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Résumé: Cette thése est dédiée a I'étude de
structures sous-Riemanniennes fortes et invari-
tantes a droites sur des groupes de dimension
infinie et les espaces de formes. Elle étend
en particulier le cadre géométrique des grandes
déformations, qui décrit les espaces de formes
comme des variétés de Banach sur lesquelles
agissent un groupe de diffeomorphismes.
nous élargissons ce cadre en autorisant ’action
d’autres groupes de déformations sur les formes,
ce qui donne lieu & de nouveaux problémes
d’appariement. Nous nous plagons dans le
cadres des Banach half-Lie groups et étu-
dions d’abord les propriétés des structures sous-
Riemanniennes fortes et invariantes a droite sur
ces groupes. Sous certaines hypothéses, il est
alors possible d’établir des résultats de complé-
tudes pour ces métriques, et nous démontrons en
particulier ’existence global du flot Hamiltonien

Ici

associé. Ensuite, nous définissons des conditions
de régularité pour l'action des half-Lie groups
sur les espaces de formes, ce qui permet alors
d’induire sur ces espaces des structures sous-
Riemanniennes. Ce cadre nous permet alors de
formuler différents problémes variationnels pour
I’appariement de formes. Plusieurs applications
sont alors présentées. Dans le chapitre 7, nous
proposons une approche multi-échelles, et nous
explorons tout particuliérement des maniéres de
coupler les actions des difféomorphismes et de
groupes de Lie de dimension finie, tels que les
isométries ou scalings. Les chapitres [§ et [J]
s’intéressent ensuite a l’anisotropie des formes,
que l'on décrit par des métriques de l’espace
ambiant. Nous définissons alors différentes ac-
tions de groupes sur ces métriques permettant
de transporter les caractéristiques anisotropes
des formes.
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Abstract: This thesis is dedicated to the study
of strong right-invariant sub-Riemannian geom-
etry on infinite dimensional groups and shape
spaces. In particular, it extends the geometric
framework of large deformations, which models
shape spaces as Banach manifolds acted upon
by groups of diffeomorphisms. We broaden this
setting by allowing other groups of deformations
to act on shapes, giving rise to new matching
problems. We consider the setting of half-Lie
groups and we first study theoretical properties
of strong right-invariant sub-Riemannian struc-
tures on these groups. Under suitable regular-
ity conditions, we establish completeness results
for such structures and prove global existence of
their associated Hamiltonian flows. We then de-
rive regularity conditions on the action of half-

Lie groups on the shape spaces that make it
possible to induce corresponding right-invariant
metrics. This framework enables to define gen-
eral variational matching problems for shape
analysis using the sub-Riemannian energy. Sev-
eral applications are presented. In chapter[7] we
propose a multiscale approach for performing
registration, and we define in particular a set-
ting to couple diffeomorphic deformations with
the action of finite dimensional Lie groups, such
as isometries or scalings. Chapters[§ and [0 then
explore the anisotropy of shapes, which we char-
acterize by metrics on the ambient space. We
define various group actions on these metrics
and therefore transport the anisotropic features
of shapes.
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Chapter 1

Introduction et résumé des
contributions (Francais)

L’objet de cette thése est d’étendre les modéles de grandes déformations en imagerie
médicale via des structures sous-Riemanniennes sur des groupes de dimension infinie.

On commence par une bréve introduction du domaine, en particulier de ’analyse des
espaces de formes, et de la formalisation géométrique des différents problémes de recalage
difféomorphique.

Analyse de formes en anatomie computationnelle

En quelques décennies, l'imagerie médicale a révolutionné le diagnostic et la prise en
charge des pathologies dans tous les secteurs de la santé. Dans ces diverses modalités,
elle a par exemple permis d’accéder a une information plus précise, notamment des tissus
en 3D ou de données de transcriptomique spatiale. De par I’émergence de ces nouvelles
techniques et technologies d’acquisition de données toujours plus performantes, I'analyse
de formes a ainsi connu un large développement ces derniéres années. En effet ’enjeu
est d’obtenir une interprétation automatique de ces données d’imagerie, qui peuvent se
présenter sous forme d’images (via des IRM par exemple), de courbes, surfaces, de nuages
de points, etc.

L’idée est que la complexité apparente de ces données, leur nombre toujours croissant
ne permet pas forcément une analyse totale visuelle par un observateur humain. Il s’agit
alors de donner un cadre géométrique afin de permettre I’analyse statistique de ces images
et données.

Pour formaliser ce probléme, on définit tout d’abord un espace de formes Q sur
lequel on pourra travailler. Il s’agit en général d’une variété différentielle, souvent de
dimension infinie permettant d’encoder toute la complexité géométrique des données.
L’idée est alors de définir sur cet espace des métriques ou des problémes variationnels
permettant de comparer les formes, et de développer des outils statistiques dessus. Une
premiére approche ayant donné lieu a une riche littérature consiste a définir des structures
Riemanniennes intrinséques sur ces espaces [68] 69 [15] [14].

Dans cette thése, on se placera plutdt sur une approche initiée par d’Arcy Thompson
[92] qui consiste & comprendre les différences entre les formes via des déformations am-
biantes les transformant. Cette idée a donné lieu a de nombreuses méthodes étudiant les
espaces de formes a travers des actions de groupes de déformations [23] [30} 05, ©3]. En
particulier les travaux [23| B0] introduisent des déformations engendrées par un groupe de



difféomorphismes. Ces difféomorphismes sont en fait générés par des champs de vecteurs
vy en résolvant I'équation différentielle

gbt:’utogpt. (11)

Il s’agit alors simplement de ne pas manipuler directement ces déformations, mais plutot
les champs de vecteurs modélisant des déplacements infinitésimaux. Les problémes vari-
ationnels sur 'espace de formes O sont alors déduits de problémes variationnels sur les
champs de vecteurs engendrant les déformations. En particulier, on présente le formal-
isme LDDMM (Large deformation diffeomorphic metric mapping) introduit par exemple
dans [95, 93], 17, 22].

Le formalisme LDDMM

Le probléme d’appariement d’images

Voyons, sans rentrer dans les détails techniques, comment on peut obtenir le cadre de
LDDMM, qui sera le cadre principal de cette thése a partir d'un exemple d’appariement
d’images. Le probléme est le suivant : étant données deux images, une source Ig : R? —
R? et une cible I : RY — R? I'objectif est de trouver un difféomorphisme ¢ : R¢ — R?
envoyant la source sur la cible :

Isop ™t =1Ip (1.2)

On voit alors déja ici apparaitre une action d’un groupe de déformations Defo(RY) = {¢ :
R? — R | ¢ inversible} sur I'espace des images Z. Bien évidemment, ce probléme posé
ainsi est trés difficile, et il n’est pas forcément souhaitable de matcher exactement Ig et
I en particulier en présence de bruit. Une premiére relaxation est alors de considérer un
terme de dissimilarité sur l'espace des images D : Z? — R et de minimiser

inf D(Igo ', Ir). (1.3)
%)

Ce nouveau probléme d’appariement glouton et déja bien étudié [29] est encore limité,
notamment car les déformations obtenues manquent de régularité et peuvent donner lieu
a des transformations non réalistes. Pour gérer ce probléme on peut alors rajouter un
cotit sur le groupe des déformations et étudier

inf dpig(id, p) + D(Is 0 ', I7) (1.4)
%]

avec dp;g une distance sur I'espace des difféeomorphismes. En reprenant 1'idée fondamen-
tale [95, 93] que l'on peut construire ces difféomorphismes en intégrant des champs de
vecteurs via 'équation ((1.1)) on peut définir le nouveau probléme d’appariement :

1 1
lnf§/ |vt|%/dt+D(ISO ((p’l}t)—lle) (15)
n 0

otl |-]y est une norme pré-Hilbertienne sur un espace de champs de vecteurs V C I'(R9).
Plusieurs choix pour 'espace V' et son produit scalaire sont alors possibles, engendrant
une structure invariante a droite sur le groupe des difféomorphismes Diff (R?).

Par exemple, les structures Riemanniennes invariantes a droite sur le groupe des
difféomorphismes ont été particulierement étudiées dans la littérature, notamment de



par les connexions avec la dynamique des fluides et la mécanique géométrique [10, B2,
49, 20], [75, 56]. Dans ces approches, on considére des groupes de difféomorphismes lisses
avec certaines contraintes de régularité au bord (par exemple a support compact, ou de
régularité Sobolev), et les métriques Riemanniennes sont alors faibles (dans le sens ou la
topologie induite par la métrique est plus faible que la topologie originale du groupe de
diffeomorphismes, voir par exemple [14]).

Une autre approche donnant lieu aussi a des structures invariantes a droite serait
de considérer un sous-espace de champs de vecteurs générés par un noyau reproduisant
[40, B9]. L’intérét est qu'un tel noyau permet d’effectuer trés rapidement de nombreux
calculs liés & la minimisation du probléme (L.5). La structure obtenue ainsi n’est cepen-
dant pas Riemannienne mais sous-Riemannienne telle que décrite dans [8,[5]. Les auteurs
présentent alors dans ces travaux une généralisation de la géométrie sous-Riemannienne
(cf. |73]) et ses outils a la dimension infinie et en particulier au groupe des difféomor-
phismes, permettant une description géométrique des méthodes LDDMM. Cette thése se
place dans la continuité de ce cadre. On résume dans la section suivante les principaux
résultats obtenus pour ces structures invariantes a droite sur les groupes des difféomor-
phismes.

Formalisation géométrique par les structures sous-Riemanniennes

Soit M une variété différentielle de dimension finie, & géométrie bornée (par exemple
M =R%). Soit s > d/2+1, notons H*(M, M) I'espace des applications de régularité H® de
M (cf. par exemple [32], 33, 80]) et définissons suivant [§] le groupe des difféomorphismes
de régularité Sobolev :

Diff ;y: (M) = Diffca (M) 0 H* (M, M)

Il est déja bien connu que Diff s (M) est une variété de Hilbert et un groupe topologique
[53], et on a de plus

ot I'ys (T M) est 'ensemble des champs de vecteurs sur M de régularité H®.

Dans [§], les auteurs construisent alors des structures sous-Riemanniennes fortes in-
variantes & droite comme des triplets (Diff (M), V, (-,-)v), avec (V,(-,-)y) un espace
de Hilbert (par exemple un RKHS) inclus contintiment dans I'ys(T'M). Cela permet de
définir alors un sous-fibré H C T Diff g« (M) du fibré tangent par composition a droite

H, =V op CT,Diff (M)
ainsi qu’une métrique Riemannienne forte sur ce sous-fibré
(vop,vop), = (v,v)y, Ve e Diffy(M), vopeH,

La difficulté principale, par rapport a la géométrie Riemannienne plus classique, est que
I'on doit maintenant se restreindre a des courbes dans Diff (M) dont la dérivée tem-
porelle appartient a un sous-fibré du fibré tangent. Se posent alors les questions usuelles
de controlabilité (exacte ou approchée), ainsi que des différents résultats de complétude
(métrique, géodésique, existence de solutions a I'équation des géodésiques) qui sont dé-
montrés dans [§].



Dés lors, en supposant maintenant que ce groupe de difféomorphismes agit sur I’espace
des formes Q, sous de bonnes conditions de régularité [6, 9], on peut de méme induire
une structure sous-Riemannienne sur Q et établir une formulation géométrique du prob-
léme de minimisation . En particulier, ces approches permettent des résultats de
caractérisation des minimiseurs et points critiques de (|1.5).

Vers une extension de LDDMM

Bien que le formalisme présenté précédemment permette d’obtenir des déformations riches
et ainsi résoudre de nombreux problémes de recalage, quelques extensions ont été dévelop-
pées afin d’obtenir des problémes plus complexes et des appariements plus précis. En par-
ticulier, le formalisme des métamorphoses [94, 0] pour appariement d’images rajoute
un terme d’ajout d’intensité dans la déformation, permettant un recalage entre images
ayant des différences de topologie [35, 6I]. Le groupe de déformations alors considéré
est maintenant un produit semi-direct du groupe des difféomorphismes avec un espace
fonctionnel modélisant les ajouts d’intensité, sur lequel on définit aussi une métrique
sous-Riemannienne.

Plus récemment des approches multi-échelles ont aussi été développées afin d’obtenir
des recalages avec plusieurs degrés de précision simultanément [I8, 84, 89, [71]. Ces
méthodes considérent un espace a noyau reproduisant généré par une somme de noyaux,
chaque noyau représentant une échelle différente. On peut alors réécrire le probléme de
recalage en utilisant ’action d’un produit de groupes de difféomorphismes sur ’espace
des formes, chaque difféeomorphisme étant associé a un noyau et agissant a une échelle
précise. Poursuivant cette idée, dans [71] les auteurs considérent que ’espace de formes
peut aussi s’écrire comme un produit de variétés, permettant d’écrire une forme sous ces
différentes échelles. Les auteurs introduisent alors une stratégie de recalage du grossier
au fin "coarse-to-fine", avec des interactions entre les échelles.

Ces différents nouveaux problémes indiquent alors bien que le cadre LDDMM de
recalage via 'action d’un seul groupe de difféomorphismes est limité, et on se propose
dans cette theése de généraliser et étendre cette approche & des groupes de dimension
infinie en général.

Les groupes de Lie en dimension infinie

Rentrons un peu plus dans le vif du sujet et évoquons le sujet des groupes de Lie en
dimension infinie. Comme nous ’avons évoqué précédemment, c’est un sujet riche et
ayant donné lieu & une vaste littérature notamment de par son application a la physique
et en particulier & la dynamique des fluides [10, [32]. Ceci a notamment permis de révéler
des phénoménes n’ayant lieu qu’en dimension infinie.

En particulier, il est souvent inévitable de sortir du cadre des espaces de Banach quand
on travaille avec les groupes de Lie en dimension infinie, notamment avec le théoréme

d’Omori :

Theorem 1.1 ([78]). Soit G un groupe de Lie-Banach conneze, et supposons que G
agit transitivement, fidélement et de maniére lisse sur une variété compacte. Alors G
est un groupe de Lie de dimension finie.

Or on a bien vu que le formalisme de grandes déformations formulé précédemment



pour I’étude des espaces de formes se base sur une action d’un groupe sur une variété.
Cela implique, si on veut travailler avec des groupes de Lie de considérer des espaces
fonctionnels de Fréchet (ou au-dela), ce qui peut poser des difficultés analytiques car
on ne dispose plus forcément des théorémes classiques de Cauchy-Lipschitz, d’inversion
locale, etc. (cf. par exemple [79] pour une étude de certains types de groupes de Lie en
dimension infinie).

Une autre possibilité, qui sera adoptée dans cette thése, est d’accepter de rester dans
un cadre de Banach mais de perdre la différentiabilité de la composition dans le groupe ou
de Iapplication inverse [63, [16]. En particulier, I'exemple du groupe des difféomorphismes
de régularité de Sobolev H*® n’est pas un groupe de Lie (et en général, les groupes de
diffeomorphismes avec une régularité finie ne sont de méme pas des groupes de Lie).

Résumé des contributions

L’objet de cette thése est donc d’étendre les résultats de géométrie sous-Riemannienne
invariante a droite sur les groupes des difféeomorphismes [§], & des groupes, et plus précisé-
ment des half-Lie groupes en dimension infinie. En particulier, on aimerait retrouver les
principaux résultats de complétude et pouvoir caractériser les géodésiques normales (cf.
[73]) via des équations Hamiltoniennes. De plus, on aimerait utiliser ces structures et les
induire sur les espaces de formes classiques (courbes, surfaces, images, landmarks) via des
actions de ces groupes, étendant alors le cadre défini en [5], 9, [6]. On peut ainsi explorer
de nouvelles applications et de nouveaux problémes de recalage, on pense notamment
aux méthodes multi-échelles.

Cette thése se concentre principalement sur les constructions théoriques et la com-
préhension géométrique des espaces de formes, et des actions que 'on peut y définir
dessus. Quelques exemples numériques, simples et minimalistes, sont proposés, afin de
mettre a l'épreuve ces modeéles. Cependant ce travail demeure presque exclusivement
dédié au développement d’outils et résultats théoriques. En particulier, des applications
numériques, notamment en imagerie médicale, nécessiteraient des approfondissements
supplémentaires, ainsi qu'un travail de modélisation et d’analyse plus poussé.

Ce manuscrit se découpe alors en trois parties, en allant du plus abstrait au plus
appliqué. Les chapitres |3| et 4] présentent de maniére générale le calcul différentiel et
intégral sur les espaces et variétés de Banach, introduisant les principaux outils néces-
saires avant d’étudier les structures sous-Riemanniennes. En particulier on y introduit la
notion d’half-Lie groups, qui seront les objets principaux dans ce manuscrit. Ensuite les
chapitres [f et [6] introduisent et étudient les structures sous-Riemanniennes fortes invari-
antes a droite sur ces groupes ainsi que celles induites sur les espaces de formes. Enfin
dans les chapitres [7], [§ et [0} on étudie quelques applications au recalage multi-échelle et
a des transports anisotropiques. C’est en particulier dans ces chapitres que 1’on intro-
duira les exemples usuels d’espaces de formes (courbes, landmarks, images) ainsi que des
expériences numériques.

Nous présentons dans les prochaines sections les principales notions et les principaux
résultats de cette thése.

Courbes absolument continues

Afin d’étudier des structures sous-Riemanniennes et les différents problémes de contréle
optimal, il est nécessaire d’avoir un bon cadre pour étudier des équations différentielles



ordinaires dans les variétés de Banach et d’introduire les bons espaces de courbes. On
présente ici un résultat du chapitre |3| (section .

On considére ici les équations différentielles au sens de Carathéodory [27, O8], et on
intégre alors sur des variétés des équations avec une régularité en temps LP, avec p > 1.
Pour cela, on se place dans le cadre des courbes absolument continues tel que défini par
Glockner [41], que I'on résume rapidement. Soit M une variété lisse modelée sur un espace
de Banach B, et I C R un intervalle compact de R. L’espace des courbes LP absolument
continues ACy» (I, M) est défini comme I'ensemble des courbes continues n : I — M telles
que pour toute carte locale (U, ) de M, et tout a < b € I avec n([a,b]) C U, alors la
courbe p on : [a,b] — B est absolument continue dans B, i.e.

Vt € [a,b], pon(t) =pon(a) —i—/ v(s)ds

avec v € LP([a,b],B). On peut alors construire une structure différentielle sur 'espace
ACp»(I, M), ce qui est essentiel pour ensuite étudier les structures sous-Riemanniennes
plus tard:

Theorem 1.2. On obtient la structure différentielle suivante sur ACr»(I, M)
1. L’espace ACr»(I, M) est une variété de Banach

2. Pourt € I, l’évaluation

ov .{ACLP(I,M) — M
b n — n(t)

est lisse.

3. Le fibré vectoriel AC»(I,TM) — ACr»(I, M) définit le fibré tangent. Pour
n € AC (I, M), on a alors

TUACLP(I, M) = ACLP([ — n*M)
ou ACLP(I — 77*M) = {’)/ S ACLP([,TM), ’y(t) S Tn(t)M7 vVt € [}

Remark 1.3. Un récent travail de Pinaud [83] propose aussi une structure différentielle
pour lespace ACr» (1, M), en supposant l'existence d’une addition locale, et en général-
1sant aux variétés M modelées sur des espaces localement convexes. La structure différen-
tielle obtenue est alors équivalente a la structure développée dans cette thése.

Half-Lie groups (groupes de type demi-Lie)

On présente ici les résultats principaux du chapitre [d], que I'on peut retrouver notamment
dans [82], €1].

On introduit la notion d’half-Lie groups modelés sur des espaces de Banach tels que
définis dans [63], [16] :

Definition 1.4. Un half-Lie group de Banach est un groupe topologique muni dune
structure différentielle lisse Banachique, telle que la multiplication a droite Ry : G —
G, g — gg' est lisse pour tout ¢’ € G.



Remark 1.5. L’auteur de la thése ne connait pas le vocabulaire francais désignant les
"half-Lie groups”. On propose ici, dans cette introduction en francais, la terminologie de
"groupe de type demi-Lie" (et non demi-groupe de Lie qui pourrait entrainer des confu-
sions avec la théorie des semi-groupes.)

On note alors que sur ces groupes la multiplication & gauche est seulement continue, et
de nombreux outils usuels de la théorie des groupes de Lie (I'application exponentielle, le
crochet de Lie, etc.) ne peuvent étre importés directement. Pour remédier & ce manque
de régularité, on étudie, de maniére analogue a [79, [16] des familles d’half-Lie groups
{G* k > 1} vérifiant certaines propriétés de régularité :

(G.1) G**! est un sous-groupe de G* avec inclusion lisse
(G.2) Pour tout [ > 0, I'application inverse inv : GF*' — G* est C'.
(G.3) Pour tout [ > 0, la multiplication
GHlx Gk — GF
¢9) r— gy
est C!' et C* par rapport a la premiére variable ¢’, pour ¢ fixé.

(G.4) Pour tout [ > 0, la multiplication infinitésimale a droite

GF x T.GF! — TGk
(g, u) = u-g= ag’ (g/g)\g’:e(u) = TeRg<u) € TgGk

est C!, et C™ par rapport a la premiére variable.

(G.5) La multiplication infinitésimale & gauche

Gl x T.GF¥ — TGF
<g7u> — TeLg(u)

est un morphisme de fibrés vectoriels C*.

En particulier a partir de ces hypothéses, on peut définir des équivalents des représen-
tations adjointes et du crochet de Lie

[ e s TGP x T,GM — T,G*.

On observe d’ailleurs une perte de régularité pour ces crochets : I'espace T,G**! n’est
pas stable par [-, -].

Régularité LP

Une des premiére questions que 1’on se pose ensuite concerne la régularité des groupes
de type demi-Lie, & savoir la possibilité d’intégrer des courbes de 'espace tangent en
Iidentité en des courbes sur tout le groupe. C’est essentiel pour pouvoir faire le lien
entre le point de vue Eulérien et Lagrangien dans les futurs problémes variationnels,
notamment lorsque ’on introduit des problémes invariants a droite. En particulier, dans
[16], les auteurs montrent sous certaines hypothéses la régularité C>° de ces groupes, au
sens oll on peut intégrer des courbes lisses en temps de I'espace tangent en I'identité.



On généralise dans cette these ces résultats aux courbes L” en temps:

Proposition 1.6. Soit {G*, k > 0} une famille de groupes de type demi-Lie vérifiant
les propriétés (G.1-5), k > 0, et I C R un intervalle et ty € 1. Pour tout u €
LP(I, T.G*Y) équation différentielle

{ g(t) = u(t) - g(t) = TeRyp) (u(t)) (1.6)
Jtg = €

admet une unique solution globale (i.e. définie sur I) g € ACL»(I,GF).
De plus, si u € LP(I,T,G*™"), avec n > 1, alors pour tout t € I, la translation a
gauche Ly Gk — G* est O™,

En particulier on peut alors définir I'application d’évolution
Evol : LP(I, T.G*) — ACp»(I,G*)

en résolvant pour tout u € LP(I,T,G*), 'équation (1.6]). Il est ensuite naturel d’étudier
la régularité de cette application, et on démontre la proposition suivante

Proposition 1.7. Soit I un intervalle compact de R.

1. La restriction de [application d’évolution Evolge : LP(I,T,GF1H) —
ACL»(I,G*), avec 1 > 0 est C'.

2. Pour tout uw,du € LP(I,T,G*H) la différentielle 6g = T, Evolgk(du) €
ACro(I + g*TG*) est l'unique solution du probléeme de Cauchy linéaire suiv-
ant

0g(t) = ag<TeRgu<t))lg=g(t)5g(t) + aU(TeRg(t)u)|U=u(t)5u(t)> 6g(0) =0 (1.7)

ot g(t) = Evolge (u)(t).

Structures de Poisson et réduction de Lie-Poisson

Les structures sous-Riemanniennes (que l'on introduira par la suite) sur les groupes de
type demi-Lie font intervenir des formulations Hamiltoniennes pour la caractérisation
des géodésiques. De plus si on suppose ces structures invariantes a droite, on obtient des
Hamiltoniens H : TG — R invariant & droite sur le cotangent, c’est & dire vérifiant

HoT*R,=H

Ces propriétés d’'invariance permettent d’obtenir des réductions de la dynamique. On
fait alors le lien avec la géométrie de Poisson, en dotant en particulier I’espace tangent a
I'identité d’un équivalent du crochet de Lie-Poisson.

Ces phénomeénes ont été beaucoup étudiés ([65] par exemple) pour des Hamiltoniens
invariants & droite sur des groupes de Lie en dimension finie, donnant alors les théorémes
standards de réduction de Lie-Poisson et d’Euler-Poincaré (cf. aussi [64]). Dans le cas
de la dimension infinie, les résultats nécessitent un peu plus de travail car il devient
notamment plus difficile de définir des structures de Poisson, les espaces n’étant pas
réflexifs entrainant des formes symplectiques et des crochets de Poisson au sens faible



[76, [77, 43]. On définit par exemple une structure de Poisson faible associée a la variété
symplectique faible (7*G,w) comme un couple (AF..,{-,  }o) ot AF., est une sous-
algebre de C*(T*@) définie par

AF.. = {H € C*(T"G) | H admet un gradient symplectique}.
et {-, -} est le crochet de Poisson usuel associé a la forme symplectique w :
{H, F} = w(XF,XH)

pour tout H, F' € AF.., avec Xy et Xp leurs gradients symplectiques.

Un autre probléme ici est que I'espace tangent en 'identité n’est pas une algeébre de Lie
comme on I’a vu : on perd un degré de régularité sur les groupes de type demi-Lie quand
on applique le crochet de Lie [-,-]. On ne peut donc pas définir comme habituellement
le crochet de Lie-Poisson sur le dual de 7*G. On peut cependant, comme pour le crochet
de Lie, autoriser des pertes de régularité et obtenir des algébres de Poisson non stables
pour le crochet. On définit ainsi

Al ={H € C(T*G) | H admet un gradient symplectique}

et
Apsqr = {h € C*(T;G") | dh € C™(T; G T.G")}

ainsi que le crochet de Poisson sur Agps i
vm € T;G', {h, f}(m) = (m | [dh(m), df (m)];)

permettant d’obtenir un élément de Ap-¢i. L'introduction de I'application moment m! =
T*G — TG : (g9,p) — T, «Ryp nous permet de retrouver un analogue de la réduction de
Lie-Poisson:

Proposition 1.8. On a les points suivants :
1. {Al]j;lc’ Aljth w C AlT*G et {ATQ‘G’Z“'laATE*GZ'*‘l }+ C AT(;‘GZ'
2. Lapplication m! est C'=1 et (m!)* Ap-cn C Al

3. On a
Vh, f € Apsci, {h, f}+ om! = {hom!, fom'},. (1.8)

De plus, dans le cadre des Hamiltoniens invariants & droite, ce premier résultat permet

de faire le lien entre la dynamique Hamiltonienne dans le cotangent du groupe TG et la
dynamique associée au crochet de Poisson dans TG

Proposition 1.9. Soit f € Ap-qi1, et définissons le champs de vecteurs lisse Xf €
C=(TrG', TG par
xl oy I T
Vm e T)G', Xy;(m) = adggoir. | (m)

Alors, pour tout h € Apsci+1, on a

Vim € TG, {h, f}+(m) = Ly him)



Remark 1.10. Ces résultats sont aussi des analogues pour la géométrie Hamiltonienne
des résultats "no loss, no gain" d’Ebin et Marsden [32] sur les sprays invariants a droite,
venant en particulier de structures Riemanniennes invariantes a droite.

Géométrie sous-Riemannienne invariante a droite forte et appli-
cations aux espaces de formes

On peut étudier ensuite avec I'introduction de tous ces outils les géométries sous-Riemanniennes
fortes et invariantes a droite sur les groupes de type demi-Lie. On résume ici les résultats
principaux démontrés en chapitres [f] et [0, que 'on peut retrouver en particulier dans

811, 82].

Structures sous-Riemanniennes sur les groupes de type demi-Lie

Soit {G*,k > 0} une famille de groupes de type demi-Lie vérifiant (G.1-5). Suivant le
formalisme de [7, 8], on introduit alors, pour V' C T.G un espace de Hilbert, la structure
sous-Riemannienne associée comme le triplet (G x VTR, (-,-)}y) ot (-, -)y est le produit
scalaire sur V et T,R la dérivée de la multiplication a droite donnant un morphisme de
fibrés vectoriels

T.R,: G xV = TG.

On peut notamment rappeler le vocabulaire associé & ces structures. On considére les
courbes horizontales g : I — G qui sont les courbes absolument continues dans G telles
qu’il existe un lift u(t) € LP(1,V) tel que

9(t) = TeRygyu(t).

On peut ensuite définir, en utilisant la norme sur V', la longueur et I’énergie pour un tel
systéme (g, u):

Lig,u) = / utlvdt et Bl = / u(t)[d.

Ainsi, on munit G d’un structure métrique pour la distance sous-Riemannienne suiv-
ante

dv(go, g1) = inf{L(g,u) | (g,u) est un systéme horizontal L' d’extrémités gy et g }.
Les principales propriétés de cette distance sont résumées dans la proposition suivante :

Theorem 1.11. La distance sous-Riemannienne dy est une vraie distance, invariante
a droite, et la topologie induite par cette distance est plus fine que la topologie intrin-
seque sur G. De plus lespace (G, dy) est complet, et s’il existe une topologie Hausdorff
sur G telle que Uapplication finale End : L*(I1,V) — G, u — Evol(u)(1) soit faiblement
continue, alors toute paire de points go, g1 € G a distance finie peut étre connectée par
une géodésique minimisante.

L’étape suivante est alors de caractériser les points critiques de 1’énergie, afin de
pouvoir calculer la distance sous-Riemannienne, et a terme résoudre en particulier le
probléme (L.5]). En dimension infinie, il existe trois types de géodésiques [7], notamment
a cause de 'absence de surjectivité de ’application point final End (voir par exemple [73]).
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On se concentrera ici seulement sur les géodésiques sous-Riemanniennes normales qui sont
les courbes horizontales absolument continues g; telles qu’il existe des multiplicateurs de
Lagrange (), p) € R x T G, avec \ # 0 vérifiant

ME(u) +dEnd(u)'p=0

On verra en particulier que ces géodésiques sont liées aux problémes de recalage inex-
act que l'on introduira par la suite. Pour ces géodésiques, il existe alors une carac-
térisation Hamiltonienne. En effet, on définit ’'Hamiltonien associé a la structure sous-
Riemannienne

1 *
H(g.p) = 5|KvTeRply,

ou Ky : V* — V est 'inverse de l'isométrie de Riesz, et on remarque ici les courbes
horizontales vérifiant sont exactement les flots de ce Hamiltonien. On obtient ensuite
un résultat d’existence globale du flot Hamiltonien sous certaines conditions:

Proposition 1.12. On suppose que l’espace de Hilbert V' est contintiment inclus dans
T.G?. Alors, pour tout p € T*G covecteur initial, il existe une unique courbe globale
(g1, p¢) € AC2(I,T*G) satisfaisant les équations géodésiques normales:

(9, P¢) = VH(ge, ) (90, P0) = (€c, D) (1.9)

Notons de plus que le Hamiltonien H défini est invariant pour ’action a droite sur
le cotangent TG, et en particulier la discussion précédente sur la réduction de Poisson
s’applique. On obtient alors une nouvelle caractérisation de ces géodésiques par une
nouvelle équation sur le dual TG. En effet, on peut définir pour toute courbe (g;,p;) €
AC;2(1,T*G) le moment associé

my = TeR;tpt~
Dans le cas de géodésiques normales, ce moment satisfait alors ’équation d’Euler-Arnold-
Poincaré (sous-Riemannienne) :

Theorem 1.13. On suppose que V — T.G?. Soit g € AC2(I,G) une courbe horizon-
tale, avec uy = Gig; = (T.Ry,) ‘¢ la vitesse Eulerienne. Alors, g; est une géodésique
normale si et seulement s’il existe un moment my € C(I, T;G") N CHI, TrG?), avec
K'my = wuy et qui satisfait l'équation d’Euler-Arnold-Poincaré sous-Riemannienne
(dans T*G') :

my + ady, m; = 0. (1.10)

Dans ce cas, le covecteur p(t) = (T.R;,)"'m(t) définit une courbe dans le cotangent

(9,p) € AC2(I,T*QG) solution du flot Hamiltonien normal (1.9)).

L’équation (|1.10) est notamment bien connue dans le cadre de la géométrie sous-
Riemannienne sur les groupes des difféomorphismes [§, 50] sous le nom d’EPdiff, et son
équivalent dans l'algebre de Lie T,G a été tout particuliérement étudié (d’abord dans [32])
notamment en raison de son lien avec les métriques Riemannienne invariantes a droite et
les applications a la dynamique des fluides [32} 65], 20, [75].

Espaces de formes

On peut maintenant revenir & ’analyse des espaces de formes et utiliser ces métriques
sous-Riemanniennes afin de définir les différents problémes de recalage. On considére,
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étendant le cadre de [0], un espace de formes Q, vu comme une variété différentielle de
Banach sur laquelle agit une famille de groupes de type demi-Lie {G*, k > 0} vérifiant
(G.1-5), en supposant en plus les conditions de régularité suivantes :

(S.1) Continuité de l’action : L’action A : (g,q) — ¢ - q est continue

(S.2) Action infinitésimale : Pour tout ¢ € Q, 'application A, = A(-,q) : g — g - q est
C, et on note &, = &(+,q) = 0,A(g, q)|,=. sa différentielle en eg.

(S.3) Régularité de l’action : Pour tout [ > 0, les applications

A.{G’“xQ—>Q of é_'{TeG’“><Q—>TQ
(99 — g-q ' (u, q) = &u)=u-q

sont C*.

Ces hypotheéses sont des conditions assez naturelles pour induire une structure sous-
Riemannienne sur Q, et permet donc I’étude de nouveaux problémes sur les espaces de
formes avec des groupes de déformations diverses.

En effet, si V' C T.G est un espace de Hilbert, on en déduit une structure sous-
Riemannienne (Q x V,&, (-,-)y). Les courbes horizontales ¢ € ACL»(I, Q) pour cette
structure sont alors les solutions de

Qt - gth Ut

ou u, € LP(1,V) et se relévent en des géodésiques horizontales sur le groupe : ¢ = ¢; - ¢
avec g; = Evol(u;). On peut définir comme précédemment la longueur, I’énergie et la dis-
tance sous-Riemannienne dg, de telle sorte que (Q, dg) soit un espace métrique complet.
De plus les géodésiques normales pour cette structure seront alors le flot Hamiltonien
donné par

1 *
H(q,p) = 51KvEply

On voit ici apparaitre de nouveau la variable moment mg(q,p) = §p € T7G et on
retrouve notamment que cette variable vérifie I’équation d’Euler-Arnold-Poincaré. Cela
permet de faire I’équivalence entre les géodésiques normales dans Q et celles dans G.

Theorem 1.14. Soit ¢ € ACL2(I,TQ) une courbe horizontale in Q, et soit g €
AC12(1,TG) son relevement minimal. Alors, q; est une géodésique normale si et seule-
ment si g; est une géodésique normale dans G.

De plus, sit — (g, p") et t — (qi, p2) sont solutions des équations normales, avec la
condition initiale

ma(go, p5) = ma(qo, p§) (1.11)

alors les moments sont égaux en tout temps :

vVt € -[7 mQ(Qtath) - mG(.gtaptG)'

Probléme inexact

On peut ensuite introduire une fonctionnelle J : L*(I,V) — R que I'on veut optimiser
pour le recalage inexact, suivant I'exemple de [1.5] en ajoutant un terme d’attache aux
données D: O — R :

J(u) = E(u) + D(End(u) - ¢gs),
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ol ¢s est une forme source que 'on veut recaler & une cible. On démontre alors que les
points critiques de cette fonctionnelle sont des géodésiques normales pour la structure
sous-Riemannienne introduite.

Applications aux espaces des formes

On propose dans les chapitres et [9) quelques applications aux espaces de formes de ces
nouveaux outils. Le chapitre[7] dont la premiére partie provient d’un travail avec un autre
étudiant de thése Rayane Mouhli [74], propose des approches multi-échelle via actions
de produits de groupes sur les espaces de formes. Le chapitre [§] continue cette idée en
proposant en plus de rajouter aux formes une information d’anisotropie encodée par une
matrice symétrique définie positive, que l'on transporte également. On construit alors des
structures sous-Riemanniennes dépendantes de cette matrice, et on sort alors du cadre
invariant & droite (bien que ces structures restent invariantes par l'action du groupe des
diffeomorphismes). Enfin le chapitre @] provient d’un travail en cours, et propose un cadre
d’exploration pour étudier des phénoménes d’anisotropie. On introduit alors le groupe
des automorphismes du fibré tangent d’une variété compacte M, et son action naturelle
par pousser en avant sur I'espace des métriques Riemanniennes de M. On développe alors
le cadre différentiel et les propriétés de régularité de ces actions dans le but de pouvoir
écrire par la suite des problémes variationnels dessus.

Recalage multi-échelle

On commence par étendre le cadre LDDMM et de la minimisation du probléme [1.5] en
rajoutant un terme venant de l'action d’un groupe de Lie G de dimension finie :

1
1 1
inf ~ J(X,0)= [ SIX[;+ Sl dt+D 1.12
(X,U)EL%{l[O,ngxV) ( 7U) /0' 2| t|9 + 2|Ut|V + (g17QI) ( )
g = tht
s.t G = X¢ @+ v qy

(90, q0) = (ec, gs)

avec g 'algébre de Lie de G, et |-|; une norme euclidienne. On pense notamment pour G
a l'introduction des rotations, translations ou changements d’échelle dans la déformation
afin d’offrir un recalage plus précis avec deux échelles. En particulier, on démontre, en
adaptant une construction de [I8], que 'on peut construire un half-Lie group adapté au
probléme en définissant un produit semi-direct

G x Diff o (RY).

On peut alors se placer dans le cadre de la géométrie sous-Riemannienne invariante a
droite sur des half-Lie groups. L’enjeu est alors aussi de découpler les actions du groupe
G et du groupe des difféeomorphismes, ce qui peut étre possible en utilisant des pro-
priétés d’invariance de la norme |-|y. On propose quelques applications pour un recalage
combinant déformations rigides et non rigides.

On poursuit cette idée d’utiliser plusieurs groupes de déformations pour introduire un
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probléme variationnel multi-échelles, suivant [71] :

inf J(v!, .. 0! Z/W\ dt +D(¢1 - q) (1.13)

vl ol
Yo = id
s.t . L
{ P = (21:1 Ul) O Pt
ou les espaces Vj, 1 < L sont des espaces de Hilbert tels que

Vo = Vi ... =V, — CERY RY)

permettant de modéliser chaque échelle. Ces espaces de Hilbert permettent de se ramener
encore une fois a une structure sous-Riemannienne invariante a droite sur le groupe

produit
[ Diff e (R?)

<L

permettant de définir des schémas de minimisation "coarse-to-fine".

Noyaux anisotropes

Dans le cadre du probléme (1.12)), on peut utiliser pour V' un espace a noyau reproduisant
généré par un noyau Gaussien

1
Fo(w,y) = exp(—g—5le —yI)
avec 0 > (0. Dans certains problémes de minimisation, on peut vouloir rajouter une
information d’anisotropie et remplacer o par une matrice symétrique définie positive
¥ € SI*. En particulier, en appliquant une rotation ou un scaling aux formes, on est
amené a transporter cette métrique > pendant la dynamique afin que cette anisotropie
suive la forme. On en revient & définir un nouveau probléme variationnel (que l'on
simplifie & une action des rotations et des difféomorphismes ici) :

inf J(Anu) = / A + w2, dt+D(Ry, 51, 1)
(At,ut)GLQ([O,l],V)

(1.14)
q = Ao g+ u(qr)
s.t 2t = Atzt — ZtAt
Rt = Ath

On perd ici I'invariance a droite pour la structure sous-Riemannienne qui dépend main-
tenant de la métrique X; non constante.

Anisotropie et transport de métriques

Enfin, le chapitre [9] correspond a un travail en cours, et propose un cadre différen-
tiel pour explorer le transport de métriques sur une variété, permettant une nouvelle
fois de rajouter des informations d’anisotropie. Supposons que ’espace ambiant est
une variété compacte M munie d’'une métrique Riemannienne ¢. On introduit alors
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I'espace des métriques Riemanniennes Metqx (M), permettant d’encoder les informations
d’anisotropie via des métriques sur M que I'on compare & la métrique ambiante g™. Le
groupe des automorphismes du fibré tangent Autex (7T'M) agit naturellement sur Iespace
des métriques via pousser en avant. On démontre en particulier que Autgr(7TM) est un
Banach half-Lie group, ainsi que quelques propriétés de régularité de I'action.

Afin de seulement transporter les caractéristiques anisotropes, on se restreint en fait
au sous-groupe des automorphismes préservant la métrique g™

Autcr i (TM) = {¥ € Auten(TM) | W™ = g™}

On établit ainsi un cadre différentiel afin d’explorer les questions de transport des métriques
et d’anisotropie, dans le contexte de 'analyse des formes. On introduit par exemple un
probléme variationnel d’appariemment de métrique basé sur les modeéles de grandes dé-
formations

1 1
inf J(u) = dt +D 1.15
werromrourary 2/0 e(ge, us) dt +Dlg) (1.15)
Oig(t) = =Vung(t) — Aywg(t)
tel que
4 { 9(0) =Js

avec gs une métrique source, A,g la partie anti-symmétrique de V, appliquée a g, et
c(g,u) = [, tr(g7'(Sug)g~ " (Sug)) Vol(g) la métrique d’Ebin [31]. On propose quelques
exemples numériques pour ce probléme variationnel.
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The aim of this thesis is to extend large deformation models in medical imaging, by
using sub-Riemannian structures on general infinite-dimensional groups. We begin with
a brief overview of the field, with particular attention to shape analysis and the geometric
formulation of diffeomorphic registration problems.

2.1 Shape analysis in computational anatomy

Over the past few decades, medical imaging has revolutionized the diagnosis of diseases.
Through its diverse modalities, it has enabled precise access to information, for example
of 3D tissues or through the acquisition of spatial transcriptomic data. The emergence
of these new and more sophisticated data acquisition technologies has in turn driven
significant progress in shape analysis. Indeed, the automatic interpretation of this imaging
data and the development of new methods has become a major challenge.

Yet, the apparent complexity and ever-growing quantity of such data, which may
take the form of images, surfaces, point clouds, etc., makes it pretty difficult for a human
observer to perform a purely visual analysis. Therefore one of the goals of shape analysis
is to establish a mathematical framework that enables the statistical analysis of these
images and data.

To formalize this problem, we first define a shape space Q@ on which computations
will be carried out. This space is typically a differentiable manifold, and often infinite
dimensional, allowing to encode the full geometric complexity of the data. The idea is
then to define on this space suitable metrics or variational problems to compare shapes.
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A first approach consists in defining intrinsic Riemannian structures on these spaces and
has led to a rich literature |68, [69] 15, [14].

In this thesis, however, we adopt another approach, originating from d’Arcy Thomp-
son [92], which tries to understand differences between shapes through ambient deforma-
tions transforming them. This idea has given rise to numerous approaches studying shape
spaces through the action of deformation groups [23, [30, 95, 93]. In particular, works as
[23, 130] introduce deformations generated by diffeomorphisms. These diffeomorphisms
are in fact generated by time-dependent vector fields through the ordinary differential
equation

Dy = Vg O ;. (2.1)

Therefore, rather than directly manipulating these deformations, we instead work with
the vector fields, that can be thought as the infinitesimal displacements. Variational
problems on the shape space Q can then be derived from variational problems defined on
the space of vector fields generating the deformations. In particular, the LDDMM (Large
Deformation Diffeomorphic Metric Mapping) framework, as introduced in [95], 03, 17, 22],
is an example of such method. We present this framework in the next section.

2.2 LDDMM framework

2.2.1 The problem of image matching

Let’s present heuristically a bit more this LDDMM setting, and we introduce an example
of image matching. Given a source image Is : R? — R” and a target image I, : R — R?,
the goal is to find the best deformation ¢ : R — R? deforming the source onto the target

Igo go_l =Ir (2.2)

The left-hand side of this equation can be seen here as the action of the deformation ¢ on
the image Ig. Obviously, this first problem is very hard, and it is actually not necessary
neither desirable to achieve an exact matching between the two images, particularly in
the presence of noise. We therefore want to relax by introducing a discrepancy term
D : 7? — R on the space of images Z. This leads to the minimization problem

11’lfD([S e} QD_l, [T) (23)
©

This problem has been refered in the the literature as "greedy matching" [23]. However,
the results produced are still not convincing, because the deformations obtained after
the optimization are highly non regular and lead to non realistic matching. To tackle
this new issue, we can then add a cost on the group of deformations, that penalizes non
regular deformations:

inf dpig (id, ) + D(Is 0 @1, I7) (2.4)
©
where dpg is a distance on the space of diffeomorphisms of R?. Using the idea [95] 03]

that diffeormophisms can be generated by integrating vector fields of R? with equation
(2.1), we can simplify the previous problem and define a new image matching problem:

1 1
inf 5 / ”Ut’%/dt + D([S o ((,Ovt)_la [T) (25)
VUt 0
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where |-|? is a pre-Hilbertian norm on a subspace V' of the space of vector fields T'(R?) of
R?. Several choices for the space V have been studied leading to right-invariant structures
on the group of diffeomorphisms Diff (R9).

For example, a vast amount of work has been dedicated to study right-invariant
Riemannian metrics on the group of diffeomorphisms, and their properties, particularly
because they appear naturally in mathematical fluid dynamics and geometric mechanics
(see for instance [10, 32 49, 20, [75, 56]). In these approaches, we consider groups of
smooth diffeomorphisms, with some regularity conditions at infinity, in order to model
these groups on functional spaces with good topological properties (cf. [70]). The Rie-
mannian metrics are then weak, in the sense that the topology induced by the Riemannian
structure is weaker than the intrinsic original topology of the diffeomorphism groups (see
[14] for examples of such metrics).

In this work we consider another approach, that also leads to right-invariant struc-
tures. We introduce a Hilbert space V' induced by a reproducible kernel |40 [39]. The
advantage of such a kernel is that it enables very efficient computations of many quan-
tities involved in the minimizing problem (L.5]). The resulting structure, however, is not
Riemannian but only sub-Riemannian as described in [§, 5]. This is due to the fact that
the group obtained by integrating the vector fields in V' does not carry in general a nat-
ural and usable differentiable structure. In [8 [5], authors expose a generalization to the
infinite dimension of sub-Riemannian geometry (cf. [73]), with particular applications on
the groups of diffeomorphisms. This allow a geometric description of LDDMM methods.
This thesis builds upon this framework. In the following section, we summarize the main
results obtained for these right-invariant structures on diffeomorphism groups.

2.2.2 Sub-Riemannian structures and geometric formulation

Let M be a finite dimensional manifold, with bounded geometry (for example M = R%).
Let s > d/2 + 1, and denote by H*(M, M) the space of H® mappings of M (see for
instance [32, 33], 0] for study of its differential structure). We then define the group of
Sobolev diffeomorphisms

Diff 7 (M) = Diffca (M) N H*(M, M)

It is a well-known fact that this group is a Hilbert manifold and a topological group [53].
Furthermore we also have

where I'ys (T'M) is the set of H® vector fields of M.

Following [8], we can define right-invariant strong sub-Riemannian structures on
Diff s (M) as triples (Diffgs(M),V, {(-,-)v), with (V,{-,-)v) a Hilbert space (for exam-
ple a RKHS) that is continuously embedded in I'ys(7'M). This structure is associated
with a vector bundle H C T Diff y« (M) given by

H, =V op CT,Diff (M)

and a strong metric on this bundle

(vop,vop), = (v,v)y, Ve e Diffy(M), vopeH,
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Compared to usual Riemannian geometry, the main difficulty is that we thus need to
restrict ourselves to curves in Diff s (M) with temporal derivative in this subbundle, or
equivalently with the Eulerian derivative belonging to V. This leads to several difficulties
and questions, such as controllability (exact or approximate), or results on the different
completeness properties (metric completeness, geodesic connectedness, existence of solu-
tions for the geodesic equations). A significant amount of work has been dedicated to
studying these theoretical properties, we refer to [ [7] for example.

Moreover, if we suppose now that the group of diffeomorphisms Diff zs(R?) acts on
a shape space Q, under some regularity conditions [0, 9], we can then induce these
sub-Riemannian structures on Q. This allows to establish geometric formulation of the
minimization problem . In particular, these approaches yield characterization results
for the minimizers and critical points of equation .

2.2.3 Extending the LDDMM framework

The formalism we presented above allows to obtain rich deformations and thereby solve
many registration problems. Several extensions have then been developed to address more
complex settings and achieve more accurate matchings. In particular, the metamorphosis
framework [94, 50] for image matching introduces an additional term accounting for
intensity variation within the deformation, thus enabling registration between images
that may differ in topology [35, 5I]. The deformation group considered in this case is
a semidirect product of the diffeomorphism group with a functional space modeling the
intensity changes, on which a sub-Riemannian metric is also defined.

More recently, some multiscale methods have also been developed in order to perform
registrations with several levels of accuracy simultaneously [I8] 84, 89, [7T]. In these
methods, we consider a RKHS generated by a sum of kernels, each kernel representing a
different scale. Building on this idea, in [71] the authors consider that the shape space
can also be expressed as a product of manifolds, allowing a shape to be represented at
multiple scales. They then introduce a coarse-to-fine registration method, incorporating
interactions between the different scales.

These various new problems thus highlight the limitations of the LDDMM framework
for registration, since it relies solely on the action of a single diffeomorphism group.
In this manuscript we aim to generalize and extend this framework to general infinite
dimensional groups.

Lie groups theory in infinite dimensions

Let us now delve more deeply into the topic of infinite dimensional groups. As mentioned
previously, it is a rich subject and has to led to a wide literature, particularly because
its numerous applications in physics and more specifically to geometric hydrodynamics
[10]. Notably, this vast work has revealed phenomena that can occur only in infinite
dimensions.

In particular, it is often necessary to consider topological vector spaces beyond the
Banach setting when working in infinite dimensional geometry and Lie groups theory.
We state as an example a theorem due to Omori [78].
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Theorem 2.1 ([78]). Let G be a a connected Banach—Lie group G acting effectively,
transitively and smoothly on a compact manifold. Then G must be a finite-dimensional
Lie group.

Yet the large deformation framework for shape registration requires a group actino on
a manifold, which is often finite dimensional. This implies, if we wish to work with Lie
groups that it is necessary to consider Fréchet functional spaces (or even more general
locally convex topologies), which can introduce analytical difficulties since the classical
theorems such as the Picard-Lindelof theorem, local inversion, and others may no longer
hold (see, for example, [79)] for a study of certain types of infinite-dimensional Lie groups).

Another possibility would be to stay in the Banach setting and accept to work with
groups with group structure and differentiable structure only partially compatible. In
this thesis, we choose to work in the setting of Banach half-Lie groups [63], [16], which are
topological groups and Banach manifolds such that the differentiability of the composition
is only partial. However, we remain within the framework of Banach differential calculus.
In particular, the groups of Sobolev diffeomorphisms, with regularity H® is an example
of half-Lie groups, and in general many groups of diffeomorphisms with finite regularity
are also half-Lie groups but not Lie groups.

2.3 Outline of the thesis

The aim of this thesis is to extend and study these right-invariant sub-Riemannian struc-
tures on Banach half-Lie groups. In particular, we intend to recover the main com-
pleteness results and to characterize normal geodesics (see [73]) through Hamiltonian
equations. Moreover, we wish to induce these structures on classic shape spaces (such
as curves, surfaces, images, landmarks) via group actions, and thereby extend the frame-
work presented in [5] [6, [8]. We present several applications to matching problems and
shape analysis.

This thesis primarily focuses on the theoretical constructions and the geometric un-
derstanding of shape spaces, as well as on the actions that can be defined on them. A few
simple and minimal numerical examples are given to test these models. However, this
work is devoted almost exclusively to the development of theoretical tools and results.
This means further developments would be required for numerical applications, especially
in medical imaging, involving more extensive studies and modeling efforts.

This thesis is organized into three parts, progressing from the most abstract to the
most applied. First part (chapters |3[ and presents general calculus and results on
Banach calculus, and recalls in particular properties of Banach half-Lie groups. Then
second part (chapters [5| and @ focuses on right-invariant sub-Riemannian geometry, and
the definition of shape spaces we use in this manuscript. Finally we present some appli-
cations of this setting for shape analysis in chapters [7] [§] and [9] The thesis is arranged
as follows:

Chapter (3| : Calculus in Banach setting The main references for this chapter are
[61], 41}, I80]. We recall here general results of Banach differential calculus, reviewing some
important theorems such as implicit and inverse function theorems. We also present
the theory of Bochner and strong integration in Banach spaces [91], 88|, introducing in
particular the space of absolutely continuous curves of a Banach manifold [41]. We prove
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this space of curves also forms a Banach manifold, and we explicit its differential structure.

Chapter 4| : Banach half-Lie groups In this chapter, we recall the definition of
half-Lie groups [63, [16] and we review some basic properties and constructions associated
with half-Lie groups. We discuss LP-regularity of half-Lie groups, i.e. whether we can
integrate LP curves in the tangent space at the identity to absolutely continuous curves
in the group. Finally, we adapt results from Lie—Poisson reduction theory to the setting
of right-invariant Hamiltonians on half-Lie groups.

Chapter 5| : Right-invariant sub-Riemannian geometry on half-Lie groups
This chapter studies strong right-invariant sub-Riemannian geometry on half-Lie groups.
Under some differentiability conditions, we prove some completeness properties of such
structures, and we derive a sub-Riemannian Euler-Arnold-Poincaré equations describing
the sub-Riemannian (normal) geodesics.

Chapter [6] : Shape spaces and induced metrics In this chapter, we define shape
spaces as Banach manifolds acted upon by a half-Lie group, subject to some differentiabil-
ity conditions. In particular, if the half-Lie group is equipped with a strong right-invariant
sub-Riemannian structure, we can induce a corresponding right-invariant metric on the
shape space. We then formulate a variational problem for inexact matching between
shapes, and we study how the regularity of the covectors is conserved in the Hamiltonian
dynamic.

Chapter(7|: Multiscale matching We present a first application to multiscale match-
ing for shape analysis. We first introduce a general theoretical framework for coupling
the classic large deformation model [95], 93| with the action of a finite-dimensional Lie
group. We consider the example of rigid motions represented by the group of isometries,
associated with the non rigid deformations induced by LDDMM. Then, following [7T], we
introduce hierarchical scheme allowing a multiscale registration of shape spaces.

Chapter |8 : Anisotropic Gaussian kernel and scaling This chapter describes
the main results of [74], (joint work with PhD student Rayane Mouhli). We incorporate
anisotropic information, encoded via an anisotropic Gaussian kernel, into the LDDMM
setting. We model how rigid motions and scalings transport these anisotropic features,
and given numerical examples on matching of landmarks and images.

Chapter [9] : Transport of Riemannian metrics of a compact manifold This
chapter presents a work in progress, and also models the incorporation of anisotropy in
shape analysis through the transport of metrics. A framework is introduced to model
transport of metrics by diffeomorphisms and by automorphisms. In particular study
the differential structure of the group of C* automorphisms of the tangent bundle of a
compact manifold, and prove it forms a half-Lie group. This group induces a natural
action on the space of Riemannian metrics by pushforward. We introduce a variational
problem using the Ebin metric and provide some numerical examples.

21



2.4 Notations

Throughout this thesis we will use the following notations:

If E is a Banach space, its norm will be denoted by |-|g.

L(E,F), where E and F are Banach spaces : space of continuous linear maps
between E and F'. The induced norm is denoted by |||z ) to emphasize the fact
that we are using the operator norm.

If F/ is a Banach space, its topological dual will be denoted by E*.
(m | v), with m € E*,v € E, is the evaluation of the linear continuous form m.
(u,v)y : inner product in a Hilbert space V.

If V' is a Hilbert space, we will denote Ky : V* — V the inverse of the canonical
Riesz isometry :

(Kyp,v)v = (p|v).

If ¢: I — F is a differentiable curve in a Banach space E (or a Banach manifold),
we will use the notation ¢ for the time derivative. In the case E is a functional
space, we will sometimes write 0;c to emphasize the fact that we are taking a time
derivative and not a space derivative. The notation ¢; will be often used to indicate
the evaluation ¢(t) (and never the time derivative).
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Chapter 3

Mathematical background I : Calculus
in Banach spaces

Contents
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This chapter is devoted to the general calculus in the Banach setting. We define here
the necessary concepts and tools that we will use in the rest of this work.

We start by recalling basic definitions and properties of Fréchet differential calculus
in Banach spaces, and in particular some facts of the theory of differential geometry
following [79, [61]. We give a definition of Vector bundles in this Banach setting and give
the example of the cotangent bundle that will be needed for the Hamiltonian formulations
given later. Most results here are given without proof and we refer mainly to the books
of Lang and Palais [61), [R0].

In section [3.2] we then briefly review the theory of strong integration, or Bochner
integration in the Banach spaces |88, [9T]. This allows to define in particular the space
of absolutely continuous curves in Banach spaces (and Banach manifolds), following the
work of Glockner [4I]. We give an explicit construction of a Banach differentiable struc-
ture for the space of absolutely continuous curves. An analogous differential structure
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was also given recently in [83], using classic tools of infinite dimensional differential geom-
etry. The construction we propose here is quite natural and follows from [60]. It allows
in particular to describe Carathéodory differential equations, and we also enunciate the
Picard-Lindelof theorem.

Finally, we end the chapter with section which describes a class of variational
problems from optimal control theory. We particularly describe the critical points for such
problems. We refer to [3], 06] for general theory of optimal control theory (in particular
for finite dimensional problems).

3.1 Differentiable calculus in Banach spaces

In this part, we introduce basic definitions and properties on differentiable calculus in
Banach spaces. This will allow to specify and explain notations that we will encounter
throughout this thesis, and to define a proper setting for the next chapters. Most of the
definitions and results can be found in [79} 61], with more detailed explanations

3.1.1 Definitions and basic properties
3.1.1.1 Frechet differential calculus

We introduce here the first definitions of Frechet calculus. Let E, F' be Banach spaces,
U C F an open subset of F/, and f : E — F a continuous function. We recall here the
definition of differentiability.

Definition 3.1 (Frechet differentiability). We say that f is differentiable (or Fréchet
differentiable) at x € U, if there is an element A, € L(E, F') such that for any éx € F
close enough to z,

flx +0z) = f(z) + Azdz + o(|0x|k)
We denote by d, f the linear map A,.

Remark 3.2. Note that this definition is stronger than the usual Gateauz differentiability
that we recall here: the map f is said to be Gateaux differentiable at x € U, if for any
dx € E, the curve t — f(x + tox) is differentiable at t = 0. We denote by df (x;dx)
this directional derivative. In particular, if f is (Fréchet) differentiable at x, then it is
Gateauz differentiable at x.

If f is differentiable at any « € U, this defines a mapping df : U — L(FE, F), called
the differential or the derivative of f. In particular, we can define C!, and inductively
C* differentiability.

Definition 3.3 (C* differentiability). The map f is said to be C! if f is differentiable
at any € U, and the differential df : U — L(E, F) is continuous. Inductively, we
then say that f is CF, for k > 1, if df is C*~!, and that f is smooth, or C* if f is C*
for all k£ € N.

Remark 3.4. Note that if f is a C*, its k-th derivative d* f is canonically identified with
an element of L';‘ym(E,...,E; F), the space of symmetric k-linear maps. Moreover, as
usual, sums, compositions and classic operation on C* maps give C* maps.
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The space of C* maps is simply denoted by C*(E, F). As we saw, Fréchet differentia-
bility implies Gateaux differentiability. We recall a sufficient condition for the converse:

Lemma 3.5 (From Géateaux to Fréchet). Suppose that f : U — F is Gateauz differ-
entiable at any x € U and that for any x € U, the derivative df (z;-) is linear and
continuous, and that the induced map

U — L(E,F)
r +— df(x;.)

is continuous. Then the map f is C*, and d,.f = df (z;.)

Proof. Let x € U, and dx € E, close enough to x. Then we get, by definition

flz+dx) — f(x) — df (x;0x) = /0 O f (x + tox) — df (x; 0x)dt
= /1 df (z + tox; ox) — df (x; 0x)dt
0

In particular, since z — df (x;.) is continuous, if the norm of Jz is small enough, then
there exists a constant ¢ > 0 such that, for all ¢ € [0, 1],

|df (x + téx; dx) — df (x5 6) || L(p,F) < c|d|p,
which finishes to prove the result. O

We end this part by defining the notion of partial derivative. Let E, F, G be Banach
spaces, U C E,V C F open subset. We consider f: U x V — G a continuous functions,
and (z,y) € U x V. Suppose we keep y fixed, and that the map

Uu — G
v — flz,y)

is differentiable. We denote its derivative by 0, f(z,y) € L(E,G), and we call it the
partial deriwvative of f with regards to the first variable. In particular, if the partial
derivative exists for all (x,y) € U x V, the partial derivative

UxV — L(E,G)

Ot : (z,y) +— Ouf(x,y)

defines a map from U x V' to L(E,G). The next proposition relates the differential of a
map to its partial derivatives, the proof can be found in [61].

Proposition 3.6 (Partial derivative). Let f : U x V — G be a continuous functions.

Then f is C? if and only if for any (z,y) € U x V, the partial derivatives exist and
are CP~1. In such case, we have for any (z,y) € U x V, (0x,0y) € E x F

df (z,y) (0, 6y) = Op f (2, y)0x + 0y f (2, y)0y.
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3.1.1.2 Inverse function theorem

In this section, we recall the inverse function theorem, and the implicit function theorem
in Banach manifolds. Let E, F, G be Banach spaces, and U C E, V C F open subsets.
We first recall the definition of a diffeomorphism.

Definition 3.7 (Diffeomorphism). A C* (resp. smooth) bijective map f : U — V is
called a C* diffeomorphism (resp. a smooth diffeomorphism) if its inverse f=! is also
C* (resp. smooth).

Now we can state the inverse function theorem

Theorem 3.8 (Inverse function theorem). Let f : U — F be a C' mapping, x € U,
and suppose that the derivative d,f is invertible and continuous. Then f is a local
diffeomorphisms from a neighborhood of x onto a neighborhood of f(x).

Remark 3.9. Note that, since E and F are Banach spaces, if d,f is continuous and
invertible, then the inverse d,f ! is also continuous by Banach isomorphism theorem.

We also recall the implicit function theorem that we will use a lot in this thesis

Theorem 3.10 (Implicit function theorem). Let f : U x V. — G a C* mapping,
(x0,Y0) € U X V' such that f(xo,yo) = 0 and such that the partial differential

Oyf(zo,y0) : F = G

is invertible with continuous inverse. Then there exists a C* map defined on a neigh-
borhood Uy C U of xg, such that g(z¢) = yo and

f(z,9(x)) =0

for all x € Uj.

3.1.1.3 Manifolds, submersions, immersions

We recall here the definition of a Banach manifold, with its charts. In this thesis, all
the manifolds, unless stated otherwise, will be smooth manifolds so we only use this
definition.
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Definition 3.11 (Manifold, charts). Let B be a Banach space. A Hausdorff space M
is called a (smooth) manifold, modeled on B, if there exists an indexed collection of
pairs (U,, ¢a)aca, such that :

e Each U, is an open subset of M, and the family (U,) defines a covering of M.
e Each ¢, is a bijection from U, to an open subset ¢,(U,) of B.

e For any o, € A the set ¢,(U, N U, ) is an open subset of B, and the map
¢o¢’ © ¢;1 : ¢a(Ua N Ua’) — ¢a’(Ua N Ua’)
is a smooth diffeomorphism.

In such case, each pair (U,, ¢,) is called an open chart of the manifold F, and the
collection (Us, ¢ ) is called an atlas of M.

Remark 3.12. Note that in this definition we just use one atlas of M. The definition
of a structure of smooth manifold is actually the class of all compatible atlases, where
the compatible relationship is defined using the third condition of the definition of the
atlas [61)]. We will not focus too much on these technicalities, since defining manifold
structures on spaces just requires defining an atlas. Moreover, we can associate to any
manifold M its usual tangent bundle T'M, that can be built using equivalence classes of
smooth curves in M. We will not dwell on this construction either and refer to [61)].

Remark 3.13. We will often require the Banach space E to be also separable, in partic-
ular to define strong integration and absolutely continuous curves. Most of the examples
seen in this thesis will be modeled on separable Banach spaces.

This definition allows to do differentiable calculus in spaces that locally look like
Banach vector spaces. In particular, let f : M — N be a continuous map between
smooth manifolds M and N. Then the map f is said to be differentiable, C* or smooth,
if it is the case in the local charts of M and N, meaning that for every chart (U,, ¢,) of
M and Vi, ¢o) of N, such that f(U,) C Vi, the map f = ¢ 0 fo gt : Uy — Vi is
differentiable, C* or smooth. In this case, for any x € M we can define the differential
of f at x, or the tangent mapping of f, that we denote T, f which corresponds in local
charts of M and N to the differential of f we defined in the previous section. We recall
also the definition of immersions and submersions, in the sense of [61] as we will require
another assumptions on these maps.
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Definition 3.14 (Submersions, immersions, submanifold). Let M, N be smooth Ba-
nach manifolds, and f: M — N a C! map, and x € M. Then

e The map f is an immersion (or splitting immersion) at x € M if the derivative
T,f « TyM — Ty N is injective and splits, meaning that the vector space
T.f(T,M) is a closed subspace of T, M and admits a closed supplementary.

e The map f is a submersion (or splitting submersion) at x € M if the derivative
Tof : T M — Ty N is surjective and its kernel splits, meaning that its kernel
admits a closed supplementary in T, M.

e The map f is a diffeomorphism if it is bijective, and its inverse f~! is differen-
tiable.

Remark 3.15. Note that if M and N are finite dimensional manifolds, then the splitting
conditions in the definition are automatically satisfied. These are necessary conditions to
describe locally immersions and submersions as local embeddings or local projections.

In the next proposition, we describe locally immersions and submersions and retrieve
a result of finite dimensional geometry

Proposition 3.16 (Local description of immersions and submersions). Let f : M — N
a C* map between Banach manifolds M and N, and let v € M,

o If f is an immersion at x, then there exists a chart (U,$) at x, a chart (V,¢) at
f(z) such that ¢ gives a decomposition of V' as product Vi x Va with Vi and V,
open subset and such that

f=vofo¢™t:p(U) = u(V)=VixV,
is an isomorphism from ¢(U) to V;.

o If f is a submersion at x, then there exists a chart (U, ¢) at x, a chart (V,1) at
f(z), such that ¢ gives a decomposition of U as product Uy x Uy with Uy and U,
open subset and such that

f:zﬁofoqfl:(jlxﬁg%w(‘/)

18 a projection.

3.1.2 Vector bundles and morphisms

Vector bundles are important objects of differential geometry, and the definition in the
Banach setting require specific additional hypotheses compared to the finite dimensional
case. In this section, we give the definition of Banach vector bundles and vector bundles
morphisms as defined in [6I]. Let M, E be Banach differentiable manifolds, and Bg be
a Banach space. We are also given a C* map p : E — M. We give conditions on p to
define a vector bundle on F over M.
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Definition 3.17 (Banach vector bundle). Suppose we are given an open covering
(Us)aea of M, and smooth maps ¢, : p~1(U,) — U, x By such that

1. The map ¢, is a C* diffeomorphism and we have the commutative diagram

P (U,) —22 5 U, x Bp

N e
U

We get in particular an isomorphism on each fiber, that we denote by
Goz - p M (x) = {2} x Bg,
where z € M.

2. For any U,,U, and z € U, NU,, the mapping
qbam o Qﬁ;/lx : ]BE — IB3E
is a continuous linear isomorphism with continuous inverse.

3. For any U,, U, the map
T+ Paz O qﬁ;,lx

is C* mapping from U, N U, onto L(Bg,Bg).

In such case, the family of (Uy, ¢,) defines a C* Banach vector bundle structure : the
triple (E,M p) is called a C* vector bundle. Each (U,, ¢,) is called a trivialization of
this vector bundle, and the morphism ¢, is the trivializing map. The manifold F is
called the total space and M the base space.

Remark 3.18. Note that the third point is not necessary in finite dimensions because it
15 directly tmplied by the second condition. Moreover, we will see it is also tmplied by
the second condition if we replace C* by smooth, which defines a smooth vector bundle
structure.

3.1.2.1 Vector bundle morphisms

We next define the morphisms of a vector bundle, that is to say morphisms that are
compatible with the structure defined in[3.17) (and in particular with the third condition).
We start by recalling the notion of pullback of a vector bundle. Let p: E — N denote a
vector bundle over a Banach manifold N. Let M be a Banach manifold, and f: M — N
a C* map. Then we define the vector bundle f*E over M, called the pullback of E, as
the triple f*E = (E, M,po f). The fiber at = € M is given by

(f*E)s = Ef)

and in particular, we get a vector bundle morphism
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f*E 45 FE

b

M—1 N

We next define vector bundle morphisms following Lang [61].

Definition 3.19 (Vector bundle morphism). Let pg : E — M, pr : F — N be C*
vector bundles, and let f: M — N and f: E — F' be a pair of C* maps such that

1. The map f is fiber-preserving with regards to f, that is to say the following
diagram commutes

E—,F
PE PF
f

M —

and the induced map on the fibers f, : £, — Fy(, is continuous and linear.

2. The induced map
M — L(E,f'F)
x — [z

is C*.

Then the pair (f, f) defines a C*-vector bundle morphism.

Remark 3.20. Note that, once again, the second condition is redundant in finite dimen-
s10M.

The second point can be tricky to verify in practice, and we often only have regularity
of the maps f and f. The following result allows to get vector bundle morphisms from
this first hypothesis only, but with a loss of degree of regularity.

Proposition 3.21 (Regularity of fiber preserving morphisms). Let E, F two vector
bundles over M and N (with Banach differentiable structure). Suppose f : E — F' is
a CY mapping, fiber preserving and linear in the fibers. Then f is a continuous locally
Lispchitz vector bundle morphism. Moreover, if f is C', then f is a C'=! vector bundle
morphism.

Proof. The second part of the theorem is actually contained in [79, theorem 5.3| and
proved by induction. We adapt the proof to show the first point. Suppose f is C*,
fibered preserving and linear in the fibers. Let By (resp. Br) be a Banach space that
models the fibers of F (resp. F). Let g € M, and (U, 7g) and (V, 7r) trivializing charts
such that zg € U, and f~1(V) C U. Let also ¢ € U — f, € L(Bg,By) be the local
representation of x — f, in local trivializations we defined. In particular, by assumption
the map (x,u) € U x B — f.(u) = f(x,u) is C*. Therefore, there exists K, > 0 and
Up open convex neighborhood of zy in Bg, such that for any = € Uy and u € By, (0, 9),
we have

-~ ~

|81f($0; u) - alf(xyu”L(BE,BF) <K
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Therefore we get, for z,2" € Uy and u € Bg,(0,0)

~

Fla) = Fia' ke < [ 07 (0= Do+t (7 =)

Br

L N o
< / of ((1 —t)x + ta, u_) (' —z) Malt
0 |ul Bp 0
1
< / K\x’—x\BEmdt:KW—xIBEM
0 ) )
Thus we finally get
7 o K ’
|f(fL’,U) - f(ZL‘ 7u)|L(IBE7BF) < F|x - ‘T|BE
and x — f, is locally Lipschitz. m

3.1.2.2 Some operations on vector bundles

We recall without proof some classic constructions of vector bundles. These examples
can be found with more details in [61, chapter 3|. Naturally, if M is a Banach manifolds,
the collection of tangent spaces T'M is a vector bundle over M. We call cotangent bundle
T*M the dual of the tangent bundle T'M, with fibers at x € M given by

T*M = L(T,M,R)

More generally if £ — M is a vector bundle over M, we can define the dual bundle
E* — M, where for every « € M, the fiber Ef = L(E,,R) is the topological dual of E,.
Similarly, if 7 € N, we can take the vector bundle L"(E) of multi-linear forms on E. If
F — M is also a vector bundle over M, this induces the vector bundle L(FE, F') — M of
linear maps from E to F, with fiber given at x € M by

L(EvF)z = L<Ex,Fx)

Note that if F¥ — N is a vector bundle over another Banach manifold N, we also denote
by L(E, F') the vector bundle over the direct product M x N, with fiber at (z,y) € M x N
given by

L(E, F)ay = L(Eq, Fy)

We also define first the direct sum of vector bundles. Let £ — M and F' — M be
two vector bundles over M a Banach manifold. We define the direct sum E & F with
fiber at x € M given by

(E®F), =E,®F,.

3.1.3 Cotangent bundle and symplectic geometry

We remind some basic definitions and properties of symplectic geometry on the cotan-
gent bundle to have a better understanding of the notions involved in future sections.
General symplectic geometry in infinite dimension is not developed in this section, we
just introduce the basic definitions necessary to carry out the work we will do. We refer
to [25] for a general exposition in finite dimension, and to [2] 65] for infinite dimensional
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spaces. Throughout this section, @ will denote a Banach manifold, and we consider the
cotangent bundle 7*Q. We start by the definition of the symplectic form on 7*Q.

Definition 3.22 (Weak symplectic form). A 2-form w on T*Q is called a weak sym-
plectic form if it is closed, and weakly non-degenerate, meaning that dw = 0 and for
any p € T*Q, the map dp — w,(dp, .) is a linear injective continuous map from 7, 7*Q
to T;T *Q.

We denote by w’ : TT*Q — T*T*Q the flat map defined by dp — w,(dp,.). The
symplectic form is called strong if the flat map is also onto and defines a vector bundle
isomorphism. Since Banach spaces are in general not reflexive, we often have to deal with
weak symplectic manifolds. We can equip the cotangent bundle 7*Q with a canonical
weak symplectic form, defined as the exterior derivative of the Liouville form. In canonical
local coordinates of T7T*Q around (q,p) € T*Q, it is defined as

wap ((0g,6p), (0¢',0p")) = dop(dq") — dp'(0q).

We suppose for the rest of the section that T Q is equipped with this canonical symplectic
form. Contrary to the finite dimensional case, since the flat map w” is not onto, the
symplectic gradient is not defined for any smooth functions

Definition 3.23 (Hamiltonian vector field). Let H : 7*Q — R be a smooth function.
We say H is a Hamiltonian on 70 if there exists a vector field Xy on T%Q such that
tx,w = dH. In such case, the vector field Xy is unique, and called the Hamiltonian
vector field or the symplectic gradient of H, and is also denoted by V“H

If H is a Hamiltonian function on 7% Q, its symplectic gradient is expressed in the
canonical coordinates as

V¥“H(q,p) = (9,H(q,p), —0,H(q,p)) -

In particular, a smooth map H : G — R admits a symplectic gradient if and only if
the partial derivative d,H (¢, p) belongs to T,Q, where we identify 7,Q to its image in
T;*Q through the canonical injection T'Q — T** Q.

3.1.3.1 Hamiltonian actions of finite dimensional Lie groups

We finish these sections with some results and properties of Lie group actions on sym-
plectic manifolds, and in particular reduction theory. We suppose here the manifold Q is
finite dimensional. Reduction theory and Noether’s theorem arise from the symmetry of
the studied system. Those symmetries are represented by a Lie group G acting smoothly
on the symplectic manifold 7*Q via ¢ : G — Diff(T*Q). In addition, we assume that G
acts by symplectomorphism on 7*Q, i.e preserves the symplectic form.
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Definition 3.24 (Hamiltonian action). The action ¢ is said to be a Hamiltonian action
if there exists a map p : M — g* such that

e For every X € g, by denoting /i(X) : p — (u(p)|X), the vector field X on M
generated by the infinitesimal action satisfies

V(X)) = X
i.e X is the symplectic gradient of ji(X).

e 1 is G-equivariant :

pothy = Ad,op forall g€ G
The Noether’s theorem states that symmetries give rise to conserved quantities.

Theorem 3.25 (Noether’s theorem). If the Hamiltonian H is G—invariant, then the

momentum maps (1(X) :p € T*Q — (u(p)|X) € R are conserved quantities along the
Hamiltonian flow.

We denote the orbit of G through (q,p) € T*Q by Orbita(q, p) = {1,(q,p) | g € G}
and the stabilizer of (¢,p) € T*Q by the subgroup G, := {g € G | ¢¥,(¢,p) = (¢,p)}
Being in the same orbit defines an equivalence relation (g, p) ~ (¢, p') if and only if (¢, p)
and (¢/,p’) are on the same orbit, which defined an orbit space 7*Q/G. Then, we define
the mapping
.M — M /G
" q,p +—— Orbitg(q, p)

called the point-orbit projection. We can equip 7*Q/G with the quotient topology, which
is the weakest topology for which 7 is continuous, i.e Y C T*Q/G is open if and only if
7~ YU) is open in T*Q.

Theorem 3.26 (Marsden-Weinstein-Meyer [66, [65]). Suppose (T*Q,w) is a finite di-
mensional symplectic manifold and let G be a Lie group with Hamiltonian action on
(T*Q,w) with associated moment map p : T*Q — g*. Let i : p=1(0) < T*Q be the
inclusion map. Assume that G acts freely and properly on u=*(0). Then,

e the orbit space = '(0)/G (sometimes denoted T*Q//Q) is a symplectic manifold.
o m:u1(0) = u0)/G is a principal G-bundle
o there is a symplectic form wyeq on = 1(0)/G satisfying i*w = T*Wyeq-

Moreover, if the action of G on T*Q is the cotangent lift of an action of G on Q, then
we get

T°Q//G ~T*(Q/G)

The pair (¢~ (0)/G,wreq) is called the reduced space (or symplectic quotient).
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3.1.4 Manifold of mappings

Manifolds of mappings with finite regularity are very important examples of Banach
manifolds, in particular in shape analysis as they are used to construct manifolds of
shapes. They were particularly developed in [80, B4]. We give some examples here
without giving their differential structures:

Example 3.27 (continuously differentiable functions in RY). Let k > 0, then the space
CkR4,RY) of CF functions of R? that vanish at infinity is a Banach vector space, and
therefore directly a Banach manifold. It’s the model vector space that we will use in many
examples in the next sections.

Example 3.28 (continuously differentiable functions of compact manifolds). Let k > 0,
M be a compact manifold and N be a finite dimensional manifold. The space C*(M, N)
of C* mappings from M to N is a smooth Banach manifold. A proof of this result can
be found in [677]. This can also be directly seen as an application of the next example.

Example 3.29 (C* sections of a fiber bundle). Let k > 0, M be a compact manifold of
dimension d € N and p : E — M a smooth fiber bundle over M, with E of dimension
n € N. Denote by Tex(E) the space of C* sections of E. Then, the space T'ci(E) is a
Banach manifold [80,[3])]. We explain how a differentiable structure can be built on this
space. Let s € T'ci(E). Then there exists [80, 12.6] a vector bundle neighborhood & of
s in Len(E), i.e. the manifold £ is a subbundle of E over M such that £ is open in E,
s € Ier(€) and that can be equipped with a vector bundle structure over M. Therefore
the space U'cr(€) inherits of a Banach vector space structure, and the collection of such
Cer(€) form an atlas of a Banach differential manifold structure on T'cx(E). Moreover,
the compact manifold M can be covered by a finite number of compact submanifolds
My, ..., M;, with | € N, such that each vector bundle & — M; is a trivialization, 1i.e.
we have the following commutative diagram

£|M1 L) Bl><Rn

J/p J/ﬂ-l
b Y
M; —— B;

where By is the closed unit ball of R% and (@, ¢;) is a smooth fiber bundle isomorphism.
The Banach space T'cr (&) can then be identified [80, §.4] to the space

Cow (6 (M:,63) = {(fus s ) € [T CHBLRY) 167 ity 0y = 67 iy

i<l

which is a closed vector subspace of the Banach space [ [, ., C*(By,R"), through the smooth
isomorphism N
Wb { Lon(§) —> Teor (& (M, ¢i)i)
' I — (il D)

In particular isomorphism gives a description of the charts of U'cr(E) as a subspace of a
product of continuously differentiable functions, where it is easier to do calculus.
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3.2 Integration and ordinary differential equations

In this section, we introduce the theory of strong, or Bochner integration in Banach
spaces, and how we can integrate differential equations with only LP regularity in time.
In particular, we define the space of absolutely continuous curves in Banach spaces and
Banach manifolds, and we prove we can equip this space with a differential structure.

3.2.1 Strong integration and L’ spaces

We define here brieftly the strong integration for Banach-valued functions. We refer to
[01], B8] for a more complete exposition. In this section, B denotes a Banach space, and
I is a bounded open interval of R. We recall first the notion of strong measurability. A
function f : I — B is called simple if there exists a finite number (E;);<;<, of measurable
subsets of I such that .
f= Z L, b;
i=1

where b; € B.

Definition 3.30 (Strong measurability). A map f : I — B is said to be strongly
measurable, or Bochner measurable if there exists a sequence of simple functions f,
that converges pointwise to f

We also recall the Pettis theorem that provides a useful characterization of strongly
measurable maps.

Theorem 3.31 (Pettis measurability theorem). Let f : [ — B, the following assertions
are equivalent

1. f is strongly measurable

2. f is separably valued and for any | € B*, the map lo f : I — R is measurable (in
the classic sense)

Remark 3.32. A map f : I — B that verifies that | o f is measurable for any | € B* is
called weakly measurable. We will not focus too much on this notion in this thesis.

In particular, continuous functions from I to B are strongly measurable. Moreover, if
g : B — B is a continuous map from Banach spaces and f : I — B is stongly measurable,
then the composition go f : I — B’ is also strongly measurable. We next recall the strong
integrability and the integral of functions. If f =>"" 1, b; is simple, with E; N E; = ()
for any i,j € {1,..,n}, we define its integral simply by

/I F(t)dt =3 b (Er)

where \; is the usual Lebesgue measure on R.
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Definition 3.33 (Bochner integral). A map f : [ — B is called Bochner integrable if
f is strongly measurable and

/I|f(t)\3dt < 0.

Equivalently, f is Bochner integrable if and only if f is a limit of simple functions f,,
[52, 1.2.2] and

tim [176) = f(Olsde = .

We define then the integral of f as

n—o0

/ FO)dt = lim | fa(t)dt

and this definition is independent of the sequence f,,. We finish this part by introducing
the space of LP functions from I to B. We recall that two functions f : I — B and
g : I — B are said to be equivalent if f(t) = g(¢) for almost every ¢t € I. This defines
an equivalence relation on the set of strongly measurable functions, and we will work in
the quotient space by this equivalence relation, making no distinction between a function
and its equivalence class, for common practice.

Definition 3.34 (The space LP). For 1 < p < oo, we define LP(I,B) as the vector
space of (equivalence classes) of strongly measurable functions f : I — B such that

/Jf(t)\ﬁdt < 00.

We also define L>(I,B) as the vector space of bounded strongly measurable functions
f I — B, in the sense there exists a constant C' > 0 such that

f(t) < C, forae tel

1/p
e — ( / 1f|%;;dt)

|floe = nf{C >0, |f(t)|p < C for a.e. t € I}
the spaces LP(I,B) and L*>°(I,B) are Banach spaces [52] [88].

Endowed with the norms

and

3.2.1.1 Mappings between Lebesgue spaces

We end this section by adapting a result from [41, Proposition 2.3], and we prove dif-
ferentiability of certain mappings that are lifts on the space of curves of differentiable
maps:
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Proposition 3.35 (Mappings between Lebesgue spaces). Let U C B be an open subset
of a Banach space, and let E and F be Banach spaces. Let also f : U x E — F be
a C* map, such that for all x € U, the map f(x,) : E — F is linear. Then the
induced map

- [ C,U)x L’(I,E) — LP(I,F)
f:
(n,w) — fo(nu)
is Ck
Proof. The case k = 0, i.e. if f is C?, directly follows from [41, Proposition 2.3]. We

suppose f is C?. By [41, Proposition 2.3|, the map f: C(I,U) x LP(I,E) — LP(I, F) is
then Gateaux-C?. Its differential is given by

7 C(I,U) x LP(I,E) x C(I,B) x L(I,E) —> LP(I,F)
' (n,u, 0n, du) —  df (n, u; on, ou)

and we directly see, since f is C?, that it is continuous and linear in the second variable.
We prove now that the induced map df : (n,u) — df(n,u;-) from C(I,U) x LP(I,E)
to L(C(I1,B) x LP(I,E),LP(I,F)) is also continuous. We recall that df : U x £ —
L(B x E, F) is continuous, and for any (én,u) € C(I,B) x LP(I, E) we have

[df (n, us m, 6u) — df (o, '50m, 50) 51 e
< /I |d i)y f (00(2), 0u(t)) = diy ey f (61(E), 6u) [pdt
< /ICP|(5n(t),5U(t))\%dt < /[Cp|5n\ﬁ,oo|5U(t)|%
< Cp\én\ﬁ,oo|5U(t)\’£p(z,E>
and thus we get
[df (n, ;) = df (' s W o my .y ooy < C

which proves the continuity of n, u — Jf (n,u;-), and by lemma the map f is Fréchet-
C'. The rest follows from induction. O

3.2.2 The space of absolutely continuous curves

In this part, we define the space of absolutely continuous curves with LP derivative in a
Banach manifold, following the work from Glockner [41] and we put a Banach differen-
tiable structure on it. Let B be a Banach space, p € [1,+o00] and a < b € R. We define
the vector space AC»([a,b],B) of continuous curves 7 : [a,b] — B such that there exists
v € LP([a, b, B) verifying for any ¢ € [a, 0]

n(t) = n(a) + / +(s)ds (3.1)

This is equivalent to saying that 7 is almost everywhere differentiable with " € L?([a, b], B).
We introduce on the space ACp»([a,b],B) the norm | - |4¢,, given by :

Mlac, = n(a)le + |n'lLe
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Then (ACpr([a,b],B),| - |ac,,) is a Banach space and we have the continuous inclusion :
ACLP([G’7 bLB) — C([aa b]a B) X Lp([a7 b]7B)

Now let I C R an interval, and let M be a Banach manifold modeled on B. We now
define the space of absolutely continuous curves in M:

Definition 3.36 (Absolutely continuous curves in M). We define ACy»(I, M) as the
set of curves n : I — M, such that for any local charts (U, ¢) and any a < b such that
n([a,b]) C U, the curve

pon:la,b] > B
is in ACpr([a,b],B).

We turn now to the definition of a smooth manifold structure on the space of absolutely
continuous curves on the space M. In [86], the author proved that if M is a Banach
manifold equipped with some strong Riemannian metric, then AC»(I, M) also remains
a Banach manifold. Following an older work by Krikorian [60], that was continued in
[42] for regulated curves, it is however possible to put a differentiable structure on such
a space, without any other hypotheses on the manifold M. We also refer to the recent

work [83] that also defines a differentiable structure in the space of absolutely continuous
curves with values in a general infinite dimensional manifold.

Theorem 3.37 (Differential structure on ACy»(1, M)). Assume I is a compact interval
of R. Then we get the following

1. The space ACp»(1, M) is a Banach manifold.
2. Fort € I, the evaluation

ov ‘{ACLP(I,M) — M
t 1 — ()

1S smooth.

3. The wvector bundle ACr»(I,TM) — ACr»(I,M) can be taken as the tangent
bundle. Forn € AC»(I, M), we therefore have

T,ACLy(I, M) = ACLy(I + 1" TM)
where ACry(I < n*TM) = {y € AC»(I,TM), ~(t) € T,pyM, Vt € I}

We prove this result in the next subsection

3.2.3 Proof of theorem [3.37

Let A be the set of all the a = (a®, U%, ¢®) such that there exist a positive integer n = n®,
a family a® = (af")o<i<n such that 0 = qp < ... < a,, = 1 and two families U* = (U?)1<i<n
and ¢ = (¢%)1<i<n such that (U2, ¢¢) is a chart on M with ¢f : U¥ — V& = o*(Uf) C B
for 1 <7 <n. We will denote I* = (I#)1<;<, where I = [ad" |, af].
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For any a € A and n = n®, we denote U* = ACL»(a®; U*) where
ACp (a*;U%) = {n e C([0,1], M) | n(I{*) C U and pion e € AC (I, B), 1 <i<n},
E* =[], AC»(I{;B) and ®* : U~ — E° the one-to-one mapping defined by

<I>“(77) = (80;1 © 77|Ig)1§i§n-

We denote N'@ = &*(U*).

Proposition 3.38. We can create a differentiable structure on ACp»([0,1], M) by
showing the two following facts:

1. For any o € A, N* is a submanifold of E*.

2. For any a, B € A such that U*P =U>NUP # (), then ®*UP) (resp. P(UP))
is an open subset of N (resp. NP) and ®*F = &P o (d2)~! : d2(U*F) —
PP (UP) is a smooth diffeomorphism.

A smooth atlas is then given by the family of charts (U, ®5), for any o € A and any
chart (Vy, 1) on N where U = (®*)7'(Vy), and @ = 1) o &,

Remark 3.39. In this construction, the family of sets (Z/{g) defines the manifold topology
of ACL» (1, M), and the sets U* are open submanifolds of ACL» (1, M).

Proof. We first show [1} For n = 1, the result is trivial. For n > 1, if we introduce the
open set V* = { n e [["_, ACL,(I*; Vi) | mi(a;) € (U2 ) V1 <i <n—1} of E¥, we
have N* C V*. Moreover, we have N* = (¢%)71(0) for o : V* — []_, B such that
o®(n) = (21 0 (9¥) ' o mi(a$) — mit1(a?))i<icn. Since o® is smooth, it is enough to
conclude to show that at any point n € N'® ¢® is a submersion at . However, consid-
ering the closed subspace H,, = { (0,0n2,---,6n,) | dn; : I — B is contant } of T, V* ~
[T, ACL»(I#,B), we get immediatly that T,,0* is surjective and Ker T,,0* ® H,, = T,,V*
so that its kernel splits (see [61] prop 2.2)

UB =y NP

doB

@0 Ue?) 27 (14?)

J° i
po.b

Yb VB«

Let us prove [2} Let first remark that there exists a unique v = (a,U”) such that
range(a”) = range(a®) U range(a”), U™’ = Y7 with U] = U2 N Uji for (ig,jx) the
unique pair (7, 7) for which I} = I# N Ijﬁ. We check that ®*(U*P) = NN [[1, V& with
Ve ={m € ACL(I&,B) | ni(I)) C ¢2(U)), k s.t. i =g } open in ACL» (I, B) so that
d(U>P) is an open set of N
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We consider the continuous linear injectif mapping

B E*" = [[ ACL(I},B)
1<k<n?Y
defined by j%(n) = (i, I;)lgkgm. We check that j* is an isomorphism onto its image
since E*F = j*(E*) @ [[}_{ om € ACL(I],B) | dnp = cly— for ¢ € R } so that
J(E*) splits (see [61] prop 2.2). Similarly j® : E# — E?® is an isomorphism onto
its image. Moreover, we have a smooth diffeomorphic mapping ¥, 5 : V*F — Ve
between the open set V*f = [[r., ACL (I}, ¢ (UY)) € E*F and the open set VP =
nL ACL(I), ¢ (U]) € BP given by WP (n = (1) 1<k<nr) = (9 0(08) "L o) 1<k
Since j%(®*(U*F)) C V*# and for any n € U*# we have U o j* o ®%(n) = j# o ®F(p)

we get that @8 = (j%)~1 o Ps O J{pa (gya.sy SO that ®*F is a smooth diffeomorphism. [J

We now want to characterize the tangent bundle of AC» (I, M). We first start by
proving the following result

Proposition 3.40. The evalutation map evy, : AC»(I, M) — M, where ty € I is
smooth.

Proof. We prove this result using the previous construction. Let ty € I, letn € AC» (1, M),
and let U* = ACLr(a®; U®) such that n is in U®. Let also i € {1,..,n} such that t, € I?,
and thus

evy, (UY) C U

It is equivalent to prove the smoothness of the induced evaluation mapping ev,, = ¢§ o
evy, o(®@) 71 N — Ve and given by :

G { Noz N V;a
U ) ilto)

This mapping is the restriction of a linear mapping ev;, : E* — B, which is continuous
since the evaluation is continuous in ACp» (I, B) [4I], and thus évy, : N — V* is
smooth. O

Now we can finally characterize the tangent bundle of ACy»(I, M), and we prove it is
isomorphic to the bundle ACL,(I,TM) — AC»(I, M)

Proposition 3.41. Denote by
TTAC - TACLP(I, M) — ACLP(I,M)
the tangent bundle of AC»(I, M). Let m, : AC»(I, TM) — ACr»(I, M) given by

[ ACL(I,TM) — ACp(I, M)
o o v —> Toxy

where m = wry 2 TM — M is the tangent bundle of M. Then m, : ACL»(I,TM) —
ACr» (I, M) can be taken as the tangent bundle of ACr» (I, M) through the isomorphism

CZ { TACLP(I, M) — ACLP(],TM) (32)

w — [t = Trpao(w) €V W)
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Proof. Since the evaluation mapping is smooth, the curve v : ¢ — Ty, (w) ev; w is well
defined in T'M. Let us first show that it is an absolutely continuous curve. We denote
n = mrac(w), and we have n(t) = evy(n) = w(y(t)). Like previously in proposition
[3.38 we can define an open submanifold (UM, d*M) of ACy,(I, M), where UM =
ACL»(a®, U*M) for some open charts (U™, o®™) of M. We suppose € UM . We can
now also define an induced submanifold (U*T™, &*TM) of ACr,(I,TM), where UTM =
ACy (a®, U™ U™ = UM and o™ = T, The diffeomorphism &M .
USTM s N@TM g defined as previously with the diffeomorphisms @?’TM. This gives us
the following commutative diagram

ua,M T ua,TM

L¢D¢,M l@a,TM

NQ,M Na,TM

Since n € UM | and n(t) = m(v(t)), therefore for all 1 < i < n, y(I*) c U™ = UM,
such that T'p{* o v 7e is in TV, and for ¢ € I}*

Toi oy (t) =T(p o evi)w
= T(¢® 0 evy o( M) T d*My

Since w = T®*Mw € TN C [[i, ACL» (I, V) x ACL» (I, B), we thus have T¢¢ o
Ve (t) = w(t), and then yj7e € ACL» (17, U™ and v is continuous. Therefore 7 is in
USTM & ACL (I, TM), and C(TUSM) © Y™,

Let us prove now ¢ : TU*M — Y*TM is smooth. From the above, we obtain the
following diagram

Tua,M ¢ ua,TM
TdeM o TM
o, M o, TM

TN® Nl

TE* —~[[", ACL:(I*,B x B)

And we can verify that under the identification TE® ~ [}, ACL» (I, BxB), we also have
the identification TN M ~ NTM = and this identification is exactly given by ®*T™ o
Co (Td*M)=1 Therefore ¢ : TUM — UM is a smooth bundle isomorphism with base
space UM O

3.2.4 Ordinary differential equations of Carathéodory type

We finish this section by recalling some results on ordinary differential equations in Ba-
nach spaces, and in particular when the regularity in time is only LP. Indeed, we will
often have to integrate equations with L? regularity in time in the next sections, partic-
ularly when considering sub-Riemannian metrics in groups. The theory for such ODE
in Banach spaces can be found in |27, 98], and we adapt it to the setting of absolutely
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continuous curves as in [4I]. Let I be an open interval of R, B a Banach space, U C B
an open subset and yy € U. We consider a map f : I x U — B, and we are interested in

the equation
y(t) = f(t,y(1))
{ y(0) =yo (33)

Definition 3.42 (Carathéodory property). We say that f has the Carathéodory prop-
erty if

1. For every t € I, the map f(t,.) : U — B is continuous,

2. For every x € U, the map f(.,z): I — B is strongly measurable.

We can now state the main result on this ODE, namely the Picard-Lindelof theorem
that gives existence and unicity of solutions.

Definition 3.43 (Carathéodory solutions). We say that y : I — U is a Carathéodory

solution of (3.3) if y € ACL(I,B), y(I) C U, y(0) = yo and §(t) = f(¢,y(t)) for a.e.
tel.

We denote by Lip(B, B) the space of Lipschitz functions of B. For any v € Lip(B, B),
we also define Lip(v) its Lipschitz constant by

[f(x) = f(W)ls

|z — ylB

Lip(v):inf{ ]x%yEIB%}.

We recall that, endowed with the norm
vlLip = |v(z")[p + Lip(v),

where z* € B is a fixed point, the space Lip(B,B) is a Banach space. The next theorem
can be found in [98, Theorem C.6|

Theorem 3.44 (Picard-Lindelof theorem : Carathéodory version). Suppose f : I X
U — B is of Carathéodory type, and that, seen as a map from I to C(U,B), f is in
L' (I,Lip(U,B)). Then there exists a unique solution y € ACp1(I,B) to the equation

B3).

3.3 Variational problems in Banach spaces and Pon-
tryagin principle

We finish this chapter with an application to the minimization of a class of variational
problems. We will use particular tools from optimal control to characterize minimizers.
The variational problems developed here will serve as models for many applications of
shape analysis and registration developped in this thesis.

Let Q be a Banach manifold, modeled on a Banach space B, and V' a Banach space,
and denote I = [0, 1]. Let gy € Q. In this section, we are interested in the control system

q(t) = f(q(t),u(?)), q(0) = qo (3.4)
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where w € L'(I,V), and f: @ x V — TQ is C? and is a fiber bundle morphism over
the identity of Q (this means that for all (¢,v) € Q x V, then f(q,v) is in 7,Q). We
denote by U, the set of admissible controls « € L*(I, V') such that it leads to a maximal
trajectory ¢ : [0,7] — R starting in ¢(0) = ¢ and such that 7' > 1, and we suppose that
the set Uy, is open in L*(1, V) (see for instance [7, 98, 4]).

Let D: Q — R* be a C! function and

L:OxV =R

be a C' Lagrangian. We are interested in this section on functionals J : U,, — R that
take the form :

J(u) = / L{g(t), u(t))dt + D(g(1))
with v € U,

w0, and such that ¢ € ACp1([0,1], Q) satisfies the dynamic [3.4f Here the
Lagrangian L gives the energy along the curve ¢ — (q(t),u(t)) and the map D gives an
endpoint constraint. We suppose that, for any charts U C Q, there exists continuous
functions 7o : R — R and = : U — R such that ~¢(0) = 0 and

|dLgu — dLg |l < v0(lg — 4'[B) +11(q — ¢)|u — |y (3.5)
for any ¢,¢' € U and u,u’ € V. This condition ensures that the mapping Jy :
AC(I,Q) x LYI,V) — R defined by Jy(q,u f[ ))dt is well defined and

continuously differentiable [8] and that

g, 0)00,50) = [ %Lw),u(t))éq(t) L) u)utyd (36)

In this section, we want to minimize the functional J and characterize its critical points,
which is a problem of optimal control theory in Banach spaces. We start by proving the
evolution map has some regularities

Lemma 3.45 (Evolution map associated with the dynamic). The evolution map
Evol,, : u € Uy, — ¢ € AC1:(1, Q)

where q* is solution of equation (3.4), is C*. Foru € Uy, du € L'(1,V), its derivative
dq = T, Evoly, -0u is solution of the linear Cauchy problem

0¢(t) = 9y (f (g, u(t))g=qu(p) 04(t) + Ou(f(¢" (1), W) u=unu(t), 0q(0) =0  (3.7)

Proof. The proof is quite similar to the proof of proposition [£.22] (where the calculus
in the charts will be more detailed). Let u* € U, and ¢* = Evol,(u). Similarly to
proposition we will consider a chart V C AC}:(I, Q) around ¢**, and we will even
actually reduce to the case V = AC1(I,B). We consider the mapping
o { AC(I,B) xU,, — Bx L'Y(I,B)
(qv u) — (Q(O),(] - f(Qa u))

The mapping C' is C* since f is C? and by [41, prop 2.3]. Moreover, the derivative with
regards to the first variable is given by

9,C(q,u)dq = (3q(0), 54 — 9y f (g, u)dq)
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and is a Banach isomorphism (by Banach-Schauder theorem). By implicit function theo-
rem, and since C'(Evol(u),u) = (go,0), there exists an open neighborhood W C L!(I,B)
of u* such Evol is C*', and the curve dq¢ = T, Evol du is solution of the linear cauchy

problem ]
We also denote Endg : U,, — Q the endpoint mapping, defined by

End,, (u) = Evol,, (u)(1)

We study now how we can minimize the functional J, and we characterize its critical
points. Let recall that the Banach manifold 7*Q can be equipped with a canonical
(weak) symplectic form w (that we define introducing the Liouville form and its exterior
derivative [9]). In local charts of 7*Q, the closed form w is defined by

wa,p ((0g,0p), (64, 0p")) = (6p|6q') — (dp'| dq)
Let H : T*Q x V — R be the pre-Hamiltonian associated with the function J defined
by
H(g,p,u) = (p| f(q,v)) — L(g,w)

Since f is C?, and the duality pairing ((¢,p), (¢, X)) € TG* &g TG — (p|X) € R is
smooth, the Hamiltonian Hg : T*Q x V — R is thus C?. In local coordinates, the
partial derivative 0,Ho(q, p, u) is given by:

Vop € T; Q, 0,Holq,p,u)op = (op| f(q,v))
so that
hHolg,p,u) = f(g,u) € TyQ.
Therefore there exists a symplectic gradient V¥Ho(q,p,u) € T,,T*Q for every u € V.

In canonical charts of T*Q, we have :

V¥Hal(q, p,u) = (OpHolq, p,u), —0;Ho(q,p,u))

We get the following result :

Theorem 3.46 (Critical points of J). Let u* € U, be a critical point of J, that is
dJ(u*) = 0, and denote by ¢ = Evol(u) € AC:(1,Q) the solution of equation [3.4)
Then there exists a costate t — p(t) € Ty, Q in ACL(I,T*Q) such that (¢,p,u)
satisfies the Hamiltonian equations :

(Q7 p) = VMHQ(q,p, u)
{ dHolg, p,u) =0 (3.8)

Conversely, if there exists such a costate p such that (q, p, u*) satisfies the Hamiltonian
equations then u* is a critical point of J.

Proof. The proof is similar to the one given in [7, 8]. Let u € U,,, and ¢ = Evol(u).
We introduce the costate py = —dD(q1) € T, Q and we define p € ACL:1(1,T*Q) as the
solution of the following linear Cauchy problem :

{ p(t) = =0, Ho(q(t), p(t), u(t)) = = (85(f (g, u(t))g=q(ry) P(t) + Dg(L(q, u(t))g=q(t)
p(l) =D ( )
3.9
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We now compute the differential of the mapping J and we prove that for all du € L*(I,V),

/8 H(q ,u(t))dudt
Let du € L*(1,V), and 6q = T, Evol(du). Recall that
J(u) = Jo(Evol(u),u) + D(Evol(u)(1)),
so that we have
dJ (u)du = dJo(q,u)(0q, du) + dD(q:)(0q)
— [ - Llal0u(®)6a(t) + 5 La(t) u(e)ute)dt ~ (pr | (1)
Thus the curve dq : I — T'Q satisfies the linear Cauchy problem

09(0) = 0, 64(t) = 0 (f (g, u(t)) g=q(r) 04(t) + Bulf (q(t), w)ju=u(ryou(t).

Now, since t — p(t) is also solution of the linear Cauchy equation and using integration
by part, we find that

(1) 134(1)) = ((0) | 5(0) + [ (540) 84(6) + (00| 30)
— [ (@ (0 u0) PO = (LD
(20104 (0.0, 80(0) + B a(0) )il )

= [ (0|0 F(a(0) 0ams (1) + By Ll u®) a1

1

dq(t)

Combining this with the derivative dJy(q,u), we finally get

W = [ 8, (La(0)ult)) 5u(t) ~ (o) |8 (Falt), u(t)) utt)
—— / 0, H(q(t). p(t), u(t))dudt
Therefore we have the following equivalence :
dI(u) =0 < Vi, 9,H(q(t), p(t), u(t)) = 0 (3.10)

which concludes the proof. O

Remark 3.47. In the case the pre-Hamiltonian is concave in u, the condition

A H(q(t), p(t),u"(t)) =0

is equivalent to the condition H(q(t), p(t),u*(t)) = maxy,ey H(q(t),p(t),w). This leads us
to define the Hamiltonian

h(g, p) = maxH(q, p, u).
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Moreover if there exists a C* mapping u : T*Q — V such that

h(q,p) = H(q, p,u(q,p)),

then h also admits a symplectic gradient and

V¥h(q,p) = V*H(q,p,u(q,p))

where VYH(q, p,u(q,p)) denotes the partial symplectic gradient with regards to the first
two variables [7]

46



Chapter 4

Mathematical background II : Half-Lie
groups
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In this chapter, we study groups endowed with a Banach differential structure that is,
in some sense, compatible with the group operation. The main model example, which is
the most common in the LDDMM framework, is the group of diffeomorphisms of R? or
of a compact manifold M with finite regularity (C*, Sobolev, Holder, etc). These diffeo-
morphism groups are topological groups that can be equipped with a Banach differential
structure, where right translations are smooth. However the left translations are only
continuous, due to a loss of regularity observed, which implies that these groups are not
Lie groups. In particular most of the tools of Lie group theory cannot be applied.

More generally, in order to keep a Banach structure, we are forced [78, [79] to deal
with topological groups such that only the right translations are smooth. Such objects
are referred to as half-Lie groups [63] [16]. In most examples, the left translations and the
inverse map may fail to be smooth.

These groups and several of their properties were recently studied [63] and later in
[16], where the authors recovered many fundamental results. We begin by following
their exposition and review some general aspects of these groups in section [4.2] recalling
in particular the definitions of C*-differentiable elements, which allow to regain some
regularity for the left translations.
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In section[4.3] we study L regularity of the half-Lie groups, that is we study L curves
in the tangent space of the identity and whether they can be integrated in the half-Lie
group. In particular, we generalize the result of [16, theorem 4.2], which establishes
smooth regularity for the groups of C*-differentiable elements, where k& > 1. Related
studies of L regularity on half-Lie groups were also recently carried out in [83].

Finally, section is devoted to the definition of weak Poisson structures on half-
Lie groups, and in particular to an analoguous version of the Lie-Poisson reduction as
developed in [65].

4.1 The example of Diﬂfcég(Rd)

Let k& > 1. We introduce here the group of C* diffeomorphisms as one of the main example
of Banach half-Lie groups. In the LDDMM framework, the most common example in
applications is the group of C* diffeomorphisms that tend to the identity at infinity, and
whose derivatives also tend to the identity at infinity:

Diff o (R?) = (id +Cq(R?, RY)) N Diff* (RY).
It is used as the group of deformations to transport images, or general shapes. The group

Diff ox (R?) is open [70] in id +C(R?, R?) and is therefore a Banach manifold. Since the

composition in C§(R? R?) is continuous, it is also a topological group. Moreover, for any
Y € CF(RY, RY), the map

@ — @ot

is the restriction of a continuous affine map, and is therefore smooth. However, if now
¢ € Diff (R?) is fixed, a formal computation shows that the derivative of L, : 1 — @o1)
is given by

Tstoh(l") = dd)(w)SO(h(x))? z € R

and thus involves a loss of regularity. This computation shows that the left multiplications
Ly are only continuous, meaning that the group Diff s (RY) is not a Lie group, and is

only a half-Lie group. Let now [ > 0. If we restrict to diffeormorphisms that are C**,
we can however gain some regularity for the left multiplication :

Proposition 4.1 (Regularity of the composition of diffeomorphisms). Let ¢ €
Diff g+ (R%), then left multiplication

- Y — poi

is CL.
Proof. We follow and adapt proofs from [16, lemma 9.9], or [70, ©]. We write ¢ = id v

with v € Ci (R4, R?) so that we can consider the map

. Diffcx (R?) — Cj(R%RY)
. (0 — voy
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We start with the case [ = 0. We recall the Faa di Bruno formula (cf. [28] for one
dimension, or 70} 2.5] for a multivariate version), for o« € N¢, with |o| < k

|a

(00 V)@) = T d vl (w) Bas{90(0). 191 < ol

where B, ; are the multivariate (symmetric) Bell polynomials. In particular, the map
Diffcg (RY) — Co(R?, RY)
(0 — aa(v o w)
is continuous, for any «, and thus F' is also continuous. Next we also prove the case [ = 1.

Let any 6¢ € CH(R? R?), and consider the curve csy : s+ F, (1 + s51) = v o (¢ + s1)).
We compute the Bochner integral fg dvy s s5p00ds in CE(RY,R?), and for all z € R?

; t
(/ dv¢+55¢5¢ds) (x) :/ AVy(z)+ssv(2) 0V () ds
0

/ OsCsy (s, )
Fy (¢ + t6) — Fu,(4)) (2)
In particular this proves that F), is Gateaux—dlfferentlable, and that

dF,(;50) = (dv o ) - 8¢

Note that the map dF,(t;-) is linear and continuous, and thus to prove F, is actually
Frechet differentiable, we use lemma [3.5] and prove that the map

DiﬁC(’f (Rd) — L(Cg (Rd> Rd)a C(If (Rd> Rd))
¥ — dE,(¢;r) =dvoy
is also continuous. First, we see that the map
Diffcé@ (RY) — CFR?, L(RY,RY))
Y — dvo

is continuous by adapting the proof of the case | = 0 using Faa di Bruno formula (we
recognize here the map Fy,). Moreover the injection

CHRY, L(RY, RY)) — L(CFHRY,RY), C(RY,RY))

is also continuous. Indeed, for any h € C§(R? R?) and o € N with |a| < k, we get
[0%(A - h)loe < ) CE110° Allc|0° Rl

B<a
where C'§ are the usual combinatorial constants. In particular this proves that

||MA||0p < Ck,d|A|C§

with Cj 4 a constant depending only on £ and the dimension d. This finishes the proof
for the case [ = 1. Now for general [ > 2, we proceed by induction, using the fact that
the differential of F), is also a composition on the left :

dF, = F,
with dv € CST~1 (R, L(R4, R%)). O
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In particular, this means the multiplication

Diﬁ‘c(l)wrl (Rd) X Diffc(l]c (Rd) — Diffcéc (Rd)
©, P — Qo

is C', and by implicit theorem, the inverse mapping

T Diffc(l)erl(Rd) — Diﬁcg(Rd)
@ — !

also becomes C'.

The group Diff o« (R?) and the regularity properties of the composition will serve as
a model example for the rest of this chapter, and most tools that we will introduce are
based on this example. Note that for M a finite dimensional compact manifold, we can
also consider the group of C*-diffeomorphisms Diff o« (M) which is also a half-Lie group
[16]. We also mention the group of Sobolev diffeomorphisms Diff s (M), with s > d/2+1
(where M is a manifold with bounded geometry, and d is the dimension of M). This space
is also a half-Lie group [16], 53] and has a Hilbert structure, and was thus highly studied
in the context of infinite-dimensional geometry and fluid dynamics [32]. In Arguillére’s
Ph.D. thesis [7, 8], LDDMM is performed on the group Diff g (M), with s > d/2 4 1, of
Sobolev diffeomorphisms on a finite-dimensional manifold M of bounded geometry and
dimension d.

4.2 Generalities

4.2.1 First definitions and differentiability conditions

The category of Banach half-Lie groups gives a natural framework to deal with differen-
tiable groups with a Banach manifold structure. Riemannian geometries on such spaces
were recently studied by Bauer, Harms, and Michor in [16]:

Definition 4.2 (Half-Lie group). A Banach (right) half-Lie group is a topological
group with a smooth Banach manifold structure, such that the right multiplication
Ry : g — gg' is smooth.

The main issue with dealing with half-Lie groups is that we lose the smoothness of the
left multiplication and the inverse, and we therefore cannot define the classical objects
from Lie group theory such as the exponential map and the adjoint representation. In
order to deal with this lack of differentiability on the left, we introduce the concept of a
graded family of a half-Lie groups that satify regularity conditions for the composition,
following the example of the group of C* diffeomorphisms (cf. proposition . Let
G = {G* k > 0} be a family of Banach half-Lie groups, and we denote simply G = G°.
We denote by inv : h — h~! the inverse mapping, and for g € G*, L, : h € G¥ — gh € G*
and R, : h € G* — hg € G* the left and right multiplications on G*.

Definition 4.3 (Admissible graded group structure). We say that G is an admissible
graded group structure if the following conditions are satisfied :

(G.1) G**!is a subgroup of G* with smooth inclusion.
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(G.2) For [ > 0, the inverse mapping on the restriction inv : G* — G* is C.

(G.3) For ! > 0, the induced multiplication

GHix gt — G
(d,9) +—= gy

is C' and C*° in the first variable ¢ for g fixed.
(G.4) For | > 0, the induced right infinitesimal multiplication

Gk x T.GFH! — TG*
(g,u) = U g = 0g(g'9)g=c(u) = TeRy(u) € TgGk

is a C' mapping, and C*>° with regards to the first variable.

(G.5) The induced left infinitesimal action

Gl x T.G¥ — TGF
(g,U> — TeLg(u)

is a C* vector bundle morphism.

Remark 4.4. This definition is similar to the concept of ILB-Lie groups of Omori [7Y],
except the definition of Omori imposes that G*™! is a dense subgroup of G* [79, Thm
3.7]. Moreover, in the context of Large deformations, we are not interested here in the
properties of the limit (), G*, and we will define metrics directly on G*.

Remark 4.5. Note that the property (G.2) is actually a consequence of (G.3) as we
will see in the proof of proposition

Example 4.6 (The family Diff o (R%)). Note that, following previous section, the familly

of C* diffeomorphisms {Diffcg (RY), k > 0} is in particular an admissible graded group
structure.

We have the following immediate consequences of properties (G.3) and (G.5) :

Proposition 4.7. For any k > 1, G* is a topological group. Morever, we have
1. R, : GF — G* is C*™ for any g € G*
L, : G* = GF is C' for any g € G

The left multiplication g € G*™' — T.L, € L(T.G*, TG") is C"

The right multiplication g € G* — T.R, € L(T,G*™, TG¥) is locally-Lipschitz,
i the sense it is locally-Lipschitz in any chart.

Proof. The two first points are immediate with (G.3). The last point follows from (G.4)

and by proposition [3.21] using vector bundles G* x T.G*+! which is trivial over G* and
the tangent bundle TG* of G*. n
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4.2.1.1 Construction of admissible graded group structures with right-invariant
local additions

Following constructions of [16], we can easily obtain admissible graded group structures
from a half-Lie group G adding an extra asumption, namely a right-invariant local addi-
tion. We sum-up these constructions here :

Definition 4.8 (Right-invariant local addition). Let G be a Banach half-Lie group,
and denote 7 : TG — G its tangent bundle. A right-invariant local addition on G is
a smooth map 7: V C TG — G, where V is an open subset of T'G, such that

e for every g € G, we have 0, € V and 7(0,) = g, where 0, denotes the zero section
of TG

e the mapping (7g,7) : V — G x G is a diffeomorphism onto its range.

o forge G, TR, (V)=V and ToTR; = R;0T

Example 4.9. The mapping (x,7) € RYx R? — 2 + 7 is a local addition on R (it is the
exponential map of the canonical Riemannian metric on R?) and it induces the following
right-invariant map on Diff cu (R%)

TDiff s (RY) — id + C5(R?,RY)
(puog) = o+uod

Since Diff o (R9) is open in id + C¥(RY,RY), for u € CF(RY,RY) close enough to 0, the
map ¢ +wo ¢ is in Diff o (R%). Therefore, there exists some subset V. C T Diff (R%)
such that the restriction of the previous map is a right-invariant local addition. More
generally, if M 1is compact finite dimensional manifold, equipped with a local addition
(for example the exponential map of a Riemannian metric), then the group of its C*
diffeomorphisms Diff o (M) can be equipped with a right-invariant local addition (and
similarly for Diff s (M) for s high enough).

This will allow to gain some regularity for the left translations, as shown in [16]. For
k € N, define G* as the set of C*-clements g € G such that left translations by g is OF :

G"={g€G, L,:G— Gand Ly : G — G are C*}

Equivalently, denoting Diff -« (G)% the set of C* right-invariant diffeomorphisms on G,
the set G* can be defined through the identification:

G* —» Differ(G)C

g — L, (4.1)

The following result [16] shows the regularity gained with such a construction :

Proposition 4.10 (Differentiable elements). Let G be a Banach half-Lie group with
a right-invariant local addition, and define the family of subgroups of differentiable
elements {G* k € N*} as before. Then, the groups G* are Banach half-Lie groups,
and the family {G* k € N*} is an admissible group struture in the sense of:
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Proof. The proof is mostly included in the work of Bauer, Harms, and Michor [I6, The-
orem 3.4] and uses the identification Some points are not explicitly written even
though contained in the paper, so we are going to prove them for sake of completeness.
We recall some of the construction of [16], §.10] giving the differentiable structure of the
group G* ~ Diff o« (G)“. Let 7: V C TG — G a right-invariant local addition on G. We
define the set of C*(G,G)% of right-invariant morphisms, that is to say C* morphisms
f:G — G such that forallg € G, foR, = R,o f. We also consider the space I'cx (TG)%
of right invariant vector fields of G' (that is to say C* vector fields X : G +— T'G such that
XoR,=TR,0X). By [16, 10.7], the space I'¢c+ (T'G)® is a Banach manifold. Moreover,
for f € CH(G,G)Y, we define the open subset V = {X € T'ex(TG)¢ | X(e) € V} of
e (TG)C, and the map
. { V — COFG,G)¢
"1 X — 710Xo f

is invertible and defines a chart (vf(U),vJTI) around f of C*(G,G)% [16, 10.8]. The
collection of all (Uf(V), vj?l) defines a Banach manifold structure on the space C*(G, G)%
modeled on the space I'ci (T'G) and moreover Diff - (G)¢ is an open subset of ['ex (TG)Y.

(G.1) : The fact that G**! is a subgroup of G* is immediate. Moreover the inclusion
is smooth as it is directly smooth in the charts.

(G.3-4): Conditions (G.3) and (G.4) follows from the fact that G**' c (G*)! and
using proposition [3.6]

(G.2) Therefore, for ¢ € G*¥! g € G*, the derivative :
TgGk — TglgGk

TLy X — J¢X

is a Banach isomorphism. Therefore, by implicit theorem the inverse map inv is C* from
G* to G*.

(G.5) In charts, we see that the inclusion G¥*1 C (G*)! is smooth. Moreover, by [16),
lemma 10.10|, the map

(GHY — JYG*, GF)
g — jeng = (e,9,T.Ly)
is also smooth. In particular, for any u € T,G*, the evaluation g — T.Lgu is smooth. [
In this case, we can define the group of smooth elements G* by
G =[G
k>0

The group G is then a Frechet Lie group [16, Lemma 3.7]. Its Lie algebra T,G*™ is
the space of vectors X € T.G such that the induced right-invariant vector field X : g
T.R,(X) is smooth.

4.2.2 Adjoint representation and Lie bracket

We introduce next equivalents of the adjoint representation and of the Lie bracket on half-
Lie groups. Since the multiplication in the group is only partially smooth and continuous,
we cannot directly define a Lie bracket in the tangent space T.G. However, we consider
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again a family {G* k > 0} of half-Lie groups (with G = G°) satisfying (G.1-5) (for
example if G is a half-Lie group equipped with a right-invariant local addition). For
g € G, we denote by int, the interior automorphism defined by

int, : G — G, h— ghg™".

Moreover, if g € G, the interior automorphism int, = R,-10 L, is thus C*. In particular,
we define the adjoint representation.

Definition 4.11 (Adjoint representation). Let g € G'. We define the adjoint repre-
sentation Ad, € L(T.G,T.G) as the derivative of the interior morphism

Ady, = T; int,

Following [16], we can also define an analogous of the Lie bracket. By (G.4), any
element u € T,G' extends uniquely to a right-invariant C* vector field

u(g) =T.Ry(u), g€ G

We denote by I'ci (T'G)® the linear space of right-invariant C! vector fields on G, i.e. the
space of C! vector fields ¢ satisfying

§oRy;=TRy, forany g€ G
We have in particular the inclusion

T.G' — FCl(TG)G
U = U

In the particular case where G is equipped with a right-invariant local addition, and G*
is the half-Lie subgroup of C! elements of G, then this inclusion is actually an equality
T.G' ~ T (TG)C. Similarly, for k > 1, the tangent space T,G* is naturally included in
the space of right-invariant C* vector fields I'cx (TG)% (and if G* is the set of C*-elements
of G, then it is a bijection G¥ ~ 'k (T'G)C.

Definition 4.12 (Lie bracket definition). We define a Lie bracket [-, -] : T.G' x T.G' —
T.G by
[u,v] = Tpu(v) — T.o(u)

where u,v € T.G!, and the equality has to be understood in charts around e € G.
Remark 4.13. Here u and v induces C' right-invariant vector fields in TG and this

definition actually coincides with the usual definition of Lie brackets of vector fields in
Banach manifolds as described in [61, chapter V).

Proof. We prove that this definition does not depend of the charts. Let u,v € T,G', and
(U, ) a chart of e in G, such that ¢(e) = 0 € B. This also induces a chart (T'U,d¢) of
TG. We denote by &t =dpotiogd™ : U = Band 0 =dpotvogp!:U — B the induced
maps in the chart U. The Lie bracket in the local chart is thus defined by the formula

(6, 0)(2) = dai(0(x)) — da0(a(x))
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Let ¢ : B — B be a smooth diffeomorphism of B, such that ¢/(0) = 0. We also denote by
Yol = dy-1(yyp ot o™, (and similarly ¥.0 = dy-1()p o 0 0 ™), the pushforward of @
by 1. Then we get

0
= A oy (02, i) — s (dD (@) (2)
= Y (dit(0)) () = (do(a)) ()
= Y[t 0](x)
where we used the fact that d?y is a symmetric bilinear map of B. This concludes the
proof. O]

Let p € [1,00]. We recall that the set of derivations Der(G) is the algebra of linear
operators 0 from CP(G,R) to CP71(G, R) satisfying the Leibniz law, i.e.
d(fg9) = 0(f)g + f9(g) (4.2)
Any vector field £ € I'(T'G) defines a unique derivation £¢ € Der(G) by

Lof =TF(¢)

and moreover the induced morphism £ € I'(T'G) — L¢ € Der(G) is injective. Since we are
dealing with right-invariant vector fields, the associated derivation is uniquely determined
by its value at identity. Indeed, for any & € T'ci(TG)%, g € G and f € C®(G,R), we
have

Lef(g9) =T[(&(g) =TfoTRy(E(e)) = Le(f 0 Ry)le),
with f o R, € C*°(G,R), so that the map

(TG — C®(G,R)*
3 — (f = Lef(e))
is an injection.

Proposition 4.14 (Lie bracket and derivation). Let u,v € T,G", the element [u,v] is
the unique element of T.G such that for any smooth function f: G — R,

Lz f(e) = Ls(Laf)(e) — La(Lsf)(e) (4.3)
where T f(u) and T f(v) are smooth maps from G to R defined by g — T, f(a), T, f(0).

Proof. The proof is also contained in [16] 61], even though it is not really detailed in this
setting. We add it here for sake of completeness. Let u,v € T,G', and we consider local
repr esentatlons @ and v in a chart (U, ¢) around e € G, as in the proof of proposition
. For f € C*(G,R), we also denote by f f o ¢ its representation in the chart U.
We have

Lo(Laf)(0) = La(Lsf)(0) = do(df(a))

(8) — do(df(8)) ()
= do f (i1, 0) + dof (do <@<0>>> 2 f(0,4) + dof (dod(0(u)))
= dof (dotu(8(0))) — dof (dod(i1(0)))
= do f([t1, 9])
Zﬁ[u,@]f(o)
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which concludes the proof. O

Since any u € T,G**! also defines a C! right-invariant vector field on G*, we can
similarly define a Lie bracket [.,.]y : T.G*™! x T,G*' — T,G*. This bracket product
satisfies many properties of usual Lie brackets:

Proposition 4.15 (Lie bracket). The Lie bracket [-,-] : T.G* x T,G' — T,G satisfies
1. [T.G* T.G*1) C T.G* and coincides with the bracket product [-, -], on G*

2. [, -] is a skew-symmetric continuous bilinear mapping and satisfies a Jacobi iden-
tity:
Yu,v,w € T,G?, [u, [v,w]] + [v, [w,u]] + [w, [u,v]] = 0. (4.4)

3. The adjoint representation Ad induces a C* mapping Ad : G*> x T.G?* — T.G and

Yu,v € T,G?, T, (Ad(v)) (u) = [u,v)]. (4.5)

4. The inverse of the adjoint representation Ad™" also induces a C* map Ad™! :
G' x T.G' = T.G, (g,v) = Ady-1v and

Vu,v € T.G', T, (Ad"'(v)) (u) = —[u, v]. (4.6)

Proof. Let u,v € T,G*"!. Then the Lie bracket [u,v];, € T.G* is in particular in T,G and
thus defines a derivation Der(G) : for f € C*°(G,R), we have

Liuw) f(€) = Liua) f(e)
so that [u, v] = [u,v], and we get the first point. The second point is also straightforward
and follows from the definition of the Lie bracket. Let us prove the third point. By (G.2),
the inverse mapping inv : G — G is C?, and since the multiplication (g,¢') € G* x G —
gg' € G is also C?, the map
G?xG* — G
9.9 > g9'g""
is C2?. Thus the partial derivative
G*xT.G? — @
g,v —  Ady(v)

is C1. We thus define w = T,(Ad)(v)(u). For any f € C*(G,R), we have
0304 (99’9 Ny =e.g=e () (1) = 0y (Tef (Ady(v))) lg=c(u)
= Tef(w>
= £wf(€>
On the other hand, by Schwarz theorem we also have
ag@g/f(gg’g_l)|g/:e7g:€(v) (u) = 89189f(gg’g_1)|g:e,g/:e(u) (v)
= 0y (Tf o TeRy (u)) |g=c(v) + 0y (T'f 0 TeRyg-1(v)) |g=e(u)
= Ly(Laf)(e) — La(Lsf)(e)
= Liauf(e)
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so that the third point also follows.
We prove now the last point, with ¢ € G* and v € T,G'. By definition, we get

Adg-1v = (T.L,) 'T.R,v.

By (G.4), the map G* x T.G* — TG, g,v — T.Ryv is C*. Moreover, by (G.5), T.L :
G! x T.G — TG" is a C! vector bundle morphism. This means in particular that

Gl — L(T.G,TG)
g +— T.L,

is C! (cf. definition [3.19). In a local chart U of the bundle TG — G* around g € G,
g — T.L, is the map g — (g,iL\g) € U x GL(T.G). As GL(T.G) is a Banach Lie
group, the inverse mapping inv : GL(T.G) — GL(T.G) is smooth. Thus, the map
ge G — (T.L,)" ' € L(TG,T,G) is also C'. Therefore, the map

G'xT.G" — T.G
(g,v) — Adg1v

is C1. The last equality follows from computations similar to those in the proof of the
third point. O

In particular, following classical notations for the Lie bracket in finite dimensions, we

also define ad : T,G' — L(T.G'T.G) by
ad, v = [u,v]

Moreover if GG carries a right-invariant local addition, and G*° is the Lie group of smooth
elements, this bracket becomes a true Lie bracket on 7,G* and the space becomes a Lie
algebra [16].

4.3 Regularity and evolution map

In this part, we deal with regularity properties of half-Lie groups, in the sense that
under some regularity conditions, there will exist a unique global flow associated with a
right-invariant vector field :

Definition 4.16 (Regularity of a group). Let G be a Banach half-Lie group. We say
that the group G is LP-regular if for any u € LP(R,T.G), there exists a unique curve
g € AC»(R, G) that is solution of the differential equation

g(t) = T.Rypyu(t), g¢(0)=e.

Let {G*, k > 0} be a family of Banach half-Lie groups satisfying (G.1-5) [4.3] and
denote G = G°. Let I C R be a compact interval, and suppose G* is modeled on the
Banach space B¥. The regularity of Banach half-Lie groups was proved in [16, Theorem
4.2] when restricting to smooth curves in the tangent space of identity. In our setting, we
consider less regular curves with AC2-regularity, which generates absolutely continuous
curves in G*. Let ACp»(I,G*) (resp. ACr»(I,G)) be the set of absolutely continuous
curves in G* (resp. in G). We recall the Banach differential structure of AC»(I,G).
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Proposition 4.17 (Banach manifold structure of ACr»(I,G)). Assume I = [a,b] with
a<beR.

1. The space ACp»(I,G*) is a Banach manifold.

2. Fort € I, the evaluation

. { ACL(I,G) — G
b n — n(t)

1S smooth.

3. The tangent bundle TACL(I,G) is identified with the wvector bundle
AC (I, TG) — AC»(I,G). For g € AC»(1,G), we therefore have

TgAch (I, G) = ACLp (I <— g*TG)
where ACry(I < g*TG) = {y € AC»(I,TG), (t) € Ty»)G, Vt € I}.

Proof. This follows directly from Theorem [3.37] O

The rest of this section is devoted to the study of absolutely continuous curves in G*.
We start by showing the existence of an absolutly continuous lift in G* for any integrable
curve in the tangent space T,G*+1.

Proposition 4.18 (Regularity of Banach half-Lie groups). Let k > 0, I C R be an
open interval and ty € I. For every u € LP(I,T,G*) the ordinary differentiable
equation
{(900.= 060 = T ) "
Gt = €

admits a unique global (i.e. defined on I) solution g € ACL»(I,G¥).
Moreover, if u € LP(I,T,G*™), for n > 1, then for all t € I, the left translation
Lg(t) : Gk — Gk is O™,

Proof. The proof is contained in [82], and in [16] for the special case where u € C*(I, T,G*).
The first step is to prove local existence of solutions, using classic Picard-Lindelof the-
orem. Let (U, ) be a local chart around e in G¥ with ¢ : U — B* where B is the
modelling Banach space for G¥. We denote V = (U) C B* and d ¢ = pr, oT,¢ for any
g € U where pr, : V x B¥ — B* the canonical projection on the second argument. We
consider f : V x B*! — B* such that

f(y,v) = dgp(u - g) with (u, g) = ((de) ™" (v), 7' (1)) -

From (G.4), f is C'. Since (y,v) — 9,f(y,v) is continuous on V x B**! and linear in v,
we can assume (up to the restriction of V' to a smaller open set) that there exists K > 0
such that |8y f(y,v)| L@r ) < K|vlger for any (y,v) € V x B**!. Hence the mapping
F: 1 x o(U) — B* defined by F(t,y) = f(y,v:) where v; = do(u;) is such that

|F(t,y) = F(t,y)lse < Kloilgrsly =3 |5

so that F(t) = F(t,.) € Lip(V,B*) and, since t — v; is LP(I, B*™) for u € LP(I, T.G*),
t — F(t) € L} (I,Lip(V,B*)). Therefore by [08, Theorem C.6|, for any t, € I, the

loc
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equation that is locally equivalent to ¢, = F(¢,y;) has one unique local solution in
G* defined on I, C I. In the case where u € LP(I,T,G*™) for some n > 1, we even
have that ¢ — F(t) € L} (I,Cr(V,BF)). Therefore, by [08, Theorem C.15 and C.1§]
for t € I,, the mapping y; : ¥ € V > y;(z) € B¥ is O™, where y;(z) is solution of the
equation ¢, = F(t,y,;) with initial point y;,, = z. By uniqueness of the solution, this
corresponds in G* to a C™ mapping g € U — g(t)g = Ly (g) € G so that Ly is locally
C" on U. Since R,(U) = Uh = R;,(U) is an open neighborhood of h € G* and since
for y € R,(U), Lyw)(y) = Ry o Lywy © Ry-1(y) where Rj, and Rj,-1 are smooth mappings
(see (G.3)), we get that Ly is C™ on G for all t € I;,.

Now, following the proof from [59, 4], we prove that the solution is globally defined
on I. It is enough to consider the case where I = [a,b] is compact. We get from the
above local existence of solutions, i.e. there exists a = a1 < as < ... < a,, = b such that
I = [ay,a,] and, for any 1 < i < n there exists solution g; € ACL»([as, a;1], G*) of

We can now define a global solution g(t) = g;(t)gi—1(a;) ... g1(a2) = Ry, (as)...g1(a2) (i (1))
for a; <t < a;y1 which is in ACL»(I,G*) as Ry, 1 (a))..g1(as) 15 smooth and each g; is
AC». O

In particular, for half-Lie groups equipped with right-invariant local addition, we can
prove that the subgroups of differentiable elements are regular.

Corollary 4.19 (Regularity of the group of C*-differentiable elements). Let G be a
Banach half-Lie group that carries a right-invariant local addition, and let G* denotes
the group of C*-differentiable elements. Then for k > 1, and potentially k = oo, the
group G* is LP-reqular.

Proof. This follows directly from . Indeed, for any u € LP(R,T.G*), with k& > 1, we
can integrate equation (4.7)) in G and get a solution g € AC»(R, G). Moreover for any
t € R, the map

Lg(t) G—G

is C*, i.e. Lyy € Diff cx(G)“. In charts defined in [4.10, we see that the map ¢ — L) is
in AC»(I, Diffox (G)%) and that

d

7 La) = Luw © Ly
where Ly € Tor(TG)¢ = Tiq Diff o (G)€ is defined by L, yg = T.Ryu(t). Therefore the
curve t — g(t) = Ly (e) is in AC»(R, G*) and satisfies ([4.7). O

Remark 4.20 (LP-regularity of Diffci(M)). Note that proposition just proves LP-
reqularity for the half-Lie group G* where k > 1. The case k = 0, i.e. the LP-reqularity of
G can be a bit trickier, and the example of the group of diffeomorphisms was particularly
studied. We refer to [19] for a proof of L*-regularity for the group Diff ys(M), where M
is a manifold of dimension d of bounded geometry and s > d/2+ 1. A recent work [83]
also prove the LP-regularity of the half-Lie group Diffci(M).
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For the end of the section, let {G*, k > 0} an admissible graded group structure, with
G = G°. Proposition allows to define the evolution map for any time-dependent
vector field u € LP(I,T,G*F1).

Definition 4.21 (Evolution map). We denote by Evolgx : LP(I, T.G*) — ACL»(I, G¥)
the evolution map associating to any time-dependent vector field u € LP(I,T,G*) the
solution g € AC»(I, G*) of the ODE [4.7]

We can prove that the evolution map has some regularity, depending on the space
where u lives:

Proposition 4.22 (Derivative of the evolution map). Suppose I is a compact interval.

1. The restriction of the evolution Evolge : LP(I, T,G*1H) — ACL»(I,GF) with
[>0is C

2. For u,6u € LP(I, T,GFHY) its derivative 6g = T, Evolgk(du) € ACL»(I <+
g*T'G*) is the unique solution of the linear Cauchy problem:

09(t) = Og(Te Rgu(t))lg=g(1)09 (t) + Ou(Te Ry(yu) fu=u(ydu(t), dg(0) =0 (4.8)
where g(t) = Evolgr (u)(t).

Proof. The proof uses ideas from [8, [41]. We assume I = [0, 1] and we prove the re-
sult locally. Let ug € LP(I,T,G**1), gy = Evolgr(ug) and consider a chart (U =
ACr»(a;U), ®) around gy as introduced in where a = (a;)1<i<n, U = (U;)1<i<n and
¢ = (pi)1<i<n are such that 0 = ag < a; < ... < a, = 1, and (Uy, 1), ..., (Un,@n) is
a collection of charts on G*. In the sequel we denote I; = [a;_1,a;] and V; = ¢;(U;) for
1< <n.

Working in local coordinates, consider for 1 < i < n the mapping V; x T,G¥*+1 — BF
defined by (y',u) = u -y’ = dypi(u - g) = de(pi o Ry)(u) with ¢ = ¢;'(y°). From
(G.4) we get that this mapping is C"*! and therefore induced a mapping ACp»(I;, V;) x
LP(1;, T,G*HY) — LP(I;, B*) defined by (3%, u) — u-y* = (¢t — u(t)-y'(t)) which is C' [41],
prop 2.3| so that we get eventually a C' mapping ([}, AC»(L;, V;)) x LP (I, T,GFHH1) —
[T, LP(1;,B) defined by (y,u) = u -y = (u.y')1<i<n for y = (¥')1<izn-

We consider now the C' mapping

o { [T, ACL» (1;, V;) x LP(I, T,GFFH)  — BF x Hlle L’T(Ii,]B%k) x (BF)(=1
where o(y) = (pir1 0 () oy'(a;) —y(a;))1<i<n is the smooth mapping introduced in
[3.38] checking for the continuity conditions at the boundaries of the segments I; so that
if You(u) = ®(Evolgk(u)) for u € LP(I, T.G*HY) | then ye, (u) verifies :

C(Yev(u),u) = (egr,0,0)
However,
0,C (y,u) oy = (3y"(0), 09 — 0, (u - y)dy, dyo (0y))
and for any (8qo, dw, o) € BF x [, LP(I;, B*) x (B*)(»~V, the equation

8?/C(y’ U)5y = (5(]0’ (5’(1], 50)
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is a linear Cauchy problem on each segment I; with boundary conditions induced by dqq
and do at time (a;)o<i<, that admits a unique global solution dy € [[, ACL»(I;, Vi).
Thus 9,C(y,u) : [[1n, ACL»(L;, Vi) — B x [[, LP(I;, B¥) x (B*)™~V is a Banach iso-
morphism and by implicit function theorem, there exists an open neighborhood W, C
LP(1, T,G* 1) of ug such that ye, and Evolge : Wy — ACp»(a; U) are C'.

Moreover, dy = T,yey(du) is solution of 9,C(y,u)dy + 9,C(y,u)du = ie. dy'(0) =
0, dyo(dy) =0 and
0y = Oy(u - y)du + Oy(u - y)dy =0
which is again a linear Cauchy problem on each segment I; with boundary conditions

induced by dy'(0) = 0 and 6o = 0 at t = a; for 0 < i < n and admitting a unique global
solution. Thus, for g = Evolgr(u), we get that dg is solution of (4.8)). O

4.4 Split extensions and examples

In this section, we review some examples of half-Lie groups, and that we will use through-
out this thesis. Most of those examples are extensions of the diffeomorphism group. We
simply present them without focusing on their differentiable structures, which will be
addressed in the next sections.

Diffeomorphism group As we saw before the group Diff o (M) of diffeomorphisms
of finite regularity of a compact manifold M is a half-Lie group that carries a right-
invariant local addition. Moreover, the subgoup of C'-differentiable elements is directly
Diff o (M) = Diff ox11, and in particular, for all & > 2, the group Diff o« (M) is LP-regular
with 1 < p < oo using proposition [£.18] The case k = 1 is bit trickier, we refer to [83)
Theorem 6.5| for a proof of the LP-regularity of Diff o1 (M).

Isometries and diffeomorphisms In classical LDDMM and shape analysis, a first
step is often performed to align source and target objects through rigid motions. In
the multi-scale setting [71, 82], one can include the rigid motion alignment as a coarse
first layer. In [18], authors develop an equivalent formulation of multi-scale registration
through an iterated semi-direct product. We adapt their idea to include the rigid motion.
We introduce the group of affine isometries of R?

Isom(R%) = R? x SO(d)

with the product law given by (R, 7)(R’,7") = (RR', 7+ R7’). This allows us to associate
any element (R, 7) of the Lie group Isom(R%) with the rigid deformation (R,7) : z €
R? — Rz + 7. We consider the following right action of Isom(R?) on Diff s (R?) by
conjugation,

Sx =818,
where S = (7, R) € Isom(R?). This action is well defined, continuous, and we can thus
consider the group Isom(R?) x Diff cu (R?) with the following composition law:

(S,0) - (8',¢)) = (55,57 S o ¢). (4.9)

This group is a half-Lie group and can be equipped with a right-invariant local addition.
We detail this proof in section|7.2|and give other similar groups of the form G'x Diff o (RY)

where G is a finite dimensional Lie group acting by smooth automorphisms on Diffcg (RY).
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Multiscale diffeomorphism group In [71], authors proposed a multi-scale version of
LDDMM, where the data studied exists simultaneously at different scales with interac-
tions between them. Therefore they consider that the transport of these type of shapes
is done by a family of diffeomorphisms, each diffeomorphism represent a transport at
different scale. Therefore they introduce the direct product

H Dlﬂ:‘C’(’f (Rd) )

1<I<L

where L > 0 is the number of scales. More details on these groups will be developped in
section

Split extensions of Diff Let G be a finite dimensional Lie groups, and consider
CfG (R%,G) the space of C* maps from R? to G that tend to eg at infinity, and such
that the derivatives up to k tend to 0. In particular, we can equip CfG (R?, ) with the
pointwise multiplication of G which turns it into a Lie group : For k, k' > 1, we then
define the semi-direct product

Diff i (R?) x CF (R, G)
with product law given by

(@7 a)‘(90,7 O/) = (90 © ()0,7 @ o 90/ *G Oé)

where ¢ is the composition in G. The group Diff (RY) x Cfé (R?, @) is then a Banach
half-Lie group. It was in particular introduced in [95] in the metamorphosis framework.
In particular, with G = (R? +), this allows to conjugate transport of shapes with change
of intensity.

Automorphisms of a vector bundle Let £ — M be a finite dimensional vector
bundle, over a compact manifold M. We recall that a C* vector-bundle morphism ( f.f)
is a pair of C* maps f: M — M and f : E — E such that f is fiber-preserving, linear
on each fiber and the following diagram

E—L . Fp

|

M — M

commutes. The group of C*-automorphisms Autex(E) is the space of C* vector bundle
morphisms that are invertible. We prove in section that this space is also a Banach
half-Lie group.

Automorphisms of a principal bundle In particular, if M is a compact manifold,
the tangent bundle T'M is a vector bundle over M. It is therefore natural to consider the
group Autex (T M) of C* automorphisms of TM. Moreover, this group acts naturally by
pushforward on the space of metrics Metox (M), as we study in section
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4.5 Almost Lie-Poisson structure and Lie-Poisson re-
duction

In this part, we introduce an analoguous of the Lie-Poisson bracket on the Lie algebra of a
half-Lie group, and study the reduction of the dynamics of right-invariant Hamiltonians
on the half-Lie group. This was highly studied ([65] for example) for right-invariant
Hamiltonians on finite-dimensional Lie groups leading to the standard Lie-Poisson and
Euler-Poincaré reductions (see also [64]).

4.5.1 Poisson algebra

In infinite dimension, it gets a little bit tricky to define Poisson structures (compared to
the finite dimensional case) as the spaces we are dealing with are often non-reflexive and
the symplectic form and Poisson brackets are therefore only weak [77, [76]. We also refer
to [43] for an examination of various approches to define Poisson structures on Banach
spaces.

Definition 4.23 (Poisson algebra). A Poisson algebra (A, {-,-}) is a commutative
associative algebra A endowed with a bilinear map {-,-} : A x A — A satisfying the
following properties

1. Anti-symmetry : Vf,g € A, {f,9} = —{9g, f}
2. Jacobi identity : Vf,g,h € A, {f,{g,h}} +{g,{h, f}} +{h,{f, 9}} =0
3. Leibniz rule : Vf,g,h € A, {fg,h} = f{g,h} +{f,h}g

The map {-,-} is called a Poisson bracket.

We also define the notion of a weak Poisson algebra following [76], on general manifolds
modeled on locally convex spaces (and not only Banach spaces as before). We refer to
[87] for definitions and in-detail study of infinite dimensional geometry beyond Banach
spaces. In particular, we will consider Gateaux differentiability as in [54].

Definition 4.24 (Weak Poisson manifold). Let M be a smooth manifold modeled
on a locally convex space. A weak Poisson structure on M is unital subalgebra A of
C*(M,R) (i.e. it contains the constant functions) endowed with a bilinear map {-, -}
such that

1. (A, {-,-}) is a Poisson algebra.

2. For every m € M, and v € T,,M satistying d,, f(v) = 0 for every f € A, we have
v=0.

3. For every h € A, there exists a vector field X},, called the Hamiltonian vector
field of h, such that
VfeA Lx,f=A{fh}

The triple (M, A, {-,-}) is called a weak Poisson manifold.
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Remark 4.25. Here the space C°(M,R) denotes the space of Géteauz-smooth func-
tions. In case M is Banach manifold, this set coincides with the space of Frechet smooth
functions.

Example 4.26 (Weak Poisson structure associated with a symplectic manifold). Sym-
plectic manifolds provide examples of Poisson structures. In particular, let @ be a Banach
smooth manifold, and consider the canonical weak symplectic structure on the cotangent
bundle (T*Q,w) as in section[3.1.5. We can then associate to this symplectic structure a
Poisson algebra (Ar-g,{-, -}v) as in [76], where Ar«g is the subalgebra of C°(T*Q,R)
defined by

Arig ={H € C*(T*Q), H admits a symplectic gradient}.

and

{F, G} = w(Xr, Xg) = dF(Xg) = —dG(XF)

where Xr and Xq are the symplectic gradients of ' and GG. This Poisson algebra satisfies
conditions 1. and 2. of definition|.24. To get an actual weak Poisson structure on T*Q,
one needs to impose an extra condition on the weak symplectic form to get the separity
condition of definition [{.24]. In particular, strong symplectic Banach manifolds define a
weak Poisson structure. We refer to [76, proposition 2.18] for a proof of this result.

Remark 4.27. Generalized Poisson manifold [97, [1]|] Note that such structures do not
necesarily imply existence of a corresponding Poisson tensor, i.e. a smooth skew-symmetric
tensor w € F(/\2 TM) satisfying the Jacobi identity, and such that

{f,9} ==(df,dg).

Another approach, introduced for example in [97, [44] defines Poisson structures using
Poisson tensors defined on a subbundle F ot T*M that is in duality with the tangent
bundle TM. Such triple (M,F, ) is then called a generalized Poisson manifold. Note
that the results presented in this section could be also done in this context of generalized
Poisson manifolds

We also define the notion of Poisson map between weak Poisson manifolds, i.e. mor-
phisms of Poisson manifolds. We recall that for any smooth map ¢ : M — N between
smooth manifolds M and N, we can define the pullback ¢* : C*°(N,R) — C*(M,R) by

©'F=Fop, FeC®N,R)

Definition 4.28 (Poisson map). Let (M, Ay, {-,-}ar) and (N, An, {-,-}~) weak Pois-
son manifolds. A smooth map ¢ : M — N is called a Poisson map if o* Ay C Ay,
and p*{F,G}n = {¢*F,¢*G} ) for any F,G € Ay.

We recall next the equation of motion in Poisson bracket form. We suppose for

simplicity that the manifold is modeled on a Banach space so that any Hamiltonian
vector field admits a local flow.
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Proposition 4.29 (Equation of motion). Let (M, A, {-,-}) be a weak Poisson Banach
manifold, and let @, : M — M be the flow of a Hamiltonian vector field associated with
a Hamiltonian H € A, i.e.

O =Xpop o =idpy (4.10)
Then we have

1. For all F € A, we have %F oy ={F oy, H}, orin short

F={FH} (4.11)
2. ¢y is a Poisson map, and H o oy = H

4.5.2 Lie-Poisson reduction

It is known that the dual of any finite-dimensional Lie algebra carries a natural Poisson
structure called the Lie-Poisson structure. In case of a Lie algebra of a given finite
dimensional Lie group, this Lie-Poisson bracket is derived using the Poisson bracket
associated with the cotangent bundle of the Lie group. This process is called the Lie
Poisson reduction. We present here and extend this process of Lie-Poisson reduction in
the setting of half-Lie groups. Let GG be a half-Lie group carrying a right-invariant local
addition. Let then G* be the half-Lie group of C*-differential elements of G. The issue
here is that the tangent space at identity 7.G of GG is not a Lie algebra: it is not stable by
the Lie brackets defined previously. As previously, the cotangent bundle T*G is naturally
endowed with a weak symplectic structure by the canonical symplectic form w, and we
can then associate to this symplectic form a Poisson algebra (Ar-q, {-,}.), where

AF.. = {H € C*(T"G), H admits a symplectic gradient}
is a subalgebra of C*°(T*G). We recall that for F, H € A%, ., we get

The idea of the Lie-Poisson reduction process is to focus on right-invariant Hamiltonian
maps and use this right invariance to derive an other formulation for the Hamiltonian
equations.

Definition 4.30 (Right-invariant map). A map H : T*G — R is said to be right-
inwvariant if for all g € G, we have

HoT*R,=H

Remark 4.31. In particular any right-invariant map H : T*G — R 1is characterized by
its restriction h = H|r=¢ to the dual space TG, by the relation
H(g,p) = h(T.Ryp)

Now, we can also endow the dual of the tangent space 7G> with a weak Poisson
structure. We define the sub-algebra

Apsge = {h € C®(T*G™), dh € C®(T:G™, T,G™)}.
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We recall that here the space T.G*° is the space of vectors X € T,G such that the
induced right-invariant vector field X : g T.R,(X) is smooth. This makes the space
T.G* stable by the bracket defined in section £.2l Note that T.G*> C T.G is a Fréchet
space and we equip its dual 7G> with the Hausdorff locally convex weak-* topology, so
that T,G* identifies with the bidual 7.*G>. We can thus define the Lie-Poisson bracket

{h. f}+(m) = (m | [dh(m),df (m)])

for any h, f € Apsge, m € T;G*. Each f € Ar:g~ admits a corresponding Hamiltonian
vector field X; € C(T*G*, T*G>) such that X;-h = {h, f} for any h € AT e, and
given by: X

Xp(m) = —adgg,,) m.
The classical result from reduction theory [65], [76] [77] gives that the momentum map

_ { T*G*® — TrG*™

(9,p) +— T.Ryp

is a Poisson map between the weak Poisson structures (T*G*, A% o, {+, - }w) and
(Te*GOO, Arpsge, {-, }+) This means that for any right-invariant mappings H, F' € A%,
the following equality holds:

(H,FY, ={h f}som (4.12)

where h, f € Ar+ge~ are such that hom = H and f om = F. In particular, this implies
that, if (g,p) € C*°(1,T*@G) is the flow of a Hamiltonian vector field Xy = V¥H where
H = hom € Ar:g~ is right-invariant, the momentum m; = m(g, p¢) € T.G* is the flow
of X n, i.e. solves the reduced Lie-Poisson equation:

The Hamiltonian functions that we are going to introduce on 7*G in the next sections
are not smooth and do not belong to A, and momentum maps have to be in T*G*, so
this construction is thus not applicable. However, these Poisson brackets can be extended
on the algebras

Al ={H € C(T*G), H admits a symplectic gradient}

and
Ap-ci = {h € C(T}G"), dh € C(T; G, T.G")}.

These algebras are not stable by the Poisson brackets, but we still get an analoguous
result. We denote by m' : T*G — T*G' the co-restriction of the momentum map to
T*G'. We also denote by i, : T.G'T! < T,G'! the smooth inclusion of T,G'*! in T,G',
and if,, : T/G' — TG its dual map (which is not necessarily injective since T,G' is
in general not dense in T,G").

Proposition 4.32 (Almost Lie-Poisson reduction). We get the following :
1. {Aéth, Aljth}w C .Aép*G and {AT;GHHAT;GZH}-}— C ATgGl-
2. The map m' is C'~" and (m")* Apsqn C AL
3. We get
Vh, f € Apsci, {h, f}io m! = {hom!, fom'},. (4.14)
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Remark 4.33. Note that in this case ALY, C A, but not necessarily Apsrn C A
since the tangent space T.G' is not dense in T.G'*' in general. However any element
h € Ar:qie still defines a natural element hoif € Apsca

Proof. The first inclusion {Athla,Athlc w C Ab.g is straightforward since for F, H €
AL, then their bracket {F, H}, = w(Xr, Xp) is therefore C! and we get

d{F, H}, = du(Xp, Xn) = w([XFp, Xu],)

where [Xr, Xy] is the usual Lie bracket of vector fields of T*G [2], and where the second
equality follows from the fact that i¢x,w is closed, implying Lx,w = 0 and from Car-
tan formula [76, Proposition 2.18]. We prove the second inclusion. Let f,h € Ap.cus1.
These two functions define functions in C*(T*G!) by f oidf, hoi that we also sim-
ply denote h, f. For m € T*G', we consider the second derivative d?f(m),d*h(m) €
LA(T*G™ TG R) which are bilinear and symmetric. Since we have dh(m),df (m) €
T.G'*1, so that the second derivatives also induce linear maps

d2h(m), d2f(m) € L(T*G"*, T,G") > R
so that, for any dm, om’/ € TG+
(6m | 2f(m)(6m")) = d>f(m)(6m,dm’) = (5m’ | d2f (m)(m))

and similarly for d?h. Moreover, the adjoint representation induces, for v € T.G"*! a
dual map ad’ : T*G' — TFG'"™, so that the Hamiltonian vector fields X; and X, are in
C®(T*G™ T*GY), and we get for m € T*G', we can define the bracket

k(m) = (m [ [dh(m), df (m)]) .

Its derivative is given, for every dm € T*G', by

dk(m)om = (dm | [df (m), dh(m)]) + (m. | [F (m >5m,dh<m)] [df (m), &h(m)om] )
= (dm | [df (m > A(m)]) + & (m)(0m, Xn(m)) — d*h(m)(om, X(m))
(dm | [df (), dh(m)] + & f (m) (Xn(m)) = dh(m)(Xs(m))
so that dk(m) = [df (m), dh(m)] + d*f(m)(X(m)) — d*h(m)(X;(m)) € T.G".

We prove now the second point, i.e. the regularity of the map

,‘{ "G — TrG
| (g,p) V— T.Rip

)
)

Since, by (G.4), the map T, R : G xT,G' — TG is C', it thus induces a C'~! vector bundle
morphism (cf. [3.21)), so that the dual map T.R* : G — L(T*G,T*G') is also C'"!. In
particular the momentum m! is also C'~!. Moreover, if h € Arscr, then the composition
H = hom! thus defines a C'~! map from T*G to R. Let (g,p) € T*G, we compute in
local charts adapted to the cotangent bundle TG the partial derivative 0,H:

d,H (g,p)0p = dh(m'(g.p)) - Oym'(g,p)dp
= (T.R}0p | dh(m'(g,p)))

— (6p | TuRydh (m'(g,p)))
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and therefore 8,H (g, p)dp = T.Rydh (m'(g,p)) € T,G C T;*G,i.e. H admits a symplectic
gradient, which proves that H & .AZT’IG Let us compute also the partial derivative
9,H(g,p) in order to compute this symplectic gradient. Since dh(m!(g,p)) € T.G', we
get

9yH (g,p) = (p | 84(T.Ry)6gdh(m! (g, p)))
= (p | 9 (TeRgdh(ml(g,p))) 59)

Finally, this symplectic gradient is given by
va<g7p> = (TeRgdh(ml(g,p)), _ag (TeRgdh(ml(g,p)))*p>
Let now F = fom! € ALl with f € Arsci. We get

{Fom!,Hom'},(g,p) = dF(g,p)(V*H(g,p))

= (p | 04(TeRydf (m' (g, p)) T Rydh(m' (g, p)) — 8y(Te Rydh(m! (g, p))T. Rydf (m'(g,p)))
= (p | TeRy0y(T.Rydf (m' (g, D))l g=edh(m' (g, p)) — ToRyOy(Te Rydh(m'(g, p))|g=cdf (m'(g,D)))
= (T.R}p | 94(T.Rydf (m! (g, p))|g=edh(m' (g, p)) — Oy(T. Rydh(m' (g, p))lg=cdf (m' (g, p)))
= (m'(g,p) | [df (m'(g,p)), dh(m'(g,p))]) = {f, h}+ o m'(g,p)

where we used the fact that the maps
g = T.Ry f(m'(9,p)), TRy h(m' (g, p))

are right-invariant and also that

[df (m'(g,p)), dh(m'(g,p))] =
aq’(TeRg’df<ml(g>p))|g’:edh(ml(gjp)) _ ag’ (TeRg’dh(ml(g,p))Ig/:edf(ml(g,p))

(cf. 4.12)). This proves the last point. O

We recall that the restriction on 7,G'*! of the adjoint mapping ad T,G**! x T,G*! —
T.G! only co-restricts to T,G', so that we lose a degree of regularity. For any v € T,G'*!,
it induces the dual morphism

ad; : Te*Gl — T;‘Gl“

Proposition 4.34 (Hamiltonian vector field of Ap.ci). Let f € Apsgirr, and define
the smooth vector field X; € C®(T*GY, T*G™1) by

VYm € TXG', Xi(m) = — ad;foiill(m) m
Then for all h € Apscu+1, we have

Vim € T'G, {h, f}+(m) = Ly h(m)

68



Remark 4.35. Here the space C®(T;G', TG is the natural space for Hamiltonian
vector fields of Hamiltonian functions in Apscier. Indeed, if h € Apscier, and X €
C=(T;G' TG, the derivative Lxh = dh(X) is well defined and in Ap.gi by compo-
sition : 4

R T e N e iy el

Proof. Define Xf € C®(T*G', T*G'*!) as in the proposition. Let h € Arpsgr, and
m € TrG', we have

{h, f1e(m) = (m | [dh(m), df (m)])
= - (m | adagesz, , m) dh o i?+1(m)>

=~ (adeoi;H(m) m | dho z}"+1(m))
= [,th(m)

which proves the proposition. O
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Chapter 5

Strong right invariant sub-Riemannian
geometry
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In this chapter, we describe the main results from [82] and [81]. We follow the setting
introduced in [5] and define strong right-invariant sub-Riemannian structures on half-Lie
groups. If G is a Banach half-Lie group, we consider a distribution A of subspaces of
the tangent bundle, endowed with a metric (-,-) € T'(S;"A). Such structures are called
strong in the sense that the spaces (Ay, (-, -),) become Hilbert spaces (in particular it a
different approach from [48] where A is closed and admits a closed complement). We
prove, given some hypotheses completeness of such structures, that is to say metric com-
pleteness, geodesic connectedness, and well-posedness of the (normal) geodesic equation.
This extends results from [8], where authors prove completeness of such metrics on the
particular group of Sobolev diffeomorphisms.

Following exposition of section [£.5] we derive a momentum formulation of the normal
geodesic equations, and recover the sub-Riemannian Euler-Arnold-Poincaré equations [§].
This corresponds, in the case where the half-Lie group is the group of C*-diffeomorphisms,
to the EPDiff equations [75].
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5.1 Right invariant sub-Riemannian geometry on Half-
Lie groups

5.1.1 Definitions and basic properties

The LDDMM framework uses a space of velocity fields V' that is a Reproducing Kernel
Hilbert Space (RKHS), continuously embedded in Cy (R4, R?) = Ty Diff 42 (R4). This
induces a right-invariant sub-Riemannian metric on the group Diff (RY), as described
in [8, 9, 6]. We use this example to define strong right-invariant sub-Riemannian metrics

on G.

Let {G*, k > 0} be an admissible graded group structure , with G = G°. Let V be a
Hilbert space continuously embedded in T,G*. We define, as in [6, 8], the sub-Riemannian
structure (G,G x V,T.R, (-, )v):

e The space G x V defines a trivial vector bundle over G.

e The map . -
xV — T

T.R:
(g,u) > T.Ry(u)

is a vector bundle morphism.

e The metric (., .)y denotes the scalar product inducing the Hilbert structure on V|
and induces a metric on the bundle G x V' that is independent of G:

(u,v)g = (u,v)v, g€G uveV

Note that by (G.3), the mapping T, R is C*. By proposition induced morphism
g€ G~ T,R, € L(V,TG) is only C*~!, meaning T.R defines a C*~! bundle morphism.
The sub-Riemannian structure is thus only C*~!'. Equivalently this also defines the
horizontal sub-Riemannian bundle of the sub-Riemannian structure by

A, =T.R,(V)CT,G
The metric (., .)y induces a continuous metric on the horizontal bundle
(09,09')g = (TeRy-1(09), T.Ry-169')v, g € G, bg,09 € T,G
This metric is also right-invariant, meaning that for any g¢,¢' € G, dg,04¢" € T,G, we get
(TyRy09, T,Ry09") gy = (09,09") .

Remark 5.1. This explains the terminology of sub-Riemannian structure. Contrary to
usual Riemannian geometry, the metric (-,-) here is only defined on a subspace of the
tangent bundle TG, meaning only certain directions are allowed. Note that in our case,
most of the times the subspace A, will be dense in T,G, meaning that the structure is not
really restrictive. We also refer to [48], where the authors introduce a metric on subbundle
that admits a closed complement in the tangent space.
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5.1.2 Horizontal curves and distance

We now recall some vocabulary from sub-Riemannian geometry and adapt it to the sub-
Riemannian structures we defined in the previous section. Let I denote the interval [0, 1].
We start by defining the notion of horizontal curve and horizontal system.

Definition 5.2 (Horizontal curves in GG). An absolutely continuous curve g : [ — G
is said to be horizontal if there exists a continuous lift ¢t — wu(t) € V such that

vVt e I, g(t) = TeRg(t)u(t)
We call an horizontal system such a couple (g,u) € AC(I,G) x L*(I,V).

Remark 5.3. The lift of the absolutely continuous curve g : I — G is unique, since the
morphism T. Ry, : V' — T,G s injective.

We denote by Hor(7) the space of horizontal systems,
Hor(I) = {(g,u) € ACL:(I,G) x L'(I,V) | §(t) = TeRyqyu(t)}.
The length and energy of a curve (g,u) € ACp1(I,G) x LY(I,V) are given by

:/I’“(t)’\/dt and /|u )|2.dt.

Hence, G becomes a metric space with the following sub-Riemannian distance
dv(go, 1) = inf{L(g,u), (g,u) is a L' horizontal system joining gy to g }.

Properties of the sub-Riemannian distance are summed up in the following proposition.

Proposition 5.4 (Sub-riemannian distance). The sub-Riemannian distance dy is a
true right-invariant distance, and the topology induced by the sub-Riemannian distance
s coarser than the intrinsic topology on G. Furthermore the distance dy is also equal
to the infimum of the energy on horizontal L* systems, i.e. for go, g1 € G:

dv(go,91) = inf{+\/2E(g,u), (g,u)is a horizontal system joining g to g'}.

Proof. The proof is mostly contained in [7], we include the proof here for sake of com-
pleteness. Let’s prove first that the application dy separates points. Let go, g1 € G
be distinct, let U C G — B be a chart of G around gy with (B, |- |g) Banach space,
and € > 0 such that the open ball Bg(gg,€) does not contain g;. Since the map
T.R : U — L(V,TU) ~ L(V,B) is continuous, it is also locally bounded, and there
exists an open ball B = Bg(go,€’) C Bg(go,€), and a > 0 such that for all ¢ € B’, we
have [|TeRyl|Lcvp) < a, ie. forallqge B ueV

[ TeRy(u)ls < aluly

Now let (g,u) : I — G x V horizontal system such that ¢(0) = go, and g(1) = g1. As g
is continuous, there exists ¢ty € I such that |g(ty) — glp = € and ¢(t) € B’ for t < t,. We
get :

to
L(g,u) > L(g)jo,t0]> U|[0,to]) > / lu(t)|vdt
0

1 [t 1 [t 1
> 1 / T, Ry (u) st = - / G(0)lsdt > Slg(to)ls = ¢ /a
0 a Jo a

a
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Therefore we conclude that dy (go, 1) > 0. Right-invariance of the distance comes from
the fact the metric is right-invariant. Indeed, if (g, u) is a L' horizontal system joining
go to g1, the curve (ggy ', u) is a L' horizontal system joining e to glgo_1 and we get

L(gge ", u) = L(g, u)

so that dy (go, 91) = dv (e, 9195 ")-
To prove the last point, we first see by Cauchy-Schwarz inequality that for (g,u) a

horizontal system, we have :
L(g,u) < \/2E(g,u).

with equality if and only if (g, u) is constant speed (i.e. if |ul|y is constant). Now for the
reverse inequality, we approximate horizontal systems by constant speed reparametriza-
tion and show the length stay close. Indeed, let (g,u) horizontal system with u €
LY(I,V). Then for € > 0, we can consider the increasing absolutely continuous bi-

jection s.(t) = (f(f |we|y +et) / (lu|pr +€), with inverse s — t.(s) such that f.(s) =

(Julzr +€)/(|ur.(s)|v +€). Now we can define @; = i.(s)uys) and see that |as|y < |u|z: +e.
Therefore @ is in L>(I,V) C L*(I1,V), and we also see that if §; = g:.(s), then :

§s = TeRgsas
so that (g, @) is a ACy2 horizontal system with endpoints go and g;. We finally have that
|&|L2 S ‘U,|L1 +€

which concludes the proof. m

5.1.2.1 Geodesics and completeness

We finish the section with some geodesic and metric completeness result. We first recall
the definition of geodesics associated with the distance dy :

Definition 5.5 (Geodesics in G). Let (g,u) € ACr2(I,G) x L*(I,V) an horizontal
system. Then

e We say that the curve (g,u) is a geodesic if it minimizes locally the length,
meaning for every to € I, and t; close enough to % :

L((Q? u)l[toil]) = dV(q(tO)? q(tl)) .

e The curve (g, u) is a minimizing geodesic if its total length is equal to the distance
between the endpoints.

Remark 5.6. We already saw in proof of Proposition that if (g,w) is a horizontal
system that minimizes the energy, then it’s immediately a minimizing geodesic, and is
also parametrized with constant speed. Conversely, if (g,u) is a minimizing geodesic
parametrized with constant speed, then (g,u) also minimizes the energy, and we have

L(q,u) = \/2E(q,u).
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Suppose any curve in L*(I,V) can be integrated in G (for example if V is included in
T.G" by proposition 4.18 or if G is L*regular). Let us define the endpoint mapping

2
End - L*(1,v) — G
u —  Evolg(u)(1)
We will need another assumption on the action of the groups {G*,k > 0} to prove
that (G, dy) is a geodesic metric space, i.e. that we can join any two points of G by a
minimizing geodesic :

(G.6) The endpoint mapping End : L*(I,V) — G is weakly-continuous where G is
equipped with some Hausdorff topology.

Theorem 5.7 (Completeness of the metric). We get the following
1. The space G with distance dy is metrically complete.

2. Moreover, if (G.6) is satisfied, then G is a geodesic metric space, meaning for
9o, g1 € G such that dy (go, g1) < 00, there exists a minimizing geodesic connecting

go and g.

Proof. We follow the proof from [95] in our more general context. We prove first (G, dy)
is complete metric space. We consider a Cauchy sequence (g, ), in G, and we can suppose
>, dv(gn, gns1) < 0o. Thus there exists u, € L*(I,V), such that g,+1 = Evolg(u,)g,
and such that |u,|r1(7,v) < 2dv(gn, gnt1). We define a new sequence w, in LY(I,V) such
that
o { 2l (257t~ 1) +2) fort € (2 20 ke {0,1,.,n}
" 0 fort e [22:+11,1]

Intuitively, we just concatenate the paths u,, so that g, = End(w,), and |wy|p17,v) =
Y oken Ukl vy < 00 and |wpy1 — wo| = |Uns1|pravy.  Therefore (w,) is a Cauchy
sequence in the Banach space L'(I, V), and thus converges to ws, € L*(I,V). We denote
Joo = End(ws)go € G. We also see that g, = End(we — wp—1)gn, and thus

dV(Qoan) S ’woo - wnfl‘ — 0

Therefore (G, dy) is a complete metric space.

Now we prove the existence of geodesic between points. By right-invariance of the
distance, it suffices to prove that if g € G is such that dy (e, g) < oo, there exists a geodesic
from e to g. Let (g, u,) a minimizing sequence for the energy, with u,, € L*(I,V). Since
(u,) is bounded in L?  we can suppose, up to a subsequence, that (u,) converges weakly
towards uy, € L?(I,V). We define by g, = Evolg(us) the horizontal curve such that
Goo = T. Ry, Uo. Since the endpoint mapping End is weakly continuous, and g,(1) =g
for all n, then we also have g., = g. Finally, since |us|rz < iminf |u, |2 = dy (e, g), we
get the result. O

5.1.3 Sub-Riemannian geodesics and critical points of the energy

The aim of this section is to characterise geodesics and critical points of the energy in
a sub-Riemannian setting, as in [S]. We suppose in this part that V — T,G?. We start
with a little discussion on the different types of sub-Riemannian geodesics as well as on
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the differences with the Riemannian case and the sub-Riemannian finite-dimensional case
(as described in [73]). This was described for the infinite-dimensional case in [8],[7]. Since
V C T.G?* and by hypothesis (G.4), and since the evaluation g € AC2(I,G) — ¢(1) € G
is smooth by proposition , the endpoint mapping is thus C! by composition. We
define the space of horizontal systems with endpoints e and ¢; by :

Hory, (1) = End " ({g1})-

The main difficulties will come from the fact that the endpoint mapping End is not a
submersion and therefore the space of horizontal curves with fixed endpoints Horg, (1)
might not be a manifold. More precisely, let g1 € G, and let (gopt, Uopt) € ACL2(I, G) X
L*(I,V) be a minimizing curve for the energy, such that o, (1) = ¢;. Then, the mapping
(E,End) : v — (E(u),End(u)) cannot be a submersion at w,,; otherwise the map
(E,End) would be locally surjective from a neighborhood of u,, to a neighborhood of
(E(topt), End(uep)) [61, Proposition 2.2]. This leads to two different cases:

(1) (dE(uopt), d End(ueyu)) has closed range.
(i) (dE(uopt),dEnd(uyy)) has dense range in R x T, G.
By the closed range theorem, case (i) is equivalent to the adjoint mapping
(AE(tgpt), dEnd(ugp))” : R x Ty G — L*(I,V)*

being not injective, meaning there exist non-zero Lagrange multipliers (\,p) € R x T, G
such that
ME (topt) + (d End(tep))'p =0 (5.1)

which is the classical case of finite dimension. It separates into two subcases: horizontal
curves that satisfy with A # 0 (in this case we can simply choose A = —1) are called
normal sub-Riemannian geodesics, or simply normal geodesics. In particular, minimizing
geodesics that are regular curves for the endpoint map are normal geodesics. We will
derive those geodesic equations in the next section. If A = 0, the geodesics are singular
curves for the endpoint map. Such geodesics can also be characterized by an abnormal
geodesic equation [73]. In case (ii), nontrivial Lagrange multipliers do not exist. Such
geodesics are called elusive geodesics [T, and can occur only in infinite dimension. In the
next section, we will only focus on the normal geodesics.

Definition 5.8 (Sub-Riemannian normal geodesic). Let (g,u) € Hor(/) an horizontal
system. We say that (g,u) is a sub-Riemannian normal geodesic (or just normal
geodesic) if there exists Lagrange multipliers (A, p) € R x T1yG*, with A not equal to
zero such that

ME(u)du + (p | dEnd(u)du) =0 (5.2)

Remark 5.9. Normal geodesics are in particular geodesics in the sense of definition[5.5,
i.e. they minimize locally the energy [1, Theorem 7. They correspond to Riemannian
geodesics in classic riemannian geometry.

5.2 Normal geodesics and Hamiltonian equation

In this section, we study the normal geodesic equation associated with a strong right-
invariant sub-Riemannian metric, and we show that this equation is equivalent to a
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reduced geodesic equation in the dual of the Lie algebra (the Euler-Arnold equations).
We recall that V < T.G* is a Hilbert space, and we suppose k > 1.

5.2.1 Hamiltonian equations for the normal geodesics

We define the normal pre-Hamiltonian H : T*G x V — R by

Hlg.p.w) = (| TRy () — [ul?

By differentiability of the composition law in the group G, i.e. (G.3), the Hamiltonian H
is C'. Suppose u € V is fixed, and let us compute the derivatives. In local coordinates
adapted to the cotangent bundle T*G, we get for any (g,p) € T*G,

OpH(g,p,u)dp = (0p | TeRgu).

In particular, the partial derivative 0,H(g,p,u) = T.R,u so that the Hamiltonian H
admits a partial (in the sense that u is fixed) symplectic gradient given by

VH(g,p,u) = (T.Rgu, =0, (T, Ry(u))"p)

Proposition 5.10 (Normal Hamiltonian equations). Suppose V C T,G*, with k > 1.
Let g € ACr2(I,G) be an horizontal curve. Then, g; is a normal geodesic if and only if
it is the projection onto G of a curve (g,p) € ACr2(I,T*G) satisfying the Hamiltonian
equations:
{ (gu]'?t) = VWH(gt,PnUt) (5 3)
OuH(gs, pe, us) = 0 '

Remark 5.11. The last condition of equation ([5.3))

8UH(g?p7 U) =0= (p | TeRQ(')) - <U, '>V

has a unique solution given by u(g,p) = KyvT.Ryp, where Ky : V* — V is the inverse
of the Riesz canonical isometry. Since H is strictly concave in w, we also have that
u(g,p) = maxyey H(g,p,u). We will use this equality to prove the Hamiltonian flow is
global and unique in the next section.

Proof. Letu € L*(1,V), g*(t) = Evolg(u)(t), and let p; € T G. Define p* € AC1(I,T*G)
the solution of the following linear Cauchy problem :

{ P (t) = =0 H(g"(t), p"(t), u(t)) = — (0 (Te Rgu(t))lg=gu(r))
pu(1> =D

we introduce the linear map F' : L?(I,V) — R, defined, for all du € L*(I,V), by :

*

Pi(t) (5.4)

F(éu) = dE(u)du — (p1 | d End(u)0)

and we prove that for all du € L*(1,V),
F(ow) =~ [ 0,H("(0).5°(0), u(t) Sudt
I
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Let du € L*(1,V), we have
F(éu) = dE(u)éu — (p1 | d End(u)du)

_ / (u, 5wyt — (p*(1) | d End(u)ou)

1

We recall that 0g = T, Evolg du satisfies the linear Cauchy problem (4.8)
69(t) = 04 (TeRgu(t)) |g=gu(5y0q(t) + TeRgu(r (du(t)), dg9(0) =0

Moreover we also get that
dEnd(u)du = dg(1).

Now, as ¢ — p“(t) is also solution of the linear Cauchy equation (|5.4) and using integration
by part, we find that

("(1) | dBnd(u)du) = (5(1) | S9(1)
= "0 59000+ [ (520) | 59(0) + () | a0
= [~((Or RO v 0 00
(54000100 (TR0 000 + o Ry G0) )
= /] (") | TeRgu(oy(0u(t))) dt

Finally this gives us

F(6u) = /I (1, Su)vdt — /1 (9*(1) | TRy (Su(t))) dt
== [ a3l (®).5" 1), u(®)uc
Therefore we have the following equivalence :
dE(u) = dEnd(u)'py <= Vt, 0, H(g"(t),p"(t),u(t)) =0 (5.5)

which concludes the proof by definition of the normal geodesics. m

5.2.2 Global existence of the Hamiltonian flow

We denote by K : V* — V the inverse of the Riesz canonical isometry. For | < k, let
i, : V. — T.G" denote the smooth inclusion, and i Te*Gl — V* be its adjoint. The
mapping i} is not necessarily injective unless V' is dense in T,G' (even though it is usually
dense in the case in the context of LDDMM). We also denote by K' : TG' — V the
composition K! = K o4f. This mapping induces a vector bundle morphism, which we
also denote by K': T*G! — T'G' and which is defined as

Kl_{T*G’ — TG
"\ (9.p) — Klp,
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where K é =T.R,0K! oT.Ry. This mapping defines the cometric for the sub-Riemannian
structure induced by V on G!, for I < k. We now define the normal sub-Riemannian
Hamiltonian as

' { "G — R

(9.p) — 3(p| Kp) = 5| K°T.Rpl}

This Hamiltonian can be derived from the pre-Hamiltonian H : T*G x V' — R by the
problem
H(g,p) = sup H(g,p,u)

ueVvV

whose supremum is attained for u(g,p) = K OTER;p.

This normal Hamiltonian is C'! whenever k£ > 2, i.e. if V is embedded in 7.G?. Let us
compute its derivatives. We work in local coordinates adapted to the cotangent bundle
T*G, and we compute the partial derivative d,H (g, p) € T*G:

d,H (g,p)0p = (0p | KJp),

so that we actually have 0,H(g,p) = Kgp € TG C T*(G. Therefore, we can define
the symplectic gradient of the normal Hamiltonian with respect to the canonical weak
symplectic form :

V¥H(g,p) = (0,H(g,p), =0, H(g9,p)) = (Kgp, — (0,Kp) p).

In particular, note that V¥H(g,p) = V“H(g,p,u(g,p)), where u(g,p) = KJp € TG,
which means equations (5.3 can be simply re-written as (¢,p) = V*H(g,p). We prove
next that the Hamiltonian flow exists, is unique and is global.

Proposition 5.12 (Global existence and uniqueness of the Hamiltonian flow). Suppose
V < T.G?. Then, for every p € T*G, there exists a unique global curve (gi,p;) €
AC2(I,T*G) satisfying the normal geodesic equation.

(gtapt) = V“H(gt,pt), (go,po) = (€>p) (5.6)

Moreover the curves t — (g;,p;) € T*G and t — g, € G* are actually C*.

Proof. Step 1 : Local existence and uniqueness : As the restriction T,R : G xV — TG is
a C? mapping by (G.4), the induced map g € G — T.R,|y € L(V,TG) is C* with locally
lipschitz derivative (proposition , and therefore (g,p) — T.R;ply € V* is C! with
locally lipschitz derivative. Finally the mapping

u{ ™G — V
(9,p) +— Kjp=K"T.R}p

is C! with locally lipschitz derivative. Thus, since for any (¢g,p) € T*G, H(g,p) =
|u(g,p)|¥, the Hamiltonian H is C* with locally lipschitz derivative and its symplectic
gradient is locally lipschitz. By Picard-Lindelof theorem, we can therefore integrate the
equation:

(9.p) = V¥H(q,p)

and get for any initial data (e, py) € T*G a unique Hamiltonian C* flow ¢ — (g¢, py)-
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Step 2 : Regularity of the eulerian deriwative u; and of g : We denote by u; =
u(gt,p) € V the Eulerian derivative, so that for all ¢ € J, H(gs,p;) = 5|w|? and

gy = TeRgtut = Ut * Gt

Moreover, since u; = u(gs, p;), and the curve (g, p;) : J — T*G is C', then the curve
t—u €V CT.G? is also C'. In particular, by proposition , u; can be integrated in
a C! curve in G*'. This means that the curve t — g, is in G! and is C! from J to G*.

Step 3 : The Hamiltonian flow is defined globally : We can now prove that J = R. To
prove that (g, p;) is defined on R, we first show that |u,| is constant. For t € J, we have

d ) )
%H(Qtupt> = 0gH (g1, 0)(G) + OpH (9¢, ) (P1)
= aqH<gtapt)(apH(gtapt>> + 3pH(gt,pt)(—5’qH(gt,pt))
=0.
But we also have H (g, pr) = H(gs, pr, u) = %\utﬁ,, therefore u; is constant.

Let now b = sup J, and suppose b < +o0o. We are going to prove that in that case,
the Hamiltonian flow (g;, p;) converges and thus we get a contradiction. We recall that
by (G.4), (g,u) € G' x T.G' — T.R,u € TG" is continuous. Then by [79, Theorem 5.3,
the mapping g € G' — T.R, € L(T.G', TG") is also locally bounded. Let (U, ¢) a local
chart of G! around e, and so that there exists K > 0, such that for all g € U

|dyp o T.R,| < K.

Such an open set U always exists since, if we identify T.G' and the Banach space B!,
the map g € G* — d,¢ o T,R, € L(T,G', T.G") is locally bounded. Let ¢, € J, and by
translating the curve g, we define g, € G* :
Gt = g9y, = R%lgt~
The curve g; verifies the Cauchy problem :
{ .ét = U - gt = TeRﬁt (ut) ) (57)
Go=e€.

On the open subset J = {t € J,§ € U}, we can therefore look at the curve a; = ¢(j)
on the local chart U, whose derivative is given by &; = dg ¢ o Te Ry, (u;). Therefore, for
all t € J,

r.ar = |dz, ¢ o TRy, (uy)
< K|,
< K'|luly asV — T.G"

|d’t T.G!

and as u, is bounded, by [61, prop 1.1, p.68|, there exists a,e > 0 independent of ¢y so
that the flow a; can be defined on |tg — €,ty + €[NJ and a; € ¢(U). Therefore, we can
take tg €]b — €, b, the curve ay will also be defined on |b — €, b], is Lipschitz and hence
converges towards a; € ¢(U). We also have that p; is solution of the linear differential
equation :

Pt = _aqH(gt»pt) = - (89<T6Rg(ut))|g:gt)*pt
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The mapping (g, u) — (04(T.R4(u)))* is continuous and linear with regards to u, therefore
there exists L > 0 and 6 > 0 such that in a local chart around g,, and for |u| < d, we

have :
[(0g(TeRy(ur))) || L=y < L

where B is a Banach model space for G, and where we identify 0,(T.R,(u:))* with its
induced mapping in the chart around g¢,. Therefore, for ¢ close to b, we also have :

| (0g(TeRy(ur))lg=g.)" |Lm+ ey < Lluel/6 = Llugl/d

Therefore by Gronwall lemma, p is bounded when ¢ €]b — €, b[ with ¢ > 0, and thus p is
also bounded. This implies again that p; converges in T*G towards p,.

Therefore the Hamiltonian flow (g, p;) converges when ¢ — b, and then b = +00. A
similar proof would show that we also have inf J = —oo, hence J = R and this concludes
the proof. n

5.2.3 Sub-Riemannian Euler-Arnold equations

Following section [4.5.2] since the normal Hamiltonian is right-invariant, we can derive a
momentum formulation of the normal geodesic equations. For any (g,p) € T*G, we have

H(g,p) = he om(g,p)

where he(v) = H(e,v) = v
map defined as

2., forv e T/G, and m : T*G — T;G? is the momentum

Vu e T.G*, (m(g,p) | u) = (p| T.Ry(u)).

This momentum map and this new Hamiltonian give rise to another dynamic, which has
been particularly studied for Riemannian geometry in infinite dimension [10] 32} [16] and
for sub-Riemannian metrics on diffeomorphism groups [§].

Theorem 5.13 (Sub-Riemannian Euler-Arnold equation). Suppose V' — T.G?. Let
g € ACp2(I,G) be a horizontal curve, with u; = Gig; * = (T.Ry,)"d:. Then, g; is
a normal geodesic if and only if there exists a momentum map m; € C(I,T;G") N
CHI,TrG?), such that K'm; = u; and that satisfies the equation (in T*G*') :

T'nt + ad;t my = 0. (58)

In such case, the covector p(t) = (TR}, )"'m(t) defines a curve (g,p) € ACr2(I,T*G)
that satisfies the normal Hamiltonian equation (5.3))

Remark 5.14. In this case, using the notations of [{.5.4, we see that H € A2.. and
he € Apsga. Since, for v e T G?, dh.(my) = K*my = Kvig'v.

Proof. Let (g, p;) € CY(I,T*G) a solution of the Hamiltonian equations (5.6, with
po € T.G*. We define the momentum m; = TR, € T>G, so that for v € TG,

(me [ v) = (pe | TeRg,0).

With a slight abuse of notation, we can consider that m; is also in TG! and T*G?. Let
[ € {1,2}. As the restriction T,R : G x T,G' — TG is a C' mapping (G.4), the induced
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map g € G — TR, € L(T.G", TG) is C*™', and therefore (g,p) — T.R;p from T*G to
T*G' is also C'~1. Since t + (g, p;) € T*G is C1, then the momentum ¢ — m; € T*G' is
cL

Let v € T,G*, we prove that ¢ — (m, | Ady,(v)) = (p | TeRy, Ady,(v)) is constant.
We suppose that I is small enough so that we can make all computations in canonical
coordinates on T*G near (g, p:) (i.e. we locally identify T*G with the trivial bundle
B x B* where ¢ : U — B is a local chart around g, for ¢t = t3). By definition of the adjoint
representation, we get that

(mt ’ Adgt (U)) = (pt ’ TeLgtU)

which is C!. Therefore we have

d d .
G0 = (] G (TLa)) + G TiLgo)

We recall that the multiplication

MlﬂtQ’O . { G2 X G e G
1 (9.9) — g9

is C?. We start by computing the derivative 0,0, Mult?? |(€,gt) (ut, TeLgtv). We have, for
g € G*:

Ao Mult™® | g0 Te Ly, (v) = Ty L,T.Lg,v
=T, Lggv

Note that, by (G.4), the map g € G' — T,L,,v € TG is C! and its derivative in the
direction u; € T,G?* coincides with the derivative of g — T.L,,, restricted to G*. Since
the curve s — gs+tgt_1 is C' in G with derivative u; € T.G? at s = 0, we get

0105 Muth’o(e, G1) (e, TeLg,v) = Og(TeLyg,v)|g=e (1r)

d
E(TeLgH-sg;lgtU)'SZO
d

= E(TeLgtU)

By Schwarz theorem, we also have

Oh 0y Mult* (e, gy) (s, T Lg,v) = o0y Mult* (e, gy) (e, To L, v)
= 0y (TeRg(ur)) |g=g, T Lg,v

Therefore we have

d
(pt | %(TeLgtU)) = (pe | 9y (TeRy(ur)) [g=g, Te Lg,v) (5.9)
Since p; is solution of Hamiltonian equation, we get for dg € T,,G :

(pt | 59) = —89H(gt,pt,ut)5g = (pt | 89(T6Rg(ut))\g=gt5g) .
Now for §g = T, L, (v) :

(pt | TeLgtU) = - (pt | ag(TeRg(ut))\g=gt(TeLgt(U))) (5~10)
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By summing [5.9 and we therefore have

d
Yo € TeGl, % (mt | Adgt(U>> =0

ie. my = Ad}l mg, with mg = po. This equality is understood in T*G'. Indeed,
by proposition 4.15, the map Ad™" : G' x T.G! — T.G is C', and thus induces a
continuous morphism (3.21)) Ad™" : G' — L(T.G', T.G). Consequently the dual mapping
(Ad™Y* : G* — L(T*G,T*G") is also continuous. Moreover, since py € TG, both
t— my € T*G" and t Adlimo € T, *G! are continuous and equal. This equality is
t
also true in T*G? and in such case we can differentiate it (since m; € C*(I, T*G?)) and
we get
mt + adzt my = 0.
Conversely, suppose g, € AC2(I,G) is a horizontal curve, and t — m; € TG a

momentum map satisfying the hypotheses of the theorem. In particular, since u, = K?m,,
the curve ¢ — u; is C' and therefore g; € C'(I, G'). Once again, for all v € T,G?,

d
(e | Ady (0)) = 0
We define the covector py = (T.L;,)"'po € C'(I,T*G) Then p, is differentiable and we

get, for any v € T,G

d
0= T (pt | TeLg,v)
. d
= (P ’ TeLgt”) + (pt | _(TengU>>

dt
= (pt ’ ag(TeRg(ut>>|g=gtTeLgtU)

since as we saw earlier 2T, Lyv = 9y(T.Ry(u;))|g—g, TeLg,v. In particular if we define
m; =1, 6R;pt, we see that once again, for all v € T,G?

d .
E<mt | Ady, (v)) =0

and in particular (my; | v) = (m; | v), so that K*m, = K?m; = u,. Therefore, t —
(9t, pt, ug) solves the Hamiltonian equations. ]

Note that in the result we actually proved that the momentum map m; = T, eR;tpt
satisfies the sub-Riemannian Euler-Arnold-Poincaré equations
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Corollary 5.15 (Integrated version of Euler-Arnold equation). Suppose V' — T,G>.
Let t — (g¢,pt) € CHI, T*G) be a Hamiltonian flow of (5.6) and let t — m; = T.R;,pi

be the associated momentum trajectory in T>G. Then:

1. the momentum map trajectory verifies (in T*G")

2. the trajectory t — g, is uniquely defined as the solution in G starting at e of the
autonomous differential system

9= Gmel(9) = Kv Adj-1(mg) - g (5.12)
with G, : G* — TG continuously differentiable.

Proof. The first point is contained in the proof of 5.13 Since §; = T. Ry, us = T Ry, K my,
and since my is solution of (5.11]) the flow g; is therefore solution of the ordinary equation

9t = Gmo(91) (5.13)

on Banach space G'. We next prove that G,,, : G' — TG' is C'. We have that for
g€ G,
Adyr =T,Ly1 o T.R, = (T.L,) ' o T.R,

By proposition , the mapping ¢ € G' — T.L, € L(T.G,TG) is C'. In a local
chart of the bundle TG — G' around g € G*, g — T.L, is the mapping g — (g, 7{6[79) €
VxGL(T.G). As GL(T.G) is a Banach Lie group, the inverse mapping inv : GL(1,G) —
GL(T.G) is smooth. Thus, the mapping g € G* — (T.L,)"' € L(TG,T.G) is also C.
Furthermore, by (G.4), the mapping (g,u) € G' x T.G* — T,R,u € TG is C?, and thus
by proposition g€ G - TR, € L(T,G*, TG) is C' and thus locally-Lipschitz. By
bilinearity of the composition on the product L(T'G,T.G) x L(T.G?* TG*), the mapping
g € G' = Ad;+ € L(T.G*, T.G) and then the dual mapping g € G' — Ad). €
L(TrG,T:G?) are also C'. Therefore

G — T.G?
g KQAdZ—1(m0)

is C'. Now, since TR : T,G* x G* — TG" is C', then G,,, is C*, and by Picard-Lindelof,
the equation (5.12)) has a unique solution. ]

5.3 Completeness theorem

In infinite-dimensional Riemannian geometry, the Hopf-Rinow theorem does not hold
anymore [13],61], even with strong metrics. For right-invariant strong Riemannian metrics
defined on Banach half-Lie groups, we can still recover most of the completeness properties
[16]. We sum-up results we proved in the previous sections for the strong right-invariant
sub-Riemannian metrics on half-Lie groups
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Theorem 5.16 (Completeness properties). Let {G* k > 0} be an admissible graded
group structum@ with G = G°. Let V < T.G be a Hilbert space, and dy : G x G —
R U {oo} the induced sub-Riemannian distance. Then, the following properties hold:

1. The space (G, dy) is metrically complete.

2. Assume that the endpoint mapping End : L*(I,V) — G is weakly-continuous
with regards to some Hausdorff topology on G. Then, for any go,g1 € G such
that dy (go, g1) < 00, there exists a minimizing geodesic connecting go and g .

3. Assume V is continuously embedded in T,.G?. Then, for every py € T:G,
there exists a unique global curve (g,p) € ACr2(I,T*G) satisfying the normal
geodesic equation with initial covector py. In other words, the normal Hamilto-
nian geodesic flow is well-defined and global.

4. Assume V is continuously embedded in T.G*. Then, the Euler-Arnold equation
(5.8)) is globally well-posed, i.e. for any mo € TFG, there exists a unique solution
in C(I,TrGY) N CY(I,T*G?) starting from my, of the equation

mt = adzt my = 0

Kth = Ut
Proof. First and second points come from theorem [5.7, and third point is [5.12] Last
point comes from propositions [5.13| and [5.15] Indeed, for p, € TG we can integrate
the Hamiltonian flow and get (g;,p:) € C*(I,T*G), with g, € C*(I,G"). Then we saw
that the momentum m; = T, R} p; is a solution (5.8). Conversely, if m; € C(I,T*G") N

CHI,TrG?) is solution of (5.8)), then m; is solution of the integrated version, i.e. Yv €
T.G?,

d
= (me | Ady (1) = 0

where ¢, is the unique solution of

gt - Gmogt7 go = €,

In particular m; = Ad}l mg, SO we have uniqueness. O]
t
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Chapter 6

Shape spaces and induced metrics
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In this chapter, we come back to the LDDMM framework and we extend it using gen-
eral half-Lie group actions. We introduce a Banach manifold of shapes Q, an admissible
graded group structure {G* k > 0}, and a Hilbert space V — T,G?, inducing a right-
invariant sub-Riemannian structure on G. We assume that G acts on Q and we define
differentiability asumptions on this action to induce a sub-Riemannian structure on Q.
We prove completeness of such structure (metric completeness, geodesic connectedness,
global existence of the geodesics).

Moreover, following the LDDMM framework, this sub-Riemannian structure allows
us to define an inexact matching problem between a source shape and a target shape,
where we add a data attachment term in the variational problem. In particular, we will
see that the critical points of this variational problems are normal geodesics for the sub-
Riemannian structure, and we will give a Hamiltonian formulation to characterize these
critical points. Finally, since the induced metric on the shape spaces Q is also invariant by
the action of the half-Lie group, we retrieve the sub-Riemannian Euler-Poincaré-Arnold
equations for the momentum, allowing to lift the geodesics to the half-Lie group. We give
some applications in the end of the chapter.

Note that most of the proofs of the results are really similar to the proofs of chapter
[l and we will often refer to [82] for the detailed proofs.
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6.1 Shape space definition and regularity assumptions

Let Q be a Banach manifold and {G*,k > 0} be an admissible graded group structure
. Let V be a Hilbert space continuously embedded in T,G2. We suppose G acts on Q
and we denote A the action:

We suppose that the following conditions are satisfied :
(S.1) Continuity of the action : A : (g,q) — g - q is continuous

(S.2) Infinitesimal action : For all ¢ € Q, the mapping A, = A(-,q) : g — g -q is C*,
and we denote &, = £(-, q) = 0,A(9, ¢)|y=c its continuous differential in e.

(S.3) Regularity of the action : For [ > 0, the mappings

_{G’“xQ—>Q and 6_{T€Gk><Q—>TQ
L (9,9 — g-q ' (u, q) = &u)=u-q

are O,

Remark 6.1. Since V < T,G?, condition (S.3) implies that the mapping £ : VxQ — TQ
is also a Cl-vector bundle morphism (in the sense of [61, cf. , meaning that
q€ Q& € L(V,TQ) is C'. Furthermore its derivative is locally lipschitz. If G is a
finite dimension Lie group, then & is even a C*-vector bundle morphism, but this property
does not hold in infinite dimension.

In the following, we consider the general framework of a graded group structure acting
on a Banach manifold that encompasses both (G.1-5) and (S.1-3) conditions :

(GGA) {G* k > 0} is an admissible graded group structure satisfying the conditions
(G.1-5), Q is a Banach manifold playing the role of a shape space and G acts on Q
and satisfies conditions (S.1-3) with V' a Hilbert space continuously embedded in
T.G?.

Remark 6.2. In particular, the multiplication of the group G induces a left action that
verifies (S.1 — 3) conditions. Therefore, the family of groups {G* k € N} endowed with
its natural left action verifies the (GGA) conditions, with @ = G and V < T,G?. In this
case, the infinitesimal action is simply the derivative of the right multiplication :

§(u) =T Ry(u) =u-yg

Example 6.3 (LDDMM framework). In particular, the setting defined in [6]] particularly
fits in the conditions described here. It gives the geometry of the LDDMM framework,
that was first defined in [95]. Here the authors consider an action of the half-Lie group
Diff s (RY) (with s > d/2 + 1) on a Banach manifold Q satisfying conditions (S.1-3).

Here are some of the main examples :

e Space of landmarks : Let n > 0. We consider the space of landmarks
Lk, (R?) = {(ar)izn € RY)" | ¢ # ; if i # j},
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that is to say the space of collections of n-points of R?. Then the group of diffeomor-
phisms acts naturally on Lmk,, by transporting each point :

v (q) = (v(q))
with infinitesimal action given by v - (¢;); = (v(q;));-

e Space of curves : Let D denotes either the interval [0, 1], for open curves, or the circle
St for closed curves. We define the space of curves as the space of H'-immersions

Immp: (D, RY) = {q € H'(D,R%) | ¢(t) # 0 for all t € D}.

It is an open subset of the Hilbert space H*(D,R?) which induces a manifold structure
with tangent space T, Immp: (D, R?) ~ H'(D,R?), the space of H' vector fields along
q. The group of diffeomorphisms acts on the curves by left composition :

(o q)t) =poq(t), teD.

Example 6.4 (The special case of images). In computational anatomy and medical imag-
ing, we are particularly interested in the matching of a template image Is € Z onto a target
image I € T by a diffeomorphism. We consider the space T := L*(2,R) of grey scale
images on the image domain Q@ C R%, and the group of diffeomorphisms Diff s (Q) acts
by right composition by the inverse:

- IT=Top !

Because of the right composition, there is again a loss of derivative and when the image I
15 fized, the map @ — @ -1 is not smooth. In particular, the action on the space of images
does not satisfy the conditions (S.1-3). We can still retrieve some of the results of this
chapter by playing with the reqularity of the source image Ig. Similarly the action of the
group of diffeomorphisms on the space of varifolds as defined in [21)] does not satisfy either
the (S.1-3) regularity properties : let p > 0, and consider G,(R?) the p— Grassmannian
space of R?
G,(RY) = {V C R? wector subspace | dim(V) = p}.

The space of p—wvarifolds is then the space of Radon measures on R? x G,(R?) :
M(R? x Gy(RY)) = Co(R? x G,(R?)),
and the group of diffeomorphisms acts on the space of p-varifolds by

ol = [ e deo)V) v ()dn(a, V), Ve & Co(R? x Gy(R).

Then this action satisfies the same loss of derivative property as the action of diffeomor-
phisms on images.

6.2 Induced sub-Riemannian geometry

6.2.1 Induced right-invariant structure

Let Q be a Banach manifold, {G*, £ > 0} an admissible graded group structure, with
G acting on Q following the (GGA) framework @, with V < T,G?. The triple (Q x

V, &, (-,)v) now defines a sub-Riemannian structure on Q:
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e O x V is a vector bundle over Q.

e The map

is a C''-vector bundle morphism

e The metric (-, -)y is the scalar product from the Hilbert space V', which induces a
metric on the bundle Q x V' :

(u,v)y = (u,v)y, q€Q, u,veV

This defines a horizontal distribution A C T'Q and each horizontal space A, = £, (V)
can be endowed with a Hilbert structure by defining a scalar product (-, -),:
_ : el —1
(X, X), = ueV,Hgquu:X<u’u>V = <5q X, ¢, X))y

where &' is the inverse of the restriction & : (ker&)t — A, and (ker&,)* is the
orthogonal of ker &, in V. We get the following

Proposition 6.5 (Reduction principle). Let ¢ € Q, and suppose A, is closed in T,Q.
Let Ky : V* — V be the inverse of the Riesz canonical isometry. The orthogonal
(ker &)+ of ker&, in V is simply given by

(ker &))" ={Kv&p|peT;Q}

Remark 6.6. This also justifies in particular the introduction of the co-metric in to
study the normal sub-Riemannian geodesics in Q. Note also that the condition of A, being
closed in T, Q can also be quite restrictive when the manifold Q is infinite dimensional.

Proof. If u = Ky&;p with p € T7Q, we immediately have that for any v € ker§,,

(w, v}y = (&p | v) = (p| &) =0

and u € (ker &,)*. Conversely suppose u = Kym is in (ker &,)*, with m € V*. We define
for any X € T;,9Q,
(p| X) = (u,&' X)v,

that is to say we have p = &~ Ym € 17,9 (the map p is indeed continuous since the
restriction &, : (ker&,)t — A, is bijective continuous onto the Banach closed subspace A,,
and by using the Banach inverse theorem, the inverse ¢ ! is also continuous). Moreover,
for any v € V, we have

(Kv&p vy = (§p | v)
= (p| &)
= (u,§, '¢,u)y by definition of p
= (u,v)y since u € (ker&,)*
and thus v = Ky p, which concludes the proof. O
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6.2.2 Horizontal curves and sub-Riemannian distance

In this part, we denote by I a closed interval of R, and we suppose the hypotheses of the
(GGA) framework are satisfied.

Definition 6.7 (Horizontal curves in Q). An absolutely continuous curve ¢ : I — Q
is said to be horizontal if there exists a continuous lift ¢ — u(¢) € V' such that

Vi€ I, §(t) = & (ult))
We call an horizontal system such a couple (¢,u) € ACp: (I, Q) x L'(I,V).

Remark 6.8. If ¢ : I — Q is a horizontal curve in Q, there can exist two different
controls uy # us such that

G = & () = & (us)

For such horizontal curves ¢ : I — Q, we can define the corresponding minimal lift
g € AC(I,QG) as the only curve satisfying

g =TeRy, (£, 0), go=ce

Note that there can exist other horizontal lifts in G of the same curve in Q, and the
minimal lift is the lift that minimizes the energy in G :

E(gi, &, q) = min E(Evol(uy), uy) (6.1)

ut€L2(1,V), Evol(ut)-qo=q¢

Similarly to propositions [4.18] we can define an evolution map in Q by solving the
corresponding ordinary differential equation.

Theorem 6.9 (Evolution map in Q@ and regularity). Let qo € Q, and u € L*(I,V).
There exists a unique q € AC12(1, Q) such that q(0) = qo and

q(t) = & (u(t)) a.e. (6.2)
Furthermore the evolution map in Q
Evolg : u € L*(I,V) + ¢ € AC2(I, Q)

where q* is solution of equation (6.2), is C*. For w,éu € L*(I,V), its derivative
0q = T, Evolg -0u is solution of the linear Cauchy problem

0q(t) = 0y (§(u(t))) 4= gu(e) 09(E) + FulEquy (1)) u=u(ydu(t), 9¢(0) =0 (6.3)

Proof. This follows from Proposition Asu € L3(I,V),and £ : V x Q — TQ
is C? (S.3), there exists by Picard-Lindelof one unique maximal (not necessarily global)
solution ¢ of equation . There also exists by proposition aunique g = Evolg(u) €
AC2(1,G) such that

g(t) = u(t) - g(t), g(0)=e
It is immediate to verify that ¢ — A(g(t), go) = g(t) - qo is also solution to equation (6.2)),
and thus ¢(t) = A(g(t), qo). Therefore we have Evolg = A,, o Evolg, where A, is given
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by :
Y . { AC(I,G) — ACL(I, Q)
q - g — [tHAqo(g(t))]

By (S.2), the mapping A, is smooth, and therefore the induced mapping flqo is also
smooth [41, lemma 3.27|, with derivative T, A, : AC:(I,TG) — AC2(I,TQ), g €
AC2(I,G), given by

Tgleqo 10g = [t Tg(t)Aqo((Sg(t)) = &g(t)-q0 © (TeRg(t))il(ég(t))]

Now as L*(1,V) < L*(I,T.G?) smoothly, then the evolution mapping in Q is also C* by
composition. For u,du € L*(I,V), and dq = T, Evolg(du) = Thyol,(u)Agy © T Evolg(du)
we thus have

3q(t) = &y © (TeRy() ' (99(1))

where g = Evolg(u), and 69 = T, Evolg(du) satisfies equation (4.8)). By derivation of
this equation in charts (or adapting the proof of proposition and introducing the
mapping ¢, u — ¢ — §{,u) we get that dq is solution of (6.3 O

In the following, we will denote
Hor,, (1) = {(q,u) € AC2(I, Q) x L*(1,V), q = Evolg(u) and ¢(0) = o}

the space of all horizontal systems with starting point ¢q. It is in general not a submanifold
of AC2(I,Q) x L*(1,V) but it’s in bijection with L*(I,V). Now we define the energy
and length of an horizontal system : Let (¢,u) : I — Q x V a horizontal system. We
define its length and energy respectively by

Lig.u)= [, u(t)lvdt and  E(g,u) =} [, [u(t)[}dt

We can therefore define the sub-Riemannian distance induced by V on Q as the
infimum of the length of horizontal curves :

Definition 6.10 (Sub-Riemannian distance). Let go,q1 € Q. We define the sub-
Riemannian distance dy (qo, q1) as

dV (QO? Q1) = inf L(Qa U)

(g,u) horizontal
q(0)=q0,q(1)=q1

Once again, we obtain true distance on Q

Proposition 6.11. The application dy is a true distance on Q, and the topology
induced by the sub-Riemannian distance is weaker than the intrinsic topology on Q.
Furthermore the distance dy is also equal to the infimum of the energy on horizontal
curves, i.e. for qu,q € Q :

dv(qo, 1) = inf 2E(q,u)

(g,u) horizontal
a(0)=qp,9(1)=a1

where we take the infimum over the set AC2(I,Q) x L*(I,V).
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Proof. The proof is mostly contained in [7], and similar to the proof of [5.16, We refer to
the appendix [82] proposition 3.8] for the detailed proof. O

We finish the section with some geodesic and metric completeness result. We first
recall the definition of geodesics associated with the distance dy :

Definition 6.12 (Geodesics in Q). Let (q,u) € ACp2(I, Q) x L*(I,V) an horizontal
system. Then

e We say that the curve (¢,u) is a geodesic if it minimizes locally the length,
meaning for every ty € I, and t; close enough to ty :

L((g; Wiro.2)) = dv (q(to), q(t1)) -

e The curve (g, u) is a minimizing geodesic if its total length is equal to the distance
between the endpoints.

Remark 6.13. We already saw in proof of Proposition that if (q,w) is a horizontal
system that minimizes the energy, then it’s immediately a minimizing geodesic, and is
also parametrized with constant speed. Conversely, if (q,u) is a minimizing geodesic
parametrized with constant speed, then (q,u) also minimizes the energy, and we have

L(q,u) = \/2E(q,u) .

We will need another assumption on the action of the groups {G* k} to prove that
(Q,dy) is a geodesic metric space, i.e. that we can join any two points of Q by a
minimizing geodesic :

(S.4) For every ¢ € Q, the endpoint mapping End, : L*(I,V) — Q,u + A,oEvolg(u)(1)
is weakly continuous where Q is equipped with some Hausdorff topology

Remark 6.14. In most cases, the endpoint mapping End : L*(I,V) — G in G is weakly
continuous with regards to some Hausdorff topology in G, and thus we just need to study
continuity of mapping A,.

Theorem 6.15 (Metric completeness). 1. The space Q with distance dy is metri-
cally complete.

2. Moreover, if (S.4) is satisfied, then Q is a geodesic metric space, meaning for
q,q" € Q such that dy(q,q') < oo, there exists a minimizing geodesic connecting
q and q'.

Proof. The proof is similar to the proof of theorem [5.7] We refer to |82 theorem 3.12]
for the detailed proof. O

As in section [5.1.3] we can define three types of sub-Riemannian geodesics associated
with V. We focus only on the normal case, and we recall the definition of normal geodesic.
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Definition 6.16 (Sub-Riemannian normal geodesic). Let (¢,u) € Hory (/) an hori-
zontal system. We say that (g, u) is a sub-Riemannian normal geodesic (or just normal
geodesic) if there exists Lagrange multipliers (A, A) € R x Ty1)Q*, with A\g not equal
to zero such that

ModE(uw)du + (A | dEndy, (u)du) =0 (6.4)

6.3 Normal geodesics and inexact matching problem

6.3.0.1 A variational problem

Given a source object qs and a target qr, we want to find the best deformation g € GG
matching ¢s and ¢r, and we consider the following inexact problem

inf dy (e, g) +D(g - qs) (6.5)
geG

with D : Q@ — R" a data attachment term that measures the discrepancy between the
deformed object g-qg and the target object gr. Using the definition of the distance dy, we
can reformulate the matching problem and optimize the functional J : L*(I,V) —
R* defined as

J(u) = E(u) + D(End,, (u)). (6.6)

If we suppose (S.4) is satisfied, i.e. if in particular the endpoint mapping End,, :
L*(I,V) — Q is weakly continuous, we can also prove existence of minimizers

Proposition 6.17 (Existence of minimizers for the inexact matching problem). Sup-
pose (S.4) is satisfied and g is continuous for the same Hausdor(f topology. Then there
exists (q,u) € Hory (1) such that J(u) is minimal.

Proof. The proof follows the proof of theorem [5.7. We introduce a minimizing sequence
(qn,uy) € Horg(I). The sequence (uy,,) converges weakly to us, € L*(I,v), and we denote
Joo € ACp2(1, Q) such that ¢, = &, u. Since End,, is weakly continuous, and D is
continuous, we get that D(g.(1)) = limD(q,(1)). Moreover, the lower semi-continuity
of the L? norm gives

J(Uoo) = |too|r2 + D(goo(1)) < liminf |uy,|z2 + lim D(g, (1)) < lim (|u, |2 + D(ga(1)))
Hence the result. L

We can also obtain a characterization of the critical points of J on L?(I,V)

Theorem 6.18 (Critical points of J). Assume that D is C*. Let (q,u) € Hory(I).
Then if (q,u) is a critical point of J, it is a normal geodesic.

Proof. Let (q,u) € Hor,,(I) a critical point of J, i.e, we have :
dJ(u) = dE(u) + dD(q(1))d Endg, (u) =0

Therefore (g, ) is a normal geodesic with covector p(1) = dD (q(1)) O
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6.3.0.2 Co-metric and Hamiltonian equations
We recall that V < T,G2. As in[5.2] the sub-Riemannian structure defines a cometric

KQ.{ ™9 — TOQ
"\ (g,p) = K2p=¢KvE

and a normal Hamiltonian Ho(q,p) = (p | K2p). The Hamiltonian H is C" (as in [5.2.2)),
and defines a symplectic gradient

V¥Ho(q,p) = (K2p, —0,(K2p)*p) .

We retrieve the previous characterization of the normal geodesics

Proposition 6.19 (Normal Hamiltonian equations). Let ¢ € AC2(I, Q) an horizontal
curve. Then g is a normal geodesic if and only if there exists t — p(t) € T;(t)Q n
AC2(1,T*Q) such that (q,p) satisfies the Hamiltonian equations :

(¢,p) = V¥Hg(q, p). (6.7)

Proof. The proof is similar to the proof of theorem We refer to [82), theorem 3.15]
for a complete proof. n

We also get existence and uniqueness of the solutions to the Hamiltonian equations.

Proposition 6.20 (Existence and uniqueness of the Hamiltonian flow in Q). We have
global existence and uniqueness of the geodesic equation :

(% Pt) = VwHQ(Qt; pt)

with initial value (qo, po) € T*Q. This Hamiltonian flow t — (qs, p;) is C* on T*Q.

Proof. We refer to |82 proposition 5.1]. ]

6.4 FEuler Poincaré theory

Reduction theory can be applied again and we introduce a momentum map

mo(q,p) =&p € T, G.

Since the metric on Q comes from the right-invariant metric on GG, normal geodesics on
Q can be lifted as normal geodesics on G:

Theorem 6.21 (Normal geodesics in Q). Let g € AC12(1,TQ) be a horizontal curve
in Q, and let g € AC12(I,TQG) be its minimal lift. Then, q; is a normal geodesic if
and only if g: is a normal geodesic in G.

Moreover, if t + (g,,p%) and t — (q,,p2) satisfy the normal Hamiltonian equations,
with starting condition

mG(goaPoG) = mQ(QOapoQ) (6'8)

then g; is the minimal lift of ¢ and the momentum maps are equal:

Vt € Iv mQ(qt7th) = mG(gtaptG)'
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Remark 6.22. We recall that, by proposition[5.19, the minimal lift g; thus belongs to G*.

Proof. We refer to [82] Theorem 5.2| for the detailed proof. It uses in particular the-
orems [5.13| and |5.15, since we can prove that the momentum mg(q,p) satisfies the
sub-Riemannian Euler-Poincaré-Arnold equations, which characterizes the normal sub-
Riemannian geodesics in G. n

This tells us that studying the sub-Riemannian normal geodesics in Q is in a way
equivalent to studying the sub-Riemannian normal geodesics in G through the use of
the momentum m;,. It is particularly interesting since the critical points for the inexact
matching problem and the normal geodesics in @ thus do not depend on the shape space
Q, and therefore several parametrizations of shapes lead to the same dynamic :

Corollary 6.23 (Uniqueness of the momentum map trajectory). Let Q; and Qs be
Banach manifolds such that G acts on Q1 and Qo within the (GGA) framework. Let
(90, Po) € TQi and (¢5,p5) € TQ5 such that mo, (a5, po) = me, (45, pg). Then for all
t > 0, we have

me =mag, (¢, p;) = ma, 4/, p7)
and there is a unique lifted trajectory t — g; satisfying

4G =g q

9r = Kymy - gy and

o =9 G
Proof. This is a direct consequence of Indeed, let ((¢},p;),u;) € TQF x V and
((¢2,p?),u?) € TQ3 x V be normal geodesics satisfying the initial conditions of the
corollary, and let g/ and ¢g? be their lifts in G'. Then both g} and ¢? satisfies the
differential equation in G*

gt = Gmo (gt)

with g = ¢g2 = eg, where we recall the map G,,, : G' — TG" is defined in
by G (9) = Kv Adg-1(m,)-g. This equation admits a unique solution, and therefore
g} = g? and the corollary is proved. ]

6.5 Extended diffeomorphisms groups and regularity of
the covector

The usual path on riemannian shape spaces defined from the induced metric by the action
of diffeomorphisms has been following the reduction route: one computes the hamiltonian
on the shape space Q, derives there shooting algorithms encoded from a given initial
momenta in the cotangent space and when needed the lifted trajectory. This happens to
be quite effective when the space space Q supports some sort of discretisation into a finite
dimensional space. A common setting is the case of landmarks where spaces are described
as point clouds or various triangulations. If the reduction route can be beneficial from a
memory point of view since providing finite dimensional encoding of the lifted geodesic
in the group of diffeomorphisms, interestingly over-parametrization, or the unreduction
route, can be also helpful since it may allow a gain of regularity in the representation
of the momentum compare to the reduced case. We consider in the following section an
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illustration of this phenomenon for the group of diffeomorphisms arising in a common
situation of inexact matching for transport of atlases.

6.5.1 Some extensions of groups of diffeomorphisms

In this part, we define extensions of groups of diffeomorphisms that satisfy the conditions
(G.1-5). We first recall the definition of the diffeomorphisms group Diff (R?) for k > 1:

G" = Diff o (R?) = (id +C§ (R, R?)) N Diff* (R).
Now we introduce two semi-direct products, H* and N*:
H* = Diff o5 xC§~ ' (R, R)
with group operation given for all (¢,w), (¢',w') € H* by
(907 w) ’ (90/7 w/) = ((10 © (10/7 wo (p/w,)

and
N* = Diff o xC5~ ' (R, G Ly)

with group operation given for all (¢, A), (¢', A’) € N* by
(0, A) - (¢ A) = (po ¢, Ao p'A)
where G L, is the general linear group on R.

Remark 6.24. Clearly, H* and N* are (normal) extensions of the group G* so that
G* can be seen as a subgroup of bigger groups (providing a natural setting for over-
parametrization).

In the following, for ¢ € G*, Jp(x) € GLg4 is its Jacobian matrix at x € R? and
|Jo|(x) its Jacobian determinant.
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Proposition 6.25. We have the following properties :
1. The families of groups (H*)p>1, (N*)i>1 satisfy the conditions (G.1-5).
2. The group G* is embedded in both H* and N* through the smooth mappings

Gt — HF Gk — Nk

Tir: and iy :
o — (o Je)) Nl — (p,Jp)

and the differentials of this mappings are given by :

po | TGE — THF

B0 (p,80) — ((9,]d9)), (6, div(dpopt)op|Jp])
Ti . TG* — TN*

Mol (e, 60) — ((,1Jel), (B, Jop))

3. The mapping iy is a morphism of groups (ig(¢ o ) =iu(¢') - iu(p)) inducing
an action of G¥ on H* by left multiplication (p-h = ig(p)-h) that satisfy (S.1-3)
and such that we have for any u € T,G*

Toim(u.p) = Tigia(u) - ia(p) .
The same is true for ix and N*.

Proof. We already saw Diff o satisfies the conditions (G.1-5). Furthermore, CF (R Rso)
and C’g_l(Rd,GLd) are Lie groups for the pointwise multiplication. Furthermore, for
p,l € N; the mapping

Cy (R RP) x GF — CFY(RY,RP)
(a, ) — aop

is C! and C* with regards to the first variable. For (p,w) € H* (resp. (p, A) € N¥), its
inverse is given by (¢, w)™! = (¢, ﬁ) (resp. (p, A) 1= (o1, A7lo *1) and (G.2)
is verified. Therefore H* and N* also satisfy (G.1-5).

We directly see iy and iy are smooth morphisms of groups, and are embeddings.

Let’s compute their derivatives. For (¢, dp) € TG we get

0y (1T 0]) dp = | det(dp)| tr(dp™" db)
= |Jp|tr (d (5(,0 e cp*l) o cp)
= |Jeldiv(dpo ') oy
Thus T,ip(0p) = (d¢, div (dp o o Y opl|Jp|) and T in(6p) = (0p, Jop).
The last point follows from the chain rule |J(¢" o )| = |J¢'| o ¢|Jp| which implies
in(¢ op) =in(¢) - iu(p) O

Since the family of groups G* act on H* and N* satisfying (S.1-3), we can apply
proposition and corollary [6.23, and we have the following result :
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Proposition 6.26. Let kg > 1, and V — T,G*%2 such that the hypotheses for the

(GGA) framework are satisfied. Let o € G* and pfl = (pf,p8) € Tl.’jg(%)Hko (resp.

oY = (¢, pd) € T}y ooy V) such that p§ = (Tin)*pg (resp- p§ = (Tin)*py’ ). Then
we have:

1. The normal geodesic in H* (resp. N*0) associated with the Hamiltonian equa-
tions with initial value (ig (o), pE) (resp. (in(o),pd’)) stays in ig(G*) (resp.
in ic(G*)) and is a normal geodesic in the group G* starting from (o, p§).

2. Furthermore, we have the following relation
pi = (Tig)'p’ (resp. p = (Tin)"py’) (6.9)

Proof. This is an immediate consequence of Corollary [6.23. We just need to prove the
relations between the covectors. Let (¢, p¢) and (hs, pf) the corresponding Hamiltonian
geodesics such that

mG(QOtapf) = mH(ht,pr)
and hy = @1 - (o, [ Jool) = iu (), pif = (pf,p¥). Then for dp € T,,,G*, we get

(| 6¢) = (ma(pe, i) | dp o) = (mu(h,pff) | 6po v )
= (pf" | dp oo -in(er) = (pf' | Tin(dp))

which gives the equality p¢ = (Tig)*p? ]

6.5.2 Regularity of the covector

In this section we arguments the introduction of the groups H* and N*o by proving
results on the regularity of the momentum. We first start with this general statement
where we consider the Hamiltonian dual variable p, on Q where Q = G*o or H*o, or N*o,

Proposition 6.27 (Conservation of the regularity of the covector). Let (g, p:) be a
normal geodesic, and u; = {;1q't its infinitesimal minimal lift. If the covector p; is L*
at time t = 1, then it stays L' for all previous times t < 1 and given by

%=mjl@@MM%% (6.10)

Proof. The proof is done in the case where Q = G* = Diff cko (RY), the other cases are
0

similar. We recall p; verifies the Hamiltonian equation with endpoint p; € L}(R? R?),
i.e. p; is solution of the Linear Cauchy problem :

{ P(t) = =04 (&g, (ue))"p(t)

p(l) =D

which immediately implies we have :

1
b= [ Ou(& ) pds
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Let ¢ € G*, u € T,GR+2 = CFT2(RY RY), the linear operator p € L'+ 9,(&,(u))*p is
bounded with image in L'. Indeed, for g € T,Q = C(’fo (R?, R?), we have :

(0q(&(w)"p | 0q) = (p | O4(&(w))dq)
= [ #le). 046 w)sa)nads

= [ (ple). dulgta)dgta)suda
= [ (duta(e)) @), b0(o)}gad

Since du € CHH(R? R, therefore (du o q)" p is still in L', we have :

|0g(&q(w))"plrr < |dufci|p|pr
< Cte|uly|p|r:

and the mapping (u, q) — 9,(&,(u))* = (duo ¢)" € L(L*(R?, R?), L' (R4 R?)) is continu-
ous, and therefore the covector p, is L' for all ¢ € [0, 1]. O

Remark 6.28. We can adapt the previous proof and find that if py s in LP, forp > 1
(resp. in CL(RY,R?) for 1 < k), then p; stays in LP (resp. in CL(RY,RY)) for all time.

In the following, we will only consider the groups G* and H*. We saw that when
we solve the Hamiltonian equations in both G*¥ and H*, we get the following equality
between the momenta

i = (Tin)"p}! (6.11)
The embedding iy : G* — H* is highly non surjective (the image in H* is not even
dense), and therefore the dual mapping (Tiy)* : T*H* — T*G* is not injective.

Let’s compute the dual mapping. Let p® € T*Gko, pf! = (p¥,p*) € T*H*, and
dp € TG™ we have ((Tig)*p™ | 6p) = (7 | 6¢) + (p° | div(dp 0 o) 0 p|J¢]), i.e. we
have the following (in the weak sense) :

(Tin)*p" = p* = | Tl (dp*) " Vp* (6.12)
In particular, if we have p“ = (Tig)*p", then we get
pe =1 = |Jgl (dg*) " Vp* (6.13)

Obviously, the covector (p©,0) € T*H" satisfies equation . The non-injectivity of
(Tig)* allows us to also consider (p?, p”) to gain regularity. For example, we know that
if 2 is a bounded regular openset of R and p € L?(Q) with curl(p) = 0, generalisation
of the Poincaré’s lemma [55, [38] gives existence of h € H}(Q2) such that Vi = p. This
suggest a corresponding gain of regularity in the case ¢ = e, between p® and p“ solutions
of (6.13).

In the inexact matching setting, we recall that the regularity of the covector is given
by the data attachment term. Suppose that the data attachment term is given by the
C! mapping D : (p,w) € H* + D(p,w) € R, and let ; € G* be the endpoint for the
geodesic equation. Then the geodesics momenta for Hamiltonian in both G*0 and H*o
have endpoints given by

pf = 0,D(¢p1, de1)
Y = 0,D(p1,dp1) X
p? - (TZH>*d1H(SD1)D = d(9017|J<,01\)D © TLPliH = pf - |‘]§01| (dgd{) Vp‘f
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Therefore if dD(p1,w;) € T*H* is L', the couple (pf,p%) is also L'. However we
will see in next subsection a case where p{ (and therefore p&) has singular parts coming
from singularities from the target. This means the topological and geometric properties
of targets and sources leads to the use of either groups G* or H*o.

6.5.3 An application to transport on atlases

We here give a motivation for using groups H* and N*° to compute geodesics induced
by the diffeomorphism actions. This will have particular applications in the special case
of atlas (at a tissue scale for example), where the data is given as an image defined on a
set of regions with discontinuities at the boundaries. In the following, we will consider a
metric induced by a Hilbert space V < Ciot?(R4 RY).

Let X1, X5, ..., X, C R?open connected pairwise disjoint subsets of R? with piecewise
C" boundaries such that R? = U?Zlyi. We denote ¥ = U;0X; the boundary. We consider
a template image Iy : R — R such that Iy|x, is smooth for each X;, and the sets In(X;)
are pairwise disjoint, and a smooth target image I; : R — R. We assume that both I
and I, are square integrable.

We derive the Hamiltonian equations in the space G*0 :

$r = U O Py
Dy = —du; o oy py (6.14)
(ur, v)v = (pr | vopy)

Now we also need to add a data attachment term to perform inexact matching. We
define, for I an image, the data attachment term

D) = [ (=1 )y = 111 ~ 1

or equivalently

with ¢ € G*.

Proposition 6.29. The data attachment term D is C* and the co-vector pfko at time

1 s given as a mizture
p1=—2g—I109)V(p1-1Ip) op1|Jpi|Aa+T o1 |J901|2| /Hdzfl (6.15)

where 7—[|d§1 the d — 1 Hausdorff measure on the boundary, and, for x € ¢(2), |Jp1s|
1s the Jacobian of o1 restricted to the tangent bundle of ¥ and

e—0

J(z) = lim <(Il(x) o Tl J@)))Z — (L@ ¢ Iz - eﬁ(x)))Q) (@)

with 1 (x) unit normal vector on p(X).
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Proof. We first start by proving D is C' and we compute its derivative dD. Let (¢, dp) €

TG =~ Diff 5, (R?) X Cio(R?). Since I is smooth, we can differentiate under the integral
0

sign and we have

D)= [ 2100 =) (@) (V1 00,59 (@) o)l do
+ [ (hop =1 @) el (@) div(Eio 0™ o (oo
_/ 21 - <V11,5<PO<P >(y)dy

/ I — o Iof? () div(6ip 0 o~ ) (y)dy

Let’s compute the second integral using Stokes theorem. We have :
1=k (v )y

= Z /@(X‘) 11, — ¢ - I]” (y) div(dp o o™V (y)dy

—Z( 2 [ (= W (=9 ) Foos™) ()
©(Xi)
+/ Ii(y) — Tim - To(y — e ))‘2<5 0 7L} (y)aHG L (1)
Do) 1\Y EHOSO oly i\Y pow ,n; )Y dp(X:) Yy
= —2/ (h—=¢-1o)(V (I —¢- 1), 0009 ") (y)dy
/ (T 0p0@™") (y)dHE s (v)
Now as p; = —dD(y1), we get that :
p=—-2(Lop—1)V(p-Iy)op|lJp|Aa+ T o ‘J90|2| HE (6.16)

O

In this particular case, and since the regularity of the covector is conserved, we see that
this parametrization with the group of diffeomorphisms will give non-regular covectors
with singularities aroung the boundarys of the atlas. This can pose problems in particular
in the implementation and algorithms as it can lead to stability issues. However, using
the over-parametrization given by the group H* we can rewrite the data attachment term
by )

D(p) = D(p, |Jel),

where
Dlow) = [ (o (@)~ L)) wla)ds
R
for any (p,w) € H*. The corresponding covectors (pf,p%) at time 1 then become

{ P = =0,D(p1,|Jer]) =2(Io — Lo @) [ 1| VI 0 ¢p
Py = =0.D(p1, [ Jerl) = —|lo = L o o]
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which is therefore L' in space. Since the regularity is conserved (cf. proposition
the covectors stay L! for all time ¢. In practice, since we often use over-parametrization,
this means we could trade off memory for stability, because we would gain here some
regularity for the covectors.
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Chapter 7

Application to multiscale matching
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[7.1 Reproducible kernel Hilbert spaces|. . . . . ... ... ..... 103
[r1.1  General definitionl . ... .. .. ... ... ... . 103

[7.1.2 Application to LDDMM and transport of landmarks| . . . . . . 104

7.2 Large deformation model coupled with the action of a finite |

| dimensional Lie group|. . . . . . . . ... ... 000000 105
[7.2.1 A semidirect product of diffeomorphisms and a finite dimen- |

| sional Lie group|. . . . . . . . . .. .. oL 105
[7.2.2  Action on shape spaces|. . . . . . . . . . .. ... 111

[7.2.3  'Two variational problems and Hamiltonian dynamic| . . . . . . 112

[7.2.4  Reduction of the dynamic| . . . . . . . . ... ... ... .... 119

[7.2.5 Application to rigid and diffeomorphic motions . . . . . . . .. 121

7.3  Multiscale matching : hierarchical scheme| .. ... ... ... 127
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We propose here applications of the previous chapters to multiscale matching using
the LDDMM framework. The main idea is to consider simultaneous actions of a coarse-
to-fine stacks of transformations acting on a shape space describing a shape at different
resolutions with interaction across scales. Such approaches were first described in [18), [84]
89|, where authors used a sum of kernels allowing to produce several diffeomorphisms for
each scale, and then later in [71] where authors directly describe general sub-Riemannian
metrics on a product space of diffeomorphisms groups. We adapt these ideas in this
chapter.

We start in section [7.1] by recalling the definition of reproducible kernel Hilbert spaces,
which provide very useful Hilbert spaces of vector fields. This allows to equip the group
of diffeomorphisms with right-invariant sub-Riemannian structures that are easy to use
computationally. In particular, we develop the induced metric on the space of landmarks
for the simple action of transport of points by diffeomorphisms, recovering classical for-
mulation of the Large deformation diffeomorphic metric mapping (LDDMM) framework.
This constitutes a first brick for the next sections.
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Section describes the main results of the first part of [74] and is a joint work with
PhD student Rayane Mouhli. Here we only deal with two scales, where the group of
deformation representing the coarsest scale is a finite dimensional Lie group (for example
rotations, isometries, scalings, etc.) and the finest scale is the group of C¥ diffeomor-
phisms equipped with a right-invariant metric given by a RKHS. We describe how we
can construct then a new group of deformations and propose several applications to
matching of curves, landmarks or images.

Section describes results from [82, Section 4] and is devoted to the case of multi-
scale shape spaces for registration through the action of the product of diffeomorphisms
following [71]. We also describe how this setting can be coupled with a rigid matching,.

7.1 Reproducible kernel Hilbert spaces

7.1.1 General definition

The results of chapter [5] and their applications to shape registration in [0] relies on the
choice of a Hilbert space V' to construct right-invariant sub-Riemannian metrics. In most
examples, the action of diffeomorphisms is an important part of the global deformation
applied to the source shape, and therefore one must choose carefully a Hilbert space of
vector fields. A useful class of such Hilbert spaces is the one of reproducible kernel Hilbert
spaces (or simply RKHS) [I1], because they provide easily computable vector fields for
the minimal lift when the shape is given by a set of landmarks [98], which is an important
special case since it includes most practical situations after discretization. In this part, we
briefly recall the definition and some properties of the RKHS (see. [II] for more details).

Definition 7.1 (Reproducible kernel Hilbert space). A Hilbert space (V, (-, -)yv) of
maps of R? is said to be a reproducible kernel Hilbert space if, for any x € R?, the
evaluation 6, : f € V +— f(z) is continuous.

Let V be a RKHS, and denote by Ky : V* — V its Riezs isometry. In such case, for
any (x,b) € (R%)?2, the map 6° : V — R defined by
(0 [ f)=0b"f(x)
is continuous, i.e. belongs to V*. This allows to define a map ky : (R%)? — R4 called
the reproducible kernel of V', such that, for any z,y,b € R?

ky (2, )b = Kyo°
It is easy to see that for any z,v,a,b € R? we also have
<kv(l’, ')aa kV(ya )b>V = aTkV<x> y>b

so that, in particular ky (z,y) = ky(y,x) ", and ky (z, x) is symmetric positive. Moreover,
the interest is that the kernel determines the Hilbert space, meaning that we can just
define the kernel &y and not the total Hilbert space V' [11]. Moreover, the regularity of
the kernel gives informations on the Hilbert space V. Let [ > 0, we say that V is of class
Cl if it is continuously embedded in C}(R¢,R%). In particular, we have the following:

Proposition 7.2 (RKHS of class C}). Let V be a RKHS and | > 0. Then V is of
class C}, if and only if its reproducible kernel ky is CZ.
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Example 7.3 (Gaussian kernel). We present here the Gaussian kernel, which is the main
example of kernel that we are going to use in this chapter for applications. Let o > 0.
It represents the scale at which we perform the deformations. We then define the smooth
Gaussian kernel k, : R x R? — R given by

|z — y|?
202

ko(z,y) = exp(— )d

and denote by V, the associated reproducible kernel space. Note that the kernel is of the
form ~(|z — y|)Id where v : RT — RT is a scalar map, and in particular this implies that
rotations and translations are isometries of V,,, in the sense that for any (R, 7) € SO4x R4
and u,v € V,, we get

(RTu(R-+7),RTv(R - +T)>VU = (u,v)y,.

7.1.2 Application to LDDMM and transport of landmarks

We recall in this section an application to classic large deformation model, using a Gaus-
sian kernel for registration of landmarks. Let n > 1, and

Q = Lk, (R?) = {a = (¢:) € R)" | ¢ # ¢; if i # j}

be the space of n-landmarks. The group of diffeomorphisms Diff o (R%) acts on Q by

¢ (Qi)i<n = (@(Qz))ign

and the induced infinitesimal action becomes qu = (u(g;)),., for @ = (¢);- This
action satisfies (S.1-4) [6.1] Let V be a RKHS induced by a gaussian kernel k, with scale
o > 0, so that we can define a right-invariant structure on the group Diff (RY) (cf. ,
and which induces a metric on Q following [6.2] In such case the horizontal subspace
Aq = &4(V,) C T, Q is then exactly equal to the tangent space T4Q, and we recall that,
for any g = (¢;)i<n, the induced metric on 7,Q then is given by

Viq e T4Q, (6q,6q),= inf (u,u)y, = (£, '5q,£,'0q)y,

uEVm gquiﬁq

where £ 1is the inverse of the restriction &, : (ker&,)* — T,Q. This means we obtain a
Riemannian metric on Q, and we recall the following well-known reduction principle [98]:

Proposition 7.4 (Reduction principle in LDDMM). Let éq € T,Q. Then there exists
P = (pi)i<n € (RY)™ such that the minimal lift u = £;'6q of dq is given by

u= Ky Z 55; = Z ko (qi, )i (7.1)

<n i<n

Moreover the norm of u is therefore

|U|%/U = Z ko(‘]z;%)(]?z,p])

L,j<n

Proof. This is a direct consequence of proposition since A, = T,Q is therefore closed
in T, Q. O
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This is also consistent with the Hamiltonian formulation for the normal geodesics (cf.
. Indeed we also obtain a normal Hamiltonian H defined on T*Q by

H(q,p) =) ko4 4;)(pisps)-

Z‘?j

This permits a parametrization of vector fields by a finite number of parameters py, ... p,,
and the matching problem between a source object gs € Q and a target gr € Q becomes

. e
inf J(p1,---pn) = 5 / Z ko(Git 4t) (it pje) dt + D(qn) (7.2)
0

—(p1,... Rd)n
p=(p1,.--pn) E(R?) iien

st { (Qtaﬁt) = va(qtapt)
' (qo, Po) = (gs,p)

7.2 Large deformation model coupled with the action
of a finite dimensional Lie group

This section is taken from [74]. We introduce here the general theoretical framework for
coupling the classic large deformation model [17] with the action of a finite-dimensional
Lie group. Such a construction will serve as foundation for the applications presented in
the subsequents sections. The differential structure and the regularity properties of the
group of deformations considered in this section is presented in [7.2.1] We introduce a
right-invariant sub-Riemannian metric on this group and recall the classical completeness
results. Following chapter [0, we then specify in section the hypotheses required on
the differents actions and spaces to induce a sub-Riemannian structure on the space of
shapes. This will serve to define a distance between shapes that will be used as a metric
to introduce a variational problem for the matching of shapes, taking into account the
deformations of the group.

7.2.1 A semidirect product of diffeomorphisms and a finite di-
mensional Lie group

In classical large deformation model [93] 17, 6], shapes deformation are performed through
an action of the group of diffeomorphisms with finite regularity (C* or Sobolev). Following
Lie group ideas, small deformations can be described as vector fields on RY, representing
at each point the directions and speed guiding the evolution of shapes. This group of
diffeomorphisms can be enriched by another finite-dimensional group G that can also
act on shapes, to define constrained deformations as rotations, translations or scalings.
We define the group of deformations as a semidirect product of G with the group of
diffeomorphisms.

7.2.1.1 First definitions and differentiable structure

Let G be a finite-dimensional Lie group and g be its Lie algebra. The purpose of this part
is to establish the theoretical framework for coupling the Lie group G with the group of
C*-diffeomorphisms

Diff o4 (R?) = (id +Cg(R?, R?)) N Diff* (RY)
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We will first make some assumptions to define this coupling as a semidirect product of
G and Diff (RY) along with its differentiable structure compatible with the composition
law. We consider the following hypotheses:

Action of G on R? We suppose G acts smoothly via diffeomorphisms on R% and we
denote ¢ - = the action of g € G on z € R%.

Action of G on Diff ;4 (R) We suppose that the action of G on R? can be lifted to a
continuous right action through smooth automorphisms on Diffcéc (R?). We denote by
pg(ip) the action of g € G on ¢ € Diff s (R?). This means that we have a continuous
mapping p : G — Aut(Diffcg (R4)), such that for all p,1) € Diff ¢ (RY) and g,h € G, we
have

pgh(@) = ph(pg((p))v (73)
Pa( 0 ¥) = pg() 0 py(t)), (7:4)
g elg - 7) = py(p)(x), Vo €R 7.5
and that the mapping ¢ — py(¢) is a smooth diffeomorphism on Diff ¢ (RY). The third

condition (7.5 is the compatibility condition between the action of G on R? and the
action of G on Diff o (RY).

Regularity of the action For u € Tiq Diff o5 (R?) = Cf(R?,R?), since the action py is
differentiable, we can consider Tiqpgu = Op|p=iapqe() - v the infinitesimal action of g on
u. Finally, we suppose that the action p induces a continuous action on Diffc§+z(Rd) by
smooth diffeomorphisms, and such that

G x Diffc(l)c-u (Rd) — Diffcé- (Rd)
9, — pe()
is C".
Under those assumptions, we can define the semidirect product :
G" = G x Diff ¢ (R?)
with composition law
(9,0)(9",¢") = (99’ py () © &) (7.6)

Remark 7.5 (Inclusion in Diff o« (R?)). The conditions we stated before are quite natural
since the semidirect product G* is a subgroup of the group Diff .x (RY) of all C* diffeomor-
phisms of R%. Indeed, the first hypothesis of the action of G on R? can be restated as a

group inclusion
g — [pg x> g- 1]

This allows to define the injection

;. { GF¥ — Diff ek (R?)
gy = [pgop:arg-o(r)
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Note that this injection is also a group morphism, since

i((9.0)(g'. ) () = i9g', py (0) 0 ') ()
=99 (py (@) 0 ¢'(2))
=g-¢(g - ¢'(2))
=i(g.¢) oilg’, ¢')(@).
In the next sections, we will define how the group G* acts on shape spaces. In particular
these actions will be compatible with the action of the bigger group Diff ok (RY) on shape

spaces. However this description as a semidirect product allows to separated both the
action of G and of the group of diffeomorphisms Diffcg (RY).

Using the regularity conditions of the action of G’ on the group Diff o (R?), we prove

that the group G* is a Banach half-Lie group, and some regularity properties of the
multiplication and the inverse in the group.

Proposition 7.6 (Differential Structure of G¥). The group G* is a Banach right half-
Lie group. Furthermore the subgroup G*'' is exactly the group of C'-differentiable
elements of G*, and the family {G* k > 1} is an admissible graded group structure

satisfying [4.3.

Proof. The group G* is immediately a topological group and a Banach manifold for £ > 1.
It remains to prove that right translations in the group are smooth. Since G is a Lie group,
it is sufficient to prove that for any (h,v) € G Diff ¢ (R?, R?), the mapping

© — pu(p) ot

is smooth. This follows from the fact that p is smooth and right translations in Diff o (R%)

are smooth since it is a half-Lie group. Therefore the group G* is a Banach half-Lie group.
We prove now the properties (G.1-5). Moreover, the group DifngH (R%) is a subgroup

of Diff e (RY) with smooth inclusion, and thus (G.1) follows. We then prove that the
subgroup

(G") ={(9,9) € ", Ligy) is C'}
of Cl-differentiable elements of G* as defined in [16] is exactly G**!. Since G is a Lie
group (and therefore G' = &), and the space of C'-elements of Diff ¢ (R?) is Diff e+ (R9)
[16], then the space (G*)! is simply

(G")' = {(9,#) € G", st. Vh € G, paly) € Diff st (R},

Therefore if (g,¢) € (G*)!, by taking h = eg, we immediately have ¢ € DiHC§+l (R%).
Conversely if ¢ € Diffc(z)m (R%), by hypothesis, pn(p) is also in Diffc§+z for any h € G.

In particular, (G.3) follows, and by implicit function theorem, (G.2) is also proved as a
consequence of (G.3). Moreover the tangent space at identity of G* is given by

Teeia)G" = CERLRY) @ g

where g denotes the Lie algebra of the group G. By smoothness of T, R in the Lie group
G, and the differentiable conditions on the map p : G x Diff o (RY) — Diff (RY), (G.4)
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also follows. Finally, for (g,¢) € G'*L, the differential of the left multiplication is given
by

TegiayL(9, ) (X, 1) = (Teg Lg(X), d (pg () 1) ,
where d (py(p))u: z — Tp(py(¢))u(z) is C*, so that (G.5) is also proved. O

Remark 7.7 (Right-invariant local addition on G). Note that if the action of G on R? is
proper, the group G can be equipped with a right-invariant local addition. Indeed, since G
s a finite-dimensional Lie group, it can be endowed with a right-invariant Riemannian
metric and therefore with a right-invariant local addition through the exponential map.
We denote this local addition by 7 : Vg C TG — G, where Vg is an open neighborhood
of the zero section of TG. Moreover, since the group G acts properly on RY, there exists a
Riemannian metric on RY that is G-invariant [58, theorem 2/. Therefore the exponential
map exp of this metric is a local addition on R? that is equivariant with regards to the
action of G, i.e. for g € G, (x,v) € R x RY, we have

engw(Q . U) =g- Gpr(U)

Now following [16], this induces a right-invariant local addition Toig on Diff (RY) by
taking the push-forward

exp, : 5
(p,vop) > exp,(uoyp)

and because of the compatibility condition , this local addition is also equivariant
with regards to the action of G. One can easily verify that the product T¢ X Tpig thus
defines a right-invariant local addition on G*. Therefore, under this condition, by [16,
theorem 3.4/, the regularity conditions (G.1-5) directly follows. However, we will give
some examples of group G that do not act properly on R?.

We recall, following , that the groups G**! with k > 1 are LP- regular

Proposition 7.8 (Existence and uniqueness of a flow in GF). Let (X;u;) €
L%([0,1],g x CETY (R, RY)) be time-varying vector fields. There exists a unique so-
lution (g;, 1) € ACr2([0,1],G*), called the flow of (X;,us), to the system

(gt, @t) = T(Eg,id)R(gt7<Pt)(Xt7 ut) (77)
(90, o) = (eq,id)
Proof. This is a direct consequence of proposition [4.18| n

We conclude this section with some examples that will be further developed in the
following sections.

Example 7.9 (Isometries and diffeomorphisms). Consider the group Isom(R?) := R? x
SOy of isometries of RY. It naturally acts by conjugation on the group of diffeomorphisms
by

(R,T)-¢)(x) =R"p(Rx+T)—R'T.

This allows to define the semidirect product Isom(R?) x Diff oy (R?).
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Example 7.10 (Anistropic scalings and diffeomorphisms). For p = (py, ..., ps) € R%,,
we denote D, € My(R) the diagonal matriz with coefficients (p;);

o1 0 - 0
0 .0
Dp: . p.2 3 .
0 0 - py

The scaling group also acts by conjugation on the diffeomorphism group by

(p-¢)(@) =D,y-19(Dyz).

allowing to define the semidirect product group of anisotropic scalings and diffeomor-
phisms RZ, x Diffcéc (R%). Note that in this example, the action of the group of anisotropic

scalings ]R‘io on R? is not proper, since the stabilizer of 0 € R?
Stabge (0) = {p € R, s.t. p-0 =0}

is the whole group R%,, which is not compact. In particular, we cannot use the construc-

tion of [7.71

7.2.1.2 Sub-Riemannian metric on G*

In this section, we introduce right-invariant metrics on the group G* following the general
framework in [82], [8I]. Indeed, proposition places our setting exactly within this
framework, from which the completeness of these metrics follow. Suppose the algebra
g is equipped with a scalar product (-,-),, so that we define the natural right-invariant
metric :

(X, V) =(Xg7"Yg ') (7.8)

Let also V be a Hilbert space continuously embedded in C§ (R4, R?) = Ty Diff o (R9)
and the map Ky : V* — V denotes the inverse of the Riesz isometry on V. This defines
a right-invariant sub-Riemannian structure on G* defined by

e the vector bundle g x V on G*, that is equivalent to the bundle A, , = T,G x
(diapy(V)) 0 0 = T .G

. gxV — A
th hism d._ ;qR,., : 97
¢ O e idae { X = (deg Ry(X), (dhiapy () 0 )
e the metric ((X,u), (X, u)) = (X, X); + (u, u)v

Let L ((g, ¢1¢), (X¢,us)) denotes the usual sub-Riemannian length given by

1
L((ono0) (X)) = [ \/IXGl3 ¢ fuf at
0
We can equip G* with the associated sub-Riemannian distance dgg defined as in [8], 6], [82]

dsr ((9,9), (¢, ¢") = nf{L ((9:, 1), (Xi,ur)) | 8t (96, 1)5 (X, ur)) € Horpa ((g,0), (9, ¢')}-

/

where Horz1 ((g,¢), (¢, ¢)) is the set of L' horizontal systems joining (g, ) to (¢',¢'),
i.e curves ((gs, 1), (Xt ug)) with (X;,us) € LY([0,1], V), (g¢,¢) € ACL1([0, 1], G*) such
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that for all ¢t € [0,1], (¢, %t) = d(eq,ia)Rgeo0) (X¢, ue). Equivalently, the sub-Riemannian
distance can be obtained by minimizing the energy [9, 6], R2]

1
E (g0 00), (Xevur)) = / X+ [l dt.
0

We will rely on this expression to determine minimizers. The space (G*, dgg) is therefore
a metric space and we have the following completeness properties as a consequence of

theorem

Proposition 7.11 (Completeness of G¥). We get the following
1. The space (G*,dsg) is metrically complete.

2. Suppose V is G-invariant. Then the space (G*, dsr) is geodesically convex, mean-

ing that for any (g,¢), (¢, ¢') € G* such that dsr ((g,9), (¢, ¢')) < oo, there
exists a minimizing geodesic connecting (g, ) and (¢',¢")

Proof. First point is already proved in [5.7] We now prove the second point, namely that
condition (G.6) (cf. [5.1.2.1)) applies in this case. Since for any ¢g € G, the mapping diqp,
is an isometry of V, then we get that for any horizontal system ((g, 1), (X, ut)),

L((g0s0), (Xoo)) = / X, + Juf2dt
I

_ / V102 4 [dapg, () ot
I
= L ((ge, 1), (Xe, diapg, (ur)))

Therefore, we consider the change of variable @ = diqp,(u) and we get that

') = inf L X .
dsr ((9,¢), (9", ¢")) R S ((ges 1), (X, we)) (7.9)
S.t { G =T R (X0) (7.10)
Pt = U O Pt

We define the endpoint mapping End : L*(I,g x V) — G* such that for any (X, u) €
L3([0,1],g x V), End(X,u) = (g1,%1) where the curve (g, ;) satisfies the dynamic
(7.10). To prove geodesic convexity, it suffices to prove that the endpoint mapping is
weakly continuous [82, 9]. This holds since G is a (finite dimensional) Lie group and by
[95, 03], [17] the endpoint mapping v € L*(I,V) — ¥ is weakly continuous, where ¢,
satisfies
Y =uwowy, o =id
O

Finally, following , this sub-Riemannian structure defines a co-metric on 7*G* given
by
Ky (p?,p%) = (Tec Ry K, (Tec Rg)*pga TaR Tiaps Ky (Tidpg)* (Tide)*pw)

and the corresponding Hamiltonian given by

1
H (g,¢,0°,p%) = 5 (Ky0(0?,0%), (07, p%))
1

- 5(‘KE(TEGRQ)*pg|§ + ‘KV<ﬂdPg)*(ﬂdR<p)*p<p|%/)
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We recall the following result

Proposition 7.12 (Sub-Riemannian geodesics). Let (g¢, ;) € Horpi a horizontal sys-
tem. Then (g, pt, Xi,up) is a normal geodesic if and only if there exists a covector
(p!,pf) € T,,.,,G" such that

(gtugbt) = VWH(gt)wtapg)pf)' (711)
Proof. This follows from proposition [5.10] O

We will mostly focus here the case where V' is G-invariant, in the sense that Tiqp,V =
V for all g € GG, and that Tigp, is an isometry of V. We will see that this property is
related to whether G acts properly on RY, since the construction of such Hilbert spaces
V relies on the construction of G-invariant metrics in R%. In such case, the Hamiltonian
simplifies to

1 N *
H (g, 0,07, p%) = §(|Kg(TecRg) pglz + |KV(TidRap) p¢|%/)-

7.2.2 Action on shape spaces

Let Q be a Banach manifold, representing the shape space. We define then the augmented
shape space Q = G x Q, where the G part gives a representation of the shape in a coarsest
scale. For example, it can represent the position of the shapes in R? if G is the group
of translations, or the orientation if G is SOy. The augmented shape space Q allows to
keep track of the action of G on the shapes.

We suppose now that the group Diff s (R%) acts on Q with following regularity con-
ditions [5]

Continuity of the action The action ¢, g — ¢ - ¢ is continuous.

Infinitesimal action For all ¢ € Q, the mapping ¢ — ¢ - ¢ is C*°, and we denote for
u € CERYRY), u-q = y|,—ia(p - q) its continuous differential in id, also called the
infinitesimal action of u on gq.

Regularity of the action For [ > 0, the mappings

DifngHXQ — Q and C§+Z(Rd,Rd)XQ — TQ
(¢, 0) +— ¢-q (u, q) — u-q

are CL.

Suppose G also acts smoothly via diffeomorphisms on O, and suppose the following
compatibility condition
e (9-a)=9"(ps(0) - 0). (7.12)

Therefore, we define the group action of GF = G x Diff ¢ (R?) on the direct product

Q=G xQ by . .
e G"xQ — Q

(9,¢),(h,q) = (gh,g-(v-q)) (7.13)
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Remark 7.13 (Compatibility condition). Note that the compatibility condition (7.12)
coincides with condition (7.5) when @ = R%. Therefore condition 15 quite natural
and is often a direct consequence of the particular condition when the shape space is
one of the classical ones (landmarks, curves, images). Moreover, following rema’rk we
know that each pair (g, ) defines a diffeomorphism ¢ 0 € Diff cx (R?). Hence condition
(7.12) often guarantees that the action of G* can be induced from the deformation action
Of Diffck (Rd)

~ We prove in the following proposition that the group G" and its action on the manifold
Q = G x @ defines a shape space following the GGA framework .
Proposition 7.14 (Shape space Q). The action of the half-Lie group G* on Q = G xQ
satisfies conditions (S.1-3), i.e.

1. The action A : GF x Q — O is continuous.

2. For (h,q) € Q, the mapping Any : (g,¢) — (gh,g- (¢ - q)) is smooth, and we
denote g = Tley ia)Anyg s derivative, called the infinitesimal action.

3. Forl >0, the mappings

gk+lXQ — 0

A:
(9,¢), (hya) +— (gh,g-(¢-q))
and - ~
¢ Teoia)G"'xQ — TOQ
are C*.

Proof. The action A : GF x Q — Q is continuous since the multiplication is continuous
in the Lie group G and the groups G and Diff o (R9) acts continuously on Q.

For (h,q) € Q, the mapping A, q) is smooth since the multiplication is smooth in G
and the mappings g — ¢ - q and ¢ — ¢ - ¢ are smooth by hypothesis.

For [ > 0, the mappings A : G"" x @ — Q and ¢ : Tieq iy G x Q — Q9 are C'.
Indeed, the group operation in G is smooth, the action of G on Q is smooth and the
mapping (i, q) — ¢ - q is C. ]

7.2.3 Two variational problems and Hamiltonian dynamic
7.2.3.1 Inexact matching problem

Following the classical LDDMM framework [I7], we consider a Hilbert space V' of vector
fields with continuous inclusion in Ci (R R%). Here, V is not necessarily G-invariant.
As shown in the previous subsection, we can define a strong sub-Riemannian structure on
the group G* which allows to perform matching on Q through the action of G*. Consider
a template shape gs € Q and its corresponding shape (eq,qs) € Q. We recall that
given two time-varying vector fields (Xy,v;) € L*([0,1],g x V), we can generate a flow in
(9¢, 1) € G which defines a trajectory of shape (hy, ;) = (91, ¢¢) - (ea, qs). The dynamic
of the deformed shape under the action of G* can be deduced by the infinitesimal action:

(gta Qt) = ggt,qt (Xta Ut) = (thta Xt ' + Vg - qt)a (907 qO) = (eGa QS) (714)
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The matching of the source shape (eq, gs) onto a target (g7, gr) can be expressed as an
energy minimization problem :

1
1 1
inf J(X.v) = —|1 X2+ = || dt + D 7.15
eI = [N Sl d e D) (719
QtZtht
s.t G =Xt @+ v -

(90, 90) = (ec: qs)

where D : @ — R is a data attachment term measuring the distance to the target shape.
We will discuss in the next section several examples of data attachment terms. We recall

the following result on existence of minimizers (cf. also appendix |3.3|for a discussion
on variational problems on Banach manifold).

Proposition 7.15 (Existence of minimizers of J). Suppose the data attachment term
D is continuous, then the problem (7.15)) admits minimizers.

The end of this section is devoted to the computation and the characterization of
the critical points of the energy through an Hamiltonian formulation, similarly to the
LDDMM framework. We define the following pre-hamiltonian

1 1
H(g,q,p%p, X,v) = (0 | Xg) + (| v-q+ X -q) = S|X[7 = Sloly
By proposition [6.19] critical points of the energy .J satisfies the Hamiltonian equations.

Proposition 7.16 (Critical points of energy and Hamiltonian dynamics). Let (X,v) €
L3([0,1],g x V), and denote (g, q;) the associated curve in Q satisfying the evolution

equation ([7.14). Then (X, v) is a critical point of the energy problem (7.15)) if and only
if (g1, q:) satisfies the Hamiltonian dynamic

(Qn Qtapga]jt) = va(gta qt7pgapt7Xta Ut)
aX,vH<gtaqtapgapthtavt)) =0
(pgapl) = _dD(gh(h)

where V¥ H s the partial symplectic gradient of H with regards to the canonical weak
symplectic form on T*Q.

This result is proved in [6.19]

Remark 7.17. In canonical coordinates of the cotangent bundle T*Q = T+(G x Q), the
partial symplectic gradient is given by

VYH(g,q,p% p, X,v) = (O H(g,4,p,p, X,v), 0,H(g,q,p?,p, X, v),
- agH(97Q7pgap7 va)a _aqH(97Q7pg7p7 X?”))

By denoting respectively £ and &, the infinitesimal actions of g and V" on ¢, we define
the reduced Hamiltonian by

1 * * 1 *
H(g,a:0%,p) = 51Ke((Tea Ry) D" + p)li+ §|Kv§qv ply (7.16)
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so that the critical points of the energy J are equivalently expressed as the Hamiltonian
flow of H
(9,4, 9%, p) = V*H(g, 4,07, p)

We can notice that the control X = Ky((T., R,)*p?+£5°p) is parameterized by two dif-
ferent covectors which complicates its interpretation. Indeed, in computational anatomy,
the covector is a covariable allowing to perform some statistics on the studied deforma-
tion. In this framework, we consider two different deformations, so we would like to be
able to measure the contribution of each type of deformations separately, which requires
to have a separate covariable per deformation. To do so, we introduce a new variable

i=9"q (7.17)

This new variable represents the shape in its intrinsic frame of reference, allowing us to
track the non-rigid deformation before it is rigidly transported. Moreover, in the next
section, we will focus on reduction which is easier to do considering this change of variable.
The idea is that we will remove the influence of G on the shape, in order to only capture
the deformation generated by the diffeomorphism. The dynamic of this new shape is
given by

Gt = Tlapg, (vr) - G (7.18)

By denoting ¥, = Tapg, (v;) € V = Tiap,, (V), the dynamic can be simply expressed
through the infinitesimal action ¢, = &;(9;). The dependence on X in the evolution of
the shape ¢ is here hidden within the variable g;. Then, the energy associated with the
matching problem can be expressed with respect to this new shape.

1
: z 1 1 . 8
(X,v)eLy(l[g,ll,ng) X v) = /o §|th§ * §‘Tidp9;wt|%/ dt+Dlggi-a)  (T19)

Qt = Xi04
s.t Cjt = fqt (ﬁt)
(90, Qo) = (ec» qs)

Similarly to the previous problem, given that the data attachment term is continuous,
we can prove existence of minimizers of problem (|7.19)).

Proposition 7.18 (Existence of the minimizers of J ). Suppose the data attachment
term D is continuous, then the problem (7.19) admits minimizers.

Moreover, the problems ([7.15]) and ([7.19)) are equivalent through the change of variable
S 1
a=9 -q

Proposition 7.19 (Equivglence of the problems J and J ). The minimizers of J are
exactly the minimizers of J.

Proof. Let (X*,v*) € L*(I,g x V) be minimizers of J. From the dynamic equations
associated with J in (7.15), we can show that ¢ = Tiapg, (vf) - G. Moreover, since
g7t - ¢ = G, we have J(X*,v*) = J(X* v*) and thus min.J > min.J. Similarly, we
can prove the reverse inequality, which leads to the equality of the minimizers. O
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In a same fashion, the minimizers of the energy J are the geodesics of the Hamiltonian

defined by :

- . 1 1
H(g, 4,00, X, v) = (0?|1X - 9) + (p|Tapy(v) - @) = 51X[5 = 5loly
The reduced Hamiltonian associated is
7 ~ ~q ~ 1 * ~ 1 * ok X
H(9,37°,p) = 51Ke(Tee Ry) P2+ 51 Kv(Tiapy) &oly

We end this section by showing that the two Hamiltonian formulations, H and H, are
also equivalent

Proposition 7.20 (Influence of the change of variable on covectors). Let AY :
(9,9) — A(g,q) be the action_of G on Q, &9 its associated infinitesimal action.
Let (pg,po), (P, p0) € Tt 4s)Q initial covectors such that o = po + E8po and
po = A(g,qs)"p- Let (g,q:) (resp. (i, qr)) be the Hamiltonian flow of H (resp.
H). Then for all time t,

gt = Gt
Q= 9t (7.20)

Pt = 3214(%; q~t)*pt
B = 9 + (Lo Ryt ) €8

Proof. The proof is given in the next section. O]

7.2.3.2 Proof of proposition

This section is devoted to the proof of proposition [7.20} Let gs € Q be a template shape,
and we consider (eg,qs) € Q@ = G x Q the corresponding shape. We recall the two
Hamiltonians on T*Q = T*G @ T* Q.

1 * * 1 *
H(g,q,7%p) = 51 Ko(Tea Ry)"p* + E7°p)lg + 51 KvEGPly
and after the change of variable ¢ = g~! - ¢
nd ~ ~q = 1 *~g2 1 * -k ~|2
H<g7Q7p ,p) = §|KB(T€GR9) p ‘g + §‘KV(TidPg) €§p|V

We will prove that both these Hamiltonians lead to equivalent dynamic. Let (p§, po), (55, Po) €
17, ..45)Q initial covectors such that Py = po + Epo fmd Po = 02A(g,qs)*p. Let (g4, q1)
(resp. (g¢, q¢)) be the Hamiltonian flow of H (resp. H). By definition, the Hamiltonian
H is induced by the right invariant metric of G* and the action of G* on the space Q. In

particular it leads to a momentum map m : T*Q — (T,G*)* defined by
(m(g,¢,0%,p) | X,v) = (0° | Tee By(X)) + (p | £5(X) + &(v))

where (g,¢,p%p) € T*Q, and (X,v) € g x CER? R?), that defines the momentum
trajectory ¢t — my; = m(gs, qi, pf, pi) associated with the Hamiltonian flow. The definition
of the momentum map here is particularly interesting since it determines the Hamiltonian
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flow of H, and it lives directly in the dual of tangent space at identity of G¥. Its dynamic
follows the sub-Riemannian Euler-Poincaré equation [6.20] that we recall in its integrated
form:

my = Ad(, (mo), (7.21)

giypr) ™!
where mg = (p§, ;fq*po) € g* ® CE(RY R?)*. In the next step, we prove that the Hamilto-
nian H, after the change of variable, can also be written as the Hamiltonian associated
with sub-Riemannian metric on Q induced by an action of the group G*. Indeed, we
define, for (g, ) € G¥ and (¢, §) € Q, the action

A((g,9) (¢ D) = (99 pg () - @) -
We prove next that this action satisfies conditions of proposition

Lemma 7.21 (Second action on Q) The action A of the half-Lie group G* on Q
satisfies the conditions (S.1-3) (6.1)).

Moreover any curve (gy, @, pi, p:) that is the Hamiltonian flow of]jl in T*Q, with initial
condition (go,ds) = (eq, qs), can be lifted to a curve (gi, ¢, ¥, pf) in the space T*G*
such that

1. (pg, ) = (0§, €4 pf)
2. (96,qt) = (g5, ¢4) - (eq, qs), and in particular g, = g,.

Proof. The first part of the proof is similar to the proof of proposition [7.14] since the
regularity conditions of the action A follows from the structure of the semidirect product
G* and on the regularity asumptions on all the different actions. Moreover, as we saw,
the Hamiltonian H comes from the pre-Hamiltonian

i . 1
H(g,q,p°,p, X,v) = (pg,p | ngq(X,v)> — §(|X|§ + |vl})

so that the Hamiltonian H is induced by the right invariant metric on G* and the action
of the group G* on @. The last part of the lemma follows then from theorem m O

In particular, this action also induces a momentum map m : T*Q — T*G* defined by

(9,4, 0%, p)(X,v) = (P°|Te Ry X) + (pl€qTiapgv),

and if (g, G, p?, pr) is the Hamiltonian flow of H, then the momentum m; = (g, Gi, p?, pr)
also satisfies the sub-Riemannian Euler-Poincaré-Arnold equation , and this totally
determines the flow (g;, G, pf, p). In particular if the initial momenta mq and myg associ-
ated with a flow of H and H are equal, then the momenta m; and m, are equal for all
time and they lead to the same curve in 7*G*. We get therefore the following result.

Lemma 7.22. Let (p, po), (P5, Do) € T(*EGHS)Q initial covectors such that pf = pg+&€5%po
and po = 02A(g,qs)*po. Let (gi,q) (resp. (Gi, Gi)) be the Hamiltonian flow of H (resp.
f]) Then for all time t,

9t = Gt

G = Gt * Gt

(TEGRQt)*p? + gt*pt = (TBGRgt)*ﬁ?
(X*pt = (ﬂdpgt)*fg*ﬁt

(7.22)
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Proof. We use the momenta trajectories to prove this result. We define the momentum
my = m(gs, qi, 0, p) associated with the flow of H, and m; = m(gy, (jt,ﬁt,ﬁt) associated
with H. In particular, we have mg = (p + % po, Egapo), and 1o = (pg, &, Po), so that,
by asumptions

mo = ’ﬁlo

But then, by theorem [6.23] we have for all £, m; = m; which proves the lemma. O

Note that this lemma is not sufficient to prove proposition [7.20, Indeed, we can notice
that Tlapg, &Y = & 9,A(g; ", q)* thanks to the compatibility condition. Consequently
the second equation can be expressed by :

vipe =€ A9 @) By

However, we cannot deduce directly an equality between the moments since the operator
&, 1s not necessarily invertible. Thus, we will prove this relation and proposition by
direct calculus:

Proof. By lemma [7.22] we directly get

9t = Gt
G = gt
25? (T R,- ) i

o D= £V*32 (97 7Qt> Pr
Since TR, is invertible, we get the equality
ﬁ? et p‘g + (TBGR9;1>* g:‘pt

It remains to prove the equality on the covectors p; and p;. Let A, = 9 A(g; ', 1),
be an invertible operator with inverse A, ' = 9,A(g;, G,). In particular, we can relate this
operator to the infinitesimal action.

Y(0) = Ay (vy)  or equivalently &) (v;) = A;'EY () (7.23)

We will prove the first equality of by showing that p, and A; '*p, follow the same
dynamic. For éq € T5Q

Oc(A7 " Pel0a) = —(pel(08q, (ve) + 045, (X2)) A1 0q) + (pe|0: AT 0q) (7.24)
where the time derivative of A; ' is
atA;l = ai2A(gta (jt)TeRgt (Xi) + ag,zA(gta (jt>q;t

By noticing that 01 A(gs, Gi)Te Ry, (X)) = X;), it follows that

tht<
05 2 A(ge, Ge) Te Ry, (X2) = 0,65, (Xy) AT

such that we can simplify the previous expression :

OA = qu (XA +522A(9t>€h)
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Then, by substitution in Eq[7.24]
0u(pe| A7 10q) = (p|052A(9e: @) (e, 09) — Dyqr (v0) Ay '6q)

and using the relations from ([7.23)), we can deduce that

aq£Qt(vt)A7f_l = 83,214(% Cjt)ijt + At_lﬁq(fqt (0r)).

We can conclude that

0(A; " pilog) = —(04(&a. (9))" A peloq),

which leads to p
7 (AT ) = =0,(& ()" (A7 7p).

Finally, the result follows by the uniquess of the solution under equality of initial condi-

tions thanks to Picard-Lindelof theorem. O

Remark 7.23. Fven though, the relation between p and p corresponds to the lift of the
action Ay-1(q) :== A(g9™', q) on the cotangent bundle T*Q, the mapping

o. ["(GxQ) — T(GxQ)
" (9.0.0%p) — (9,97 @, "+ (Te,Ry-1)*E8p, 02 A(g, 97" - ¢)*p)

s not a symplectomorphism.

7.2.3.3 Choice of the data attachment term

In a registration task, the purpose is to match a template shape ¢g onto a target shape
qr- However, the data attachment term depends on both the finite-dimensional group
and the shape space Q. By proposition[7.16] covectors are related to the data attachment
term by the relation

(p{,p1) = —dD(91, q1),

so the choice of the data attachment term will have consequences on the expression of
the geodesics.

e A natural choice for the data attachment term is to consider one that depends only
on the shape D(g,q) = D(q) since it is the object we want to match. It follows
that p{ = 0 which implies that p{ = 0 for every time ¢ € [0,1] (or equivalently,
after change of variable , we get for all ¢, that pf is a variable depending on
(9¢, Pt, Gr))- This means that we can get rid of the covector pf, and that the dynamic
of g; and of ¢, is only given by p, : we do not obtain in that case a decoupling of
the deformations.

e Another possible choice is to split the data attachment term in two separate data
attachment terms, one for the group element and one for the shape D(g,q) =
D%(g) + D9(q). Then, (p{,p1) = —(dD%(g1),dD%(q1)) and the covectors are not
related.

e Considering the shape ¢ in its frame of reference (after change of variable ([7.17)),
the previous data attachment term then mixes the group element and the shape
and becomes : D(g,q) = D% (g) + D?(g - q).

e The data attachment can also be invariant under the action of G, i.e D(g,g-q) =
D(g,9) = D%(g) + D?(q)
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7.2.4 Reduction of the dynamic

In this section, we use symmetries in the Hamiltonian in order to decouple the action
of G and of the group of diffeomorphisms on shapes. In many case, the deformation
induced by the finite dimensional Lie group G can be performed by diffeomorphisms, and
therefore we want to avoid the learning by diffeomorphisms of the motion that could be
performed only by G. We suppose in all this section that the space V is G-invariant,
meaning that for all ¢ € G, the mapping Tiqp, preserves V and is an isometry. This
induces symmetries in the Hamiltonian and allows to perform symplectic reduction as in
[66, 65, 85,

Let recall how the symplectic reduction can be performed in our setting and some
properties of the Marsden-Weinstein symplectic quotient. The action of the Lie group G
on Q can be lifted by symplectomorphisms on 7*Q with action given by :

g-(a.p)=(9 09" "p).

meaning that for any h € T;,.,Q, we have

(6 *plh)=(plg"' h)

This action is actually an Hamiltonian action (cf. [3.1.3.1]). Indeed, by denoting I'(7T*Q)
the space of smooth sections of the cotangent bundle T*Q, we introduce the infinitesimal
action

g — [(T*Q)
X o ((@n) = &lotan), X)

and define the mapping i : g — C*(T*Q,R) by

MX)(g,p) =X -q).

The mapping /i defines for any X € g, a Hamiltonian function (X)) : 7*Q — R on T*Q,
and the infinitesimal action £%(X) € T'(T*Q) gives its Hamiltonian vector field, i.e.

Ve(X) = €9(X).

The mapping [ gives also rise to a momentum map p : T*Q — g* defined by (u(q,p) |
X) = (X)(g,p). Moreover, this momentum map is also G-equivariant since we have

(g - (@p) | X)=(plg " (X -(9-9))
= (p | Adg-1(X) - q)
= (Adg-1 pu(g, p) | X)

Consequently, the action of G on T*(Q is an Hamiltonian action (cf. [65] for more details
on Hamiltonian action). In addition, if we assume that the action of G on Q is proper
and free, we can consider the Marsden-Weinstein quotient p~1(0)/G (also sometimes
denoted by T*Q//G) which is a symplectic manifold equipped with the induced weak
symplectic form. The notation 7%Q//G means that to quotient out by the action of G,
we must follow a 2-step reduction process : we first restrict from 7*Q to p~'(0) and
we reduce again via the quotient x~'(0)/G. Note that in this particular case, we get an
identification [85]

£

1(0)/G = TH(Q/G).
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Moreover, if V' is G-invariant, then the Hamiltonian H is also G-invariant, and therefore,
by Noether’s theorem [3.25 the momentum is conserved on the flow of H.

We now adapt this framework to the shape space Q = G x Q. In this setting, the
group G acts only on the second component of G x Q :

9-(d,9) =999

and we perform in the same fashion a symplectic reduction with regards to this action.
This action of G on G x Q can be lifted by symplectomorphism on 7*G & T*Q, and
will lead to the same momentum map and reduction process. Under the same hypothesis
(free and proper action of G on Q), we can deduce that the space

TG & 1 (0)/G

defines a symplectic manifold. As stated in the following proposition, a first consequence
is that, since the Hamiltonian H : T*G © T*() — R defined in (7.16|) is invariant by the
action of G, it can be reduced to an Hamiltonian on the reduced space T*G & u~*(0)/G.

Proposition 7.24 (Projection of the hamiltonian flow [66]). Leti: T*G & p=(0) —
T*G & T*Q be the inclusion map and © : T*G & pu~1(0) = T*G @& p'(0)/G denote
the canonical projection. Let H : T"G & T*Q — R be a Hamiltonian which invariant
under the action of G. Then the hamiltonian flow on T*G @ u=1(0) associated with the
hamiltonian H induces an hamiltonian flow on T*G @ u=*(0)/G whose hamiltonian H
is defined by Hom = H 0.

Furthermore, since we get the isomorphism
T"Gop(0)/G=T"GoT(Q/G),

the Hamiltonian flow of H on T*G & p~!(0) can be projected on an Hamiltonian flow on
TG & T*(Q/G) which can be interpreted as a decoupling between the diffeomorphism
part and the action of G.

Variational problem and reduction. We finish this part by linking this reduction
process with the variational problems we are interested in. First, since V' is G-invariant,
for any v € V we have that |[v]y = |diap,v|} for all g € G. Recall the functional
that we wants to minimize is

IOX0) = [IX -+ ol de+ Dlgr, )

I

We first start by supposing the the data attachment term D : G x @ — R is G-invariant,
ie. V¢ € G, D(g,9 - q) = D(g,q). In particular the mapping D induces a reduced data

attachment term on @ = G x Q/G with associated equivalence class [¢], that we denote
D. In this case minimizing J becomes equivalent to minimizing

ﬂXw%iﬂ&ﬁ+M@ﬁ+D@Mﬂ%
I

that is to say to perform the registration directly in the space G x Q/G, leading to the
reduced hamiltonian flow in 7%G & T*(Q/G).
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However, the asumption of a data attachment term D being G-invariant is a bit strong
in practice. A first idea would be to replace the term D by the G-invariant term

D(q) = glggD(gl, g-q)

This term could be computationally demanding, and we might want to keep D in the
optimization. Nonetheless, by [9], minimizing J is equivalent to minimizing

Jo (0%, po) = H (e, qs, 1%, po) + D (91, d1)

where we shoot from (eg, gs) by the initial covectors (pg,py). Moreover, since V' is G-
invariant, we recall that the Hamiltonian can be rewritten as a sum of Hamiltonian
functions on T*G and T*Q

H(g.4,p%p) = H%(g.p) + H" (q,p).

where H(g,p9) = %]vagp\%/ and HY (¢,p) = %|K9T€R;p9]§. Therefore, in this setting,
we can still restrict to initial covectors py in p~'(0) in order to get hamiltonian flow that
descends to the reduced space.

7.2.5 Application to rigid and diffeomorphic motions

In this section, we focus on the example of the rigid motions represented by the group of
isometries and its action on space of curves.

7.2.5.1 The semidirect product of isometries and diffeomorphisms

The group of isometries of R? is a finite-dimensional Lie group particularly interesting in
the computational anatomy framework since they represent classic and simple deforma-
tions. We denote Isom(R?) = SO; x R? the group of isometries and its associated Lie
algebra isom; = Skew, @R?. First, we can notice that the group of isometries acts on R?
smoothly via diffeomorphisms and properly by (R, T)-x = Rx+T. Moreover, the action
of the group Isom(R%) on Diff ¢ (R?) defined by

prr)(p) (@) = R'p(Re +T) = R'T, x € RY (7.25)

satisfies the assumptions of the framework presented in the subsection [7.2.1.1l Then, we
can consider the semidirect product Isom(R?) x Diff o (R?), which is a Banach half-Lie
group, with group operations

{ (R, T',¢')(R,T,p) = (RR,RT+T',R"¢(Rp+T) = R'T) (7.26)

(R, T,¢)' =(R",-R'"T,Re"" (R = R'T) +T)

Given (A, 7,u) € L*([0,1],isomy & CF(RY, RY)), a flow in Isom(RY) x Diff ¢ (RY) is
defined by :

R = AR,

Ty =7+ AT,

¢ = Rjuy(Rypr + Ty)
(Ro, To, o) = (14, 0,1d)
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7.2.5.2 The shape space of curves

For k > 1, let D be either the interval [0, 1] for open curves or the unit circle S! for closed
curves. The space of C*-immersions in R,

Immex (D, RY) = {q € C*(D,R%) | ¢(t) # 0 for all t € D}

is an open set of the Banach space C*(D,R?) which induces a manifold structure
with tangent space T, Immex (D, R?) ~ C*(D,R?), the space of C* vector fields along q.
Reparameterization of curves arises from the action of the group of orientation-preserving
diffeomorphism Diff (D) on the space of immersions :

Diff " (D) x Immex (D, R?) — Immer (D, R?)
(v, q) — qo

The space of curves that we would originally consider is the space of immersions modulo
reparameterizations S(D,R?) = Immex (D, RY)/ Diff " (D), however since we will use a
varifold data attachment term, which is invariant by reparameterization, we can iden-
tify the space of curves as the space of C*-immersions . The group of diffeomorphism
Diff o (R?) acts on Immex (D, R?) by left composition (g, q) +— ¢ o ¢ with infinitesimal
action € : (X,q) — X o ¢ which makes Immgx(D,R?) a shape space in the sense of [6].
Moreover, the group of isometries acts on curves via

which allows to define a shape space structure on curves with respect to the semidirect
product of isometries by diffeomorphisms as stated in the following proposition.

Proposition 7.25 (Shape space Isom(R%) x Imm¢x (D, R%)). The action of Isom(R?)
on Immex (D, RY) is a smooth action via diffemorphisms and satisfies the compatibility
condition

v (R, T)-q) = (RT) - (pr)(#) - 9)
Consequently, Tsom(R?) x Diff (RY) induces a shape space structure on Isom(R?) x
Immex (D, R?).

Proof. The smoothness and the inversibility of the action can be deduced directly from
its expression. Using the definitions of the differents actions, the left and right hand side
of the compatibility condition are respectively equal. Indeed, on one hand we have

¢ (RT)-q) =¢(Rg+T)
and on the other hand,

(R,T) - (prm)(#) @) = (R, T) - (R"o(Rg+T) = R'T)
=R(R"p(Rg+T) - R'T)+T
= p(Rg+T).

Finally, it follows from proposition that Isom(R?) x Imm¢x (D, RY) is a shape space.
O
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In particular, the action of Isom(R?) x Diff ¢ (R?) on Isom(RY) x Immex (D, RY) is
defined by
(R, T, ) (R, T, q) = (RR, RT" + T, R(p o q) +T)

and leads to the following infinitesimal action, for (A, 7,v) € isomy & CF(R?, R9):

(A, 7,0) - (R, T,q) = (AR, AT + 1, Aq+ T+ v oq)

7.2.5.3 Matching problem and reduction

Let V < C¥2(R? R%) be a RKHS induced by the gaussian kernel k, (z, ) = exp(—%),
i.e the Hilbert space defined by the completion of the vector space spanned by the func-

tions k,(z,-) : y — ko (z,y) [39]. Let also g5 € Immex(D,R?) a source curve that we

want to match to a target curve gr. We consider the following minimization problem

' 1 1
(jnf)J(A,T,U) = / §’At|2+§|Tt’2+§’Ut|2dt+p<(R1,T1),ngl +T1) (727)
TV 0

Rt = Ath

Ty = AT, + 1

G = Ry 'ol(RyGy + To)
(R07T07670> = (Id70,CIS)

where § = R™!(¢ — T). This allows to perform a registration between the source curve
gs and the target, taking into account both rigid and non rigid deformations.

s.t

Proposition 7.26 (Hamiltonian associated with (7.27)). The hamiltonian associated
with the variational problem (7.27)) is

H(RT,4.0%07.9) = 5 (5" BT + TR+ 7P+ [KvgaP)  (128)
and the critical points of the enerqy satisfy the geodesic equations.
Proof. The pre-Hamiltonian associated with this problem is
H(RT,4,5,57, 5.4, 7,0) = (P AR) (7| AT+7) + (1R o(RE4T)) = S|P Hr 4 o)
The geodesic equations lead to the following Hamiltonian
H(RT, 4,5 07.9) = gl BT + 57T 4 3l + K ig (RO

The invariance by isometries of the kernel implies that | Ky &hs 1 (Rp)| = |Kv&;p|. There-
fore, the critical points of the energy satisfy the geodesic equations following Prop.
[7.16l O

Thanks to this invariance, we can perform reduction as presented in the previous
section. The action of isometries on immersions (R,T) - ¢ = Rq+ T is proper but is not
necessarily free. Indeed, certain symmetric immersions, such as straight lines or circles,
are stabilized by nontrivial subgroups of SO(d). To overcome this issue, we consider the
space of immersions that have trivial stabilizer.

Immex (D, RY), = {¢ € Imme(D,R?) | Stab(q) = {e}} (7.29)
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This assumption is not too restrictive since this space is an open set of the space of
immersions, so it is a manifold too, and is dense in Immg« (D, R%), so it still represents
almost all the curves we will be interested in. Moreover, the invariance of the kernel
implies that the space V' is Isom(R?)-invariant under the action of Isom(R?), i.e diqp(r 1) :
v+ (z— R™'w(Rx+T)) is an isometry and preserves V. Then, we define the momentum
map p : T* Imm(D, RY), — isom) by

(g, p)|(A; 7)) = (£ PI(A, 7))
=5 [ o) = po)a() ) Ads + [ plo)Tr s
= (nal(g, p)|A) + (- (g, p)|7)

The momentum map pu corresponds to the angular momenta in classical mechanic,
denoted p A q. Moreover, Noether’s theorem states that the momentum maps p4(q, p)
and (g, p) are constants of the motion, which we can retrieve by direct computations.

d - <
EI’LT(qt)pt) :/Dpt(s)ds

— [ [ Vh@. a0 @660 + [ v
=0

and
d . L NFNT L AN AT (AT AN NT
Gnalid) = [ G657+ = ()i +e)ils) s
_ /D /D B((s), 4())BNE()T — a(5)VR(a(s), 3(s) T (3(s), B(s"))dsds
] /D VE(G(s), 4(s))a(s) " (p(s), p(s")) — k(q(s),q(s")p(s)p(s") " dsds’
=0

So, if we enforce that (ua,p,) = 0 at t = 0, then (ua, p,) = 0 for all time t. Thus,
by restricting to the zero level set of the momentum map, we can define a reduced
Hamiltonian on

isom} x ((pa, pr)"1(0)/ Isom(R?)) ~ isom} x (T Imm, (D, R%)/Isom(R%))  (7.30)
thanks to the canonical projection
T sisom, X (fua, ptr) "H(0) — isomy X (pa, ptr)”(0)/ Isom(R?)

Coming back to an inexact match problem, we want to minimize the functional on
(pea, 1)~ 1(0) using a two-term data attachment:

J(pOA,pE)—?pO) = H<p647p67p0) + Dr1g1d<R17TI) + D(RIQI + Tl)
Remark 7.27. Since (pi', 05, p0) € (pa, i) "(0), then we simply have
1 *
H(pg, 5, po) = 5 (Ipg* + 1P + [ Kv&Gpol?)
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7.2.5.4 Numerical applications

For numerical applications, curves in R? are encoded by a set of landmarks (¢i)i=1,.n €
(R4)™ linked by edges belonging to F, C {1,...,n}?. Then, the action of vector fields
on discrete curve is defined by the action on landmarks v - ¢; = v(¢;). The covectors
associated with the curve ¢ are represented by vectors p; € R? with base point ¢;. Then,
the hamiltonian can be expressed as a discrete sum.

~ o~ ~T = 1 ~ ~T ~T -~ ~ ~ ~
H(R,T,q,p" 57, 5) = 5 (Ip“‘RT +Pp TP+ + ZP?K(qz»qj)pJ (7.31)

2
In this framework, the constraints can be expressed as a sum over the landmarks
pa=0 < Y (iG] —@p ) =0

(7.32)
He=0 < ) =0

The covector p has to be orthogonal to the curve to preserve the invariance by repa-
rameterization, which can be expressed by projecting the covectors on the orthogonal of
the curve p — p — (p,G)¢. Therefore, the conditions on covectors can be enforced by
projecting them onto the null space

{B)L e ®)

> Bid — ) =0, p; =0, and (G, p;) =0 for all i € [[1,n]]}
=1

i=1

(7.33)
However, we will often not impose the conditions (G;,p;) = 0 required for invariance
by reparameterization, but will instead use a varifold data attachment that implicitly
incorporates them [21].

Remark 7.28. If we want to enforce the condition on rotations only, pa = 0 can be
satisfied by projecting the covectors p; onto the null space of the functional F' : p —
Sipiq; — aip] using a SVD decomposition. On the other hand, to enforce the condition
on translation only p, = 0, we can center the covectors p — > .p;. Due to Noether’s
theorem, these conditions have to be satisfied at time t=0 only and then will remain equal
to zero during the motion.

Results We propose in this part numerical experiments illustrating this coupled regis-
tration. Figure [7.1| shows source curve (blue) and a target (red) that we want to match.
The purpose of this experiment is to perform a matching task between the shapes through
a deformation generated by a diffeomorphic deformation and a rotation. The optimization
problem is thus

' 1
inf J(A,v) = —|A? + =|v |2 dt + D(Ry§ 7.34
(A,U)GLQ%[I(l),l},ﬁude) ( 71}) /0 2| tl + 2|Ut| + ( 1C]1) ( )
Rt = Ath
8.t Gir = Ry (ReGiy) forie{l,...n}

(Roaﬁfo) = ([daQS)
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where § = R™'q. We consider a varifold data attachment term D since it is particularly
well-adapted to the matching of curves due to the invariance by reparameterization [21].
Ideally, the rotation part of the model would encode the entire rotation between the
source and the target, while the deformation would capture all other deformations.

Figure 7.1: Performing jointly rigid and non rigid registration. Source shape
(in blue), and target shape (in red). The target consists in a rotation of the source, in
addition of a small diffeomorphic deformation

t=0.0 t=0.3 t=0.7 t=1.0

t

Il
°©
o

t=0.3 t=0.7 t=1.0

Figure 7.2: Influence of the constraints on geodesics. This experiment illustrates
a matching task between the source (blue) and the target (red) of Figure [7.1] The
matching is performed through deformations generated by rotations and diffeomorphic
deformation induced by a gaussian RKHS, solving problem . Top row corresponds to
a registration with the constraint 4 = 0 enforced at time ¢ = 0. Bottom row corresponds
to the same without the constraint enforced. For both experiments, we show the evolution
of §;, in order to represent only the deformations induced by the diffeomorphisms. The
right column corresponds to the final matching where we apply both the rotation and the
diffeomorphism

Figure compares the effect of the constraint g4 = 0 enforced at time ¢ = 0.
This first example illustrates that when the constraints are not enforced, it leads to an
uncomplete and less stable matching, since the diffeomorphic deformation can learn the
rotation too. On the contrary, we do not encounter this problem when the constraints
are enforced. Yet, a better choice of the parameters generating the vector fields and
defining the cost, could lead to a perfect matching even when the constraints are not
enforced : we want to emphasize the fact that the constraints here reduce the space of
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possible non-rigid deformations, and thereby facilitate the convergence of the LDDMM
component. On the contrary, when the constraints are not enforced, convergence toward
the non-rigid deformation is slower.

Figure [7.3] shows several geodesics, with the constraint 4 = 0 enforced, starting from
the same source on which we have applied different rotations before the optimization.
It illustrates that the constraint allows a total decoupling of the diffeomorphic deforma-
tion and the rotation. Indeed those three optimizations lead to the same diffeomorphic
deformations, and only the optimized rotation differs.

t=0.0 t=0.3 t=0.7 t=1.0
t=0.0 t=0.3 t=0.7 t=1.0
t=0.0 t=0.3 t=0.7 t=1.0

Figure 7.3: Geodesics starting from the source rotated. This experiment illustrates
the same matching task with the same target, but we apply to the source different
rotations before the optimization. The constraint g4 = 0 is still enforced. Each row
shows the evolution of ¢; in starting from the rotated source.

7.3 Multiscale matching : hierarchical scheme

We introduce in this section a hierarchical scheme allowing a multiscale registration of
shape spaces. We adapt in particular the ideas of [T1], where the authors introduce a
product group of diffeomorphisms groups, and a right-invariant sub-Riemannian metric
on this group allowing interactions along the different scales. We will also explain how
this setting differs from a simple sum of kernels as developed in [18| [84], [89], in particular
through the definition of a data attachment term. Moreover we also add on this product
group the group of rotations and translations, allowing rigid motions as a first coarse
layer. Here the coupling of rigid and non-rigid motions will be a bit different from the
previous section [7.2], since we will allow rotations around the barycenter of the shapes. In
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order to deal with this new action, we define this rigid action on the target shape, while
the diffeomorphic part will act on the source.

7.3.1 First model : sum of kernels

In this part, we define a first multi-scale version of Large Diffeormorphic Metric Mapping
(LDDMM). We first follow approaches described in [I8], 84} 89], where the authors used a
sum of Gaussian kernel in order to transport the shape at different scale simultaneously.
Let @ = [[,<;<; Qi be a Banach manifold, with L > 0 and where each Q; is also a
Banach manifold representing the shape at the scale [, [ = 0 being the coarsest scale and
[ = L the finest. We recall the definition of the group of diffeomorphisms

Diff o (R?) = (id +Cf(R?, R?)) N Diff'(RY)

where CF(R9, R?) is the space of C} mapping whose derivatives up to order k are vanishing
at infinity. This is a half Lie group and the family of groups {Diff o (RY), k > 1} satisfies
the conditions (G.1-5) We suppose that the group Diff¢y (RY) acts on each layer
Q, verifying (S.1-3) conditions. This allows to transport the shape at each scale and
define a first multi-scale version of Large Diffeormorphic Metric Mapping (LDDMM). We
therefore introduce a family of kernels (K');<;<; for each scale and define the space of
controls as a reproducible kernel Hilbert space (RKHS) for the associated kernel >, K'.
This allows to consider the multiscale matching problem

inf J(v Z / W[5 dt + D(pr - qb) (7.35)

s.t { Yo = id L
Yy = (Zz:1 Ul) O ¥y

where we suppose that we have a sequence of continuous embeddings V; < ---V;_; —
Vi, < CF(R?) associated with each kernel K'. Let V' = [[, Vi be the product Hilbert
space of controls equipped with the Hilbert norm defined by |[v[3, = 0, [v![3, for v =
(v))1<i1<, € V. To deal with problem ([7.35)), we introduce another Hilbert norm on V
given by |u|s = |Auly where A:V — V is a linear isomorphism such that

Au = (u,u? — b, et — et ).

We also introduce the family of groups

= ][] Diffx(R

1<I<L

and the matching problem (7.35: is equivalent to study normal sub-Riemannian geodesics
induced by the norm |- |4 on G*. Note also that the data attachment term depends only
on the finest scale ¢*, so that we can define the associated pre-Hamiltonian only on Qj,
by

Mo, (a.0w) = (p | &(u) — 5|Aufy (7.36)

We get the following
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Proposition 7.29. Let t — (q(t),p(t),u(t)) be a normal geodesic associated with the
Hamiltonian Ho, , and let v = Au. Then we get

o =K (Gp)

=D _K' (&)

I<L

and

Proof. The proof is mainly included in [18], but we recall it for sake of completeness. We
compute 0, Ho, (q,p,u). We denote L! = (K')™L for 1 <1< L, and Ly : V — V' the
Riesz canonical isometry. Let du € V' we get :

OHo, (¢,p,u)du = (p| &(6u")) — (Ly Au | Adu)

L

= (p | &(0uh)) —-§£j<lfz#| ou = oult) — (L'o' | ou')

1=
(p ’ é‘q 5u Z Ll,Ul L ’ 5ul) _ (LLUL | (SUL)
=1
In particular, the optimality condition 9,Hg, (0u) = 0 implies
Lt — Ll =0, 1<I<L-1
&p = LMv"
and therefore v = Klfj;p forall1 <1< L. Asul = Zlel v!, we finally get the result. [

In this framework, only the finest scale is controlled since we only get one covector p
associated with this finest scale. Yet, one could also prefer to control all scales in order
to adopt a more "coarse-to-fine" approach. More recently in [71], the authors study the
case where the dynamic for all scales is controlled, i.e. the term D(ip; - ¢f) is now replaced
by D(p1 - qo) with go = (¢); € Q, and where D : Q@ — R is given as a sum:

D(q) = Y  Dila)

for any q = (q1)1<r € Q. This leads to the new variational problem

. ) ,
i, T 2:/W\ﬁ+9¢1%) (7.37)
s.t { o = Y g = id
o= (Zhuﬂo@ Vi< L

This can be simply reformulated as

it J(u) = [ [Aufy + Dler - a0 (7.38)
uev I
.t {ce:(id,...,id)
p=uop
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We get for p = (p')1<i<z and g = (¢')1<i<r. the corresponding Hamiltonian

~

1
Hola.p.u) =D (¢ | &) — 5 |Aufy . (7.39)

=1

and therefore the minimizers of problem satisfies the Hamiltonian equations :

Proposition 7.30. Let t — (q(t),p(t),u(t)) be a normal geodesic associated with the
Hamiltonian Hg, and let v = Awu. Then we get

vt = K (Zle fé‘mpm) and u' = Ekgl K* (Zmzk ft}kmpm)

Proof. The proof is similar to the proof of proposition and follows from equality
OuHg = 0, where

L

(p | & (6uh)) Z(lel | ou' — ou'™t) — (L' | 6ub)

=1 =2

aqu <Q>p7

Mh

]

Remark 7.31. Originating from [71)], the aforementioned setting could be also compared
to another multiscale approach coupling hierarchical multiscale image and diffeomorphism
decomposition in a registration setting [90, [72, [26]. In the later framework, the approach
relies on a greedy sequential decomposition of residuals from coarse to fine scales. The
resulting output is a deformation achieved by the composition of a sequence of diffeomor-
phisms. This approach effectively integrates image and diffeomorphism decomposition
within a well-defined setting specifically designed from image registration. However, it
does not align with the sub-riemannian approach since the scales are considered sequen-
tially in time rather than in parallel. The simultaneous action of all the scales through
time is a distinctive feature of the setting and that allows its integraion into
the (GGA) framework and enables the production of time homogeneous trajectories at
different resolutions.

7.3.2 A hierarchical variational problem

In classical LDDMM, a first step is often performed to align source and target objects
through rigid motions. In the multiscale setting, one can actually add rigid motion
alignment as a coarse first layer. We introduce the group of rotations and translations

Rigid(R%) = R? x SO(d)

Here we do not consider the usual semidirect product group Isom(R9Y) = SO, x RY, but
we introduce the component wise law :

(R,T) - (R,T') = (RR,T +T')

Indeed, usually affine isometries are considered as deformations that act on R?, (R, T) :
x € R — Rz +T. Here we want to include rotations around the barycenter and we thus
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change the action. Indeed, the group Rigid(R?) naturally acts on the group of landmarks
through

where (¢;) € (R?)™, and g, = =, ¢; is the barycenter of (¢;).
We suppose the Lie group Rigid(R?) acts on a Banach manifold Qg considered as the

coarsest layer. We suppose the action is smooth and can be extended on each layer Q,
0 <1 < L. We can therefore introduce the new group K* including rigid motions

K* = Rigid(RY) x [] Diffox(R

1<I<L

Proposition 7.32. The family of groups { K*, k € N} satifies conditions (G.1-5) p

Proof. The result is straightforward, since Diff o satisfies conditions (G.1-5), and Rigid(R?)
is finite dimensional Lie groups so immediately satisfies conditions (G.1-5) (here the fam-
ily would just consists in one group {Rigid(R%)}). The result follows immediately as K*
has component-wise law of composition O

We now want to adapt the ideas of previous section and include the group
Rigid(R?) to perform a coarse-to-fine matching adding a rigid motion. Therefore we
define a right-invariant sub-Riemannian structure on K*. However in this case the Lie
algebra tigio(R?) = R? x so, is not necessarily embedded in the Hilbert space V;, and
we cannot directly adapt the idea from the previous section of a hierarchical scheme. To
bypass the problem, we separate the actions of Rigid(R¢) and of the diffeomorphisms and
we introduce an action of K* on @ x Q where Q = o<1« Qi

((T’ R)? (901>121) ’ ((qg)lv (Qé“)l) = ((‘Pl ’ qg)l ) ((7_7 R) ’ Qéﬂ)l) (740)

where ¢° = Id, and (g%); is viewed as the source object, and (¢ ) the target. Intuitively, we
match the source and target applying rigid motions to the target and finer deformations
on the source.

Proposition 7.33. The action of K* on Q x Q satisfies (S.1-4).

Proof. Once again, the proof is straightforward, since Rigid(R?) acts smoothly on @, and
smooth Lie group actions automatically satify (S.1-4). O

We can now define the matching problem including the rigid deformations :

1
d ( ) dt +D((5, : 7.41
(Su)eﬁlﬁl(Rd)sz/ ’ ’ngxa R4) + |u’A =+ (( ‘,01) (qg qT)) ( )
with dynamic given by .
Sy = 8¢+ S
Oy = (22:1 Uk) o ‘Pi Vi< L
with s; € rigio(R?). We can therefore introduce the Hamiltonian of the optimal control
problem

1
ngg( (gs.qr) ; (Ps,pPr) (Svu)) = (pslu-gs) + (prls-qr) — B <|5|31910(Rd) + |u|,24>

=3 (hleqln +Z Phls - a) 5 (Isgaqe +1ACT )

=1

~
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with gs = (¢5)1,qr = (¢7) € @, ps = (P5),pr = (Pr) € Q" and u = (u')1<r €
[Ti<i<r T,G*. Equivalently, we can assimilate gr with its rigid motions (R,7) and get
the equivalent Hamiltonian :

HQXQ((an (R, T))v (p57 (pnpR))a ((Tu T)> u’))

= (ps | w-gs) + (prpm) | (r,7) - (RT)) = 5 (17 o) + )

N = DN =

Z(psrgqs N) + (v | 0)+ (o | PR) -

2
(I, 7l goges + 1AL} )

7.3.2.1 The example of landmarks
We apply the previous approach on the space of landmarks. We define the multiscale
space as
o= ] ®)"
0<I<L

with (I;); an increasing sequence of intervals so that each (R?)% represents a summary of
the data at the scale [. The diffeomorphisms act in the following classical action :

¢ (@ien = (¢'(a1)),op, for1>1
We also define the group action of Rigid(R?) on (R%)% as
(R,T)-q; = R(¢; — q;) + g+ T fori € I

with ¢\ = ﬁ Y ic I ¢! the center of mass. We suppose Rigid(R?) is equipped with the
standard right-invariant metric

{((r,7), (r', 7)) = —tr(rr’) + (1, 7')

where 7,7 € R?, and 7,7 € Ay = TigSO(d) skew-symmetric matrices We take a L>

endpoint constraints
D(q, Z >l — )

=0 Ze[l

We also introduce the pre-Hamiltonian associated with the variational problem [7.41] with
the data attachment term D

Himi (g, (R, T)) , (P, (pr: Pr)) , ( ZZ ;1 u'(g}) + (p- | 7) + (pr | *R)

=1 lell

1 2
= 5 (Il ey + 1AL

(7.42)

We recall the solutions of the variational problem satisfies the hamiltonian equations

(4 (12.1)) = 0 Hum (4. (B.T)) . (P2 (pr, ) (7). w))

) S
(D, (Fr: D)) = =0y Himi (@, (R, T)), (P, (pr, Pr))  ((r,7), w))
acr,r,qumk ((q7 (Ra T)) ) (p, (pTapR)) ) (( ) )) =0
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Proposition 7.34. Let qs,qr € Q source and target objects. Then the solution
((ge; Rey 1), (Dts Drts PR1)) Of the variational problem starting from qs satisfies

qg,t = Ué(%’,t), [ > }

pé,t = - (dué((ﬁt)) pé,t
Ti=1R=1R
(pT,hpR,t) = (07 _T*pR,t)

with 7 € R4, r € Ay = TigSO(d), and u; satisfying
d= Xt (X S seda |
k<l m>k i€lm

Moreover, we have the following endpoint conditions for the coadjoint map

Pig = —di1+ Ruldr; — o) + . +Th, 121 .
L
PRI = —3 D10 Yoier, i (@rs — db )T — Ra(dh, — ¢ )Py Ra (7.43)
L l
Pr1= =211 Zz‘e]l D1

where p ; = —q;+Ri (¢, — @ )+ a5 . +T1 corresponds to coadjoint variable associated
with rigid motions.

Remark 7.35. In this case, the variable q codes the evolution from source object qs to
target object qr. Since the rigid motion is only applied to qr, the coarse layer of q is just
constant and verifies qgt = Qs

Proof. The differential equations ¢}, = uj(g;;) and p}, = — (dui(qft))* pl, follow directly
from the computation of the derivatives 0,Hmi and 0, Hmi. Furthermore, similarly to
propositions and solving Oy Hymi = 0 gives us

l k m
4= (X S i)
k<l m>k €Ly,

The equations for the rigid part are

(Rv T) = 8p7—,pRHlmk
(Pfap}%) = _aT,R;Lllmk
acr,rHlmk =0

and can be simply written as

(R> T) = (TtRT>Tt)
(pTap.R) = <07 _r:pR,t)
Pr = T,

Vor € Aq, (prt| 0rR) = (r,or)

This gives us in particular that 7, = 7 € R is constant. Moreover, combining the rotation
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equations, we have for dr € Ay

. d
(P, 0r) = E(p37t|5rRt)

= —(pra|rt0TRy) + (PRt|OTTLRY)
= —(ry, 107) + (e, 07r7)

= tr(r2r) — tr(rorry)

0

which are the classical geodesic equations for the right-invariant metric on SO(d). This
also gives that r, = r € Ay is constant.

We finish by proving equations (|7.43|), which follows from the endpoint conditions.
Indeed, for the constraint D(q, R,T) = %Zszo > ien ¢} — R(dh; — db ) — dbre — T’2, we
have

(P1,Pr1,PR1) = —dD(q1, R, Th) (7.44)

For [ > 1,4 € I, and d¢' € R? we then have
(pé,l | 5Q§) = _3q§D((I1, RhT1)5CI£
= —(¢i1 — Ru(dr; — dr.) — dr. — T,04))

and therefore pl, = —¢;1 + Ri(¢r; — ¢4.) + ¢, + 7. Similarly, for I = 0, we also have
PYy = =48, + Ri(gr; — a1..0) + ¢7.. + 7. Moreover, for any

SR € Tk, SO(d) = {X € My, X"R, + RT X =0},
we get

(pR,1|5R) = —aRg((h,Tl, Ri)6R
==Y {ain — Raldr, — dr.) — dro — 7, —0R(d, — di,)

I<L €]
I<L i€l

== 3"t (phy (ahy — dh)TOR)
I<L icl,

Since we also have
T
tr ((Ri(dh, — dr b R)TOR) = tr (o) (dh,
=tr (pé,l(qé“,i - qlT,c)TRip(;RR{)
= —tr (pi1(¢h; — ¢r)"OR)

,—dr.)" R{0RE])

7

. T .
and since pf, (gh, — ) — (Rr(gh; — g )pL," o) € T, SO(d), we obtain

1 T
(pra | OR)=—=53 > (pi,l(qlm — )" = Rigr, — dr )iy R, 5R)

I<L i€l
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Finally, for the translation part, we have for 7 € R?,

(p’r | 57—) == Tg(q177—1aR1)57—
== Z Z(qi - R(qé“,z - Qé“,c) - Qé“,c - T, _5T>

I<L i€l

== > @hylor)

I<L i€l

Hence the proposition.
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Chapter 8

Anisotropy I : Anisotropic Gaussian
kernel and scaling action

Contents
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[8.2.1 Action onimages| . . . . . . . . ... 147
[8.2.2  Matching problem and Hamiltonian equations|. . . . . . . . .. 150
[8.2.3  Algorithm and numerical examples| . . . . . . .. ... ... .. 153

This chapter describes the main results of the second part of [74], and is a joint work
with PhD student Rayane Mouhli. We tackle here the issue of incorporating anisotropy
in the LDDMM setting, and more particularly in its extension we presented in this thesis
in chapter |7 (cf. . The anisotropy of the shape will be seen as extra-information
that we also want to transport, in particular by the action of scalings and rotations. We
propose two applications where this anisotropy is included either in the metric used to
compute the energy of the deformations, or directly as part of the data.

In section [8.1] we follow the ideas presented in section and assume that the de-
formations result from a coupling of scaling, isometries and diffeomorphisms. To generate
the diffeomorphisms, we use a RKHS induced by an anisotropic Gaussian kernel, meaning
that the deformations will favor certain axes. Moreover we also transport this anisotropic
metric along the action of the group of deformations, losing the right-invariance of the sub-
Riemannian metrics of chapter[6] This allows in particular to follow the global anisotropy
of the data during the motion. We apply this model on the space of landmarks, using a
hierarchical scheme as in [7.3]

Section [8.2 continues the ideas of [8.1] adding an anisotropic scaling, meaning that the
scaling is not the same on each axis. We therefore adapt the group of deformations and
propose an application to matching of images. In particular, we recall the specificities
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of large deformation model on the space of images, notably since the action of diffeo-
morphisms on images does not fit in the (GGA) framework defined in (cf. example

5d).

8.1 Transport of landmarks using anisotropic Gaussian
kernels

In this section, we assume that the space V' generating vector fields for the diffeomorphism
part is a RKHS induced by an anisotropic Gaussian kernel that allows to favor motions
along certain privileged axes. Such a kernel is built by replacing the classic euclidian
norm in the gaussian kernel by an anisotropic metric encoded by a symmetric definite
positive matrix. While deforming shapes, we would like to keep track of the favorized
axis encoded by this metric by transporting it along with the shape during the motion
(cf. Figures and . To do so, we enrich the shape space by considering the metric
as a part of it. Following we define the group of deformations as a semidirect product
of scalings, isometries and diffeomorphisms, acting on both the metric and the shape
encoded as landmarks.

In this setting, we will not obtain a right-invariant sub-Riemannian metric on the
group of deformations, since the Gaussian kernel depends now on the metric which is
part of the shape.

8.1.1 Anisotropic Gaussian kernel

Let S;* be the space of symmetric definite positive matrices. Any symmetric definite
positive matrix D € SI* defines an anistropic scalar product (z,y)p = (Dz,y) and
the associated anisotropic norm ||q||%, = (g, q)p. We define the (normalized) anisotropic
Gaussian kernel associated with this metric :

1
kp(x,y) = exp (—5\11’ - y\l?w) D.

and we denote Vp the reproducing kernel Hilbert space associated with kp and Kp :
Vi — Vp the Riesz isomorphism.

Note that in particular, if D is not a multiple of the identity, i.e. if its eigenvalues
are distinct, then the kernel kp is not invariant under rotations anymore, compared to
classic isotropic Gaussian kernels (this means that there exists a rotation R € SO, such
that kp(Rx, Ry) # kp(x,y)). This highlights the fact that the metric D privileges some
axis over the other.

A first (naive) model

A first naive idea would be to use this Gaussian kernel to perform a coupled deforma-
tion of isometries and diffeomorphisms as in section [7.2 However, the introduction of
anisotropy in the space Vp through the metric D will make the deformation induced by
the diffeomorphism easier along certain directions, leading to a lower energy cost. In par-
ticular, the deformation will tend to align the shape along those favorized axes in order
to perform these easier deformations. We illustrate this phenomenon with an example
on the space of landmarks Lmk,, (R?).
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We define, following , the group SOy x Diff o (RY) of deformations, allowing to
couple rotations and diffeomorphisms. This group acts on the shape space Lmk, (R?) by

(R, 9) - (@i)icn = (Rp(qi) )i<n

and the infinitesimal action becomes (A, u) - (¢;)i<n = (Agi + u(q;))i<n where (A,u) €
504 ® C¥(RY,R?). This allows, given a source shape qs = (¢s;) and a target qr = (qr.),
to introduce the matching problem (cf. general problem [7.15])

1 1
inf J(A u) == Al? 2 dt+D 8.1
I = / A + [uf?, dt + D(qy) (8.1)
St Gir = Aiqiy + Ut(qz‘,t)
. qi0 = 45,

where D : Lmk,, — R is a varifold data attachment term [21] [71] defined by

D(q) =Y kw(gq) + kwlara, ary) — 2kw(ai, ar;)

/[:7j

and ky is a Gaussian kernel (or a sum of Gaussian kernels).

Results We test this model by minimizing variational problem [8.1| with a given source
and target represented in Figure 8.1 Here the source and target shape are encoded
by landmarks with 200 points, and represents elongated shapes along the y-axis with
the target being larger than the source. We use for the diffeomorphisms an anisotropic
gaussian kernel with scales (o,,0,) = (1.,0.1), meaning the deformation is easier along
the x-axis and harder along the y-axis. We show in the geodesic obtained after the
minimization of . We clearly observe that the shape tends to align along the x-axis
using the rotation part of the deformation, before performing the stretching of the shape
necessary to obtain the target with a lower cost. Indeed, the minimization algorithm
manages to use the rotation part in order to align the shape with the z-axis (favored by
the anisotropic kernel) instead of performing a vertical stretching which is the expected
deformation. This problem is due to the non-transport of the anisotropy by the rotation.
Indeed, the axis of the anisotropy are fixed so the algorithm will tend to first align with
the favored axis with the rotation, deforms with the diffeomorphism and then rotating
back to the unfavored axis. If the axis of the anisotropy are transported, this trick would
not work anymore since they will rotate along with the shape. Note that the alignment
with the z-axis is not complete and only partial here, this is because the cost for the
rotation is not free.

8.1.2 Group of deformations

In this section, we define the group of deformations as a semidirect product between the
finite dimensional group composed of scalings and isometries, and the group of diffeo-
morphisms, following section [7.2] As a first step to tackle the issue illustrated in Figure
8.1} we will define an action of this semidirect product on the space of metrics S;* such
that the anisotropic metric is also transported by the group of deformations, in particular
through the action of isometries and scalings.
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Figure 8.1: Performing jointly rigid and non rigid registration, with an anisotropic kernel.
Source shape (in blue), 200 points and target shape (in red), 200 points.
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Figure 8.2: Performing jointly rigid and non rigid registration, minimizing problem
with an anisotropic kernel. This experiment illustrates a matching task between the
source (blue) and the target (red). The matching is performed through deformations
generated by rotations and diffeomorphic deformation induced by a anisotropic gaussian
kernel with scale (0,,0,) = (1.,0.1).

8.1.2.1 The semidirect product of isometries and scalings

We define here the (finite dimensional) Lie group a-Isom(R?%) = (R x SO4) x R?
consisting of scalings, rotations and translations, with the composition law

(a, R,T) (¢!, R, T") = (!, RR',aRT" +T)
The group a-Isom(R?) acts on R? the transformation ¢, g 1) defined by

R? — R4

PlaRT) - qg +—— aRq+T

so that
P(a,RT) © P, R, T") = P(,R,T) (e, R T")
The group of motions « -Isom(R?) also acts on the left on the space S;* in the following

way
(, R,T)-D = o’RDR"

This action is compatible with the definiton of the anisotropic Gaussian kernel we defined
before in the sense we get isometries between the RKHS :
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Proposition 8.1 (Isometries between Gaussian RKHS). Let D € S;*, and u € Vp,
where Vp is the Gaussian RKHS induced by D. Let (o, R, T) € a-Isom(R?), and define
the vector field u' = dyp(a,rr)-1% © Q(a,rT) bY

VgeRY '(q)=a 'R'u(aRq+1T).
Then v’ € Vpr with D' = (a, R,T)™' - D = a 2R" DR and we get
|UI‘VD/ = ‘u’VD

Remark 8.2. In particular this means the map

VD — Va_QRTDR
u > dP,RT)-1U O P(a,RT)

s an 1sometry of Hilbert spaces.

Proof. Since the family {kp(q,-)b | ¢,b € R?} forms a total subset of the RKHS Vp [11],
we restrict to the case u = Y, kp(gi, -)b; for some ¢;, b; € RY. Let (o, R, T) € a-Isom(R?),
we get for any ¢ € R,

dp(a,RT)-1U © P(a,RT)(q)
= o 'Rkp(q;, aRq + T)b;

1
= Zexp ( — §<D_1(qi —aRq—T),q — aRq — T>)oz_1RTDbi

1 _ _
= exp (- §<042RTD 'R(a 'R (¢; = T) — q),
a 'R (¢; —T) —q))a > RTDR(aR"b;)
=Y kamrpr(a” R (¢ = T), q)aRb;

and thus
aRTb;
d@(a,R,T)—lu © P(a,RT) = K,-2pTpr Z 5,}5%1;#(%4) € V(a,R,T)—LD-
Moreover, by definition, we see that

2
’@(Q’R’T)ilu © PR T) |V(a,R,T)71~D

= (aR"b;) ky-2prpr(aR" (g — T),aR" (¢; — T))aR b,
i,

1
= Z exp ( - §(a2RTD_lR(Oz_1RT(%‘ —q5)),
1,J
a 'R (¢ — ¢;))) (@ *RTDR(aR"b;),aR"b;)

D (—%w-l(qi — ) (- qj>>) (Db, by)
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which concludes the proof. O

8.1.2.2 Adding the group of diffeomorphisms

Following section [7.2] we can now define the half-Lie group of deformations as a semidi-
rect product of the finite dimensional Lie group a-Isom(R?) and of the group of C}
diffeomorphisms:

o -Isom(R%) x Diff ¢ (RY)

We recall the group operations are given here by

(Oéa R7 Ta 90) ’ (O/a Rla Tl: Spl) = (Oé&la RR/a aRT" + T> (10(_all,Rf’T/) o@o Qp(a’,R’,T’) ° 90/>

(Oé, R7 Tv Sp)il = <(1/717 RT) _ailRTT7 SO(Q,R,T) © 9071 © 90(_a1,R,T)>
and by proposition 7.6/ that the family of half-Lie groups {a-Isom(R?) x Diff ¢ (R?), k >
1} verifies conditions (G.1-5) [4.3]

8.1.3 The coupled dynamic on the space of landmarks

We can now define a new model using the group of deformations a-Isom(R?) x Diff ck (RY)
in order to transport the shape and the anisotropy, avoiding the behaviour of Figure
.2l Note that this model, and the idea of creating interactions between the shapes
and the kernel that generates vector fields, is close to the general modular approach for
diffeomorphic deformations introduced in [46, [45] [47]. In that work, the authors define a
set of geometric descriptor to construct vector fields that transport the shape along with
these geometric descriptors via its infinitesimal action. In this section, the global metric
inducing the anisotropic Gaussian kernel can be interpreted as one of these geometric
descriptors.

In this section, for sake of readiness, we only deal with shapes encoded by landmarks.

8.1.3.1 The shape space

We consider a source shape qs € Lmky(R?) in the space of landmarks that we want to
match to a given target. Moreover, we assume that we have a prior on the distribution of
¢s given by a symmetric definite positive matrix Dg € S representing the anisotropy of
the shape. This matrix defines a metric, as stated previously, that we want to transport
together with the shape. Consequently, we define in the same fashion as section the
augmented product shape space

Q = a-Isom(R%) x S;+ x (RHN

representing the orientation position, and a finer description of the shape with an anisotro-
pic metric associated. The next step is to define the action of the semidirect product
a-Isom(R?) x Diff o (RY) on the manifold Q. First, the group a-Isom(R?) acts on the
shape space Q by

(a,R,T)-(/,R,T',D,(q:);) = (ad/, RR',aRT" + T,o’RDR", (aRg; + T);)
with infinitesimal action

g‘ﬁ%fb’qi(s, A, 1) = (sa, AR, (s + A)T + 7,2sD + AD — DA, sq; + Ag; + sT + 7).
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Moreover the group of diffeomorphisms simply acts on Q by transporting the points :
2 (O/a Rla Tla D7 (Ql)l) = (0/7 Rl? Tl? Da (¢<q2)>l)
The combined action of the total group of deformations is thus given by

((Oz, R7 T)v 90) ' (ala Rl? Tl? D’ (%)z) = (av R’ T) 2 (O'/’ R/’ T/’ Dv (Qz)%)
= (ao/, RR',aRT" + T,o*RDR", (aRp(g;) + T);)

Differentiating this expression on the left at identity, we get the infinitesimal action

(a-isom(RY) x CH(RYL,RY)) x @ — TQ
£ (s,A,m,u), (o, R, T, D, q) — (sa, AR, (s+ A)T +71,2sD + AD — DA,
sq+Aq—|—u(q)+sT+7)
(8.2)

8.1.3.2 The matching problem

We suppose we are given a data attachment term D : Q@ — R. We recall we are given
a source shape gg € Lmky(R?) together with a source metric Ds € S;*. Note that,
since the metric Dy is transported and is used to compute the energy of the vector field
transporting the shape, the problem and the sub-Riemannian structure we are studying
here is not right-invariant anymore. The induced structure on Q is given by the bundle
V over Q such that for any (o, R, T, D, q) € Q, we get

Vij’Dg = a—isom(Rd) S%) VD,
where Vp is the RKHS induced by the Gaussian_kernel kp, together with the bundle
morphism £ : V — T'Q and the metric defined on V' by

<(Sa A7 T, U), (87 A77—a u)>a,R,T,D,q = |S|2 + |14|2 + |7—|2 + |U|%/D

Moreover, even though this structure is not right-invariant, it depends here only on the
metric D and is still invariant by the action of diffecomorphism part. We can define,
following the variational problem

. e
inf J(st,At,Tt,ut)zé/ [sel” + A4l + 72 + ey, dt (8.3)
0

(St,At,Tt,ut)€L2([0,1],?)
+D(OZ1, Rl) T17 D17 ql)

st { (dt, RuTta Dta Qt) = gat,Rt,Tt,Dt,qt(StaAtyThut)
(CY(), R07 T07 D07 (IO) = (1a [dv Oa DSa QS)

To simplify this problem, we can actually consider the same change of variables as in

[7.17,
(zi = (O{, R7 T)il g = ailRqu‘ - &71RTT
D= (,R,T)' D=a2R"DR

which removes the action of the lie group a-Isom(R?) on the space of landmarks. The
dynamic for these new variables is given by the infinitesimal action

> | (a-isom(RY) x CF(RY,RY)) x Q — TQ
¢ (s, A, 7,u), (o, R, T, D, q) > (sa, AR, (s + A)T + 7,0, 'R u(aRq + T))
(8.4)
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In particular, we now see that the metric D becomes a constant of the dynamic. Moreover,
by defining @ := a ' RTu(aR-+T), proposition states that |@|5 = |u|y,, and we obtain
the equivalent following matching problem (cf. proposition [7.19)

. S i
inf J(St,AtaTt,ut) = —/ ‘St’2—|— ’At’2+ |7't‘2+ ’ut‘%/D dt
(s, As,m1,7t)EL2([0,1] o-isom(RY)@Vp ) 2 Jo s

+D(0417 Rl, T17 D17 (alv R17 Tl) ' ql) (85)
with dynamic given by

(~C.Yt7 Ry, Tt) = (st ARy, (50 + ATy + 1)
Dt — DS

Qt - ﬂt(qt)

(a()aROvTOaDan) = (17Id707D57q5>

In the next proposition, we characterize the critical points of problem
Proposition 8.3 (Hamiltonian characterization of . The hamiltonian H : T*Q —
R associated with the matching problem (8.5)) is given by :

1
H=3 |l +p" TP+ [p*RT + Sk(@"T > + [p"|* + (8.6)

Kp) o

(A — AT) denotes the skew-symmetric of a matriz A € My(R).

2
Vi

where Sk(A) =

1
2
Proof. We define the pre-Hamiltonian corresponding to the problem ([8.5))

S5 @) — 5 (sl + AP + [+ + [af3)

(2

The condition on the controls
(0sH,04H,0,H,0; H) =0

therefore gives us

A=p*R" +Sk(p'T")
T=p" )
u=Kr ZZ 55;
and the result follows. O

Numerical result We test our new model on the same source and target of Figure 8.1},
1

i
0 0.1}’
the z-axis. However, note that in this new model, any rotation of the source induced by
a rotation R will also rotate the axis of the anisotropy (and we will get the new metric
RDR"), meaning we cannot have the same issue as in Figure . Results are reported
in Figure [8.3] where we cleary observe that no rotations are applied and the stretching
is done along the y-axis even though the energy cost is higher.

using the same initial metric D, = meaning we privilegize movements along

143



t=0 t=0.25 t=0.5 t=0.75 t=1
4 4 4 4 4
2 1 2 21 = 21 & 2
0 ’ 0 1 i 0 § 0 g 0 1
> . s
-2 - -2 -2 -24 & 21 &
—4 - r r T —4 - r r T —4 T T T —4 - r r T —4 -
-101 -10 1 -101 -101 -10 1

Figure 8.3: Performing jointly rigid and non rigid registration minimizing problem
with an anisotropic kernel. This experiment illustrates a matching task between the
source (blue) and the target (red). The matching is performed through deformations
generated by rotations and diffeomorphic deformation induced by a anisotropic gaussian
kernel with scale (0,,0,) = (1.,0.1).

8.1.3.3 Invariance property of the non rigid part of the Hamiltonian

Following section and by proposition [8.1| we see that the term in the Hamiltonian
corresponding to the non-rigid part

- 1
~ ~D ~ ~ ~ ~ ~
H(D,q,p”,p) = §;<piak[)(%>%’)pj>-
is invariant by the action of the Lie group a-Isom(R?). This kernel is normalized in the
sense that it allows to define Hamiltonians that are invariant under the action of rigid

motions «-Isom(R?):

Proposition 8.4 («-Isom(R?)-invariance of the Hamiltonian). Let Sk(M) = (M —
M) denote the skew-symmetric of a matriz M € R™?. The group o -Isom(R%) defines
a canonical Hamiltonian action (cf. |3.1.3.1) on the symplectic manifold T*(S;* x

Lmk,), with momentum map

T*(Sf* x Lmk,) — a-isom(RY)

o PP.p — (Cufpi,a:) +°D, ¥, Skipial) +Sk(p”D), 3, pi)
(8.7)
Moreover, the Hamiltonian H defined previously is invariant by the action of

a-Isom(RY) and the momentum map is a constant of the motion.

Proof. The action of a-Isom(R%) on T*(S; " x Lmk,)) is given by
(o, R,T)-(D,q,p",p) = (6> RDR" ,aRq+T,a *Rp”"R", o' Rp)

which is the cotangent lift of the action of a-Isom(R?) on Q, and therefore is a Hamil-
tonian action. The rest of the proof follows from proposition 8.1 and from Noether
theorem. O

8.1.3.4 Transport of the metric by the diffeomorphisms

In the previous variational problem (or equivalently , we transported the metric
D € S} representing the anisotropy of the shape by the action of the group a-Isom(RR?).
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A next step would be to define a transport of this metric by the group of diffeomorphisms
too. We propose in this part a method to include transport of the anisotropy by the
diffeomorphisms.

The tricky part is that there is no natural action of diffeomorphisms on the space
of metrics in R?. However, even though there is no group actions of on this manifold,
it is still possible to define an infinitesimal action of a the space of C¥-vector fields on
S+*. In this sense, we define the infinitesimal transport of a metric D by a vector field
u € CF(R?)? as a vector bundle morphism

RY)" x CE(R%,RY) — Réxd
(g, u) — My(u)

++
Sq

M:(

Remark 8.5. Here, the connection with the modular framework introduced in [46, 15, [17]
becomes clearer. Indeed, we use the shape q and the control u to generate a matrix that
transports the metric D representing anisotropy in the shape.

Example 8.6 (M,(u) = >,y du(g;)). Here the mapping M : (R*)" x C§(R?, R?) —
R4 represents the mean of the jacobian on the shape (¢;)i<y and thus summarizes how
the vector field u acts on the anisotropy.

Now the transport of a shape (D, q) € S;+ x Lmk,(R?) by a vector field u is given
by
Ebig = (Mq(u)D + DMg(u) ", u(g:);)
go-lsom P we can thus modify

Now taking the sum of the two infinitesimal actions and

the previous infinitesimal action and define
(a-isom(R?) x CF(RL,RY)) x Q — TQ
£: (s, A, ,u), (o, R, T, D, q) = (sa, AR, (s + A)T + 7,25D + (A + My(u))D
—D(A = My(u)"),sq + Agq + u(q) + sT + 1)
The same change of variables
g =(a,R,T)"-¢g=a'R'¢;—a™'R'T
D=(a,R,T)'- D=a2R"DR
i=a 'RTu(aR-+T)
gives a new dynamic associated with the infinitesimal action

i (a-isom(R?) x CF(R4,RY)) x @ — TQ i

£ (s,A,m,a), (o, R, T, D, q) — (qu, AR, (s + AT + 7, My pp4(0) D+
DMa,R,T,@(a)T7 ﬂ(g))

where M : Q x C¥(R? R%) — R**? is given by
My prg(0) = R" Mupger (dp(,rr) 0 9arm-1) R .

In such case, the new variable D is not anymore a constant of the dynamic (as in (8.4))
since it is still transported by the vector field u. The matching problem associated with
this framework leads to the minimization of the following new functional

inf (s, A7 @) / 512+ A2 + |72 + Jaf? dt (8.8)
(s,A,m,u)eHor, (V)

D(Oq, Ry,Ty, Dy, (041>R1,T1> ) Q1)
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where (f)t, Ry, T}, G;) satisfies the dynamic

(dt7Rtaﬁ7Dt7&t) = 5 D: R: T:.G (SthtaTtvut)7
R (D¢,R¢,Ty,Ge)
(Oé(],Ro,T(), DOJ 60) = (17Id707 DS; QS)

In the next proposition, we compute the Hamiltonian associated with the variational

problem ({8.8):

Proposition 8.7. The hamiltonian H : T*Q — R associated with the matching prob-

lem (8.8]) is given by :

1
H = 5(lp*a+ p T P+ [p*RT +Sk(TTp")] + [p )+

Kp (Z o2 + QM;z,R,T,q@DD))

()

2

| =

> (8.9)

Vb
Proof. We define the pre-Hamiltonian corresponding to the problem (8.8])
H(a,R,T,D,q,p* p*,p", 0", p,s, A, 7,0) = (p* | sa)+(p* | AR)+(p" | T+ (A+5)T)+
(5" | Ma,gr,g(@)D + DMarrg(@)") + Z(ﬁz‘ | u(q:)) — % (IsI* + [A]P + |71* + [al3)
The condition on the controls

(0, H,0uH, 0, H,0:H) = 0

therefore gives us

s = paa + TTpT
A=p R" +Sk(p'T")
T=p"
u=Kp (Zz 5% + QM;,R,T,(}(pDD))
and the result follows. O

8.2 The special case of images, and anisotropic scaling

In computational anatomy, we are particularly interested in the matching of a template
image Ig € Z onto a target image It € Z by a smooth deformation that produces
a one-to-one correspondence between pixels/voxels for applications in medical imaging.
This section presents how the large deformation model can be enriched with isometries
following the previous setting, and anisotropic scalings and their actions on images. This
particular example actually does not really fit in the general framework described before in
chapter [0] since the action of diffeomorphisms on images is only continous, and the action
of isometries and scaling is ill-defined. We can still recover some of the results proved
before and keep track of the regularity of images during the transport by diffeomorphisms.

Moreover, we will also suppose, following section that the finite dimensional
groups of scalings and rotations also act on the metric of the kernel generating the vector
fields for the non rigid part, allowing to follow the anisotropy of the shape. The main
difference with the previous section is that we introduce now an anisotropic scaling,
meaning we will not apply the same scaling on each axis.
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8.2.1 Action on images
8.2.1.1 Transport by diffeomorphisms

Let Z := L?(2,R) be the set of grey scale images on the image domain 2 C R? and we
consider a source target I € Z that we want to match with a target I € Z. We recall that
in the large deformation framework, the trajectory of an image is defined as the action
of a flow of diffeomorphism in Diff ;x(€2) on the template image I, = ¢; - [s := Ig o ot
This action is only continuous because of the composition on the right by the inverse of
. This means, in particular, that we need more regularity on the image I to define the
infinitesimal action. In particular, if I € H'(Q,R), we can differentiate the action and

define
Iy CFOQRY) — T
' v — —(VI,v)

Its evolution can be derived from the dynamic of the diffeomorphism :
jt = V¢ - -[t = —<v_[t,/l}t>, ]0 == IS (810)

where v, = ¢, 0 ¢; * is the Eulerian derivative.

Proposition 8.8 (Flow of images). Suppose Is € HYQR) and v €
L%([0,1], C (2, RY)). Then there exists a unique global solution of the evolution equa-
tion (8.10)

Iy = —(VI,v), Iy=Ig (8.11)

Moreover this unique solution I, also satisfies the integrated equation
Li=1Isop; " (8.12)
where ; is the flow of vy.

Remark 8.9. The integrated formulation implies, in particular that the flow I; will belong
to HY(Q,R) for all time t, but is only absolutely continuous when I; lies in L?.

Proof. Letv; € L*([0,1], C5(2, R?)). We introduce the curve ¢, € AC2([0, 1], Diff o1 (R?))
flow of vy, i.e. solution of the equation

Or =V 0, o =1id

Since the restriction of the action

Diff (RY) x H'(QR) — LA(Q,R)
o, 1 — Top™!

is C1, the curve t — Igo ;' € H'(Q,R) is therefore absolutely continuous in Z =

L*(©,R) and is solution of (8.11]).
Conversely, suppose t — [(t) is an absolutely continuous curve in Z, such that for any
tel, I; € H(Q,R) and I is solution of (8.11)). We prove now that for all ¢ € [0, 1],
Iiyopy = Is.

The curve t — [0, is not necessarily absolutely continuous in Z, since we only have I, €
AC2([0,1],7). However for any h € C5°(Q,R), we can derivate t — [ (l,opy(x), h(z))dx

147



and we get

d
7 I, o () h(x)de = — / (VI 0 (), v(x))h(x)de + / dI; (pe(x)) vs 0 pih(x)dx
Q Q Q
=0
from which the result follows. O

We next extend this framework using the action of scalings and isometries.

8.2.1.2 Anisotropic scalings and isometries

We consider here the group of anisotropic scalings and isometries. We define an anisotropic
scaling as an element o € R? that acts on R? by

a-x=Dyr = (121, .., Agq)

where D,, is the diagonal matrix with a; as the elements on the diagonal. We then define
the direct product group

D, -Isom(R?) := R%; x SO4 x R?
with group law given by

(o, R,T) - (¢/\R',T") = (e, RR', T+ T")
(0, R.T)" = (a ', RT,~T)

Note that here that the finite dimensional Lie group is a direct product of scalings,
rotations and translations, and not the semidirect product from Indeed, the
action we define from this group on images will also depend on extra-information we add
to this image, in order to rotate around the center and scale along particular axes. We
therefore suppose any image [ is associated with an intrinsic orthogonal basis, encoded
by a rotation R; € SOy, and an origin of the scaling O;. This adds intrinsic natural
information of the images and provides new coordinates to perform the rigid and scaling
deformations. The anisotropic scaling will act and stretch each axis of this basis, and the
rotation will be centered around O;. We therefore define the action of (o, R,T") on the
element (I, R;,Oy), by

(a,R,T)-(I,R;,0;1) = (I', RR;, Oy + T) (8.13)
where the image I’ is given by

() = { I (RiDy-1R]R"(x—O;—T)+0;) if RID,-1R[RT(x —O; —T)+0; €9

10 else

Note that this does not really define an action since the images are defined on the open
set 0 C R? that is not necessarily stable by the action of isometries and scaling. This
means that a loss or a lack of information may occur when the rigid part is too large.
However, in some applications, the support of images is strictly contained within 2 and
we can rigidly transport them without loss of information.
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Proposition 8.10 (Action property). Let (I, R;,O;) € T x SOy x R?, and denote by
Supp(l) C Q its support. Let (o, R,T), (o, R',T") € D, -Isom(R?), and we define

S, = R'R;D,R] (Supp(I) — O;) + Oy +T'
Sy = RR'RIDyRIRT(S, — O —T') + Oy + T' + T

We suppose morever that
Sl, SQ c (814)

Then we get that
(a, R,T)-((a/,R,T") - (I,R;,01)) = (e, RR', T"+T) - (I, Ry, Oy) (8.15)
and the set Sy is exactly the support of the transported image

Proof. The condition (8.14]) is exactly the necessary condition to get a complete rigid
transport of the image I without any loss of information. We denote I’ € Z the image
such that

(o/,R,T")-(I,R;,07) = (I',R'R;,0; + T").

and I"” € T such that
(o, R,T)-(I'RR;,Or+T")=(I",RRR;,Or +T' +T).
Let z € Q, and z,y € R such that

z = RR/R[DO/RITR/T(y — 07 — T/) +0+T'+T
y= R/RIDaR}r(fE — O[) + O[ + T.

In particular we get that 2 € Supp([/) if and only if y € S, and by hypothesis (8.14)),

which also means that S; = Supp([’). Similarly, z € S if and only if y € S; = Supp(I’),
if and only if x € Supp([), and therefore

I"(z) = I'(y) = I(z)
This also means in particular that Sy = Supp(I”). Finally, we have

2=RRRD R R (y—O; =T +O;+T' +T
= RRRID,R/ R (RRDyR[(x—O01)+0;+T) =0, =T+ O0;+T +T
= RR'RID R/ R (RRDyR|(x —Op))+Or+T +T
= RR'RDow R} (x —O;) +Or +T' +T.

so that we get

(ad/,RR,T'+T)-(I,R;,0;) = (I",RR'R;,O0; + T' + T).
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8.2.1.3 The coupled action

In this case, both the actions on the space of images that we have defined are not com-
patible in the sense of[7.2.2] so we cannot define the action of a semidirect product group
on Z as done before. However, we can directly consider the second formulation (after the
change of variable) and define the product group:

Do -Isom(R?) x Diff o (R?)
with group law

(a,RT,¢) (/, R, T, ¢') = (ac, RR,T' + T, po¢)
(Oé, R7 Ta 90)71 = (aila RT: _T) QO)

This defines a Banach half-Lie group as a direct product of half-Lie groups that acts on
the space of shapes Z x SO, x R¢ by

(Oé, R, T, 30) . (R], O[, [) = ([ o (,071, RR[, O[ + T) (816)
The interactions between the actions of the rigid part and the diffeomorphic part will

take place in the data attachment term, as detailed in the next section.

8.2.2 Matching problem and Hamiltonian equations

Considering the action (8.13]), we can define a matching problem between a source image
Is and a target Ir, that takes into account both the actions of the rigid parts and the
diffeomorphisms.

8.2.2.1 Data attachment term

We define a dissimiliarity term with the target image I using the action of D, -Isom(R?)
D(O{, R7 Tv ]) = ’}/H(aa R7 T) Is — IT||2L2 + (1 - ’Y)H(CY, R7 T) I — ITH%Q

with 0 < 7 < 1, and where we suppose we use the action (8.13)) of (a, R,T) on the aug-
mented images (Ig, Ry, Org) and (I, Ry, Oy,). This allows to relax the ending condition.
Moreover we use here two terms, the first one allows to evaluate the rigid and scaling
alignment only, while the second term corresponds to the cost for the total deformation.
In particular, the variable I will contain the diffeomorphic deformation.

8.2.2.2 Matching problem

The matching problem associated with this framework is

1 1
in J<S,A,T,U):§/ (sal? 4 | A2 + [ [ + w2 dt + Dlas, By, To, 1) (8.17)
0

(s,A,1,0)
Qp = Sy
Rt = Ath
S.t .
Ty =m
It = _<v_[t,?}t>
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8.2.2.3 Hamiltonian equations

As before, we can associate to this matching problem a pre-Hamiltonian to compute the
critical points

H(a7R7T7]7pa7pA7pT7pI787‘/4"7—7/0) -
1
(" [o)+ 0" [ AR) + (07 [ 1)+ (" | (=VL,0) = 5 (IsP + [AP + [7[* + [v]}))

so that the critical points of the energy satisfy the Hamiltonian equations. The conditions
on the control (0;H,04H,0.H,0,H) = 0 leads to

s =pa
_ L ADRT
A=p°R (8.18)
T=p
v=—Ky(p!'VI)
and the Hamiltonian equations simplify to
d{t = 510 p; = —sip°
Rt = Ath : pg - "415]9;54 (819)
Tt =T P =0
Ii(z) = ~(VI(z), v(x)) b ==V (up})

with initial conditions («v, Ro, To, Io) = (14,1d, 0, Is).

8.2.2.4 Constraints

Once again, if the Hilbert space V' generating the vector fields is invariant by the action
of rotations and translations (for example with a Gaussian RKHS), there are some sym-
metries in the Hamiltonian. We will not be able to apply directly Noether’s theorem and
symplectic reduction since the transport of images by rotations and translations is not
exactly an action unless the support is small enough, as explained previously. However,
we can still define constraints on covectors, as done in section

{ Jop' (@) (VI(z)z" —2VI(z)")dz =0 )

Jo P (x)VI(z)dz =0

The first constraint corresponds to the angular momentum and the second one to the
translation momentum. We will prove by hand, under some assumptions that we will
precise, a variant of Noether’s theorem adapted to our setting.

Proposition 8.11 (Constraints conservation). Let ((at, R, T, 1), (p?,pf,p[,pt[)) sat-
isfy the Hamiltonian equations (8.19). Suppose also that Supp(Il;) C § for all t, then
the constraints (C1) are conserved during the dynamic.

Proof. Let introduce the flow ¢; of v, i.e. satisfying ¢, = vy o 4, with initial condition
o = id. Since Is € H'(Q,R), and as stated in proposition , we get that

It:]Sogpt_l.
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Similarly the covector p! satisfies the integrated formulation

pt po S 1|d99t |

which corresponds to the cotangent lift of the action of ¢; on p}. We can now prove that
the first constraint (corresponding to the angular momentum) is conserved. Recall the
notation of the skew-symmetric mapping Sk : R — so4, Sk(M) = 5(M — M ") so that

1
5 / pH(x)(VI(z)z" — 2VI,(2)")dr = Sk (/ pf(x)VIt(x)dex>
Q Q
Moreover, using the change of variable induced by ¢; !, we see that

si ([ rttarvntoreTar) = sk ([ pie) o) se)gu(o) e )

This equality allows to reinterpret the constraint as the angular momenta of the particles
o4(z) with covectors pl(x) dpi(z)~"VIs(x). By derivating this expression, we then get

k([ pvnaTas) = i ( [ ) deto) TV Is(aate) o)
=k (= [ b duia) dinte) TV Is(e)en(o) e
8k ([ pie) dae) TV Is() (00 )

We recall that the condition on the controls (8.18)) give that
mm:—Amwwd@vmwwz—/mmmeﬂwmw>Wk@@

Q
so that the first term of the previous integral becomes

Sk (— [ #hie) dvtwt(:c))wt(x)Tvrs<x>sot<x>%)
— Sk ( / / DL )V ks (01l o)) {dinly) TV Is(y), du(a) TV Is(a) sot<x>Tda:)

=1/ / ) Vi (o) o) (o) i )

where p;(x) = pb(z)dp;(x)~TVIs(x). Since the kernel k, is invariant by rotation, this
means in partlcular that

Viks (i(x), 01(y)) ee(@) " = = Viko (0e(y), () ()

and we get then that the first term Sk ([, pf(x) dvi(¢e(x)) Tdpe(2) " TV Is(x)pe(x) T dx) is
equal to 0. Similarly for the second term, we have

sk ([ #4(0) ) TVIS(0) (w0 (o) )
— sk ( / / Ph(x) de() TV Is(2)ks (@il2), 0u) Phw) (deely) TV Is(y)) " dx)

= —Sk (/Q /Q ko (1), ‘Pt(y))ﬁt(x)ﬁt(y)wx)
=0
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Therefore we finally get that the angular momentum is conserved, i.e.

%Sk ( /Q v} (m)VIt(x)dex) =0

The conservation of the second constraint, corresponding to the translation momentum
can be proved the same way using the change of variable induced by ;. It is actually
easier to prove it using Stokes theorem directly :

Pl () VI ()dz = — /Q V- (up!) @)V L, (2)dz — / Pl (@) V (VL (), v(z))do

= [V @V + [ V@) )
=~ [ (7 e a) + (o) Vo) V)

+ [ IRV, uo)ds

- /Q/QV (kfa(-,y)pt[(y)VIt(y)) (z)pl(2)VI,(z)dxdy

- / / Yk (2, )l () VI ()0l () V I () dady
=0,

which completes the proof. O]

8.2.3 Algorithm and numerical examples

In this section, we present an algorithmic procedure to compute the coupled rigid and
non-rigid matching between a source and a target image, and thereby minimize problem
. Building on this model, we conduct a series of numerical experiments using the
Demeter library{] [36].

8.2.3.1 Algorithmic procedure

It should be noted that in solving a rigid and scaling registration, the main difficulty lies
in avoiding convergence to a local minimum, particularly for images. In the examples
below, we will carry out a preliminary exploration of the rigid registrations to identify
plausible solutions. Then we will start with the found rotation, translation and scaling
the joint minimization for the total group of deformations, including the non rigid part
and the rigid part. This whole procedure gives the following algorithm :

'https://github.com/antonfrancois/Demeter_metamorphosis
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Algorithm 1: Rigid and diffeomorphic registrations between two images

Input: Ig, Iy : source and target images to register

Output: Estimated matching between Ig and I

Step 1 — Barycentric centering

Compute the barycenter bg of Ig;

Compute the barycenter by of Ir;

Define centered source and target Ig,(z) = Is(x + bg) and Iry(x) = Ir(x + br);

Step 2 — Finding candidates for rotation
for every rotation r; in a list of candidate rotations do
L Apply a simple rigid geodesic shooting from r;;

W N O kW N =

Compute the data attachment term: ||Is, o R — I7]|3;

9 Step 3 — Scaling and rigid optimization

10 Select the N best rotations r; using the previous criterion;

11 Optimize o, R and T from this N candidates;

12 Step 4 — Rigid and Diffeomorphic optimization

13 Start an optimization and minimize to find the best rigid and
diffeomorphic matching from the initial conditions obtained in step 3;

14 Step 5 — Compute final translation

15 Apply the final translation to result obtained : bg + T — b;

16 return Complete matching between Is and It

8.2.3.2 Demonstration on toy-example

Figures and illustrate two registrations on a toy example where the goal is to align
two stars. In this example, one star has to be matched with one displaced and rotated on
one side, while on the other side the branches of the star vary in length and the central
white ring has undergone a deformation. Both approaches succeed in producing a final
image identical to the target (see (a), figures and [8.7)), but they yield different rigid
deformations. It should be emphasized that neither registration is intrinsically better
than the other. In a real scenario, one or the other solution might be preferable, and this
choice should be guided by introducing priors into the registration, for instance through
data attachment.

In Figure [8.4] the rigid and scaling registration obtained is optimal with respect to
the shape of the star. It is the best according to most data attachment criteria, since the
gray surface is larger than the white one. From the diffeomorphic perspective, this rigid
transformation requires the least amount of global deformation. However, to compensate,
the ring causes the handle to disappear and then reappear.

In Figure 8.5 the affine transformation successfully aligns the white ring with the
handle (panels b and d). Qualitatively, this seems to correspond to a better rigid reg-
istration. Quantitatively, however, it performs less well with respect to the L? data
attachment term (also called SSD.

In Figure [8.6] we present the result of LDDMM following a rigid registration, similar
to that in Figure [8.4] and comparable to what would be obtained using SSD as the data
attachment term. The scale parameters, the number of integration steps and the scales
chosen in the kernel are kept identical. It can be observed that here, the deformation
obtained with LDDMM is insufficient to achieve proper alignment. Obviously, we could
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Figure 8.4: Toy example : matching of star-like images by optimizing problem
(8-17), using algorithm [1 (top-left) Source and target images, along with their
superimposition. Green areas indicate regions where pixel intensities are similar, while
blue and red correspond to differences from one image or the other. (bottom-left) Final
registration: total deformation in (a) and (c), and final rigid deformation in (b) and
(d). (right) Temporal integration with visualization of the deformations. The two left
columns represent the evolution of I; in problem (8.17), together with the diffeomorphism
applied to a grid. The third column represents the evolution of (ay, Ry, T}) - I;, in order
to better visualize the comparison with the target. On the right, in the grids subjected
to an affine transformation, the colored borders help to visualize the orientation.
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Source vs Target
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(c) registered vs Target

=

Figure 8.5: Toy example : matching of star-like images by optimizing problem
(8-17), using algorithm [1 (top-left) Source and target images, along with their
superimposition. Green areas indicate regions where pixel intensities are similar, while
blue and red correspond to differences from one image or the other. (bottom-left) Final
registration: total deformation in (a) and (c), and final rigid deformation in (b) and
(d). (right) Temporal integration with visualization of the deformations. The two left
columns represent the evolution of I; in problem (8.17), together with the diffeomorphism
applied to a grid. The third column represents the evolution of (ay, Ry, T}) - I;, in order
to better visualize the comparison with the target. On the right, in the grids subjected
to an affine transformation, the colored borders help to visualize the orientation.

(d) source affine vs Target
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source

Integrated source image

Figure 8.6: classical LDDMM failed registration on the toy-example from Fig. rigidly
aligned.

obtain better results in this 2-steps matching, where we optimize first rigidly and then
using only diffeomorphisms with LDDMM, by better choosing the parameters. However,
we want to highlight with this example that the choice of parameters for this 2-steps op-
timization, and in particular the choice of the kernel, depends on the first rigid alignment
we obtain. This can be very bad, specially since the rigid alignment could be only par-
tial, and is unknown at the beginning of the optimization. However, with our approach,
the choice of kernel only depends on the source image, since in this model the kernel is
transported by the rigid deformations and scalings (or equivalently because in problem
we apply the deformation induced by the diffeomorphisms first and then we apply
rigid deformation and the scaling).

These examples highlight the importance of performing rigid and diffeomorphic reg-
istrations jointly. Moreover, by adjusting the parameters, one can favor solutions that
require more or less deformation.
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Chapter 9

Anisotropy II : The group of
automorphisms and transport of
metrics

Contents
[9.1 The half-Lie group of automorphisms of the tangent bundle|. 159
[9.1.1 Automorphisms of a general vector bundlel. . . . . . . . . ... 159
[9.1.2  Automorphisms of the tangent bundle| . . . . . . . .. ... .. 168
9.2 The shape space of C*-metrics and transport of metrics| . . . 172
19.2.1  Definitions and differentiable structure on Metox (M)|. . . . . . 172
[9.2.2  Flows and geometric metric transport| . . . . . . ... ... .. 174
[9.2.3  Advection of the density along the fliow|. . . . . . . . .. .. .. 176
9.3 Pullback of Ebin metric|. . . . . . ... ... ... . .. 0. 177
[9.3.1 Definition of the metric and first properties] . . . . . . . . . .. 177
[9.3.2  Variational problem| . . . . . ... .. ... 000 178
[9.3.3  Discretization and numerical examples| . . . . . . ... .. ... 178

This chapter presents work that is currently in progress. As in chapter [§] the goal is
to track and model the anisotropy of shapes. Here we directly consider the shape space
as the space of Riemannian metrics of finite regularity on a finite dimensional compact
manifold M. Given an ambient Riemannian metric g™ of M, the anisotropy is therefore
characterized by comparing any metric g to this reference metric g,,.

The natural group acting on this space of metrics is the group of C* automorphisms
of the tangent bundle 7'M, which can transport metrics via pullback. This gives a natu-
ral extension of classical density-based models in geometric analysis and computational
anatomy. We prove in section that the group of automorphisms carries a structure
of Banach half-group. Moreover we also introduce the natural half-Lie subgroup of auto-
morphisms preserving the ambient metric ¢, which will allow to follow the anisotropy
of metrics with regards to g™.

In section [0.2] we study the differentiability of the action on metrics. We will see in
particular that this action does not satisfy the (S.1-3) conditions of and the general
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results of chapter [6] do not directly apply. Nevertheless, we can recover existence and
uniqueness of solutions of the metric transport equation induced by the infinitesimal
action of the automorphisms group.

Finally, we introduce a variational problem induced by the pullback of the Ebin metric.
We propose several numerical examples, based on a triangular discretization of metrics,
which implements the action of automorphisms, and solve this variational problem. This
gives rise to a new setting to explore the role of anisotropy, frame alignment, and defor-
mation flows, that we hope to continue in future researches.

9.1 The half-Lie group of automorphisms of the tan-
gent bundle

In this section we introduce the group of C* automorphisms of the tangent bundle of
a finite dimensional compact manifold M and we study its differential structure and
properties. We start by actually considering morphisms of general vector bundles over
M and we prove it is a Banach manifold. The main ingredient is to re-write this space
as a space of C* sections of a fibered bundle over M and then to use [80]. The space of
automorphisms is then simply an open subset of this Banach manifold.

We then suppose the manifold M is equipped with an ambient Riemannian metric
, allowing to define the subgoup of automorphisms that preserve this metric. We
prove that this new group is also a Banach half-Lie group and we investigate the general
evolution equation on this group.

gM

9.1.1 Automorphisms of a general vector bundle

In this section, we define the group of automorphisms of a vector bundle, and we adapt
the proof of [16] [I] to define a differential structure on this group and to show it is a
half-Lie group.

9.1.1.1 Vector bundle morphisms

Let M be a finite dimensional compact manifold, of dimension d, and p : E — M a vector
bundle over M of dimension n. We denote by Homex (E) the space of C¥-morphisms of
E, ie. the space of C* fiber-preserving maps A : E — E such that the restriction of
A to each fiber is linear. Note that for A € Homew(E), there exists a unique C*-map
A: M — M such that po A= Aop.

E-4.F
p p

M-—2- M

In the next proposition, we define a differential structure on Homew (E).
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Proposition 9.1 (Differential structure of Homgx (E)).
1. The space Homgx (F) is a Banach manifold.

2. The projection
Homew(E) — CH(M, M)
A — A

15 smooth.
3. Let 1 > 0, then the composition

Homgr+i(F) x Homex(E) — Homex (E)
(A, B) — AoB

is C', and C™ for the first variable for B fized

4. The evaluation
Homew(E) x E — E
(4,v) — A(v)

is Ck
Proof. We denote by L(E, E) the set of all linear mappings between the fibers i.e.

LE.E)= || LE.,E,).

(z,y)EEXE

We denote also by s,t : L(E,E) — M the source and target mappings. The triple
(L(E,E),sxt, M xM)is a vector bundle over M x M with fibers isomorphic to L(R™, R").
Moreover we can see that the triple (L(E, F), s, M), that we will denote by L,(F, E),
also defines a fiber bundle (but not a vector bundle anymore) over M, such that the fiber
over x € M is the union

L(E,,E) = | | L(E,. E,)

yeM

1. Differential structure of Homer (E). We have the canonical identification [80, [1]:
Homew (E) ~ Ten(Ly(E, E)).

Indeed, for A € Homgx (F), and € M, we can consider the linear restriction A, : £, —
E A(z) of A along the fiber E,. This gives rise to a corresponding section of L (F, E) given
by

Fa:M— L(E,E),Ta(z) = A,
and we have in particular that I'y € T'ox(L1(F, E)). Conversely for I' € T'cx (L1 (F, E)),
we can define the corresponding C* vector bundle morphism A € Homex (E) with

A(x)=toTl(z), x € M, Av =T (p(v))v, v € E.

Therefore the space Home (E) is a Banach manifold (|80} §.12] and [34} §.6], note that in
[34] the space of vector bundle morphisms Homex(E) can be viewed as a vector bundle
over C*(M, M) by seeing that Homex (E) = U reckaunn LIE, fFE)).
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For A € Homegw (E), we will denote by I' 4 the corresponding section in I'ck (L1 (E, E)).
Let’s clarify a bit more the differential structure on I'ci (L1 (E, E)) and explain how we
can do differentiable calculus. Let I'y € I'cw(L1(E, E)) corresponding to the morphism
A € Homgw(E). Then [80, 12.6] there exists a vector bundle neigborhood of T'4 in
Ceor(Li(E, E)), this means there exists a subbundle £ — M over M of Li(E, E), such
that £ is open in Ly (E, E) and 'y € T'¢x(£). Moreover, ¢ can be equipped with a vector
bundle structure over M such that I'cx(§) is a Banach vector space. This construc-
tion defines the differential structure of I'cr (L1 (E, E)), and ¢ (&) is an open chart of
Lew(Ly(E, E)). Moreover, the compact manifold M can be covered by a finite number of
compact submanifolds M, ..., M}, such that each vector bundle & — M, is a trivialization,
meaning that there exists a smooth vector bundle isomorphism ¢;, such that ¢; : M; — B,
with B the unit ball of R? is an diffeomorphism and

I, —2 By x (R® x L(R", R"))

J/p lﬂ-l
6
Mi E— Bl

The Banach space I'cx(§) can be identified [80, §.4| to the space

FC’C (fa (Mla¢1)2) = {(fh 7fk> € Hck(BlaRnXL(anRn)) ‘ ¢;1f2@|MzﬁMJ = ¢;1fjﬁ\MiﬂM]}’

i<k

which is a closed vector subspace of the Banach space [],., C*(Bi,R" x L(R",R")),
through the smooth isomorphism

w.{FCk(ﬁ) — Ter (& (M, ¢4)i)
' I — (il ', L)

This is particularly useful since calculus in the space C*¥(Bi,R" x L(R" R")) is well
known, as we will see in the second part of this proof.

2. Projection on C*(M,M). Let’s prove now the second point. Note that using the
identification Homewr >~ I'cw (L1 (£, E)), we have that for A € Homex (E),

A=tol.

Therefore it is actually equivalent to prove that the pushforward of the sections of
Li(E,E) by t
Lew(Li(E,E)) — CH(M, M)
[
FA —> to FA

is smooth. This is straightforward using [80, theorem 13.5|, and because the target
mapping t : L1(E,F) — M is smooth (here we have the immediate identification
CH(M, M) ~Tex(M x M, pry)).

3. Differentiability of the composition. We continue now with the third point. Let
{ > 0. We define the manifold

L(E,E)? = {(A,B) € L(E,E) x L(E,E) | s(A) = t(B)}.
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Note this defines a fiber bundle over M

LIE,E)2 — M
(A,B) +— s(B)

with fiber given by | | ., L(E,, E) x L(E,, E,) over x € M. The space L(E, B2 de-
scribes the set of composable pairs of L(E, E) and we can now introduce the fiberwise
composition

[ L(E,B)B — L(E,E)
Comp.{ (Ay ., Bpy) — Ay.0Byy,

We can see that the mapping Comp is a smooth fiber bundle morphism. By [80, theorem
13.5], the pushforward Comp, : Tew(L(E, E)) — Tew(Li(E, E)) is also smooth. Let
A,B €Ter(Li(E, E)), the composition A o B is given as

4o = Comp*((FA oto FB) X FB)
It remains to prove that the mapping

Lewn(Li(E,E)) x Tex(Li(E, E)) — Tor(L(E, E)¥)
(', T'p) — (Tao tol'p) xT'p

is C'. First, by Bastiani/Palais composition theorem on the compact manifold M (see
[80, £9]), we get that, for any finite dimensional manifold Fy, the map

C*Y M, Fy) x C*(M, M) — C*(M, Fy), (f,¢) foo

is C!. Therefore using charts of L,(E, E), and the fact that the map I' = t oI is smooth
(by the second point) from Tex (L (E, E)) to C*(M, M), we get

Corn(Ly(E,E)) x Tew(Ly(E,E)) — CHM, L(E, E))
FA,FB — FAO(tOFB)

Note that this map is exactly the cause for the lack of regularity, since all the other maps

are smooth and some morphisms between fiber bundles over M. Now we still need to
come back to the bundle L(E, E)?. We define another vector bundle F' — M with fiber
over x € M given by

F, = || L(By, E.) ® L(E,, ) = L(E, E) x Ly(E, E),

y,y',z

In other words, the bundle F' is the fiber product over M of the bundle s : L;(F, E) - M
and of the trivial bundle M x L(E,E) — M, ie. F = (M x L(E,E)) xy L1(E, E). By
[80, theorem 13.7|, we therefore have

Foe(F) = CH(M, L(E, E)) x Do (Li(E, E))
and now the map

- Fck-H(Ll(E,E)) X Fck(Ll(E, E)) — Fck(F)
- FA,FB — (FAOtOFB,FB)

is O'. We are going to co-restrict this map using an open subbundle of F', which will allow
us to go back to I'ck (L(E, E)). We can equip M with a smooth Riemannian metric,

162



and F with a connection (or equivalently a parallel transport). Since M is compact, it has
a positive (global) convexity radius 7cony(M) > 0. Fix 0 < & < reony(M). In particular,
for any y,y’ € M such that d(y,y’) < € (with d the Riemannian distance), there exists a
unique minimizing geodesic between y and 3y’ given by the exponential map. We denote
by Py, : £, — E, the parallel transport over this geodesic, which therefore depends
smoothly on (y,y"). We now define the open subbundle F, C F

F.={(A,B) e F|d(s(A),tB)) < e}.
Now we clearly see that the image of the map Z is included T'cx(FL), since for any
(Ta,Tg) € Tenri(L1(E, E)) x Tew (L1 (E, E)), we have
sol'jotol'g=tolp

Thus the map = co-restricts to a C*¥ map from Tewni(Li(E, E)) x Tex(Ly(E, E)) to
Cen(FL). Moreover, the parallel transport of £ induces a smooth bundle morphism

o { F.  — L(E B
’ (A, B) — (AOPS(AM_,:(B),B)
which in turn induces by [80), theorem 13.5] a smooth morphism
O, : Ten(F.) — Tew(L(E, E)2) .

We summarize all these maps in the following diagram

Comp,,

Teowri(Li(E, B)) x o (Li (B, B)) — Ten(F) 25 Ton(L(E, B)?) =225 T i (L (E, E))
We can now conclude, by composing all this maps, that the composition law A, B — AoB
is indeed C*:
[ 405 = Comp, 00, 0 =(I'4,'p).
Similarly, if we fix B € Homgr (F), the composition on the left
Homew (E) — Homer (F)
A — AoB

is the map 'y — Comp,((I's ot o I'g) x I'g) which is smooth, because the map 'y —
(TyotoTly) x I'g is now smooth too.

4. Differentiability of the evaluation. We now turn to the proof of the last point.
Note that we have a smooth inclusion I'cx (L (E, E)) C C*(M, L(E, E)) given by the lift
of the fiberwise bundle morphism

Li(E,E) — M x L(E,E)
A — (s(A), A)

Moreover, for any z € M, the evaluation on C*(M, L(E, E)) at x
C*(M,L(E, E)) — L(E, E),
is smooth (cf. [80, 59]). In particular, the map

Homew(E) x E — Ly(E,E) xy E
(4,0) — (A(p(v)),v)

is C*, as the co-resctriction of a C* map to a finite dimension submanifold. Since the
fiberwise evaluation in Ly (F, E) X, E is smooth, the last point follows from [80] theorem
13.5]. O
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9.1.1.2 The group of automorphisms of £

We now define the space of automorphisms Autcor(E) C Homex(E) as the space of
invertible morphisms A : £ — E, which means that there must exist a unique morphism
A" € Homew (E) such that Ao A’ = A’ o A = Idg. This directly implies that A : M — M
is a C* diffeomorphism of M. We get the following result :

Proposition 9.2 (The group of automorphisms). The space Autex(E) of C* auto-
morphisms of E is a Banach half-Lie group. Suppose moreover E is equipped with a
connection. Its Lie algebra is given by the isomorphism

auton(E) ~ Tee(TM X3 L(E, E)) ~ Tow(TM) & Ender (E)

where TM Xy L(E, E) is the vector bundle over M with fiber at x € M given as
T.M® L(E,, E,), and Endcx (E) is the space of C*-vector morphisms of E that covers
the identity. The derivative of the right multiplication at identity is then given by

autck<E) X Autck(E) — TAutck (E)
(u,a), B — (uoB,aoDB)

Moreover, its space of C' elements is exactly Autewi(E) and the family
{Auten(E), k € Noo} satisfies the (G.1-5) conditions of section [4.5

Proof. Recall that the mapping

[
' — tol'y

is smooth. We denote by fiffck(M ) the image of automorphisms space Autcr(E) by
the mapping t,. This corresponds to the space of diffeomorphisms of M that can be
lifted to a C* automorphisms of E. Note that if two C* diffeomorphisms ¢ and 1 are
C* homotopic, then ¢! o4 is C* homotopic to Id. Now this C* homotopy allows to
lift =1 o 1) to an automorphism of E using parallel transport. This means that ¢ can
be lifted to an automorphism of E if and only if 1 can be lifted. Because C*(M, M) is
modeled on a locally convex space and since Diff o« (M) is an open subset of C*(M, M)
[16], every diffeomorphism ¢ of M belongs to an open subset of diffeomorphisms that
are C* homotopic to . Therefore the space ]/)Tﬁck(M) is open in C*(M, M). Moreover,
note that the mapping

o Homew(E) — R
’ FA — infxeMdetFA(:c)

is continuous. Indeed it is the composition of the mapping det, : ['4 — det ol'4 which is
smooth (because the determinant is smooth on the fibers) and the mapping defined on
CH(M,R) by f + inf,ens f(x). Now since M is compact, the space of C* automorphisms
is exactly

Auter (E) = 7 (Diffor (M) N F7}(Rs).

Since the space of automorphisms is open in Homex (E), this proves that Homex (E) is
therefore a Banach manifold. By [80, theorem 13.6|, the tangent space at I'4 is given
by Tr, Homew (E) = Tew((I'a)*V Ly (E, E)) where V Ly (E, E) denotes the vertical bundle
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over Li(FE, E) (whose fiber at o, € Ly(E,, F) is V,,L1(E,E) =T,,(L,(E,, E))). In par-
ticular, the Lie algebra of Homew (E) is then Ty, Homew(E) ~ Ton((Tap) "V Li(E, E)).
Let’s explicit more the Lie algebra, in particular since we supposed E is equipped with a
smooth connection. This induces a smooth connection also on the bundle (L(E, E), s X
t,M x M). Equivalently, this implies a Ehresmann connection, i.e. we have the split
decomposition

TL(E,E)~VL(E,E)® HL(E, E)

But then we also have the immediate vector bundle isomorphism

TL(E,E) = (sxt)*((TM x TM) x L(E,E))
a = (d(s x t)(pry(a)), pry(a))

where pry (resp. pry) is the smooth projection on HL(E, E) (resp. VL(E, E)). Moreover
the bundle VL, (E, E) over L(E, E) is the vector subbundle of TL(E, E) defined by

(9.1)

VLi(E, E) = ker(ds)

Through the isomorphism ({9.1)), we then see that, for o, € L(E, E), we have V,,_L1(E, F) ~
T,M & L(E,, E,) where y = t(a,), and this defines an isomorphism of vector bundles.
Therefore we finally get the identification (I'iq,)*V L1(E, E) ~TM x; L(E, E) so that,
using [80, theorem 13.5]

auton(E) ~ Do (TM) @ Ender (E).
Let us now prove the last point, starting by proving that
(Autck (E))l = Autck+l (E)

We adapt the proof of [16]. We already saw that Autcsii(E) C (Autex(E))! since the
composition mapping

Autern(E) X Auter(E) —  Auter(E)
A B — AoB

is C!. Conversely, let A € (Autex(E))! and let’s show that A € Auteri(E). Let © € M,
y € T,M and U C M alocal trivialization of L, (F, E) around z. We can using again [80,
§.4] reduce to restrictions to U and work in Autew (U X R™). Let h € Tig Auter (U X R™) ~
Fen(U x R™ x L(R™,R™)) such that h is constant and for 2’ € U, h(z') = (2/,y,id)
(this means h is constant and h(z') = y). Denote by h; the mapping such that h,(z') =
(2',ty,id). Now, for t € R sufficiently small, the mapping id + h; is in Autcn (U x R™)
(because the set of automorphisms is open as we saw previously). The mapping

|—e,e] — UxR"x L(R"R")
b e ([Tao (dh)](@ + 1))
is C' as a composition of ¢ — I'y o (id +h;) = Ao (id +h) which is C by definition of A,
and B € T (U x R" x L(R™, R™)) — d*B(z)(y, .., y) which is smooth. But then we see
that L5 ([Cao (id+h))(z +sy))_, = L Tale + sy +1y)),_o = d*Talz + ty)(y, ..y),
and therefore, I'4 is also a C! section of U x R™ x L(R",R"). This finishes to prove that
(Autok(E))l = Autcrn(F).
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It remains to prove that the family {Autcr(F), k& € Ny} is an admissible graded
group structure as defined in [82]. The fact that Autgr+i(E) C Auter(F) with smooth
inclusion is a consequence of [80], theorem 5.1]. Let u € autori(E), and B € Auter(F). In
charts adapted to the bundle L;(E, F), the derivative of the composition d4 (Ao B)4—iq(u)
is given simply by Comp,((w o B x B). Similarly to the proof of the the third point of
proposition , this defines a C' mapping, which is smooth for the first variable when
B is fixed. The fact that (A,u) — Aowu = 0dg(A o B)p—y, for A € Auter+1(E) and
u € auter (), is O is also straightforward in charts. O

Remark 9.3 (Lie algebra of the automorphisms using the Atiyah algebroid). Note here
that the isomorphism between the Lie algebra and T'cx(T'M) @ Endex (E) is not canon-
ical and is dependent of the connection we choose on E. Similarly, the computation of
the derivative of the right multiplication at identity is also dependent of this choice of
connection.

Following [62, [57], this decomposition of the space autcr(E) can be seen using the
Atiyah splitting sequence. Denote by gl(E) the vector bundle over M of endomorphisms
of E, and At(FE) the Atiyah Lie algebroid of derivations of E (cf. for example [12, [62]),
that is to say the vector bundle over M whose space of sections consists of first-order
derivations of E, i.e. linear operators D : T'(E) — I'(E) satisfying the Leibniz rule

D(fs)=fD(s)+ X - fs, VfeC®M),sel(F)
for a uniquely determined X € T'(T'M). In particular, we get the identification [57)]
auter (E) = Ten (At(E))
Moreover, we get the following exact sequence
0— gl(E) - At(F) - TM — 0

The splitting of this sequence is then equivalent to the definiton of a connection V : TM —
At(E) on E, and thus the following decomposition yields

autor (E) = Tor(At(E)) ~ Do (TM) @ End(FE).
Remark 9.4. This directly tmplies that the inverse mapping

- Autern —  Auten
. A AT

is C' by using the implicit function theorem in Banach spaces [6])].

9.1.1.3 Flows of automorphisms

We finish this part with regularity properties of the group Autcx(F), and how we can
integrate curves in the Lie algebra. We suppose the vector bundle £ — M is equipped
with a smooth connection, that we denote V. By [82], if ay € LP(I, autcrsi(E)) is
a curve in the Lie algebra of Autcrii(E), we can integrate it and define an absolutely
continuous curve V¥, € AC» (I, Autox(E)) solution of

atl:[/t == ﬂdER\pt (O{t), \IJ() == ldE (92)
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As stated before, we have the isomorphism
autck (E') ~ Fck (TM) ) Endck (E),

which is not canonical and dependent of the connection V¥ on the bundle £ — M. In
particular, using this identification, this leads to a curve oy = (uy, ay) € LP(I,T'cx (T M) &
Endex(E)). We will use this identification to interpret geometrically equation . We
start by computing the derivative of the evaluation

Ev, : A— A(v)
where v € F.

Lemma 9.5 (Differential of the evaluation). Let v € E, and A € Auter(E). The
differential of the evaluation at A is given by

Ty Evy(uo A ao A) = (w(A(@)), aA(v)) (9.3)

where x = p(v) € M, and we use the identification Ty, E ~ Tp@)M x E 4, given by the
connection.

Proof. This follows from the fact that, for v € F fixed, with x = p(v), the evaluation Ev,
is the composition of the smooth map

Homew(E) — L(E,, E)
A — A, ’

as seen in the proof of proposition and of the fiberwise evaluation

L(E,,E) — E
A, — Agv

Using [80, theorem 13.6|, the connection on F and the previous identification T's, L(E,, F) ~
TawyM @& L(E;, Ea(y)), the differential of these maps are

{TAHOIIlck(E) — TAmL(Em,E> and { TAmL(EI,E) — Té(w)E
(uoA,aoA) — (u(A(x)),ao A) (u(A(x)),a0 A) — (u(A(z)),aA(v))

and this completes the proof. ]

We can now formulate the main result:

Proposition 9.6 (Flow in Auter(E)). Let oy = (ug,a;) € LP(I, auter (E)), and
U, € ACL»(I, Autcr(E) solution of (9.2)), i.e.

oV, = ﬂdER\Dt(Oét)7 V) =idg (9'4)
Then for v € E,, the curve V; = W € ACL»(I, E) along z, € M satisfies :

Orry = wy(xy), V%Vt = a,(V4) (9.5)
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Proof. Let z € M, v € E, and we define the curves z; = ¥,(x) € M and V; = Vv =
Ev(¥,,v) € E so that

Ty = p(‘/;f)

Since W is absolutely continuous and the evaluation of automorphisms is smooth, the
curves x; and V; are absolutely continuous. Using the splitting decomposition of TE, the
derivative 0;V; € Ty, F is then simply

0V = (atl‘u V%Vt)

Moreover, by lemma [9.5[ and using (9.2]), we have

A,V (t) = Ty, Ev,(T,)
=Ty, Ev, (uo ¥, a; V)
= (uo Wy(z), a; ¥4 (v))
= (u(t), a:Vt)

Therefore the result follows from these identifications. O]

We will simply say that U, is solution of

D
—\Ijt = Q¢ © \Ijt, \Il[) = ldE (96)
dt
along the curve
8tit =u oV, Y,= idys (97)

9.1.2 Automorphisms of the tangent bundle

We suppose now M is equipped with a C*-Riemannian metric ¢™. Note that the tangent
bundle T'M of the manifold M is itself a vector bundle over M. We denote by V the
Levi-Civita connection associated with g. For any smooth vector field u € T'cxs1 (M)
and any h € TM, we will denote

V(u)h = Vyu

so that
V(u): TM — TM

is a C*-morphism on 7'M that is covering idy;. In the rest of this part, we will therefore
focus on the space of automorphisms of the tangent bundle Autcw (TM). We saw in the
previous section that this connection allows the identification

auter (TM) ~ T (TM) & Ender (TM).

We also naturally have an inclusion of the group of C**! diffeomorphisms of M into the
group of C*¥ automorphisms using the differential :

168



Proposition 9.7. The group of diffeomorphisms Diff i1 (M) is included in
Auter (T M) through the smooth mapping :

d- Diﬁck+1 (M) — Autck (TM)
‘ f — df

The differential mapping is moreover a group morphism, so that the group Diff pr1 (M)
is a subgroup of Autew (T M). Moreover, the Lie algebra Tcr (TM) of Diff grir (M) is
also included in the space autor (T M) and we get

d . Fck+1 (TM) — autck (TM) ~ Fck (TM) ) Endck (TM)
' u —  (u, Vu)

9.1.2.1 Automorphisms of T'M that preserve a Riemannian metric

In this part, we also define the space of automorphisms that preserve g
AutckyM (TM) ={A € Autcr(TM) | A*gM = gM}

where A, g™ is the pushforward of the metric g™ by A defined, for any y € M, h,k € T, M,
by
(A*g)y(h7 k) = géfl(y) (A_lh, A_lkf)

This space is a subgroup of the space of automophisms Autex (7'M ), and even a half-Lie
subgroup :

Proposition 9.8 (The subgroup Autck g (T'M)). The space of automorphisms that
preserve g™ is a closed submanifold in the sense of [61], and a half-Lie subgroup of
Auter(TM). Its Lie algebra is given by

autckyM (TM) (] Fck (TM) ) EOCkng (TM)

where s0ck g (TM) C Endor (T M) is the space of C*-skew-symmetric endomorphisms
of TM with regards to g™, i.e. the set of endomorphisms A € Endex (T M) such that

Vh,k € TM, g™(Ah, k) + g™ (h, Ak) = 0. (9.8)

Moreover, the space Isomerir (M, gM) of C*1 isometries of (M, g™) is embedded in
Autew g (T'M) through the differential mapping

d: Isomert1 (M, gM) — Autckng (TM)
f — df

Remark 9.9. In this proposition, we use the term submanifold (also called sometimes
split submanifold) in the sense of Lang [61)], i.e. we assume that the tangent space of a
submanifold is closed and admits a closed complementary space.

Proof. The fact that the space of automorphisms that preserve the metric g™ is a sub-
group of Auter(TM) is straightforward. Moreover, we will see in the next sections
that the action of automorphisms on the space of Riemannian metrics is continuous,
so that the space Autcr v (TM) is also immediately a closed topological subgroup of
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Auter (T M). We propose an other proof of this point along with the differentiable struc-
ture of Autcr g (T'M) in the following.

We first define the space Homew g (T'M) C Homex (T'M) of vector bundle morphisms
of TM that preserves the metric g™

Homew gu (TM) = {A € Homew (TM) | Vo € M, Ay : T, M — Tp)M is an isometry}.

We will prove that the space Homen g (TM) identifies with the space of C*-sections
of a fiber bundle over M and therefore acquires a Banach differentiable structure. We
consider the subspace Isom(T'M) C L(TM,TM) of isometries between tangent spaces

Isomgn (TM, TM) = {(x,y,A) € MxMxL(T,M,T,M) | Yh, k € T,M, g,(Ah, Ak) = g.(h, k)}

This space is naturally a subbundle of L(T'M,TM) over M x M, and even aquires a
structure of principal O(n)-bundle over M x M with fibers isomorphic

Isom (T, M, T,M) ={A e L(T,M,T,M) | Ais a linear isometry} ~ O(n)

Moreover, considering only the source projection, the triple (Isom(T'M,TM), s, M) also
defines a fiber bundle over M, with fiber over x € M being the union

Tsom(T, M, TM) = | | Isom(T, M, T,M) ~ M x O(n).

yeM

We will denote this fiber bundle Isom; (7'M, T'M) and we clearly see it is a closed subbun-
dle of Ly(T'M,TM). Once again, we have a canonical identification between the sections
of Isom;(T'M,TM) and the space Homenr g (T'M) of vector bundle morphisms of 7'M
that preserves the metric g™

Homew gor (T'M) ~ I i (Isomy (T'M, T'M))

This gives Homew g (T'M) a smooth Banach differentiable structure, and moreover it is a

closed submanifold of Homew (T'M) [80, 14.11]. Since Autor gar (T'M) = Homew gar (TM)N

¢, (Diffcx (M), the space Auter gar(T'M) is then an open subset of Homer g (T'M) and

thus a Banach manifold, and a closed submanifold of Autex(TM). Therefore, the space

Auter v (T'M) is a closed submanifold and a half-Lie subgroup of Autcr(T'M).
Moreover, its Lie algebra is given by

Clutckth (TM) = Fok ((FidTM)*V Isom; (T]W7 TM))

Let us describe the bundle (I'ig,.,,)*V Isom; (TM, T M) over M. By definition, its fiber
over x € M is given by

((Tiagy, )V Isomy (TM, TM)), = Tsom(T, M, TM) ~ T,M&T,

idr, v

Isom(T, M, T, M)

dr,ar

Since Tiay, ,, Isom (T, M, T, M) is naturally the space so(T, M) of skew-adjoints endomor-
phisms of T, M, we finally obtain the Lie algebra

autC@gM (TM) = Fck (TM) ) 50,M (TM)
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Remark 9.10. Note that this subgroup Autcr g (T M) is also isomorphic to the space of
C* automorphisms Autex (O(M)) of the orthonormal frame bundle O(M), where

O(M) = |_| {(e1,...,en) | (e1,...,en) is an orthonormal frame of T, M},

zeM

which is principal O(n)-bundle over M. Here, a C* automorphism VU € Autew(O(M)) of
O(n) is a O(M)—equivariant morphism V : O(M) — O(M), i.e. such that

T(u-A)=T(u) A, Yue OM), AecO(n).

Following [16, section 6], the group Autcr(O(M)) acquires a Banach half-Lie group struc-
tures, that is also isomorphic to Autek g (T'M).

9.1.2.2 Integration of flows in Autcr u (T'M)

We finish this section by integrating a special class of curves of autce o (TM). We
introduce here the transpose of the Levi-Civita connection

V() : TM —TM (9.9)
such that for any h, k € T, M
' (V(wh, k) = g;' (h,V(u)"k) (9.10)
We introduce the decomposion in symmetric and skew-symmetric part of V(u)
V(u) = A(u) + S(u)
where
S(u)h = %(V(u)h + V(u)'h) and A(u)h = %(V(u)h — V(u)'h). (9.11)

Noticeably, for any = € M, A(u), € so(T, M), i.e. is a infinitesimal rotation of T, M (for
the reference metric gM) associated with u. Therefore any vector field u € Tewir (T M)
defines an element (u, A(u)) € autcr g (T'M), so that we have the smooth inclusion

[k (TM) — autckng (TM)

We will also denote A(u) this element of autcw v (T'M) for simplicity. Let p > 1 and I =
[0,1]. Any curve uy € LP(I,T w1 (T'M)) also defines a curve A(ug) € LP(I, autcr g (T'M))
and the operator A lifts to a smooth inclusion :

LP(I,Teus (TM)) S LP(I, auten yos (TM))

Therefore, for u; € LP(I,T i1 (T M)), we consider the dynamic given by:

D
%‘Ift = A(ut) e} \I/t, ‘IJO = ldTM (912)

along the curve
8tit = Ut © iﬁ EO = ldM (913)
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Proposition 9.11 (Flow of (0.12)). Let u € L? (I,Cori(TM)). Then, the equation
has a unique global (i.e. defined on I) solution ¥* € ACL» (I, Autor gu (TM)).
Moreover, the mapping u € LP(I,Dorsa(TM)) — ¥* € ACL» (I, Autor ju(TM))
is locally bounded, and the restriction v € LP(I,Tcrreni(TM)) — Y €
ACpv (I, Autor g (TM)) with 1 >0 is C".

Proof. This is a direct consequence of [82] §.2.3| and the fact that A : LP (I, Tcr1 (TM)) —
LP (I, autcr g (TM)) is smooth. O

Remark 9.12. Not that in the case of automorphisms of R?, equipped with the standard
euclidian metric, the operator A : T i1 (R?) — autor gar (R?) is the curl :

curl - CkJrl(RS, Rg) — Clufck,gM (RS)
' U > [Oyu, — Oyuy, Oty — Oy, Optly — Oyus]

Therefore, the equation (9.12)) allows to follow the vorticity

We will denote Evol® : LP(I,Terii (TM)) — ACL»(I, Auter gu (TM)) the mapping
associating to u; € LP(I,I'ci+1(TM)) the associated absolutely continuous curve of au-
tomorphisms ¥, that is solution of (9.12)

9.2 The shape space of C*-metrics and transport of
metrics

In this section, we consider the space Metox (M) of Riemannian metrics on the manifold
M with C* coefficients, and we define a natural action of the space of automorphisms of
T'M on the space of metrics. We study the differentiability of this action and in particular
the induced tranport equation induced by the infinitesimal action.

9.2.1 Definitions and differentiable structure on Metc« (M)

We first recall how a Banach differentiable structure can be defined on this space. Let
SoT*M denote the vector bundle of symmetric (2, 0) tensors on M, and Sy T*M be the
open subspace of definite positive tensors. Then the space of metrics Metox (M) is simply
the space of sections ¢k (S5 T*M) of this fiber bundle. It is therefore endowed with a
Banach differentiable structure [80, 3], and it is actually an open subset of the Banach
space I'cr (S2T* M), so that

T Meter (M) = Meter (M) x T (SoT*M).
The group of C* automorphisms of TM acts naturally on Metcx (M) by the pushforward

Autck (TM) X Metok<M) — Metck (M)
(¥, 9) — Vg

where for y € M, and h,k € T,M,
(Wig)y(h, k) = ggfl(y)(‘l’_lk, Uh).

This action satisfies some regularity properties.
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Proposition 9.13 (Regularity of the action). The action of Auter(TM) on Metor (M)
s continuous. Moreover for |l > 0, the restriction of the action

Autck+l (TM) X Metck+l(M) — Metck (M)
(¥, 9) — Vg

is CL.
The pullback of metrics

Autck (TM) X MetckJrl(M) — Metck(M)
(¥, 9) — Urg = (T )9

is also C".

Proof. Let | > 0. By introducing local trivialisation U C M adapted to Li(TM,TM)
and SoT* M, we can reduce to the action of Autcr+i(TU) on Mer+:(U). We introduce the
fiberwise pushforward and pullback :

P.{GLHXS,;Hr — St P,_{GL,LXS;[* — St
' (W,9) = V.9’ ' (U,g) +— Urg=P(I1 g)

where ST is the set of positive definite symmetric matrices, and W,g € S+ is defined
as (W.g)(k,h) = g(¥~ 1k, U~1h) for k,h € R". The mappings P and P’ are smooth and
by [80, theorem 13.5|, so are the pushforward P, P, : Autcr+i(TU) x Metgrui(U) —
Metcr+i(U). Moreover the composition

) Ck(U,U)XMetCk+z(U) — S,
comp ) — gol

is C! and the action of automorphisms on metrics is given by
V.9 = C(P(¥, g), t(inv(V))

is also C! since the mapping t o inv : Autews: (TU) — Auter is also CL
Finally, the pullback of metrics by automorphisms is given by

Vg = C(P/(¥,g),t(¥))
which is C! too. ]

We denote ¢ the infinitesimal action of autgw+i (TM) ~ g (TM) @ Endew (TM) on
Metcr+1 (M), i.e. the derivative of the action:

¢ { autori (TM) X Meteria (M) — T Metex (M)
' ((u,a), g) — &(u,a) = Ou(V.ag)lw=iary, - (u, )

Note that, for g € Metcw+1 (M), since the subgroup Autcr+1 ,(T'M) is the stabilizer of g,
then the kernel of &; is simply the Lie algebra of Autoiri ,(TM):

ker(f’g) = ClUfck+17g(TM) ~ FC’“'H (TM) @500k+1,g(TM)-

We also have the following regularity property of the infinitesimal action.
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Proposition 9.14 (Regularity of the infinitesimal action). The infinitesimal action
f : Clutck+1 (TM) X Metck+1 (M) — TMetck (M)
18 smooth vector bundle morphism.

Proof. Since the action on the given space is continuously differentiable, then the in-
finitesimal action is continuous. Moreover it is the restriction of a bilinear mapping on
autorir (TM) X Toria (SeT* M), and therefore is smooth O

9.2.2 Flows and geometric metric transport

In this part, we assume that the manifold M is equipped with a smooth metric ¢,
so that (M, g™) is a smooth compact Riemannian manifold. The metric g™ will be
called the reference metric and encodes all the metric properties of the ambient space.
Therefore, as shapes will be encoded by elements of Metox (M), this will allow to follow the
anisotropy of the shapes (with regard to the reference metric g*) through equation (9.12)).
We start with a formal interpretation of this transport of metrics keeping the anisotropy.
We consider a time-dependent C**'-vector field on M given by (¢,7) — u(t,z). We
would like to consider the associated flow in the space of metrics generated by u starting
from a initial metric g9 € Metor+1(M). A basic idea would be to consider the flow
introduced by the parallel transport of the initial metric along the flow lines i.e. such that
09t + Vu,9: = 0. However, we should have an instantaneous rotation of the metric
orientation associated with the flow allowing the structural anisotropy reorientation of
the metric. We propose the following equation :

Og(t) + Vumg(t) + Aumg(t) =0, g(0) = go (9.14)
where, for u € I'curi (T'M), the infinitesimal metric A,g9 € T, Metcx (M) is defined by
Aug(h, ) = gh, Au)k) + g(A(u)h, k) (9.15)

Note that we get from that 4,9 (a,b) = g™ (a, A(u)b)+g™ (A(u)a,b) = g™ (a, A(u)b)—
g™ (a, A(u)b) = 0, so that A,g™ = 0.

We will prove, under some assumptions, that solutions of this equation can actually
be lifted to the half-Lie group Autek gar (T'M).

Proposition 9.15 (Infinitesimal action). Let g € Metcw+1 (M), and u € Tor2(T M),
so that A(u) € autgrs gu (T'M). Then we get

Moreover the induced action

e [ Ters2(TM) x Metgre (M) — T Meter (M)
EP=Eo0A:
u, g ? _Vug - Aug

18 a smooth vector bundle morphism

Proof. This follows directly from proposition and the smoothness of the operator
A. O

174



In particular we get the following result

Theorem 9.16 (Metric transport equation). Let go € Metgwr1 (M) an initial met-
ric, and u; € LP(I,Tcr+2(TM)). Then there exists a unique mazimal curve g, €
ACpo(I,Meter(M)) satifying (9.14), i.e. such that g(t) € Metewii (M) for any t € T
and

0rg(t) + Vuwyg(t) + Auwg(t) =0, g(0) = go (9.17)

Moreover, if ¥, = Evol*(u;) € ACL (I,Autck+l7gM (TM)) is the unique solution of

(9.12), then we get
g(t) = VU (t).90- (9.18)

Remark 9.17. We see that the condition that g(t) € Metow+1 (M) is necessary in order for
the equation to make sense in Metcrw (M). Indeed the term Opg(t) is in T Metcr (M)
and the operator —V, — A, takes a C**' metric and gives a C* metric. Moreover, note
that even though g(t) € Metcwii (M) for any t € I, the curve g(t) is in general not
differentiable in time in the space Metor (M), so that equation makes sense only
in the bigger space Metor(M). The solutions of equation (9.17)) will be here elements
of ACr» (I,Metex(M)) N CO (I, Metewir(M)). This particular setting and this loss of
reqularity for this equation means we will not be able to use the Picard-Lindeldf theorem,
and we will have to use the integrated version to prove existence and uniqueness
of solutions.

Proof. We introduce the curve ¥, = Evol®(u;) € ACL» (1, Autgrsr g (TM)) solution of
(9.12). By proposition [9.15] the equation (9.17]) can be reformulated as

Arg(t) =y (u(t)) (9.19)
Since the restriction of the action

Autgri (TM) x Metgrri (M) — Metew (M)
(¥, 9) — Vg

is C'', the curve t — W(t).go € Metgr+1 (M) is therefore absolutely continuous in Metgx (M)

and is solution of (9.19).

Conversely, suppose t — ¢(t) is an absolutely continuous curve in Metswr (M), such
that for any t € I, g(t) € Metgr+1 (M) and g(t) is solution of . We prove now that
forall t € I,

P(t)"g(t) = go,
ie.
gt(‘l’t,mh, \I’t,xk) = go(h, k’)
for any t € I and h,k € T, M. Note that the curve t — W(t)*g(¢) is not necessarily abso-

lutely continuous in Metox (M), since we only have g(t) € ACp»(I, Metor (M)). However
the evaluation g;(W;.h, ¥; k) is absolutely continuous in R since the mappings

Atters (TM) x (TM x3 TM) —s TM x3 TM

(W, (h, k) — ((n), V(k))
and Metor (M) x (TM xp TM) — R
(g, (W', ) — g(W' k)

175



are C1. We get

O g0 (Wiah, Wyak)) = (V2 90) (Wrah, Wouk) + g1 (Vo (W), Wik ) + g0 (Woah, Vg (Wih) )
(Vag0)(Weah, Viok) + g (Alue) Wioah, Uiok) + g0 (Veoh, A(u) Vi k)

(

(

= V%gt)(\llt,xha Uy k) + (A, 90) (Ve ph, Uy k)
V%gt + Au,9t) (Ve ph, Uy k) =0

Here the last equality follows from the fact that g, is a solution of (9.17)). Therefore for
allt € I, g:(Vi h, Vi k) = go(Woh, Vo.k) = go(h, k), and we get the result. O

We finish this section by studying flows of conformal metrics with regards to the
reference metric gM.

Proposition 9.18. Let uy € ACL» (I, Ucri2(TM)) and suppose the initial metric go =

agM is conformal. Then the solutiont — g, of stays conformal at any time and

satisfy

g =aol lgM

Proof. Indeed, since by definition of the Levi-Civita connection, we have V,¢g™ = 0 and
V(g™ = (Vaay)g™ where oy = a o ¥, . We just have to check that d,ay + Vo = 0
which is true since we have o1 4(¥,,,(z)) = a(x) for s > 0. We conclude by uniqueness
property of the solution. O

When the initial metric gy is not conformal, the evolution is more complex. However,
we still have the important property that the density of Vol(g;) with respect to Vol(ga)
is advected along the flow. Here |d¢;| play has a growth factor in Lagrangian coor-
dinate.

9.2.3 Advection of the density along the flow
Here we consider the density p; such that

Vol(g:) = pi Vol(g") (920)

Theorem 9.19. For any arbitrary initial condition, we have % Vol(g;) = 0 and piopy =
Po-

Proof. Indeed, we have Dvdoi(gt) = %Vol(gt)tr(gfl%). From (9.17)), we get

1 Dg _ _
tr(g~'—=7) = —tr(g " Aug) = tr(g™ (g A(w) + A(u)" g)) = tr(A(u)) — tr(A(w)) = 0
so that 2 Vol(g,) = 0 from which p, o ¢, = py follows immediately. O

We deduce from the theorem that for any measurable domain Qg C M, if Q; = (o)
we have

/ Vol(gy) = / o Vol(gyr) = / pr 0 ildigy| Vol(g™) = / poldid Vol(g™)  (9.21)
Q4 Qs Qo Qo

which is the usual d-varifold action, that we often consider when modeling tissues. Note
that this is not the usual advection equation for mass preserving transport.
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9.3 Pullback of Ebin metric

In the previous sections and [9.2] we introduced a differential setting that allows to
study transport of metrics. In particular, this allows us to explore new variational prob-
lems and in particular to study here the role of anisotropy. As an example, we introduce
in this section a variational problem for the matching of metrics, using a pullback of
the Ebin metric. This metric was first introduced in [3I] and widely studied due to its
numerous applications, in particular in optimal transports. We refer to [37, 24] for gen-
eral results on this metric, and in particular about the metric completion of the space of
Riemannian metrics with regards to the Ebin metric. We then propose a series of simple
numerical examples, using a triangle discretization.

9.3.1 Definition of the metric and first properties
We consider for any u € ' (T'M) and g € Meter (M) the cost function

c(g,u) = Gg(Sug, Sug) = / tr(g~' (Sug)g~ ' (Sug)) Vol(g) (9.22)

M
where S,g € T, Metor (M) is defined by

Sug(a,g) = g(S(u)a,b) + g(a, S(u)b) .

It is important to note that S, : Metow (M) — T Metar (M) is a linear operator that
depend on ¢M. In particular, we also see that

A Diff
- ug:é-gu_ggl Uu

where £y is the infinitesimal action of u on g induced by the pushforward action of
the group Diff ox (M) on the space of metrics :

f?iﬁu = 0,(¢"9)|p=iau
Note that we use here the notation 5;)1& to highlight it is the infinitesimal action. But
we can also see that we get f?iﬁu = —L,g where L,g denotes the classic Lie derivative
of the metric g given by

L.g(h, k) = Vug(h, k) + g(Viau, k) + g(h, Viu)

Since we are studying the dynamic of , we see we are not evaluating here the energy
of the time derivative ¢(t), but we are isolating the contribution of the action of auto-
morphisms removing the contribution of the action of the diffeomorphisms. Moreover,
this cost is also vanishing along the flow of isometries of g™ :

Proposition 9.20 (Vanishing property of (9.22)). Assume that w, €
LP([0,1],Ter+2(TM)) and let g and ¥, be solutions of and (9.12). If
fol c(gs, u)dt = 0, then for any t € [0,1], ¥, = dp; and ¢, is an isometry from
(M, go) to (M, g;) and from (M, g™) to (M, gM).

Proof. We have that c(g;, u;) = 0, meaning that S(u;) = 0 so that 2dp, = V(u) o dp, =
A(u) odp;. From theorem we deduce that ¥, = dy, and the first isometry property
follows immediatly from theorem [0.16] and in particular equation ([9.18)). The second one
follows from proposition from gy = gM. O
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From proposition[9.20] we get that if the cost is vanishing along the flow, then whatever
go is, the resulting flow ¢y is in the isometry group of M equipped with reference metric
gM. In standard situation, this group is pretty small. In the case R? with the standard
euclidian metric, we get the euclidian group and positively oriented affine rotation. On
the sphere S?, we get the restrictions of SOz ;.

9.3.2 Variational problem

Now suppose we are given a source metric gg € Metor (M) and a target gr € Metewr (M).
We also consider a dissimilarity term D : Metqr (M) — R, which allows to define the
inexact matching problem

1 1
inf J(u) = — IS U dt+D 993
(w)eL2([0,1],T i (TM)) (u) 2/0 (91, 1) (1) ( )
s.t { 0rg(t) = Epyu(t) = =Vumg(t) — Aung(t)
9(0) = gs

In this setting, one might measure the distance between the final metric g; and the
target metric gr by the Frobenius norm of their difference. In practice, however, the
numerical experiments we will implement rely on a weaker observation model: only the
Riemannian volume form is assumed to be observable. This motivates an attachment
based on the associated measures.

D(g1) = D(Vol(g1))

9.3.3 Discretization and numerical examples

We propose in the following section some simple numerical experiments to illustrate
this framework. As a discretization of the continuous setting, we encode metrics with
triangulations of the domain with constant metrics on each triangle. We take the ambient
space M to be included in R?, although this choice departs from the compact framework.
A natural compact alternative would be to embed the domain into the flat torus T2,
which admits compatible triangulations. The action of automorphisms is then applied
only to this finite collection of triangles.

9.3.3.1 Triangulated model

The triangulation is denoted

T=(V,F),

with V' C R? a finite set of vertices and F a set of oriented triangular faces. A discrete
Riemannian metric is thus represented by a collection of metrics on triangles

9= (97)7rer, gr € 52++,

where S5 is the space of symmetric positive definite matrices. Each g7 encodes the local
metric structure on the triangle 7T'.

Moreover, in this discretization, we will suppose presence of triangles carrying zero
density, and thus having no contribution to the Ebin energy. We will therefore restrict
to the subdomain of M of triangles with positive mass, allowing this subdomain to be

178



transported by the action of the control field u. Moreover, this model also extends the
theoretical pushforward action: the acting object is no longer a group of automorphisms
but rather a groupoid of local automorphisms of T'M restricted to subdomains.

9.3.3.2 Discretization of controls.

Vector fields u are encoded as continuous piecewise affine functions, affine on each triangle
and continuous across edges. Their Jacobians are therefore piecewise constant. In the flat
torus case, this construction leads to a finite-dimensional differential structure associated
with a groupoid. Therefore, in this setting, the dynamic , governed by a control u,
is described by
{ Ty = w(my), Vo, € 'V,
g1, = Alue)gr, — gr,A(w), V1 € Fy

where (V;, F}) denotes the triangulation at time ¢, and A(u) = 1(Vu — Vu') is the
skew-symmetric part of the Jacobian of u.

In particular the discrete setting does not coincide with the smooth action of Autewx (T M)
on Metgr+1 (M), but should be viewed as a finite-dimensional approximation that con-
verges to the continuous model in the limit of mesh refinement.

9.3.3.3 Variational Model

The discrete framework is equipped with a variational formulation (9.23)) driving the
deformation between two triangulated meshes. The central ingredient is the Ebin metric,
adapted to the discretized setting, together with a data attachment functional.

Attachment term. As we stated previously, our numerical experiments rely on a weak
observation model: only the Riemannian volume form is assumed to be observable. This
motivates an attachment based on the associated measures. FEach mesh ¢ induces a

discrete measure
/’Lg - E MT 5CT7
TCF

where cr is the barycenter of a triangle T" and ur = |T'|v/det gr is its integrated volume
form. Given two meshes g and ¢', their attachment energy is then defined as the squared
RKHS norm

D(g,h) = |l1g — pn

where V, is the Gaussian RKHS associated to a scale o.

2
Vo

Ebin regularization. For the regularization, we discretize the Ebin metric on the space
of triangulated metrics. In presence a vector field control u we get the following form of
the Ebin energy:

Egpin(g, u) = Z pr tr (97" (Srgr + 9757))%) |

TeF

where S7 denotes the symmetric part of Vu restricted to the triangle 7', and ur is the
integrated volume form.
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Energy functional. Suppose we are given an initial mesh metric gs and a target mesh
metric gr. The variational problem ((9.23)) in this discretized setting now becomes the
following optimization problem over the time-dependent control u,

1
J(u) = A / Exsvin (g0, u2) dt + Ena(9(1), g1,
0

where g(t) is the mesh metric transported from ¢° under the controls, and A > 0 balances
fidelity and regularity. The trajectory (g(t)) is obtained by time integration of the dis-
crete dynamics (pushforward by infinitesimal rotations, and vertex transport), and the
minimization is carried out by quasi-Newton methods.

9.3.3.4 Numerical examples

Anisotropic annulus optimization To illustrate the behavior of our metric-based
deformation model under anisotropic changes, we consider a simple two-region geometry
composed of a disk with concentric annular structure. Each annulus is endowed with a
piecewise constant Riemannian metric, defined separately for the inner disk and the outer
ring.

Figure [0.1] shows three template configurations:

1. an isotropic metric (identity) on the whole domain,
2. an anisotropic inner disk (with a vertical stretching),
3. an anisotropic inner disk rotated by 45° (tilted anisotropy).

The target geometry is generated by an incompressible affine transformation with eigen-
values v and —a, corresponding to horizontal stretching combined with horizontal con-
traction.

We optimize the deformation from each template to the target using the full Ebin
energy. The results are shown in Figure [9.2) and the discretization we described in the
previous sections. The first observation is that all three templates successfully reproduce
the global outer shape of the target. For the inner disk, however, the outcome depends
strongly on anisotropy: the isotropic and vertically anisotropic templates produce almost
identical reconstructions, whereas the tilted anisotropic template leaves the inner disk
essentially undeformed.

These differences can be explained as follows. There is no density contrast between
the inner and outer regions, and the data attachment term used here is insensitive to the
local anisotropy of the inner metric relative to the outer one. Moreover, the experiment
involves only spatial transport, without conformal action, and the chosen "copy-and-
paste" action preserves local density in Lagrangian coordinates. Under these assumptions,
isotropic and vertically anisotropic templates behave almost identically with respect to
the target. By contrast, the tilted anisotropic case is fundamentally different. Indeed,
the target was generated by an incompressible affine mapping aligned with the horizontal
and vertical axes, which coincide with the principal directions of the vertical anisotropic
source. This suggests that any velocity field u with strain tensor S(u) = (Vu + Vu')/2
aligned with these axes (0 = 0) has the same local Ebin energy in both isotropic and
vertically anisotropic settings. In the tilted case (0 = 7/4), the misalignment these two
orthogonal frames maximizes the energetic penalty.
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Figure 9.1: Three template metrics and the target geometry before optimization. Left
to right: target, isotropic, vertical anisotropy and tilted anisotropy. Each disk illustrates

the unit ball of g7" in each triangle.
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Figure 9.2: Result of the optimization from each template to the target using full Ebin en-
ergy. Left to right: target, optimized isotropic, vertical followed by the tilted anisotropy.
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Star-shaped Templates with Anisotropic Cores We consider here another exam-
ple with an initial star-shaped mesh, equipped with three different core metrics:

1. isotropic
2. vertically anisotropic
3. tilted anisotropic

The target is defined through an incompressible affine deformation. Figure|9.3|shows the
three template meshes with their anisotropic cores, visualized through metric disks. The
common target is displayed in Figure [9.4]

Mesh with Riemannian Metric Disks Mesh with Riemannian Metric Disks Mesh with Riemannian Metric Disks
RO
.
INAE
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Figure 9.3: Star templates with isotropic core (left), vertical anisotropy (middle), and
tilted anisotropy (right).
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Figure 9.4: Affine-incompressible target for the star experiment.

The deformation towards the affine target is obtained by minimizing the Ebin-penalized
attachment energy defined in [9.3.3.3]in two successive phases. Figure display the re-
fined states for the three modalities. We observe in particular the same phenomena as in
the previous experiment : in the case of a vertically anisotropic metric, the affine stretch-
ing deformation is aligned with the horizontal and vertical axes, and therefore with the
vertical frames given by the metrics within the star. As a result, the vertical and horizon-
tal branches of the stars follow the stretching deformations closely. Conversely, when the
star is equipped with titled anisotropic metrics, the deformation becomes more difficult
and requires higher energy, leading to very limited displacements.
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Figure 9.5: Refined deformed meshes for the three templates.
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Discussion These experiments illustrate the fact that this model only penalizes mis-
alignment between the frames given by the metrics on each triangle and the direction
induced by the displacement from the control w. In other words, the model does not
really account for the eigenvalues of the metrics, which represent the weights along their
principal axes; it mainly considers the mass and the orthogonal frame instead. This sug-
gests that, in this model, the metric may encode more information than what is actually
exploited in the energy, and that the shape’s anisotropy could instead be represented
solely through local frames and masses.
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Chapter 10

Conclusion

Contents
(10.1 Hierarchical multiscale scheme and optimization problems|. . 186
(10.2 Transport of metrics|[. . . . . . . ... ... ... .. 0. 186
10.2.1 Existence and characterization of minimizersf . . . .. ... .. 186
[10.2.2 Exploring other variational problems| . . . . . . . ... ... .. 187
(10.2.3 Allowing conformal changes| . . . . . . . .. ... .. ... ... 187
(10.2.4 Discretization and halt-Lie groupoid actions| . . . . . . . . . .. 187

(10.3 Towards a hybrid framework of intrinsic and extrinsic metrics(188

In this thesis, we presented a geometric framework that extends large deformation
model. We first studied Banach half-Lie groups, which are topological groups and Ba-
nach manifolds such that the group structure and the differential structure are partially
compatible. We proved, under some suitable assumptions, a LP-regularity property on
such groups. At the same time, we also endowed the space of absolutely continuous curves
in G with a Banach differential structure.

This first results allowed us to study strong right-invariant sub-Riemannian structures
on Banach half-Lie groups, and in particular we managed to retrieve completeness results.
We also characterized the normal geodesics of these structures, and we related them to
the Euler-Arnold Poincaré equation on the dual of the tangent space at identity.

Building on the framework of [6], we extended the definition of shape spaces by con-
sidering them as Banach manifolds acted upon by a half-Lie group endowed with a strong
sub-Riemannian metric. This allowed us to induce these metrics in the shape spaces, and
to formulate a variational problem for inexact matching of shapes. We then gave some
applications involving multiscale matching and the integration of anisotropic information
into the dynamics.

However, this work focused mainly on theoretical foundations for large deformation
models in shape analysis, motivated by applications. We did not dwell too much on the
questions raised by the discretization and the implementation of these new variational
problems, which would require further developments and extensive studies.

Our framework opens several perspectives, which we discuss next in terms of possible
future directions.
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10.1 Hierarchical multiscale scheme and optimization
problems

We come back to the multiscale setting, re-introducing the inexact matching problem

vmfzg/ o[y, + [V, dt + D}, o) (10.1)

where V1, Vo C C2 are RKHS induced by isotropic Gaussian kernels, with scale parameters
o1 < 09, and 1, ©? given by the equations

©p, v = id
¢ = v} 0 @}
@7 = (v} +v7) 0 ¢}

Note that the diffeomorphism ¢! represents the coarse-scale deformation, and ¢? the
deformation at the fine scale. If we consider the usual action on the space of multi-
scale landmarks (R%)% x (R?)*2, we then reduce the problem to minimizing the following
functional

L(p:,p3) = H(g;, 45, pi,0) + D@1, 43) (10.2)

with H the associated Hamiltonian given by

‘ o (Zap +Za”ﬂ> 0225

The challenge is then to choose the parameters oy, as, 01,09 and to propose conditions
on the p}, pjz in the optimization for matching problems. A first naive approach for the
optimization would be to perform a 2-steps procedure, starting by fixing p? = 0 and
optimizing over the variables p} corresponding to the coarse deformation. A good choice
of parameters would then ensure that the second optimization does not “unlearn” the
first, by exploiting for example the symmetries and the invariance in the Hamiltonian.

H(q 4} i 0) = —

V1 2

10.2 Transport of metrics

In section [9.3] we introduced a variational matching problem using the Ebin metric on
the space of metrics. We discuss other possible directions.

10.2.1 Existence and characterization of minimizers

In section we introduced the following variational problem for metric matching :

1 1
inf J(u) =5 dt + D
s.t { 0rg(t) = Efpyu(t) = =Vumg(t) — Aung(t)
(0) =4gs

In particular, we have not addressed the question of the existence of minimizers, and the
characterization of the critical points. Note that this problem involves a sub-Riemannian
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structure that is neither strong nor right-invariant, so there might not be a nice geodesic
equation associated with this problem. However, thanks to the differential setting we
introduced in sections and [9.2] results from optimal control could be used to establish
the existence of minimizers.

10.2.2 Exploring other variational problems

In section , we explored a first variational model based on the L2-Ebin metric. As seen
in section [9.3.3] this model exhibits interesting phenomena, and penalizes misalignment
between orthogonal frames given by the metrics on the triangles and orthogonal frames
given by the control u. However, the actual weights given by the eigenvalues of each
metric are not considered in this model. It may therefore be desirable to define energies
that penalize control directions associated with low eigenvalues. This will be subject to
future investigations.

10.2.3 Allowing conformal changes

A wider framework can be considered with addition of a new action given by confor-
mal rescaling of the metric leading to something akin to the so called metamorphosis
framework [94] [35]. Let us consider a curve (uz,n;) in Ten(TM) x C*(M,Rsg), and the
associated integration path (U, 3) starting from (idys, 15/) and solution of

@eit = Ut O Py
G0 = Alug) o Wy — 0 0,0 (10.3)
OBy = 2(77t o SOt)ﬂt

Thus the new equation on the metric g, = ¥, gg now becomes
0vgt + Vu, gt + Au, Gt = 211, (10.4)

which thus allows conformal changes of the metric. Following the metamorphosis frame-
work, we can update the previouns functional (9.23) adding a cost for the conformal
factor

c(g,u) = Gy(S(u) + 2ng, S(u) + 2ng) = /M tr(g™! (Sug + 21n9)g~ " (Sug + 2ng)) Vol(g)

10.2.4 Discretization and half-Lie groupoid actions

In sections 0.1 and [9.3] we introduced a differential framework for the continuous model
of Riemannian metric transport, which allowed us to formulate a variational problem for
metric matching. Yet, the discretization raises further questions regarding the differen-
tial framework for the discretized transport of metrics. Indeed, in this discrete setting,
metrics are now encoded on triangles, which implies that the action we define must re-
spect the underlying triangulation structure. This naturally gives rise to a groupoid of
deformations, where the set of objects is the set of all triangulations with metrics defined
on each face of the triangles, and the set of morphisms between objects is the set of
automorphisms preserving these structures. In such case, this framework still lies within
the setting of infinite dimensional geometry, and this groupoid turns out to be a half-Lie
groupoid, in the sense the multiplication and the inverse are not smooth. Similarly, the
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space of controls associated with this discretized framework is then a (half)-Lie alge-
broid. Many questions are thus raised from this perspective, in particular regarding the
differential structures of such objects and how this discrete setting can be related to the
continuous framework as the number of triangles tends to infinity.

10.3 Towards a hybrid framework of intrinsic and ex-
trinsic metrics

The first part of this manuscript focused on right-invariant metrics on shape spaces, that
is, extrinsic metrics induced by deformations of the ambient space that do not depend on
the shapes themselves. However, we extended this framework in chapters [§] and [9] where
anisotropic features of the shapes play a role in the definition of the metric on the shape
space. These examples give rise to new sub-Riemannian structures that are not right-
invariant and can be formulated as a combination of extrinsic, LDDMM-like metrics and
intrinsic metrics depending on the shapes. Therefore, hybridizing intrinsic and extrinsic
metrics provides a richer and more flexible framework for modeling deformations in shape
analysis allowing to encode the geometric properties of the shapes themselves. This hybrid
formulation opens to new theoretical questions and challenges in numerical modeling (cf.
also [22] for similar ideas)
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