/ (0)p") G5 T, (2.8)

r=1

7



Since the roles of the scalars 9, 1(0, Dy) in and 1/ (0) in are simply to ensure charge neutrality,
these two scalars are the same. It follows that 9, F{ (0, Do) = 0, F1E(0, Dy), which allows us to deduce
from (2.80)-(2-81) that PPMET = PHF. Finally, we obtain that DPMET = DI by differentiating the
relations

DDMET (O&) — FLL (Oé, PDMET(Q)) and DHF(Q) — FLL((){, PHF((X)),

and using the fact that PPMET = pHF,
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Appendices

2.A Notation table

The following table collects the main notations in use in this article.

Symbol Meaning See Eq.
Fock(E) Fermionic Fock space associated with
the one-particle state space £ C ‘H
H =R One-particle state space of the whole system, L its dimension 2.1
Bat = (ex)1<n<L Canonical basis of H z
H Hamiltonian of the whole system (op. on Fock(#)) 2.2
H, Non-interacting Hamiltonian of the whole system 2.23
H, Hamiltonian of the whole system for coupling parameter a (12.22))
N Number of electrons in the system
Set of 1-RDMs associated with N-particles Slater states (12.3)
(Grassmann manifold Gr(N, L))
CH(D) Convex hull of D
(set of mixed-state 1-RDMs with N particles)
Dy N-particle round-state 1-RDM of ﬁo (12.24])
Dexact N-particle ground-state 1-RDM of H,
DHF Hartree-Fock N-particle ground state 1-RDM of H,
EHF Hartree-Fock energy functional 2.20
J and K Coulomb and exchange energy functionals 2.21
REF (D) Mean-field (Fock) Hamiltonian (op. on H) 2.25
Ny Number of fragments
L, Number of sites in fragment x
X, x-th fragment subspace, X, = Span(e,,x € Z,) C H (12.6)
I1, Orthogonal projector on X, (op. on ]RSLyfnL)
" Matrix of the L, orbitals of fragment x (E, € RE*L=)
Bd Projector defined by Bd(M) = Eivzfl Ilx, MILx, (op. on REXE)
P Convex set of block-diagonal matrices with eigenvalues in [0, 1]
Yy Space of traceless block-diagonal matrices ) C RsLyfnL
Wa.D 2-th impurity space, subspace of H, W, p = X, + DX, CH
C*(D), C*(D) Matrices in RE*2Le defining orthonormal bases of W, p
: ;”njg 2-th impurity Hamiltonian (op. on Fock(W, p))
R 4-point DMET linear response function (op. on ))
FLL resp. F(I;L Low-level map for H, resp. H,
FHL resp. FHU High-level map for ﬁ, resp. H,
1 DMET global chemical potential

Table 2.A.1: Collection of the main notations used in the paper.
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2.B  Analysis of the DMET bifurcation for Hg~

We shall finally proceed with the analysis of the DMET solutions along the two bifurcation paths for
Hg_ around O3 (see Section . To begin with, we calculate the molecular orbitals at ©3. The
molecular orbital energies exhibit two-fold degeneracies resulting from the fact that the E’ and E” are
irreducible representations of the Héf symmetry point group (Dgp) are two-dimensional. For a visual
representation of the molecular orbital energies and their corresponding molecular orbitals, see Fig.

and Fig. 2.B10
. QY
-0.3634 6

E E
-0.5069 . .
-0.7604 .

_ 4
-1.0275

_._a%
(e

Fermi-level

-2.0119

Ay -1.3045
-2.0478
Fermi-level
(a) Occupied orbitals (b) Virtual orbitals

Figure 2.B.1: Depiction of the molecular orbitals, their irreducible representation with respect to the Dsp,
point group symmetry and molecular energies. The left panel shows the occupied molecular orbitals and
the right panel shows the virtual molecular orbitals.

For the two solutions on the respective bifurcation branches, Py and P;, we compute

Py(©) — Pi(0) = (0 - O3) [QLJ%] L o(© - 0s), (2.84)

where Q_4 = QI_ € R™5. From the matrix J_, we deduce “excitation” patterns that give physical
insight into the different branches. The numerical values of Q_ are given by

0 0 0 0 0
~0.0004 0 0 0 0
0 00001 0 00002 0
Q_y = 0 0 —0.000L 0  —0.0002 (2.85)
0 00001 0 00001 0
0 0 —0.000l 0  —0.0001
0 0 0 0 0o |

Upon inspecting @ _,, we observe the following “excitation” pattern: The first molecular orbital (A;’
symmetry) is rotated in the direction of the seventh molecular orbital (A;’ symmetry), while the 4-
dimensional space generated by the second to fifth molecular orbitals (E’ symmetry) is tilted according
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to directions which are linear combinations of the eighth to eleventh molecular orbitals (E’ symmetry).
We summarize this “excitation” pattern in Fig.

-0.3634

-0.5069 —— -0.5069

-0.7604

-0.7604

-1.0275

-2.0478

Figure 2.B.2: Molecular energies and “excitation” patterns concluded from @ _

We see that the pair of degenerate occupied orbitals are excited into the pair of degenerate virtual
orbitals. This block of excitations is highlighted by the red shaded area in Fig. . A more detailed
depiction of the excitations between the red-shaded areas is given in Fig.

-0.5069 Ha _
-0.0000539 -0.0001237 0.0001237 0.0000539
-0.7604 Ha -0.0000617 -0.0001776 0.0001776 0.0000617

>
o0
g
=
=
-1.426 Ha
-2.0119 Ha e e

Figure 2.B.3: Excitation patterns concluded from @_; for symmetric and anti-symmetric molecular
orbitals respectively.

This shows that the excitations remain in the respective symmetry sectors, i.e., the symmetric/anti-
symmetric molecular orbitals are excited into the set of the symmetric/anti-symmetric molecular orbitals.
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To further understand the structure that underlies these excitations we compute the singular value
decomposition of Q_, = UXV T. This yields insights into excitations of the form:

U= [%] =, [%} =V, (2.86)

where U and V' describe the natural excitation orbitals and ¥ describes the excitation amplitudes. For
the given Q_, we find the singular values

0.0003866, 0.0002313, 0.0002313, 0, 0.

This unveils a twofold degeneracy in excitation, implying that a two-dimensional subspace of natural
excitation orbitals undergoes excitation into another two-dimensional orbital space. We may moreover
depict the different natural orbitals by plotting iso-surfaces in Fig. The top row of orbitals in
Fig. corresponds to the natural orbitals defined via U, and the second row of orbitals is defined
through V. Note that we only depict those orbitals that are involved in non-zero orbital excitations, i.e.,
non-zero singular values of X.

0.0003866 ( 0.0002313 )

Figure 2.B.4: Schematic depiction of the excitation between the natural excitation orbitals. The excita-
tions are labeled by the excitation amplitudes.
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Chapter 3

A mathematical analysis of
IPT-DMEFT.

In this chapter, we provide a mathematical and numerical analysis of the IPT-DMFT equations. This

part is joint work with Eric Cances, Solal Perrin-Roussel.

Abstract We provide a mathematical analysis of the Dynamical Mean-Field Theory (DMFT), a cele-
brated representative of a class of approximations in quantum mechanics known as embedding methods.
We start by a pedagogical and self-contained mathematical formulation of the DMFT equations for the
finite Hubbard model. After recalling the definition and properties of one-body time-ordered Green’s
functions and self-energies, and the mathematical structure of the Hubbard and Anderson impurity mod-
els, we describe a specific impurity solver, namely the Iterated Perturbation Theory (IPT) solver, which
can be conveniently formulated using Matsubara’s Green’s functions. Within this framework, we prove
under certain assumptions that the DMFT equations admit a solution for any set of physical parameters.

Moreover, we establish some properties of the solution(s).
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3.1 Introduction

The Dynamical Mean-Field Theory (DMFT) is an approximation method for the fermionic quantum
many-body problem. It was introduced by Georges and Kotliar in 1992 and first applied to the case
of the Hubbard model [51], 22]. Tt has since been extended to other settings [59] and coupled with
Density Functional Theory (DFT) within the so-called DFT+DMFT method [27]. The latter is one
of the reference methods for first-principle computations of electronic structures of strongly correlated
materials. DMFT belongs to the class of quantum embedding methods, and has since been joined by
many other methods such as Density-Matrix Embedding Theory (DMET) [32], Rotationally-Invariant
Slave Boson (RISB) method [35], Energy-weighted DMET [1§], Quantum Embedding Theory [42], and
related methods.

At the time of writing, the mathematical analysis of quantum embedding methods is very limited.
The rigorous results we are aware of are those on DMFT contained in Lindsey’s PhD thesis [41], the ones
on DMET recently obtained by the first two authors and their collaborators [I4], and a few others with
a numerically oriented approach such as [16], 66].

The purpose of this article is to establish a rigorous mathematical formulation of the DMFT equations
and to prove, in particular, the existence of a solution to the DMFT equations for the Hubbard model
within the Iterated Perturbation Theory (IPT) approximation [22]. This relies on the extension of some
results from [41], Part VII] and is based upon a reformulation of the DMFT equations as a fixed-point
problem in the space of probability measures on the real line.

In the language of linear algebra, solving the fermionic quantum many-body problem consists in
computing some spectral properties of a Hermitian matrix H € CM*M  the Hamiltonian of the system,
such as its ground-state energy (i.e. its lowest eigenvalue), or the partition function

Z8.c;n = €Xp (—B(I:[ — eFN)> ,

where 8 = lm% is the inverse temperature, e € R is the chemical potential, and N is the number

operator, as well as derivatives of Z3 ., with respect to 3, e or parameters of H.

The difficulty is that the size M of the matrix H can be huge (up to 103° or more in some applica-
tions). Fortunately, the Hamiltonian H has specific properties, allowing one to use taylored methods.
Indeed, in most applications, H is the matrix of a Hamiltonian operator acting on a fermionic Fock
space JF, containing only one- and two-body terms, and satisfying symmetry properties (particle number
conservation, spin, and possibly space, isospin, or time-reversal symmetries). Identifying the one-body
state space H with C2Z, it holds M = 22% and

L
F=@Dnn.
N=0

where the N-particle sector Hy = /\N ‘H of the Fock space is of dimension <2AI;> . In this decomposition,

N is a block diagonal operator, the block corresponding to H y being equal to IV times the identity matrix.
If 7 is particle-number conserving, then it is also block-diagonal in this decomposition (equivalently H
and N commute). If it only contains one- and two-body terms, then H has a compact representation in
the second quantization formalism involving a Hermitian matrix H? € C2£*2L and a fourth-order tensor
V € C2Lx2Lx2Lx2L - Qpin  space, isospin, or time-reversal symmetries allow one to further reduce the
complexity of the representation of H and refine its block diagonal structure. Still, solving the quantum
many-body problem remains extremely challenging.

Quantum embedding methods can be seen as domain decomposition methods in the Fock space, using
a partition of the L “sites” (also called orbitals) of the model into P non-overlapping clusters (Ap)1<p<p
of cardinalities L, := |A,|. Without loss of generality, we can assume that the first cluster consists of the
first L, orbitals, the second cluster of the next Lo orbitals, and so on. To each cluster is associated an
impurity model, a quantum many-body problem set on the L, sites of the cluster, as well as on virtual sites
called bath orbitals. In DMET, the number of bath orbitals is exactly equal to L, so that the impurity
quantum many-body problem is of size M, := 24y In practice, DMET impurity problems are solved
either by brute-force diagonalization (full CI) if L, is not too large, or by low-rank tensor methods (e.g.
Density Matrix Renormalization Group, DMRG [64]). In DMFT, the impurity problem can be much
larger, but the impurity Hamiltonian has the relatively simple form of an Anderson Impurity Model
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(AIM): within each of the P impurity models, bath orbitals do not contribute to two-body interactions,
and only interact with cluster orbitals via one-body interactions. It can be shown that the AIM associated
with the p-th cluster can be completely described by the restrition of H to the p-th cluster’s orbitals and
a hybridization function A, : C\ R — CE»*L». AIMs are usually solved in practice either by a quantum
Monte Carlo method [52], or by an approximate solver such as the IPT (Iterative Perturbation Theory)
solver [22] considered in this article. The IPT solver was introduced in the seminal paper [68], and is still
used to study very challenging systems such as moiré heterobilayers [60].

Quantum embedding methods are self-consistent theories: the P impurity problems are coupled
through a mean-field defined on the whole quantum system with L orbitals.

In DMET, the role of the mean-field is played by an approximation D &€ of the ground-
state one-body density matrix (1-RDM) of the system. The matrix D allows one to define an impurity
problem for each cluster, and the self-consistent condition is that for each cluster p, the diagonal block
of D corresponding to this cluster agrees with the restriction of the exact ground-state 1-RDM of the
p-th impurity problem to the cluster p. It is expected that at self-consistence the diagonal blocks of D
corresponding to the cluster decomposition are good approximations of the diagonal blocks of the exact
ground-state 1-RDM of the whole system [I4].

In DMFT, the role of the mean-field is played by an approximation G of the exact one-body Green’s
function [43] associated with some equilibrium state, usually the ground-state of H in the N-particle
sector, or a canonical or grand-canonical thermodynamical equilibrium state. One-body Green’s functions
can be represented by analytic functions G : C \ R — C?£*2L and are thus computationally tractable
objets for values of L up to a few thousands. The function G is a particular holomorphic extension of the
Fourier transform of the time-ordered Green’s function. Loosely speaking, the latter is an equilibrium
time-correlation function obtained by creating (resp. annihilating) a particle at time ty = 0 (resp. at
t < 0), letting the system evolve from ¢y to ¢ (resp. from ¢ to tp), and annihilating the extra particle
(resp. restoring the missing particle) at time ¢ (resp. at time ). The exact one-body Green’s function
contains a lot of valuable information about the quantum system under investigation. In particular, the
1-RDM of the equilibrium state, hence the expectation value of any one-body observable, can be easily
extracted from it. The same holds true for the average energy, thanks to Galitski-Migdal’s formula [24] [43].
Also, the poles of the analytic continuation of G to the real-axis correspond to the one-particle excitation
energies measured in photoemission and inverse-photoemission spectroscopies [69]. Remarkably, the exact
Green’s function G° of a non-interacting system, i.e. of a many-body Hamiltonian which is the second
quantization of a one-body hamiltonian dI'(H?) is simply the resolvent of H°: G°(z) = (z — H°)™1,
whatever the reference equilibrium state. The self-energy of an interacting system with Hamiltonian
H = dl(H®)+ H', where H' accounts for the two-body interactions, is the function ¥ : C\ R — C2Lx2L
defined by

(CQLXQL

Y(2) =G%2)"' = G(2)7' orequivalently G(z) = (2 — H’ — %(z)) L. (3.1)
DMFT consists in
e approximating the exact self-energy of the whole system by a block diagonal self-energy ¥ =

block-diag(%1,...,Yp), with ¥, : C\ R — C?L»*2Ly compatible with the cluster decomposition.
This condition is sometimes called the DMFT approximation;

e imposing the self-consistent conditions that for each cluster
— the self-energy ¥, agrees with the restriction to the cluster of the exact self-energy of the
associated AIM.

— the restriction to the cluster of the approximate Green’s function of the whole system agrees
with the restriction to the cluster of the exact Green’s function of the AIM. This condition is
often referred to as the self-consistent condition.

In practice, the DMFT equations are solved by fixed-point iterations. The input of iteration n is a col-
lection of P hybridization functions (A;"))lgpg p. At step 1, the P AIM problems with hybridization
functions A](gn) are solved in parallel, in order to compute P cluster self-energies Eén) , yielding an approx-
imation (" = block—diag(Egn), e Zgl)) of the self-energy of the whole system. At step 2, the above

two self-consistent conditions are combined yielding a new set (A;"H))lsps p of hybridization functions.
The DMFT iteration scheme can therefore be sketched as

AIM SC
A = (A)1cpep T B0 = (SV)1cpep Lo ATD = (ALHD) o p,
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or written in the more compact form

Of course, this basic self-consistent loop can be stabilized and accelerated using e.g. damping and
Anderson-Pulay extrapolation methods. In this article, we forego an in-depth analysis of the iterative
scheme and its convergence, opting instead to direct our attention towards a fundamental inquiry: the
existence of solutions within the DMFT equations. Specifically, we address the question of the existence of
a fixed-point of the DMFT map fPMFT, a critical aspect which, to our knowledge remains unestablished
in the current literature.

This article is organized as follows. In Section we provide a mathematical introduction to DMFT
for the Hubbard model aimed at being accessible to readers unfamiliar with this theory. The Hubbard
model provides insights into the behavior of electrons in strongly correlated systems. Its integration within
the DMFT framework offers a powerful tool for understanding the interplay between electron-electron
interactions in finite structures (truncation of a lattice for instance), shedding light on phenomena such
as metal-insulator transitions and high-temperature superconductivity. We recall the basics of second
quantization formalism, the formulation of the Hubbard and Anderson impurity models, the definitions of
one-body Green’s functions, self-energies, and hybridization functions, and the precise formulation of the
DMFT equations. In Section we state our main results. They are based on the observation that the
key mathematical objects involved in DMFT (exact and approximate one-body Green’s functions and self-
energies, hybridization functions) are all negatives of Pick functions. Recall that scalar Pick functions are
analytic functions from the open upper-half plane to the closed upper-half plane [45], [49]. An interesting
property of scalar Pick functions, which we use extensively in our analysis, is that any Pick function admits
an integral reprentation involving a positive Borel measure on R, called its Nevanlinna-Riesz measure [45].
Analogous properties hold true for matrix-valued Pick functions [23]. For the Hubbard model with a finite
number of sites, the exact Green’s function and self-energy can be extended to meromorphic functions
on C with finite numbers of poles, and are therefore represented by discrete Nevanlinna-Riesz measures
with finite support. We then focus on the paramagnetic single-site translation invariant IPT-DMFT
approximation of the Hubbard model, for which P = L and Ly = --- = Lp = 1. We show that these
equations have no solutions in the class of (negatives of) Pick functions with discrete Nevanlinna-Riesz
measures of finite support, but do have solutions in the set of (negatives of) Pick functions. More precisely,
equation has a translation invariant fixed point (A, ..., A), A being the negative of a Pick function
whose Nevanlinna-Riesz measure has the form cv, where ¢ € R, is a fixed constant only depending on
the matrix H°, and v a Borel probability measure on R. To obtain the latter result, we show that the
IPT-DMFT iteration map fPMFT in can be rewritten as a map FPMFT . P(R) — P(R), which
is continuous for the weak topology. We conclude by checking that the Schauder-Singbal’s fixed-point
theorem [57] can be applied to this setting.

3.2 DMFT of the Hubbard model

We provide in this section a mathematical description of the models and quantities of interest involved in
Dynamical Mean-Field Theory (DMFT) for the Hubbard model. We first recall the definitions of one-body
Green’s functions and the self-energy. We then introduce the Hubbard model and the Anderson Impurity
Model (AIM). Next, we derive the DMFT equations and finally present the Iterated Perturbation Theory
(IPT) solver, which is the approximate impurity solver considered in this work.

3.2.1 Omne-body Green’s functions and the self-energy

One-body Green’s functions are key objects in DMFT. To avoid technicalities, we will define Green’s
functions in a finite-dimensional setting and assume that the one-body state space is a finite-dimensional
Hilbert space (M, (-,-)), dim(H) = 2L € N*. We refer to e.g. [13] for a mathematical introduction to
Green’s functions in an infinite-dimensional setting. The associated Fock space

2L n

F- @A

n=0
n

where the n-particle sector /\H is the anti-symmetrized tensor product of n copies of H, is then of

dimension 22L. Given a one-particle state ¢ € H, we denote by a, (resp. &L) the usual annihilation
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(resp. creation) operator defined on F (see e.g. [12]), which satisfy the Canonical Anti-commutation
Relations (CAR):

Vo, ¢ € M, {agag}={al,al} =0, {agal}=(¢¢)

where {O,0'} = 00" 4+ 0’0 is the anti-commutator of the two operators O, 0’ € L(F).

Equilibrium states. A state Q is a linear form on the set of operators L(F), which is positive
(Q(0T0) > 0) and normalized (i.e. sup{|Q(O)],||O]| = 1} = 1). In the finite-dimensional case, any
state  can be represented by a unique self-adjoint operator p € S(F) such that for all O € L(F),
Q(0) = Tr(pO). The operator j is positive and satisfies Tr(p) = 1. It is called the density operator
associated to the state §2. For an isolated quantum system described by a time-independent Hamiltonian
Hes (F), an equilibrium state corresponds to a stationary solution to the quantum Liouville equation

% 4) = [, (1),

where [0,0'] = 00’ — 0’0 is the commutator of O, 0’ € L(F). It follows that a state is an equilibrium
state if and only if its density p commutes with the Hamiltonian H, namely [I:I ,p] = 0. Important
examples of equilibrium states are thermal and osmotic equilibrium states known as Gibbs states, as well
as ground and excited states of H with a prescribed number of particles (for particle-number conserving
Hamiltonians).

One-body Green’s functions. The one-body time-ordered Green’s functions are then defined as fol-
lows:

Definition 3.2.1 (One-body time-ordered Green’s function). Given a Hamiltonian H e S(F) and an
associated equilibrium state §), one defines the L(H)-valued function G : R — L(H), known as one-body
time-ordered Green’s function, so that iG(t) is the operator represented by the sesquilinear form

(¢, (1G(1))9') = xr, (t) UH(ag) (t)al,) — xee (1) 2(al, H(ay)(1)) (3-3)

where for all O € E(f),H(O) (R 3t etHOe it s the Heisenberg picture of O and x4 is the
characteristic function of the set A.

Let us comment on the terminology. First, the term “body” encompasses “particle” and “hole”: the
first term of the right hand side of can be interpreted as describing the propagation from ty = 0
to t > 0 of a particle added to the system at ty = 0, while the second term can be interpreted as the
propagation from ¢t < 0 to tg = 0 of a hole created at ¢ < 0. Second, it is “time-ordered”: the r.h.s. of
can be rewritten as

o (7T (M), () (¢.0))

where for all operators-valued functions R > ¢ — O(t) € L(F),R >t — O'(t) € L(F), the fermionic
time-ordered product T (O, ') is the operator-valued function R? — £(F) defined as

A A N oot ift >t
T(0,0)(t:t) = {—O’(t’)@(t) otherwise,
where the minus sign is specific to the fermionic case. Up to a sign, it is the product of the operators
applied in the order of increasing time.

The ¢ prefactor in the left hand side of is a convention that facilitates the expression of the
results to come, especially Proposition |3.2.3

Finally, note that G is real-analytic on (—oco,0) U (0, 4+00) with a —i1 jump at ¢ = 0 due to the CAR.

As F is finite-dimensional, the Green’s function can be expanded in a joint orthonormal eigenbasis B
of p and H, leading to the Killén-Lehmann (KL) representation [34} [36]

Vo8 €H, (0iGMF) = D ¢ EEN g ag) (00l 0) (pue, (1) — pues (), (34)
Pp’'eEB

where Vo) € B, Hip = By (with Ey € R) and b = pytp (with py, € Ry, > pen Py =1).
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Other types of Green’s functions are encountered in the physics literature, notably retarded /advanced
Green’s functions. These objects encode the same information on the spectral properties of H as the
time-ordered Green’s function, but this information is stored in a different way. A suitable way to
highlight this information is to consider specific holomorphic extensions to the complex plane of the
time-Fourier transform of these Green’s functions [43 [13]. In the case of the time-ordered one-body
Green’s function, the suitable holomorphic extension is provided by the generalized Fourier transform
introduced by Titchmarsh [61].

Definition 3.2.2 (Generalized Fourier Transform (GFT)). The Generalized Fourier Transform (GFT)
of the one-body time-ordered Green’s function G is the analytic function on the upper-half plane G : C —
L(H), also called a (one-body) Green’s function, defined by

VzeCy,G(2) =Gy(2) +G_(2)! (3.5)
with

V2eCyh:={2€C|SQ(2) >0}, Gi(z)= / eFtG(t)dt
Ry

VeeC_i={zeC|3(z) <0}, G_(z)= / ¢ Gt dt.

Note that the Green’s function G can be extended to C\ R by reflection, namely by setting
VzeC_, G(z)=G((2)N. (3.6)
By construction, G(z) is analytic on C;. In addition, it follows from the KL representation (3.4]) that

V2eCy Vo8 €W (0.0()) = S ZEEEE Sl @)
v €B P W’

An important observation is that

V2ECy VO EHN(0), S((0.0()0) = -3() D PR wan)P <0, (38)
' EB v v’

which shows in particular that G(z) is invertible for all z € C,..
Up to now, we have not specified the Hamiltonian H; in the sequel, we will assume that it is of the
form
H=dr(H°Y+ H', H°eSH), H'eS(F) (3.9)

where dI'(H?) is the second quantization of the one-particle Hamiltonian H® € S(H) (see e.g. [12]) and
H' € S(F) some interaction Hamiltonian. We say that H is non-interacting if H' = 0.

Depending on the formalism of interest, one can consider the grand canonical Hamiltonian H =
H — ¢p N without loss of generality.

The following is an essential property of the Green’s function, to which it owes its name: the Green’s
function of a non-interacting system in an equilibrium state is the resolvent of the one-particle Hamilto-
nian.

Proposition 3.2.3 (Non-interacting Green’s function). Let H® € S(H) be a one-particle Hamiltonian
and Q0 an equilibrium state of the non-interacting Hamiltonian dU'(H®). The Green’s function G° of
dU'(H°) associated to Q is the resolvent of HO:

VzeCp, GY2)=(z—-H%L (3.10)
In particular, GO is independent of Q.
The proof of this classical result is recalled in Section It is a consequence of the fact that the

one-body Green’s function G° of the non-interacting Hamiltonian dI'(H?) is solution to the equation

d
(Zdt - HO) G =61 inD(R;L(H)) (3.11)
so that the time-ordered Green’s function G° is indeed a Green’s function of the linear differential operator
15 dt — HO. The various avatars of the Green’s function (retarded/advanced) also satisfy this equation in
D'(R*; L(H)), but with different boundary conditions at infinity and jumps at ¢ = 0. The properties
(3.10)-(3.11) hold only for non-interacting Hamiltonians.
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Self-energy. For interacting systems, the general relation between the Hamiltonian and the Green’s
function is more involved: the discrepancy with the non-interacting case is characterized by the self-
energy.

Definition 3.2.4 (Self-energy). The self-energy ¥ : Cy — L(H) of an Hamiltonian H of the form (3.9)
associated to an equilibrium state 0 of H is defined by

VzeCyy %(2)=G%2)"' -G(2)7, (3.12)
where the non-interacting Green’s function G is the Green’s function of any equilibrium state of dU'(H°).

Recall that GO(2)~! = 2 — H? and that G(z) is invertible in view of (3.8). Let us emphasize
that the definition of the self-energy only depends on H, H, and the considered equilibrium state Q of
H, since G is independent of the equilibrium state associated to dI'(HY).

Using again and the definition of the self-energy, the Green’s function G can be rewritten as

V2eCp, G(2) = (2 — (HO +5(2)) "

so that, for a given complex frequency z, H® + ¥(z) can be considered as an effective one-particle
Hamiltonian (compare with ): the self-energy is thus the extra term to be added to H® to obtain
a representation of the interacting system of particles in terms of a system of non-interacting ones. The
frequency dependence of ¥ comes from the fact that particles do interact in the original system.

3.2.2 Hubbard model

Originally introduced in quantum chemistry [48, 50], the Hubbard model [31) 29 26] is an idealized
model that minimally describes interacting electrons in a molecule or a crystalline material. From the
mathematical physics’ perspective, it is a prototypical example of short-range fermionic lattice system,
and its mathematical study has been pioneered soon after its introduction in [38] [39], triggering an
extensive study of its ground-states properties [37]. More recently, the discovery of cuprate-based high-
temperature superconductors [8, [67], exhibiting a layered structure, shed new light on the square lattice
Hubbard model, for which much remains to be discovered [37]. Since then, approzimation methods have
been derived for this model such as generalized Hartree-Fock [6], and Dynamical Mean-Field Theory [22].

In this article, we restrict ourselves to finite-dimensional Hubbard models, i.e. to Hubbard models
defined on finite graphs. The reason for this is threefold. First, we stick to the case of finite-dimensional
state spaces, for which all the objects involved in the mathematical formulation of DMFT are well-defined.
Second, graph theory provides a suitable formalism to describe on the same footing different physical
settings, ranging from molecular systems to truncated lattices, and with arbitrary hopping parameters
(nearest neighbours, next nearest neighbors, ...). Third, this is precisely the language in which DMFT
can be formulated concisely, as described in Section

O—0O O

.
A
.
O
A
\

(\ ) ) ) ) F)
J N\ N\ N\ / \
(\ M) M) ) ) F)
J N\ N\ N\ N\ \
(\ M) M) ) ) F)
/ / / / / S

(a) The Pariser-Parr-Pople model of benzene N A A A A A
CeHe: the cyclic graph Cs. O N N N (Y O

(b) A truncated lattice Z?/6Z with nearest
neighbors : the square grid graph PGDQ.

Figure 1: The Hubbard model for different graphs

Consider now a finite undirected graph Gy = (A, E) that describes the “sites” A hosting electrons, as
depicted in Figure[l] The state space of a site is the vector space spanned by the orthonormal vectors |(})
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(empty site), |1) (site occupied by one spin-up electron), ||) (site occupied by one spin-down electron),
and |1]) (doubly-occupied site). Note that | 1)) is a shorthand notation for the two-electron singlet state
271211 @ | 1) — |4) @ [1)). In chemistry language, to each site is associated a single orbital (and thus
two spin-orbitals); in physics, this setting is referred to as the one-band Hubbard model. Since the sites
are distinguishable, the state space of the full system is the tensor product of the state space of each site.
It is therefore of dimension 4/l = 22F where L = |A| is the number of sites.

Let us now specify the Hamiltonian. In the Hubbard model, electrons can jump from one site to any
other neighboring site. This models the tunnel effect, whose intensity is described by the hopping matriz
T, as for tight-binding Hamiltonians. Electrons repel each other due to (screened) Coulomb interaction.
The simplicity of the Hubbard model lies in the range of this interaction, which is the shortest possible:
it is only effective for two electrons occupying the same site, and if the site ¢ is doubly occupied, the
energy of the system is increased by an on-site repulsion U;.

More precisely, a finite-dimensional Hubbard model can be defined as follow.

Definition 3.2.5 (Hubbard model of a finite graph). Given a finite graph Gg = (A, E), a hopping matrix
T:E — R, and an on-site repulsion U : A — R, the Hubbard Fock Space Fy is defined as

}—H:®]:17 ]:1:Span(|®>7|T>a|¢>7|TJf>)

€A

and the Hubbard Hamiltonian lfIH € S(Fu) as

HH - Z EJ (d;gdj7a + d}#("di7a> + Z UiﬁivTﬁihL
{i,jYeE,oe{1l} ieA

where the usual annihilation and creation operators G; ., and ELI’U of an electron on site j with spin o
satisfy the CAR

VijeA, oe{tl}, {aio ajo}=1al,.al,} =0 {aioal,}=0 050, (3.13)
and the site number operators N; , are defined by N; o = dj‘,a&i,a-

In this paper, we do not consider external magnetic field, so that we can assume without loss of
generality that the hopping matrix T is real-valued [37]. For standard Coulomb interaction, the on-site
repulsion U is positive, but we do not need to make this assumption here.

Remark 3.2.6. The Hubbard Hamiltonian Hy is particle-number and spin conserving, i.e. it commutes
with the number operator Ny = Y iea (fig + 74 ) and the spin operators. In particular, it commutes
with the z-component Sz, = %Ziej\ (i 4 — N y) of the spin operator. This property will be used later to
make the IPT-DMF'T model spin-independent.

3.2.3 Anderson Impurity Model (AIM)

Impurity models Impurity models are models in which an “impurity” is coupled to a “bath” in such
a way that particles in the bath do not interact, and the coupling Hamiltonian between the impurity and
the bath only involves one-body terms. Otherwise stated, the one-particle state space and the Fock space
of the total system can be decomposed as

Hiv = Himp @ Hbath  and  Fiv = Fimp @ Fhath, (3.14)
and its Hamiltonian as R ) R X
Hiv = Himp ® Lpath + Limp ® Hpath + Heoupling (3.15)
with
Himp = dF(HiOmp) + Hilmpv Hloatlu = dF(ngath)v ﬁcoupling = dF(Hgoupling)7 (3-16)
and Hgouphng can be decomposed according to (3.14]) as

0 [0V
Hcoupling - ( VT 0 .
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Reshuffling the terms, we also have

R N : H) 14
Hiv = dU(Hiy) + Hippy © Toatn,  with  Hpy = ( v o ) : (3.17)
bath

As will be seen below, a key step of the DMFT iteration loop is to compute the restriction of the
Green’s function Gy of an impurity model to the impurity space Himp. This is in general a difficult
task. On the other hand, computing the restriction of the non-interacting Green’s function can easily be
done using a Schur complement technique. This leads to the concept of hybridization function, which, as
announced in the introduction, is of paramount importance in the mathematical formulation of DMFT.

Definition 3.2.7 (Hybridization function A of an impurity model). Given an impurity model of the
form (3.14)-(3.17)), its hybridization function A : CL — L(Himp) is defined by

VzeCy, A(2)=V (2—Hu) V. (3.18)

Using this definition and Proposition[3.:2.3] the non-interacting Green’s function of the impurity model
is then given in the decomposition (3.14)) by

@®:@_mw1:<@m%A@)l*)

* *

The hybridization function A thus plays a role analogous to the self-energy . The equation

(G%(2)) 0 = (2= (S + A(2)))

means that Hi?np + A(z) can be considered as an effective one-particle impurity Hamiltonian: the hy-

bridization function is the extra term to be added to Hgnp so that, in the non-interacting case, a particle
in the whole system can be regarded as a particle localized on the impurity. In the time domain, the
hybridization function describes the phenomenon of a particle localized on the impurity, jumping into
the bath, and jumping back to the impurity, hence the name hybridization.

The most important result in this section is the following.

Theorem 3.2.8 (X sparsity pattern of an impurity model). Given an impurity model of the form (3.14)-
(13.17), the self-energy v : Cy — Hiu associated to any equilibrium state of Hyyy reads in the decom-

position (3.14))

VzeCq, Zmulz) = (Eimg(z) 8) . (3.19)

In practical DMFT computations and as mentioned already in [I9], the self-energy ¥ of an impurity
problem depends solely on the hybridization function A and on the impurity Hamiltonian defined by
H. iomp and H', via a quantum action defined by path integrals [25, eq. 9]. In this article, we focus on the

IPT approximation (see section [3.2.5)), which makes this dependence almost explicit, and postpone the
study of the exact impurity solver in a more general framework to future works.

Anderson Impurity Model The original Anderson impurity model (AIM) [4] is a specific impurity
model in which the impurity consists of a single-site Hubbard model. It was introduced by Anderson
back in 1961 to explain the low-temperature behavior of the conductivity of metallic alloys with dilute
magnetic impurities, later called the Kondo effect [33, [54]. The AIM was then extended to multiple-site
Hubbard impurities. Figure [2] provides a graphical illustration of an AIM model with a 4-site Hubbard
impurity and 5 bath orbitals (dim(Himp) = 8, dim(Hpatn) = 10). Without loss of generality, we can
indeed identify the bath space Hpagn with C28 and assume that H_,,, = diag(e1, €1, - ,€p,€p). In this
picture, the canonical basis of C?8 corresponds to an orthonormal basis of bath spin-orbitals with energies
€1,€1,...,€5,€5. The matrix V models jumps from the bath to the impurity, while the matrix V' models
jumps from the impurity to the bath. The coupling terms V; ; are also assumed to be real-valued due to
the absence of magnetic field.

In the seminal paper [4], the electronic bath was thought as the set of conducting electrons, for instance
described by a tight-binding model on a (truncated) lattice.

Remark 3.2.9. As for the Hubbard model, the z-component of the total spin operator 5'124] = Sg +
Zle gy — Ay, the total number operator Nay = Ny + Zszl N4 + N,y and the Anderson Impurity
Hamiltonian H A pairwise commute.
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S O

Figure 2: The Anderson Impurity Model of an impurity (Gg = C4,T,U) and a bath (B = 5,¢,V) in a 6
electrons state.

3.2.4 Dynamical Mean-Field Theory (DMFT)

Consider a Hubbard model defined by (Gg,T,U) in one of its equilibrium states . The purpose of
DMEFT is to provide an approzimation of the corresponding Green’s function G, and more precisely on
some blocks of this Green’s function.

To do so, DMFT uses a self-consistent mapping between the Hubbard model (G, T, U) and a collection
of Anderson Impurity Models associated to a partition B of the vertices of the Hubbard graph Gg. The
process, illustrated in Figure |3| is the following.

1. Choose a partition P = {A,,p € [1, P]} of the L sites of the Hubbard model into P impurities
Ai,---Ap, uff:lAp = A, and consider for all p € [1, P] the induced subgraphs G, = (Ap, E,) with
E,={{i,j} € E; i,j € A,}. This partition leads to the canonical orthogonal decomposition

P
Moy =P Hy dim(H,) =2/A,| = 2L, (3.20)
p=1

from which follows the decomposition of the Fock space

P
Fu=Q)F, dimF, =4l (3:21)
p=1
The decomposition (3.20]) of the one-particle state space of the original Hubbard model gives rise

to block-operator representations of the exact Green’s function and self-energy (for the state €2) of
the original Hubbard model

G1(z) * . * %1 (2) *
) = * Go(z) - * 5(2) = * So(z) - * .
L e e Grl2) P e )
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2. The decomposition (3.20)) also leads to a block-operator representation of the one-body Hamiltonian
corresponding to the non-interacting part of the Hubbard Hamiltonian

HY o«
0 __
HY = . :
0
* * DY HP

where the diagonal block Hg is constructed from the induced hopping matrices T, =T|g,, 1 <p <
P. Due to the locality of the interactions in the Hubbard model, the interaction term is “block-
diagonal” in the decomposition (3.21)). It is represented by the induced on-site repulsion U, = Uy,

and it reads H' = 695:1];71{, with I—f[]f =D ien, Uittt y;

3. The AIM associated to the p-th impurity is defined by (i) the impurity state space Himp,p := Hyp, (ii)
the impurity Hamiltonian defined by the induced Hubbard model (G, T}, Up), (iii) some bath state

space Hpath,p, bath one-body Hamiltonian Hgath@ and coupling one-body Hamiltonian H, gouphngm =

i

( ‘9 ‘gp ) to be specified. From each of these P AIMs, one can compute the Green’s functions
P

and self-energies

Gaigle) = (B ) (e = (T 0,

for AIM equilibrium states €, of the same nature as  (see Remark [3.2.10{ below for a comment on
this important point).

Ay

DMFT A,

Figure 3: A partition 8 = A; U As LI A3 of the 6 vertices of the Cs graph, and the 3 induced graphs
G1, G2, G3: the impurities of the corresponding AIMs are defined using the original Hubbard model, while
the bath and the impurity-bath coupling are specified by the DMFT approximation.

DMFT aims at computing approximations of the diagonal-blocks G1(z), -+ ,Gp(2z) of the exact
Green’s function G(z). Ideally, the baths should be ajusted in such a way that Gimp, = Gp, but of
course this is not possible since the functions G, are unknown. To make DMFT a practical tool, the idea
is to introduce approximate Green’s functions and self-energies of the form

Gpwmrr,1(2) * e *
* Gpwmrr2(2) - *
Gpwmrr(2) = : : . : , (3.22)
* * -+ Gpwmrr,p(2)
YpmrT,1(2) 0 e 0
0 Ypmrr,a(z) - 0
Ypmrr(2) = : : . : , (3.23)
0 0 Ypwmrr,p(2)
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related by

Gomrr(2) = ((Ghuer) ™' (2) — Somrer(2)) 7,
-1
GODMFT(Z) = (Z - HI%) )
and to choose the baths in such a way that

V1<p <P, Gpowmrrp(2) = Gimpp(2), (3.24)
EDMFT,p(Z) = Zimp@(z). (325)

Of course, it is not clear whether a collection of baths that satisfies the above conditions exists, and this
article partially answers this question.

Note that the DMFT Green’s function Gpumpr(z) is not, a priori, the Green’s function of some
interacting quantum many-body problem which could be defined as in Section Instead, it is
defined from an approximate self-energy Ypmrer(2). Equations and indicate that, in the
DMFT approximation, each impurity interacts with its neighborhood as if the former were an impurity
and the latter a bath, in accordance with Theorem [3.2.8] hence the name of mean-field. This mean-
field is dynamical because it is frequency dependent, in contrast with static mean-field theory such as in
Hartree-Fock or Density-Matrix Embedding Theory (DMET).

Remark 3.2.10. In the above sketch of the DMFT framework, we did not specify the states (p)peq1,p]
of the associated AIMs from which the self-energies (Zimpvp)pe[[l,P]] are computed. In [22], it is implicitly
stated that, for a Hubbard model in the Gibbs state Qg e, as defined below in Section[3.2.5, the AIM’s
equilibrium states §)y, are defined to be Gibbs states as well €2, = Qarm g e, with the same temperature as
that of the Gibbs state of the whole system, but with a priori different chemical potential €. The latter
is to be chosen to satisfy appropriate filling conditions. We will address this question in a future work
and simply assume here that the € = ep. Moreover, when working with the IPT solver, the chemical
potential is fized by the on-site interaction, as detailed in Section|3.2.5,

Our analysis is based on a reformulation of conditions — using the hybridization functions
(Ap(2))1<p<p of the P impurity problems as the main variables. As mentionned previously, knowing A,
as well as T}, U, and €, suffices in principle to compute i, ». In practice, this is done by using an
approximate impurity solver. A particular example of such a solver will be presented in Section [3.2.5
Conversely, knowing (Zimp p)1<p<p and T suffices to characterize the unique set (A,(2))1<p<p for which

(3.24)-(3.25) hold true. Indeed, by denoting
P
My = P Ha

pFq=1
YpwmrT,1(2) - 0 o 0
o 0 - ZpMmET,p-1(2) 0
EDMFT,p(Z) = 0 . 0 EDMFT,erl(Z) T 0 ,
0 .. 0 0 -+ Ypwmrr,P(2)

and using the Schur complement formula, we have on the one hand

Gpomrr p(2) = ((z — (HY + EDMFT(Z)))_I)

p
_ —1
= (== (HY + Toawr,p(2)) = Wy (2 = (HS + Somer(2))) " W) (3.26)
where 0 ( . )
H W, z— (H) + YprMmT.o(2 -W, >
P ) and P P P 3.27
(WJ Hz?) ( A z — (Hp + Yprurp(2)) (3:27)

are the block-representations of HY and (2 — (HY + Spmrr(2))), respectively, in the decomposition
H = H, © Hp. Note that H) € L(H,), W, € L (Hp; Hp), and HY, Yoyt p(2) € £ (Hp). On the other
hand, using again the Schur complement formula, we have
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GAI,p(Z) = (GOAI,p(Z)_1 - 2AI,p(Z))il = (Z - Hgl,p - EAI,p(z))i

-1
(== HS — Bimp,p(2) -V, _ (z — Hg — Simpp(2) — Ap(2))71 %
_VPT Z = Hgath,p * x )7
so that
Gimpp(2) = (2 = Hy = Simp p(2) — Ap(2)) 1. (3.28)

Conditions (3.24)-(3.25)), together with (3.26])-(3.28]|) yield the self-consistent condition
-1
P
VISp<P, A2)=W,|z-Hl— P Simpal2)| W (3.29)
q=1,97#p

Note that the matrices W, Hg depend only on the hopping matrix 7" through

[W] o EJifiGAp,j€A\Apa{iaj}€E’UZJI’
plio,jo 0 otherwise,

O, = { T TG €ANA fij) € B o =0,
plio,jo 0 otherwise,

where i, 7 € A denote site indices and o,0’ € {1,]} spin indices.

Remark 3.2.11. This formulation of DMFT agrees with the original one [21, [22] in the translation-
mvariant setting where

Vpe[l,P], H,=Hi, H)=H), W,=Wy, H)=H], U,=U. (3.30)
In this setting, we can consider translation-invariant solutions to the DMFT equations, for which
Vpe[l,P], VzeCy, Zimpp(z)=Zimp(2), Ap(z)=A(2),

where Ximp(2) and A(z) are related by the translation-invariant self-consistent condition

P —1
Alz) =W, (z —-H) - P zimp(z)) wi. (3.31)

This setting is sketched in Figure . When B is a partition into singletons (single-site DMFT), condition
(3.30) is equivalent to the fact that U is constant and (Gg,T) is vertex-transitive, namely that for all
A1, A2 € A, there exists a graph isomorphism T : A — A such that

T(A\1) = X2, VAN €A, Trn)-00) =T

In particular, the graph Cartesian product Cﬁd of d copies of the N-cycle, which is the nearest neighbor
graph of a truncation of the d-dimensional square lattice, with constant hopping and on-site repulsion,
and artificial periodic boundary conditions (supercell method), is vertex-transitive due to the translation
invariance of the corresponding lattice. This setting was the one considered in the first DMFT compu-
tations [22]. Due to translation invariance, a single impurity problem has to be solved at each iteration.
Recall that the impurity solver is the computational bottleneck in DMFT.

The DMFT self-consistent equations (3.29]), combined with an exact impurity solver, give the exact
Green’s function of the original Hubbard model in the following trivial limits.

Proposition 3.2.12 (Exactness of DMFT in some trivial limits). Consider a Hubbard model (G, T,U)
in a Gibbs state Qg ¢,. The self-consistent DMFT equations (3.29)), combined with an ezact impurity
solver, admit a unique solution in each of the following two settings:

1. non-interacting particles. If the on-site repulsion term is equal to zero (U; =0 for all i € A), then
this solution is given by

Vpe[l1,P], VzeCy, Ximpp(z)=0,
(3.32)
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Figure 4: Translation-invariant DMFT formalism.

2. disconnected graphs and atomic limit. If the partition B of Gy is such that Gy = @5:1 Gp (meaning

Ey = Llf;lEp), that is if the partition decomposes the original Hubbard model (Gg,T,U) into P
independent Hubbard models (Gp, Ty, Up), or if the hopping matriz T vanishes, then this solution is
given by

Vp € [[LP]]’ vz e Cy, Eimp,p(z) = ZP(Z)v

A,(z) =0, (3.33)
where 3, is the exact self-energy associated to the p-th Hubbard model in the associated Gibbs State
QL.

Bier

In both settings, DMFT is exact in the sense that
Vz € C+, GDMFT(2> = G(Z)

The purpose of DMFT [21] is to build an appoximation that complies with these two limiting cases.
Another limiting case in which DMFT is claimed to be exact is in the “infinite dimension” limit [44] 22].
We leave the mathematical investigation of this limit to future works.

We deduce from - that in the trivial limits considered in Proposition the hybridiza-
tion functions A,(z) are either identically zero, or have a finite number of poles, so that the corresponding
baths can be chosen finite dimensional.

Anticipating on the following, we prove in Proposition that, when coupled to the Iterated
Perturbation Theory (IPT) impurity solver, the translation-invariant self-consistent equation has
no solution with a finite number of poles. This motivates the functional setting described in Section [3.3

3.2.5 A specific impurity solver : the Iterated Perturbation Theory (IPT)
solver.

To define properly the IPT solver, we need first to introduce Matsubara’s formalism, and more precisely
Matsubara’s Green’s function GM.

Matsubara’s Green’s functions

Matsubara’s Green’s functions are defined only for Gibbs states Q13 ., at a given inverse temperature
B and chemical potential ep. These functions have been more extensively studied mathematically than
time-ordered Green’s functions [IT], [12]. In this section, we recall their definition and prove an analytic
continuation result that will be useful for our analysis. The setup remains the same as the one introduced

in Section 3.2.1]

Definition 3.2.13 (Gibbs’s state and Matsubara’s time-ordered Green’s function). Given a particle-
number conserving Hamiltonian H € S(F), that is [H, N] = 0, the Gibbs state Qg ., at inverse temper-
ature B € R and chemical potential er € R is defined through its density operator by

1 ARz oy (e_ﬁ(ﬁ_epzv)> .
ZB.ex

ﬁ:
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The Matsubara’s Green’s function GM is defined as the L(H)-valued map GM : -, 8) — L(H) repre-
sented by the sesquilinear form verifying for all ¢, ¢ € H,

€[-B.8), (6,~CM(M¢) = xr, (1) Qper (Mlag) (1)al, ) = xpe (7) Qi (0, M(a)(7)), (3:34)
where for all O € L(F), ) ) ) )
M(O) [-B,8]>27— eTH—erN)e—m(H—erN)
is the Matsubara picture of O.

Recall that in our setting, any operator is trace-class since F is finite dimensional, hence Zg ., is
always finite.

As it is the case for the time-ordered Green’s function G, one can recast equation using the
time-ordered product :

V6,8 €H, VT € [-8,8), (6, —GM (1)) = Qper (T (M(ag),M(a])) (7,0))

Note that the negative sign in the definition of GM must be consistent with the i prefactor i in the definition
of G for Theorem 5[ below to hold. Considering the grand canonical Hamiltonian H = H —epN
as the Hamiltonian from which the Green’s function G is defined, the Matsubara formalism involves the
following formal connection (known as Wick rotation [65]):

T it

or, in other words, working with ¢ <> —ir where 7 is real. Hence, the term imaginary-time Green’s
function [43].

Contrary to the Heisenberg picture O H(O), the Matsubara picture does not consist in a family of
C*-morphisms: one has for all 7 € [, ],

(M(0)(r))" = MO ().

A consequence of this property is that the Matsubara’s Green’s function is Hermitian:

(C:M(T))T = GM(r).
Note moreover that Gibbs states are Kubo-Martin-Schwinger (KMS) states [12], meaning that they
satisfy the following property:
¥ 0,0" € L(F), V7 € [-5,0],  Q.er M(O)(7 + B)O') = .. (OM(O)(7)).
This implies that GM is B-anti-periodic, i.e.
Vre[-B,0), GM(r+p)=-GY(r).

As for the time-ordered Green’s function, the Matsubara’s Green’s function has a Kéllén-Lehmann’s
representation: given an orthonormal basis B of 7 which jointly diagonalizes H and N (Vo € B,HY =
Ey, N¢p = Ny), we have for all 7 € [0, 5)

(@ =GM (D)) = 3 er(Emert B mar M s, gy )y e B er i)
Yy eB

_ Z eT(E,w—Ew/+eF)<¢,&¢¢/>< /7&L/w>e—,8(Ew—eFN¢)7
Y, EB

as Ny = Ny + 1 whenever (¢, &L,z/;) #£0.

Similarly to the time-ordered Green’s function G, it is convenient to work with a Fourier representation
of the Matsubara Green’s function GM. Since the latter is defined only on [—f,3), it is quite natural
to extend GM to the real-line by periodicity and introduce the associated Fourier series with coefficients
defined by

17 -
Vn € Z, 7/ GM(1)e" 57 dr.
25
Due to the B-anti-periodicity of GM, the even Fourier coefficients vanish and it holds

1/ ﬁ GM (1) ETdr = {foﬁ GM(r)e™ETdr it nis odd,
0

otherwise.
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Definition 3.2.14 (Matsubara’s Fourier series and frequencies). The Matsubara’s Fourier coefficients
(Gﬁ‘r)nEZ are defined by

B .
Vn € Z, GvI\L/I = / GM(T)elw"TdT
0
where wy, = (2n 4+ 1) is the n-th Matsubara’s frequency.

We thus have
VT € _B,ﬁ, G E iwn G .

nez

The very reason these coefficients are useful in Green’s functions methods lies in the following theorem.

Theorem 3.2.15 (Matsubara’s Fourier coefficients analytic continuation). Let H € S(F) be a particle-
number-conserving Hamiltonian, Qg . the associated Gibbs state, and G : Cy — L(H) the Generalized
Fourier Transform of the associated time-ordered Green’s function G defined from the grand canonical
Hamiltonian H' = H — epN. Then G is the only analytic matriz-valued function such that

G(z) — G(2)T

Vz € Cy, S(G(2)) := — % <0, and (3.35)
VneN, G(iw,)=GM, (3.36)
Note that, since w_,, = —w,,_1 and GM is Hermitian, it holds

vneN*, (GM, ) =GY,
so that (3.36]) actually holds for all n € Z, with the extension of G to C_ defined as in (3.6).

Remark 3.2.16. The requirement that G is analytic and verifies (3.35) is crucial for uniqueness: for
instance, for each m € 2Z + 1, the function

1 — emb=
——G(2) € L(H)

Ciozm
+ 2% B)

also satisfies (3.36) and is analytic, but its imaginary part is not negative semi-definite.

Theorem is extensively used for practical computations: it is sufficient to run the computations
for the Matsubara frequencies and then perform an analytic continuation [I7].

Note that Theorem works in particular for non-interacting Hamiltonians, which leads to the
following definition.

Definition 3.2.17 (Matsubara’s self-energy). The Matsubara’s self-energy Fourier coefficients (Zﬁ/[)
are defined by

nez
VneZ, SM=iw,+ep—HO—(GM)

In fact, the self-energy ¥ : Co — L(H) defined in (3.12) is the only analytic function with negative
imaginary part such that

vneN, X(iw,)=3M.

This follows from Proposition |3.3.3] and Theorem One can define the Matsubara’s self-energy
YM (1) by Fourier summation formula as in Definition |3.2.14L but this function will not play any role in

what follows.

With all these definitions in place, we can now introduce the final ingredient of the model under
investigation, namely the paramagnetic single-site translation-invariant Iterated Perturbation Theory
(IPT).
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IPT approximation

In this article, we will not discuss the derivation nor the validity of the Iterative Perturbation Theory (IPT)
approximation and refer the interested reader to [5]. As in the review paper [22], we only consider single-
site and translation-invariant DMFT. This seems to be a setting in which the usual IPT approximation
is generally considered as valid in the physics literature, while constructing an IPT-like approximation
for multi-site DMFT is still an active field of research [5]. In the former case, ‘B is a partition of the L
sites into P = L singletons and the on-site repulsion U is constant as exposed in remark Also, we
will focus on the paramagnetic case [51]. In other words, we will assume that there is no spin-symmetry
breaking, so that the spin components can be factored out as detailed in Appendix [3.B] In the single-site
translation invariant paramagnetic IPT-DMFT approximation considered in the sequel, we thus have
P =1L and for z € C,,

nglv GDMFT(Z)7 EDA/IFT(Z) c (CPXP.

Recall that in translation invariant DMFT, we restrict ourselves to translation invariant solutions to the
DMFT equations, so that we consider only one hybridization function A and self-energy X, with for all
A C+,

A(z), X(z) € C,

and we use the following notations
Tyt P-1 0 ._ go P—1)x(P-1
wh=wject H):=H)eCcFDxF1

Moreover, we stick to the half-filled setting [22], for which the chemical potential er of the Anderson
Impurity Model is set to U/2. The Hamiltonians of interest are then on the one-hand the grand canonical
Hubbard Hamiltonian Hy — ep N ., and on the other hand the ”impurity” grand canonical Hamiltonian
Har — eFNimp where Nimp is the impurity number operator, complying with [22] eq. 14].

The IPT solver is based on a second order perturbation expansion of the Matsubara’s self-energy
Fourier coefficients ¥ of the single-site impurity problem in the parameter U : the Matsubara’s

imp,n
self-energy Fourier coefficients of the impurity problem is approximated by

U s - 3
VneN, M o awMIPT._ = U2/ et (GM’O(T)) dr,
0

imp,n imp,n 2 imp

~M,0
GV )

where G\

is the restriction to Himp of the Matsubara’s Green’s function of the non-interacting Hamil-

. 0 . . ~M,0 .
tonian Hy;. The Fourier coefficients of G, are given by

_ -1
Gt = (Gouplion) ™ = er) = (iwn = Hippy = Aliwn)) ™" = (it — Aliwa)) ™,

since Hi?mp = 0 and where the first equality is a consequence of a shift to enforce particle-hole symmetry
[22, p.50]. Finally, noticing that

AZ)=W (z4+ep— HY +5(2)) " WH=W (2 = H — (S(2) — ) WH, (3.37)

we make the change of variable ¥ < 3 — er and we thus have, due to the filling condition,

3
B 1 )
Lo = U2/ ern” <5 > (iwnr — Aliwns)) ™! eﬂ““”) dr. (3.38)
0

n'€z

The IPT approximation therefore provides an explicit expression of the Matsubara Fourier coefficients
of the impurity self-energy Ximp as a function of U and A. To reconstruct Efnfg (z) from these Fourier
coefficients, we have to solve an Analytical Continuation Problem. The following result shows that, in
the case of finite-dimensional baths, this problem has a unique solution, which can be computed (almost)

explicitly. Our results are similar to computations already obtained in [30] eq. 4].

Proposition 3.2.18 (IPT solver for finite-dimensional baths). Let U € R, A : C; — C of the form

K
Vz e Cyg, A(Z):Zziksk’ with €1 <ey<---<eg andap >0 foralll <k <K, (3.39)
k=1
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and (Eimp,n)nGN deﬁned by
B 1 3
VneN, Yimpn = UQ/ S Z (iwns — A(iwn'))_l e~ T | dr.
0 B
Then, the Analytical Continuation Problem (ACP)

Ejmp : (C+ — a
Yimp s analytic (3.40)
Vn €N, Zinp(iwn) = Bimp,n

has a unique solution, which is given by

K41 ,
Ay ko ke
V2 €Cs, BT () =0 ) VA (3.41)
k1,k2,ks=1 £ (Ekl + €k2 + €k3)

where € < &b < -+ < €%,y are the (K + 1) real roots of the equation
e—Ae) =0,
which satisfy the interlacing relation
gl <e1<ey<exy<---<eg <egiq,

and for all k1, ko, ks € [1, K + 1], ak, ko ks 05 defined by

|4 Bk ek behy) 3 .
a = 1—-A(e). > 0. 3.42
k1,k2,k3 (1+67ﬁ€;€1) (1—|—eiﬁ6;€2> (1—’—@758;3) Z];[l( ( kl)) ( )

We denote by
SIPT — 1PT4(U, A)

imp

the output of this solver. At this time, this solver is defined only for finite baths, that is for hybridization
functions that are rational functions of the form (3.39). We will see later (in Proposition that
this map can be extended by (weak) continuity to the space of all physically admissible hybridization
functions. We thus finally obtain the system of translation invariant paramagnetic single-site IPT-DMFT
equations

VzeCy, A(z) =W (2—H) —%(2)) Wi (3.43)

Y =IPT3(U,A), (3.44)
where the on-site interaction energies U € R, the inverse temperature 3 > 0, the vector Wt € C”~! and
the matrix H? € CP=Dx(P=1) ohtained from the hopping matrix T are the parameters of the model,
and where A : C; — C and ¥ : C; — C are the unknowns.

In the remainder of this article, our main focus will be the existence of solutions to the above equa-
tions.

3.3 Main results
Let us introduce and recall some useful notation. We denote by
Ci:={2€C|S(2) >0}

the complex open upper-half plane, that is the set of complex numbers with positive imaginary part. For
a matrix M € C"*" n > 1, the imaginary part of M is defined by

M- Mt

S(M) 2
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The set of Hermitian matrices of size n is denoted by S,,(C), and the set of positive-semidefinite matrices
by S, (C). The notation M > 0 (resp. M > 0) means that the matrix M is positive semidefinite (resp.
positive definite). In the following, we will also deal with measure and probability theory. The set of
finite signed Borel measures on R is denoted by M(R). The subset M, (R) C M(R) is the set of finite
positive Borel measures on R, and finally, the subset P(R) C M, (R) denotes the set of Borel probability
measures on R.

For a positive Borel measure y on R, we say that p has a finite moment of order k € Nif [, [e[*du(e) <
co. In this case, we denote by my(u) = [5 e¥du(e) its k-th moment. In particular, 4 is finite if and only
if it has a finite moment of order 0. In this case, ¢ € My (R) and its 0-th moment is called the mass of p,
denoted by p(R) = mo(p) = [ du. These notation and considerations extend to the case of matrix-valued
measures, as will be discussed in the next section.

3.3.1 Pick functions

Our mathematical framework intersects with the realm of complex analysis pioneered by Pick [49] and
Nevanlinna [45], focusing on the study of so-called Pick functions. A Pick function is amap f: Cy — Cy
which is analytic. In this article, we use the term Pick functions, but several terminologies coexist in
the literature: Nevanlinna functions, Herglotz functions, Riesz functions, or R-functions A Pick matrixz
is an analytic map f: Cy — C"*" n > 1, such that for all z € C,3(f(2)) >0 (i.e. (f(2)) € SF(CT)).
Sometimes, it is convenient to extend Pick matrices to the lower-half-plane C_. In this case, the usual
convention is to set for all z € C_, f(2) = f(2)! [23]. One of the most important results about Pick
functions is that they have an integral representation.

Theorem 3.3.1 (Nevanlinna-Riesz representation theorem [23]). Let f : C; — C"*™ be a Pick matriz.
There exist a € S, (C), b € S,(C) and pu a Borel S;F(C)-valued measure on R such that (1 + |e])~t is

p-integrable and
1 €
——d . 4
(5—2 1+52) Hee) (349)

Vz e Cy, f(z):aerbJr/
R

1
The measure i 15 called the Nevanlinna-Riesz measure of f, and a = lim @f(zy), b= R(f(9)) :=

Yy—r—+oo
(f(@) + f(i)")/2. In the particular case of Pick functions, i.e. n = 1, we have a > 0, b € R, and i is a
positive Borel measure on R, with the same integrability condition.

The following theorem extends to Pick matrices a result on Pick functions which can be found in [I5]
and [2, Theorem 3.2.1]. It states that the moments of the Nevanlinna-Riesz measure of a Pick function
or matrix are related to its expansion on the imaginary axis at +oc.

Theorem 3.3.2. Let f: C. — C*" ™ be a Pick matriz and p its Nevanlinna-Riesz measure. Let n € N.
The function f satisfies:

. . mo mq mo Mon, 1
_ —m_ 3 T T L —_ 3.46
fly) =m_s(iy) + m—_1 + P + i) + (iv)? 4+ 4 (i) + Oy—stoo <y2"+1> ( )

if and only if p has finite moments of order less than or equal to 2n, i.e. for allx € C", (x, [, |e|[Fdu(e)x) <
oo for 0 < k < 2n. For 0 < k < 2n, the coefficient my, is then the k-th moment of u, i.e. my =

Jz €"du(e) € S, (C).

Proof. The result for Pick functions can be found in [I5] and [2, Theorem 3.2.1]. To extend the result to
Pick matrices, it suffices to notice f is a Pick matrix if and only if for all z € C”, the map f, : 2z € C; —
(x, f(z)x) is a Pick function. O

As mentioned in the previous section, Pick matrices are related to the study of Green’s functions
methods in general, and to DMFT in particular because of the following result.

Proposition 3.3.3 (-G, —A, —-X are Pick).

1. Let H be a Hamiltonian on Fock(C"), the Fock space associated to H ~ C", and G : C4 — C™*"
the one-body Green’s function of H in an equilibrium state. Then —G is a Pick matriz.
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2. Let H be a Hamiltonian on Fock(C™), with non-interacting Hamiltonian dU(H?), G° the one-body
Green’s function of dU(H®), G the one-body Green’s function of H in an equilibrium state of H,
and ¥ : Cy — C™*™ the self-energy defined by

Y(z) :=G%2) "t - G(2)7 L
Then —X is a Pick matrix.

3. Let A : Cy — C™™ be the hybridization function of some Anderson Impurity Model (AIM) with
impurity one-particle state space C". Then —A is a Pick matriz.

Remark 3.3.4. In condensed matter physics, the Nevanlinna-Riesz measure of —G is the so-called
spectral function [13)].

The following proposition highlights the fact that, the single-site translation-invariant IPT-DMFT
equations have no solution with hybridization functions of a finite-dimensional ATM.

Proposition 3.3.5 (Non-existence of solutions to the finite-dimensional bath single-site paramagnetic
translation-invariant IPT-DMFT equations). Apart from the limit cases described in Proposition
the single-site paramagnetic translation-invariant IPT-DMFT equations — have no finite-
dimensional bath solution, that is no solution A of the form

K
A(z)zzzf’;k, K>1, ap>0, e,eR.
k=1

This implies that finding a solution to the DMFT equations requires considering infinite-dimensional
bath hybridization functions. The appropriate function space can be characterized in terms of Nevanlinna-
Riesz measures, as will be shown in the subsequent section.

3.3.2 Functional setting: the Bath Update and IPT maps

The DMFT map is the composition of the IPT map and the Bath Update (BU) map, which we will
study separately. Before focusing on the paramagnetic single-site translation-invariant case, let us get
back to the general case presented in Section First, we formalize in our setting the definition of the
BU map FSC. It has been proved by Lindsey, Lin and Schneider [41] that the BU map is well defined
when the Nevanlinna-Riesz measure of each self-energy is a finite sum of Dirac measures, which means
in particular that the self-energy is a rational function. The following proposition extends this result to
the case of finite S;F (C)-valued measures, by using a different approach. In the following, we will denote
by L, := |A,| the size of the p-th fragment, that is the cardinality of the subgraph A, C A, and identify
H, with C*L» for convenience. Recall that the cardinality of the graph A is denoted by L = |A|. The
spaces to which the self-energies 3, and the hybridization functions A, belong are respectively given by

d
Gp:{ZEC+'—>C+/ ,114(5)
R

where M(R, 8,7 (C)) is the set of finite S, (C)-valued Borel measures on R, and

; C €85, (C),p € M(R, S5, ((C))} , (3.47)

z

where W, € C2L=Lp) 2Ly i5 defined in (3.26)-(3.27). These definitions are motivated by the consequences
of Proposition [3.3.5 and the statements of Propositions and

Proposition 3.3.6 (Bath Update map: ¥ — A). For1 < p < P, let ¥, € &,, and let p, be the
Nevanlinna-Riesz measure associated to ¥,. For 1 < p < P, the hybridizations functions A, given by
-1
Ap(z) =W, | 2= HS —EPTe(z) | W (3.48)
q#P

for z € C are well-defined. With this definition, —A, is a Pick matriz and there exists a finite measure
vp € M(R, S;Lp (C)) such that

VzeCy, Ap(z)zde(E) and  vy(R) = W, W}
R

b)
z—€ p

(3.49)

namely A, € Dp.
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In the particular case of the single-site paramagnetic translation-invariant IPT-DMFT framework,
we have L, = 1 for all 1 < p < P and the Nevanlinna-Riesz measures of the self-energies and the
hybridization functions are finite positive Borel measures on R. The self-energy space takes the
simpler form:

SIPT = {<C+ SZ|—>U2/Rd'u(€) €C; ueM+(R)}» (3.50)

and is therefore in one-to-one correspondence with the set M (R) of finite positive Borel measures on
R. The hybridization space becomes

d
D = {(C+ Sz |W\2/ZV—(Z) €C; VGP(R)}, (3.51)
e 7 —

and is thus in one-to-one correspondence with the set P(R) of Borel probability measures on R. These
one-to-one correspondences allow us to focus on the measure spaces M (R) and P(R), and we will study
the DMFT loop in terms of measures from now on. The BU map can then be defined as a function F5¢
between measure spaces as follows.

Corollary 3.3.7 (BU map in the IPT-DMFT framework: FSC : %+ A). The Bath Update (BU) map
in the paramagnetic single-site translation-invariant IPT-DMFT framework is defined as the function
FSC: M, (R) — P(R) such that

F3p) = v

)

Wng/Rd”(E) :W(z—Hﬁ —UQ/Rd“@ylWT. (3.52)

zZ—£ zZ—E

with

In the DMFT loop, the impurity solver is the focus of the second stage. Within our model, we define
the IPT map F'T, which transforms a given hybridization function A into a self-energy 3. As well as
the Bath Update map, this mapping operates across measure spaces and maps Borel probability measures
to finite positive Borel measures.

Proposition 3.3.8 (Definition of the IPT map ). Let v € P(R) and A € DT the hybridization function
associated with v: for all z € C4,

A() = |W|2/ dvie).
R z— €&
There exists £ € P(R), such that for all z € Cy,
dg(e) 1
/szz-: 2= Az) (8:53)
Then define
; §(de)
§(de) = 175> (3.54)
fi:=ExExé, (3.55)
where x is the convolution product, and
p(de) == (1 + e P%)i(de). (3.56)
Finally, define the self-energy associated to the measure p by
d
$(2) = U2/ dule). (3.57)
R R —E

The measure p is a positive finite measure: p € M4 (R), hence 3 € 611,PT, where Gf,PT is defined in
(3.50). The IPT map F'™'" : P(R) — M (R) is defined by

FIPT(Z/) = pu.

Moreover, the map DLFT 5 A — ¥ € &IPT defined by (3.53)-(3.57) is continuous with respect to the
weak topology of measures, and coincides with the IPT solver defined in Proposition on finite-
dimensional bath hybridization functions, hence it is its unique continuous extension to the set Qp[]IPT,
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Now that we have defined the maps F''T and FSC, we define the paramagnetic translation-invariant
single-site IPT-DMFT map as

FPMET .= FSC o FIPT . P(R) — P(R).

For the sake of brevity, we will sometimes refer to FPMFT ag the IPT-DMFT map rather than restating
all the assumptions: paramagnetic framework, translation-invariant and single-site. In the same way, we
refer to fixed points of FPMFT as IPT-DMFT solutions. Such fixed points (more precisely the associated
hybridization functions and self-energies) are indeed solutions of the single-site paramagnetic translation-
invariant IPT-DMFT equations ((3.43)-(3.44)).

3.3.3 Existence and properties of IPT-DMFT solutions

The main result of this paper is the existence of a solution to the DMFT equations (3.43))-(3.44) in the
paramagnetic translation-invariant single-site framework, using the IPT impurity solver.

Theorem 3.3.9 (Existence of a fixed point). The IPT-DMFT map FPMFT has a fized point v € P(R).
Moreover, IPT-DMFT solutions have finite moments of all orders.

Proposition 3.3.10. Let 1° € P(R), v = FPMFT(L0) and k € 2N. If v° € P(R) has finite k-th
moment, then v has finite (k + 4)-th moment. In particular, any fived point of the IPT-DMFT map has
finite moments of all orders.

3.4 Proofs

In this section, we give the proofs of the results stated in Section [3.2) and Section 3.3] Among other
things, we will make use of the results stated in Section about Pick functions and of some results
from measure theory, which will be recalled when needed. As we will discuss continuity of functions
defined on measure spaces, we must specify the topology we are considering. Recall that a sequence
(ttn)nen of finite Borel measures on R is said to converge weakly to p if for all bounded continuous

function f € CP(R),
/fd,un — / fdu. (3.58)
R R

It converges vaguely to pu if holds for all f € C§(R), the space of continuous functions from R to R
vanishing at infinity. Weak convergence clearly implies vague convergence, and the converse is also true
if all the u,’s are probability measures, since R is locally compact [62]. We will also make use of the
notions of Wasserstein distance and optimal transportation on R. The Wasserstein 2-distance between
two Borel probability measures 1 and v on R is defined by

Wa(p,v):=( inf |z — y|2dn(x,y) %, (3.59)
(et )

well(p,v)

where II(p,v) is the set of all couplings of u and v, i.e. of Borel probability measures on R x R whose
marginals with respect to the first and second variables are respectively p and v. The infimum in the
definition (3.59) is actually a minimum, and there exists in fact a unique m,, € II(g,v) such that

Wa(p,v)? = [ o —yldr,.(z,y) [53].

3.4.1 Proofs of the results in Section [3.2]

Most of the results presented in Section [3.2] are known in other settings similar to ours. However, the
proofs of Propositions and found in the literature are limited to specific states (such as ground
states or Gibbs states) and do not emphasize the importance of the notion of equilibrium state. Our
proofs overcome this artificial distinction. Additionally, Proposition [3.2.12| is often regarded as obvious
in the physics literature, but it is typically proven only for translation-invariant settings. Our proof
allows for the computation of the Green’s function of a strictly interacting Hubbard model and facilitates
understanding of the DMFT equations, which we hope will aid the reader in grasping the machinery
introduced in this section. Furthermore, Theorem has long been considered proven in [7] within
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the physics community. However, the proof given in [7] does not utilize classical analytic continuation
techniques known at the time. Our proof is entirely different and relies precisely on analytic continuation
techniques. We hope it sheds light on certain aspects of [7] in this specific finite-dimensional Hilbert space
setting. In particular, our proof of uniqueness of the analytic continuation of the Matsubara’s Fourier
coefficients does not rely on the asymptotic behavior of the Green’s function, but on the properties of
Pick functions.

Proof of Proposition [3.2.3

Our proof is based on the time evolution of annihilation/creation propagators for ideal Fermi gases. More
precisely, one has, as detailed in [12] p.46],

H(ag)(t) = g, (3.60)

For all z € C,, we have to show that (z — H%)G(z) = (2 — H°)(G4.(2) + G_(2)T) = 1. Integrating by
parts, one has

d -

(z — HOG, () = iG(0%) + /*+ et (idtG(t) - Hoé(t)) dt,

and for ¢t > 0, iG(t) represents the sesquilinear form defined by

Vo0 € H, (¢, (iG)(t)¢) = QH(ay)(t)al, ),
so that

(6. 1-C)(1)6") = A - ((a0)) (D)) = B (1l,) = (HO, G(0)6') = (6, HG1)).

Similarly, another integration by parts leads to

(z—HO)G_(Z)T:iC?(O’)*+/ e (i dié() G(t)H) dt.

For t < 0, iG(t) represents the sesquilinear form defined by

Vo, ¢ € H. (6, (iG)(1)¢') = —Uak,H(ay)(t).

Note that, because 2 is an equilibrium state and by the cyclic property of the trace, one has

(¢, (iG)(1)¢') = —Q(H(al, ) (~t)ay) (3.61)
(equilibrium propagators are time-translation-invariant), so that
d ~ -
(@, (i, G)(1)¢") = iQUH (ahjoy) (=1)ag) = (6, G(t)H¢).
Finally, one has for ¢, ¢’ € H,

(6, (2 — H)G(2)¢') = ($,iG(01)¢') + ($,iG(07) /) = Qagal, + al,ay) = (6, ¢'),

because {2 is a state and the annihilation/creation operators satisfy the CAR.

Proof of Theorem [3.2.8]

For the simplicity of the proof, note first that an equivalent definition of an impurity problem is that
there exists an zmpurzty space Himp C H such that the interacting part H' of the Hamiltonian H as
introduced in (3.9)) belongs to the following subalgebra

H' € Afalag, ¢, ¢ € Himp}- (3.62)
In other words, the interacting part of the Hamiltonian is an element of the Gauge Invariant Canonical

Anti-commutation Relations (GICAR) algebra generated by Himp (see [56] for a concise introduction to
GICAR algebras).
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From that, the proof is a generalization of [40]. To prove the sparsity pattern of ¥, we have to prove
that for all z € C,, for all ¢ € H, ¢’ € Hi:

imp?
(¢,G(2)2(2)¢") = 0 and (¢, 2(2)G(2)¢) = 0. (3.63)
The first equality is equivalent to
<¢7 G(Z)(Z - HO)¢/> = <¢7 ¢/>7

and, similarly as in the previous proof, we have

@ GE - 1) = 0.6)+ [ e (L6.0608) - 0.60°)) dr

R

T /]R*_ e ' <;t<i@(t)¢7¢>’> - <C~¥(t)H0¢7¢’>> dt.

Now, for all ¢ € R, we have using the cyclicity of the trace, similarly as in ,
2 6,1G(0)6') =~ (agB(A, L)1)
To compute the commutator, note first that for all ¢1, ¢2 € Himp, we have using the CAR
(@), g, 0] = (02, 0) ), =0

since ¢’ € Hﬁnp, so that dL, commutes with the generators of the algebra to which H! belongs, hence

with HZ. Moreover, we have using (13.60)),

. . d . .
(AU (H"),al,) = =i (¢ Hal ) mo) (0) = oy,

where H(-) o denotes the Heisenberg picture associated to the non-interacting Hamiltonian dI'(H?), so
that we end up with

d = o . ~
26,1619 = =i (a5H (@0, )(—1)) = (9, GO H ).
One shows, using the same techniques, that for all ¢t € R* |

SUG(0)6,6') = (G H',9)

hence the first equality of (3.63) is proven. The second equality can be proved similarly.

Proof of Proposition [3.2.12
We stick to the case in Remark [3.2.10] where the AIM states are Gibbs states at inverse temperature

B and chemical potential ex. Now for the first case, if U = 0, the AIM are non-interacting, hence the

Green’s functions are the non-interacting Green’s functions, the self-energies X, , are identically zero,

and the hybridization functions are given by, for all z € C,
Ap(z) =W, (» — HY) "' Wi

P P
Now if the partition 3 is such that Gy = @5:1 Gp, or if T'= 0, we have

HY 0,

P

so that the hybridization functions A, are identically zero. This is equivalent to zero-dimensional baths,
and all the AIMs reduce to Hubbard models defined by (G, T, Up). Hence the self-energies ¥, are the
self-energies associated to the corresponding Hubbard models.
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Proof of Theorem [3.2.15]

We start by proving the equality. On the one hand, the Kéllén-Lehmann representation (3.7) of G
associated to the grand canonical Hamiltonian H' = H — eg N reads for ¢,¢' € H and z € Cy,
1

(@.GE) = 3 (ow+pu )l )W a4 0) s

bp'eB

On the other hand, the Kéllén-Lehmann representation of GM reads for ¢, ¢’ € H and n € N,

1
iwn + (2 —+ (Ew — Ew/) )

@GNy = 3 (oot ppe® BBt n)) (a0 (Wl v)
' eB

Note now that whenever (¢, agv)’) # 0, we have Ny = Ny, + 1 and then

B(Ey—Eyrter) — o—B(Ey —er(Ny+1))

pye = Py,

yielding

vn €N, Gliw,) = GM.
To prove uniqueness, we use the fact that —G is a Pick function (see Proposition|3.3.3)), and its Nevanlinna-
Riesz measure is a weighted sum of finitely many Dirac measures. It follows that the Analytical Con-

tinuation Problem defined by (iwn, -GM ) has no other solution thanks to Theorem which
concludes.

neN

Proof of Proposition [3.2.1§]

Proposition [3.2.18| can actually be seen as a corollary of Proposition [3.3.8] but we give at this stage a
pedestrian proof, which enlights the way the hybridization function ”encapsulates” the energy of the bath
orbitals and their coupling to the impurity. We have for all z € C,,

0 JVai Ja - \ax
Jai e 0 0
(e=A(E) = (e - H)ry where Hyy=|va 0 o 1|,
: : Lol
ﬁK 0 0 EK

which holds true in particular for z = iw,. Note that HY}), is self-adjoint and that for all z € C, using
functional calculus,

B —7THY
. —e AIM —1
TWn T . 0
e ———d7 = (iw, — H
/O 1+ 6_6HRIM ( " AIM) ’

so that we can perform explicitly the Fourier summation :

_ 0 K+1 2 _
1 —twn T (; : -1 —e” "Ha ‘Pl l7e" e
- n , — A , — - = — L L amt 3.64
3 n/EEZe (twn (iwn!)) 1+ 0Pl ;;:1 1+ o P (3.64)
where P € CUE+DX(K+1) ig o unitary matrix such that HY = Pdiag(e}, - %, ,)P. The right-

hand side of (3.64]) is a continuous function on [0, 8) and the following integral is well-defined and reads

3
s 1 ,
e“nT | = iwn — Aiwn)) e T dr =
/ ( 5 3 (i — Aliwn) )

n' €z

Ig:l Lo ek ) | Py, |°| Py s [*[ P, |2
b oy (L €7 (14 e ke (1 4 7Pk ) dwon — (&), + ¢, Te0,)

Let us now compute the spectrum of H3,: a simple calculation shows that its characteristic polynomial

reads
XHRIM

K K K
X, (€) = (H(a—sk)> E—Zak H (e —e1).
1

k=1 k=1 1=1l#k
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By assumption on the a)’s and €i’s, we have xpgq (ex) # 0, so that
xmo,, () =0 < - A(e) =0.

This in fact straightforwardly follows from the Schur complement approach. Moreover, one can compute
explicitly | Py x|%: by definition, we have for all k € [1, K + 1] and [ € [1, K],

2= |Pl+1,k|27

/
VarPry + e Py =, Py = 51 Pk

ap
(e}, — &)
which gives after summation on / and using the fact that PPT =1,
|PLil® = (1= A'(eh)

This shows that EIPT(iwn) = Yimp,n, hence YIPT i5 a solution to the Analytical Continuation Problem
(ACP) defined in (3.40). Then, Theorem ensures that there is no other solution, which concludes
the proof.

3.4.2 Proof of Proposition (-G, =3, —A are Pick matrices)

The fact that the Green’s function G is a Pick matrix readily follows from the KL representation (3.7)
and inequality (3.8).

Combining (3.10) and (3.12)), the self-energy can be written as
Vz2eCy, X(2)=2-H°—-G(2)""

Recall that we know from (3.8)) that G(z) is invertible for all z € C,. Since —G is Pick, G~! is Pick.
This readily implies that ¥ is analytic. Let us now prove that — is Pick. First, we infer from the KL
representation (3.7)) that for all k € N, there exists my, ..., mor € C™*™ such that it holds

my ma2 may

Gl =0y e me (L
V=% T )2 T (i) (ig)2htT  Ovobee et )

Using the anti-commutation relation d¢d:;, —|—d15,&¢ = (¢, ¢’) and the normalization condition > ;s py =
1, we obtain that mg = I,,. As a consequence, we have

LN . 1 1
G(iy)™t = (iy) L, —mi + Q(m% —M2) + O0ystoo (y) .
In view of Theorem the Pick matrix G~! has a Nevanlinna-Riesz representation of the form

G(z)_lzz—Eoo+/ d/},(E)

RE—2

with ¥ € S§,(C) and p a finite Borel S;F(C)-valued measure on R. We thus obtain that

d
Vz e Cy, Z(z):EooJr/ ”(e),
R R —E€

from which we deduce that —X is Pick. As a matter of fact, ¥ is a matrix-valued rational function, that
is p is a weighted sum of finitely many Dirac measures.

Let A be a hybridization function of an AIM defined as . Since HY,,,, is self-adjoint, its spectrum
is real and thus defines an analytic function on C. In addition, for all z € Cy, S(z — HP,,,) =
3(z) > 0 hence S((z — HP,,1,) ') < 0. Since the congruence preserves the sign of the imaginary part we
have $(A(z)) < 0. This shows that —A is a Pick matrix.

3.4.3 Proof of Proposition (no finite-dimensional bath solution)

In this section, we prove the statement of Proposition which states that there is no solution to the
IPT-DMFT equations considering only hybridization functions with a finite-dimensional bath.
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Lemma 3.4.1. Let f and g be rational matriz-valued functions of size n > 1 given by

K
)= and g2) = (- C— )
k=1

where Ay, ..., Ax € §;(C)\ {0} are positive semi-definite matrices, 1 < --- < e are real numbers and
C € S8, (C). Assume that the matrices Ay, ..., Ax and C commute. Then g writes

o) =3 (3.65)

where K' > K 4+ 1, A}, € §(C)\ {0}, and ¢}, € R, with e} < -+ < ely.

Proof. The fact that C4 5 z — —g(z) is a Pick matrix follows from the fact that — f is also a Pick matrix

and that (M) > 0 implies that M is invertible and that S(M ') < 0. Indeed, for all z € C4, we have
S(z—C=f(2) =S(2) —S3(f(2)) = S(=) > 0.

Theorem gives a Nevanlinna-Riesz representation for —g, but since g is a rational matrix-valued
function, the Nevanlinna-Riesz measure of —g is just a finite sum of Dirac measures. We thus have

K’

- - Al
=—-Az—-B k
9(z) z— B+ 1;:1 g

with the stated properties of A} and ¢,, and A >0, B € §,(C). Moreover, since g(iy) y;)oo 0 due to

the definition of g, the affine part of —g is zero. This ensures that g is of the form . It remains
to show that the number of poles of g is at least K + 1. Because of the assumption that the matrices
Ajq, ..., A and C commute, they can be codiagonalized in an orthonormal basis. Let P be the unitary
matrix, such that PA,PT = diag(\}, ..., L) and PCPT = diag(c!,...,cl). We have

1 1
g(z) = Pldiag . P.

1 b) b) L
_ N K A _ LN KA
z—ct =30 Z—en z—C > k=1 Z—en
!

The set of poles of g contains the union of the sets of zeros of the rational functions u;(z) = z — ¢ —
1
Zszl Zi—’;k, for 1 <1 < L. The zeros of u; are on the real axis, because ¥(u;(z)) > 0 if (z) > 0 and

S(w(z)) < 01if F(z) < 0. For e € R\ {eq,...,ex}, we have uj(e) = 1+ Zszl % > 0 so that

is increasing on (—o0,e1) U (€1,€2) U -+ U (g, +00). As uj(e) — —oo and () . +o00,
E——00 e—€1,e<€1

has exactly 1 zero in (—oo,e1) by the intermediate value theorem. The same argument shows that there
is exactly one zero in each interval (eg,er41) and in the interval (ex,+00). So u; exactly K + 1 zeros.
Therefore, g has more than K + 1 poles, which concludes the proof of the lemma. O

Suppose A is a hybridization function associated to a bath of finite dimension and which is solution
to the IPT-DMFT equations. That is, there exist K > 1, ay,...,ax > 0 and ¢; < --- < €x such that

Az) =Y &

Z — € ’
k=1 k

Let X be the self-energy given by the IPT impurity solver, see Proposition [3.2.18 We have

!/
a
k1,k2,k
Y(z) =U? E —=-%——— and
zZ—¢€ — & — &
1<k ko, ks <K’ ki Tha o Ths

3
’ ’ ’ 1-— A/(El )
- ot + ki

a?chkg,kg (1 e Per, Tk, Ekg)) I | . ei—ﬁfk > 0,
i=1 + °

where €] < -+ < €%, are the poles of the rational function (z — A(z))~!. The number of poles is exactly
K +1 and the latter are real numbers, see the proof of Lemma so that K’ = K +1. Since U > 0 by
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assumption, ¥ has more than K + 1 poles (we do not need a better estimation of the number of poles).
So we can write

with K” > K +1, a) >0and ey < --- < egr. As A is assumed to be a solution to the IPT-DMFT
equations, it reads

A(z) =W (z— H) —=%(2)) " W,

Applying Lemma @ to the matrix-valued rational function (z — Hj)_ — E(z))fl, we know that this
matrix-valued rational function has more than K" + 1 poles, hence more than K + 2 poles. Now, W # 0
since we have eliminated the limit cases described in Proposition hence A also has more than
K + 2 poles. As K is by definition the number of poles of A, it is impossible and A cannot be a solution
to the IPT-DMFT equations.

3.4.4 Proof of Proposition 6| (Bath Update map)

Let ¥, € &, for 1 <p < P, and let Cp, € Sor,(C) and p, € M(R, S;LP(C)) be such that for all z € C,
Ep(2)=Cp+ fR d’;%(f). Since forall 1 <p < P, =%, :C4 — C2Lrx2Lp ig 3 Pick matrix,

_ @ Eq . (C+ N (C2(L—Lp)><2(L—Lp)
qF#p

is a Pick matrix. As H) is Hermitian, we have for all z € C,

S| z—H) - T(2) | =S(2) - P S(Z(2) > S(z) >0,

q#p qa#p

where M7 > M means that My — M; is a positive semidefinite matrix. Moreover, if S(M) > 0, then M
is invertible. Thus z — HJ —D,.; Xq(2) is invertible and A, (2) is well defined. As I(M) > 0 if and only
if $(M~1) <0, and as the congruence preserves the sign of the imaginary part, we have S(A,(z)) <0
for all z € C4, so that —A,, is a Pick matrix. To show formula , we will make use of the results on
Pick functions stated in Section[3.3.1} As y,, the Nevanlinna- Rlesz measure of X, is finite for 1 < ¢ < P,
we have for x € C?l4, that the positive Borel measure pg defined as the Nevanlinna-Riesz measure of the
Pick function z — —(z, 3,(2)x), is also a finite positive measure. Then, for z € C*L« and y > 1,

au® d
x,/wx = / .,uq(e) g/ Ha (e _/d,u < 00.
R WY —€ R WY —E€ |Zy—5‘ e

This coarse upper bound is enough to ensure that
-1

iyDy(iy) = iyW, [iy— HS — P TeGy) | W
q#p
—1
1 dpq(€)
= w,(1-= H3+@(Cq+/_q W

R4 q#p RMWTE
:
y~>_+>oo Wpr.

W,Wi 1
This gives the expansion A, (iy) = PP, (), as y goes to +00. By Theorem (3.3.2] it follows
? Y

that the Nevanlinna-Riesz measure of —A,,, denoted by v,,, is finite, and its mass is precisely the quantity
W} W,. Thus the Nevanlinna-Riesz representation of —A, reads

dvp(e)
z—¢’

—Ap(2) :aerb—/R

for some a € S, (C) and b € Sy, (C). Now, because of the aforementioned expansion, we must have
a = b =0, which concludes the proof.
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3.4.5 Proof of Proposition (IPT map)

Let v € P(R), and define the associated hybridization function A(z) = WW,, [, dz”(i We first establish
the following lemma, which we will use several times in our analysis.

Lemma 3.4.2. Let c € R, ug € M4 (R). For z € C, we set

dpio(€) 1
= d - .
1= [P g =
Then —g is a Pick function and its Nevanlinna-Riesz representation reads g(z) = [ dz“(? with p € P(R).

In particular, p has finite moments of order less than or equal to 2, given by
mo(p) =1 (u is a probability measure), mi(p) =c and mo(u) = po(R) + .

Proof. The result follows from the expansion of the function g(z) when z = iy, y — +o0o and Theo-
rem [3.3.2] One has

N
g(ly) - @1 . fGy)
iy iy
R
Since f(iy) Ho(R) +0( ) we have
. 1 1 1 R) + ¢? 1
= —em oy ~ w0 te e ()
- i o ()
1 c R)+c 1
= T Go2 'u(-):s +0<3>
iy (iy) (i) y
Using again Theorem we obtain the desired result. O]
We apply Lemma with ¢ =0 and f = A. It follows that there exists £ € P(R) satisfying (3.53)).
. d o
Then, following equations (3.54))-(3.56)), set £(de) = %, and i = £ * & x£. We must verify that,

setting u(de) = (1+e77%)fi(de), p is indeed a positive finite measure, so that the self-energy ¥ associated
to the measure p belongs to G;PT.

The multiplication by positive functions and the convolution preserves positivity, so p is a positive
measure. Moreover, we have

(14 ePlerterten)) de(e))dé () de (e3)
W)= [ eI e e

Thus g is finite, and the map FFT is well defined. To prove that this map is actually continuous
with respect to the weak topology of measures, we need to establish Lemma [3.4.3] This result states
the continuity of the map M4 (R) > po — p € P(R) defined in Lemma which is central in the
IPT-DMFT equations. Note that it holds

Vz e Cy, / dnle) _ ! . (3.67)
R

_ d
FTE zoce- R%(ee)

/ de(e1)de(e2)de(es) = 1. (3.66)

Lemma 3.4.3. The map ® : My (R) 3 po — p € P(R) defined in Lemma[3.4.9 is weakly continuous.
More precisely, the following stronger result holds true: if (uf)nen converges weakly to po in My (R),
then Wa(®(pg), ®(1)) —> 0, where Wy is the Wasserstein distance of order 2.

n—oo

Proof. Let (uf)nen C M4 (R) converging weakly to pio in My (R), p™ := ®(uf) and p:= ®(uo). In view
of Lemmal[3.4.2] p" has finite moments of orders 1 and 2, given by m; (u") = ¢ and ma (") = pi(R) +c>.

As pf converges weakly to g, we have [p, fdug — [; fduo for all f € CJ(R). Taking f = 1, we get
po(R) = [pdug — [p dpo = po(R). Hence, ma(u™) = ug (R) + ¢ — po(R) + ¢* = ma(p).

Now, for all z € C,, the function R > ¢

€ C is also bounded and continuous. Thus, we can

z—¢€
pass to the limit in formula (3.67):
/ du™(e) _ 1 . LI / dple) (3.68)
R #7¢ — Ik dZO(EE " z—c— dZO(sE RZTE
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This can be extended to complex numbers z € C\R by taking the complex conjugate of the limit (3.68)).
1
Let A be the algebra generated by the functions R 5 ¢ — —— € C for z € C\ R. It is known that
z—€
A is dense in CJ(R) (this can be shown using Helffer-Sjéstrand formula [28]). Together with (3.68)), this
implies that for all f € CJ(R), fR fdu™ — fR fdu, ie. that (u™),en vaguely converges to p. Since
n—oo
R is locally compact and the p™’s are probability measures, the vague convergence is equivalent in this
case to the weak convergence. The map & is therefore weakly continuous. Since on the space of Borel
probability measures on R, Ws-convergence is equivalent to weak convergence and the convergence of the
second moment [3, Section 7.1], the proof is complete. O

P(R) converging weakly to v € P(R). Define £" € P(R) and p" := F'PT(y") as in Proposition [3.3.8] see
equation ([3.53), as well as £ € P(R) and p := F'PT(v). We want to show that u" converges weakly to
w. First, because of the definition of £ through equation , and thanks to Lemma @ we know
that Wa(&™, €) =2 0. Moreover, using the same density argument as in the proof of Lemma |3.4.3] it is

Let us now prove that the impurity solver FI'T : P(R) — M (R) is weakly continuous. Let (1"),,en C
ﬁ

sufficient to show that for all z € C, the following convergence holds:

[ o [

We have for z € C,

du(e) / 1 1 4 e—Blerteates)
= ag" agn ag" .
[0 - | s e e a e e () )
1 1 4+ e Blerteates)

Let t(e1,¢€2,€3) = , for (e1,€2,€3) € R3. Then,

z—(e1+ea+e3) (L+eFer) (14 e Fe2) (14 e Fes)

du™(e) du(e) noen gen
/R e */Rz—g /stdf dende /Rawdfdfdé'
< /R gdgag e /R 3 wds"dfnc%’ (3.60)
v /R pdgndg" dE /R R dgdg’ (3.70)
n /R g™ dgds - /R 3 wdgdgdg‘. (3.71)

We now prove that the last term (3.71]) goes to zero when n goes to oco. The same arguments apply to
the other two terms, (3.69)) and (3.70). The function ¢ is smooth and a simple calculation shows that its
partial derivative with respect to €1 is bounded by

1 28
< P a—— —_— = .
019 (e1, €2, €3)] < EGE + 5(2)] Kz,3

Let €9,e3 € R. Using the Wy convergence of £" towards £, set 7, the optimal coupling between these
two measures [53]. We have that

/¢(€1,€2753)d§n(51)=/ (g1, e2,e3)dmp(e1,€7).
R R2

By Taylor’s Theorem and since v is continuously derivable, we have

/¢(€1,€2,€3)d§n(€1): ¢(€§a€27€3)d77n(€1a5'1)+/ / (e1 — 1)019(t, 2, €3)dtdmy, (€1, €7).
R R? Rz Je|

(3.72)

On the one hand, the first term is exactly fRz,ZJ(sl,sg,eg)dg(el) by definition of 7,, and on the other
hand, using (3.72)), we can bound the second term by

IN

/]R2 /, (g1 — t)O12(t, €2, 3)dtdm,, (g1, €))

1
3 I =P IO (e1, 1)

IN

@/ ler — &) Pdmn(er, €))
2 Joo

= I
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Finally, the term (3.71)) can be bounded by
| wieraeae - [ wdgdgdg‘ </
R3 R3 R2

:/Rz

< [ BEwalen erag(eade(e) -

d&dg

/ Bler, - )dE™ () — / Pler, - )de(er)
R R

d€(e2)dé(es3)

/RZ / (e1 — t)019(t, €2, €3)dtdmy (€1, €7)

Kz

B n 2
This shows that the map F'F'T is weakly continuous. It remains to prove that the map CDIIDPT SA—Ye
GLPT defined by (3.53)-(3.57) coincides on the set of discrete probability measures with finite support
with the map defined in Proposition [3.2.18

Let A € ©7'" with a Nevanlinna-Riesz measure of the form v = Zszl ax0e,, where ap > 0, > ay =

WJW, and €, < --- < ex. It follows that the rational function (z — A(2))~* is of the form St zi;

(see the proof of Lemma . This means by (3.53)) that & = ZkK;ll ;.0 , and the €} ’s are the zeros

of the rational function z — A(z), so that the residues are given by aj, = (1 — A’(g}))~!. The self-energy
¥ given by (3.57) then reads for all z € C,,

£ =0* [ Lo fatets)  dg(er)dg(en)de(en)
B rs (1+ e Per)(1+ e Pe2)(1 +ePes) 2 — (g1 + e + €3)
- 14 e Pk ¥eiaters) Ay T O,

— U2 Z

bt (L e %) (1 e7Pha) (14 e 7ha) 2 = (e, +ef, +27,)

K+1 a/
_ U2 k1,k2,k3
N z— (&, +e, +e)
k1,k2,ks=1 ka1 ka ks

where a;ﬂ’k%kg is given by (13.42)). This complies with the result stated in Proposition [3.2.18

Finally, since the set of discrete probability measures with finite support is dense in the set of prob-
ability measures P(R) for the weak topology and since F''T is weakly continuous, F''T is the only
continuous extension of the IPT map defined in Proposition |3.2.18| for a finite-dimensional bath.

3.4.6 Continuity of the IPT-DMFT map
The following result is central to prove the existence of a fixed point to the DMFT equations.

Theorem 3.4.4 (Continuity of the IPT-DMFT map). The IPT-DMFT map FPMFT is weakly continuous
on P(R). More precisely, the following stronger results holds true: if (V™)nen converges weakly to v, then

Wo (FDMFT(VH),FDMFT(V)) — 0,

n—oo

where Ws is the Wasserstein 2-distance.

We have proven in the previous section the continuity of the map F™'T. In order to prove the continuity
of F5€, we need to adapt Lemma to equation (3.52)). Let p € M (R). Applying Theorem to
the measure y, and using the definition (3.52)) of the hybridization function A associated to FS¢ (), we
obtain

0 —1
Al(iy) Ly (1—%—_1U2/.d”(5)> wi
1y 1y RIY—€E
0 2 -1
- L (i L (TR (1))
1y iy 1y 1y Yy
1 HO HY)? 2(R 1
= W[,+ L L+ U )}W”O(s)-
iy (iy) (iy) Y

It follows that, when y — 400, we have the expansion

dFSC(M)(g) B 1 ; B l 81 52(/‘/) . i
/R iy—e WJWPA( y) = iy + (iy)? + (iy)? + ( ) ) (3.73)
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with s} and s2(u) given by

ot
sl = M’ (3.74)
W W,
2y WAHD)? + UPn(R)) W
s9(p) = - . (3.75)
WpWp

In view of Theorem 2| this implies that v := F5¢(u) has finite moments of orders 1 and 2, respectively
given by mq(v) = st and ma(v) = s?(u). The arguments in the proof of Lemma can then be used
to show that the following result holds true.

Proposition 3.4.5. F5C : M (R) — P(R) is weakly continuous. More precisely, if (1" )nen converges
weakly to p in M (R), then Wo(EFSC(u™), FS€(n)) — 0.
n—oo

We are now in position to complete the proof of Theorem Let (v™), C P(R) converging
weakly to v in P(R). Denoting by p” := FPT(v") and p := F''T(v), we have shown in the proof of
Proposmonthat u™ converges Weakly to pin M (R), see Section 3 4.5 Proposmo 3.4.5|then shows
that Wo(FPMEL(pm) FPMET (1)) = Wy (FSC(u™), FSC (1)) fvd 0. In particular, FPM 1/" ) converges

weakly to FPMFT (1),

3.4.7 Proof of Theorem [3.3.9; existence of a fixed point

The existence of a fixed point to the IPT-DMFT map, that is a solution to the IPT-DMFT equations, is
a consequence of the following fixed point theorem [57].

Theorem 3.4.6 (Schauder-Singbal). Let E be a locally convexr Hausdorff linear topological space, C a
nonempty closed convexr subset of E, and F a continuous map from C into itself, such that F(C) is
contained in a compact subset of C. Then F has a fized point.

Let us consider the vector space E = M(R) endowed with the Kantorovitch-Rubinstein norm || - ||o.
Recall that the latter is defined as

llllo == sup{/Rfdu ; f € Lipy, [ flleo < 1},

where Lip; is the set of continuous functions on R with Lipschitz constant less than or equal to 1.

Let us then set C:=P(R) = {p € E | n >0, [, du=1}. Since E is a normed vector space on R, it
is a locally convex Hausdorff linear topological space, and C' is obviously a non-empty convex subset of
E.

Besides, on the set of finite positive measures, weak convergence is equivalent to convergence for the
Kantorovitch-Rubinstein norm [9, Chapter 8.3]. We can thus work with the weak topology on C.

The fact that C' is weakly closed means that P(R) is a weakly closed subset of M(R). This result can
be found in [I0, Section 3.2]. Moreover, we already proved in Theorem that FPMFT . O — C was
weakly continuous.

To apply Schauder-Singbal’s theorem to our setting, it thus remains to show that FPMFT(C) is
relatively compact for the weak topology. This is in fact a consequence of Prokhorov’s Theorem [10,
Theorem 2.3.4].

Indeed, let v € FPMFT(C) and vy € P(R), u = FFT(1y) € M4 (R) such that v = FPMFT (1) =
FSC(1). As we have seen in the proof of Proposition v has finite moments of order 1 and 2, given
respectively by m1(v) = s' and mo(v) = s(u), where s! is defined by and s2 by - The
inequality states that the mass of the measure p is bounded by 1. Hence, ma(v ) s2(u) is bounded
independently on v: o , .

my(v) = s%(p) < c:= W((HL)T+U )W . (3.76)
Wy Wy
This allows us to show that FPMFT(C) is tight. For > 0, take K = [—a, a], with a > 1 large enough so
that ¢/a? <. Then for v € FPMFT(C), holds and

v(R\ K) :/]R 7dy(€) = i2 52d’/(5) < % /R€2d1/(5) = ngy) <

\KE a R\K a

C<
a2 ="

Hence FPMFT((C) is tight. By Prokhorov’s Theorem, it is thus weakly relatively compact.
This concludes the proof of our main result.
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3.4.8 Proof of Proposition [3.3.10

Let 10 € 73( ) and k € 2N, and assume that v° has finite k-th moment, i.e. [ [e]*dv%(e) < co. By

Theorem [3.3.2] the following expansion holds, with my(v") > 0:

/du(zs)_i+ +mk(1/)+0 1
Riy—c iy (iy)k+1 yht1 )’

d 0
Then define A°(z) = WJWP/ :7(? and ¢ by (3.53):
R 7 —

dé(e) 1
/Rz—e 2= Az)

This function can be asymptotically expanded to order k + 3 using ([3.77]).

[ 6
R —€ 1 — WTW (iy—ﬁ- +m)(1:/+3+0( k1+1))

k
(iy

(B ()
_ +

st e ()
— b 2l 40
1y (,Ly)k+3 yk+3

By Theorem|3.3.2] £ has finite moments up to order k+2, Wthh is even, denoted by mg (&) =

1,...

(3.77)

) mk+2(f)~

Now let j := F PT(19), so that p € M (R) is given by (3.56) in the statement of Proposition [3.3.8} In

particular, there exists Cj, € R, such that
1 4+ g Blerteztes)

k+2d — _|k+2
/]R|€| M(E) /]Rs le1 + €2 + €3] (1+67661)(1—|—e*ﬁ€2)(1—|—e*/553)

/ ex + 2+ el e (o1 ) e (22) e )

f Ck E le1|" e |e5]" d€ (e1)dE (e2)d (e3)
RS i) g i <k42
i1tigtig=Fk+2

Ck /|€1‘1d§ €1 /|€2‘22d§ 35} /|€3‘23d£ 63

1<iy,i9, 13<k+2
i1 tigtizg=k+2

IN

IN

dé(e1)dé(e2)dé(e3)

since for | < k+ 2, [, |e|'dé(e) < co. Thus y has finite moments of order less than or equal to k + 2.

Finally, let v := FS5¢(y) = FPMFT(9), Equations (3.48) and (3.49) read

—HY - %(2)) W,

with 3(z) = U2 [, dz“f(?. By Theorem we can expand [ ‘fg(_i) as y goes to +o0o and get

(o (B0t (L))

A(iy)

1 Mpgta(V) 1
_ f ooy R -
= Wl (iy+ T gy ) +O<y’“+5>'

dv(e) 1 Mit4(V) 1
/Riy—s_iy+ * (iy)k+s To\ys )

which proves, by Theorem that v has finite moments up to order k + 4.

This means that
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Appendices

3.A Uniqueness theorem for an interpolation problem

The Nevanlinna-Pick Analytical Continuation Problem (ACP), which we will also call interpolation prob-
lem, has been studied in the beginning of the 20th century independently by Nevanlinna ([45], 1919)
and Pick ([49], 1915). The results presented in Section are gathered in the book [63]. Many other
references address this problem, such as [20], [I], [55]. In Section we set up the problem and then
give some results that are important to our analysis. Other important results on the ACP and charac-
terizations of the solutions are detailed in the references. For example, we will not discuss the question
of extremal solutions ([47], [58]), nor the use of Blaschke products ([63], [20], [46]). The approaches of
Nevanlinna and Pick are different, we chose here to focus on Nevanlinna’s approach.

3.A.1 Introduction and some general properties

The Nevanlinna-Pick Analytical Continuation Problem (ACP) can be stated as follows. Let (zn)ner be
a sequence of distinct points in the Poincaré upper-half-plane C; and let (wy,)ner be a sequence in Cj..
We want to answer the following question.

Question 3.A.1. Is there an analytic function f : C,. — C, interpolating the given values at the
prescribed points? In other words, we look for a Pick function f such that

Vnel, f(zn) = wn, (3.78)
where I is a (at most) countable set.

Without loss of generality, we can assume that I = {1,2,...}. We denote by ACc, (2n,wn)r the
set of solutions to this problem (we will omit the dependence on I unless when needed). Both sets
Cy and C, are invariant under the action of the subset 7 of affine transformations of C, given by
T={r:Cy -Cy,z—~az+b, beR, a>0}, and we have

Vi, 72 €T, ACc,(Ti(2n), T2(wn)) = 12 0 ACc, (2, wy) © t. (3.79)
Moreover, question can equivalently be stated in the unit disc instead of the upper-half-plane:

Question 3.A.2. Let (z,) and (wn) be sequences in the unit disc D = {z € C,|2| < 1} and the closed
disc D respectively. Is there an analytic function f: 1D — D such thatVn € I, f(z,) =wy, ¢

The reason for the equivalence between both formulations is simply the upper-half-plane can be
mapped to the unit disc through the Cayley transform, which is biholomorphic between these sets. The
Cayley transform W and its reciprocal W~ are given by:

W:C\{—i} — C\{1} w-t:C\{1} — (Cl\;[L—Zi}

zZ—1

z — z —

z2+1i -z
As the Cayley transform W is biholomorphic from C, to D and maps the real line R to the unit

circle deprived of the point 1, we have the equivalence of the following statements, with F': C; — Cy,
(20) CCy, (wy) CCh, f=WoFoW™1:D =D, 7, =W(z,) €D and w,, = W(w,) € D.

Vn > 1, F(zp) =w, < Yn>1, f(Z,) = w,.
In other words, denoting by ACp(zy,wy,) the set of solutions to Question we have
ACHW(20), W(wn)) = W o ACc, (2, w,) o WL (3.80)
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As a matter of fact, we can answer Question when the sequence (w,,) is constant and of modulus
1, as a direct consequence of the maximum modulus principle.
Lemma 3.A.3. Given C € D\ D, ACp(z,,C) = {C}.

Combined with equation (3.80), we have a first statement about the set of solutions ACc, to the
interpolation problem (3.78).
Corollary 3.A.4. Given C € R, ACc_ (2,,C) = {C}.

The next definition introduces the functions b, (the notation suggests Blaschke products, see [47] and
[20]), which will be useful for our analysis of ACp (2, ws,).

Definition 3.A.5. Let a € D. Define for z € D, b,(z) = £=% € D.

1-az

These functions are in fact biholomorphic from D to itself and b, only vanishes in a € D. This zero
is of order 1. The function b, can actually be extended to the closed disc D, and we will also denote this
extension b,. Considering our interpolation problem, we notice the following. If f is a solution to the
interpolation problem stated in question we have f(z1) = wy, with |wi| < 1. If the modulus of
wi is 1, then f is constant because of the maximum modulus principle. Suppose this is not the case and
define the function f() by

o = s

f (1) is then well-defined on D, because the only zero of b,, is 21 and is of order 1, and z; is also a zero
of order at least 1 of b, o f. One can check that () takes values in D, so that f() is analytic from D
to D if and only if f = by! o (b,, 1)) is analytic from D to D.

Now suppose |I| > 2 and define for all n € T\ {1}, wi = bbwlgzj”)). We notice that f(1)(z,) =
21 (Zn

(3.81)

b“’bl ({iz’;)) = bl;"lgzj")) = wg). This means that f() is the solution to the Nevanlinna-Pick interpolation
21 (Zn 21 (Zn
problem
g(zn) =wlV, Vn e I\ {1}. (3.82)

We have proven the following lemma, which is the main element of the Schur interpolation algorithm
[25].

Lemma 3.A.6 (Schur iteration). Assume |I| > 2 and wy; € D. We then have the following equivalence:

bu, (f(2))

A m :
bzl (Z) € CD(vawn )I\{l}

feACh(zn,wn)r = fV iz

In other words,
ACH (2, w1 = b;ll o (bz1 - ACp(zp, wgll))[\{l}> .

Both previous lemmas give the intuition about the following theorem, which can be found in any
reference dealing with the issue of Nevanlinna-Pick interpolation, e.g. [63], [20], [46]. Refinements of this
result and characterizations of the solutions are detailed in the references given at the beginning of this
section.

Theorem 3.A.7. Let (z,)n>1 and (wy)n>1 be sequences in the unit disc D and the closed disc D respec-
tively. Define by induction, for 1 <1 and k > 1,

_ _ (-1
w? = “”(fl);wl(l Y1 - oo (k) (3.83)
T e bz, (2k)

with w,io) =wg fork > 1.
There are three distinct cases.

1. If there exists k > 1 such that |w

lem .

2. Else, if there exists K > 1 such that for all1 < k < K, |w,(€k71)| <1, |w§(K71)| =1 and for all

,gk_l)\ > 1, then there is no solution to the interpolation prob-

> K, wl(Kfl) = w%{fl), then there exists a unique solution to the interpolation problem .
3. Else, we have for all k > 1, |w,(€k_1)\ < 1 and there is either 1 or infinitely many solutions to the

interpolation problem.
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3.A.2 A uniqueness result for ACPs with a rational solution

In our mathematical framework, we need the following uniqueness theorem (Theorem . In this
section, we are tackling the uniqueness of the interpolation problem , in the case where we have
already found one solution of some specific form. We assume that we have found a solution f such that its
Nevanlinna-Riesz measure in the integral representation is a finite sum of weighted Dirac measures,
that is f is a rational function. This means that we have f(z) = ozz+C+Z£<:1 72—, witha >0, C €R,
K € N, the ax’s are negative numbers and the €j’s are distinct real numbers. The following theorem
states that it is then the only solution to the interpolation problem .

Theorem 3.A.8. Let f : C, — C4 be a Pick function such that its Nevanlinna-Riesz measure j is a
finite sum of Dirac measures: there exist K € N, ay,...,ax < 0 and distinct real numbers €1, ...,k

such that
K
w= Z aj0e, -
k=1

Then, if f is a solution to an interpolation problem ACc(zy,wy)r with |I| > K + 2, this problem has no
other solution.

Proof. We prove this result by strong induction on K, for K € N. If K = 0, the expression of f reads
f(z) = az+ C, with &« > 0 and C' € R. Now suppose f € ACc, (2n,wy). Then for all n € I, we have
az, + C = w,, so that

ACc, (2n,wpn) = ACc, (2n, azn + C).

If a = 0, then ACc, (2,,C) = {C} by corollary Else, we extend continuously f to C into the
affine transformation ]TE T and we have

ACc, (zn,wy) = fo W™ o ACy(W(2,), W(2)) o W.

Denoting by z, = w, = W(z,), we find that for all n € I'\ {1},@%1) = 1. Hence by Theorem
ACp(W(2n)s W(zn)) = {2+ 2z} and ACc, (zn,w,) = {f}.

Now assume the result holds for [ < K and take f such that its Nevanlinna-Riesz measure is a sum
of K 4 1 Dirac measures. Now consider an ACP AC¢(zy,wy,); with |I| > K + 3 to which f is a solution,
namely f(z,) = w, and there exist « > 0, C € R, aq,...,ax+1 < 0 and real numbers e; < -+ < ex41 ,

such that for all z € C,
K+1

f(z):ozz—l—C—&—Z

k=1
We start by making use of the property (3.79)) to simplify the problem. It is possible to chose two
affine transformations 7., and 7., in 7T such that, setting f = 7., o fo7_ L we have

ag

Z—Ek.

K+1 ~

where the parameters 57 a, ay, and gy satisfy the same properties as their counterparts without the
tildes, and such that

K+1  ~
. T~ —ag
T (21) =4, R(f(z1)) =0 and ;;1 - 1. (3.84)
Using (3.79)), we have
AC<C+ (Zna wn) = v_11 © ACC+ (72, (Zn), (fzy0fo T,Z_ll)(TZI (Zn))) O Tz
Y T~
Zn f

For the remaining of the proof, we will then focus on ACc, (%, f(Z,)). We will omit the tildes for
the sake of simplicity, and assume that z; = ¢ and that (3.84) holds. With that being said, notice
that S(f(z1)) = S(f(i)) = o+ it =% > 0, hence W(f(z1)) € D. Therefore, using Lemma [3.A.6

k=1 1+4€3
equation ([3.80)), we have

ACHW (), W ()1 = bl yeny © (b1 - ACS OV () W () M1y ) -
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and

ACo (W (20), W(f (20)) )11y = Wo ACe, (zn W_l([w(f(zn))](l)))l\{l} oW

We now compute g(z) = W™ o [Wo f]M(z), for z € C; \ {i}. Since W(z1) = W(i) = 0 and z # i,
we have byy(.,)(W(z)) = W(z) # 0 and g(z) is well defined. The computation reads

(flzn) + ) L@ | () i) Lt

g9(z) =i Zh AR
(f() + ) T (7 () + 9y Lkt

We used the fact that since W(f(z1))W(f(z)) € D, it is not equal to 1 and that - (f(2)+4)|(f(z1)+1)[* #
0. Now, realize that, since z; = i, we have

f(z)_f(zl):a+I§:1 1 ak

zZ—1 P k— 12— €L
and similarly
K+1
f(zl)—f(z):_a_z 1 a
z+1 k:15k+z’z—5k’

so that
a(S(f(2) +1) + DU o (L) o
9(z) = — Kot (Lot} o (3.85)
OR(f (1)) + St (L) o
which holds for z = i as well. As we set R(f(z1)) = 0, we have

m(f“l)”)*(f(“”*%o and s(f(”)sﬁ(f(”“

er+i 1+e ek +i 1+e2
Multiplying the numerator and denominator in (3.85]) by W HkK;ll (z — ek), we end up with
P(z) .
g(z) = ——=, with
¥ =a6)
K+1 K+1 o K
—O&H Z*£k)+25k1+gi H (Zisl)a
k=1 1=1,1#k
and
K+1 —an K+1
Q(Z) = Z ]_—|—752 H (Z —El).
k=1 k1=1,1+4k

We have Q(e) = 5% HIKTI#IQ( —¢;1) # 0 by hypothesis on the e’s, so that
k
K+1 _ak

Qz) =0 «— Zzlisgkzo,

hence @) admits exactly K distinct roots ¢}, € (ex,ex+1) C R by the intermediate value theorem (as in
the proof of Lemma [3.4.1]), and it is unitary due to (3.84]). The partial fraction decomposition of ¢ finally
reads

K /
a
) /
g(z)—az-i-C +ZZ—7/7
k=1

k
where
o = a,
L+1 u
¢’ = limg(iy) —id'y = (1 — « sikER,
Jim g(iy) —ia'y = ( ); Ty e
a, = lim iyg(e}, + iy)
y—0t
€. — €&l
= Hz 117%( . /> (e —en)(el — er41) (@ +1) <O0.
—¢l A ,
<0 >0
>0
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This computation shows that the Nevanlinna-Riesz measure of g is a sum of K Dirac measures as
described in the statement of the theorem. It is a solution to the Analytical Continuation Problem

ACe, (20, WHVGEMD), (-

where |\ {1}| > K + 2 by assumption. By the induction hypothesis, g is the only solution to this ACP,
and therefore f is the only solution to the ACP ACc, (wn,2n)1- O

3.B Paramagnetic IPT-DMFT equations

In this appendix, we detail the spin independence of the paramagnetic IPT-DMFT equations.
As detailed in Remark|3.2.9] the Hamiltonian H A7 commutes with the total spin operator S a7. More
precisely, H ay is Sar- 1nvar1ant, and in the decomposition

Har=H+ ®H;, H,=Span (|®>®~~®U)>® |o) ®|®>®~~~®®>,meAu[1,B]]> (3.86)

m-th

the total spin operators reads Sa; = 1. (—1)):

A 1 0
Sar= (0 _1> .
Writing in this decomposition H° = H? @ H?, we then have
) = (- H) o ( — H)) ™!

Since no magnetic field is included in the model, H? and Hf act the same way on their respective domains:
denoting by E' € L(H 1) the spin flip isomorphism defined by linearity with Vm € AU[1, B],Vo € {1, |}

Fe ool omo o) =0 obs o) slhe-o,

lo
m-
we have

0_ 7 07
Hy = Fy (HUF) 5.

Now in the impurity-spin decomposition

H = Ht imp D He bath © Hyimp © Hy path (3.87)

Hoim = Span (0)8++-3 0) o) @ 10) @@ [0).i € A) (3.59)
i-th

Hopath = Span <@> Q- @)y - @|0),ke ﬂl,B}]) (3.89)
k-th

WehaveS'A1=1691€B(—1)@(—1) andNimpzl@OEBlEBO:

10 0 0 1000
. 01 0 0 . 00 0 0
Sar=1g o -1 o | NMme=|g g 1 0

00 0 -1 0000

and we have for the impurity orthogonal restriction of the non-interacting Green’s function Glmp'

G?mp( ) = (Z - H’?,imp - AT(Z)) D (Z - HJ(,),imp - Ai(z))

Indeed, as it is the case for the non-interacting Hamiltonian and the non-interacting Green’s function,
Ay acts similarly as A} on their respective domain, and are related by conjugation with the spin flip
operator

Ar=Fr AL F 4
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With that being said, in the IPT approximation outlined in this document, we have for n € Z,

S

imp,n 4,imp,n>

with for all o € {1, !},

5 3
fo[impm = U2/ eiwnT (; Z (iwn/ — Ag(iwn/)1)> dr.
0

And indeed, we have the conjugation relation
M 5 M 2
ZT,imp,n = FT,¢E¢,imp,nF¢,T~

These last equations show that the impurity-spin orthogonal restrictions of the Matsubara self-energy
Fourier coefficients are copies one of another. Since we assume that the partition P is in singletons, it
follows that |A| = 1 and dim(#He,imp) = 1, so that using the bases B, imp given by

Vo € {Tai}v Ba,imp:{|0>®|®>®"'®|®>}7

we have for all n € Z,
M M o
matBT,imp(ZT,imp,n) = matBL,imp (Zi,imp,n) =Y.
Finally, we have for z € C,

B

matp, . (A(2)) = matg, . (A (2)) = Z
k=1

IAA

)
zZ — €L

so that we indifferently refer to A(z) by abuse of notation.
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Chapter 4

A mathematical analysis of the
discretized IPT-DMFT equations.
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In the previous chapter, we have proven the existence of a solution to the IPT-DMFT equations. In
view of practical purposes, this result needs to be adapted to a set of discretized equations on which
realistic computations can be performed. In this chapter, we are interested in the discretization of the
DMFT functional equations based on the restriction of the hybridization function and self-energy to
the collection of points in the upper half-plane z = iw,,, where w,, = (2n + 1)7/f is the n-th Matsubara
frequency. After a presentation of these equations, we start by proving the existence of a solution to these
equations, which is an adaptation of [3, Theorem 3.9] to this setting. We then show numerically, using an
iterative scheme for the Hubbard dimer based on these equations, that global uniqueness is guaranteed
for small and large on-site repulsion U. In accordance with these numerical insights, we finally prove
uniqueness of the solution for small on-site repulsion U or small hopping parameter 7.

4.1 TIPT-DMFT on the Matsubara’s frequencies

The success of the Dynamical Mean-Field Theory (DMFT) in the strongly correlated condensed matter
community lies in its ability to provide with good approximations of local Green’s functions for very
large systems [7]. As already mentioned in the previous chapter, the computationally expensive part
in a DMFT algorithm is the impurity solver step, which provides for each Anderson Impurity Model
(AIM) (labeled by p € B) the impurity self-energy i, given the hybridization function A, and the
impurity parameters (G,,T,,U,), as detailed in [3| Section 2.4]. Most of practical implementations of
DMFT are based on the translation-invariant setting [3, Remark 2.11], for which the set of equations
scales down to only two equations in the translation invariant quantities (A, X): in this setting, only one
impurity model remains, which reduces the computational cost. Still, the impurity solver is the practical
bottleneck of a DMFT computation (even ground-state computations are known to be very expensive
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[2]): accurate computations are performed using Continuous Time Quantum Monte Carlo (CTQMC)
[10, 17, 22, 23] 13, 19], which are exact up to statistical noise. Nevertheless, their computational price
is too high and for specific applications such as moiré heterobilayers [21], computations are performed
using approzimate solvers. One of them is the Iterated Perturbation Theory (IPT) solver, which we are
interested in in this chapter.

IPT is one of the most computationally cheap (and one of the least accurate) solvers [6, 24 [7].
We have studied its analytical properties in [3], in the single-site translation-invarariant paramagnetic
setting: recall that in this setting, for a given inverse temperature 3, on-site repulsion U € R and hopping
parameter T € R, the IPT-DMFT equations read

VzeCy, A(z)=W (z—H} —Z(z))i1 wi (4.1)

2 =1IPT4(U, A) (4.2)

where IPT3(U, A) is the IPT solver introduced in [3 Section 2.5.2], —A, =¥ are analytic functions from
C; to C4, and HY € Sp—1(R) and WT € RE~1 are given by

. 0o w
= (s ),
with Adj the adjacency matrix of the original Hubbard graph Gy = (A, E), |A| = L.

We have shown in particular that this solver is well-defined for hybridization functions representing
finite dimensional baths [3, Proposition 2.18], and that it extends continuously (for the appropriate
distance) to the closure if this set, which represents thermodynamic limits of finite dimensional baths [3]
Proposition 3.6]. Nevertheless, the very quantities A, ¥ this solver is dealing with are functions defined
on the whole upper half-plane: any practical computational scheme requires discretizations of these two
objects.

In this chapter, we focus on the set of equations obtained when discretizing A and ¥ by their values
on a finite subset of the so-called Matsubara’s frequencies (iwy,),, ey Where w, = (2n +1)% [3] Section
2.5.1]. More precisely, we are interested in the following discretization: for given A, ¥, we construct the
following finite dimensional objects

(An)peonags —An=—Aliw,) € Ty (4.3)
Cn)neponny:  — Zn = —S(iwn) € Cy (4.4)

where N,, € N is the Matsubara’s frequency cutoff. Note that we extend this definition to negative
Matsubara’s frequencies with for all n € [0, N,]|

A uiny =By €5, S_uiny) =5 €Ty (4.5)

in accordance with the conventional extension of a Pick function to the lower half-plane [§] (Vz €

C_, f(2) = f(z)) and the fact that w_(,11) = —wy. The set (iwn), ¢ v, Of points in C,, represented
in Figure |1} is motivated by two reasons that we discuss below.

4.1.1 Analytic continuation

Let us first recall that, given a Green’s function G as defined in [3, Definition 2.2], it is theoretically
enough to know the sequence (G(iwy)), oy to reconstruct the whole Green’s function: as proven in [3,
Theorem 2.15] and already established in [I], —G is the only Pick matrix which is solution to the analytic
continuation problem ACc, (iwpn, —G(iw,))nen. One proves similarly, using [3, Theorem A.8] and the
Kéllen-Lehmann representation [3, Equation 7] that this result holds true for the self-energy ¥ and
hybridization function A.

In practice, several algorithms exist to perform this analytic continuation [9] [12] [4] 5 11]. In most
cases, the output of these methods are the values of the analytic continuation on the real axis R, from
which one can extract the Nevanlinna-Riesz measure of the associated Pick function using the Stieltjes
inversion formula [§]: recall that for f a Pick Matrix given for all z € C4 by

f(2) = / L au(e)

€—z
with p a positive-matrix-valued Borel finite measure, then we have for all z,y € R,

Y

S + gullyh) + (e, y) = = lim [ S(f(e + in))de

T™n—0 J,
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Figure 1: The set (iwn),¢c[o,x, of points in C used for the discretization of A and X with N,, = 4

In particular, the Nevanlinna-Riesz measure associated to —G is the so-called spectral function A [I5],
which allows to determine whether the system is a conductor or not: more precisely, the system is an
electrical conductor if 0 is in the support of A.

Based on this property, a strategy to study the conduction properties using a DMFT algorithm is as
follows :

¢ Run the DMFT algorithm on (A,,, E”)ne[[O,Nw]] until convergence is reached.

e Get the spectral function A by analytic continuation of the sequence (G(iwn)),, [0, x> @nd check
for the conduction criterion.

In this chapter, we will show numerically in Section that for the Hubbard dimer (|Gy| = 2), the
system hosts a metal-to-insulator Mott transition for a fixed inverse temperature 3, while varying the
on-site repulsion U. This result, already established in the seminal paper [7] for truncated lattices made
the fame of this method, and is related to uniqueness of the solution for specific parameters, as we will
discuss in Section .3

For now, let us mention that analytic continuation, if theoretically well founded, suffers from ill-
conditioning issues [9 12]. For this reason, we will use it only for illustrative purposes in Section

4.1.2 Matsubara’s formalism

The second justification of this discretization lies in the proper definition of the IPT-DMFT equations.
We note first that equation relates the value of A in z € C4 to the value of ¥ on the same z € C,..
More precisely, given —A, —% : C; — C satisfying , their values A,,, 3,, on the points (iwn)ne[[O,Nw]]
are related by for all n € [0, N, ],

A, = Aliwy) = W (iw, — HS = S(iw,)) " Wi =W (iw, — H) —%,) " Wi,

so that we will impose this condition on the discretized quantities. This property holds for all z € C,
and the prescription iw, is best motivated by the second equation we will impose.

Now for the discretization of , recall that by definition [3, Proposition 2.18], given —A : C; —
Cy, —IPT3(U,A):Cy — Cy is a solution to the interpolation problem AC(iwy,,Y,) (we have proven
uniqueness for hybridization functions associated to finite dimensional baths), where

3
s 1 .
Zn —_ U2/ ewnT (ﬂ Z e Wn!T (an/ _ A(an,))—1> dr.
0

n' €L

In our discretized scheme, we only consider finite sequences, so that we need to truncate the above sum:
we will impose that, given (A, )nefo,n,], Xn is defined as

B8 1 No, ) ’
En = U2/ e'vnT B Z e Wn/T (’Lwn’ — An/)_l d’T’
0 n'=—(Ny+1)
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which, contrary to the discretization of (4.1)), provides a given ¥,, from (An)ne[[o AL For now on, we

will denote (An),cpo,n, PY As and (Xn),,¢p0,n,) Py . We consolidate the content of this section into
the following definition.

Definition 4.1.1 (Matsubara’s frequencies discretized IPT-DMFT equations). Given N, € N a Mat-
subara’s frequencies cutoff, the Matsubara’s frequencies discretized IPT-DMFT equations are the set of
equations defined for all n € [0, N,] by

Ap =W (iw, — HY = %,) " Wi (4.6)
3
B . 1 N, . 1
X, = U2/ et | = Z e T (iwpr — Apr) dr (4.7)
0 p n/=—(Ny,+1)

+1 +1

. 7Nw 7Nw
with —A = (_A”)HGHO,NW]] S (C+ ’ X = (_E")ne[[O,Nw]] C (C+

We prove in the next section the existence of a solution to these equations, and will show numerically
that uniqueness is not always guaranteed.

Remark 4.1.2. The requirement that —A, =% € ENWH is a minimal condition for the solution to
represent physical quantities. Nevertheless, nothing ensures a priori that a solution to these equations
admits an analytic continuation, nor if they do, that this solution is unique. This point makes the strategy
we have followed to prove existence completely different from [3] (we will not make use of results associated
to Pick functions). We refer the reader to [5], and to Section[{.5.9 for a numerical discussion about this
topic.

4.2 Existence of solutions to the discretized equations

4.2.1 Main result

In this section, we present and prove our main result about existence of solutions: using Brouwer’s

fixed-point theorem [20], we show that the above defined equations admit a solution for specific range of

N,+1

—Nu,+1 . . . —
parameters. The space C s equipped with the norm topology, and for all u € C , we denote

1/2
by [|ull2z = (ZnNio |un|2> the usual Euclidean norm and by B(u, R) the closed Euclidean ball of radius

R centered in u. For all Matsubara’s frequency cutoff N, € N, we introduce the critical radius Ry,
defined as

sup {R eR, st. ¥z € BO,R)NTy “ ' Wne [0, o], S(Fan,(2) < 0} , (4.8)

where

Ny, 3
Fon,(2) = > [IG@n +1)/7+20)7", (4.9)

ni,n2,n3=—(Ny,+1) i=1
ni+nz+nzy=n—1

where for all n € [-N,, + 1, 1], 2z, = Z_(,51) (as in (4.5))). Note that the set described in (4.8) is closed.

Theorem 4.2.1 (Existence of solution to the discretized IPT-DMFT equations.). For all Matsubara’s
frequencies cutoff N, € N, the critical radius Ry, is well-defined and stricly positive. Moreover, for all
inverse temperature 3 € R} and Wt e Rp_; satisfying

BIW |2 < \/2v2Rx,, (4.10)

and for all on-site repulsion U € R, the set of equations given by (4.6, admits a solution (A,X) €
Ds.n, X 6g n,,u where

—N,,
D = BO Ry /)0 (-C), Spniw = TPTh, (Dpn) (4.11)
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4.2.2 Proof of Theorem [4.2.7]
We introduce BUy,, and IPTy,, defined for all n € [0, N,,] by

BUn, (2)n = W (iwy, — H) —%,) " Wi
3
B 1 J ; 1
IPT N, (A)n = UQ/ et LS YT e T (fwy — Ap) T dr
0 A n'=—(Ny,+1)

so that

@.6) < A=BUy,(X)
4.7) <= X =IPTn,(A).

We show in Lemmata [£.2.2] and [£.2.3] below that these maps are well-defined on the right sets. We start
by the following lemma:

Lemma 4.2.2 (Boundedness of BUy,). If =X € EN“H, then —BUp_ (%) € EN‘”H, namely BUy,,

—@N“H — —@N“H is well defined, and

W13
\/7
Proof. The sign of the imaginary part is a direct consequence of the definition of the imaginary part of

matrices and of the fact that if f is a Pick matrix, so is —f~!. Recall that HY € S;_1(R), so that there
exists P € My_1(C) unitary with H = Pdiag(e1,...,er— 1)PJf from that, we have for all n € [0, N,],

IBUN, (B)ll2 < BZ—=

L-1
. |(WP)|?
W (iw, — HY = %,,) " w2 < _ R JRL
W (iw 1 Zhwn*E PP
1 Wi
< —— W3 < 52,
(wn —S(2)) Wi
hence we finally have
N 1/2 N 1/2
1 B[ 1 W3
BUn, (2)|2 < |W]|3 — = |W3= — 2
IBUN (D)l < | ||2<n§_jow%> || '27r<,§<2n+1>2> <8575

O

The analogue of this lemma for IPT y is more restrictive as we state now, together with the well-
definiteness of the critical radius Ry, . We use the convention B(0,4+oc) = CNv*! in the case Ry, is not
reached.

Lemma 4.2.3 (Alternative formula for IPTy_ ). Given —A € an+l, IPTy, (A) reads for all n €
[0, Vo],

IPT, (A)n = BU?Fyn, (—BA), (4.12)
where Fy, n, is given in ({4.9). Moreover, for all Matsubara’s frequency cutoff N, the critical radius Ry,
defined in (4.8)) is well defined, and IPTy, : B(0, Ry, /5) N ( +N +1) — —ENw+1 is well defined.
Proof. We have for all n € [0, N,,],

U? 3 1 B
IPTx, () = 5 SR | (e A
0

nl,n2,ﬁ3——(N +1) =1

U? -
:ﬁ Z sznl— n;) !

nl,nQ,n;;_—(N +1) i=1
ni+nz+nz=n—1
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as
B : _
ei(wnfwnl —Wny 7wn3)'rd7_ _ ﬂ if ni + N2 + ny=mn-— 1
0 0 else.
For the second part, we first prove that S(F, n,(0)) < 0: for all n € [0, N,], we define
1 S 1
AmNo) = SSEan ) = > g
TL1,7127TL3:—(NW+1) =1

ni+nz+nz=n—1

Let us show that the quantity A(n, N,) is increasing in N,,: by enumerating, we have for all n € [0, N,],

N,
3 : 1
A(n, Ny +1) = A(n, Ny) = = ) 413
(m Noo 1) = Al No) = 535773 ey G DCm 1) (4.13)
ni,n2=— w

ni+ns+N,+1=n—1

N,
< 1
(4.14)

3
2N, +3 nm_;m“) (2n1 +1)(2ng + 1)

ni+ns—(Ny,+2)=n—1
6
(2N, +322n+ 1)

Now for the first term (4.13) of the r.h.s., we have for all ny,ns € [—(N, + 1), N,,] satisfying ny + na +

Ny,+1=n-1,
1 _ 1 1 n 1
(2n; +1)(2ne+1)  2(n— (Ny+1)) \ 201 +1  2ng+ 1
so that
oy ONLA) (2n1+1)(2n2+1) n—(N,+1) =t 1) 2n1 + 1
ni+nz+Ny+1=n—1
Nw

1

1
Z 2’(11—{-17

:Nw—i—l—n
ni=n

where the last equality comes from the fact that Zgl“:f (No+1) ﬁ = 0. For the second term (4.14]),
we also have for all ny,ne € [-(N,, + 1), N, ] satisfying ny +ns — (N, +2) =n — 1,

(2n1 +1)(2ne +1)  2(n+ N, +2) <2n1 1 + s + 1) )
so that
3 NS o -
ny,na=—(N,+1) (2n1 + 1)(2TL2 + 1) n+ Nw + 2 ny—mtl 27?,1 +1
ni+nzs—(Ny,+2)=n—1
We end up with
N, 1

3 ( 1 1 ) Z
St 2”1 —+ 1

A(n,N,+1) — A(n,N,) = _
(Nt D) = A Vo) = o s \ Mo T on nr Vo 12
1 2

@ ( “w.73)
(2N, +3)2n+1) \(Nu+1—-n) 2N, +3

which is positive, hence A(n, N,,) is increasing in N,, and so is S(F,,n,, (0)). Note also that by Dirichlet
theorem on Fourier series and dominated convergence (see [3l, Equation (64)]), we have

1
lim F, n,(0) = <IPT4(U = 1,0)(iw,)

N,—o0 ﬂ
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as defined in [3] Proposition 2.18], which we have shown to be of negative imaginary part. Therefore,

1
3P, (0) £ FPTHU = 1,0)(iw,)) <0,
Since for all n € [0, N, ], the map F,, n,, is continuous in 0 (see equation (4.9))), the set described in (4.8
is not empty and closed, such that RY« is well-defined, which concludes. O

We conclude from the two above lemmata, that for 8||W ||z < 1/2v2Rx,,, the map DMFTy_ = BUy,_o
IPTy, is well-defined from B(0, Ry, /83) to itself: indeed, for all A € B(0, Ry, /8), BA € B(0,Ry,) so

that —IPTpx,(A) € (C+N vt , hence

HW||2
2V2
Since DMFTy,, is continuous, it admits a fixed-point by the Brouwer fixed-point theorem, which
concludes the proof.

[BUn, (TPTy,, (A))l2 < < By, /B

4.3 Iterative scheme and Mott transition

As emphasized in the proof of Theorem [4.2.1] a natural formulation of the Matsubara’s frequency dis-
cretized IPT-DMFT equations is based on the introduction of the DMFT y_  map, which is defined so

that
o), @) — A DMFTy, (A)
=IPTyn, (A)
The existence (and uniqueness) of a solution is therefore equivalent to the existence (and uniqueness) of

a fixed point of DMFTy_ . In this section, we make use of this formulation to come up with a DMFT

algorithm based on the implementation of the naive fixed-point algorithm (we will not consider more
——N,+1
elaborate methods such as Anderson acceleration). It proceeds as follows: given —A(®) € T, * , we

define by recursion for all n € N
AFD — DMFTy_(A™M).

To make the setting as simple as possible, we focus on the implementation of this algorithm for the
Hubbard dimer |Gy| = 2, still in the single-site translation-invariant paramagnetic case: in this setting,
HY =0and W =T € R (see (4.3)), so that equation (4.6) amounts to, for all n € [0, N,,],

Ap =T (iwy, — By) " (4.15)

This example, in spite of its simplicity, is enough to exhibit Mott transition (Section [4.3.1) and to
discuss the uniqueness of fixed points for specific range of parameters (Section |4.3.2)).

Discretization parameters The simulations are performed using the Python/C++ library TRIQS,
version 3.1.0 [I6]. Discretization parameters are chosen such that the discretization error due to the
integral performed in can be considered as negligible: we always take a number of points N,
associated to the discretization of (0, ) large compared to N,. Another reason for considering errors
related to this integral negligible is that this integral is actually performed using the Fourier method
(see TRIQS web page for the documentation), which performs tail-fitting on top. For all the simulations
to come, we took the following parameters:

w

N
N, = 10000, N, = 1000 <NT = 10)

4.3.1 Mott transition

As announced in Section we provide numerical illustration to the existence of a metal-to-insulator
Mott transition as predicted by DMFT for the Hubbard dimer. It is known [I4] that the ground-state
of such a system shall not exhibit such a phase transition, but DMFT focuses on the Gibbs state [3] for
non-zero temperatures. The procedure is as follows for a given set of parameters T,U, (3 :

e For an initialization A(O), we run Nige, iterations of DMFTy  to reach a converged solution A.
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e We then compute the associated self-energy ¥ = IPTy_(A®), and the corresponding discretized

impurity Green’s function —G*° € anH as explained below. Recall that in DMFT, the later
is an approximation of the original Hubbard model Green’s function restricted to the subgraph
induced by the DMFT partition 3. Recall also that by definition of the hybridization function A
and due to the sparsity pattern of the self-energy ¥ [3l, Theorem 2.8], the impurity Green’s function
of an AIM reads

Gianp = (2 = Hp = A(2) = Siup(2))

imp

For a partition in singletons, H? = 0, so that we finally define G* by setting, for all n € [0, N, ],

imp
Gre = (iwn — A —%°) 7"

¢ Finally we solve numerically the analytic continuation problem (iw,,, —G°),, €[0,N.] using the method
set_from_pade, which is based on Pade approximants, and returns the values Gg of this interpo-
lation on a given set of points on the real line. This set is a regular mesh of [Emin, Emax) consisting
in Npyesh € N points. As already mentioned in Section [£:1] these analytic continuation methods are

ill-conditioned and we use them only for illustration purposes.

Assuming the analytic continuation is a Pick function with Nevanlinna-Riesz measure absolutely
continuous (with respect to Lebesgue measure), we get the density p of the spectral function A by

1
p= *;%(GR)

Let us mention that, contrary to other methods developed recently in [4], set_from_pade does not
ensures a priori that the analytic continuation is a Pick function, and may lead to results with
negative signs.

We plot in Figure [2] the results of this algorithm for the following parameters:
B=1, T=1, Nie=50, A® =(iw,), ton.]> —Emin=Emax =10, Niesn = 1000  (4.16)

while varying U from 2 to 10. The big picture is similar to what is obtained for the so-called Bethe lattice
[7] and requires some comments:

e As U increases, p(0) decreases to reach approximately 0 between U = 6 and 8: for U < 6, the
system is a conductor according to the conduction criterion provided in Section [£:3] and insulating
for U > 8. In between these values, set_from_pade returns negative values of p(0), which refrains
this study from determining more precisely the value of U for which the Mott transition occurs, nor
if this transition really exists or if it only consists of a crossover [18].

e The density p is even: this is a consequence of the fact that, given a purely imaginary initialization
—AO ¢ (iR, )NT! the iterates are purely imaginary as well: Yn € N, —A™ e iRVt (this is
a direct consequence of Lemma and Equation (4.15)). Note that this property also holds true

at convergence, for non-even initializations.

This property is in relation with the fact we are dealing with half-filled systems, and a Hubbard
graph for which particle-hole symmetry holds, as detailed in [7].

For all these simulations to make sense, we need to check that convergence is reached: in the next
section, we study how this iterative scheme converges for different sets of parameters, showing how Mott
transition is affected by temperature, and how the result depends on the initial condition.
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Figure 2: Density p of the spectral function A obtained by analytic continuation using Pade approximants,
for different values of the on-site repulsion U. Other parameters are fixed as in (4.16)).

4.3.2 Linear convergence for small and large on-site repulsion

In this section, we explore numerically the convergence of the basic fixed-point algorithm already intro-
duced. To do so, we compute the norm of the residual A+ — A(™)||, as a function of the iteration n.
We fix T'= 1 for all the simulations, which amounts to consider 3, U, A, X to be adimensional quantities:
the inverse temperature ( is fixed while the on-site repulsion U varies from 0.5 to 18. We also take two
radically different initial guess A(®) = (zwn);é [0,N.] » A©) = 0 which correspond to the two solutions in
the limit cases U = 0 and U = oo respectively. We will consider two temperatures: first, we take § =1,
to ensure the simulations done in the previous section are converged, then 8 = 10 to show the coexistence
of a physical solution and an unphysical one. We summarize in Figure [3| the settings for which we run
the simulations.

|~

Fig. [

Fig [f] T=

sl

0.5 18

Figure 3: Schematic of the two scans in U at fixed /3, with the associated parameters.

High-temperature (5 = 1) simulations. We report in Figurethe simulations performed for inverse
temperature 8 = 1, which corresponds to the setting established in Section [£:3.1] For all values of U,
the algorithm converges linearly to a solution, regardless of the choice of one of the two initial guesses,
which validates simulations performed in Section [£.3.1] The rate of convergence first increases with U to
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reach a maximum between 6 and 8, where the Mott transition takes place, and then decreases. These
simulations show that the convergence is affected by the parameters 3, U: we now present what happens
for larger 3, which corresponds to smaller temperatures.

Low-temperature (8 = 10) simulations. Results for 8 = 10 are reported in Figure [5| The general
picture is quite different: for small and high on-site repulsion U, the algorithm still converges linearly
for the two initial guesses to the same solution, but for intermediate values of U (between 3 and 5),
the residual does not decay monotonously and requires much more iterations to converge. Moreover, for
U = 3 and with the initial guess A(®) = (iwn);é[[o,Nu]] (center left in Figure , the algorithm reaches a
stationary solution with a much larger residual compared to the simulations with A(®) = 0: this converged

. . . . . —~Nu+1 .
solution, represented in Figure|6} is not in —C , hence cannot correspond to the values of a negative
of a Pick function on the given Matsubara’s frequencies.
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Figure 4: Residual |A®TD — A(M)||5 in log scale, as a function of the iteration n € [0, Nix.], for high
temperature 3 = 1 and several values of U. Left and right sides differ in the initial guess A(®).
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Figure 5: Residual [[A™+) — A5 in log scale, as a function of the iteration n € [0, Niter], for low
temperature 3 = 10 and several values of U. Left and right sides differ in the initial guess A(©).
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(a) Residual ||AM™+) — AM|, in log scale, as a (b) Representation of the first 10 components of
function of the iteration n € [0, Niter], for 8 = 10 S(A°). The first 2 are positive, hence there is no
and U = 3.0, with A = (zwn);é [0,n,]- Lheresid- negative of Pick function which interpolates A* at
ual is stationary after ~ 200 iterations. the Matsubara’s frequencies (iwn),, €[0,No]"

Figure 6: Residual convergence (left) and plot of the imaginary part of the converged solution A (right).
The naive fixed-point algorithm does not always converge to a physical solution (see Remark 4.1.2)).

This result shows that convergence toward a physical solution is not guaranteed for intermediate
values of U for f = 10 and depends on the initialization: to overcome this issue, we will run simulations
using continuation method in the next section, starting from small/large U where the algorithm seems to
converge better. For now, let us mention that these convergences advocate for uniqueness in the small and
large on-site repulsion U regimes : we will show in Section that it holds by perturbative arguments.

4.3.3 Continuation method and metastable solution

In this section, we give a last numerical insight about the convergence of the algorithm we have introduced:
for high temperature § = 10 and intermediary on-site repulsion U, it does not converge monotonously,
and not always toward a physical solution. These issues seem to depend on the initial guess, and to
overcome them, we use a continuation method:

e We start by running the algorithm for on-site repulsion U small/large enough: as depicted in Figure
[l the algorithm seems to converge globally regardless of the initial condition, so that we take the
initial guess A(®) = (z‘wn);é[[o Nol-

e Once the algorithm is converged, we change slightly the value of U and take as initial condition the
converged solution A for the prior value of U.

e We repeat until we get to the values of interest in U.

We run this continuation method with two starting values of the on-site repulsion: one starts with
U = 1 and increases by steps of 1 until 4 is reached (namely U = 1,2, 3,4), the other starts from U = 6 and
decreases by the same steps until 2 is reached (namely U = 6,5, 4, 3,2). We then plot the values of ANier
for the values of U common to both the increasing and decreasing sequences (namely U € {2,3,4}).
In order to provide insights on the convergence, we run these simulations with increasing number of
iterations Nite,: we start by Niter = 60, which is required so that the first simulations of the continuation
method at U =1 and U = 6 give a converged solution A* (see Figure . We then take Niter = 100 and
finally Njgey = 400 for which the residual is fully converged. We summarize in Figure [7| the setting.
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|

% | { For U=1and 6, A = (iwn);é[[o,sz]]
Fig [Ba] (left) For U = 2,3,4 (resp. 6,5,4,3,2),
U AU _ A Niger),U—1 (resp. A(Niter),U+1)
1 2 3 4 5 6 Niter = 60 (top), 100 (center), 400 (bottom).

Figure 7: Schematic of the increasing-in-U (Figure and decreasing-in-U (Figure simulations, and
recap of the parameters used for the simulations.

0.0 0.0

“ x o« ; % % %m0 f "4 = . § & ® 8 T |
-0.5 1 ® ~0.5 ¥
L]
~1.0 1 * ~1.0 1 %
-1.51 -1.51
-2.01 ~-2.01
0 0 * U=4
25 -2.51 & U=3
y P x  U=2
=30+ T T T T =30+ r T v T
0 2 4 6 8 0 2 4 6 8
00T 0.0
xoxooxo @ % ®o® o ® 8 R B
-0.51 . -0.51 A
.
~1.0 1 . ~1.0 1 %
-1.51 -1.51
-2.01 ~-2.01
0 0 * U=4
-251 -2.51 & U=3
y P x  U=2
=30+ T T T T =30+ r T v T
0 2 4 6 8 0 2 4 6 8
0.0 e C 0.0 e o
M ¥ % ’ ] [ ] L] ] P M M ! . [ ] L] L]
-0.51 . -0.51 T
~1.0 1 * ~1.0 1 %
-1.51 -1.51
-2.01 ~-2.01
0 0 * U=4
~2.5 ~2.51 e U=3
y P x  U=2
=30+ T T T T =30+ r T v T
0 2 4 6 8 0 2 4 6 8

(a) Performed with A(® = (iwn) eqo,n,,p a6 U =1, (b) Performed with A©® = (iwn) eqo,n,,p a6 U =6,
and then recursively for U = 2,3,4 increasingly, and then recursively for U = 5,4, 3,2 decreasingly,
with AU = AWiter),U=1, with A©U — AWViter), U+1

Figure 8: Plot of the first 10 components of J(AWNier)U) with U € {2,3,4} , for both the increasing
sequence (left) and decreasing sequence (right), with N, = 60 (top), 100 (center), 200 (bottom).
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The results are presented in Figure |8] and commented on below:

e For U = 2 and U = 4, the simulations are converged for Njt, = 60 and the increasing-in-U and
decreasing-in-U simulations solutions agree on these values of U. If each of these finite sequences
can be analytically continued into a Pick function, the case U = 2 would have a Nevanlinna-Riesz
measure concentrated in 0, while U = 4 would have a symmetric profile with small mass in 0. This
also holds for the associated Green’s functions values: as for 5 =1 (see Section, we observe a
Mott transition but for a smaller interval in U, the case U = 2 corresponding to a conductor, while
U = 4 corresponds to an insulator.

e The case U = 3 is more delicate: for N, = 60, the increasing-in-U exhibits a conductive-like
solution, while the decreasing-in-U solution is resembles an insulator. We also see that when
increasing Nijter, the increasing-in-U simulation eventually reaches the insulating solution predicted
by the decreasing-in-U for Ni; = 200. In the literature [7], this effect is not reported: on the
opposite, it is stated that for 8 high-enough, there is a range in U for which two solutions coexist.
This phenomenon would be a signature of the existence of a phase transition of order 1. The
present simulations are performed on an other system (the Hubbard dimer) and for much bigger
Niter- They rather support for the scenario of a "metastable” solution, meaning it requires much
more iterations to converge than for other values of the parameters 3, U.

In light of these results, it would be desirable to implement acceleration methods on this fixed-
point iteration algorithm in order to avoid this slow convergence for intermediate values of U, and a
stabilization procedure which would help in understanding the discrepancy of the increasing/decreasing
sequences detailed above. A great candidate for these two improvements is Anderson mixing. From a
mathematical perspective, a first affordable result is the uniqueness of the fixed point in the perturbative
regime, as we state now.

4.4 Uniqueness of the solution in perturbative regimes.

4.4.1 Main result

The previous simulations indicate that uniqueness of the solution, if not elucidated for arbitrary values
of the parameters T, U, 3, holds perturbatively around the regimes U = 0 and T = 0, the later corre-
sponding to the formal limit case U = co. From a mathematical perspective, it is best seen from the fact
that, similarly as with the DMFT equations [3l Proposition 2.12], the discretized IPT-DMFT equations
, admit a unique solution in the following trivial limits:

e For U =0, IPTy, = 0, hence the only solution is given by, for all n € [0, N, ],

¥, =0, A,=BUy,(0)=W (iw, - H}) W'

e Conversely, for T =0, BUy,_, = 0, hence the only solution is given by, for all n € [0, N,],

S =IPTx,(0)n, A,=0

Note moreover that the fixed-point algorithm we have implemented converges in one iteration in these
limits. In both cases, these solutions satisfy with the physicality criterion —A, - € (Ci_s_Nw+1 (see the
proof of Lemma . The following theorem covers the perturbative regime around these two above
limit cases T'= 0 or U = 0, showing the existence of a unique solution in the sets introduced in Theorem
It also proves the linear convergence observed for these two regimes, using a Picard fixed point
theorem. As it holds for Theorem 1, our analysis relies on the properties of F,, y_: let us introduce Ly,

the (finite) largest Lipschitz constant of the F,, x, over @NWH, for n € [0, N,],

Ly = Lipe. (Fo n.). 417
No = nax ipc, (Fn,N,) (4.17)

Note incidentally that, since F), n,, is a sum of rational function in the (A,),epo,n,] With poles on the
negative imaginary axis {R* | we have for all R > 0, LipanJrl (FuN,) = LipB(O RyAT et (Fu,N,,)-
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Theorem 4.4.1 (Uniqueness of the solution to the discretized IPT-DMFT equations). For all Matsub-
ara’s frequencies cutoff N, € N, inverse temperature 8 € R7,, Wt € Rp_1, and on-site repulsion U € R
satisfying with the assumption of Theorem 1 (4.10) and

21w .U\
(M> Ly, <1, (4.18)
T
the discretized IPT-DMFT equations (|4.6] admits a unique solution in Dg x &g N, v. Moreover,
the fixed point algorithm sequence (A(" neN
AP cDs VneN, A =DMFTy, (AM) (4.19)

converges linearly toward this solution.

In particular, Assumption (4.18)) holds true for T or U small enough.

4.4.2 Proof of Theorem [4.4.1]

As announced, the proof is based on Picard fixed-point theorem on ®g n, . The first estimate is the
following.

Lemma 4.4.2 (Estimate on BUy, ). Given —X1,—33 € E, the following estimate holds
W 2
BUN, (81) - BUN, (S2)l < 0 L2 15, - 5],

Proof. Note that the resolvent identity yields for all n € [0, N,]

BUNW (21)(%«)”) — BUNW (ZQ)(’Lwn) = (Zl(iwn) — Zg(iwn))
-1

W (iwn — S1(iwn) — HY) ™" (iwn — Sa(iw,) — HO) W
and we have similarly as in the proof of lemma [4.2.2
- - Wwt)?

W (it — S (i) — HO) ™ (it — Salin) — HY) W2 < (W2 L < 54%,

so that we end up with
1/2
IBUN, (31)(iwn) = BUN, (Z2)(iwn) | < B*—5— (Z |21 (iwy,) Ez(lwn)l2>

which concludes the proof. O

Now for IPT y,, we have the following estimate.
Lemma 4.4.3 (Estimate on IPTy, ). For all Matsubara’s frequency cutoff N, € N, IPTy,_ is C* on

—@N“H, and for all A1, As € C+N H,

[IPTy, (A1) = IPTy, (A2)]|2 < (BU)? L, |A1 — Mgl (4.20)
where

Proof. This follows directly from Lemma and the definition of the corresponding constants: for all
A1, Ag € fENWH, we have

N, 1/2
[TPTx, (A1) — IPTy, (A2)||2 = BU? (Z | Fon, (—BAL) — Fn,NW(—BA2>|2> (4.21)
n=0
< (BU)’ Ly, ||1A1 = Aq| (4.22)

O

Now, under the assumption that (4.10) holds, DMFT y,, is well defined from ® g n, to itself. Moreover,
using Lemmata [£.2.3] [£.4.2] and [£.4.3] we have for all Ay, Ay € D N,

2w ,U\ 2
IDMFTy_ (A1) — DMFTy_ (As)|2 < ('6”7T|2> Ly, |lA1 = Ag, (4.23)

and we conclude using Picard fixed-point theorem.
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