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Présentation de la thése

0.1 Le probléme de Monge

Le transport optimal est un sujet ancien, abordé en premier lieu par Monge en 1781 [90]. Le
probléme pour Monge était de minimiser le cotit de transport d’un déblai vers un remblai. Une

formulation actuelle de ce probléme est la suivante :

Définition 0.1.1 (Probléme de Monge). Soit M une variété riemannienne, ¢ : M x M — R
une fonction de cotdt et p,v deux mesures de probabilités a densité par rapport au volume. Un
transport t de p vers v est une application de M dans M, p mesurable, telle que typ = v (la
mesure image de pu par t est égale a v). Cela signifie que pour tout ensemble B mesurable dans
Uespace d’arrivée on a v(B) = p (t_l(B)). Un transport optimal T' est une solution p mesurable,

quand elle existe, du probléme de minimisation :

T = argmin </M ¢ (z,t(z)) d,u(:n)) , (0.1.1)

typ=v
c’est-a-dire le transport de codt minimum.

La mesure p correspond au remblai qu’il faut déplacer et la mesure v au déblai, c’est-a-dire
au lieu de stockage.

Dans son livre, Monge propose une méthode de construction du transport optimal sans prou-
ver que cette méthode est effectivement réalisable. Cette question n’est pas pertinente & I’époque,
car on pense alors que tout probléme physique posséde une unique solution.Il touche cependant
du doigt le concept de c-convexité, qui s’avérera des années plus tard un outil indispensable pour
les théorémes d’existence. Longtemps aprés Monge, dans les années 1940-1960, Kantorovich pro-

pose une interprétation du probléme de Monge par dualité |67, 68] :

Définition 0.1.2 (Probléme de Kantorovich). Soit M une variété riemannienne, ¢ : M x M — R
une fonction de coit et p, v deux mesures a densité par rapport au volume. On cherche le couplage

optimal II € P(M x M) solution du probléeme de minimisation suivant :

= argmin ( /Mc(m,y)dw(x,y)), (0.1.2)

™, TI=M,T2=V

Par définition mp = p signifie que la premiére marginale de w est égale a p, c’est-a-dire que pour
tout ensemble B mesurable on a w1 (B x M) = u(B). La définition de ma est semblable pour la

seconde marginale de 7.

X



Cette définition est un peu plus générale, c’est une relaxation du probléme de Monge, car on
peut par exemple partager la masse « localisée »en un point. Le probléme de Kantorovich est
linéaire, I'existence d’une telle solution se raméne & un probléme de compacité faible sur ’espace
de départ. Kantorovich montre que le probléme de minimisation défini par 0.1.2 est équivalent

au probléme de maximisation suivant :

Définition 0.1.3 (Probléme de Kantorovich dual). Soit M variété riemannienne, ¢ : M x M —
R une fonction de codt et p,v deuxr mesures a densité par rapport au volume. On cherche deux

fonctions ¢, ¢ définies sur M a valeurs dans R telles que :
(@) =argmax ([ s(auto)+ [ wtwn).
(CRDISI o M

={(0,¥) | V(z,y) e M xM Y(y)— ¢(zx) < c(x,y)}-

ol

Lorsque le maximum est atteint dans la définition 0.1.3, on a :

¢(z) = max (Y(y) — c(z,y)).-

Y

On récupére alors ¢ par la formule :
b(y) = min (6(2) + cla,y)) = ¢°

On dit alors que ¢ est une fonction c-convexe et que ¥ est sa c-conjuguée. Cette définition
dans le cas euclidien donne la convexité usuelle lorsque le cotit est égal a la norme au carré, ou
de fagon équivalente égal & —x -y (|Jz — y|> = |z|* + |y|> — = - y). C'est la formulation par dualité
de Frenchel-Moreau [16]. Une bonne analogie est la suivante : une fonction x — ¢(x) convexe
est une fonction sous laquelle on peut coller en tout point une droite, c’est a dire que pour tout

xg il existe un y tel que pour tout x :

o(x) > —x-y+x0-y+ o(x0).

De la méme maniére un coiit ¢ quelconque donne naissance a une famille de fonctions support

(parametrée par y), appelées c-supports :
x +— —c(z,y) + cste.

Une fonction ¢ c-convexe est alors une fonction telle que en tout point on peut coller sous la

fonction un de ces c-supports. Explicitement, pour tout xg, il existe un y tel que pour tout x :

¢(x) = —c(z,y) + c(z0,y) + ¢(x0)-

Le lien entre la mesure II et la fonction ¢ du probléme dual est que le support de II est concentré

sur ’ensemble des c-supports de ¢.
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Le transport optimal n’a ensuite plus été étudié jusqu’a ce que Brenier s’y réintéresse dans
les années 1980, dans un cadre assez inattendu de dynamique des gaz [14]. Il démontre alors
Pexistence et I'unicité d’un transport optimal pour un cotit quadratique dans R"™. McCann ap-
porte ensuite la solution au probléme de Monge dans le cas d’'une variété riemannienne, avec le
cotit donné par la distance géodésique quadratique (cott associé au lagragngienl = %]v|2) [88].
Deés lors le transport optimal connait un développement trés rapide dans de nombreux domaines,
souvent de fagon inattendue. Dans cette thése nous nous intéressons a deux directions différentes,
traitées dans deux parties distinctes. La premiére se concentre sur la régularité du transport op-
timal et sur les conditions géométriques qui l'accompagnent. La seconde est 'application de la

théorie du transport optimal pour ’étude de certaines équations aux dérivées partielles.

0.2 Reégularité du transport optimal, conséquences géométriques

La question de la régularité du transport optimal est liée & la régularité des solutions d’équations

complétement non-linéaires (fully non-linear), typiquement les équations de Monge-Ampeére :

Definition (Equation de Monge-Ampére). Une fonction ¢ € C? (R",R) est solution classique
d’une équation de Monge-Ampeére si, pour un h € C° (R” x R",R) donné, on a :

det [V2p(z)] = h(z,Vip(z)) z€R™ (0.2.1)

Par exemple, plagons nous dans le cas euclidien et donnons nous deux mesures a densité C™
strictement positives p(z) = f(z)dx et v(y) = g(y)dy. Le transport optimal T tel que Typ = v

est alors donné par un potentiel ¢ (c’est-a-dire que T' = V) convexe qui vérifie 'équation de
f(x)
9(T(x))

type de condition aux bords : T" envoi le support de p sur celui de v. Le calcul qui suit permet

Monge-Ampére avec h(zx) = . On parle de I’équation de Monge-Ampére avec le second

de comprendre formellement d’oti vient ce lien.

Par définition T p = v, donc pour tout ensemble B mesurable dans ’espace d’arrivée on a :

/T_I(B) f(x)dz = /Bg(y)dy

On suppose que T' est assez régulier pour faire le changement de variable y = T'(z). Il vient :
[ twde= [ g@a)detVT@Idy= [ o) det [VPo(e)] dy
T-1(B) T-1(B) T-1(B)

Il apparait donc qu’une condition suffisante pour 'existence de T est bien que pour tout = de

I’ensemble de départ,

f(z)
det [V2p(z)] = ——~—.
Vel = Saw)
Dauns le cas plus général d'un cotit ¢(z, y), on obtient ’équation dite de Monge-Ampére généralisé :
f(z)

det [V2p(x) + Ve (z,T(2))] = Vayc(z,T(x)).

9(T(x))
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Les premiéres preuves de la régularité du transport optimal dans le cas d’un coilit quadratique
ont donc été obtenues par des spécialistes de la régularité des équations aux dérivées partielles
complétement non-linéaires (fully non-linear), comme Delanoé, Caffarelli et Urbas [33, 18, 19,
20, 22, 107, 106]. La principale difficulté pour ce cas de transport est en effet une condition aux
bords d’un genre nouveau. Le passage a un cotit plus général est resté longtemps une gageure.
Ce verrou a sauté aprés 'introduction par Ma, Trudinger et Wang d’un tenseur dont la positivité
controle 'existence de solutions réguliéres au probléme de Monge-Ampére généralisé |85, 105].

Le tenseur de Ma-Trudinger-Wang (MTW), assez mystérieux lors de son introduction, a été
depuis trés étudié. Il apparait que sa positivité contient des informations non triviales sur la
géométrie de la variété riemannienne sur laquelle on se place. Il impose par exemple la positivité
des courbures sectionnelles. Ce tenseur est aussi appelé « tenseur de courbure croisé ». Une raison
est qu’il est défini de maniére non locale sur une variété M, alors que sa formulation devient
locale si on se place sur le bi-produit M x M. Comme par ailleurs 'information sur la courbure de
M est incluse dans MTW, il est naturel d’interpréter ce tenseur comme une courbure généralisée
sur M x M [75].

La premiére partie de cette thése, dédiée a la régularité du tenseur MTW, comporte trois
chapitres : le premier rappelle différentes applications du tenseur MTW et s’intéresse & sa po-
sitivité pour certains cofits lagrangiens sur une variété riemannienne. Les deux autres chapitres
explorent la régularité des lieux injectifs et focaux d’une variété riemannienne, en particulier
lorsque MTW est positif.

0.2.a Interprétation du tenseur MTW

Le tenseur de Ma-Trudinger-Wang est d’ordre 4, il prend en entrée deux points d’une variété
riemannienne M et un vecteur tangent & la variété en chacun de ces points. Soit x € M, y €
M\ cut(M) et (§,m) € TuM x T, M. On introduit v € I(x) la vitesse telle que exp,(v) = y.
Dans le cas du coiit géodésique quadratique, %dQ, le tenseur de Ma—Trudinger—Wang en (z,y)

(ou (z,v)) évalué sur (§,n) est défini par :

2

5 <expx(t§), exp, (v + 37])). (0.2.2)

d2
sp dt?

3 d?

6(90,@)(5777) = 79 42

t=0

Historiquement ce tenseur a été introduit par Ma, Trudinger et Wang pour des vitesses £ et
n orthogonales [85]. Kim et McCann ont supprimé cette restriction et introduit ainsi la terme
de tenseur de courbure croisée [75]. L'introduction de la vitesse v dans la définition permet

de tout voir depuis le point x. Cette vitesse est bien définie de maniére unique par y et de plus

Ts . exp,(v+sn) est bien un élément de T, M. Les définitions relatives au contexte riemannien
sont données dans ’annexe A.

Dans le cas d’un coiit ¢ vérifiant les hypothéses de régularités (1.1.a), on a une définition
similaire détaillée au chapitre 1. Le tenseur MTW en (z,y) évalué sur (£,7) est alors noté

Se(z,y)(&,n) ou MTW ou tenseur de courbure croisé.

Définition 0.2.1. Pour tous réels K et C, on dit que MTW (K, C') est vrai si pour tout (x,y) €
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M x M\ c-cut(M) et (&,n) € TuyM x T, M, on a :

Se(x,y)(€m) = KIEPnI* — Cg,m)lI€]|nl.

Dans le cas ou l'on se restreint a des vecteurs tangents orthogonaux (§,m) = 0, on dit que
MTW (K) est vrai si :
Se(z,y)(€n) = KIEPnl*.

Cette définition a été introduite par Ma, Trudinger et Wanyg.

Les premiéres interprétations de ce tenseur ont été proposées par Loeper dans le cas du coiit
donné par la distance géodésique quadratique. Il montra tout d’abord que si I’on se restreint a x =
1y, c¢’est-a-dire & v = 0, la positivité du tenseur MTW implique la positivité de toutes les courbures
sectionnelles [82], Kim prolongea la réflexion en donnant des exemples de varifés riemmaniennes

de courbures sectionnelles positives partout et pourtant ne vAlrifiant pas MTW (0) [72].

Théoréme 0.1 (Loeper). Soit M une variété riemannienne vérifiant MTW (0) (respectivement

MTW(K)) pour le cott §d2, alors les courbures sectionnelles sont positives (respectivement
>K).

Dans le chapitre 1, on démontre cette propriété par une méthode un peu différente de celle
utilisée par Loeper. Une seconde découverte de Loeper, approfondie par Kim Figalli et McCann,
est que ce tenseur conditionne la quasiconvexité, et convexité de l'’ensemble des fonctions c-

convexes [82, 44|. Précisément on a le théoréme suivant :

Théoréme 0.2 (Figalli-Kim-McCann/Loper). Soit ¢ un codt vérifiant les conditions (1.1.a),
alors MTW (0,0) (resp. MTW(0)) est équivalent & la convexité (resp. quasiconverité) de l’en-

semble des fonctions c-convezes.

Ce théoréme n’est pas trés surprenant si on pense a la régularité des solutions de I’équation de
Monge-Ampére. En effet, dans le cas euclidien avec un cotit quadratique, le membre de gauche de
I’équation (0.2.1) peut étre interprété, au sens d’Alexandrov, comme la mesure du sous-différentiel
de la fonction ¢. Dés lors qu’il y a plus de deux vecteurs dans ce sous-différentiel, la convexité
implique que la mesure de Hausdorff H' est non nulle ce qui est impossible, comme montré par
exemple par Figalli et Loeper dans le cas de la dimension 2 [45]. Dans le cas d’une fonction de
colt quelconque, on cherche & mesurer le c-sous différentiel. C’est donc bien la convexité de ce c-
sous différentiel qui va étre cruciale. En toute généralité la convexité n’est pas a priori nécessaire,
il suffit que deux éléments dans le c-sous différentiel permettent d’obtenir une famille de mesure
de Hausdorff non nulle.

Toujours pour faire plus ample connaissance avec le tenseur de Ma-Trudinger-Wang, le cha-
pitre 1 contient le calcul de la valeur de ce tenseur dans le cas d’un cotit donné par un coiit
lagrangien de type Tonelli et plus particuliérement de la forme énergie cinétique plus énergie
potentielle. Ces calculs ont également été réalisés de maniére indépendante par Lee et McCann
[76].
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0.2.b Conséquence géométrique

Dans les chapitres 2 et 3, on s’intéresse & une conséquence géométrique inattendue du transport
optimal. Pour point de départ on peut mentionner les théorémes de régularité obtenus par Figalli,
Rifford et Villani dans le cas d’une variété riemannienne pour le coiit géodésique quadratique
[48]. Les auteurs introduisent la définition de « Transport Continue Property »qui s’intéresse au
cas ol le transport optimal est continu dés lors que les mesures de départ et d’arrivée sont bien

& densité continue. Le théoréme le plus marquant est le suivant :

Théoréme 0.3. Soit M une variété riemannienne lisse, connexe et compacte telle que :
o MTW > 0 pour le coit géodésique quadratique,
e tous les domaines d’injectivité de M sont strictement convezes.

Alors M vérifie (TCP) pour le coit géodésique quadratique, c¢’est a dire que pour tout couple de
mesures [ et v a densités par rapport au volume, continues et strictement positives, le transport

optimal de p sur v pour le cott géodésique quadratique est continu.

La question sous-jacente naturelle est de savoir si la positivité du tenseur de Ma-Trudinger-
Wang entraine la convexité des domaines d’injectivité. Une premiére réponse fut apporté par
Loeper et Villani [83] dans le cas ou le tenseur est strictement positif et la variété M non focale.
Dans le chapitre 3, ce résultat est étendu au cas ou le tenseur est seulement positif. Dans le cas
de la dimension 2 on supprime également la condition de non focalité de la variété. Les théorémes

nouveaux sont les suivants :

Théoréme 0.4. Soit (M, g) une variété riemannienne non focale satisfaisant MTW (0). Alors

tous les domaines d’injectivité de M sont convexes.

Théoréme 0.5. Soit (M,g) une variété riemannienne compacte de dimension 2, analytique,

satisfaisant MTW (0). Alors tous les domaines d’injectivité de M sont convexes.

Les techniques de démonstration du second théoréme se placent en fait dans un cadre plus
général et donnent ’espoir d’obtenir un résultat sans restriction ni de régularité, ni de dimension.
L’obtention de ce théoréme a nécessité une réécriture et une légére extension du théoréme

suivant obtenu par Li et Nirenberg :

Théoréme 0.6 (Les domaines d’injectivité (cut-loci) tangents sont Lipschitz (i)). Soit M une va-

riété riemannienne compacte. Il existe k > 0 tel que les domaines d’injectivité soient Kk-Lipschitz.

On a besoin dans notre cas du caractére Lipschitz également pour des perturbations du point
sur la variété et pas seulement de la vitesse. Plus précisément on obtient dans le chapitre 2 le

théoréme suivant :

Théoréme 0.7 (Les domaines d’injectivité (cut-loci) tangents sont Lipschitz (ii)).

1. Il eziste k > 0 tel que {I(x) |z € M} est k-Lipschitz.



XV

2. Si M est non focal alors il existe k > 0 tel que {(x,I(z)) C TM |z € M} est k-Lipschitz.

3. Si M est de dimension 2, alors il existe k > 0 tel que {(z,I(z)) CTM |z € M} est k-
Lipschitz.

4. Pour tout (z,v) € TM, s € R et w € Tegp (s0), 0N a [te(exp,(sv),w) — te(z,v)| <
d* ((exp,(sv), w), (z,0)).

Dans le théoréme précédent, ¢. est une fonction représentant le bord du domaine d’injectivité
1. Elle est définie sur UM :

te(z,v) = sup{t >0|tv e I(aj)} (0.2.3)

= max{t > 0| d?(z, exp, (tv)) = ]t!i} (0.2.4)

La démonstration du théoréme 0.7, développée au chapitre 2, se fait par analogie a celle
proposée par Castelpietra et Rifford [30]. L’idée est de séparer le bord des domaines d’injectivité
en trois parties dissociées, la premiére contenant les vitesses étant & la fois dans le lieu focal
et dans le bord des domaines d’injectivité, la deuxiéme contenant les vitesses uniformément
éloignées de la premiére partie et la troisiéme contenant I’ensemble des autres vitesses. On décrit
le bord & I’'aide du théoréme des fonctions implicites et on en déduit son caractére Lipschitz.

Les théorémes 0.4 et 0.5 sont démontrés au chapitre 3.

0.3 Le transport optimal pour une vision lagrangienne de Keller-

Segel

La seconde partie de cette thése est dédiée a ’étude du comportement d’une équation 1D possé-

dant les mémes propriétés que I’équation de Keller-Segel.

0.3.a Modéle classique de Keller-Segel

Le modéle de Keller-Segel consiste en 1’étude d’une population de cellules ayant la particularité
de s’attirer entre elles par I’émission d’un signal chimique. On suit donc I’évolution de deux
quantités, la densité de cellules (notée p) d’une part et la concentration du chémoattractant
(notée ¢) d’autre part. Dans sa forme simplifiée, le modeéle de Keller-Segel (ou Patlak-Keller-
Segel) s’écrit 65| :

Op (t,x) — Ap(t,z) +xV - (p(t,x) Ve(t,z)) =0 (t,z) e Ry xR" (0.3.1a)
— Ac(t,x) =p(t,x) (t,z) e Ry xR" (0.3.1b)

Les paramétres du modéle sont le coefficient de sensibilité des cellules y et la masse totale
M qui est conservée. La particularité de ce modéle est donc la compétition entre un terme de
diffusion qui régularise et étale la solution et un terme de contraction qui, au contraire, crée des

singularités.
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On sait résoudre ’équation (0.3.1b) dans tout 'espace. En dimension 2, par exemple, le noyau

du Laplacien donne une interaction logarithmique :

1
clt.) = =5 [ olo = ylo(t.) dy.

La particularité du modéle de Keller-Segel en dimension 2 est son principe de dichotomie bien

comprise par Blanchet, Dolbeault et Perthame [12] :

Théoréme 0.8 (Blanchet, Dolbeault et Perthame). On suppose que po(|log po| + (1 + |z|?)) €
LY(R?).

Si xM < 8w, alors les solutions sont globales en temps, le terme de diffusion domine.

St xM > 8w, les solutions explosent en temps fini, le terme d’interaction domine.

Dans le cas sous-critique xM < 8, les solutions convergent vers un profil autosimilaire.

Dans le cas sur-critigue xM > 8w, on voit apparaitre la formation d’une masse de Dirac en

temps fini.

L’outil principal pour ce théoréme est la dissipation de ’énergie (ou énergie libre) définie

par :

Flp(t)] = /]R2 p(y)log p(y) dy + zr//R2xR2 log |z — ylp(x)p(y) dzdy.

De nombreux chercheurs ont participé a 1’étude de ce modéle, on peut citer par exemple Nan-
jundiah, Jéger and Luckhaus, Nagai, Biler, Herrero and Velazquez, Gajewski and Zacharias,
Horstmann, Senba and Suzuki. ... On trouvera plus de détails sur ces contributions dans le cha-

pitre d’introduction de la partie 2.

0.3.b Le modéle de Keller-Segel avec interaction logarithmique

En dimension 2, c’est 'interaction logarithmique qui donne la structure de dichotomie. Pour la

conserver en toute dimension d, on définit le modéle de Keller-Segel avec interaction logarith-

mique par :
Op=A0p+ V- (pVW xp) avec W(z)= % log|z|, (0.3.2)
ainsi que I’énergie associée :
Floo) = [ owioesw) dy+ X5 ([ logla -~ slp@inty) dedy.  (0.33)
Rd R X R2

Calvez, Perthame et Sharifi Tabar ont montré que ce modéle suit bien le principe de dichotomie
et de dissipation de 'énergie [25] avec cette fois comme paramétre critique yM = 4dmw. Ce

paramétre peut étre deviné soit par homogénéité sur ’énergie, soit en calculant formellement le

d 9 B Mx
dt/m p(t,x)de =M <2d 27T> (0.3.4)

Une autre propriété du modeéle de Keller-Segel avec interaction logarithmique est qu’il s’interpréte

second moment :

comme un flot gradient pour ’énergie F dans I’espace de Wasserstein, comme montré par Blan-

chet Calvez et Carrillo [8]. L’espace de Wasserstein contient ’ensemble des mesures absolument
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continues avec second moment fini :
W3 (R") = {u € Py (R™) tel que / 22 p(z)dr < +oo} .

On munit cet espace de la métrique de Wasserstein dyy (u, v), donnée par 1'application de trans-

port de Brenier pour le cott quadratique ¢ (z,y) = |y — z|? :

Gy ) =it { [1660) = oPd(o)s tpn=v}
:/|T(x)—x]2d,u(a;).

La notion de flot gradient associée a ’espace de Wasserstein fait I’objet du chapitre 5, tandis que
le chapitre 6 est consacré a I’étude de ’énergie F dans le cas sous-critique. Le transport optimal
envoyant une solution & un temps tg sur celle & un temps ¢ peut étre interprété comme ’ensemble
des caractéristiques de I’équation (0.3.2). Il méne donc a une interprétation lagrangienne de cette

équation, c’est-a-dire en suivant les particules.

Probléme de quantification de la masse

Une autre question intéressante concernant I’équation de Keller-Segel avec interaction logarith-
mique est la quantification de I'intensité de la masse de Dirac créée dans le cas sur-critique. C’est

le probléme de quantification de la masse [104].

4d
Probléme 0.3.1 (Quantification de la masse). Soit x fizé. Dans le régime sur-critique M > —W,

‘ o ‘ : i ddm
le premier point singulier contient exactement la masse critique : —.

Au chapitre 7 de cette thése, nous contribuons a la compréhension du probléme de quantifi-
cation de la masse a travers un exemple particulaire en dimension 1, défini en suivant I'intuition

lagrangienne du flot gradient dans I’espace de Wasserstein.

0.3.c Un schéma particulaire en dimension 1

L’interprétation flot gradient est particuliérement intéressante en dimension 1, car on a alors une
formule explicite permettant de ramener le systéme d’équation (0.3.1) & un vrai flot gradient
dans l’espace L2(O, 1). Cette transformation est donnée par la pseudo-inverse de la fonction de
répartition de la solution au probléme (0.3.1). Explicitement, pour p € W5 (R), on définit sa

masse cumulée ou fonction de répartition M, : R — [0, 1] par :
My (2) = (] — 00, (0.3.5)

Sa pseudo-inverse X, : [0,1] — R est alors donnée par :

X, (m) = inf{z € R tel que M, () > m}. (0.3.6)
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De 14 on peut définir un schéma particulaire dont 1’'idée directrice est de faire porter une masse
de méme valeur & chaque particule. On discrétise donc ’énergie F en N points avec un pas de
masse constant. On obtient une équation flot gradient dans RY qui sera la base de notre étude.

L’énergie est donnée par :

N—-1
E(X)=-) log(Xi1—Xi)+xhy Y log|Xi— X, (0.3.7)
i=1 1<i£j<N

et le flot gradient associé s’écrit :

{ X(t)=-VE(X(t) teR (0.3.8)

X (0) = X X% e RV,

Ce schéma a été étudié en particulier par Devys.Il présente toujours une compétition entre
attraction et diffusion, mais cette fois le probléme de masse critique est déplacé en un probléme
de nombre de particules critique. En effet, on observe la collision de plusieurs particules dans
le cas sur-critique. La question est alors de savoir si la collision se produit avec le nombre de

particules minimum charriant la masse critique. Ce nombre est appelé le paramétre k critique.

Définition 0.3.2 (Paramétre k critique).

r N+1
Le dernier chapitre de cette thése est donc consacré au probléme discret de la quantification

de la masse :

Probléme 0.3.3 (Quantification de la masse, cas discret). Soit x fixé, si X’fv <x < xﬁ“v_l alors

le premier point singulier contient, génériquement, exactement k particules.

Dans le cas discret, il est impossible d’envisager un résultat autre que générique car le systéme
ne peut pas briser les symétries (voir figures 0.3.c et 0.3.c). Aprés une analyse détaillée du cas a
trois particules, on s’intéresse au cas & N particules. Les résultats obtenus sont de deux natures.
D’une part on identifie des solutions dont on peut garantir I’explosion avec seulement le nombre de
particules critiques. D’autre part on détaille le profil d’explosion de ces solutions. Les principaux

outils utilisés sont les déviations standards & k particules et le potentiel extérieur d’interaction.

Définition 0.3.4 (Déviation standard et potentiel extérieur d’'interaction). On se donne Z un en-
semble connexe d’indices, appelé ensemble intérieur. Typiquement, T = [l,1 + p|. On définit éga-
lement O = [1, N]\Z l’ensemble extérieur. La déviation standard du vecteur (Xz) = {Xj, ... X14p}
est donnée par :
=Y (Xi-X7)°, ot Xr= é' S X (0.3.9)
i€Z i€l

Le potentiel extérieur d’interaction Hzop o contréle la force avec laquelle les particules extérieures
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0.015

FIGURE 0.3.1 — Ici 4 particules suffisent pour exploser. Dans le premier cas, la condition initiale
symétrique empéche le modéle de faire un choix parmi les cinq particules centrales, on a donc
une explosion avec cinq particules. Ce phénoméne est instable mais le schéma numérique utilisé
conserve les symétries et permet donc de 'observer. Dans le second cas, la condition initiale n’est
pas symétrique et c’est bien quatre particules seulement qui participent a ’explosion.

I I 0 1 I I I I I
0 0.005 0.01 0.015 0 0.002 0.004 0.006 0.008 0.01 0.012

FIGURE 0.3.2 — Ici 3 particules suffisent pour exploser. Dans le premier cas, la condition initiale
symétrique donne deux explosions simultanées et symétriques. Dans le second cas, la condition
initiale n’est pas symétrique et I'une des deux explosions se produit juste avant 'autre.
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peuvent influer sur ’ensemble intérieur :

1

jeO ieT

De fagon générale, on utilisera également Hzo m, qui correspond a la norme m :

1
Hrom =2 0 XX

jeO ieT
Stabilité des bassins d’attraction

On commence par exhiber des bassins d’attraction pour I’explosion. Lorsqu’une solution croise
I'un de ces bassins, son comportement est contrélé jusqu'au temps d’explosion. En particulier,

on montre le théoréme suivant :

Théoréme 0.9. Soit x fixé tel quecva <x < Xﬁ,—l et X une solution de l’équation (0.3.8). S’il
N
existe t € [0,T] tel que X (t) € vaxf , alors l’ensemble d’explosion contient seulement k points.

N

L’espace D;’, X controle les tailles respectives de la deviation standard a k particules et du

potentiel d’interaction extérieur. Sa définition est la suivante :

c
e &
‘e

DN,X = {X e RY tel que 3l > 0 avec H% <eet Hrpa < g}
lciZ=[,l+k—1],0=[1,N]\[l,l+k—1] et Cy dépend uniquement de x, k et N.

Rigidité de ’explosion

Lorsque la solution explose, la question naturelle qui se pose est celle du profil d’explosion. Pour
répondre & ce probléme, on rééchelonne la solution en ajoutant un potentiel a I’énergie et en
redéfinissant le temps. On obtient ainsi une solution définie sur R™ qui fait apparaitre le profil

d’explosion. Le théoréme principal obtenu au chapitre 7 peut étre résumé ainsi :

Théoréme 0.10. On considére I’énergie rééchelonnée associée & un sous-ensemble de k parti-

cules :

Ep(Y)=— >  log(Yip:1 —Y)
i€T\{l+k—1}

(6
xhy Y, loglVi-Yil=5 ) i
(4,7)€TXT\{i} 1€l

Soit x fixé tel que X’fv <x< X]fv_l et Y le rééchelonné d’une solution de (0.3.8). On a alors :

1. Y(t) = 0 quand t — oo.

2. Ei (Y(t)) converge vers une limite notée E,, quand t — oc.

3. (VEg) (Y(t)) — 0 quand t — oc.



xXxi

Dit autrement, la solution converge vers un point critique de la fonctionnelle & k£ particules a
une sous-suite prés. Nos k particules évoluent donc comme si elles étaient solutions de ’équation
flot gradient associée & I’énergie & k particules. Ainsi, les profils d’explosions sont contraints par

les points critiques de la fonctionnelle a k particules (rigidité de I’explosion).

0.4 Perspectives

Les résultats obtenus au cours de ce travail de thése ouvrent la voie & de nombreuses perspectives.

A la suite du chapitre 3, nous espérons pouvoir montrer que les domaines d’injectivité de
(M, g) sont convexes sans restriction ni de dimension, ni de focalité, ni de régularité sur les
variétés plus que C?*. Pour cela, il reste toutefois des difficultés importantes & surmonter. Une
premiére étape pour mener & bien ce travail serait une étude plus poussé du tenseur de Ma-
Trudinger-Wang en toutes dimensions, a 'image des travaux de Figalli, Rifford et Villani en
dimension 2 [47|. Enfin, une autre interrogation reste le comportement du transport optimal lors
de la présence d’un point purement focal dans le lieu d’injectivité. Une meilleure compréhension
du tenseur pourrait également permettre des avancées sur ce sujet.

En ce qui concerne la seconde partie, un prolongement direct des résultats obtenus serait de
parvenir a quantifier la taille des bassins d’attraction et de montrer qu’ils permettent d’attraper
toutes les solutions. Un autre développement naturel serait de s’intéresser au passage a la limite
quand le nombre de particules tend vers I'infini. On pourrait également chercher a transmettre
les résultats obtenus ici au cas continu en dimension 1, la difficulté venant des singularités créées
aux interfaces des ensembles Z et O. Enfin, en suivant le travail de Devys [37], on pourrait définir
un modéle particulaire qui dépasse 1’explosion et s’intéresser & ce que devient la ensuite solution.
La masse de Dirac grossit-elle 7 Quelle peut étre I'intensité des nouvelles masses de Dirac créées ?
Les résultats numériques de Devys donnent déja des indications intéressantes pour répondre a

ces questions.






Part 1

Ma-Trudinger-Wang tensor and

regularity of the tangent cut loci






Abstract

This part is composed of three chapters. The first one can be seen as a general introduction
of the Ma-Trudinger-Wang, or cross curvature, tensor and its various link with the regularity
of optimal transport. We also find here the computation of the Ma-Trudinger-Wang tensor for
some particular Lagrangian action. The second chapter is devoted to the proof of some regularity
results on the tangent focal loci and the tangent cut loci of a smooth compact Riemannian
manifold. In particular, we prove that the tangent cut loci are Lipschitz continuous. This
theorem was first proved by Li-Nirenberg improving one due to Itoh-Tanaka, (|64, 77]). Then
Castelpietra and Rifford used another approach to simplify the demonstration [30]. Here we
follow the strategy of the latest. The idea is to split any tangent cut locus into three different
categories. For each of them we obtain the Lipschitz continuity as a consequence of the implicit
function theorem. The new result here is the Lipschitz continuity with respect to the position
variable in some directions.

In the third chapter, we use the previous result to show that given a smooth, non-focal or
two dimensional, compact Riemannian manifold, if the Ma-Trudinger-Wang (MTW) tensor is
non-negative then all the tangent injectivity domains are convex. These new results extend
and contain a previous one due to Loeper and Villani [83]: in the non-focal case, if the Ma-
Trudinger-Wang tensor is positive then all the tangent injectivity domains are uniformly convex.
The key tools are the extended MTW tensor introduced by Figalli and Rifford and the mother
computation introduced by Kim and McCann [74] . This tensor is used in a bootstrap argument:
for any line with endpoints in a tangent cut locus, we prove that the cut locus cannot be too
far from this line, then we use the tensor to improve this default until we get convexity. This
result needs a global argument at each step; therefore we obtain the convexity for all the tangent
cut locus together. This work is a collaboration with Alessio Figalli and Ludovic Rifford and
is a contribution to the understanding of the link between the regularity of optimal transport
and the geometry on a Riemannian manifold. It enforces the idea that the Ma-Trudinger-Wang
tensor contains all the ingredients, including the geometrical one, for the regularity of optimal

transport.






Chapter 1

Regularity of optimal transport: the
Ma-Trudinger-Wang tensor

1.1 Definitions and notation

1.1.a Monge problem
Definition

The optimal transport was introduced by Monge in 1781 [90], the idea is to transport some mass

from one place to another with minimal cost. A way to set the problem is the following.

Definition 1.1.1 (Monge Problem). Let M be a Riemannian manifold, ¢ : M x M — R a cost
function and u, v two absolutely continuous probability measures. A transport t, from u to v is a
mapping from M to M, p measurable, such that tup = v. It means that for any measurable set
B in the target space we have v(B) = p (t~1(B)). An optimal transport map T is a ju measurable

map of the following minimization problem:

T = argmin (/M ¢ (z,t(z)) d,@)) . (1.1.1)

typu=v

The basic definitions and notation concerning a Riemannian manifold can be found in the ap-
pendix A (see also [53, 98]).

Cost assumption and regularity

The transport optimal starts with the notion of cost: how expensive is it to go from one point
to another. Thus for the optimal transport to be well defined, we need assumptions on the cost

function. They are enclosed in the following definition. For details we refer to [110].

Assumptions. . Let ¢ : M x M — R be a cost function. The assumptions (Super), (Twist),
(Lip) and (SC) will be used in the sequel:

1. (Super) if ¢(x,y) is everywhere superdifferentiable as a function of z, for all y.
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2. (Twist) if on its domain of definition, Vgc(x,-) is injective. In this case we denote
~ (Voc(x,-)) ™" by c-exp,.

3. (Lip) c¢(x,y) is locally Lipschitz as a function of z, uniformly in y.
4. (SC) ¢(z,y) is locally semiconcave as a function of x, uniformly in y.
An important class of cost examples are those coming from a Lagrangian action:

Definition 1.1.2 (Lagrangian action). Let L : R x TM — R be a Tonelli Lagrangian. The cost
c associated to L is defined by:

c(r.y) = miny {/01 L <7(t), Ciy(t),t) dt} , (1.1.2)

where AY is the set of all absolutely continuous paths ~y defined on [0,1] satisfying v(0) = 0 and
v(1) =1.

The Tonelli assumption (convex in the fibre and superlinear) guarantees that c satisfies the

conditions 1.1.a. The most basic example is given for L(z,v,t) = §|’U|i, it leads to the quadratic

1
geodesic cost c(x,y) = §d2(:c,y), where d is the geodesic distance. The notation in the twist
condition are defined by analogy with this case. More informations on Tonelli Lagrangian action

can be found in the recent book of Mazzuccheli [86].

c-convexity

Another crucial definition is the concept of c-convexity. On the standard Euclidean space, R",
the basic tool needed to define a notion of derivation is the line. A function is differentiable in
a point when it coincides at order 0 and 1 with a line. This line also gives a natural class of
functions, the convex one. A function 1 is convex if for any point g, one can touch ¥ at xz,
from below, with a line. At a point g, the contact line will take the form ¥ (x¢) + (x — z¢) - p.

In this case we say that p is an element of the subgradient of ¢ at xq:

pE Vilb(xo)

The set {z +— (x —x¢) -p, for p € R", zy € R"} constitutes the support set where we can pick
up a line to touch our function from below. A function x — (x — z) - p is a support function if
for all x € R™:

(@) = P(wo) + (2 — o) - p-

Roughly speaking, a function is convex if there exists a support line for any xy € R". If now we
work in a different world and the shorter path to go from one point to another is no longer the
line but a curved path, then we have other supports. The support set at xy becomes the set of
all the c-support functions = — D(zg,y)(z) = ¢(xo,y) — c(x,y) for y € Y. We can thus define

the c-convexity by analogy with convexity.
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Definition 1.1.3. Letc : X XY — RU o0, a function ¢ : X — RU oo is c-convex if Vag € X,
there exists yo € Y such that

() = (o) + (0, 90) — c(x,y) = P(x0) + D(xo,%0), Vo e X.

In this case we define the c-subdifferential (0.1 (x0)) of ¥ at xg as the set of all the admissible yo
and the c-subgradient (V,(x0)) of ¥ at zg as the set of all the speed p such that ¢ -exp,, (p) €

Octh(xp).
An equivalent way to define it is with the c-transform:

Definition 1.1.4. Letc: X XY - RUoo, and ¢ : X - RUoo. We define v : Y — RUco

as

V(y) = inf {0(@) + e, )}

Similarly for ¢ : Y — RU oo we define ¢.: X — RU 0 as

pe(r) = sup {p(y) — c(z,y)} -

yey
Then 1 is c-convez if Y = (Y°)e.
Moreover if ¢ satisfies (Super) then ¢ is subdifferentiable at any z¢p € X such that 0.¢(xg) is

not empty. In particular for any y € 0.4 (xo) there exists p € T* X such that

Vec(ro,y) = p,

then by definition —p € V™9 (). One can remark that V_ ¢ (z¢) C V™ ¢(zp) but the converse
is not true in general.

If in addition the condition (Twist) and (Lip) are satisfied, then ¢ is locally Lipschitz and
differentiable almost everywhere. If the condition (Twist) and (SC) are satisfied, then 1 is
locally semiconcave and differentiable almost everywhere in the interior of its domain. In any
case when 1 is differentiable at xo we have by definition c-exp, (Vi) (20)) = 09 (20). In this
case the notation D(xg,p) stands for D (xg, C-expy, (p))

1.1.b Notation

We list here all the notation and remarks that are used in this chapter. The Riemannian manifold
M and the cost ¢ satisfying 1.1.a are fixed, x,y are points in M, p € T, M and ¢ is a c-convex

function.
o c-exp,(p) = (Vac(z,)) " (—p).
e c-I(z) is the domain of definition of ¢-exp,, .
e c-cut(x) is the domain where V c(z,-) is not well defined.

e ¢-NF(x) is the domain where the differential of ¢ — c-exp,(q) is invertible.
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e O.¢(x) is the c-differential of ¢ at .
e V_¢() is the c-subgradient of ¢ at z. We have dcp(z) = c-exp, (V, ¥(z)).

e V 4(x) is the subgradient of ¢ at . We have V_ ¢ (x) C V™9 (x). The converse in not

true.
e The c-support D(x7p) =D (1'0, c—expx(p)) =D (.’L',y) = c(x,y) - C('7’U).
e We define a c-segment with respect to = by c-[p, ¢z = c-exp,([p, q]).

e Aset Sin M is c-convex with respect to x if for any yo, y1 € S the c-segment c- [Vye(x, yo), Vaec(z, y1)],
is in S. For example if V_¢(x) = V™ ¢(x) then 0.¢(x) is c-convex with respect to .

e A set S in M is c-convex with respect to another set S’ if for any z € S, S is c-convex

with respect to z.

e When c is the quadratic geodesic cost we find the usual notion: c¢-exp, = exp,, c-cut(z) =

cut(z) and c-I(z) = I(x) is the injectivity domain.

e When c is given by a smooth, time independent, Tonelli Lagrangian L, c¢- exp, (p) is solution
at time 1 of the path of least action for L starting at x with initial velocity p. Moreover
VoL(z,v) = =Vge(x,y) .

e For convenience the manifold M is supposed to be compact. Many things can be done
without this hypothesis [110] and when it comes to the regularity question for example for

the quadratic geodesic cost this hypothesis is not restrictive.

e M can be a bounded domain of R” or a Riemannian manifold. In this case we ask that the

boundary has a Hausdorff measure at most equal to n — 1.
e By convention the points z and y always lie in the interior of M.

e Without adding any difficulty we can suppose that the source space M and the target

space M are in fact different.

The notion of c-segment, c-subdifferential was introduced by Ma Trudinger and Wang [85].

1.2 Solution of the Monge problem

1.2.a Existence theorem

The first solution to the Monge problem was given by Brenier [14] in the case of the quadratic

cost in R".

Theorem 1.2.1 (Brenier). Let ¢ : R" x R" - R, =,y — c(x,y) =
let p € P(R™) absolutely continuous and v € P(R™) then there exists a unique transport map T

2
x J—
\2y\ be the cost function,
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562

solving the Monge problem. Moreover there exists a convex potential function @, (or a ?—convex
function ¢) such that

x? x?
T(z)=Ve(z) =2+ <Vg0(a:) - 2) =V <2 + qﬁ(x)) .
The function ¢ is unique up to a constant.

The most general version for the solution to the Monge problem may be found in [110]. Here we

consider only the particular case where M is compact.

Theorem 1.2.2 (Solution of the Monge problem). Let M be a compact Riemmanian manifold,
c¢: M xM — R be a continuous cost function satisfying (Super), (Twist) and ((Lip) or (Sc)).
Let € P(M) absolutely continuous and v € P(M) then there exists a unique optimal map T

solving the Monge problem. Moreover there exists a c-convex function v such that p almost

everywhere:
Vip(x) + Vye(z,T(x)) =0 or equivalently T(x) = c-exp, (V¢ (z)). (1.2.1)
. . . . 15, .

In particular when the cost is the quadratic geodesic one: ¢ = id the c-exp is exactly the

exponential function on M, thus
T(z) = exp, (V¢ (z)) .

The particular case of quadratic geodesic cost is due to McCann [87]. The characterization (1.2.1)
states that 1 is c-convex, differentiable and T'(z) € 0.1 (z), which means that 7" is concentrated
on the c-subdifferential of .

1.2.b The Monge-Ampére equation

To avoid a long discussion we consider here a cost ¢ which is at least C* on M x M, and we
transport a measure with smooth density with respect to the volume. To fix the notation, we
take u = fdz and v = gdy. We also suppose that T is C2.

Therefore we see that 1" gives a change of variable formula. By definition T u = v. Thus for

any measurable set B in the target space we have

/TlB f(ﬂf)dwz/Bg(y)dy'

We perform the change of variable y = T'(z), that leads to

[, s@ds= [ o) et [T ()] dy
T-1B T-1B

We deduce
(1.2.2)
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The characterization (1.2.1) in Theorem (1.2.2) leads to a fully non linear elliptic equation on

1. Indeed we can differentiate, in smooth charts, (1.2.1) with respect to x and get
V2p(x) + Vege(z, T(z)) = —Veye(z,T(x)) VT (z),

taking the absolute value of the determinant and recalling (1.2.2) we obtain a partial differential
equation on

det (V(z) + Vage (z,T(z))) = @) |det Vg yc (z, T(x))]. (1.2.3)

9(T(x))
According to (1.2.1) this equation is a Monge-Ampére type equation on 1. It is a fully non linear

elliptic equation. For this equation the boundary condition is given by

T (supp(u)) = supp (v) .

This condition is called the second boundary condition. In the Euclidean case, with the cost

given by the square of the norm we obtain

@

det (V24 (z)) ST

(1.2.4)
The Monge-Ampére equation is useful to answer to the question of the regularity of the potential
function t. The typical question is: given two smooth densities (say C*) f and g, is the optimal
transport smooth ? In the Euclidean case, several results were already known when the link was
done with optimal transport. Therefore the first regularity results go to Delanoé, Caffarelli and
Urbas [33, 21, 18, 19, 20, 22, 107, 106]. In the general case the question is quite difficult. We
start by giving some obstruction to the regularity of the optimal transport and then we explain
the breakthrough due to Ma, Trudinger and Wang [85].

1.3 Regularity of optimal transport map: obstructions

In this section we consider a Riemannian manifold M of dimension n.

Caffarelli’s counterexample, convexity of target’s support

Caffarelli found a first obstruction to the optimal transport: the support of v has to be convex.
Indeed let f be the normalized indicator function of the unit ball in R?, and g. the normalized
indicator function of two half-unit balls linked with a small shuttle. The transport f to g. for
the quadratic cost (|z — y|?) gives a map T.. Ninety-nine percent of the upper East side of the
unit ball has to be sent into the upper east hemisphere of the target set, and the same goes for
the upper West side. Moreover by continuity, the image by 7" of a horizontal segment joining the
upper East side to the upper West side must be connected. Thus we can take a z into the upper
East side such that x — T, (z) is mainly oriented to the south (7-(x) is in the shuttle). According

to the ninety-nine percent properties, and passing to the limit when € goes to zero, we can find
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a y below z such that (z —y,T(x) —T(y)) < 0, which is impossible since 7" is a gradient of a

convex function. We deduce that T, cannot be continuous for £ small.

Ma-Trudinger-Wang’s counterexample, c-convexity of target’s support

As Ma, Trudinger and Wang showed in [85] a similar obstruction appears when the cost is not
the quadratic one (|z — y|?). They proved that the the target support has to be c-convex. The

counter example constructed in this paper is the inspiration of the one given in theorem 1.5.5.

Loeper’s counterexample

A second obstruction was explained by Loeper. He proved that the geometry of the manifold can
also be an issue for the regularity of the optimal transport map. For example if we consider the
quadratic geodesic cost then the manifold has to have non-negative sectional curvature. The idea
is that in a negative sectional curvature world the Pythagoras inequality is in the wrong side, the
hypothenus is not the quickest path to go from one summit to the other in a rectangle-triangle.
Thus if there exists one point with negative sectional curvature, Loeper managed to fix this point
by symmetry. Then choosing carefully © and v he makes it cheaper to move this point and get

a contradiction.

The 0.1(z) have to be connected

Another important fact to obtain the regularity of the optimal transport is that all the d.¢(x)
have to be connected. For clarity, the proof of this result is postponed at the end of the next
section, it is the object of theorem 1.5.5.

For more details and pictures on these three examples we refer to [110].

1.4 The Ma-Trudinger-Wang tensor

1.4.a Definition

A positive result on optimal transport for various costs was first obtained by Ma, Trudinger and
Wang. They came up in 2002 with a tensor that seems to be the good tool to solve the regularity
issue [85, 105].

Definition 1.4.1. Let ¢ : M x M — R satisfying 1.1.a. For any (x,y) € M x M \ c¢-cut(M),
and (§,m) € Ty M x TyM such that

<V%x7y)c(a:, y)g’ 77>y = <§7 V%x7y)c(x> y)n>y =0, (141)
we define &, such that
3 ) iego kol
Sel,y)(&n) = 5 Vijutrs(Cijrc™ Cs ot — Cijm)E'E 1N (1.4.2)
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This expression is a bit complicated, and the regularity will be based on its positivity. Fortunately

we can reformulate the definition.

Proposition 1.4.2. We take the same hypothesis as in definition 1.4.1, we also define 7 =
—V%%y)c(x,y).n and v = =Vc(z,y) then (1.4.2) is equivalent to

3 d? a2

Selw,y)(&m) =—5 J575 [c (exp,.(£), ¢ -exp, (v + s7))] (1.4.3)

0

t=01ls=
Moreover we can remark in the following proposition that the MTW tensor is symmetric.
Proposition 1.4.3.

We take the same hypothesis as 1.4.1, we also define 1 = —V%%y)c(x,y).n, y = c-exp,(v) and
ez,y) = cly,x), €= —M(z,y)¢, 1= (=)' M (z,y). Then (1.4.2) is equivalent to

- 3 & 2 . L )

Sz(z,y)(&,1) = T2 aae| t:o (¢(¢ — exp, (v + t&), exp, (s1)))). (1.4.4)
2 72 B

N %% olo c(€ — expy (U + 1€), ¢ -expy (v + 57)) (1.4.5)

For historical reason definitions are given for (£,7), = 0, but this hypothesis is not needed
for &., also named MTW, to be well defined. Therefore we extend these definitions without
the orthogonal hypothesis. The tensor without the orthogonality condition was called the cross
curvature by Kim and McCann [75]. This definition makes sense since, as we will see MTW
contains some informations about the curvature of the manifold and can be see as a curvature
operator on the bi-product M x M, however by admiration I will call &, the Ma-Trudinger-Wang

tensor.

Proof of proposition 1.4.2 and 1.4.3 . We first observe that M = V,,c is an operator from
T, M xTyM into R: &, 71+ ¢'Mn. Then we compute the MTW tensor starting from (1.4.3):

2 &
—38clz,y)(En) = -5

d2
@ ’SZO [§t7 &tvl’wc(wv C-€xXPy, (U =+ Sﬁ))]

d

% [dp:tf CXPy (f)tvxc (epr (té')v C-€XPy (U + Sﬁ))]
s=0

t=0

2
where we used the fact that % exp, (t§) = 0. Thus

— 26, ) (€ 1)

d

= | (€€ Vanye(w, c-exp,(v+ 7)) (=) M (2, ¢~ exp, (v + 57))]
s=0

= [ftaftvm“,yyc(way)(_ﬁ)tM_l(xvy)(_ﬁ)tM_l(xay)]
+ [€8, 6V yela,y) — Mz, y)V y M (2, y) (=) M~ (2, y) (=)' M~ (2, y)]

10
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2 ~
We run the symmetric computation on —565(:@ y)(&,7) to get

— S, €T
= [ M7 @) (=) M @, y) (<8 Vel )i ]

— [ M7 @) (=) M @, y) (=) VM () M7 (2,9) Vel )7, 7]

As M_l(xvy) - E: &, (_ﬁ)tM_l(xay) = 77; VoM = V:m:,y and v,yM = Vm,yyc(x7y)a we get

that both computation are equal to

[§t7 gtvxﬂcﬂyyc(% y)ﬁm - ftftvxx,yc(xa y)Mil (2, Y)Vayyc(x, y)mm.
Finally, developing in index we do get the equivalence with (1.4.2). O

These equivalent formulations have the advantage to see everything from x and make the tensor
local. Following this remark Figalli and Rifford extend the definition of MTW. First they noticed
that in definition (1.4.3), one can see &.(x,y)(&,n) as S (z,v)(&,7) defined for all v € ¢-1(z)
and (£,m) € T, M x T, M. Secondly they observed that one can push v in the definition up to the
c-tangent focal locus (¢-NF), as long as the differential of r — ¢-exp,(r) is invertible. Therefore

they came up with the following definition of the extended Ma-Trudinger-Wang tensor.

Definition 1.4.4 (Extented MTW tensor). Let x € M, v € ¢-NF(z), and ({,n) € ToxM x T, M.
Since y 1= c-exp,v is not c-conjugate to x, by the Inverse Function Theorem there is an open
neighbourhood V of (z,v) in TM and an open neighbourhood W of (x,y) in M x M, such that

Vi : VCITM — WCMxM
(2',0") — (2, c-expy(v))

is a smooth diffeomorphism from V to W.

Then we may define the extended cost ¢y, : W — R by

Clap) (@', Y) = . V(@ y) ew. (1.4.7)

If v € c-I(x) then fory' close to c-exp,v and x’ close to x we have Clav) (', y) = c(2',y). For
every x € M, v € ¢-NF(x) and (&,n) € TyM x T, M, the extended Ma-Trudinger-Wang tensor
at (z,v) is defined by the formula

d2
s=0 dt?

3 d?

g(Jc,v) (57 77) = _5 @ E(a:,v) (epr(t§)7 c -epr('U + 377)) :

t=0

Be careful that this time n € T, M is the previous 7. For geographic reason we will work with
the second extension, The key tool for regularity will be to see when this tensor is positive,

non-negative or bounded from below. It leads to the following definitions:

Definition 1.4.5. Let M be a smooth Riemannian manifold, and ¢ a cost satisfying 1.1.a. We

11



Chapter 1. Regularity of optimal transport: the Ma-Trudinger-Wang tensor

say M satisfies MTW (K, C) if for all (x,y) € M x M \ c-cut(M) and (§,n) € TuM x T, M,

Se(z,y) (& n) > KIEPPIn> — CIE m)I€]n].

Similarly we say that M satisfies MTW (K, C) if for all (x,v) € M x ¢-NF(z) and ,n €
T, M x TyM,
Gelw,v)(&m) = K [nl* = CI{& mlI&]In].

If we restrict to vectors such that (£.n) =0, we say that M satisfies MTW (K) if

Se(z,y)(&n) = K[¢Pnf.
Similarly we say M satisfies MTW (K) if

Se(w,v)(&m) = KIEL[n|*.

Finally MTW will stand for MTW (0) and MTWj for MTW (0) in a strict form.

Note that in previous definitions we consider &,n in T, M. Definitions would have been almost
unchanged taking n € T, M, one just need to be careful with the norm V%Ly)c(x,y) that can

make crash the constant.

Remark 1.4.6. The condition MTW (0), MTW (0), MTW (0,0), MTW(0,0) are also known
under the name A3w, A3s, B3w, B3s. The second type of notation are usually used when the
authors use the cross curvature name instead of MTW. This is the case in the paper of Kim and
McCann [75]. The notation A3w and A3s are the original ones introduce by Ma, Trudinger and
Wang [85].

Examples

Finding example satisfying MTW (0), MTW/(0,0),..., is not an easy task. Ma, Trudinger and
Wang proved in particular that the condition MTW(0) holds for the (;ost clz,y) =1z —y[?,
c(x,y) = /1 + |z — y[2 and more generally c(z,y) = ( e+ |z — y|2> *. They also remark that
S, = 0 for the quadratic cost on R™ [85]. The first Riemmanian example satisfying MTW(0)
was the sphere S™ with the quadratic geodesic cost [82]. Then Figalli Rifford and Villani proved
that a small C* perturbation of the metric still satisfies MTW ,(0) [49]. In dimension 2 Delanoé
and Ge on one side and Figalli and Rifford on the other, independently give a formula for the
MTW tensor it leads again to perturbation results for the MTW tensor [35, 34, 47]. However
in all these cases the tensor satisfies MTW(0), the first example that allows flat sectional
curvature is the product of round sphere, this result is due to Kim and McCann [75]. In details
Kim and McCann showed that a product of manifold satisfying MTW (0, 0) is MTW (0,0), but
there is no reason for a product of MTW/(0) to be MTW(0). They also show in the same
paper that the tensor MTW is stable under Riemannian submersion quotient, this open to a
class of new examples as CP". This shows regularity of optimal maps on multiple products of

round spheres, giving the first regularity results of optimal maps on curved (non flat) manifolds

12
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allowing zero curvature [42]. Another surprising result is brought by Figalli Rifford and Villani
they prove that an ellipsoid of revolution does not satisfies MTW when it is to flat [47]. To
complete this work Bonnard Caillau and Rifford proved that for such an ellipsoid the injectivity

domains are not convex [13].

1.4.b Jacobi fields I

Before going to geometric consequences of the positivity of the MTW tensor, we first give a
fundamental proposition that expresses MTW with the Jacobi fields of M in the case of the
quadratic geodesic cost. We start with some notation and refer to appendix A for definitions
related to the Riemannian structure.

For (z,ys) € M x M \ cut(M) we define ~,:

vs: [0,1] = M
T = exp, (Tvs),

the geodesic path starting in  at time 0 and finishing in ys at time 1. We then define J,(7,¢)
as the Jacobi field along v, in direction &, that is:

d
Js (7—7 5) = % |t=0’)/8 (t7 T, 5)

where ~5(t,7,€) is the geodesic path starting from exp,(t§) at time 7 = 0 and reaching ys at
time 7 = 1.

We can now state the following proposition:

1
Proposition 1.4.7. Let ¢ = §d2, (x,y) € M x M \ cut(M) with y = exp,v, and &,n €
T,M xT,M. Then

3
630,3/(57 77) = 5

d? .

—|  (Js(0,8).)a,
ds? s=0

where ys = exp, (v + sn).

It says that MTW is the second derivative of the initial acceleration for the Jacobi field in
direction ¢ finishing at ys.

Proof. By definition

d2
sp dt?

3 d?

Gz,y(fa 77) = _§ @ c(expx(té), epr(U + 377))

t=0

Still by definition
1 1
clexpult).exp, v+ ) = 5 [ ot P

Therefore

I 5 d (' D
5 / |8T78(t? 7_75)’ dr = — / <787"Y$(t77_7 5);87—'}’5(ta 7—75)>d7_ (148)
+=0 2 0 0 Dt

d2
de? dt

13
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Then we can exchange the first derivative in t and s, and since the path 7 — (¢, 7, §) is geodesic

in 7, we have 9%y = 0. Moreover, as v,(t,1,£) = y,, we find that ﬂ%(t’ 1,£) = 0, and since

d
vs(t,0,€) is a geodesic path with respect to t with initial velocity &, it leads to %'ys(t, 0,§) =¢&.
Plugging these informations in (1.4.8) we get

d [t d
/ ‘a’r’)/s i, 5 2dT = % <8t’75(t T, 5) T"}/s(t T, £)> (149)
t= 0
= (0(1.0.9). 0 (. 7.)

= _<at75(07 07 §>7 87'|T:08t‘t:0,78(t7 T, §)>)

O

The approach by Lee and McCann in [76] is similar, but as we are working with the extended

tensor, we go a little bit further and give the extended proposition.

1
Proposition 1.4.8. For c = §d2, (x,v) € M x NF(z), and &,n € T, M x T, M, then

— 3 d2 .
693,1/(6777) 2d 2|5 0< S(O’§)£>xv

where ys = exp, (v + sn)

Proof. The proof is exactly the same as the one done above for proposition 1.4.7. O

For convenience we rewrite this proposition in the spirit of the Rifford and Figalli approach [46].
The reformulation corresponds to a time reparametrization of the Jacobi field equation. We

consider the Jacobi field equation along 7 — 4(7—-) the geodesic path starting from x at time

|vs

0 and reaching ys at time 74 = |vs|. As recalled in Appendix A the Jacobi field equation for I a
Jacobi field is
I(T) + R(7)I() = 0, (1.4.10)

where R is given by the Riemmanian tensor. Note that R depends on s. We define the two

fundamental solutions Iy, I; of (1.4.10) fixing the initial conditions:

Io(0) =0 Io(0) = I, (1.4.11)

L(0)=1, L(0)=0.

In general the dot will refer to the derivation with respect to the parameter 7, the ' for the

derivation with respect to the parameter s. Thus we reformulate proposition 1.4.8.

1
Proposition 1.4.9. For c = §d2, (x,v) € M x NF(x), and &,n € T, M x T, M, then

— 3 d?
S w(&,n) = T2 ds2| <Ts] (78)11(78)5 &)z,

where v + sn = vs and Ts = |vg].
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1.5. Some MTW (K, C) consequences

One has to be careful performing the derivation, as Iy and I; depends on s.

Proof. We just have to check that J(0,&) = —7sIy ' (75)[1(75)€. To see Jy(.,&) as a Jacobi field

along 73(.%), we have to reparametrize Js. Let I(7,xi) = Js(l,g). I, is a Jacobi field along
Vg Ts
~s( Us ), thus we can express it in term of Iy, I;:

os|
Ly(7) = Li(7)I5(0) + Io(7) L (0). (1.4.12)
Moreover I5(0) = Js0 = & and I4(7s) = Js(1) = 0, thus (1.4.12) at time 75 gives

1,(0) = =I5 ' (7o) I (T5)¢.

Since js(l, €) = 7oI,(7, €) the proposition is proved. O]
T

S

Now we can state some positive results involving MTW .

1.5 Some MTW|(K, () consequences

1.5.a Sectional curvature

Loeper was the first to obtain geometric information on Riemannian manifold with the MTW
tensor [82].

Theorem 1.5.1 (Loeper).
1
Let M be a Riemannian manifold satisfying MTW (resp. MTW (K)) for the cost §d2, then all

the sectional curvature are nonnegative (resp > K ).

Proof. For the proof we only have to consider the case x = y i.e. v =0. Thus ys = exp,(sn) for
n,& € UM, and then in (1.4.9) Iy and I; are independent of s and 75 = s. Therefore

Soolem) =2 L | (I (L6, €

2
2 ds?|,_,
Using the Jacobi equation (1.4.11) we find the following limited development:

52

L(s) = Id = —-R(0) + s%e(s)
3

Io(s) = sId — %R(O) + s32(s)

slgt(s) =Id+ iR(O) + s%¢(s)

6
slgl(s)ll(s) = (Id+ 862R(0) + s%e(s))(Id — S;R(O) + s%¢(s))

15



Chapter 1. Regularity of optimal transport: the Ma-Trudinger-Wang tensor

Two times the s coefficient is the second derivative in s therefore

63:,38(57”) = <R(O)€7§>w = Uac(fvn)-
If MTW (K) holds true then &, ,(¢,7) > K and 0,(§,n) > K. O

This first result is important as it shows that the MTW tensor contains some information about
the geometry of the manifold, In particular MTW (K) implies that M is compact.

However, as Kim shown the tensor MTW contains more information than the sectional curvature,
in particular he gave examples of manifold with positive sectional curvature everywhere for which
the condition MTW is not satisfied [72].

1.5.b Mother computation, and convexity result
Analysis

The convexity of subdifferentials, for convex functions, is the key for regularity in R™ with the
euclidean cost [22]. As introduced by Ma Trudinger and Wang [85], for a general cost satisfying
1.1.a the subdifferential becomes the c-subdifferential, a segment (1 — s)pg + sp1 becomes the c-
segment ys = c-exp, ((1 — s)po + sp1). Thus a natural question to tackle the regularity question
arises: taking a c-convex function 1, are the c-subdifferential c-convex ? It means that the c-
segment joining two points in the c-subdifferential of one point stays in the c-subdifferential of
this point. That is exactly asking the convexity of the c-subgradient of ). The first non trivial
example of a c-convex function is the maximum of two c-convex supports. Let us explore this
example.

Let ¥z 40,4, = max (D(T, po), D(T, p1)), with by definition yg = c-expz(po) and y1 = c-expz(p1).
We want to know if ys = c-expgz(ps) with for all s € [0,1], ps = (1 — s)po + sp1 is in the c¢-
subdifferential of ¥z, ., at T. To prove this we need to see that for all = and for all s € [0, 1]
the c-support candidate D(Z,ps)(x) is below ¥z o4, () — Yzy0,0: (T). In our case it means to

ask: do we have for all z and s € [0, 1]
D(&, ps)(z) < max (D(F, po), D(F, p1)) ? (15.1)

This question leads to the mother computation: we fix x and prove that the function h(s) =
D(z,ps)(x), for s € [0, 1] is maximal at its endpoints. It gives (1.5.1) for all s € [0, 1], this result,
(1.5.1), is due to Loeper [82]. The mother computation is even more general as described in
proposition 1.5.2. The proof is due to Kim and McCann [74, 73] and is the one given below.
Loeper and Villani slightly extend this proposition in order to give a quantified and robust

formulation [83].

Mother computation

Let Z,x be points in M. For pg,p1 € ¢-1(T), we set ps = (1 — $)pp + sp1 and ys = c-expz(ps),
s € [0,1]. We consider the c-convex D(T,py), D(Z,p1) and D(T,ps). Moreover we suppose that
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1.5. Some MTW (K, C) consequences

Z,x € M\ c-cut(ys), it defines for s € [0, 1]

qs = _vyc(f7 y5)7 4s = —Vyc(ac, ys)-

We finally denote § = g, and ¢ = qp. From ys = c-expz(ps) we deduce

Js = (Vo) (T, ys)(po — p1) = s € T, M.
and
gs = <_(Vx,yc)71 (f, ys)vx,yyc(jy ys)nsa 775>x .

Let h(s) = D(Z,ps)(z) then

h(s) = %c (T, c-expz (po + s(p1 — po))) — ¢ (x, c-expsz (po + s(p1 — po))) ,

in term of ¢ we can write it as

h(s) = (V ye(T, ys) — V yela,ys), is) = (=T + s, n)- (1.5.2)

For the second derivative we have

. 2 _ .
h(S) = @C(% Z/s) - C([B, ys) = <v,2yyc(x7 ys)'ns - V?yyC(.f, yS)'T/S’ 778> + <q5 — 4y, yS)

We define P2

(1) = T (c-expy, (@, + Hgs — y)), expy, (7715))
and observe that

(V2 e(T, ys)ms — V2 c(x, ys)ns, ns) = ©(0) — ¢(1)
and

(I)/(O) = (vw,yc)il(f7 f%)(qs - QS)vx,yyc(Ev ys)nsns = <QS — (s, ys>

Finally

By Taylor formula we get

h(s) = —23/0 O (t)(1 —t)dt

and finally by symmetry of the formula (see proposition 1.4.3)

. 2 (1 -1 _
h(s) = 3/0 S (c-exp,, (1-)as-+12.).05) (Vo) Y (@0 Ys) (@ — gssp1 —po) (1 —)dt (1.5.3)

One may be concerned by the existence of the path y,, and the c-segment c-[(q, gs]y, , since we
need to avoid c-cut(Z), c-cut(z) and c-cut(ys). The perturbation lemma proved by Figalli and
Villani [50] allows us to perturb in C? topology these paths to be sure that they are well defined

everywhere but a finite number of time. We summarize the mother computation in the following
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Chapter 1. Regularity of optimal transport: the Ma-Trudinger-Wang tensor

proposition.

Proposition 1.5.2. Let T,x € M x M \ c-cut(T), po,p1 € c-1(Z). For any s € [0,1] we set
ps = (L= 8)po + sp1, Ys = c-expz (ps), Gs = —Vyc(T, Ys), ¢s = —Vyc(a, ys) and finally

h(s) = c (T, c-expg(ps)) — (@, c -expz(ps)) -

Then h is C?,
h(s) = <v,yc(fa ys) - v,yc(fxa ys)a ys) = <_qs + gs, 77>' (1'5‘4)

and

. 2 rl 1 _
h(S) = 3A G(C—expyS ((lft)qSthﬁS),ys) (Vx,yc) ! (xtvys) (QS —dgs,P1 — pO) (1 - t)dt‘

This proposition is the starting point of any results concerning the MTW tensor, we give some

of them right now.

1.5.c c-convexity of c-differential

We are now able to answer our primary question on the c-convexity of c-differential. The next

theorem is due to Loeper [82].

Theorem 1.5.3. Let M be a compact Riemannian manifold, let ¢ be a cost satisfying 1.1.a then
MTW holds true if and only if for all ¢ c-convex and for all T € M, 0.4 () is c-convex. In
other words for any T € M, V™ (Z) = V_(Z) if and only if MTW holds true.

The set V™ 1(Z) is always convex, thus V™9 (Z) C V_ ¢ (Z) implies that 0,1 (Z) is c-convex.

Proof. MTW implies c-convexity. Let 1) be a c-convex function, and pg,p; € V™ (), thus
D(Z,po)+¢(Z) and D(Z, p1)+¢(T) are c-support functions at . We need to show that D(Z, ps)
is also a c-support function at T for all s in [0,1]. We need to show that D(Z,ps) is below
() - ¥(@).

Using the previous computation, and notation in proposition 1.5.2, it suffices to prove that h
achieves its maximum at its endpoints. Could this be false ? Let § be a maximum point of A, if

s is not a endpoint then by (1.5.4) h(S) = 0, it is exactly the orthogonal condition in definition
1.4.2, therefore (1.5.3) and MTW gives

h(s) < 0. (1.5.5)

Let us suppose an instant that MTWs holds true then (1.5.5) is changed with the stronger

inequality

h(s) > 0.

We immediately obtain a contradiction with the fact that h is maximal at s and consequently h

achieve its maximum at its endpoints:

D(Z,ps)(z) < max(D(Z, po)(z), D(T,p1)(x)) (1.5.6)
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1.5. Some MTW (K, C) consequences

thus for all x
D(z,ps)(x) + ¥() < ().
It gives ps € =V~ () and proves the c-convexity of 0.4 (T).

We now come back to the hypothesis MTW. There exists C' > 0 such that MTW (0, —C) holds
true [83|. Moreover (1.5.3) gives

h(t) > —C|h(t)|. (1.5.7)
To conclude we take § > 0,k > 1 and define on [0, 1] the auxiliary function

1

9(t) = h(t) - 5(¢ — 5)".

As before let us suppose that the maximum of g is achieved in t we get

. 1.,
Ih(t)|=k|5l(t—§)k '

and
h(t) + k(k —1)6(t —

Plugging these two equations in 1.5.7 we get
— - 1
(k—1)5 < Clo|(t — 5)

This is impossible for k fixed large enough. Then we make § going to 0 to obtain the contradiction

thus h achieves its maximum at its endpoints and we conclude as in the previous case.
c-convex implies MTW.

To prove the converse implication we suppose that there exists Z,y € M x M \ c-cut(z), (y =
c-expzv) and 7,§ two tangent vectors at ¥, such that &z ,(§,m) < 0. Then & is also negative
for a neighbourhood W of Z,y,&,n. We consider the c-segment ys = c-expz(v + sn) for s €
[—e,¢e]. As usual we call h(s) = D(Z,ps)(z), by the mother computation 1.5.2 we find that
h(0) = (¢ —17, Vg,yc_lm = 0 as long as we take ¢ such that ¢ — g and & are parallel.

We also get

. 9 [l 1,
h(0) = 3/0 S (e=exp, (1-)g+ 1)) (Vg ™ (Te, y) (€, m) (1 — t)dt.

For ¢, t small enough everything lies in W so h(0) < 0 and A(0) = 0 thus 0 is strict local maximum
for h. It means
D(z,y) > max(D(7,y—c), D(Z, y:)).

Therefore let us define ¢ = ¢z 4__ . = max(D(Z,y—.), D(Z,y.)) then y_.,y. € 0.4 (T) but the
c-segment ¢-[y_c, y:] ¢ 0.4 (T): the c-differential of ¢ at T is not c-convex. O

This result is the starting point to construct a counter example for the optimal transport when
MTW does not hold.
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1.5.d Convexity of c-convex set

A very similar theorem deals with the convexity of the c-convex functions. It comes from a very
interesting paper, with economics application, of Figalli Kim and McCann [44], we also mention
that Sei independently found the same result [99] . The question is what happens if we look for
the convexity of the function h instead of just the maximal-endpoints property also known as

the quasi-convexity. It leads us to the following theorem:

Theorem 1.5.4. Let M be a compact Riemannian manifold, let ¢ a cost satisfying 1.1.a then

MTW/(0,0) is equivalent to the convexity of the set of c-convex functions.

Proof. MTW (0,0) implies the convexity of the set of c-convex functions. Let fy, f1 be
two c-convex functions, with c-transform gg, g1. We define f; = (1 —t) fo + ¢ f1. If one equals to
infinity then it is ok. Otherwise let xg € M and let y; € O.fi(zg) for i = 0,1 then

fe(x) = fi(zo) + (1 — t)D(zo, po) + tD(z0, p1)-

If
(1 —t)D(xo,po) + tD(xo,p1) > D(x0,pt), (1.5.8)

then
Yi = (ch(l"))_l(—pt) € Ocfi(wo)

and f; is c-convex.

Thus we need to prove (1.5.8) which is stronger than (1.5.6). Using notation and computation
of proposition 1.5.2 we get the equation (1.5.3). Since we suppose MTW (0, 0) we have that A
is positive for any ¢ € [0, 1] and therefore the convexity of the function D(xg,p) with respect to
the p variable is exactly (1.5.8).

We can notice that MTW (0, 0) implies the strict convexity. We can also, as we will see later
in chapter 3, obtain uniform convexity estimations.

The convexity of the set of c-convex functions implies MTW (0, 0). This demonstration
is similar to the one done in the proof of theorem 1.5.3, but this time we get that A(s) < 0, V s €
[—&, €] thus h is concave on this segment. As a consequence the function 6 = (1 —t)D(zo, p—c) +
tD(zg,pe) can not be c-convex. Indeed, at T VO = (1 — t)p_c + tp_. = p¢, any c-support at
must check that V,c(Z,y) = —p; it leaves only one candidate: D(T,p;) but the concavity of h
gives that for any x close to T in the ¢ direction 6§ — 0(Z) is below D(Z, p;). O

1.5.e Nothing without MTW

At the end, we have to convince the reader that MTW is the good tool for regularity. Following
an idea of Loeper [82] we prove that without MTW we may not construct smooth optimal map

even for some nice density distributions.

Theorem 1.5.5. Let M be a compact Riemannian manifold and let ¢ be a cost satisfying 1.1.a.
If there exists T,y € M x M \ c-cut(x) and &,n € TyM X T, M such that &z, (§,n) < 0 then
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there exist f,g two C°° densities on M such that the optimal transport from fdvol to gdvol is

not continuous.

Proof. By 1.5.3 we already know that there exist yo and y; such that the c-differential at T of
the c-convex function ¢ = Yz, 4, = max(D(T,yo), D(T,y1)) is not c-convex. The next step is
to construct two measures such that v is the Kantorovich potential for the associated Monge
problem. For the source measure, u, we take any smooth positive probability measure, for the

target one, v, we partition M into two sets
Xo=A{z € M,yo € Octp(z)}
and
X1 =X\ Xo,

note that u almost everywhere: V & € X; we have yg € 0.¢(z). Then we define ag = p(Xop),
a1 = p(X1) and finally v = agyo + a1y1. The transport map T'(X;) = y; is the optimal transport
from p to v since the associated transport plan is supported on the c-convex set 9.1. Thus ) is

the optimal Kantorovich potential, unique as we can suppose 1(Z) = 0. Therefore

Jon= [vv= [ r@)n

Let g. be a sequence of smooth densities weakly converging to v. The optimal transport from f

to ge gives a unique Kantorovich potential ¢, such that ¢.(Z) = 0 and a unique transport map

/@Z)su /wsus = /c(a:,TE(a:))u. (1.5.9)

We can extract a subsequence of (., T:) uniformly convergent to 1y and simply convergent to

To. Then we pass to the limit in (1.5.9) to get:

T.. Moreover we have

[ [vtr= [ et Toiann (1.5.10)

By uniqueness ¥g = 1.

It remains to show that all ., for € small enough, cannot be differentiable. Could this be false,
by lemma 1.5.6 given at the end of the proof, for any p € V™ 9(Z) we can find sequences zj, — x,
pr € Ty, M — p, such that p, € V7 iy (xr). If ¢y is differentiable let yp = exp,, pr € Octhr(ws),
by compactness of M we can extract a converging subsequence of y, we note y the limit. The

continuity of the exponential map on TM gives expzp =y, and y € 0.4 (T) indeed

Ur(x) — Up(zr) > c(@r, ye) — c(z, yr)

SO

¢(=T> - w(f) > C(Ev y) - C(:U,y).

Finally we shown that V™ 9¢(Z) C V_9(Z). Since V™4 (Z) is convex it means that 0.1 (Z) is
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c-convex, this is our contradiction. O

To summarize a c-convex function not c-regular gives a non smooth transport problem and nearby

the transport has to be non smooth. To finish we have to prove the following lemma.

Lemma 1.5.6. Let v a c-convex function, p € VYT, and i, some c-convex function converging

uniformly on M to 1. Then there exist v, — x,pr € Ty, M such that in any chart pr, — p.

This lemma says that a vector in a subgradient cannot appear from nowhere.

Proof. As we ask for a local result we work in a map around z, by adding a second order
polynomial we can suppose that all ¢y, 9 are convex, ¥(Z) = 0 and p = 0. To make T a strict
local minimum we define ¢(z) = () + |z — Z|?, and ¢y (x) = () + |z — Z|?, of course (¢y) is
uniformly convergent to ¢. The point T is a strict local minimum point for x. Then, if we note
x a minimum point for ¢y we have z, -7 =0, 0 € V™ ¢r(xx), so that there is pp € V™ 9x(xg)
such that 0 = pg + 2x;. This p; suits. O

1.5.f Transport Continuity Property

We saw that the non-negativity of the Ma-Trudinger-Wang tensor is mandatory to obtain some
regularity on the Kantorovich potential ). Ma, Trudinger, Wang and Liu on one side and Figalli,
Kim and McCann on the other proved that the non-negativity is enough to define a regularity
theory for the Monge-Ampeére equation (5.3.4) in R™ [41, 43, 80, 81, 85, 105, 110]. We can, for

example, give the following theorem.

Theorem 1.5.7 (Optimal transport regularity theory). Let X and Y be the closures of bounded
open sets in R", and let ¢ : X XY — R be a smooth cost function satisfying (Twist) such that
Vi’y s non singular. Moreover we suppose that MTW holds true in the interior of X x Y. Let
Qe X and A €Y be C*-smooth connected open sets and let f € L'(Q), g € L*(A) be positive
probability densities. Let W be the Kantorovich potential associated to the optimal transport from
u = fdx to v = gdy, for the cost c. If:

e A is uniformly c-convex with respect to € and € is uniformly c-convex with respect to A;

e and f is bounded away from zero and infinity on Q, g is bounded away from zero and

infinity on \;

then there exist @ > 0 such that 1 € CH%(Q).

Moreover if:
o forkeN and a € (0,1), f € Ck~ (Q) and g € Cche (A);
o A and Q are of class CFT2;

then 1 € C*2 (Q).
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Many contributions have been done to reach this result, the starting point is the work of Delanoé
and Urbas [33, 106, 107| followed, in the case k > 1, by Ma, Trudinger, Wang and Trudinger,
Wang [85, 105]. Then Loeper [82] obtained the Holder continuity of the optimal transport map
1—n/p
dn—2+1—n/p
such that f € LP. We also mention the paper of Loeper and Villani for the Riemannian version of

1
this lemma [83]. Still under the condition MTW;(0), the sharp exponent (@ = m
n+1

) for the Holder continuity was given by Liu [80], his result also allows p to

under the condition MTW,(0) with the exponent a = , where p €|n, +o0] is

with =1 —
be a little bit larger: p €](n+1)/2, +oo[. The interior C** regularity was obtained by Trudinger
Wang and Liu [81]. Finally the Holder continuity of optimal maps under MTW (0) is the most
recent result, it has been obtained by Figalli Kim and McCann [41, 43].

The extension of this theorem in the Riemannian case needs two steps. First, one has to prove
that the optimal transport map is continuous, or equivalently that the potential ¢ is C''. Then
taking smooth charts we want to apply the optimal transport regularity theory to obtain more
regularity on 1. The second step is not obvious since the cost has no reason to be smooth
in charts when we get close to a focal point. To avoid this problem there are two strategies:
either we prove that the optimal transport map 7T stays far from the focal set, or we control the
tensor near these points. The first strategy is the one used by Delanoé and Loeper in the case of
the sphere for the quadratic geodesic case [36] and again by Loeper and Villani for a non focal
Riemannian manifold [83]. This strategy is also used by Figalli Kim and McCann to prove the
regularity of optimal maps for the quadratic geodesic distance on the product of round spheres
[41], this result is the first one dealing with flat sectional curvature and non trivial cut locus.
On the other side, the first step leads to the definition of the transport continuity property
(TCP) [48].

Definition 1.5.8 (TCP). Let M be a Riemannian manifold and ¢ a cost. We say that M satisfies
(TCP) if for any pair of probability measure on M (u,v) associated to smooth, positive densities

with respect to the volume, the optimal transport map T sending p onto v is continuous.

Figalli, Rifford and Villani give necessary and sufficient conditions for a Riemannian manifold to

satisfies (TCP) when the cost is given by the quadratic geodesic distance [48|.

Theorem 1.5.9 (Necessary conditions). Let M be a smooth compact connected Riemannian

manifold satisfying (TCP) for the quadratic geodesic cost. Then
o The condition MTW (0) holds true.
o All the injectivity domains of M are convex.

Theorem 1.5.10 (Sufficient conditions). Let M be a smooth compact connected Riemannian
manifold such that

o The condition MTW(0) holds true,

o All the injectivity domains of M are strictly convex.
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Then M satisfies (TCP) for the quadratic geodesic cost.

The proofs of both theorems are based on the mother computation. We can notice that there
is a gap between the necessary and the sufficient conditions. To fill it, one needs to relax the
necessary conditions. Another way to simplify the theorem 1.5.10 is the contribution of the
chapter 3. Indeed, we prove that in many cases, the condition MTW (0) (reps. MTW(0))
implies the convexity (reps. strict convexity) of the injectivity domains.

Another way to attack the regularity issue in Riemannian space is trough small C* variations
of the cost of known example like S™ with the quadratic geodesic cost. In this direction we can
mention the work of Delanoé and Ge, Figalli and Rifford for a perturbation of S? and Figalli,
Rifford and Villani for perturbation of S™ [35, 34, 46, 49]. We finish this chapter with the

computation of the Ma-Trudinger-Wang tensor in some particular cases.

1.6 Some particular Lagrangian costs

1.6.a Jacobi fields II

Let M be a compact Riemannian manifold. We consider a cost ¢ given by a time independent

Tonelli Lagrangian L :

TM — R
(z,v) = L(z,v).

Let s,t € [0,1], (x,ys) € M x M C c-cut(M) and §,n € T, M. A path of least action action for
L going from exp,(t£) at time 0 to c-exp, (v + sn) = ys at time 1 is noted:

v(,t,s): [0,1] = M

u > vy(u,t, s).

In particular we have v(0,t,s) = exp,(t§) and v(1,t,s) = ys. We recall the Euler-Lagrange

equation that satisfies a path of least action for L.

Lemma 1.6.1. Let s,t be fized. the function u — ~y(u,t,s) satisfies

d d d
7[/1) s UyS)y 7 s Uy = Lx s UyS)y 7 s by .
oo (0t.8) fiat,8)) = Lo (St (o)

We then define the c-Jacobi field Js : [0,1] x T, M above (-, 0, s), it is a way to understand the

variation of a path of least action, (-, 0, s), in direction . It is defined by

v(u,t, s), u € [0,1]
t=0

d
Js(uvg) = ‘](uvfas) = 7

Cdt
Js(ovg) = 5,
Js(1,€) = 0.
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Here s is fixed and is just a parameter useful for later. This is exactly the definition of Jacobi

fields when L = %]v 2

-

link with the MTW tensor.

Proposition 1.6.2. Let L such that L, =v. Let (z,y) € M x M\ ¢ -cut(M

and (§,m) € TyM x T, M then

Suy(&im

where ys = exp, (v + sn).

w=2L] 0.9.9.

s=0

We can set a proposition in the spirit of proposition 1.4.7 to make the

) with y = c¢-exp,v,

Proof. For the sake of simplicity we note v for v(u,t,s), L, the differential with respect to x at
d d

<'y(u,t, s), d—'y(u,t, s)) and L, the one with respect to v at (’y(u,t,s), d—'y(u,t, s)) Finally
u u

D
Dr stands for the covariant derivative along the path indexed by 7, see Appendix A for more
-

details. We compute %

d [! d L g
Sy S du= | &
dt J, (7’du7> “ /0 d

1
-/

:/01

_/1d
70du

_ [<L

1
L <’y, dv) du using lemma 1.6.1:
du

d
L — | d
()

d D d

d d d d d
Ly, dtﬁy>x Ju <va dtﬁy>m - <duLU’ dtﬂy>m du
d

+
Ly, —~ ) d
(o)

d 1
vy ’Y> :|
'/ .1,

(o o) )

T

This is the formula of first variation. Since the path ¢ — ~(0,¢, s) is geodesic we have

therefore

az [t d
- L -
at? J, (7’ du 7) du

t=0

d2
- <L’Ua dt2fy>
d
_ 7[]1}
(i,
_ <d
du u=0

2

W’Y(O, ta 8) = 07

u=0,t=0 d zlu=0,t=0
J(0,6,5 > < 4, ,5>
u=t=0 x

J(u7£,s),§> —<J(0,£,s),§>m.

T

25



Chapter 1. Regularity of optimal transport: the Ma-Trudinger-Wang tensor

According to definition 1.4.3 the proposition is proved. 0

In the case of L, just being invertible one has to be careful with this computation.

1.6.b The sectional curvature again

We reprove here the theorem 1.5.1 with a more flexible method. The goal consists in making

clear the computation before going to more general Lagrangian.

Second proof of theorem 1.5.1. Following the notation above we consider the Jacobi field J de-
fined by

d
T &) = &)= Gl awns),  we]
t=

Js(07§) =¢,
Js(17€) =0.

By definition J; satisfies the Jacobi field equation above 75 = 7(+,0, s), see Appendix A for more
details, that is

Js(u) + Rg(u)Js(u) =0,

where R is given by the Riemannian tensor. We develop the solution Jg around s = 0 forgetting
&. The prime stands for the s derivative and the dot for the u derivative, we omit to write the

terms of order greater than 2. We obtain
$2
J(u, s) = J(u,0) + sJ' (u,0) + EJ"(u, 0),
. . . 2 .
Ju, s) = J(u,0) + sJ'(u,0) + %J”(u, 0).

The initial conditions J(0,s) =&, J(1,s) = 0 gives

We also develop R(u,s) = Rs(u):
2
R(u,s) = R(u,0) + sR'(u,0) + ERH(U, 0).

Since R(u,s) = s2R(1,1) = s*R(n,n) we get R(u,0) = R'(u,0) = 0, R"(u,0) = 2R(1,1).
Plugging this into the Jacobi field equation, and identifying the coefficient in front of 1, s, s> we
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1.6. Some particular Lagrangian costs

find
J(u,0) = —R(u,0)J(u,0) =0,
J'(u,0) = —R'(u,0)J (u,0) — R(u,0).J (u, 0) = 0,
J"(u,0) = —R"(u,0)J (u,0) — R(u,0)J" (u,0) — 2R (u, 0)J’ (u,0)
= —2R(1,1)J(u,0).
We deduce
J(u,0) = J(0,0) + u(J(1,0) — J(0,0)) = £ —u
and

J"(u,0) = —2R(1, 1)(& — uf).
Thus integrating from 0 to u leads to

u2
J"(u,0) — J"(0,0) = —2R(1,1)(u& — )

In particular with ©w = 1 we get

. : 1 1 1
J"(1,0) — J"(0,0) — J"(0,0) — J"(0,0) = —2R(1, 1)(55 - gg) = 2R(1, 1)55,
therefore )
J"(0,0) = —3R(1L1E
Plugging this into (1.6.2) we obtain the lemma. O

The advantage of this method is to avoid the renormalisation which can be a difficulty when

dealing with a general Lagrangian.

1
1.6.c With L = §|vy§ + V(z)

This case is treated by Lee and McCann in [76]. The approach is a bit different Lee and McCann
compute directly the tensor, here I use a limited development of the Jacobi Field. Anyway both

method gives the same results. In this case subsection we compute the value of j"(O,§ ,0) for

1
a Lagrangian cost given by L = i\v\g + V(z). The c-Jacobi field J; is defined by Js(u) =

J(u, &, s) = % v(u,t,s), with J(0,&,s) = & and J(1,€,s) = 0. By definition J satisfies the

c-Jacobi field eqﬁation:

Js(u) + R(u, 8)Js(u) + V2V (u, 5)Js(u) = 0

, with
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Chapter 1. Regularity of optimal transport: the Ma-Trudinger-Wang tensor

As we done before we develop Jg, R and V2V and omit to write down the term of order more
than 2. Thus

2
J(u,8) = J(u,0) + sJ'(u,0) + %J”(u, 0)

. . 2 .
J(u,s) = J(u,0) + sJ'(u,0) + %J”(u, 0)

The initial conditions J(0,s) =&, J(1,s) = 0 implies

We denote V2V (u,s) = HessV (u, s) = M (u, s) then

2
M(u, s) = M(u,0) + sM’(u,0) + %M”(u, 0),
where

M/(u> O) = <V2(V)/, ’7,(’&, 0)>
M"(u,0) =< Hess(V)',7"(u,0) > + < (Hess(V)")y(u,0),7 (u, 0) > .

We do the same development for R(u, s):

2
R(u, s) = R(u,0) + sR (u,0) + %R”(u, 0),
where

R(u7 0) = R(’Y(u’ 0)7 ei);y(uv 0)
R/(u7 0) = R(;}/(uv 0)7 ei)’y(u’ O) + R('Y(uv 0)’ ei)"yl(uv 0)
R"(u,0) = R(¥"(u,0), e;)%(u,0) + R(5(u,0), ;)5 (u,0) + 2R(% (u,0), ;)% (u, 0).
Since 4(u,0) = 0 we have R(u,0) = R'(u,0) = 0 and

R"(u,0) = 2R(% (u,0), e;)% (u, 0). (1.6.1)

Therefore we first need to compute in smooth charts
2

S
’Y(ua S) = 7(“7 O) + SWI(U, 0) + 5’7”(“7 O)
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1.6. Some particular Lagrangian costs

By hypothesis v(u,0) = z, (0, s) = x and ¥(0, s) = sn thus

7' (0,5) =~"(0,8) =0
¥'(0,5) =1

the Euler-Lagrange equation
’.}'/(’U,, 5) = —VV(’Y(U, S))7

implies
Y(u,0) = =VV(y(u,0)) =0
4 (u,0) = —HessV (x)7y (u,0) = —M (x)v (u,0)
5" (u,0) = —HessV (z)y" (u,0) — HessV'(z)y'(u,0)7'(u,0)
3" (u,0) = =M (2)y"(u,0) — M'(u)y'(u,0).

Z1(t) Za(t
We note Z(t) = (Zl Et; ZQEL‘;) the solution in R?" of the equation
3 4

Therefore we obtain

7//(% 0) — Hl(—Z(u) /Ou Zﬁl(v) (M’(u)OZQ(U)n> )du

7" (u,0) =t L (=M (u) Z3 (v)m)
where II; is the projection along the first n coordinates, and Lg the operator combining the

integration and II;. Coming back to (1.6.1) we obtain

R (u,0) = 2Z3(u)R(n, e;)n

Plugging everything into the ¢-Jacobi field equation and identifying the term of order 1, s, s* we
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Chapter 1. Regularity of optimal transport: the Ma-Trudinger-Wang tensor

get

J(u,0) = —M(x)J (u,0)
J'(u,0) = =M’ (u,0)J (u,0) — M (u,0)J" (u,0) = 0
J"(u,0) = —2Z(u)R(1,1)J (u,0)
— M"(u,0)J (u,0) — M (u,0)J"(u,0) — 2M"(u, 0)J' (u,0).

From the first equation we deduce

J(u,0) = Z1(u)J(0,0) + Z2(u)Zy (1) Z1(1)J(0,0)
= Zi(w)é — Z2(u) Zy 1 (1) Z1(1)€.

With the equation from order s equation we find

0

J0) = 22 J0.0) ~ 12w [ 27w (M/(a:)[Z1(U)§ - zz<u>z;1<1>zl<1>£]> e

with

., o Lo 0
00 =20 [ 270) (M'(aa) 226 - ZQ<u>221<1>zl<1>f]> e

Finally the third equation leads to

J"(u,0) =
0

Zy(u)J"(0,0) — Hl(Z(u)/O Z () <2Zg(u)R(u, D(Zy(w)e Zg(u)Zzl(l)Z1(1)f]> du

_ u g u X !
I (Z( )/0 Z= )(M//<u)[zl(u)§_Zg(u)Zgl(l)Zl(1)§]> !

v 0
_Hl(Z(u)/O Z M (u) <2M’(u)J’(u,O)> du.

and we deduce

0 225 (u)R(u, 1)[Z1(u)€ — Za(u) Z3 (1) Z1(1)€]
(1.6.2)

J"(0,0) = Z, {(1) [ (Z(1) /1 77 (u) ( 0 ) du

1 0

+H1(Z(1)/0 270 <M"(u)[Z1(u)§ - Z2(U)ZEI(1)ZI(1)§]> "
1

+H1(Z(1)/O 27 (u) <2M’(u)0J'(u 0)) -
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1.6. Some particular Lagrangian costs

1.6.d Examples
Ifv=0

When V = 0 we have

Mu)=0 Mu)=0 M"(u)=0 (1.6.3)
Zi(u) =1, Za(u) = ul,. (1.6.4)
Thus we find again
J(u,0) =& —ug
J (u,0) =0
Zo(u) = Z1(u)
J'(0,0) = ~2R(1.&)n

When V is maximal: V2V (z) =0

in this case we get

M(u) =0 (1.6.5)
Ri(u) = Ry(u) =1, Ro(u)=ul, Rsz(u)=0 (1.6.6)
4
Y, 0) =2 +/(w.0)=un +"(u,0) = —=VV'nn. (1.6.7)
Therefore
P = [~ vy
G T T 6 T 12 K
. 9 1
J"(0,0) = 3RO, Om + %V2V”7777§
1 17
- T&)VQV/(V2V,<777 77)7 {) + Mvz‘//(na V2V/<77)7 E))?

and finally for a point x such that V is maximal at x we find

1 1
Soa(én) =0(&n) + ;OVQV”(W n,&,€) — %VQV,(VQV/(U,ﬁ),@ﬁ

17
+@v2vl("vv2‘/’(n),£))§- (1.6.8)
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Chapter 2

The tangent cut loci are Lipschitz

continuous

2.1 Position of the problem

Let (M, g) be a smooth compact Riemannian manifold of dimension n > 2. The injectivity

domain at some point z € M is defined as
I(z) = {v €T, M|3t>1st. d(x, exp,(tv)) = \tv\w}, (2.1.1)

or equivalently
I(z) = {v € T,M |3t > 1s.t. d(z,exp,(tv)) = \m@}, (2.1.2)

where exp, denotes the exponential mapping at =, d the geodesic distance on M x M, |v|, =

Vge(v,v) = /(v,v), and d? the squared geodesic distance or quadratic geodesic distance (as-
sociated to the Lagrangian |v|?). The injectivity domain I(z) is an open star-shaped subset of
T, M; is boundary TCL(x), which is called the tangent cut locus at z, can be described thanks
to a function t, defined on UM C T'M: for any (z,v) € UM i.e. (z,v) € TM and |[v|| =1, we
define t. by

te(x,v) = sup{t >0]tv € I(ZC)} (2.1.3)

- max{t > 0| d2(z, exp, (tv)) = mg}. (2.1.4)
Then, for every x € M, there holds

I(z) = {w 10 <t < to(z,v), ve UIM}

and TCL(z) = {tc(x,v)v |v e U:EM}. (2.1.5)

We immediately see that . is bounded from below by the injectivity radius of M and bounded
from above by the diameter of M.
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Chapter 2. The tangent cut loci are Lipschitz continuous

We now define the nonfocal domain at some x € M as
NF(z) = {v € Ty M | dyy exp, is not singular for any ¢ € [0, 1]} (2.1.6)

It is an open star-shaped subset of T, M whose boundary TFL(z) is called the tangent focal
domain at x and can be described by the function ¢; defined on UM C T'M by

tr(z,v) = sup{s >0|sve NF(x)} (2.1.7)
Then, for every x € M, there holds
NF(z) = {tv 10 <t <ty(z,v), ve UIM}
and TFL(z) = {tf(w,v)v |v e UxM}. (2.1.8)

Similarly, we define the boundary function : t,: UM — R for any subset of TM with starshaped

fibres. We then define the notion of k—Lipschitz continuity for such a function.

Proposition 2.1.1 (k-Lipschitz continuity). Let O C TM be such that for any x € M, the
fibre Oy is starshaped. The set O is k Lipschitz continuous if for any T,v € UM, there exists
a k-Lipschitz continuous function T defined on a neighbourhood (in UM ) of (Z,v) such that

ty(z,v) < 7(x,v) and t,(T,v) = 7(T, V), where ty is the boundary function for O.

This proposition means that if the boundary of O is locally below a x-Lipschitz continuous

function then it is k-Lipschitz continuous.
Proof. The proof is a straightforward contradiction argument. O
Our aim in this chapter is to prove the following theorem:

Theorem 2.1.2 (Lipschitz continuity of the tangent cut loci).

1. There exists k > 0 such that for each x € M the set I(x) is k-Lipschitz continuous.

2. If M is non-focal then there exists k > 0 such that {(x,p)|x € M, p € I(x)} is k-Lipschitz

continuous.

3. If M has dimension 2 then there exists k > 0 such that {(z,p)|z € M, p e I(x)} is k-

Lipschitz continuous.
To this purpose we first prove the two following theorems:

Theorem 2.1.3 (Lipschitz continuity of the tangent focal loci). There ezist a k such that
{(z,p) |x € M, p € NF(x)} is k-Lipschitz continuous.

Theorem 2.1.4 (Semiconcavity of the tangent focal loci).

The set {(z,p) |x € M, p € NF(x)} is semiconcave.
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2.2. Preliminary results

The definition of semiconcavity is similar as the definition 2.1.1, where we ask 7 to be semiconcave

instead of Lipschitz continuous.

Remark 2.1.5. The first item of theorem 2.1.2 is a result due to Li-Nirenberg, Itoh-Tanaka and
Castelpietra-Rifford [64, 77, 30]. The second and third item of theorem 2.1.2 are new. It is the
Lipschitz continuity with respect to the manifold in some directions. The proof is based on the
idea given by Rifford and Castelpietra in [30].

2.2 Preliminary results

Before we start the proof of theorem 2.1.3 and 2.1.2, we need to give some definitions and tools.

We recall that M is a compact Riemannian manifold.

First variation formula

We prove here one of the most basic, however important formulae. We give it with the notation
in a general setting; typically we ask L to be a Tonelli Lagrangian. Let L be a C? Lagrangian
defined on M; for any absolute continuous path ~: [0,1] — M, we define the action of L along

v by

and the cost ¢y, as

cr(z,y) = inf{A(v)h € AC%}-

Here ACY denotes the set of absolutely continuous paths ~: [0,1] — M with y(0) = x and
(1) =y.

Lemma 2.2.1. Let (s,t) — v(s,t) be a function in C([0,1]%, M) such that v(0,t) = ~o(t) is a
d d

geodesic path; then, denoting d—!s:o’y(.,t) = h(t) and $lt:t’y(0, .) = 4(t) we have:
s

d%ls:oA(’V(S, ) = (VoL)(7(1),%(0)) - h(1) = (Vo L)(7(0),7(0)) - h(0) (2:2.1)
Moreover we suppose that for all s € [0,1], v(s,0) = ~0(0), then there exists Ky > 0 such that
2
[A((5,)) = A((0,))] < 5|(Vu L) (90(1):40(0) - (L] + 5 K- (2.2.2)

The constant Ky depends only on the C? norm of L and on a compact subset K € TM such that
2 2

(055,35, 8), (3505, 0), 5-3(5,1)) and (3557 (5,8), 57(5.) are in K.

D
Hereafter the notation Du stands for the covariant derivatives along the path ~o(u).
u
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Chapter 2. The tangent cut loci are Lipschitz continuous

Proof. We first remark that

1
%A(’}/(S,)) = /0 %L(’Y(sat)v;}/(sﬁt»dt

1
= [ (FuD) (64000 - s t) + (VD)0 1) - (s )

D d D d
Since —%7(5, t) = Ft%w(s, t), we integrate by parts the first term and get:

Ds
d . d 1
& AG5,) = (ToL) (3,1, 4(5, 1)) (s, g (2.2.3)
T / (TaD) (15,8505, 0) (5, 0) = L (TaL) (2 (5,80, 33 )] - (s, )t
O b ) b dS b dt v b 9 b) ds b

Since (0, t) is a geodesic path, it satisfies the Euler equation. Therefore taking s = 0 in (2.2.3)
we obtain (2.2.1).

In order to prove (2.2.2), let us denote A(v(s,.)) = f(s). Since v is C? with respect to s, and
2

S

L is smooth, a Taylor formula gives |f(s) — f(0)| < s|f'(0)] + sup |f”(s)]. Moreover the

2 s€[0,1]
equality 6%7(5,0) = h(0) = 0 and (2.2.1) implies that f(0) = (V,L)(v(1),%(0)) - h(1). Let us

then compute f”. One has

1 52
£1(6) = [ St 0.3 )

and then
1
£(6) = [ (TR0 3(6.0) - (s 57560 5 (00D
V2L, 3(5,8)) - ({5, 1), 52 (5,8)
F2(T2,0)0(5,1),4(50) - (55025, 1), 55, D)
! _ D? d
+ [@D060.560) 50
(V) (005, 0), (s, 0) - 5 5o, )t
The inequality (2.2.2) follows. O
Continuity

Lemma 2.2.2 (Continuity of t. and t¢). Let M be a compact Riemannian manifold, the functions

te and ty are continuous on T'M.
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2.3. Proof of Theorem 2.1.3: Lipschitz continuity of the tangent focal loci

Lemma 2.2.3. For M a compact Riemannian manifold we have for all x € M :
I(x) C NF(z).

We refer to [53, 98] [110] [30] for a proof of these statements. In the first reference the proof is
performed in the Lagrangian world using the index (second variation formula). In the second and
third references the point of view is respectively Hamiltonian and Lagrangian, but both use the
same idea. Before the cut locus they take advantage of the regularity of the distance function to
construct a Lipschitz continuous inverse to the exponential map. This prevents the singularity
of the differential of the exponential map.

Let us now identify the purely focal points in TFCL = TFLNTCL. For any v € U, M we define
0(v) by:

i(v) = {max |v —wl|, for all w € Uy M, such that exp,(t.(z,v)v) = expx(tc(:x,w)w)}.

The function 4(-) is equal to zero if and only if t.(x,v)v € TCL(z) N TFL(x). Moreover in this
case s — exp,(ste(x,v)v) is the unique (energy) minimizing curve. This set is the purely focal
one. The purely locus set is when z. < ty.

The next section is devoted to the proof of Theorem 2.1.3.

2.3 Proof of Theorem 2.1.3: Lipschitz continuity of the tangent

focal loci

We split this section in three parts; in a first part we give some basics on Jacobi fields and
focalisation; in a second part we give a heuristic proof of theorem 2.1.3, working for example in
the case of a sphere. The third part is a rigorous proof using the Hamiltonian structure hidden
in the Jacobi field equation. This proof is based on the one given in the paper of Castelpietra
and Rifford [30], the main difference is that we adopt here a Lagrangian point of view whereas

Castelpietra and Rifford used an Hamiltonian point of view.

2.3.a Focalization and Jacobi fields

For the proof of Theorem 2.1.3, we need to consider the Jacobi fields; we refer to chapter one
and [53, 98] for more details. Let (x,v) € TM, we consider the geodesic path v : t € RT
exp, (tv). We choose an orthonormal basis of T,M: B = (v,ea,...,€i,...,e,) and define by
parallel transport an orthonormal basis of Tiy, yM: B(t) = (e1(t), ea(t), ..., €i(t), ..., en(t)).
We identify Ty, (1v)M with R thanks to the basis B(t). By definition the Jacobi field equation
along 7 is given by:

J(t)+ R(t)J(t) =0, teRT, (2.3.1)
J(0)=h, heT,M,
J(0)=q, peTM,
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Chapter 2. The tangent cut loci are Lipschitz continuous

where R is symmetric, given by the the Riemannian tensor: in the basis B(t), R;; = (R(e;, ej)ei, €j).
It describes how a small perturbation of the geodesic path evolves along the geodesic path. Since
a focal point is related to the size of the neighbourhood one can visit by perturbing the geodesic
path, we understand that both notions are linked. The Jacobi field equation (2.3.1) is a linear
equation of order two, we therefore define, Jj : t +— M, (R) as the solution of the following

matrix Jacobi field equation,

J(t)+R(t)J(t) =0, teRT,
J(O) = In,
J(0) =0.

We similarly define J{ as the solution of:

J(t)+ R(t)J(t) =0, teRT,

0,
' I

Any solution .J of the Jacobi field equation (2.3.1) can be written for any t € R*
J(t) = JL()J(0) + J2(t).J(0). (2.3.2)

Let us now exhibit two very particular families of Jacobi fields. For any h € T, M we define the
path

Ya(5,8) = EXDesp (st (10) (5,) € [0,1] x R*, (2.3.3)
v8(s,t) = exp, (t(v + sh)), (s,t) €]0,1] x RT. (2.3.4)
It leads to the following families of Jacobi fields

d

Talt)= | (1) = (dom exp.(10) - (), (235)
s=0

d

To0) = 3| 5(5.8) = (pmswespy) - (). (2.36)

The Jacobi field Jj is nothing but J{(-)h; indeed J3(0) = 0 and Jz(0) = h. The Jacobi field
J, is exactly JE(-)h: J,(0) = h and J,(0) = 0. The link with focalization is enclosed in the

following lemma.

Lemma 2.3.1. Let (z,v) € UM then
tr(z,v) =inf {t e R", 3q € U, M with J)(t)g=0.} (2.3.7)

The direction q is called a focal direction at (z,v).

Proof. The proof is a direct consequence of (2.3.6): for any ¢t > 0, JY(t)h = (dp—ty exp,)-(th). O
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2.3.b Heuristic proof

We use here Lemma 2.3.1 to give a heuristic proof of Theorem 2.1.3, assuming that J3 (¢ f(z,v)))

is invertible.

Lemma 2.3.2. The matriz S(t) = (Jé)_1 (t)J2(t) is well defined and symmetric on a neigh-
bourhood of (x,v,ts(x,v)).

Remark that J3 (t) and J?(t) depend smoothly on (z,v).

Proof. The matrix is well defined since the set of invertible matrices is open. Moreover for any
t > 0 the matrix S(t) can be seen as the operator ¢ € T, M — —J,(0), where J, is the unique
Jacobi field such that J,(0) = ¢ and J,(t) = 0. To check the symmetry of S(t), we remark that
for any ¢, ¢ € U, M:

(S(t)g,q") — {q,S( <Jq >+<Jq(0),Jq,(0)>.

Let f(1) = — <Jq(7'), Jy (T)> + < > we have

Ly e () dg )Y + (Gl T ()

= = (Jo(7), —R(7) Iy (7)) + (= R(7) Jy(7), Jy (7))

=0.
Thus f(0) = f(t) = — <O, Jy (t)> + <jq(t), 0> = 0. It proves the lemma. O
The idea to prove Theorem 2.1.3 is to apply the implicit function theorem to ¢'S(t)q. To this

. d
purpose we need to show in particular that th(tf)q = qtaS(tf)q # 0.

Lemma 2.3.3. Let (z,v) € UM and let q be a focal direction as defined in Lemma 2.3.1
(q € Ker (J7 (tf(z,v)))) then

1. the quantity ¢* S (tf(x,v)) q is not equal to zero;

2. for any 0 < t < ty(x,v) the matriz K(t) = (J?)_l (t)J3 () is symmetric decreasing (all

eigenvalues are decreasing);

3. there exists a neighbourhood of (z,v,tf(z,v) in UMXR™: Oy, such that for any (z',v',t) €
Oz if ¢ S (t) ¢ =0 then t > ts(a',0").

Proof. A simple computation gives that

¢' S (t(x,0) a=—a" (J3) 7 JE (I) 7 (b, 0) D (ty(2,0)) g

— " (I (g, 0)) D (g (2,0)) 4.

Thanks to the identity .
(JFJo - (J‘g) JO =1, (2.3.8)
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we find that .
: ~1 -1 -1
¢S (s 0)a=—((1) ") (1) a=—I(1) " al}
Therefore, by compactness, we find § such that ¢*S (ty(z,v))q < —0.

To prove the identity (2.3.8) one can check that the derivative along the field is equal to zero

and that the value at time ¢ = 0 is equal to I,.

For t < ty(x,v), the matrix K(t) is well defined; a similar computation as the one done before
for S proves that K is symmetric, and for any h € T, M, h' K(t)h < 0.

For the third item we proceed by contradiction. We suppose that ¢ < ty(z’,v’) and q'S(t) g =0.
Then For t < ty(x,v), large enough such that S(t) exists, we have that K(t) is invertible and
K~'(t) = S(t). therefore for any g € Ker (J{(t¢(z,v))) we have

¢'S(t) q=q' K (t)K(t)K ' (t) g = hi K(t) by

where hy = K~ 1(t)q or equivalently ¢ = K (t)h;. Without lost of generality we suppose that
K(t) is diagonal and we denote its eigenvalues by ();)ie[1,,)- Then passing to the limit when ¢

goes to tgx,v on one side, we find h(tf(x,v)) = 0, and the other side we find for any i € [1,n]:

It implies that lir(n : |Ai(t)| = +o0. Since t — \;(t) is decreasing, we get that
t—ty(z,v

lim  \(t) = —o0.
t—ty(x,v)

To conclude the proof we construct the function 7 needed in definition 2.1.1 thanks to the
implicit function theorem. Let (Z,v) € UM and q € UM be the focal direction associated then

the function

U: UMxRT SR
(z,v,t) = ¢'S () q

is well defined on a neighbourhood of (z,v,t¢(Z,v)). Moreover ¥(Z,v,t¢(Z,v)) = 0 and
|at\1](f’ v, tf(f’ E))’ = th (tf(xa U)) q| = 67

therefore we can apply the implicit function theorem to get a function 7 defined on a neighbour-
hood Oz 5 of (Z,7) such that ¥(x,v, 7(x,v)) = 0. By Lemma 2.3.3, we find that t¢(z,v) < 7(x,v),

there only remains to check that 7 is Lipschitz continuous. By compactness, there exists K > 0
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such that

This concludes the heuristic proof.

Remark 2.3.4. The main restriction of this proof is that in general Jj (t;(x,v)) has no reason
to be invertible. Moreover, as we shall see in the rigorous proof, the main ingredients come from
the hidden symplectic structure.

This proof works in the case of the round metric on the unit sphere, as well as small C* pertur-

bations of this metric.

2.3.c Rigorous proof

To understand this proof well, it can be interesting for the reader to compare each step with
the heuristic proof. We start with some remarks on the symplectic structure coming with a

Riemannian manifold.

Definition 2.3.5 (The symplectic form). Let M be a Riemannian manifold of dimension n, for

any x € M we define the symplectic form o:

o: (TuM x T,M)* =R,
(h,q), (W, q') = (h,q'y = (B ,q) = (h, )" T (R, q).

-1,
The matriz J = 0 .
I, O

Definition 2.3.6 (Lagrangian subspace.). A subspace L € T, M x T, M is said to be Lagrangian
if dim(L) =n and 0|, ; is equal to 0.

For example the vertical subspace {0} x T,M € T,M x T,M and the horizontal subspace
ToM x {0} € T,M x T, M are Lagrangian. The matrix J? and J& are the fundamental solution
of the Jacobi field equation (2.3.1) on those subspaces.

Lemma 2.3.7. Let L be a Lagrangian subspace and E, F be two vectorial spaces of dimension

i
n such that E @& F = T, M x T, M, moreover suppose that L N E x {0} = {0} then there exist a

symmetric matrix S such that
L= {(Sq,q)E’F, qE€ F}
We say that L is a graph above F'.
Proof. The matrix S exists since L has dimension n and no direction in E. To see that S is

41
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symmetric we look at the symplectic form on two vector of L: let q,¢' € F by definition

0=0((Sq.9),(5¢.q))
= (Sq,¢) - (5¢,q)
= (Sq.q") — (4,84

Remark 2.3.8. That is exactly the method we used to prove lemma 2.3.2.

An important link between the symplectic form and the Jacobi field is that the symplectic form

is preserved along the flow of the Jacobi field equation.

Lemma 2.3.9. Let Ji and Ja be two solution of the Jacobi field equation (2.3.1) then for any
t>0

o ((Jl(t), jl(t)> , (Jg(t), jg(t))> —0 <<J1(O), jl(O)) : (J2(0), JQ(O))) .

Ji(t) Ji(t)

Equivalently defining M(t) = ( .
Ja(t)  Ja(t)

>, we have M'()JM(t) = J, we say that M(t) is

symplectic.

Proof. The proof is a simple computation, let

f&) = ((n®.4). (L), 20)).
Since R is symmetric we have
F0) = (1), at)) = (lt), ()
(

J1(t), =R(t) J2(t)) = (J2(t), =R(8)J1 (1))
0

O

Remark 2.3.10. The equality M'(t)JM(t) = J implies the identity (2.3.8), it explains why the

proof of this identity is exactly the one we have just done.
We now define a particular Lagrangian subspace in order to find a new formulation for ¢;.

Definition 2.3.11. Let (x,v) € UM we define L, by

Ly = {(h,q) € TyM x T, M|J§(t)h + J{(t)g =0} .

Equivalently with M (t) = (j;g; j;gg) and

‘/t,v = {0} X Templ(tv)M € Tea:pz(tv)M X Tempz(tv)M7
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the vertical subspace at exp,(tv) we have

Liy=M1(t)Vis.
The space Ly, is the set of initial conditions such that at time t the Jacobi field is equal to 0.
Proposition 2.3.12. The space L, is a Lagrangian subspace of Ty M x T, M.

Proof. Since M*(t)JM (t) = J the matrix M (t) is invertible therefore L, , is a vectorial subspace
of dimension n. To see that it is Lagrangian we used that o is preserved along the flow. Let
(h,q) and (F',q¢') in Ly ,, we denote by Jj, 4 the solution of the Jacobi field equation (2.3.1) with
Jn.q(0) = h, J4(0) = ¢, then for any u > 0

o ((h @), (0,0)) = & ((Ina(t): Tna®); o (1), e (1))
= ((0, Jng(1)), (0, Jug (1)) = 0.

O
We thus can give a new formulation of lemma 2.3.1.
Lemma 2.3.13. Let (z,v) € UM then
tp(z,v) =inf {t € RY|Ly,y N Vou # {0}}. (2.3.9)

The set Ly, N Vo is called the focal set at (z,v).

Proof. Let ¢ € U,M, q # 0 such that (0,q) € Ly, N Vo, then Jo,(t) = J(t)g = 0 therefore

lemma 2.3.1 concludes the proof. O

Remark 2.3.14. In the heuristic proof the hypothesis "J} (tf(x,v)) invertible" exactly says that
Ltf(x,v)’v is a graph above Vg, given by the application

S(tr(a,0)) = (J(ts(w,0) IOt (x,0)).

In the general case J3 (tf(x,v)) has no reason to be invertible, to adapt the proof we need to find

another way to write Li;(zw)w as @ graph.

We recall that we identify T, ;)M with R™ through the basis

B(t) = (e1(t), ooy €3()s ooy en(t)) -

According to lemma 2.3.7 the obstruction to see L; f(zw),0 @S & graph above Vg, comes from the

intersection of Ly, (; 1), With the horizontal space. By definition we have
Lt ()0 N How = KerJi (ty(x,v)).
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We identify, for any u > 0, H,, with Vect (€} (u), ..., €j(u), ..., €, (u)) and

Vi with Vect (fi(u), ..., fi(u), ..., fn(u)), where ej(u) = ej(u) x {0} € Ty (uv) X Texp, (uv) and
fi(u) = {0} x ei(u) € Texp, (uv) X Texp, (). With these notation, without lost of generality, we
can suppose we have [ > 1 such that KerJj (¢;(z,v)) = Vect (¢}, ..-€},). Therefore we change, for

any i > 1, e,(u) by f;(u) and f;(u) by —€}(u) to get two new orthonormal spaces of dimension n:

E(u) = Vect (€] (u), ..., e1_ (u), fi(w), ..., fn(w))
F(u) = Vect (f1(u), ..., fiu1(u), —€)(u), ..., —e}, (u)) .

Remark 2.3.15. The change of coordinates is symplectic, that is p'JP = J, where P is the

change of basis matriz. Therefore for any (z,w), (2',w') € E x F we have

o ((z,w), (z',w’)) = <z,w’> - <z’,w> )
By construction for any u > 0 we have

1
1. B(u) ® F(u) =T,

exp,

(uv) X Texpx (uv)

2. Ltf(z,v),'u N E(O) = {0}

Since Ly, is smooth with respect to (z',v',u), there exist a neighbourhood of (x,v,t¢(x,v)):

Oz ty(zw) C TM X R™ such that for any (x/, v',t) € Oz ty(zw) We have
Liw NE0)={0}. (2.3.10)
Moreover lemma 2.3.7 implies that there exist a smooth function

S Ox,v,tf(z,v) — Sn (R)
(x’,v',t) — S(t),

such that for any w € F(0), S(t)w € E(0) and

Lt,v’ = {(S(t)w7w)E(0)><F(O) with w S F(O)} .

Remark 2.3.16. The matriz S(t) depends on (z',v',t), The subspaces E(u) and F(u) also
depend on (' V', t), but the indices | used to define E(u) and F(u) for any (z',v',t) € Oty (x0)

only depends on x,v,t¢(z,v).

The following lemma is the key tool to apply later the theorem of implicit function.

Lemma 2.3.17. let (x,v) € TM,
1. Let g € UyM such that ({0}, q) € Ly, (2,0),0 N Vo then g € F(0) and q" S(ts(z,v))g = 0.
2. There exists § > 0 such that for any (z,v) € TM, |[S(tf(v))|| > 6.

3. Moreover for any (x',v',t) € Ozt s(aw) i q" S(t)g =0 then t;(v') < t.
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A priori ¢ is defined only in T M but we define it in any T2’ M thanks to the identification with

the coordinates. The dot always stands for the derivative along the Jacobi Field ( a)

Proof. Let q € Lt s ()0 N Vo,0- Since Lt ; (z0)w N How = Vect (ef, ...e;), using the symplectic form
o, we find that for any i € [I,n],q; = 0. It gives that ¢ € F(0). Moreover S(ts(z,v))q € Vo
thus for any i € [1,1 — 1], (S(ts(x,v))q); = 0, consequently ¢* S(t;(z,v))g = 0.

To compute the derivative in the ¢ parameter we again use the symplectic form. Let (0,2) € V;,
for any ¢ such that (z,v,t) € Og ¢ (20) there exists ¢(t) = (he, q) = (S(t)we, wi) poyx F(0) € Litw
such that M (t)¢(t) = (0, z). On one side

o (6(),6(5)) = o (S, w0) 0y 70y (S(E)we + S(E)ein, ) o)) )
g ((S(t)wt, ’LUt), (S(t)’tbt, wt)) +0o <(S(t)wt, wt), (S(t)wt, 0))
= <S(t)wt,wt> )

on the other side we have

o (0(1),9(1)) = o (Mo (), M(B)(1))

Since M (t)p(t) = (0, z) we have M(t)p(t) = —M (t)¢p(t), moreover

Thus

Finally we proved that

<S(t)wt,wt> — |22

By compactness we deduce § > 0 such that ||S(ts(x, v)|| > 6.

For the third item we reason by contradiction: we take (2',v,t') € Ozt () and suppose that
q"'S(t)g = 0 and ¥’ < ty(2/,v"). By definition ¢ € Vp,» N F(0) thus for any i € [I,n],q = 0.
Since t' < t f (2',v") the space Ly (z,0),0 18 a graph on the horizontal space. Precisely, according to
(2.3.2), for any t €]0,t¢(2,0")]

Liywayw = { (hy (25 (2, 00) ™ @M€ Hoy b
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We denote (J{(ts(z, v)))_1 J}(t) = K(t). The exact same computation done above proves that
for any h € Hy,:
@a@mh><o

Since t (J{)(tf(:c, v)))_1 converges to I, when ¢ goes to zero, we deduce that for ¢ small enough
K is symmetric positive definite.
For any h € Hp, and ¢’ € Vj, we denote h = (h1,hs), where hy € Hy, N E(0), hs €
Hy, N F(0) and ¢ = (¢},45), ¢ € Vo, N E(0), ¢4 € Vo, N F(0). With this notation we
have ((h,q") = (h1,¢3), (¢1, h2)) ., » and we define for i € [1,4] the bloc matrix S(t), K;(t) such
that

(41, 45) = (K1 (t)h1 + Ka(t)he, K3(t)h1 + Ka(t)h2)

and
(h1,¢5) = (S1(t)qy + Sa2(t)ha, S3(t)q; + Sa(t)ha).
Since by hypothesis Lt',v" is a graph on Hp, and F(0) we deduce that Sy(t') = K;'(t') and
in particular we see that Ki(t') is invertible. In the focal direction ¢ € F(0) N Vp,s we have
7= (q1,0)p(0)
0=¢"S(t") qg=q{ S1(t') 1 = hi K1(t') ha,

where hy(t) = K;'(t)q1. To get a contradiction we just have to remark that, for any A > 0,
taking Oy, ¢ (z,0) Smaller if we need, for any (', v, t) € Op.v,ty(xw), With © < tr(2',0") then

()KL (t)ha(t) < —ARY(t)ha(t).
In the direction (z,v) for any ¢t < t¢(x,v) we have

((51 (1) q1,53 (1) 1), (91, 0)) g p = ((ha (£),0), (K1 (8) b (), K3 (2) ha (1)) € Lo

By definition of ¢ we have S (t)q1 = h1(t) = 0 when ¢t — t¢(z,v) and K1(t)h1(t) = q1. Without
lost of generality we can suppose that K;(t) is diagonal. Therefore any eigenvalue \;(t) corre-
sponding to a ¢; # 0 goes to —oo (it cannot goes to oo since we proved that ¢ — K (t) decreases

). The eigenvalues are continuous with respect to (z’,v’,t) therefore shrieking Ozt (xw) if we

need, we have h} (t)K1(t)hi(t) < —Ahih;y. O

Remark 2.3.18. The last proof just says that when the Lagrangian space Ly, has a vertical
component it cannot be, before the focalization time, in the same time a graph above the horizontal

space and F'.

To conclude the proof of theorem 2.1.3 we apply the implicit function theorem in order to find
the function 7 needed in definition 2.1.1. We define ¥ by: Let (Z,v) € UM and q € U, M be the

focal direction associated. Then the function

U: UMxRT SR
(z,v,t) = ¢"'S(t)q
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is well defined on a neighbourhood of (z,v,t¢(Z,v)). Moreover ¥(z,v,t;(Z,v)) = 0 and by

lemma 2.3.17 we have:
|0 (T, 0, tf(T,0))| = th (tr(z,v))q| > 6.

Therefore we can apply the implicit function theorem to get a function 7 defined on a neighbour-
hood Oz 3 of (Z,7) such that ¥(x, v, 7(z,v)) = 0. By lemma 2.3.17 we find that t¢(z,v) < 7(x,v).
There only remains to check that 7 is Lipschitz continuous. By compactness there exist K > 0
such that

|dz 77| =

It concludes proof of theorem 2.1.2.

Remark 2.3.19. This method also proves theorem 2.1.4, indeed we easily see that the second
differential of T at (z,v) is bounded.

2.4 Proof of theorem 2.1.2: Lipschitz continuity of the tangent
cut loci

Let x € M, e, € UM, v =t.(ey)e,. We want to find a function 7 needed in Theorem 2.1.1. The

proof follows the one given by Castelpietra and Rifford in [30], it consists to find such a function

thanks to the implicit function theorem. The construction on the function 7 will depends on x, v
and (v).

2.4.a At the intersection with the tangent focal locus

If v € TFL(z)NTCL(z) then t.(z, e,) = t¢(z, ey) and for any (y, ew) € Us M te(y, ew) < tr(y, ew).

By theorem 2.1.3 t; is s Lipschitz continuous so 7 = ¢y works.

This shows that in the non focal case, the function ¢, is Lipschitz continuous on UM.

2.4.b Far from the tangent focal locus

If v ¢ TFL(x) N TCL(z) then 6(v) > 0. Let © € I(z) such that |v — 9| = §(v) and exp,v =
exp, U =y. let K C T'M be a compact neighbourhood of the geodesic path ¢ € [0, 1] — exp,(tv)
and 0 < & < tjn; such that B(y,e) C K(y). For any n € T,S with z = exp,n € B(y,¢),
we construct a path s,t € [0,e] x [0,1] — ~(s,t) satisfying the following conditions for any
(s,t) € [0,¢] x [0,1]:

1 7(0,8) = (t) = exp, (£0).
2. (s,1) = exp, (sn) = 2.
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3. v(s,0) = x.
4. ~(.,.) € C1([0,1]%, M).

5. (v(s,t),7(s,t)) € K .

Working in smooth charts this construction is easy to realize. Note that s < e < ¢;,; implies
s > exp,(sn) is a minimizing geodesic path, therefore d*(y, zs) = s* and z, € B(y,¢). However
t — 7(s,t) and s — ~(s,t) are not necessarily geodesic paths away from s = 0 and ¢t = 1.
Anyway the first variation formula 2.2.2 of 2.2.3 applied to v gives K such that

52
d?(z,25) < A(y(s,1)) < A(7(0,1)) + s (dyexp, T,n) + ?K (2.4.1)

K
< d*(z,y) + s (dyexp, D, n) + 5d2(y, Zs).

We can similarly add a perturbation of x. Hence we define u : B(x,¢) x B(y,e) — RT by

u(@', z) = d*(z,y) + (dyexp, U, (exp,) " (2)) — (U, (exp,) " (a"))
+ K (&*(z,2") + d*(y,2)) . (2.4.2)

1
Note that if we compare to the right hand side of 2.4.1 we have changed §K to K; this modifica-
tion shows that d?(z’, 2) = u(z’, 2) if and only if z = y and 2’ = z otherwise d?(z', 2) < u(z’, 2).

Moreover u is ' and
(dx’:a:,z:yu) : (Ca 7]) = _<57 C> + <d§epr 57 77)

Remark 2.4.1. We proved here the semiconcavity of the cost function c¢(x,.) with dyexp, v as

a supergradient at y.
By continuity of exp, there exits e > 0 such that for any (', w) € B ((z,v),e) C TM, exp,/(w) =
z € B(y,e). Let y(2',w,0) = exp,/ (Qw) we define ® : B ((z,v),e) — R by

w s u(expl(w)) — A(y(a',w,6).

According to the first variation formula (2.2.1) of (2.2.3), ® is C' on B ((z,v),¢) and the differ-
/
x

ential at z, v in the direction (, & (i.e. = exp,(r(), w = v + s) is given by :

(d2w®)(C, €) = (dp=p exP, U, dp=y €xP; &)y — (dp=v €XP; ¥, dp=y €Xp, §)y + (v = 7,()  (2.4.3)
= <q_qa77>y + <U _67C>7

where dyexp, v = —¢, dy exp, v = —q and d, exp, £ = 1.
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The set Oy, = {(2/,v',t) € UM x R} such that (z/,tv") € B((x,v),) is an open subset of
UM x RY, moreover (z,e,,t.(e,)) € O. We define ¥ by

U: Opo—R
W (t, ¢) = D(tQ).

By definition ¥(z, ey, t.(ey)) = u(z,y) — A(y(z,v,0)) = 0 and for (2/,v',t) # (z,ey,tc(ey)) if
U(z,v',t) =0 then (2.4.1) implies

d? (2’ exp, (tv))) < A(y(z, v, 1)).

Hence t > t.(2',v). Furthermore we compute

1
te(ey)

0
7\11(1'7 ev7tc(ev)) = del)q)(x? ev) = <q - 67 -

o1 Q>y'

Since the geodesic flow is Lipschitz continuous, there exists A > 0 such that
1 _ _
1 <lg—1ly < Alv -7,

Since |q|§ = |§|§, and t. is bounded by say C' uniformly on T'M we have

1 _ 1 _2 1 2
— = — > — . 2.4.4
td%ﬂ@ 7, 0)y| %@dm al” 2 53 70(v)" >0 (2.4.4)
Therefore 5 .
— > — 2 . 4.
8t\IJ(:L‘, evste(ey))| > 20/5(0) >0 (2.4.5)

Consequently we can apply the implicit function theorem to W(a' v, t) = 0 at (x, ey, tc(ey)); we
have a neighbourhood of (z,e,): Oy, C UM and a function 7 € CI(OI,U, R™) such that

V(2! v") € Oppte(a!,0)) < 7(2/,0) te(m,en) =7(x, ). (2.4.6)

The implicit function theorem also gives the differential of 7:

Ay e, T(C,€) = —de/:x,p:@(c,@ (2.4.7)
I
- <q _ q’ q>y [<q %n)y + <U v, C)x]
_ " (lnly + I¢le)
=T 5

We fix § > 0 and distinguish two cases.
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Case 1: §(v) >

In this case (2.4.7) becomes:

’d:p’:z,v/:evT(C7 f) ’ <

C
S (<l + el

. . . . : C .
Therefore the function 7 is k Lipschitz—continuous, near (z,e,), for any £ < % In this case we

are done. In particular it proves the non-focal case of Theorem 2.1.2.

Case 2: §(v) <6
In this case v is near a purely focal point. We need to be slightly more precise regarding the

estimation of |dg/—g v/=¢, 7((,§)|. First of all we can rewrite (2.4.4) as

0 1 9
— > —|v —v|”. 4.
8t\IJ(x, v, te(ey))| > 507 lv — 7 (2.4.8)

The estimation of the derivative along x, e, is a bit more tricky. Since the symplectic form is

preserved along the Jacobi field we have for any ¢ > 0:

g ((0’ v —= U)v ({, E))
= o (M@ =), hO© = ), (o) + T (08 ()¢ + i (1)8))  (2.4.9)

thus

— (0 =7,0), = (O + R OEhB©-1)) =

Yy

<J1(t)(v — %), Jo(t)C + )y (t)§>y . (2.4.10)

A Taylor formula together with the fact that exp,(v) = exp, () gives that there exists C' € Ry
such that
|dp—y exp,, (v =) |y = [J1(te(e0)) (v —D)|y < Alv — al*. (2.4.11)

Thus the right hand side of (2.4.10) is smaller then AJv — |%. Thanks to (2.4.7), we can show
the Lipschitz continuity separately on each variable; we conclude by examining three different
cases. The first case is a perturbation along the variable v. The second and third cases deal with

a perturbation along the variable x.

e If we only consider a perturbation along the speed (¢ = 0) then (2.4.10) and (2.4.11) give
‘<77,j1(t)(v—v)>y‘ < Alv — 5. (2.4.12)

Moreover a Taylor formula on ¢ — ¢ = dp—,, exp,.(v) — dp—y exp, (V) gives, for 6(v) small enough,
J(t)(v =) =g =7+ o(jv —1*). (2.4.13)
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We deduce that there exist C' > 0 and § > 0 such that for any x € M and v € I(z) with §(v) < 6

we have

‘d:v’::c,p:v\ll(oa §)| = ‘<777 q— q>y‘ < C’”U - 6|2'
Together with (2.4.8), we obtain

20'Clv —v|?

dm’:x,v’:eqﬂ_(oa 5) < "U — @’2

<C.

It proves the Lipschitz continuity in the v variable. We recall that the constant C' can grow after
each inequality but is uniform on T'M. We now want to look for the Lipschitz continuity in the
x variable.

e If the perturbation ( is collinear to v ({ = +v) then
| dar=2p=0¥(C,0)| = | (v,0 =), | = |[v—D[3.
Together with (2.4.8) we obtain that
A yr—e,7(C,0) < C.

This is exactly the Lipschitz continuity at (z,v) in the x variable along the geodesic direction
given by v.
o If the perturbation ( is in KerJy (t.(ey,)) then Equation (2.4.10) becomes

—(w-T,C), = <J1(t)(v — D), Jo (te(ew)) g> , (2.4.14)

Y

together with the estimation (2.4.13) we obtain C' > 0 such that:
dz’:x,v/:evT(Cao) < C.

Therefore the function ¢. is Lipschitz continuous along these directions.

In dimension two, for any (z,v) € M we can take a basis with one direction along e, and the
other one in KerJy (t.(e,)). We deduce that ¢. is Lipschitz continuous on UM. It concludes the
proof of Theorem 2.1.2.

Remark 2.4.2. The Lipschitz continuity in the x variable in the geodesic direction has its own

importance, in particular it allows us to show Lemma 3.2.3 in the next section.

Remark 2.4.3. We do not know if in any dimension the function t. is Lipschitz continuous on

UM. However, for any n—dimensional Riemannian manifold, such that
dim [KerJy (tc(ey))] =n — 1,
we proved that t. is Lipschitz continuous on UM . It is for example the case of S™. More generally

we proved the Lipschitz continuity for any perturbation in [KerJy (t.(ey))].
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Chapter 3

MTW condition vs. convexity of

injectivity domains

3.1 Introduction

Let (M, g) be a smooth compact Riemannian manifold of dimension n > 2. The injectivity

domain at some x € M is defined as
I(z) = {v €T, M |3t >1s.t. d(z,exp,(tv)) = \tv\x},

where exp, denotes the exponential mapping at x, d the geodesic distance on M x M and

[Vl = Vgz(v,v) = \/(v,v),. It is an open star-shaped subset of T, M. Thanks to the Itoh-
Tanaka Theorem [30, 64, 77| its boundary TCL(z), which is called tangent cut locus at x, is

Lipschitz. Its image by the exponential mapping is called the cut locus of =z,
cut(z) = exp, (TCL(z)).

The geodesic distance from x, that is the function y — d(z,y) is smooth outside cut(x). Indeed,

the distance d is smooth outside the set
cut(M) = {(m,y) EMxM|ye cut(x)}.
For every z € M, v € I(x), and (§,n) € T, M x T, M, the Ma—Trudinger—Wang tensor (or MTW

tensor for short) at (z,v) evaluated on (£, n) is defined by the formula

2

5 (expx(tf), exp, (v + sn)). (3.1.1)

d2
s=0 dt?

3 d?

S(z0)(&sm) = 5 g2

t=0

(The MTW tensor was introduced for the first time in [85] in a slightly different way, see also
[110].) Since v € I(x), exp,(v) & cut(x), hence the pair (exp, (t£), exp, (v + sn)) does not belong
to cut(M) provided s,¢ are small enough and the right-hand side in (3.1.1) is well-defined. As
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Chapter 3. MTW condition vs. convexity of injectivity domains

noticed by Loeper in [82], if £, 7 are two unit orthogonal vectors in T, M, then

6(:):,0)(5777) = UJ:(P)

is the sectional curvature of M at x along the plane P generated by & and 7.

Definition 3.1.1. We say that (M, g) satisfies (MTW) if the following property is satisfied:

V(z,v) € TM withv € I(x), VY (&,n) € TuM x T, M,

First, by Loeper’s remark [82, 110], if (M, g) satisfies (MTW) then it must have nonnegative
sectional curvature. In [83], Loeper and Villani proved that if (M, g) is nonfocal and satisfies
a stronger form of the (MTW) condition, then all its injectivity domain must be uniformly
convex. Following [83], the aim of the present paper is to study the effects of the (MTW)
condition on convexity properties of injectivity domains. Before to present our results, let us
briefly recall the link between (MTW) and the regularity of optimal transports with quadratic

Riemannian costs.

Let u, v be two probability measures on M and let ¢ : M x M — R be the quadratic cost defined

by

d(z,y)?
2

The Monge problem with measures u, v and cost ¢ consists in finding a measurable map T :

c(x,y) = V(x,y) € M x M.

M — M which minimizes the cost functional
| etw 7)) dute)
M

under the constraint Tup = v (v is the image measure of p by T'). If p is absolutely contin-
uous, then according to McCann [88], this minimizing problem has a solution 7', unique up to
modification on a u-negligible set. A first question is whether the optimal transport map can be

expected to be continuous. To this purpose, we introduce the following definition.

Definition 3.1.2. We say that (M, g) satisfies the transport continuity property (abbreviated
(TCP)) if, whenever u and v are absolutely continuous measures with respect to the volume
measure, with densities bounded away from zero and infinity, the optimal transport map T with

measures , v and cost ¢ is continuous, up to modification on a set of zero volume.

The following results relating (TCP) condition with (MTW) and convexity properties of injec-

tivity domains were obtained in [48].

Theorem 3.1.3. Assume that (M,g) satisfies the (TCP) condition. Then (M,qg) satisfies

(MTW) and all its injectivity domains are convex.

Theorem 3.1.4. Assume that M has dimension 2. Then the (TCP) condition holds if and only
if (M, g) satisfies (MTW) and all its injectivity domains are convex.

54



3.2. Preliminary results

Let us now state our results. The nonfocal domain at some z € M is defined as
NF(z) = {v € T, M | dy, exp,, is not singular for any ¢ € [0, 1]}

It is an open star-shaped subset of T, M whose boundary TFL(z) is called the tangent focal
domain at z. The set NF(x) = NF(z) U TFL(z) can be shown to be semiconvex (see [30]), and

the following inclusion always holds:
I(z) C NF(x) Ve e M,

see for instance [53, Corollary 3.77] or [110, Problem 8.8].
Definition 3.1.5. We say that (M, g) is nonfocal provided

TCL(z) C NF(x) Ve M.

In [83], Loeper and Villani proved that if (M,g) is nonfocal and satisfies a strict form of the
(MTW) condition (i.e. &(,.)(&,7) > cl€*|n|* with ¢ > 0 in Definition 3.1.1), then all its

injectivity domain are uniformly convex. Our first result removes the strictness assumption in

the Loeper-Villani theorem.

Theorem 3.1.6. Let (M, g) be a nonfocal Riemannian manifold satisfying (MTW). Then all

jectivity domains of M are convex.
Our second result removes the non focal assumption for some particular cases.

Theorem 3.1.7. Let (M, g) be a compact, analytic two-dimensional Riemannian manifold sat-

isfying (IMTW). Then all injectivity domains of M are convez.

3.2 Preliminary results

Let M be a Riemannian manifold,we denote by UM C TM the unit tangent bundle. The
distance function to the cut locus at some x € M, tey : UM — (0,00), is defined by

tewt(z,0) = sup{t >0|tv € I(a:)}

- max{t > 0| d(x, exp,(tv)) = \t\w}.
Then, for every x € M, there holds
1(z) = {w 10 <t < tew(z,0), v E UxM}
and TCL(z) = {twt(x,v)v |v e UxM}.
For every x € M, we denote by p, the radial distance on T, M, that is

) e Fwle i ge(v,w) # [u]e|wle
pm(’U,’U}) - .
v —wly it gr(v,w) = |v|g|w|s.

55



Chapter 3. MTW condition vs. convexity of injectivity domains

Then the radial distance to I(z) satisfies for any v € T, M,

pz(v,1(z)) = inf{px(v,w) |w € I(ar)}

v v
v—teut | Ty — | —— if v ¢ I(z),
( rvu) [l |,

0 otherwise.

To describe TCL(x) we define a function 4.

Definition 3.2.1. For any v € TCL(x) we define §(v) = max|v — w|, w € TCL(x) such
that exp,v = expyw. Moreover for any set V(x) C TyM starshaped, we define 6(V(z)) =
min(d(v),v € V(z) N TCL(z)). Finally we define for V.C TM :

§(V) = min(6(V(z)),z € M).

This property allows us to split TFL N TCL into two sets: the purely focal set where 6 = 0 and
the other part V' where V(z,v) € V(z),d(v) > 0. A compact nonfocal Riemannian manifold M
satisfies §(M) > 0. A manifold M satisfying 6(M) > 0 is a bit more general than the nonfocal

manifold, since we only avoid purely focal speed.

Lemma 3.2.2. Assume that V. C TM is stable for the exponential map and satisfy 6(V') > 0.
Then, there exist §, K > 0 such, that for every v € V(x),

|v\§ — d(w,expx(v))2 <f = px(v,l(x)) <K (\vli — d(a:,expz(v))2> .

In particular assume that (M, g) is nonfocal. Then, there exist 6, K > 0 such, that for every
veTl,M,

2 2
02 = d(z,exp,(1)* <6 = pa(0,1(2)) < K (Jof2 = d(z, exp,(v))?)
Proof of Lemma 3.2.2. First, for every (z,v) € V(z) we set

P2 (v) := dy exp,(v) € V(exp,(v)),

so that if v : [0,1] — M is a constant-speed minimizing geodesic path going from z to y, with
initial velocity vp and final velocity v, the map 1, is defined by vy — v1. As 6(V) > 0 there
exists A > 0 such that, for every v € TCL(x), there is a geodesic path starting at x with initial
velocity w (with |w|, = |v|,), and finishing at y = exp, (z) with final velocity 1, (w), satisfying

02 = (1 (), Y (w))y > A, (3.2.1)

see for instance [83, Proposition C.5(a)|. Let v € TCL(z) NV (z) and y := exp, (v) be fixed. As
before, consider a minimizing geodesic path from z to y with initial velocity w satisfying (3.2.1).
Since d?(z,-) is locally semiconcave on M, 2, (w) is a supergradient for d?(x,-) at y, and the

distance from z to its cut locus is uniformly bounded from below (see [110, Definition 10.5 and
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3.2. Preliminary results

Proposition 10.15]), it is easy to show the existence of a smooth function h : M — R, whose Cc?

norm does not depend on z and v, and such that

d(z,y)* = h(y) = |v]3,

Vh(y) = 2 (w)

d(z,2)* < h(z), Vz € M,
see for instance [83, Proposition C.6]. This gives

(14 &)v]2 — d(z, exp, (1 + 8)1)))2 > (1+¢)?vf2 — h(exp,((1 +¢€)v)) Ve.
Hence, if Cjy denotes a uniform bound for the C2 norm of h independent of  and v, we get
(14 e)vl2 — d(z, exp, (1 +2)v))* > 26 (Jo]2 = (¥a(v), Ya(w))) — Coc?.
Then, using (3.2.1), we deduce that
(1 +2)vf2 — d(z,exp, (1 +€)v))° > A Ve € (—0,0),
where ¢ := A/Cy. Since
po((1+ )0, 1(@)) = |1+ ) — vl = el

we finally obtain

V]

pz((1+e)v,I(z)) < A

(\(1 +e)of2 — d(x, exp, (1 + 8)1}))2> Ve € (—eo, £0).

To conclude the proof it suffices to observe that, by a simple compactness argument, one can
casily check that there exists § > 0 such that any w € T, M \1(z), with |w|2 —d(z, expgc(w))2 <4,
has the form (1 + €)v for some v € TCL(z) NV (z) and € € [0, ). O

Lemma 3.2.3. There exist 6, K > 0 such that, for every (z,v) € TM with p,(v,1(x)) <4,
K™ pa(v,1(2)) < py(w,1(y)) < Kpo(v, 1)),
and for every v € I(x) with py(v, TFL(x)) > 0,
K 'p,(v,TFL(z)) < py(w, TFL(z)) < Kp, (v, TFL(z)),

where y = exp,(v) and w = —dy exp,(v) = = (v), in particular v = exp,(w) .

Proof of Lemma 3.2.3. First, we observe that both inequalities trivially hold whenever v belongs
to I(x). Indeed, p,(v,I(x)) = 0 is equivalent to py(w,I(y)) =0, so all terms vanish.
Let (z,v) € TM be fixed. We set e, = " and

[0l
Yy = epr(’U), w = _wx(v)v w = tCut (y, ew) Cw,
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Chapter 3. MTW condition vs. convexity of injectivity domains

and in addition

U= tew (T, €0) €0, 2:=exp, (D), w :i=—,(D).

Note that since ¥ belongs to TCL(z), the velocity w’ necessarily belongs to TCL(z), so it satisfies
w' = teut (Za ew’) Ew’ -
Moreover, there holds

po(v,I(2)) = v 7], and  p,(w,1(y)) = w - ], -

Equip T'M with any distance dpps which in charts is locally bi-Lipschitz equivalent to the Eu-
clidean distance on R" x R". We may assume that |v|; is bounded. Since the geodesic flow is

Lipschitz on compact subsets of TM , there holds
dry ((y,w), (z,0')) < K'lo -7,

for some uniform constant K'. In fact, if v is close to I(x) then ¥ is close to v, and so also y and
z are close to each other, so the above inequality follows from our assumption on dpjps. Then,
assuming that p,(v,I(z)) < ¢ for § > 0 small enough and taking a local chart in a neighbourhood
of y if necessary, we may assume that y, z, w,w,w’ are in R"™. Moreover, up to a bi-Lipschitz
transformation which may affect the estimates only up to a uniform multiplicative constant, we
may assume for simplicity that drps coincides with the Euclidean distance on R™ x R™. Since y

is perturbed along the geodesic flow, Remark 2.4.2 gives

lw—w|, = |w|, —t(y, ew) = [v], = V], + V], — te(y; €w)
= [vl, = [ol, + ||, = te(y, ew)
= v =], + te(2, e ) — te(y, ew)
<|v-7,+KK'|v-1|,.

3.3 Proof of Theorem 3.1.6: convexity in the non focal case

Let (M, g) be a smooth compact Riemannian manifold of dimension n > 2 which is nonfocal
and satisfies (MTW), and let §, K > 0 be two constants such that all properties of Lemmas
3.2.2-3.2.3 are satisfied. For every p > 0, we set

P(2) = v € TM | pu(v,1() < pi}

Since M is assumed to be nonfocal, there is 7 > 0 such that I”(z) does not intersect TFL(z) for
any x € M.

Lemma 3.3.1. Taking K > 0 larger if necessary, for every x € M and any vy, v1 € I(x) there

58



3.3. Proof of Theorem 3.1.6: convexity in the non focal case

holds
vp:= (1 —t)vg + tvy € IK‘”I_”W(:E)

and

@ = —dy, exp, (v;) € 1Kol (ye = exp,(vr)).

Proof of Lemma 3.3.1. Since the functions v € Uy M + teyi(x,v) are uniformly Lipschitz, there
is K > 0 such that

pe(ve,1(z)) < Klog —wole Vo, v1 €1(x), Ve M.

The definition of I¥1"1=%0le (1) together with Lemma 3.2.3 yield both inclusions. O

Our proof requires the use of the extended MTW tensor which was initially introduced by
the first and third author in [46]. To define this extension, we let x € M, v € NF(z), and
(&,m) € TyM x T, M. Since y := exp, v is not conjugate to x, by the inverse function theorem,
there exist an open neighbourhood V of (z,v) in TM, and an open neighbourhood W of (z,y)

in M x M, such that
\If(x’v):VCTM — WCMxM

(') — (ac', exp, (U'))

is a smooth diffeomorphism from V to W. Then we may define ¢, ,) : W — R by

. Y(@y)ew. (3.3.1)

Caw) (@) = 5[V (@29

~

If v € I(z) then for ¢ close to exp, v and 2’ close to & we have ¢, . (z',y") = c(@’,y) =
d(z',3)? /2. For every z € M, v € NF(z) and (¢,n) € T, M x T, M, the extended Ma-Trudinger—
Wang tensor at (z,v) is defined by the formula

d2
s=0 dt?

3 &
2 ds?

o~

C(z,v) (epr (tg)a €XPy (U + 577)) :

6(x,v) (ga 77) =
t=0

The following lemma may be seen as an “extended” version of [83, Lemma 2.3|.

Lemma 3.3.2. There exist constants C, D > 0 such that, for any (x,v) € TM with v € I*(x),
S(on) (&) = —C & el [€lelnle — Dpa(v, (@) €202 V& € ToM.

We also give a local version of this theorem when M is not nonfocal.

Lemma 3.3.3. Let V C TM and p > 0 such that p(V NI, TFL) > u. Then there exist constants
C,D > 0 such that, for any (z,v) € TM withv € V(z)N1¥(z),

S(e)(&m) = =C (€, n)al Elalnlz — Dpa(v,1(@))|EZINE V& n € ToM.
Proof of Lemma 3.3.2. The tensors & and & coincide on the sets of (x,v) € TM such that
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Chapter 3. MTW condition vs. convexity of injectivity domains

v € I(x), hence

V(z,v) € TM with v € I(z), V(§,n) € TuM x T, M,
[<§777>33 =0 = @(I,v)(f,n) > 0].

Let I#(M) be the compact subset of TM defined by
IE(M) = Ugem ({x} X Iﬁ(x)) .

The mapping
(z,v) € TF(M) — (x,expx(v))

is a smooth local diffeomorphism at any (z,v) € I#(M) and the set of (x,v,£,n) with (x,v) €
I#(M) and &,m € U, M such that (¢,1), = 0 is compact. Then there is D > 0 such that

6(m,v) (57 77) > _Dp:c(v’ I(ﬂ?)),

for every z,v,&,n with (z,v) € I#(M) and &, € U, M such that (¢,1), = 0. By homogeneity

we infer that
S ) (&m) = —Dpg(v,1(z))[€]2]n]2,

for every x,v,&,n with (z,v) € (M) and &, € T, M such that (£,7), = 0. We conclude as in
the proof of [83, Lemma 2.3]. ]

The proof of 3.3.3 is exactly the same mutatis mutandis.

The following lemma will play a crucial role.

Lemma 3.3.4. Let h: [0,1] — [0,00) be a semiconvez function such that h(0) = h(1) =0 and
let ¢ > 0 be a fized constant. Assume that there are t; < ...,txy € (0,1) such that h is not
differentiable at t; fori=1,...,N, is C* on (0,1)\ {t1,...,tn}, and satisfies

h(t) > —|h(t) —c  Vte[0,1]\ {t1,... tn}. (3.3.2)
Then
h(t) <ct(l—t) vt e [0,1]. (3.3.3)
Moreover, if in addition there is € > 0 such that
¢ <Al + ¢, (3.3.4)
then

h]loe < /3. (3.3.5)
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Proof of Lemma 3.53.4. Let a > 0 and f : [0,1] — R be the semiconvex function defined by
ft) =h(t)—at(l—t) Vtelo,1].

Let ¢ be a maximum point for f. Since f is semiconvex, it has to be differentiable at ¢, so t # t;
fori=1,...,N. If T € (0,1), then there holds f(f) = 0 and f(#) < 0. Thus, using (3.3.2) we get

\h(@)| = a|2t — 1] < a,

0> f(@) =hE) +2a>—|hE)| —c+2a>a—c

This yields a contradiction as soon as a > ¢, which implies that in that case f attains its

maximum on the boundary of [0,1]. Since f(0) = f(1) = 0, we infer that
h(t) < at(1—t) Vte[0,1],

for every a > c. Letting a | ¢, we get (3.3.3). Finally, if (3.3.4) is satisfied, (3.3.3) implies (recall

that h is nonnegative)

[hlloc = sup [A(t)] < (|hlloc +€) sup t(1 1) = (Al +)/4.
te[0,1] te[0,1]

The inequality (3.3.5) follows easily. O]
We recall that given vg,v; € I(x), for every ¢ € [0, 1] we set
Ut -= (1 - t)?)o + tuy, Yt = expx(vt)u q; = _dUt epr(Ut).

In addition, whenever y; does not belong to cut(z) (or equivalently = ¢ cut(y;)) we denote by ¢

the velocity in I(y;) such that

expy, () =z and  |qtly, = d(z,yr).

The following results follow respectively from [48, Lemma B.2| and [49, Proposition 6.1] and does

not need the non focality assumption.

Lemma 3.3.5. Let x € M and vo,v1 € I(x) be fixred. Then, up to slightly perturbing vo and vy,

we can assume that vo,v1 € I(x), and that the semiconver function h : [0,1] — R defined as

P dy)?
2 2

h(t) : Vvt e [0,1],

is C% outside a finite set of times 0 < t; < ... < ty < 1 and not differentiable at t; for
i=1,...,N.

Lemma 3.3.6. Let x € M and vy,v1 € I(x). Assume that the function h defined above is
C? outside a finite set of times 0 < t; < ... < ty < 1, and it is not differentiable at t; for
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i = 1,...,N. Furthermore, suppose that [q,,q] C NF(y;) for all t € [0,1]. Then, for every
te[0,1]\ {tl, .. ,tN} we have
h(t) = (g = @s G ), » (3.3.6)

. 9 1l ) B
i(t) = 2 /0 (1= )8 . (1syaboan (G2t — ) ds. (3.3.7)

3

We refer the reader to the Appendix for definitions and properties of semiconvex sets.
Lemma 3.3.7. Taking K larger if necessary, the following properties are satisfied for any x € M :

(i) Assume there are constants w > 0 and k € (0, 1) such that

Vog,v1 € I(x), |v1 —wls <w = sup {py, (¢, 1(y)) } < k.
qe[@ﬁ:‘]t]

Then 1(z) is (K k)-semiconvex.

(ii) Assume there are constants w,a,e > 0 such that

Yoo, v1 € I(x), |v1 —vgls Sw

— 2y 2
sup {py, (0. 1)) } < min{a (|vt|w _d(z, ) > +6’M}'
€[4t 2 B

Then 1(z) is (Ke)-semiconver.

Proof of Lemma 3.3.7. We first prove assertion (i). We need to show that there is a uniform
constant K > 0 and v > 0 sufficiently small (see Appendix) such that, for any vg,v; € I(x) with
[vo — v1lz < v,

pz (v, 1(2)) SKnt(l—t)‘vo—vﬂz vVt e[0,1].

As above, we set
w2 deep)?
2 2

Let vg,v1 € I(z) and v > 0 with |v; — vl < ¥ < w be fixed. By Lemma 3.3.5, up to slightly

h(t) : vt e [0,1].

perturbing vy, v; we may assume that h : [0,1] — R is semiconvex, C? outside a finite set of
times 0 < t; < ... <ty < 1, and not differentiable at ¢; for i = 1,..., N. By Lemmas 3.3.2 and
3.3.6 (observe that k < @ and I"(y;) C NF(y;)), for every t € [0,1] \ {t1,...,tx} it holds

h(t) = —ClA)|Gelylae — Tily, — D max {py.(q,1(4:))} Welylae —@ily, vt e[0,1].
+:dt

Moreover, by compactness of M, there is a uniform constant £ > 0 such that
‘?Jt|yt < E’UO - Ul‘x and |qt fﬁt‘yt < E.

Hence

h(t) > —CE2[h(t)||v1 — vo|, — DEk|vr — vo|. (3.3.8)
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Taking v € (0,w) small enough yields
h(t) > —|h(t)] — DE*klvi —vol> YVt € [0,1]\ {t1,... . tn}.
So Lemma 3.3.4 gives
h(t) < DE*ct(1 —t)|vy —wo|2 Vit e[0,1],

which shows that I(x) is (K k)-semiconvex where K > 0 is a uniform constant.

To prove (ii) we note that (3.3.8) implies

h(t) > —C’Ez\h(t)]‘vl - vo‘x - DE4a\h(t)Hvl - vo‘i — DE4€‘1)1 — i, (3.3.9)

which (by choosing v € (0,w) sufficiently small) gives
h(t) > —|h(t)| — ||hllec — DE*e|vy — wo|? Vte 0,1\ {t1,...,tn}.

Hence, by the second part of Lemma 3.3.4 we obtain

DE*

1Alloe < elv1 — wol3-

Plugging this information back into (3.3.9) gives, for v sufficiently small,

h(t) > ~CE2|h(t)||v1 — vo|, — 2DE"e|vy — wo|>.

We conclude as in the first part of the proof. O

Returning to the proof of Theorem 3.1.6, we say that P(r) is satisfied if for any x € M the set
B;(r) NI(x) is convex (here By(r) denotes the unit open ball in T, M with respect to | - |5).
If P(r) is satisfied for any r > 0, then all the injectivity domains of M are convex. Since

ro 1= inf |v]; is strictly positive, P(r) is true for any r < rg. Therefore, the set of
€M, veTCL(z)

r > 0 such that P(r) is satisfied is an interval J with positive length. Moreover, since the
convexity property is closed, J is closed. Consequently, in order to prove that J = [0,00), it is

sufficient to show that J is open.
Lemma 3.3.8. The set of r for which P(r) holds is open in [0,00).

Proof of Lemma 3.3.8. Assume that P(r) holds. We want to prove that, if 5 > 0 is sufficiently
small then also P(r + () holds.

The proof is divided in two steps: first we will show that, for any 8 € (0,z/(2K)) (here p and K
are as in Lemma 3.3.7), the sets By (r + ) N1(x) are (K /3)-semiconvex for any x € M. Then, in
Step 2 we show the following “bootstrap-type” result: if the sets B, (r+8)NI(z) are A-semiconvex
for all z € M, then they are indeed (A/2)-semiconvex. The combination of Steps 1 and 2 proves
that, for any # € M and 8 > 0 small, the sets B,(r + 8) N1(z) are (K 3/2")-semiconvex for any

k € N, hence they are convex as desired.
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Chapter 3. MTW condition vs. convexity of injectivity domains

Figure 3.3.1: Definitions

Step 1: I(z) N By (r+ p) is (KfB)-semiconvex for any B € (0,11/(2K)). Assume that P(r) holds,
and fix z € M and v > 0. Thanks to Lemma 3.3.1, for any vy, v1 € I(z) with |vg — v1], < v we

have
v € 15%(z)  and g, € IEV(y).

Let 8 > 0 and vg,v1 € Bx(r + ) NI(z) be fixed. By construction

’§t|yt = |Ut|x < T+67 |Qt|yt < ’vt|x < T"‘B? q: € I(yt)'

Since g, € 187 (y;) we can find ¢," € I(y;) N By, (r + ) such that

Py: (@57 I(yt)) =g, —d4| < Kv.

Moreover, using that I(y;) is starshaped and that q:,q, € By, (r + (), we can find ¢;, ¢; €

By, (r) N1(y) such that py, (g, q7) < B8 and py,(qs,q'}) < 8. Recalling that by assumption P(r)

holds, we have [q;,¢;] C I(y;), which implies (see Figure 1)

max {py, (¢.1(y))} < max {p,(a[q.q7])}
q€(y,qt] q€(y,qt]

= max {py, (4,9 ), py. (@ 4%) }
< B+ Ky,

where at the second line we used that the maximum is attained at one of the extrema of the
segment. Thus, Lemma 3.3.7(i) gives B, (r+ 8)N1(x) is (K B+ K2v)-semiconvex for any 3,v > 0
such that 8 + Kv < /K, and we conclude letting v | 0.

We now show the following “improvement of semiconvexity” result.

Step 2: if all I(x) N By(r + ) are A-semiconvex, then they are (A/2)-semiconver. We want
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3.3. Proof of Theorem 3.1.6: convexity in the non focal case

to prove that the following holds: there exists Sy > 0 small such that, if for some A > 0
the sets I(x) N B, (r + B) are A-semiconvex for all x € M and 8 < [y, then they are indeed
(A/2)-semiconvex.
To this aim, by the results in the Appendix, we need to prove that there exists v > 0 sufficiently
small such, that for any 5 € (0,5p) (6o to be fixed later, independently of A) and vg,v1 €
B, (r+ B) NI(z) with |vg — vi|, < v, we have

A

pm(vt,I(x)) < Et(l — t)}vo — U1|2 Vit e[0,1].

Let vp,v1 € I(z) and v > 0 with |v; — vglz < v, and for ¢,s € [0,1] set ¢f := (1 — $)q; + sq
and denote by ¢; the intersection of the segments [0, ¢;] and [g, ¢;] (see Figure 1). We have (by
Lemmas 3.2.2 and 3.2.3)

Py (1) < pu (@S @) + P (@ Lwr)
< Py (@ at) + Py (@ 1we)
= Py (@ L)) + 2y (@ L))
< Kpo(ve (@) + oy, (@ 1(02))
<

Ut2 X t2
K? <| 2' d 2‘”) )+pyt(qt71(yt))~

Therefore, for every t € [0,1] we get

2 d , 2
max {py, (¢,1(y))} < K? <‘Ut’x _ A ) ) + max_ {py, (¢, 1(y)) } - (3.3.10)
9€[as.at] 2 2 q€lara)

Set for every t,s € [0,1],q; = (1 — s)q; + sq;. By A-semiconvexity we have

Py (T 1(ye)) < As(1 = s)|ae — g7, (3.3.11)

Then, we finally obtain for v > 0 small enough,

- :_ d(xy)? _
q:’[;lpq]{f)yt(qi(yt))} < min{ K* (’vg - (x2yt) >+Alqt—q{t|§t,u},
t:qt

for every t € [0, 1]. Two cases may appear:

First case: |q — q£|§t <1/(2K).
Then by Lemma 3.3.7 (ii), we deduce that I(x) N B,(r + ) is (A/2)-semiconvex.

Second case: |q; — q£|l2/t > 1/(2K).
We work in the plane generated by 0,q:,q; in T, M. We define the curve v : [0,1] — I(y;) by
(see Figure 2)

Y(s)=w where py, (G Ly) = —wly, ~ Vs€[0,1],
and we denote by a = (s,) the first point of v which enters By, (r) and b = ~(sp) the last one
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Chapter 3. MTW condition vs. convexity of injectivity domains

< 2KKEVBA

s, la-q' | < KVB

<As,(1-s)lg-q')* / N

/

Figure 3.3.2: Estimations

(see Figure 2).

Since both ¢, q; belong to By, (r + ) and |q; — q; zt > 1/(2K), the intersection of the segment
[at, q;] with By, (r) is a segment [Q1, Q2] such that

}Ql - qt‘ytv QQ - q{f‘yt S kf:

for some uniform constant K > 0 and £ > 0 small enough. Since
‘Qt - @fa‘yt < ‘Ql — Qt{yt and |qzl£ -q , S ‘QQ - q;‘yt7

KB

— < 2K K \/B Let us distinguish
|t — qly,

this implies that both s, and 1 — s; are bounded by

two cases:

- On [sq, sp], P(r) is true so [a,b] C I(y;). Hence

supd {pyt (q’ I(yt))) < max {Pyt (a?aa I(yt)) y Pyt (atSba I(yt)) } .
qE[Q?“,qtb]
- On [0, s, (similarly on [1 — sp, 1]), the A-semiconvexity of By, (r + 3) N1(y;) yields (by (3.3.11))
Py (@, 1)) < As(1 = 9)|a: — gfl;, < Asalas — gil;, < 2KKE+/BA,

where we used that |g; —qilit < E for some uniform constant £ > 0. Recalling (3.3.10) we obtain

2 ) )
sup  {py, (¢:1(w))} < K? lvelz  d(@, ye) +9KREVEA
q€(qt,q¢) 9 5
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3.4. General version of the proof

Hence, if we choose 8y sufficiently small so that K 2KE/ Bo < 1/4 we get

<rvt|§ B d(x,ym) A

sup {py, (¢, 1))} < K?

+ o170
q€(qt,q,] 2 2 2K

and we conclude again by Lemma 3.3.7(ii).

As we explained above, combining Steps 1 and 2 we infer that, for § > 0 small enough, all the
I(z) N By (r + B) are convex. This shows that the interval J is open in [0, 00) and concludes the
proof of Theorem 3.1.6. O

3.4 General version of the proof

To improve the result let us resume the proof. We can identify three acts.

1. For any z € M and vy, v; € I(x) we define a function h nonnegative, equal to 0 if and only
if [vg,v1] € I(x). We compute the first and second derivatives of h and find an inequality
thanks to the extended Ma-Trudinger-Wang tensor (lemma 3.3.6). For this computation

we need every points to be in the extended-tensor’s domain of definition.

2. Then we show that this inequality implies small semiconvexity for all the possible A func-

tions (lemma 3.3.4).

3. Finally we have a bootstrap argument: the small semiconvexity of step 3 improve the
estimation in step 2 which in turn improve the estimation of step 3 up to convexity. For
this step we need the lemma 3.2.2,3.2.3.

This summary leads us to the following definitions. Let Z be a set in TM and Z(x) = {v €

T.M s.t. (z,v) € Z}.

Definition 3.4.1. We say that MTW (—Dp,C) holds on Z if there are constants C, D > 0
such that, for any (x,v) € TM with v € Z(x), there holds

Sy (&m) = =C &Ml [Elenle — Dpe(v, 1(@)) €N V& n € TM.

Definition 3.4.2 (P(r)). For M a Riemannian manifold and v € RY we say that P(r) is
satisfied if for any x € M the set By(r) N1(x) is convex.

where B,(r) is the ball of T, M with center 0 and radius r with respect to | - |). Finally we say

that M satisfies the convexity-condition if the following conditions are true.

Definition 3.4.3 (convexity-condition).
For all 0 < r <diam(M ) such that P(r) is true there exist a B > 0 and a set Z C TM, such that
for all B < 3 holds:

1. Vz € M, I(x)NB,(r+8) C Z(z) C NF(x), and Z(x) is a radial set (cf. Definition A.1.2).

2. There are nonnegative constants C, D such that MTW (—Dp, C) holds true on Z.
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Chapter 3. MTW condition vs. convexity of injectivity domains

3. For any vy,v1 € I(x) N By(r + B) we have vy € Z(x) and [qt,q:] C Z(yt)

4. there are 0, K > 0 such that, for every v € Z(x), holds
2 2 * 2 2
o = d(w,exp,(0))" <8 = pal0,1(@)) < K (Jof2 = d(@, exp, (1))

Now we can state a general version of Theorem 3.1.6.

Theorem 3.4.4. Let (M, g) be a Riemannian manifold satisfying the convezity-condition 3.4.3.

Then all injectivity domains of M are conver.
Before proving this theorem we quickly give a refined version of Lemma 3.3.4.

Lemma 3.4.5. Let h: [0,1] — [0,00) be a semiconvex function such that h(0) = h(1) = 0 and
let ¢,C' > 0 be two fized constants. Assume that there are ty < ...ty € (0,1) such that h is not
differentiable at t; fori=1,...,N, is C* on (0,1) \ {t1,...,tn}, and satisfies

h(t) > —Clh(t)| —c Yt e[0,1]\ {tr,... . tn}. (3.4.1)
Then

h(t) < 4ceTt 1 —1)  VEelo,1]. (3.4.2)
The main difference with 3.3.4 is that we do not need the constant C' to be less than 1 to obtain

the (K ¢)-semiconvexity.

Proof of Lemma 3.4.5. Given p, A\ > 0, denote by f,x : [0,1] — R the semiconvex function
defined by
fux(t) = h(t) — pmin {1 —e M1 — e_)‘(l_t)} vt € [0, 1].

Let ¢ be a maximum point for f, x. Since f, x is semiconvex, it has to be differentiable at %, so
t#1/2andt#t; fori=1,...,N. If T € (0,1/2), then there holds f, \(f) = 0 and f,, \(f) < 0.
Then using (3.4.1), we get

h(B)] = pre,
0> fun(@ = h(@) + pr\2e™ > —Clh@)| — ¢+ pAZe ™ > pA(A = C)e™? —¢.

This yields a contradiction provided we choose A = 1+ C and p = 2¢e'™ /(1 4+ C) and implies
that f,, » attains its maximum at ¢t = 0. Repeating the same argument on [1/2,1], since f(0) =
f(1) =0, we infer that

1— e—(1+C)t 1— e—(l—‘rC)(l—t)
< (14+C) s )
h(t) < 2ce min T T vt € [0, 1]

Noting that

1 — e~ (140N
—Tc <t and min{t,1—¢} <2t(1—1t) vt € [0, 1],
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3.4. General version of the proof

we get the result. O
Now we can give the proof of Theorem 3.4.4

Proof of Theorem 3.4.4.

Act 1: Construction of h.
Let x € M and v, v1 € I(z) be fixed. For every t € [0, 1] we set

vpr= (1=t +tvr,  yrri=expy(ve), G = —dy, expy(vr).

In addition, whenever y; does not belong to cut(x) (or equivalently x ¢ cut(y;)) we denote by g,

the velocity in I(y;) such that

exp,, () =z and  |qily, = d(z,yr).

By Lemma 3.3.5, up to slightly perturbing vy and vj, we can assume that vg,v; € I(x) and the

semiconvex function h : [0,1] — R defined as

a2 dw)?

h(t) : vt elo,1],

(1) =2 - S5 0.1)

is C? outside a finite set of times 0 < ¢; < ... < ty < 1 and not differentiable at t; for
i=1,...,N. To compute it we use the following lemma.

Lemma 3.4.6. Let v > 0 such that P(r) is true, B given by 3.4.3, and consider a 3 < B. For
any vo,v1 € By(B) NI(z) and t € [0,1]\ {t1,...,tn}, we have:

W(t) = (g6 = Ts ), (3.4.3)

2 2 ! — . _
h(t) = 3/0 (1= 5) Sy, (1-5)g, +sq0) (Ut: @t — @) ds. (3.4.4)

Proof. The first and third condition of definition 3.4.3 guarantee that [g:,g,] C NF(z). In this
case [49, Proposition 6.1] or 3.3.6 gives the result. O

Act 2: Estimations 3.4.6 implies semiconvexity.

In this part we make a link with lemma 3.4.6 and semiconvexity. It can bee seen as a variation

of 3.3.7.

Lemma 3.4.7. Let r > 0 such that P(r) is true, B given by 3.4.3. There evist K,k > 0, such
that for any B < 3, x € M, vo,v1 € I(x) N Bx(r + B), Yi, @, G, the associated vectors and k < K

if

sup {Pyt (qvl(yt))} < R,
q€(qy.q¢]

then I(x) N By(r + B) is (kK )-semiconver.
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Chapter 3. MTW condition vs. convexity of injectivity domains

Proof of Lemma 3.4.7. We need to show that, for any vy, v; € I(z) N By (r + 5),
Pz (v, 1(z) N By (r + B)) < kKt(1 - t)]vg — vl‘z vVt e [0,1].

As above, we set
ol d(ey)?
2 2

Let vg,v1 € I(x) N By(r + ). As in Act 1, up to slightly perturbing vg, v; we may assume that

h(t) : vt e 0,1].

h:[0,1] — R is semiconvex, C? outside a finite set of times 0 < t; < ... < ty < 1, and not
differentiable at ¢; for i« = 1,..., N. Moreover by lemma (3.4.4) and the second condition in
definition 3.4.3 we have

h(t) > _C|h(t)Hyt|yt‘Qt - qt‘yt - Dqén[qa}; ] {pyt (Q7I(yt))} ’yt‘?;t‘% - qt’?;t Vit e [07 1]'
tdt

Since by compactness of M, there is a uniform constant £ > 0 such that
‘?)t|yt < Elv—vi|, and g —ﬁt‘yt <E.
Then, we get
h(t) > —C’Ez\h(t)]‘vl - vo‘gC - DE4/<5|1)1 — vo‘i. (3.4.5)
Thus, Lemma 3.4.5 gives

h(t) < 4eCEFIDE (1 — t)|o; — w2 Vit e [0,1],

which shows, using the condition (4) of 3.4.3, that I(x) N B(r) is (kK )-semiconvex with K =

K*4eMCE) DY and % = § % two constant not depending on f.

O

Act 3: Bootstrap.
Returning to the proof of Theorem 3.4.4, we recall that P(r) is satisfied if for any x € M the
set By(r) NI(x) is convex. If P(r) is satisfied for any r > 0, then all the injectivity domains

of M are convex. Since rg := inf |v|, is strictly positive, P(r) is true for any r < rg.
x€M,veTCL(x)

Therefore, the set of r > 0 such that P(r) is satisfied contains an interval J with positive length.
Moreover, since the convexity property is closed, J is closed. Consequently, in order to prove
that J = [0, 00), it is sufficient to show that J is open.

Lemma 3.4.8. The set of r for which P(r) holds is open in [0,00).

Proof of Lemma 3.4.8. The proof is divided in two steps: first we will show that there is a Gy and
K positive such that for any 3 € (0, 8y), the sets B (r + 38) NI(x) are ((K + 1)K 3)-semiconvex
for any x € M. Then, in Step 2, we show the following "bootstrap-type" result: if the sets
Bi(r+ ) NI(x) are A-semiconvex for all x € M, then they are indeed (A/2)-semiconvex. The
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3.4. General version of the proof

combination of Steps 1 and 2 proves that, for any x € M and 5 > 0 small, the sets B, (r+£)NI(x)
are (K + 1)K 3/2F)-semiconvex for any k € N, hence they are convex as desired.

Step 1: I(x)N B, (r+8) is (K +1)K 3)-semiconvez for any B € (0, Bp). Assume that P(r) holds,
fixx € M and B8 > B > 0. As By(r + 3) NI(x) is starshaped we can find v, v] € I(z) N B(r)
with, for ¢ = (0,1), pz(vs,v]) < . Thuse P(r) implies that for all ¢t € [0,1], pz(ve, I(x)) < B, in
other words:

v e 1P (x).

And by lemma 3.2.3
@, € 9 (yr).

By construction we also have
Gilye = [vtle <7+ B, latly, < lvee <r+8, a €1(w)-
Since g, € I*P(y;) we can find ¢ € I(y;) N By, (r + ) such that

Py (@ 1)) =g, — d'+] < KB.

Moreover, using that I(y;) is starshaped and that g, ¢, € By, (r+8), we can find ¢}, ¢'y € By, (r)N

I(yt) such that py, (g, ¢;) < B and py, (d+,q}) < B. P(r) again implies that [q},¢;] C I(y), so
(see Figure 1)

max {Pyt(qa (yt))} < max {pyt(Q7 Qt7qt])}
q€(qy,qt] q€[qs,qt]

= max{pyt(qt,qt)myz(%aq/:)}
< B+ KB,

where at the second line we used that the maximum is attained at one of the extrema of the
segment. Thus, Lemma 3.4.7 gives B (r + ) N1(z) is ((K + 1)K j)-semiconvex for any fy =

min( ,3) > B > 0. We impose a small semiconvexity parameter, taking ((K+1)Kf3) < 1.

R
(K+1)
We now prove the following “improvement of semiconvexity” result.

Step 2: if all I(x) N By(r + B) are A-semiconvex, then they are (A/2)-semiconver. We want
to prove that the following holds: there exists 3, > 0 small such that, if for some A > 0
the sets I(z) N By(r + B) are A-semiconvex for all z € M and 8 < J;, then they are indeed
(A/2)-semiconvex. We need to prove that for any 8 € (0, 8,) and vo,v; € Bg(r + 8) N1(z), we

have
pa (v, 1(z)) < gt(l - t)}vo - Ul|2 Vit e [0,1]. (3.4.6)

Let vg,v1 € I(z) N Bx(r + (), we work in the plane generated by 0, vg, v; in T, M. We define the
curve v : [0,1] — I(z) by (see Figure 2)

Y(t) =w where pg(vi,1(z)) = vy — wl, vt e [0,1],
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Chapter 3. MTW condition vs. convexity of injectivity domains

we denote by a = y(t,) the first point of 4 which enters B,(r) and b = 7(t;) the last one.
Since both vy, v1 belong to B, (r + ) and B,(r) N1(z) is convex, the intersection of the segment
[vo, v1] with B(r) is a segment [Q1, Q2] such that

QQ_Ul}xékfv

for some uniform constant K > 0 and 8 > 0 small enough. As

Q1

vty —wo|, < |Q1—wo|, and |uy, —vi], < |Q2— w1,

KB

it implies that both ¢, and 1 — t; are bounded by | |
Vo — Vi|z

. Let us distinguish two cases:

- On [tq,ty], P(r) is true so [a,b] C I(z). Hence

sup  {pz (v, 1(2))) < max {pz(ve,.1(2)), pu (01, 1(2)) } -

VE [ty vt ]
- On [0,t,] (similarly on [1 —ty,1]), By(r + 8) N1(z) is A semiconvex so
pz (v, 1(z)) < Amax(t,1 —t)|v; — vol2 < AEK\/B.
Combining the two estimations we get for all ¢ € [0, 1]:
pz (v, 1(z)) < Amax(t,1 —t)|v; —vo|2 < AEK\/B.

Then we define as above g; such that py, (¢,,1(y:)) = [g, — ¢;|- By lemma 3.2.3 we get :

Jnax {py. (0. X))} < pyt(Qtvl(yt))+qé%1a?( {py: (@ T(w)) }

KAEK\/>+ max {pyt(q, yt))}

q€lq;,qt]

IN

As B,(r + B)NI(z) is A semiconvex for every x € M the same argument for the estimation of

[vg, v1] is also valid on each [q}, q:]. It yields:

mex {py: (0. 1))} < KAEK\/B + AEK\/B
a<|q¢,4

_ ~ = A
Hence, if we choose 3 sufficiently small such that A(K + 1)K E\/ 3y < min(k, Ya B) we get
A
swp {py, (¢, 1(w)) } <
q€lat,q;] 2K’

and obtain the inequation 3.4.6 by Lemma 3.4.7.
Note that the definition of 3, does not depends on A but on an upper bound of the semiconvexity

parameter and in step 1 we fixed it less than 1. So 3, does not decrease during the bootstrap
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3.5. Proof of Theorem 3.1.7: convexity in the analytic two dimensionnal case

argument. 0
The proof of lemma 3.4.8 concludes the proof of Theorem 3.4.4. O
We can see Theorem 3.1.6 as a consequence of Theorem 3.4.4.

Claim 1. Let (M, g) be a nonfocal Riemannian manifold satisfying (MTW). The set Z = I

define in section 3.3 satisfies the convezity-condition 3.4.3 for any r.

The first condition of 3.4.3 is ok as Vo € M, I(z) C I* C NF(z).

The second condition was checked with lemma 3.3.2.

By lemma 3.2.2 the fourth condition is true on 7'M, hence on Z. The third condition was used
only for small speed at the end of step 1 in the proof of lemma 3.3.8. To check it for all speed
we perform the same estimation as in step 1 in the proof of lemma 3.4.8 and get the inequality
3.4.6 which is exactly, [g;, ¢ C I°%P. For § small enough we get [g;,q] C I*. On his side
[v,v1] C I" as B < [i.

3.5 Proof of Theorem 3.1.7: convexity in the analytic two dimen-

sionnal case

Let M be an analytic Riemannian manifold of dimension 2. The goal of this section is to construct
a set Z satisfying the convexity-condition 3.4.3. Thus Theorem 3.4.4 will prove Theorem 3.1.7.
We start with preliminary lemma on the structure of TCL near TCL N TFL.

3.5.a Structure near TCL N TFL

Lemma 3.5.1. Let M be an analytic Riemannian manifold. For any x € M, TCL(xz) N TFL(x)
1s a closed set with a finite number of connected component. Each of them is either an arc or an
isolated points of I(x). We denote them A;, i € {1,...,nz}.

Moreover there is a a, N > 0 such that Vz € M,dp(A;, A;) > 2a, ny < N.

Here dj, is the Hausdorff distance. We refer to the appendix A and picture A.2 for a definition

of an arc.

Proof. The sets TCL(z) and TFL(z) can be written as the projection of sub analytic sets, it leads

the conclusion. For the definition and rigorous proof of this implication we refer to [4, 17]. O

Lemma 3.5.2. There exists € > 0 such that, for any e € (0,8), x € M, i € {1,...,n,}, Ai(e) =
B(A;,e) N OI(x) is a strictly convex arc of I(x). Moreover we can impose Vi, j € {1,...,n:},
dh(Ai(§>v Aj(g)) > a,

where B(A;, ) denotes Uyea, Bz (v, ¢€).

Proof. Let © € M, as proved by Figalli Rifford and Villani in [47] (proposition 3.1) MTW(0)
implies that the curvature of TFL(z) and TCL at any point v € TFL N TCL is nonnegative.

By analyticity we deduce that the curvature is positive on a small neighbourhood of v and thus
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Figure 3.5.1: Definition

for any 7 € [1,n;] on a small neighbourhood of A; = A;(0). By compactness we can choose this

neighbourhood such that it does not depends on z and i. In addition we fix € < a thus lemma
O

3.5.1 concludes the proof.

Definition 3.5.3. For any x € M, i € {1,...,n.}, € <& we consider the arc A;(c) and define
M;(e) as its convex hull. We also define the chord C;i(e) by OM;(e) = Ai(e) L Ci(g) and note that

Ci(e) is a segment (see figure 3).
If one M;(g) contains O we perform the small surgery drawn in figure 3 to split it in three smaller

convex set convez.

An intersection between a segment drawn in I and a set M; is quite rigid. We explain it in the

following lemma.
. Foranye <z andie€ {1,...,n,} we

Lemma 3.5.4. Let v,w € I(x) such that [v,w] C I(z)
consider the intersection between [v,w] and M;(e). Three cases may appear:

o ifv,w € M;(e) then [v,w] C M;(e),
o ifve M(e) andw ¢ M;(e) then there exist z € [v, w]NC;(g) such that [v, w|NM;(e) = [v, 2],

o if v,w ¢ M;(g) then [v,w] N M;(e) = 0.

In particular if w = A v with A > 1 and v € M;(e) then w € M;(¢).

Proof. If v,w € M;(e) then by convexity of M;(e) we have [v,w] C M;(e). If v € M;(e) and
w ¢ M;(e) the convexity of M;(e) again implies that [v,w] N M;(e) is a segment say [v, 2],
moreover z cannot be in A;(e) since [v, w] € I(x). Last case, if neither v nor w lies in M;(e) and

74



3.5. Proof of Theorem 3.1.7: convexity in the analytic two dimensionnal case

>cte, that does not depends on i,€.

\?@\"/
ew /
Mo 12 N
VHT(E = % VA3(E)
/I_ai o)
// 0 9 \\ ll
3 N 1 =1 A I |
I’l\ e e e '--/’———_— v .'
‘ old Cie) 7
[ old Mie "
[ 1 new Mjge

Figure 3.5.2: Surgery

[v,w] N M;(e) is not empty then there exist a # b with [v,w] N M;(e) = [a,b], as above since
[v,w] € I(x) we have a,b € C;(g) therefore [a,b] € Cj(e) and consequently [v, w] € C;(e) (Ci(e) is
maximal in I(x) ) which is a contradiction with v,w ¢ M;(¢). We deduce that [v, w] N M;(g) = 0.
In particular let w and v be colinear (w = Av with A > 1 ) and suppose that v € M;(e). Since
I(z) is starshaped the semi line R colinear to v and w ( t € RT ~ tv) crosses C;(¢) one and
only one time. As 0 € I(x) \ M;(e) for any ¢ > 1 such that tv € I(z) where are in the second
of the three cases described in the lemma ( the third is excluded since v € [0, tv]) it gives that
tv € M;(e).

O

The main idea of the construction is that {L;JMZ(E)}C is far from TFL. The next lemma quantify
this property.
Lemma 3.5.5. For any ¢ € (0,) there exist ae > 0 such that for allx € M andi € {1,...,ny}
1. px({LlJMl(s)}c NI(z), TFL(z)) > o
2. Ve' <&, 3do . > 0 such that py (M;(e'), (Mi(£))) > de o

Proof. For the first statement we remark that N (e) = { U U M;(e) }© is compact and p, (-, TFL(z))
€M ie{l,...,nz}

is continuous on T'M therefore the minimum of p(N(g),TFL) is achieved. As (Uie{l,...,nz}

B(V;,¢e))¢ is at distance at least € from TCL(z) N TFL(z) the minimum is positive, we choose

o smaller.

As M;(€") N (M;(e))° = 0, the second statement is a straightforward compactness argument. [

We have now enough tools to prove the main lemma of this section.

Lemma 3.5.6. Under the condition B(r) N I(x) conver, for any p > 0 there exist 3,p > 0 such
that for any B < B, (vo,v1) € B(r + 8) N 1(z) then
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1. pg([vo,v1],1(z)) < p ice. [vg,v1] C I#(x),
2. a9 @), Wye)) < pie g1, @] < 1 ()

3. pa([vg, 1] NI°, TFL(z)) > p i.e. [vg,v1] NI C NFP(z).
4. pz([ae, @) N L(ye), TFL(ye)) > p e [qe,G) N I(ye)© € NFP(yy),

where as usual v = (1 — t)vg + tvr, yr = exp,(ve), G = —dy, expy(ve).

Proof of lemma 3.5.6. .

Proof of 1, 2

Let 8 > 0 and vg,v1 € B(r+ ) N1I(x). As I(x) is starshaped, we can find vy, v] € B(r) N 1I(x)
with pg(v],v;) < 8 for i =1,2. Since B(r)NI(z) is convex [vy, v]] C I(x) thus for any v € [vg, v1]
we have p,(v, I(z)) < pz(v,[vg,v]]) < B which gives the estimation 1, provided 5 < p. For the
last inequality we said that the radial distance between [vg,v1] and [vj,v]] is achieved at the
endpoints.

The estimation p(v,I(z)) < 5, we've just proved, combine to lemma 3.2.3 implies for all ¢ €
0,1], g, € I%(y,) N B(r + ). As ¢ € I(y;) N B(r + ), mimicking the proof above we get
py: ([at, @], 1(y:)) < max(B, K3). Taking max(3, Kf5) < p does the job for both 1 and 3.

Proof of 3

For this estimation, we just need to consider vy, v1 € B(r+ /) NTCL(x) such that |vg,v;[C I‘(2)
(as we look for an estimation on [vg, vi] N I¢(x)). We define as above v, v] € B(r) NI(x) such

that for ¢ = 1,2, p,(vj,v;) < 8 and consider two cases regarding where v; and v are.

Case 1, v, v] ¢ UMZ(g)

i€{l,....,ng}
g €
If vg, v] ¢ UMZ(§) = M(i) by 3.5.4 we get:
i€{1,....nz}

[t ot] C M(%)C N 1(z). (3.5.1)

For any v € [vp,v1] we note v" = [vj,v]] N [0,v]. The estimations 3.5.1 and 1 of lemma 3.5.5
implies:

po(v, TFL(2)) > po (", TFL(2)) — pu (¢, ) > az — .

N[O

_ —_ 1 1
Taking 5 such that az — 5 > 50@ implies that p = 5@; does the job.
2 2 2
.. g
Case 2, v} or v] is in UMZ(§)
i€{l,...,nz}

e Without lost of generality we suppose that vy € M;, <;), for ip € {1,...,n,}. In this

configuration since vg € TCL(z) the colinear case in Lemma 3.5.4 implies that vy € A;, (;)
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------ TFL
.......... TFLmTCL
— T
L1
] Mie2

e We can now notice that v; cannot be close to vg. Indeed let dz - be the constant defined by
27

2 of lemma 3.5.5, if |vg — v1| < dz - then by definition of dz . we have v1 € M;(g). Therefore
27 27

lemma 3.5.4 implies Jvg, v1[C M;(Z) C I(z) which is in contradiction with Jvg, v1[C I°().
o It left us the case when vy € A;, , Jvg, v1[C T°(2) and |vg — v1| > d= . = d. We are going
27

to show that this case is impossible for 3 small enough. If for any 8 > 0 there exist € M,
io € {1,...,nz}, vo € A4;, (;) N B(r + B) and v; € TCL(x) N B(r + () such that |vg — v1| > d
and Jvg,v1[C I°(x) N B(r + B) then by compactness up to subsequences we can find sequences
such that:

o Bp— 0

O Ty = Tooy In = foo € {1,... Ny},

o v = v € Ay (5) N B(r),

o vl = v]° € TCL(zs) N B(r),
o with o, v7[C T°(x,) N B(r + B,) and |v} — v}| > d.

Passing to the limit when n goes to 400 we get vy° # vi° and |vg°, v7°[C fc(xoo) N B(r). Since
B(r) N1(zs) is convex and v5°, v7° € TCL(zo) N B(r) we obtain [v57, v7°] C TCL(7o). This is
a contradiction with the strict convexity of Aim(g) at v5° ( TCL(zs) cannot be flat at vg° ). It

gives that there is no such points vg, v for B small enough. These paths are in fact automatically
in I(z) for 3 small enough.

All in one we proved that for 8 small enough and p = —a

= the condition 3 is satisfied.
2

N
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Proof of 4

Thanks to 3 we know that either v; € I(z) and we are done (¢; = ;) or vy € NFP(x). In this last
situation lemma 3.2.3 implies g, € NF%(yt) \ I(y¢), on the other side ¢; € I(y:). We also recall
that v; € By(r + ) and thus ¢;,q; are in By, (r + ). Moreover as we look for an estimation
on [y, q:] N T (y;) we can restrict ourselves to path [a,b] with a € TCL(y;) N By,(r + 8) and
be By(r+p8)nN NF* (y;) and using 3 we can also suppose that ]a,b[C I°(y;). Following the
proof of 3 we can define a" € By, (r) N I(y;) and b" € By, (r) N1(y) with py,(a,a”) < B and
Py, (b,0") < max(Kf,3). We next remark that there exist ey such that " ¢ U M; (o).

1€{l,...,ny, }
Indeed py, ([b,0"] N TCL(y), TFL(y:)) > % — max (8, Kf) > % for B small enough. Hence
(lemma 3.5.2) there exist £¢ such that [b,b"]NTCL(y;) ¢ U M;(g0) consequently b" ¢ U M; (o).
i€{1,...,ny, } 1€{1,...,ny, }

We split the rest of the proof in two cases.

Case 1, a" ¢ UMZ(%O) As b ¢ UM,(%O) this case is similar as the first case of the proof of

i€{1,.,ny, } i€{1,,ny, }
3. We repeat this proof and get for any ¢ € [a, b]

Pyt (Q7 TFL(yt)) 2 05570 - maX(KB7 ﬁ)

1
Taking Qe — max(Kj, ) > 2% is enough.

5
Case 2, ad" € UMZ(EO)
ie{lv"'vnyt}
. L E0\ o ., .
In this case lemma 3.5.4 implies a € U AZ(E) Since b" ¢ U M;(g0) lemma 3.5.5 gives |b—a| >

ie{l,...,nyt} ie{lw"vnyt}

" —a"| > d%o =. We continue by contradiction. If the result was false up to subsequences we

could find sequences 8, — 0,pn, — 0, Yn — Yoo, @ — a™ € UAz‘(€0) N B(r), b" — b> €
1€{1,....,nz00 }
TCL(x)NB(r) with ]a”, " [C T (y,)NB(r+f,), and ¢, — geo such that py, (gn, TFL(yn)) < pa.

We conclude with the exact same contradiction made in the second case of the proof of 3.
O

3.5.b Construction of a control domain Z

Finally we define Z C T'M such that for all x € M, Z(x) = Z1(x) U Za(x) with
Zy(x) = Uiz Mi(g0) N 1(x),

Zy(x) = (IM(x) N NFP)(z)

where p and p are those define in lemma 3.5.6. We recall that by definition
V() = {v € TM | pu(v,1(x)) < pi}
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NFP(xz) = {v € NF(z) | pz(v, TFL(z)) > p}.

By Theorem 3.4.4, in order to prove Theorem 3.1.7, we just have to show that Z satisfies the

convexity-condition 3.4.3.

3.5.c Z satisfies the convexity-condition

We prove that taking B as define in 3.5.6, Z satisfies the convexity-condition in definition 3.4.3.

Conditions (1)

By definition Z;(z) C I(x) C NF(z), Z2(z) C NFP)(x) C NF(z). By definition of g, p and 3 (see
3.5.6). For any v € B(r + B8) N I(x), B < B either v € Z;(x) either v € I(x) N NFP(z) C Zo(x).

Conditions (2)

By hypotheses MTW holds on M, thus [47] gives a C' > 0 such that MTW (—Dp, C') holds on
Z1(z) for any constant D > 0 (we can reduce a bit g¢ if needed). As 6(Z2) > 0 lemma 3.3.3
gives constant C, D for Z,.

Conditions (3)

The definition of Z;(z), Z2(x) together with lemma 3.5.6 is exactly the third condition. When
a speed is not in Zp it lies in NF? N I*.

Conditions (4)

The fourth condition is trivially true on Zj(x) C I(z). Again as §(Z2) > 0 lemma 3.2.2 gives
the result.

Finally we proved that Z satisfies 3.4.3; therefore Theorem 3.1.7 is true.

3.6 Conclusion and perspectives

This result is very interesting as it makes the link between the MTW tensor and the geometry
of the manifold. Moreover we can go a further to cover entirely the results obtained in [83],

modifying just a bit lemma 3.4.5 we can prove that MTW (K) for K > 0 gives uniform convexity.

Lemma 3.6.1. [Modified lemma/ Let h : [0,1] — [0,00) be a semiconvex function such that
h(0) = h(1) = 0 and let ¢,C > 0 be two fized constants. Assume that there are t; < ...ty €
(0,1) such that h is not differentiable at t; fori =1,...,N, is C* on (0,1)\ {t1,...,tn}, and

satisfies
h(t) > —[h(t)| +c  Yte[0,1]\ {t1,....tn}. (3.6.1)

Then
h(t) < —4ceOH 1 —t)  Vie0,1]. (3.6.2)
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With this lemma we indeed obtained that the path ¢ — vy is strictly inside I(z), and we get
a lower bound of the curvature of TCL(z). The rest of the proof goes easily since once the
convexity achieved there is no more problem of path definition and we can run the exact same

argument with lemma 3.6.1. It leads for example to the following theorems.

Theorem 3.6.2. Let (M, g) be a nonfocal Riemannian manifold satisfying (MTW (K)). Then

there exist k > 0 such that all injectivity domains of M are k uniformly convez.

Theorem 3.6.3. Let (M, g) be a compact, analytic two-dimensional Riemannian manifold satis-
fying (MTW (K)). Then there exist k > 0 such that all injectivity domains of M are k uniformly

CONVET.

Theorem 3.4.4 on his side is very general, can be extended to x uniform convexity, and let
us the possibility to use it for the non-focal case in any dimension. We only need to find a
domain satisfying the convexity conditions 3.4.3. For this construction we face two difficulties
located around the purely focal points, the first one is to give a sign to the extended tensor near
these points, The second one is to isolate them. To be done we need to better understand the
repartition of purely focal points, and the behaviour of the tensor near them. For example in
dimension 2 we do not used everything we knew, near the purely focal points the tangent injective
domain is in fact round. If one succeed in proving this, it will give a very nice formulation for
the (TCP) condition. To go for a TC*°P condition one also need to catch the behaviour near

purely focal points.
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Appendix A

Reminders

A.1 Semiconvexity

We talk about semiconvexity in R™ but several things can be done on a Riemannian manifold..

Definition A.1.1 (Semiconvexity). Let O be a convex subset of R". A function f : R™ — R is

said to be § semiconver if equivalently, for any x, y in R™ and t in [0, 1],

2 —y|?
2 )

(1) f(1 =tz +t(y) < (1 =1)f(x) +tf(y) +6t(1 - 1)

2
(i) f+ \:1527 is convex

(iii) V2f > —0.

Here (iii) has to be understand in a distributional sense where f is not differentiable. (i7)
equivalent to (7i7) is a classical convex result, (i) equivalent to (i7) is easy to check. (iii) also
tells us that as convexity, semiconvexity is a local property. when (i) makes us thing that

semiconvexity is a one-dimensional property.

Definition A.1.2. Let V be an open set of R™™'. We say that V is a radial set it its boundary
is parametrized by a Lipschitz function defined on S™. In particular V is starshaped. V is said to
be § distance-semiconver if for any x, y in V then h(t) = dist((1 — t)z +ty, V), is a semiconvex
function on [0,1]. Or dist(x,V) is semiconver. In this case V will be a sublevel of a semiconvex

function define on R™ .

For a general semiconvex set (define as a sublevel) the second fundamental form as to be bounded
below by —k, but in general this bound does not imply the x semiconvexity of the distance as
in the uniformly convex case. It also depends on the global shape of the domain. The &
semiconvexity holds only locally.

But in the case of a domain with S™ lip boundary the result is true.

For a radial set we also define pg the radial distance as in section 1.

Proposition A.1.3. If a radial set V is 6 semiconvex then p, (the radial distance) is K§ semi-

convex. Reciprocally if py is 6 semiconvex then V is § semiconvez.
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C

Chord

[ ] Theconvex hullM

Figure A.2.1: Arc, chord. The arc is not necessary convex.

Proof. By compactness there is a n > 0 such that the angle between the radius and the tangent
at a point x in JA is bigger than 7. This gives the equivalence of the two distance. O

Proposition A.1.4. Let V be a radial locally semiconvex set, then V is semiconvex

Proof. As V is radial we can consider ® the jauge of V', the local § semiconvexity of the distance
gives the § semiconvexity of ® on the sublevel ® = 1. By homogeneity it is §-semiconvex in the
classical way. Let a,b € V, we have to show that dist((1 — t)z + ty, V) < 6t(1 — t)|z — y|?, the
orthogonal projection is locally unique but with the radial assumption it is globally unique, it
gives a CY curve v drawn in 9V such that dist((1 — t)z + ty, V) = |(1 — t)x + ty — y(t)|, the

property of the second fundamental form on OV gives the result. O

A.2 Arc

Definition A.2.1. Let V C R""! starshaped with respect to 0. An arc A of V is a connected
component (in the S™ parameter) of OV. Such an arc A is said to be convex (resp. strictly

conver) if Ya,be A, t € [0,1], (1 —t)a+tbeV (resp. (1 —t)a+tbe V\9V).
As in A.1 we can define the semiconvexity for an arc. The local semiconvexity of a radial set V'
can be read on the semiconvexity of small arc.

A.3 Riemannian Settings

A.3.a definitions

e Let x € M we denote the tangent space above x by T, M and consider v € T, M. The

geodesic distance is noted d, and the quadratic geodesic distance associated to the Action
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1 d?
of the Lagrangian §|v\2 is noted 5

o Let v: TM x I — R be the unique geodesic path with initial position x and initial speed

v, then the exponential map from T'M onto M is defined by:

(x,v) = exp,(v) = v(z,v,1).
Moreover the path ¢t — exp,(tv) is geodesic.

e Related to the exponential map we define the injectivity domain
I(z) ={veT,M|3t>1st. dz,exp,(tv)) = |tv|s},
and the non focal domain

NF(z) = {v € T, M | dp=, exp, is invertible }.

A.3.b Properties

We consider here a Lagrangian function L(z,v) = %Mg + V(z), where V is a smooth potential.
Note the for V = 0 we have the Lagrangian leading to the quadratic geodesic cost. Let v :
[0,1] — M be a path of least action for L, and Let « : [0,1] x [0,1] — M be a C? function such
that v(+,0) = 9. The L-Jacobi Field above v associated to v is defined by

d

s=0

v(u, s).

We choose an orthonormal basis of T, M: B = (v, e, ..., €, ..., €,) and define by parallel transport
an orthonormal basis of T, ) M: B(u) = (e1(u), e2(u), ..., €i(u), ..., en(u)). We identify T, ()M
with R" thanks to the basis B(u). In this L-Jacobi Field J satisfies the following linear equation:

J(u) + R(u)J (u) + V*Vu(J(u)) = 0.
Noting Riem the Riemannian tensor, the matrix R is defined by for all 4, j € [1,n]:

Rij(u) = (Riemyw) (o(u), ei(w)) o (u), €5 (w)) -

In particular for V' = 0 we find that a Jacobi Field is solution of

J(u) + R(u)J (u) = 0.

The proof is quite simple it suffices to differentiate two times the Jacobi field and use the definition
of the Riemannian tensor, see for example [53, 86, 110].
The identification of T’y M with R™ through the basis B(u) plus the fact that the Jacobi fields

are C™ justifies the limited development done in chapter one.
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Part 11

Particle approximation of the one
dimensional Keller-Segel equation,

stability and rigidity of the blow-up
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Abstract

This part is devoted to the study of the behaviour of a Keller-Segel solution in the super critical
case [39]. In particular we are interested in the mass quantization problem [104], that is to quan-
tify the mass aggregated when the blow-up occurs. To study this behaviour we consider a particle
approximation of a Keller-Segel type equation in dimension 1. To define this approximation we
use the gradient flow interpretation of the Keller-Segel equation and the peculiar structure of
the Wasserstein space in dimension 1. We show two kinds of results the first one is a theorem of
stability for the blow-up mechanism. The second one is a sort of Liouville theorem, or a rigidity
theorem for the blow-up mechanism. The appendix B can be read first as an introduction to the

Keller-Segel equation in dimension 2.






Chapter 4

Introduction

4.1 Modelling cell to cell interaction

4.1.a The Keller-Segel model

In this chapter we study a chemotaxis related problem. We consider particles with density
p(t,x) at time ¢t € Ry and position z € R". Each particle produces a chemical substance with
concentration c (¢, z) which in turn attracts the cells. We suppose that the substance instantly
reaches the equilibrium state and does not degenerate. The resulting attraction-diffusion model
is the so-called Keller-Segel ( or Patlak-Keller-Segel ) model in its simplified form [65]

Op (t,z) — Ap(t,x) + xV - (p(t,x) Ve(t,x)) =0, (t,z) e Ry x R" (4.1.1a)
—Ac(t,x) =p(t,x), (t,z) € Ry x R™, (4.1.1b)

where Yy is a fixed positive parameter quantifying the intensity of the attraction. We immediately

see that at any time ¢ € R, the total mass M = [ p(t,x)dx is constant, and so is the first

1
moment /xp (t,z)dz (and the center of mass M/:I:p (t,z)dzr). Equation (4.1.1a) shows a

competition between the attraction (due to the concentration gradient Ve) and the diffusion.

This model was introduced independently by Patlak in [95] and Keller and Segel in [69], [70],
[71]. The well-posedness issue for (4.1.1) strongly depends on the space dimension. In dimension
n = 1 there exist global solutions for any mass M [91]|, whereas in dimension n = 2 solutions
develop singularities (blow-up of the density in L° norm) in finite time when the mass M is
too large. This phenomenon was first postulated by Childress and Percus [31]. The existence
of solutions for small mass in dimension two was proved by Jéger and Luckhaus [65], then by
Biler and Nadzieja [7]. The occurrence of blow-up for large mass was proved by Nagai [91]. He
obtained the correct threshold for non-existence of global solutions, namely xM > 87. On the
other hand the right threshold for global existence, xM < 87 was obtained independently by
Diaz, Nagai and Rakotoson [38] and Blanchet, Dolbeault and Perthame [12]. Explicit radially

symmetric, blowing-up solutions have been constructed by Herrero and Velazquez [58, 59|. In
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higher dimension n > 3, not only the mass determines whether solutions blow-up or not, but
also the initial distribution of the density. In particular there is not such a clear dichotomy
between global existence and blow-up. We refer to Biler [5] Corrias-Perthame-Zaag [32] and [24]
for precise results and discussion. In the radially symmetric case, Brenner et al. [15] exhibit
two kinds of possible blow-up ; and Herrero, Medina and Veldzquez built explicit blowing-up
solutions in dimension three [57]. For an extensive discussion about the well-posedness issue, we
refer to the review articles by Hortsmann [62], Perthame [96], Hillen and Painter [61], and the
books by Suzuki [104] and Perthame [97|. For a short summary and proof of the main results

we also refer to the appendix B.

4.1.b Self interacting and diffusing particles

Equation (4.1.1) may be rewritten so as to see it as a particular case of a larger class of problems.
Let s be the Green kernel of —A in dimension n; thus ¢ (¢,.) = kxp (t,.) (note that the convolution

is only in the space variable). Therefore Ve = (Vi * p) and (4.1.1) becomes:
Op(t,x) —Ap(t,z) +xV - (p(t,x) (Ve*p)) =0 (t,z) € Ry x R". (4.1.2)

We may then construct a family of similar equations where & is no more related to the Laplacian.

4.1.c Optimal transport point of view

A third way of writing the problem is to see it in its divergence form. Let x be a symmetric

convolution kernel; Problem (4.1.2) may be rewritten as:

Op(t,z) =V -[p(t,x) V (log(p(t,x)) — xVe(t,x))] (t,z) € Ry x R, (4.1.3a)
¢(t,y) = lnxp(t,)] () (ty) €R. xR  (4.13b)

For such an equation we define the free energy E by

E(p(t,-) = /p(t,:v) log (p (t,x)) dx — ;C/H(:r —y)p(t,z) p(t,y) dzdy. (4.1.4)

The remarkable fact is that for any value of x the free energy is nonincreasing as a function of

t. Indeed using the symmetry of k£ and an integration by parts, we get:

d

GE ) = [ ap(og(p)+1)do—x [ s poypdady

= - / p[Vlog(p) — xVc] Viog (p) dz + x / Vep [Viog(p) — xVd] du

= —/p[V log(p) — xVdJ* dz.

As we shall see later the free energy F is a powerful tool to study the Keller-Segel equation.
Indeed, E is not only nonincreasing along the flow but thanks to this formulation, Equation

(4.1.3) can formally be seen as a gradient flow for E in the Wasserstein space (W3°); this point

90



4.2. The blow-up phenomenon in dimension two

of view can be formalized in some particular cases: Carrillo Villani and McCann introduce and
take advantage of the gradient flow interpretation to prove some dissipative energy estimate in
[29] and [28]. In dimension one we will in chapter 5 that the gradient flow in Wasserstein is in
fact a real gradient flow in L2

In the particular case of the dimension two the interaction kernel reads x(z) = —%log |z].

Therefore we have the following scaling property for the energy for any A > 0:

7

E(Np(t,N)=E(p(t,)+M <2 - Afx) log (\). (4.1.5)

4.2 The blow-up phenomenon in dimension two

The behaviour of the solution of Problem (4.1.1) in dimension two depends on the product M.
For My smaller than the critical value 87, the diffusion dominates and the solution goes to 0.
The critical threshold was obtained successively by [91, 38, 52, 39]. In the critical case My = 8,
the solution converges to a Dirac mass as t — +oo if the second moment is initially finite |11, 6].
The situation is more complicated when the second moment is infinite, see |9, 27]. In the super
critical case Mx > 87 the solution blows-up in finite time if the second moment is initially finite.
We read the critical parameter on the free energy. When My < 87 the free energy goes to —oo
as A — 0. This corresponds to a spreading of the density p. Since the energy is decreasing along

the solution, we expect the latter to decay in a self-similar fashion.

Finally, when My > 87 the energy goes to —oo as A — oo. This corresponds to a contraction of

the density p. We expect the density to concentrate.

The proof that solutions cannot exist globally when My > 8x is usually done as followed. We
introduce the second moment of the density Ils () = / |z|2p (t, ) dz. We impose Tl (0) < 400

and compute formally that

d My
—I()=M(4——=). 4.2.1
dt 2 () ( 2m ) ( )

Indeed integration by parts and symmetrization give successively:

G2 (0 = [ 16700 (t.2)dz = [ of? (p (t.2) = XV - o (t,) Ve (t.2)) do

dt
-1 1
—/2:ch (t,z) dm+x// 2z (p (t,:v)p(t,y)) dxdy
2rx —y

:4/p(t,£€)dx_2);(/p(t’x)>2:M< ‘ﬁf)

In the supercritical case, My > 8w, the second moment decreases linearly. Since the second

moment is positive there is clearly an obstruction to global existence of smooth solutions. In
fact the density blows-up in L norm [65]. In this case the attraction term dominates. When
My < 8, the solution exists for all time [39], but this cannot be proved directly using the
second moment. Nevertheless the second moment increases linearly, and it can be proved that

the density converges to zero with a diffusive self-similar decay [12].
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The critical constant 87 leads us to two different interpretations. If the sensibility to the sub-

stance x is fixed we naturally define the critical mass M, by

Definition 4.2.1 (Critical mass).
8w

M, = —.
X
This point of view is natural in the biological context. The sensibility parameter x is fixed. If
there are enough cells a blow-up occurs; otherwise the diffusion wins.
The other point of view is to fix the total mass M for example equal to one. It leads us to the

definition of the critical parameter x s by:

Definition 4.2.2 (Critical parameter).

8
XM = M

In the particular case M =1 we note Xy = Xe-

This point of view will be the one used in our discrete model. From now on the total mass M

is set equal to one.

Remark. Variants of the Keller-Segel equation with nonlinear diffusion and nonlinear sensitivity
have been studied [60, 94, 63, 84, 10]. For a particular choice of the nonlinearities it is possible to
reproduce the peculiar critical mass phenomenon occurring in the two-dimensional Keller-Segel
equation. For instance, Blanchet, Carrillo and Laurencot replaces the linear diffusion with a
Porous-Medium type diffusion Ap™ for the cell density. They prove that the critical exponent

n—1
m(n) = 2—— yields a critical mass phenomenon.
n

4.2.a The mass quantization problem

One of the challenging question concerning the Keller-Segel problem is the structure of the blow-
up, and in particular, the amount of mass concentrated at one point when blow-up occurs. This
problem is called the mass quantization problem [104|. The main conjecture is that the blow-up

is the formation of a Dirac mass that contains exactly the critical mass.

Problem 4.2.3 (Picolo Graal). Let x be fized. In the supercritical regime M > M, the first

singular point contains, generically, exactly the critical mass.

This claim is proved by Suzuki in [104]. The approach is based on a suitable rescaling of the
solution and estimates on the partial second moment. This conjecture has been tackled by many
authors with a radial initial condition. Herrero and Velazquez exhibit in [58, 59| some radial
solutions blowing-up with exactly the critical mass, Senba gives some sufficient conditions in
[100]. Ohtsuka, Senba and Suzuki in [92] give a similar result for a system close to equation
(4.1.1).

Another way to prove the conjecture would be to give sense to global measure solutions of the
problem (4.1.1) in dimension 2. Velazquez [109] and Dolbeault-Schmeiser [40] give different can-

didates for measure-valued solutions extending (4.1.1) beyond the blow-up time. Dolbeault and
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4.3. Log interaction in dimension one

Schmeiser have developed Poupaud’s framework on defect measures to the Keller-Segel equa-
tion. The strategy in any case is to regularise the equation and then pass to the limit. However
the limit system depends upon the regularization procedure. We emphasize that Dolbeault and
Schmeiser keep the gradient flow structure through the regularization procedure. The theory
works very well, but in any case there is yet no answer to the mass quantization problem with
this approach, except the easy side of the inequality: the singular point contains at least the

critical mass.

Hagkovec and Schmeiser propose in [55] a stochastic approximation of (4.1.1) defined beyond the

blow-up time.

4.3 Log interaction in dimension one

Here we aim to simplify the problem in order to tackle Problem 4.2.3. We seek a simpler equation
sharing similar features with the Keller-Segel equation (4.1.1) in dimension 2. Recall that in two
space dimensions, the Green kernel is given by  (-) = ——1log (| - |). We saw that the logarithmic
interaction is critical for the homogeneity of the free energy (4.1.5). This motivates the definition

of the n dimensional log-interaction problem as follows:
615:0 (tv .T) =V [10 (tv .1') \Y (log (10 (t? :U)) - XVH*p (ta ) (t7 ZL‘))] ) (t7 :U) € R+ X an (431)

1
where k (+) = o log (] - |). The associated free energy is still log homogeneous and nonincreas-
7r
ing along the flow. Moreover in any dimension the same argumentation as in the previous section
holds true, changing only the critical number 87 to 4nw [25]. The equation for n > 3 has no

reason to be simpler than the case n = 2, so we shall consider the simpler case n = 1.

Definition 4.3.1 (The one dimensional log interaction problem.).

Op (t,x) = Oy (p (t,x) Oplog (p (t,x)) — xp (t,z) Ozc (t,x)) (t,z) € Ry X R,

1 4.3.2
c(t0) = 5= [ logle — ulo ) dy (o) ey xR 432
2 R
associated to the free energy
X
E(p(t,) = [ p(t.a)log(pta) do+ - [ logle = slp (t.0)p (t2), (4.3.3)
R T JR2

The one dimensional problem behaves like the two dimensional Keller-Segel equation, with the
critical number y = 4w. However it is simpler to study. Indeed, it is generally not easy to prove
the convergence or contraction of (4.1.3) in the Wasserstein space. In dimension one, Calvez
and Carrillo 23] prove it for Equation (4.3.2) in the subcritical regime. In chapter 6, we prove
it with similar techniques, and obtain that the free energy increases along the geodesic starting

from a minimum.
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4.4 Discrete gradient flows, deterministic particles scheme

In order to obtain a better understanding of the one dimensional log interaction problem (4.3.2),
we study a particle model scheme in view of its approximation. This approach is used for the
two dimensional Keller-Segel problem by Hagkovec and Schmeiser in [55] and [56] where they
study extensively the case of two and three particles. They define a particle model directly on
(4.1.1), and use a Brownian motion to modelize the diffusion. In the one dimensional case we can
take advantage of the explicit gradient flow structure (see Section 5.4). The basic idea is to first

rewrite (4.3.2) with the inverse of the repartition function, denoted by X (t,-). Then we shall use

a particle scheme: let hy = N1 be a space discretization step, then for i = 0,..., N + 1 we
define X;(t) = X (t,ihy), with the convention X(t) = —oco and Xy11(t) = +oo. Alternatively
speaking, we assign equal fractions of the mass to each particle.

It leads us to the following discrete gradient flow equation on the vector valued function X (¢) =

(X1(t),...,Xn(t)). The discrete energy writes

N-1
E(X)=- Z log (Xi+1 — Xi) + xhn Z log [ X; — Xj|. (4.4.1)
i=1 1<ij<N

Definition 4.4.1 (Gradient flow equation.).

{ X(t)=-VE(X (1) teR (4.4.2)

X (0) = Xp X% e RV,

This is the approach followed by Blanchet, Calvez and Carrillo in [8] and Devys in [37]. The
former is mainly concerned with the subcritical regime. The authors prove the convergence of
the scheme and describe the long time asymptotic behaviour of the solution. The latter builds a
particle scheme to extend the solution beyond the blow-up time. We will study here the super
critical case with the mass quantization problem in mind.

Remark that we do not describe the diffusion part of the flux using a Brownian motion. In
dimension one, using a Brownian motion, the particles will surely cross in finite time and the
interaction would be too singular. Then we should truncate the interaction kernel, and we would
face the same troubles as for the continuous Keller-Segel equation beyond blow-up.

We emphasize the work of Filbet [51] who analyses a finite volume scheme for (4.1.1).

4.5 QOur concerns

Now that we have discretized the problem using a particle scheme, the mass quantization problem
translates into a problem of counting the number of particles. For this peculiar numerical scheme
there is a minimal number of particles which is necessary for BU to occur. We ask whether the

blow-up point contains the minimal number of particles, or more than the minimal number.

Since each particle carries a mass — the critical mass problem can be formulated as follows:
N
. o i N+1 k
Problem 4.5.1 (Discrete mass quantization problem.). Let x% = % When xny < x <
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04 —
03— _

02— - _—

01— ——

0 0.002 0.004 0.006 0.008 001 0012 0015
T

When 3 particles can blow-up.

When 5 particles can blow-up.

When 4 particles can blow-up.

With a random initial condition. With a symetric initial condition.

Figure 4.5.1: Numerical simulations of the discrete gradient flow (4.4.2) with 11 particles. (Left)
The initial data is a perturbation of a symmetric configuration. We observe that the blow-up
occurs merging the minimal number of particles, resp. 3 (top left) and 5 (bottom left). (Right)
The initial data is symmetric. The minimal number of particles is resp. 3 (top right) and 4
(bottom right). We observe in the latter case that the first blow-up point contains 5 particles.

X’f\fl, the blow-up aggregates exactly k particles.

This claim calls for comments. The definition of Xﬁ“\, is natural, it corresponds to the computation
of some partial second moment (Equation (7.1.8)). The claim is wrong full generality. Indeed
some non generic symmetric cases blow-up with too many particles; for example when N =
3 and X; = —X3, Xo = 0 the blow-up aggregates the three particles for any parameter x.
Another numerical example is depicted in Figure 4.5.1. Our results concerning the discrete mass

quantization problem are of two kinds.

1. Stability of the profile. We start by exhibiting some basins of attraction AQ] such that if
a solutions enter in one of this basin of attraction then the blow-up will occur with exactly
the critical number of particles. This stability result is the object of Section 7.4.
A stability result is obtained for example by Velazquez in [108]. The author shows that a
small perturbation of the initial data in the two dimensional Keller-Segel equation leads to

a singularity which is close in time and location.

2. Rigidity of the blow-up. When a solution lying in a basin of attraction blows-up we get a
very precise estimate on the behaviour which allows a parabolic rescaling of the solution.

Then we prove that our rescaled solution is a very particular solution of the new system
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96

and converges to a critical point of the partial “* energy functional:
o 2
Be(Y)=— > log(Veu—Y)+xhn D loglVi=Yl=5 > Vil
1€T\{l+k—1} (4,5)ETXT\{3} i€l

It means that the blow-up profile involves only the k particles contributing to the blow-up.
It is the concern of Section 7.5.

The parabolic rescaling is a very classical tool for the analysis of blow-up in the nonlinear
heat equation (see e.g. [54] [89]). Senba and Suzuki use it in [101] to prove the convergence

of some particular radial solution to a Dirac mass having equal to 8.



Chapter 5
The gradient flow point of view

We first recall the standard gradient flow equation and the definition of the Wasserstein space.
Then we give an idea of how to define a gradient flow equation in a metric space, for example in
W3¢(R"™) and especially in W3“(R).

Some basics on the gradient flow equation. A gradient flow equation is always related
to an energy ¥ and a metric d. It is the steepest descent equation to a local minimum of the

energy.

Definition 5.0.1. Let H be an Hilbert space and E: H — R a C' energy functional. The

gradient-flow equation reads:

X(t)=-VE(X(t), teR, (5.0.1a)

Such an equation comes with a lot of structure. Some are encapsulated in the following propo-

sition.

Proposition 5.0.2. Let X : Ry — H be a solution of the gradient flow equation (5.0.1) in the
sense of Definition 5.0.1 then:

1. t— E (X (t)) is nonincreasing.

2. Moreover if E is strictly convexr and achieves its unique minimum at the point X, then

t — X (t) exists for all time, is unique and the function t = || X (t)— X||g is nonincreasing.

3. If in addition E is C* and V2V (£,€) > a|€||* for some a > 0 and for all € then || X (t) —

X||g converges exponentially to 0 with rate c.

Proof. The local existence is given by the Cauchy-Lipschitz theorem, thus X is C' on its domain
d . )
of definition. Therefore %E (X(t) = VE(X () -X(t) = —||X (#)]|%} < 0, and therefore the
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Chapter 5. The gradient flow point of view

function ¢ — FE (X (t)) is nonincreasing.

If E is strictly convex the minimizer is unique. Thanks to the convexity of E, we get that

d — _

X () = X7 = (X (t) = X, VE (X (1)) = VE (X)) 0.
The equality occurs if and only if X (¢) = X. In particular, || X (t) — X||% stays in a compact
subset fixed by Xy, and consequently exists for all time.

d — —

If, in addition E is C?, a Taylor expansion yields that %HX t) — X||3 < —af|X (t) — X||%.
Thus we get the exponential convergence of the gradient flow to the equilibrium state X. O
The goal when defining a gradient flow for a metric space is to have the same kind of result as

Proposition 5.0.2 in the metric space setting. In particular, we wish to keep the steepest descent

idea.

5.1 The Wasserstein space

We recall that given p and v two absolute continue probability measures on R", the optimal
transport T from p to v, for the quadratic cost ¢ (z,y) = |y — x|?, is given by the gradient of a
convex function ¢ : R" — R (see [3] [110] ). This function 7' = Vy is called the Brenier map.

We also refer to chapter one for more details about the optimal transport and the Brenier map.

Definition 5.1.1 (Wasserstein space). The Wasserstein space Wa (R™) is the space of probability

measures on R™ with finite second moment.
Wy (R") = {11 € P(R™) such that / l2dp () < 400}

We will work only in the subset composed with absolutely continuous measure (with respect to the

Lebesgue measure).
W3 (R") = {p € Pac (R™) such that /|x]2,u(:n)da7 < +o0}.

For any p,v € W3 (R") we define the Wasserstein distance dy (p,v) by the optimal transport
for the quadratic cost ¢ (z,y) = |y — z|*:

By (o) =it { [166) =Py tun=vf = [ |7 (@)~ aPan(a),

where the infimum is taken over all transport map pushing forward p onto v. The infimum
1s reached for T the Brenier’s map for the transport. This distance is in fact well defined on
Wy (R"), if we consider the Kantorovich formulation of the optimal transport. Equipped with this
distance, W3¢ (R™) is a metric space [110)].

Thanks to the work of Otto [93], Villani [110], Sturm [103, 102], followed by Ambrosio, Gigli
and Savare [1], we can equip W3¢ (R") with a Riemannian structure where the optimal transport

paths are the geodesic paths. We present here the formal formulation due to Otto.
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5.1. The Wasserstein space

Let p, u € W3¢ we define

1
%ﬂmMzhﬁ{AHMﬁﬁ@; mmzﬂ,mmzp}

where the infimum is taken over all absolute continuous paths u(s) joining p and p, and the

Lagrangian action is given by

1312 =t { [ €l eyt o+ V- () =0 (5.0.1)

where the infimum is taken over all vector fields £ : (0,1) x R™ such that the path u satisfies the
continuity equation 9y + V - (§u) = 0. The vector field £ encodes the speed of the particles.
The Benamou-Brenier formula [3] shows that the two above definitions for d¥, coincide. The
first one is the Lagrangian viewpoint (points are transported), whereas the second one is the
eulerian viewpoint (densities are moving).

Moreover when £ realizes the minimum in (5.1.1) we see that there exists v, such that Vv = €.
It leads us to the definition of the metric tensor g. For any two tangent vectors [ig, fip at u, let
Vg, Up such that i, = =V - (uVwy), iy = =V - (uVy) then

9y (fras fin) = /u(m)Vua(x)va(q:)dx.

A remarkable fact is the link with optimal transport: the optimal paths for the quadratic cost

are the geodesic paths.

Definition 5.1.2. Let pg, p1 € W3¢ (R"™) and T the optimal transport from py to p1. We define
the optimal transport path: s € [0,1] — ps by

ps = ((1 = s)Id+ sT)y po = (Ts)4po = [po, p1ls-

This path is the McCann interpolation introduced in [87]. For ps we have the following properties

2. s €1[0,1] — ps is a geodesic path.

The first property is a straightforward consequence of the fact that Ty is the Brenier map for
the transport from py to ps. For the second we need to differentiate s € [0, 1] — ps and identify
the tangent vector. For any smooth test function with compact support ¢: R™ — R we have by
definition of Tj:

% [ewmar =3 [e@@) @iz = [ Vo @@) (T@) - ) pola)ds

ds
_ /V¢ (y) (T = 1d)(T; 1) (y)) ps(y)da

- /wmvw@—mwaww%w»@.
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Thus ps = (T — Id) o T, ' and g,, (ps, ps) = /po(z‘) (T(x) — x)? dz. We deduce that p, is a
geodesic path.

5.2 Gradient flow in metric spaces

5.2.a A direct approach

The Riemannian interpretation of the Wasserstein space allows us to differentiate and thus define
the notion of gradient. Let £ : W3¢ — R be an energy functional. We define Vi E' considering
all the absolute continuous paths s € [0,1] +— p(¢) and using the following identity for any
s €]0,1]:

) (Vv E(p(5)). Dap(s) = - B(p)(s). (5.21)

We then formally define the gradient flow equation by
dp=—-VwE(p).

In the Wasserstein case it leads us to the following definition of Vyy E(p).

Proposition 5.2.1. Let E: W3¢ (R") — R be an energy functional and p € W3 then

VW E(p) = V- (pv‘;f )

oF
where 5 is the formal L* gradient of E.
P

Proof. Let s € [0,1] — p(s) be an absolute continuous path, we note v the vector such that
Osp = =V - (pVv), we need to formally identify a vector w such that

VwE(p) = -V - (pVw). (5.2.2)

oF
On one hand, by definition of 5, we have

LB(p)(s) = / =V (57)

/V (pVv).

On the other hand, by definition of g,, and since w is sought so as to satisfy (5.2.2), we have
9 (VWE(p).09) = [ p¥ovw.
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OE
By (5.2.1) we may then identify w = 5, and therefore
p

VWE@y:—v-QW§f>.

This proposition leads to the following definition of a gradient flow equation.

Definition 5.2.2. Let E : W5 (R") — R be an energy functional and T € RT. The function
t € [0,T[— p(t) € W€ is a solution of the gradient flow associated to E if for any t € [0,T:

% =—-VwE(p(t)=V- <p(t)V?Z(p(t))> , t,x € [0, T[xR" (5.2.3a)
p(0,2) = po(x), z € R"™. (5.2.3b)

Since we define a gradient flow we hope that the energy is nonincreasing along the flow. This is

indeed the case, as stated in the following proposition.

Proposition 5.2.3. Let p : [0,T[— W3°(R") be a a gradient flow equation in the sense of
Definition 5.2.2, then the function t — E (p(t,-)) is nonincreasing.

Proof.

5.2.b A metric approach

We give another point of view to define a gradient flow in metric spaces, referring to [110] for
details. The idea is to find a formulation which does not use the Hilbert structure. This is the

aim of the following lemma.

Lemma 5.2.4. Let H be an Hilbert space, and let E: H — R be an energy functional; then the
function t € [0,1] — X (t) is a gradient flow for E (that is, a solution of (5.0.1a)) if and only if

d1 d
Vo e HVte 0,1, —=[|X(®#) —2| = —| E(1-sX(t :
re H¥Ee (01, gallX® —olf = Z|  B(1=5)X()+ )
The proof is an easy computation. Be careful the right hand side is a derivative along a geodesic

path, whereas the left hand side is a derivative along the flow. It leads us to another definition

for a gradient flow equation, for example in W3°(R").
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Definition 5.2.5. Let E: W$°(R"™) — R be the energy. We say that t € [0,T[— p¢ is a solution
of the gradient flow equation relative to E if for any p € W3°(R"™) and t € [0,T[:

d1 d
—=diy (pr) = —|  Elpr, 1) (5.2.4)
dt 2 ds s=0

where [pi, p), = (Ts)upe is the displacement interpolation defined by (5.1.2). In particular
(T1)gpe = p.

Note that this latter definition does not require the notion of gradient; it gives in W3 the same
definition than that of Definition 5.2.2.

Lemma 5.2.6. The definitions 5.2.2 and 5.2.5 are equivalent.

d
Proof. Let us compute %d‘%‘/ (1, pt). The first variation formula in a Riemannian manifold (2.2.1)

gives

%%d%v (15 pt) = —p, < ! ) [Ptaﬂ]wif%) = —/pt(x) (Th(z) — ) - &(w)de,  (5.2.5)

ds s=0

d
where & satisfies pri —V(pe&t) and (Id+ Ty — Id)y pr = p. We recall that we compute
the derivative of a geodesic path in Section 5.1. Note that (5.1) is merely the equivalent of the

classical formula
Zolla = X = - (2 - X(8), X(8))
in a Riemannian setting. The geodesic path in this case is X (t) + s(z — X (¢)).

Let us turn to the energy; by definition we have

% E ([pt, pl,) = oF d

B o () == [V ) (Th(w) - ) e

— [V - (Tia) =) pla))da

oF
If we take Definition 5.2.5 then we can do the computation for any u, thus & = —Vé— which

is exactly Definition 5.2.2. If we take the Definition 5.2.2 then for any u = (71)4(p:), we obtain
(5.2.4). O

Remark 5.2.7 (Rigorous definition of the gradient flow). It is not so simple to give a rigorous
sense to Definition 5.2.5. In particular we have avoided here the reqularity issue. For example the
Wasserstein distance and the energy functional are usually not plainly differentiable. Therefore
the definition needs to be modified using some limsup and inequalities. For details we refer for
instance to [110],[1].

5.2.c A numerical approach

A third way to define gradient flow in a metric space consists in another reformulation using only

the metric structure. This approach is based on a time implicit Euler scheme. We fix a constant
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time step 7 and discretize the gradient flow equation (5.0.1) with an Euler implicit scheme:

XnJrl _Xn
S 0T = VE (XM, (5.2.6)

X% = Xo. (5.2.6b)
Under suitable conditions on E, for instance C?, the solution X, of (5.2.6) converges when 7
goes to 0 to the unique solution of (5.0.1). In order to generalize the gradient flow to general

metric spaces, we need a formulation which does not involve the gradient. This is obtained

thanks to the following result, which gives a minimization interpretation of the scheme (5.2.6a).

Lemma 5.2.8. Let E € C'(H,R). A solution of

1
X = argmin { B (X) + —||X — X2(|% ], (5.2.7a)
XeH 2T

X% = Xo. (5.2.7b)

is a solution of (5.2.6).

1
Proof. When the function X — E (X)+ Z—HX—XnH%{ reaches its minimum, we have VE (X)) =
T

1

—— (X — X,,) which is exactly (5.2.6) since at the minimum X = X!, O
-

Reciprocally we have the following lemma.

Lemma 5.2.9. Let E € C*(H,R) with ||E||c2 < +oo. There exists T such that for any 7 <7 a
solution of (5.2.6) is a solution of (5.2.7).

1
Proof. For T small enough the function X — E (X)-+ 2—\ | X — X,||% is uniformly strictly convex.
T

1
Indeed the Hessian is given by V2E 4+ —Id. Thus the minimum exist and is achieved only once
T
1
at X" "1, This point must satisfies VE (X:H'l) =—= (X:H'1 — X,,) which is exactly (5.2.6). O
T

Thanks to this remark, Jordan, Kinderleher, and Otto [66] proposed a scheme to minimize an

energy in Wy°.

Lemma 5.2.10 (JKO). Let E : W§° (R™) — R, for 7 € R" we define p, by the steepest descent

scheme:

, 1

prtt = argmnin {E (o) + 5-divge (0:97) } (5.2.8a)
2

P2 = po, po€ W (R™). (5.2.8b)

The next step is to find a solution defined on a time interval. For simplicity in the passage to
the limit when 7 tends to 0, we extend p, on [n7, (n+ 1)7| thanks to the optimal transport. Let

T,, be the Brenier map from p” to p”™!, then, for any s € [n7, (n + 1)7] we define p,(s) by

pr(s) = (1= s)Id+ sTp)y py = [P, P71
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Chapter 5. The gradient flow point of view

Therefore p; € W3°(R™). When liné pr exists, we denote it by po, and then ps is the solution
T—

of the formal gradient flow equation for the energy F
Op = —"“Vyg" E, (5.2.9)

where “Vyyee” E is obtained by passing to the limit in the JKO scheme. This strategy is the
original approach to define a gradient flow in general metric spaces. The definitions here are
only formal; in each particular case, each step must be proven to be well defined and convergence
must be proven. The rigorous analysis was for instance performed for the Patlak-Keller-Segel
equation by Blanchet Calvez and Carillo in [8]. Let us finally formally check that Definition 5.2.8
is equivalent to Definition 5.2.2. By (5.2.5), we know how to differentiate d2; therefore at the

minimum p, we exactly find the time implicit Euler scheme of Definition 5.2.2.

5.3 Examples

For a first example we can take FE(p) = / plog p, which allows to see the standard heat equation

Oip = Ap as a gradient flow for the Boltzmann entropy.

We give in the next paragraph a very particular example illuminating the different points of

view.

Eulerian or Lagrangian ?

We consider the Eulerian equation
o=V - (VV), (5.3.1)

where V satisfies V - VV = 0 ( incompressible hypothesis). We construct the characteristics
t — X(t) of (5.3.1) to find the Lagrangian formulation:

X(t) = =VV(X(t)). (5.3.2)

In the Lagrangian point of view we follow the particles, whereas in the Eulerian case we study

the flow at a fixed point. To go from one equation to the other we use the formula

p(t, X (t)) = po (X(0)) .

We remark that in the Lagrangian setting, we have a usual gradient flow equation. The Otto
computation transfers this structure to the Eulerian formulation; it can be seen as the Eulerian
gradient flow . The Otto interpretation allows a definition of the trajectory of the particles

thanks to the optimal transport.
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5.3. Examples

Displacement convexity

A large class of examples, and in particular the Keller-Segel free energy, is given by energies of

the form

:/U( da:—i—/V ) dz + /W 2 — 1) p (@) p(y) dzdy, (5.3.3)

where U : Ry +— R is the internal energy, V : R" — R a potential and W : R — R a symmetric
interaction potential. In this case we can compute 5, thanks to the derivative of the function

p
s — E(p(s)), for any path s +— p(s). We first remark that

v o) ds = [[U(p(s,2)) 0up (s.0)

/V swda:—/V Osp (s, ) dx,

3 [ W= e () p(s)dady = [(Worp(s.) (@00 (5.0)

using the symmetry of W in the last equation. Thus

SE

=U V 4+ W .
5 (p) +V+Wxp

And the gradient flow equation (5.2.3) may be rewritten

9
55 — V- (pVU' (p) + pVV + p (VW % p)).

For such a functional McCann introduced in [87] the concept of displacement convexity.

Definition 5.3.1 (Displacement convexity). Let po,p1 € W5 (R"™), po # p1, and T be the
optimal transport map from py to p1. We define the geodesic path s € [0,1] — ps by

ps = ((1—s)Id+ ST)# po = (Ts)#po = [po, p1]s-

An energy functional for example (5.3.3) is said to be displacement convex (resp. strictly dis-

placement convez) if it is convex (resp. strictly convex) along the geodesic s — ps:

E(ps) < (1 =s) E(po) +sE(p1) (resp. E(ps) < (1 =) E(po) +sE (p1))-

If moreover E is C? then E is said to be \ uniformly displacement convex (for some A > 0) if

for any po, p1 € W3 (R"), po # p1, s € (0,1):
d? 9
752 (E() (s) = Adiy (po, p1) -
According to this definition McCann proved the following useful theorem [87].

Theorem 5.3.2. Let E an energy functional defined by (5.3.3). Assume that
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Chapter 5. The gradient flow point of view

1. A= AU (A™") is conver nonincreasing on Ry
2. V 1is convez.
3. W is symmetric and convex.

Then the energy (5.3.3) is displacement convex; more precisely, each of the three terms defining

E in (5.3.3) is displacement conver.

The converse is also true, in the sense that if one of the three terms in (5.3.3) is displacement
convex then the corresponding assumption in Theorem 5.3.2 holds true. We have an analogue

result with strict convexity.

Proof. We are going to prove that each of the three terms of E are displacement convex. The

key tool is the change of variable formula given by the Monge-Ampére equation

det VT (z) = m (5.3.4)

Let s — ps be a geodesic path.
The potential term: Thanks to (5.3.4),

JV@e@de= [ VT @)@
By convexity of V,
V(Ts(x)=V((1-=s)z+sT(x) <(1—-s5)V(zx)+sV(T(x)).
Thus

/v<x>ps<x>dx§<1—s> V(@) po (@) de+s [ V(T (2)) po () de

/ /
<(-9) [V@m@dets [V o)y

The internal energy term: Let A(s) = (det VTj (m))% Again using the Monge-Ampeére
equation (5.3.4),

J Ut @nde= [ 360 (30 6) o @) ds

_ / N (s) U <p0 () Anl(s)) da.

Since det is a concave function, we remark that A () > (1—s)+s(det VT (z))» = (1 —s)A(0)+

sA(1). Since A — A"U (A™") is nonincreasing and convex, we get

1

M OU (@) ) < 0=90 00 (300 5 )+ 00 (mo) 315 )-
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As A" (0) = 1, a backward change of variable on the last term yields:

/ U (ps (2)) dz < (1 — s) / U (o (2)) da + 5 / U (o1 (2)) da.

The interaction potential term: The displacement convexity of this last term is again a

straightforward consequence of the convexity.

/W (. —y) ps (%) ps (y) dzdy = /W (1=s)(x—y)+s(T(x) =T (y))) po(x)po (y) drdy
<(l-s) / W ((z = y)) po (x) po (y) dzdy + s / W (T (z) =T (y))) po () po ()
<=9 [ Wiz =) @) m @ dedy+s [ W= 9) o1 @)1 ).

O

This theorem is very important, since displacement convexity is the equivalent in the Wasser-
stein case of the usual convexity. For example, we have the following proposition, analogue to

Proposition 5.0.2 in a Hilbert space.

Proposition 5.3.3. Let p: Ry — W3(R"™) be a gradient flow in the sense of Definition 5.2.2
then:

1. t— E(p(t,-)) is nonincreasing.

2. Moreover if E is strictly displacement convez, the minimum can be achieved only once, say

at p. In this case the function t — d%% (p(t,-),p) is nonincreasing.

3. If in addition E is X\ displacement convex for some X\ > 0, then d%/[/zac (p(t,-),p) converges

exponentially to 0.

Again this is a formal proposition, and we forget about regularity or existence issues in the proof.

Proof. We already saw in Proposition 5.2.3 that the energy is nonincreasing. If E is strictly

displacement convex and reaches his minimum in two different points pg, p; then for any s €]0, 1],
E ([po, p1]s) < min E.

This is a contradiction, and therefore the minimum is unique.

In order to show that ¢ — d%,VQ (p(t,-),p) is nonincreasing and converges exponentially to 0 if E
is A displacement convex, it is more convenient to work with Definition 5.2.5. We only consider
here the case F A displacement convex, the other part of the proof is similar.

Since F is A is assumed to be displacement convex,

d1l , _ d _ L2 _ o
220w (P pe) < P E ([pi,p),) = — ; @E([m,pls)db’ < =Xdjy (P, pt) -
s=0

Therefore we obtain the exponential convergence (using the inequality f' < —2\f for f =
diy). O
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Chapter 5. The gradient flow point of view

Remark 5.3.4. In general, other gradient flow equa-
tions may be well defined without satisfying (5.3.2).
Moreover we can have the A contraction without A
displacement convexity: when p is an equilibrium

stcite for E and ps = |[p,u|s we only need that
; j;E (ps)ds > M2 (p, ). For example the func-
tion can be only locally displacement convex around \ /
i, the “BMX handlebar” depicted in the opposite fig-
ure is a good example of such a shape for E.The BMX
handlebar is not A displacement convez, it is the case
only near the minimum p. However if p; is solution
of the associated gradient flow then diy; (u,pt) con-
verges exponentially to zero. We conjecture that this The BMX handlebar.
is the case for the Keller-Segel energy.
Let us check that the Keller-Segel energy is of the form (5.3.3); indeed, expressing ¢ with the
fundamental solution of —A. We set U (p) = plog (p), V = 0 and W the fundamental solution

of —A. In dimension 1, with the log-interaction we get

Oip (t,x) = V. (p(t,2) Viog (p (t,2)) — xp (t,2) Ve(t,2)) (t,x) € R?,

1 (5.3.5)
e(t.0) =~ [ loglo ~ ylo t.0) dy (t,7) € R
TJR
associated to the free energy
_ X
E= / plog (p) + 4/ log |z — y|pp. (5.3.6)
R T JR?2

Remark 5.3.5. For simplicity we worked with R™, in general one can take a Riemannian man-
ifold M instead or R" and define gradient flow equation in Wa(M) see for instance [110].
5.4 The particular one dimensional case

We show in this section that we can express a gradient flow in W3 (R) as a real gradient flow

in L? by a suitable change of variable. The key point is the following lemma.

Lemma 5.4.1. There is an isometric injection i from WS¢ (R) into L* (0,1). Moreoveri (Wg¢ (R))

is a convex subset of L? (0,1).

Proof. Let p € W3¢ (R) we define the cumulative mass M, : R — [0, 1] by
M, (z) = p((—o0,x)). (5.4.1)

The function M, is obviously a non decreasing function, and we can thus define the pseudo—

inverse X, : [0,1] — R by
X, (m) = inf{z € R such that M, (x) > m}. (5.4.2)
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By definition, the function X, is a right semi continuous non decreasing function and X, (m) is
the position at which we obtain a cumulative mass m for u. Note that X, also gives a change of

variable formula.

Lemma 5.4.2. Let i be fired and X, the pseudo—inverse of the cumulative mass. Let h : R — R
then

X (b) b
[ h@dut) = [ h ) i

Xu(a)

Proof. For convenience we suppose that p is given by a C'° positive density function f : R —
R**, that is pu (z) = f (z) dz. Therefore the function M, defined by (5.4.1) is a C*° primitive of

1
fand X defined by (5.4.2) is the usual inverse; thus X (M, (z)) = @) it gives (5.4.2) in this
x
case. The result follows by a density argument. O
Since p has a finite second moment, Lemma 5.4.2 applied with h = \.|2, a = —o0 = —b gives

X, € L*(0,1). We may then define the injection map i : W5 (R) — L? (0,1) by i (u) = X,,. It
remains to prove that ¢ is isometric.

Let p = fdxr and v = gdx be two C'* positive density measures. We have

o

dhy ()= [ o =T (@) Pau(a)
—00

where T is the optimal transport from u to v. In dimension 1 the transport T is easy to expresses

with the cumulative mass and its inverse see [3].

T(2) = X, (M, (2)) =i () i ()" ()]

To prove it one can see that T u = v and T is nonincreasing, therefore by uniqueness 71" is the

optimal transport. Applying Lemma 5.4.2, we get that

2 _ iy _ 12 2
diy (p,v) = [ |i(p) (m) =T (i (p) dm = /IZ —i(v) (m)["dm

0
= [li () (m) =i (v) (M) |2 = [| Xy (m) = Xy (m) || 2.

We can go further and identify the tangent vectors:

Lemma 5.4.3. Let s — u(s), be a smooth path, Xs = i(p(s)) and & such that Osu(s) =
—V(i(s)&) then 0,X, = £5(X,). Moreover the formal gradient Vyy is send to the usual L
gradient.

Proof. By definition Mg (X, (m)) = m where, for z € R, M, (z) = / (s, y) dy is the cumu-
lative mass. Thus o

Xs(m)
0.X. (m) = COM, (X (m) 2" O s, y) dy
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Chapter 5. The gradient flow point of view

By definition of {5 we have 0; X, (m) = &(Xs(m)).
Moreover, for any other tangent vector f at p(s) with g = —V(u(s)n) we have:

gy (it Dupi(s)) = / £u(2) - n(@)u(s, 2)dx
= [ (X lm)) X, () = (66X ). (XK )

The following result is a direct consequence of Lemma 5.4.3. .

Proposition 5.4.4 (Wasserstein and classical gradient flows). The injection i transforms the
Wasserstein gradient flow given in Definition 5.2.2 into the L* gradient flow defined on i(Wg¢(R))
by the energy Er:

EL(X)=E(i"'(X)),

and the gradient flow (5.2.3a) reads:

X (t,m) = —V 2B (X (t,m)).

This injection is a way of constructing characteristics for the system with X the position of the
particle. In chapter 7 we rewrite the one dimensional log interaction equation (4.3.2) thanks to

this injection.
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Chapter 6

The one dimensional, subcritical regime

This section takes its inspiration in the work of Calvez and Carrillo [23]. We consider the
log interaction equation in dimension one and we want to take advantage of the gradient flow
structure. The additional result here with respect to [23| concerns the geometry of the functional:
the energy is nonincreasing along the geodesic path. We considered the log-interaction form of

(4.1.2) in dimension 1:

9p _
ot
p(0,-) = po, po € W3(R).

1
c(t,x) = ~5- /Rlog [z —ylp(y)dy

B(p(t.) = [ pta)log(p(ta)) o= [ clt.a)p(t.o)de

R

0z (p0zlog (p)) — O0x(xpOsc), t >0,z € R, (6.0.1)

where as usual, the center of mass is fixed equal to 0 ( / zp(x)dr = 0) and the mass equal to
1. Moreover we are concerned here with the subcritical case so we fix ¥ < x.. In this case, the
energy is not bounded from below and in order to catch the profile we rescale the equation, with

a confinement potential [12]. It leads to:

ZQ) =V -pVlog(p) =V - (xpVe)+V . -zp, t>0,z €R, (6.0.2)

p(0,-) =po, po € W3“(R).

1
clt.) = 5= [ Tozle = slotu)dy

2
E(p(t,-)):/Rp(t,x)log(p(t,x))dm—;C/Rc(t,x)p(t,x)dx—k |2‘p(t,x)dm.

By [12] we know that a steady state u of (6.0.2) exists. We take advantage of the gradient flow

formulation to prove the three followings fact:
1. For any p € W$¢(R) such that /a:p(ac)dx =0, F(p) > F(p).
2. Let s — [u, p]s be a geodesic path, then s — F([u, p]s) is nonincreasing.
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Chapter 6. The one dimensional, subcritical regime

3. Let t — p; be a solution of (6.0.2) then there exists A > 0 with d3y (u, pr) < e d3y (1, po)-

But in the present case, the energy is not displacement convex and we cannot apply the result of
McCann [87]. The first item in our case would prove the classical logarithmic Hardy Littlewood
Sovolev (HLS) inequality. The strategy is the following. For the sake of clarity, we first study
the critical case, in a formal way since there is no steady state for (6.0.1). Anyway it will be

illuminating when looking at the rescaled equation.

6.1 The critical case as a formal example

In the weak formulation a steady state, p, of (6.0.1) is characterized by

/Hll(x)u(:):)dac = i;// Wu(m)u(y)dmdy, Vo € Cp((R,R). (6.1.1)

Since we want our results to be valid in any dimension, we will try not to use the injection of
W$¢(R) into L(0,1). We start by showing that a steady state is minimal.

Theorem 6.1.1. If there exists a steady state p € W3°(R) of (6.0.1), then for any p € W5°(R)
with /:Up(m)dac = 0 we have E(p) > E(u). Moreover E(p) = E(u) if and only if p is equal to p

up to a dilatation and a translation.

Remark 6.1.2. A consequence of this theorem is that the existence of an equilibrium point of

the energy implies the existence of a global minimizer.

Proof. We take p such that W3(p, u) < oo, we suppose that the steady state p € W3“(R) exists
and we consider the optimal transport map from u to p and the quadratic cost given by the semi-
convex function ¢: T(z) = x + ¢'(x) [3]. This transport gives, thanks to the Monge-Ampére

equation (5.3.4), a change of variable formula:

L+ ¢"(x) =

We apply it to get:

E(p) = / () log(u() /(1 + ¢"(x)))da + X / / log [T(x) — T(y) () () drdy,
which is

T(x)—z@) ‘ p(@)p(y)dedy.  (6.12)

T

B(p) = () ~ [ (o) log(1 + ¢ (@))dz + X [ 1o

Since T' is non decreasing we can dismiss the norm in the last term. On one hand, with (6.1.2)

we get:

B(p) — o) = = [ wta)tog(1 + "o+ [ [10g (W) () ) ddy,

X
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On the other hand, let @ be a solution of §” = log(1 + ¢”) and test the steady state equation

(6.1.1) against 6 ( We can compute 6 thanks to the kernel of the Laplacian in dimension one.)

[ nias = X [P0 )y

The two above equations lead to
£) - B0 =25 | [[1oa" =T oputy)dody

// wﬂ(x)u(y)dfvdy . (6.1.3)

Since log is concave, and according to the definition of § we can apply lemma 6.1.3 below to the

It gives

right hand side of (6.1.3). The equality in lemma 6.1.3 i.e. in Jensen’s inequality implies p is a

dilatation, translation of u. d

Lemma 6.1.3. Let g be a concave function defined on an interval D, let h € C? (R,R)) with
Im(h") € D and let § be a solution of 8" = g(h") then

)0, (KM

rT—=Y =y

Proof. The proof of lemma 6.1.3 is just an application of Jensen inequality:

V@) =00 = [ 0wdu= [ g0 @)t < (=gl [ 1w,

rT—Y

We can be more specific on the structure of £ on W3°(R): O

Theorem 6.1.4. Let p € W3°(R) be a steady-state of (6.0.1) and p € W5(R) be such that p is
not obtained by dilation or translation of . Then if p; is a geodesic path from p to p, that is
pt = [, plt, then E(pt) is increasing on [0, 1].

Remark 6.1.5. Since E is monotone increasing is along all the geodesic paths starting from p,
we also get the uniqueness of the minimizer. This was not obvious since E is not displacement

CONvVET

Proof. Let Ty(z) = = + t¢'(x) be the transport from u to p;. For any ¢t € [0,1] and h < 1 — ¢,
we consider the quantity E(pi+n) — E(pt). The equation (6.1.2) applies for p = pyp, and p = pt

implies

E(prn) — Epn) // <w—y+(t+h)(90’( )—tp’(y))> () )

z—y+t¢(z) —¢'(y))
)

T i
1+t§0” +h§0//( )

1.4
- o e 10
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/1

We test the steady-state equation against  such that 6” = log(1+ h
(6.1.4) we obtain

E(pe4n) — E(pt) // lo <1 +h— yﬁ(f() _(Cp)( v) 0 )> (@) p(y)

- / / elxjymx)u(m (6.1.5)

The function u € [—1, +o0[— 10g;(1+h1

1 _?_Ot 1/ )7 plugglng thlS thO
P

ut ) is concave, thus lemma 6.1.3 together with (6.1.5)
u
gives E(pirn) — E(pr) > 0. We indeed obtain a positivity since by hypothesis we avoid the case

of equality in lemma 6.1.3.
O

We now have formally a better comprehension of the energy and proved, up to the equality case
of the Jensen inequality, the uniqueness of a minimizer for E. The next step is to show the decay

of the W3 distance to a steady-state.

Claim 2. Let p € W3(R) be a steady-state of (6.0.1) and py € W3°(R). Let p; be a smooth
solution of 6.0.1 then did (pt, ) <0.

Unfortunately this claim is empty since there is no steady state of (6.0.1) with finite second

moment [9] [27]. The demonstration remains very instructive for the future.

Remark 6.1.6. The metric definition of a gradient flow equation combine to Theorem 6.1.4
gives a direct formal proof of Theorem 2. The main restriction is the smooth solution, we are

not sure that the solution p; is smooth enough to perform the computation done in the proof.
Proof. We call 1, the convex Brenier map given by the optimal transport from p; to p then by
5.2.5 we have:

Gt = [Wiw) = @e +2 [ [ Wite) - 2) =Lz owtadody.

We symmetrize the second term. We perform an integration by parts on the first one it gives

Gatitonm) = [wi@yp@n+ [[ (i)~ i) pw)paidsds

we perform the usual change of variable given by the transport from u to p; ( we denote ¢’ = v}~

). Thus:

Again we test the steady state equation against 6 define by 6" = g and use lemma 6.1.3 with
1

u € R*" — = convex to finish the proof. O]

u
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6.2 The subcritical case

In the subcritical we are going to mimic the proof of the critical case, but with this time enough
regularity to valid the computation see [12] or appendix B. In the weak formulation the steady

state equation for equation (6.0.2) is

[ @uters = X [[ D=2 0)u0)d0ay + [0@routarar, we @R

Since the center of mass of u is equal to 0 we can double the variable and get the equivalent
formulation, V8 € Cy((R, R),

/ 0" (@)p(e)dr = - // o - D ayuw)dady + / <9/<x>—0’<y>><x—y>u<x>(cﬁzx2. )

We can set the following theorem.

Theorem 6.2.1. Let p be a solution of (6.2.1) then for any p € W3°(R) with /l’p(l’)dl‘ =0
then

1. F(p) = F(p).
2. Let s — [u, p|s be a geodesic path, then s — F([u, p]s) is nonincreasing.
3. Lett — p; be a solution of (6.0.2) then there exists X\ > 0 with d%; (, pr) < e d¥, (1, po).

Remark 6.2.2. The second item is a geometric information about the energy functional F. It

says that F' has the bmz handlebar shape.

Proof. The proof is the same as the one done for the critical case: we consider the optimal
transport map from u to p and the quadratic cost given by the semi-convex function ¢: T'(z) =
r + ¢'(x) and along a geodesic Ts(z) = z + s¢'(x), s € [0,1]. It gives for any s a change of

variable formula. Using it we get:

p(z)pu(y)drdy

F(P)—F(M)>—/ (x)log(1 + " (x))dw + = //10 (y)'

/ T(x) - T(y)? ple)uly) dedy — - / & -y pla)u(y)dedy. (6.2.2)
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2. Let s — [u, p]s be a geodesic path, then

) X [ 1o (E 0 D@ =S W)Y
Flo(s +1) A ( r—y 1 s @) - 7)) )“( July)

)
1+ s¢"(z) + he' ()
—/log 1+ 50 (2) )dx

1 [le =+ 6+ M@ - YO awn)isdy

- 411/ }a: —y+s(o'(x) —¢'(y)) 2u(az),u(y)d:zdy. (6.2.3)

3. And using (5.2.5) (with the notation of the critical case):

2, (1, pr) /¢” dm+// e a_b Su(a)p(v)dadb

//¢/ a_b ()u(b)dadb, (6.2.4)

where we double the variables. The next step is to use the steady state equation. We test the
steady state equation against:

1. 0" =log(1+ ¢") for (6.2.2).

i

¥
890”) for (6.2.3).

2. 0" =log(1 + hs

1
3. 0" = o for (6.2.4).

It leads us to three different inequality. We deal with them with the following lemma replacing
lemma (6.1.3).

Lemma 6.2.3. 1. Let 6 solution of 8" =log(1+ ¢") then for any o > 0, 8 > 0 we have

alog <w> 8 <M>2 > (o +28) <W) 15 (625)

=Y

1
2. Let 0 solution of 6" = log(1 + h= f ) =g (¢") then

890”
ag <W> +p <1 +(t+h) <W)>2
> (a+2p) <W> +B <1 +t <W>>2 . (6.2.6)
3. Let 8 solution of 0" = ;” then
@ <W) o B (W) > (a+B) (W) —28.  (6.2.7)
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6.2. The subcritical case

Proof. We only do the proof for (6.2.6), taking s = 0 gives (6.2.5) the case of (6.2.7) is similar.
By definition

¢'(x) — ¢'(y) _ ! " _
:U—y_/o (1 —=38)y+ sx)ds,

and
0'(z) — 0'(y)
T —y

1 1
= [0 =g+ soyds= [ gl (1= 9)y+ sa)ds.
0 0

Therefore the Jensen’s inequality (or directly Lemma 6.1.3) applied to

1
(o +28) /0 g(@") (1= 8)y + sz) ds

implies

020 P00 g (1 (201 @’(?D))Q

car (FDEDY (1 ,j (i() SN
+ |28 <so’(w; = f’(y)) 8 (1 o (w’(az = j’(y)>>2

3 (1 +(t+h) (‘Pl(xi : 5’(3/)))2] :

There remains to check that the quantity between the bracket is nonpositive. It is equivalent to
see that
log(Z) +1—-27*<0, (6.2.8)

14tz

¢'(x) — ¢'(y)
r—y
equivalent to

with z = and Z =1+ hﬁ. Since we always have Z2 > 1+ 2log(Z), (6.2.8) is
z

1
1 — —1)<0. 2.
08(2) (15, ~ 1) <0 (629)
Two cases exist: either z > 0 then Z > 1 and (6.2.9) is true or z < 0 then Z < 1 and (6.2.9) is

also true. We recall that by construction 1 4+ tz and Z — 1 are almost everywhere positive. [

2
The lemma directly implies theorem 6.2.1 with o = f, 8= ’3:4‘% in the two first cases and
™
2
o= i, 8= M in the last one. O
4 2
Remarks

e Lemma 6.2.3 is not completely satisfactory; indeed, a unified version for any convex or concave
function in the spirit of Lemma 6.1.3 would be preferable.
e As in [23] everything works in the radial two dimensional case, in particular it gives a new

proof of the logarithmic HLS inequality, F(p) > F(p*) > F(u). For a former proof see [26] and
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Chapter 6. The one dimensional, subcritical regime

[2] or the appendix B.

e An open question is to extend these computations to the N dimensional case.
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Chapter 7

Extensive analysis of the particle

scheme

7.1 Setting of the numerical scheme

7.1.a Discretization of the free energy

We consider the problem (4.3.2). As we saw in section 5.4 in the particular case of dimension 1

there is an isometry from W (R) into L? (R), given by the pseudo-inverse (X) of the repartition
x
function (M): for p € W3¢ we have M (x) = / p (x) dz and we associate X (-) = M (-)1. We

—0o0

rewrite the problem with this notation, the energy (4.3.3) becomes for any X € L? (0, 1):

E(X()) = —/log (X' (m)) dm + % /log |X (m) — X (p) |[dmdp. (7.1.1)
We are interested in the supercritical case of (4.3.2). Since the mass is conserved we fix it to one:
/ p = 1. We then consider a discrete formulation splitting uniformly the mass of p. Let the

discretization step hy be fixed (hy = ), then for i = 0..N + 1 we define X; = X (ihn).

N +1
Note that Xg = —0o0, Xy4+1 = 4+00. For more convenience we also restate x := X We want to
d Xit1 — X
define a particle scheme therefore we replace for m € [ihy, (i + 1) hy], d—X (m) by %
m N

and X (m) by X;, we get
N
Epy (X) = —hn Y log (Xip1 — X;) +loghy + xhy > log|X; — X;.
i=1 0<i#j<N+1
This energy is not defined because of Xy and X7, we dismiss them and consider the discrete
energy E : RY — R:
N-1
E(X)=-> log(Xi1 — Xi) +xhn Y log|X; — X, (7.1.2)
=1

1<i#j<N
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Chapter 7. Extensive analysis of the particle scheme

and define the associate gradient flow equation:

Definition 7.1.1 (Gradient flow equation.).

X(t)=-VE(X(t)) teR
X (0) = X" X% e RV,

We can write it explicitly :

. 1 1
X1 = ——— 2xh L

' Xo— Xy - XNZXj_Xl

J#1

. 1 1
Xi= - + + 2xh e

’ Xi—‘,—l - Xq, Xz — Xi—l XN ; X] — Xz (713)
XN = - 2xh .

N XN —XNn-1 o NJ;V Xi — XN

1
X1 —Xo  Xnp1—Xn

For simplicity, we use the convention = 0, which is coherent with

Xo = —o0 and X = +00.

Since the center of mass is conserved < / xpdx) we set Z X; = 0. Thus without loss of
1<i<N
generality we may alternatively work with the N — 1 differences u; = X;41 — X;. the energy

becomes
N-1 j—1
E,=— Z log (u;) + 2xhn Z log (Z uk> (7.1.4)
i=1 1<i<j<N-1 k=i
and the scheme may be rewritten

2 1 1 1
iy = L2 TR N D Y . .
! (3] u9 X ;Xj_XQ ;Xj—Xl
2 1 1 1 1
G = — — _ + 2vhn — 7.1.5
' Ui Uil Uil X #Zi;rl Xj— Xin1 ; X;— X ( )
2 1 1 1
i = - ooy [ e S
" Up—1  Up—2 _;;V X;— XN j?g\;l X;— Xy

Note that the scheme (7.1.5) is not a gradient flow equation for the energy (7.1.4).

For the gradient flow equation defined in 7.1.1 we give two definitions of the blow-up.

Definition 7.1.2 (Blow-up). Let X be a solution of 7.1.1 defined on [0,T]. Let T C [1,N] a

connected set of indices we say that L weakly blows up if
V(,i+1)eZIxT lign i:,I}f (Xiy1 — X;) =0. (7.1.6)
—
We say that I strongly blows-up if

V(’i,i + 1) €l x1 lim (Xi+1 . Xl) =0. (717)
t—T
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7.1. Setting of the numerical scheme

In any case, when the set I is mazximal for the inclusion, under the blow-up condition, we call it

a blow-up set. If there exists a blow-up set we say that X blows up.

In the supercritical case, thanks to the second moment computation (see (7.1.8) below ), we are
sure that a blow-up exists. One of our goal is to provide natural and robust conditions under
which the largest set Z contributing to the blow up will carry generically only the critical number
of particles. Indeed in some case the symmetry will force the blow-up to aggregates more than
the critical number of particles.

The main difference between a weak and a strong blow-up set concerns the boundary behaviour.
Indeed when Z = [q, p| is a weak blow-up set, then ligijr}f (Xp41 — Xp) and h?i}}lf (Xq— Xg-1)
are positive. When Z is a strong blow-up set then (X,;1 — X,) and (X, — X,—1) may have no
limit in 7', and in fact [¢ — 1,p + 1] can even weakly blow up. This possibility of oscillations at

the boundary of a strong blow-up set will be a major issue in the sequel.

7.1.b Critical Parameter

We recall that a gradient flow equation takes the steepest descent path for an energy E. Thus it
is natural to study the lower bound of E. For A € R’ we have

E(AX) = E(X) — log (\) [(N — 1) — xhyN (N — 1)].

The outcome of this computation is that [(N — 1) — xhnyN (N — 1)] changes sign depending on

x thus we define the critical parameter yn:

Definition 7.1.3 (Critical parameter).

1 1 N+1
S

AN =3 ON N_ N

The same interpretation as in chapter 4 works: if y < xn then the energy is not bounded from
below when A goes to infinity, which means a dilatation of the set of particles (X;). It is the

relaxation regime.
If x > xn the energy is not bounded from below when A goes to 0 which corresponds to
a contraction of the set of particles (X;). Moreover the computation of the second moment

N
I? (X) = ZXZ2 gives ( see (7.1.8) below )

i=1

1d
5%1'[% = (N —-1)—xhyN (N —1) <0.

Since II? is positive we know that in finite time this computation fails. It means that there exists
(T,i) € RT x [1,N] such that X;41 (T) = X; (T). The set [i,i + 1] strongly blows-up. In the
supercritical case x > xn the blow-up occurs in finite time.

We identified a critical parameter but this is not enough. Indeed we want to show that a blow-up

set contains only the critical mass. To guess the eventual critical parameter X’f\, for k particles
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Chapter 7. Extensive analysis of the particle scheme

out of N to blow-up we can compute the second moment of an isolated subset of k particles,

k—1
neglecting the influence of the others. We find with II§ = Z i
7=0
S =) XX = - Xi 2xh
2dt 2 Z Z H—l XZ+ZXZ Xz 1+ XNZZ
1=1 =1 =1 =1 j#i
H—l l ]
= + h 7.1.8
Z X i+1 N Z Z ] z ( )
i=1 j#i
=(k—1)—xhyk(k—1)=(k—1)(1 — xhnk),
1 1
where we have neglected the boundary terms and =0.

Xk+1 — Xk Xl - XO
This motivates the definition of the * critical parameter for k particles to blow-up:

Definition 7.1.4 (The ™ critical parameter).

r . N+1

If x > Xﬁ, the second moment of £ particles decreases with a constant speed, thus the solution
exists only for a finite time, and k particles can be enough to create the blow-up. In the case of

k =2 and N = 3 we denote the 2 critical parameter Xz(f)-
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7.2. The case of three particles as a toy problem

7.2 The case of three particles as a toy problem

We first study the particular case of three particles. In this case we can perform a complete
analysis. We have two possible cases: three or two particles collapse, depending on the value
of x. In any case we rescale the solution and thanks to a Liouville-type result we catch the

asymptotic behaviour. For three particles the energy (7.1.2) and the equation (7.1.3) becomes

G (X) == —log (X2 — Xl) - log (Xg — X2)
+ 2xhs [log (Xg — Xl) + log (Xg - Xl) + log (Xg — Xg)] (7.2.1)

Gy (u) = —log (u1) — log (u2) + 2xhsh [log (u1) + log (uz) + log (ug + us)] (7.2.2)
and . ) . )
X, = S o
! X, — X, AT TG X
X, = L + 2xh ! ! (7.2.3)
TN -X XX X=Xy Xa— Xy =
. 1 1 1
X3 = _ 2vha | — _
° X3 — Xo * X3_ X3 —Xo X3—-Xi
2 1 1 1
U= ——— — 2xhz|— - —
Ul U up o u2 Ul U2 (7.2.4)
2 1 2 1 1 o
Up = — —— — 2xhz|— — —
uz Ul 2 Ul Ut u

Let X be a solution of equation (7.2.3) and suppose that x > xs3. As usual we define the second
moment by TT1? (X) = X7 4+ X3 + X3, a direct computation gives the following result.

Proposition 7.2.1. For x > x3 the function t — Ily (X (t)) decreases and

d
—Ilo =4(1 - 3h .
i (1 —3h3x)

This ensures that there is a blow-up ( u1, ug or both equal to 0) in finite time.

Remark 7.2.2. In the rest of this section we assume without loss of generality that uo > u.
Indeed if there exists t > 0 such that ua(t) = ui(t) then for any s > t we have ua(s) = wuyi(s).
Therefore a solution of (7.2.3) cannot cross the line us = u;.

This remark rules out the possibility of oscillations (Xo alternatively near Xy then X3).

7.2.a Three particles collapse

In this case: x3 < x < X:(f); three particles are required for the blow-up.
Proposition 7.2.3. Let T be the blow-up time we have uy (t) ,uz (t) = 0 ast — T.

Proof. Since the second moment decreases (7.2.1), we already know that 7" exists. The solution
cannot cross the line ug = uy (if ug = uy once then us = wu; forever). Therefore the computation

of the second moment (7.2.1) implies that u; goes to 0 as ¢t goes to 7.
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Chapter 7. Extensive analysis of the particle scheme

u u
Moreover there exists a > 0 such that if — > a then — increases; indeed starting with (7.2.4)

U1 Ui
we get:
duy  Uguy — Uyug
dt Ul B u%
1 Ul U9 X (2) U2 — Uy
=2 [2<u‘u> (1—(2)>+x3 wta
1 2 1 X3 2 1
1 X 2
1 X3
X X(2)
thanks to the fact that [ 1 — Nol Re 0, and taking a large enough ( a > —23——). Thus
X3 1- %
X3
12 is bounded and the proposition follows. O
u1

In order to catch the blow-up profile we rescale the solution in this case, it is easy since we learnt

from proposition 7.2.3 that the blow-up occurs when the second moment is equal to 0.

Parabolic rescaling

By proposition 7.2.1, Il is decreasing linearly with speed

4(1—x3hs) = —2a = —4 (X—1> .
X3

We rescale the solution of (7.2.3), in order to fix the second moment equal to one and get a

solution defined for all time:

Y (r (1)) = )]g((g’ (7.2.5)
1 R(t)
where R(t) = |X (1) | = VX (0) ? ~ 2t = v/2a (T 1) and 7 (1) =~ log <R<o>>

The gradient flow (7.2.3) may then be written as
Y = —VE, (Y) = —VE (Y) + oY,
where

E, (Y)=—log(Ya— Y1) —log (Y5 — Y3)
o
+ 2xhs [log (Y2 — Y1) +log (Y3 — Y1) + log (Y3 — Y3)] — §]Y]2, (7.2.6)
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7.2. The case of three particles as a toy problem

or:

. 1 1 1

Yi = - — 2vhs (- - Y

! Y- i AT T s 1) A

. 1 1 1 1

Yo = — — 2vhs | — Y- 7.2.7
R T A T Ty T Ty ) TR (7.2.7)
. 1 1 1

Y, = — 2vh Y-

3 Ys_ Y, X3 +Y3—Y2+Y3—Y1 + arYs

We still have Y] 4+ Y5 + Y3 = 0 but now I1? (Y) = 1. We define v; = Y5 — Y] and vy = Y3 — Y5 to
get :

) 2 1 2 1 1
= ——— - 2xXh3| ———+ + av

v U2 v U2 U1+ U2 (7.2.8)

2 1 2 1 1 -
vp= ——— — 2xhs|——— + avg

vy U1 vy U1 U1+ v

and, noting that
2
VP4 Yy 4 Y5 = S(of + 03 + viva), (7.2.9)

yields

E,. (v1,v2) = —log (v1) — log (v2) +
a
2xhs [log (v1) + log (vi + v2) + log (v2)] — 3 (v% + 03 + vivg)  (7.2.10)

In order to prove (7.2.9) one has to remark that 0 = (Y7 + Yo + ¥3)? = Y2+ Y7 + Y2+ 2(YV1Ya +
Y3Ys + Y1Y3).

The next proposition will help us to prove that the rescaled solution of (7.2.3) is a very particular
solution of (7.2.7).

Proposition 7.2.4. Let X be a solution of (7.2.3) then the rescaled solution Y, defined with
(7.2.5), is a bounded solution of (7.2.7). Moreover Y is defined for all time t > 0.

Proof. In order to prove this proposition we need to show that there exists a A > 0 such that

Xo— X1 X3—Xo <

< ; <
Ry RY

A (7.2.11)

|

The upper bound is easy to obtain with the second moment:

XXX X T X

XX _wmo_ e XX VEERVER ) iy

For the lower bound we need to work a bit. Starting with (7.2.9) we have:

2 1 1
1=Y2+Y 4V = g(v% + 03 4+ v1vg) < 203 + 51}% + 51}% < 3v3,
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Chapter 7. Extensive analysis of the particle scheme

- X 1 1
which is exactly i A > ——. For vy let us examine the derivative v; knowing that vy > —.
| X 3 V3
2 1 2 1 1 2 1
v’lz——thg(—Jr >+av12<—> 1—% —%\/5
V1 (%) V1 V9 V1 + V2 V1 (%) X3 X3
2
>(=—v3)[1- 2 ) - X3 (> 0 for vi small enough). (7.2.12)
vy X;(),Q) Xi(f)

Thus there exists a such that if v; < a, thanks to (7.2.12), v; increases. We deduce

Xo— Xy

= v1 > min (v1(0),a).
RY

O

Remark 7.2.5. We refer to Section 7.5 for the proof with N particles, one can remark that our
two steps here corresponds to the descent and the reinitialization step in the N particles case. In
the particular case of 3 particles we are able to give a very precise description of the dynamics.
Nonetheless Proposition 7.2.4 ensures a rigidity theorem: a solution defined for all time t > 0

and bounded, is unique, see Figure 7.2.a.

The blow-up profile

Now we want to describe the explosion behaviour exactly. Let us start by classifying the solutions
of (7.2.8).

16
Proposition 7.2.6. We consider the set Y € R?® such that Iy (Y) = 1. Let X = — = (x3)%,

9
XéQ) > X > x3. If x < X then there is a unique attractive point for the equation (7.2.8):

V2 V2
272 )
Otherwise there are two symmetric attractive points (v1(x),02(x)) and (V2(x), v1(x)) with (v1(x),v2(x)) —

(O, ?) when x — Xi(’)2)'
Theorem 7.2.7. Let x <X.
1. There exists (V1, Va) solution of (7.2.8) satisfying Vi + Vi +ViVa = g , defined on R, with

lim (Vi (t),Va(t)) = <0, 2)

t——o00

3
2. Moreover if (vi,v2), va > v1, is solution of (7.2.8) satisfying v + v3 + vivy = 2 there
exists s € R such that for any t > 0:

(v (t),v2(t)) =(Vi(t+s),Va(t+s)).
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7.2. The case of three particles as a toy problem

We can set a similar result for x > X: There exist two functions V, and Vg4, one starting at
<\/§ V2
A

5 5 ) fort = —oo and going to (v1(x),D2(x)) as t goes to +o0o. The other one starting

3
at (0, \/Q) for t = —oo and going to (v1(x),v2(x)) as t goes to +o0o0. Both are solution of

(7.2.8), satisfying V12 + V22 + WV, = g Then for any v = (v1,v2), v2 > v1, solution of (7.2.8)

3
satisfying vi + v3 + vivy = 2 there exists s € R such that for any t > 0: v(t) = V, (t + s)
orv(t) = Vg (t+s).

Remark 7.2.8. Another way of thinking is to see V.= V1, V5 as a parametric one dimensional

manifold. The condition v% + v% + vivg = 3 forced any solution to stay on this manifold.

In figure 7.2.a we show the different configurations one can find for the rescaled equation (7.2.8).

Proof of proposition 7.2.6. We start with solutions of (7.2.8) satisfying
2, .2 3
(%1 + Uy + Vv = 5, (7213)
it means that we restrict the energy to this variety defined by |Y| = 1. We look for critical points

11
V2 V2

otherwise. Moreover it is the only one satisfying v; = vo. To find other critical points we look

on this curve. We easily find that ( > is one of them, attractive if it is alone, repulsive

when the necessary condition p (va —v1) = 0 is true. By symmetry we suppose vy > v;. The

equation (7.2.8) gives

3 3
0= < ) (1*2Xh3)+04(1)2*121) =0.
V2 U1
Since vo — v1 # 0 we find
1—2xhs
V1Uy = 3——————.
o

By definition viv9 is non-negative, since y < X% the above equation makes sense. Moreover

3 1—2yh 8
(7.2.13) imposes that 3 —9¢ = (vg — 01)2 > 0, thus for vy, v9 to exist we need 2yhs > 9’
o

16
that is x > 9= X- In this case (7.2.13) gives

/3
v2 + U1 = 2+U102=\/

N | W
7 N\
—
no

—t
|
no
=
>
w
~
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7.2. The case of three particles as a toy problem

From there we get 71(x) and va(x)

a
_ _ 3
When 2xhs goes to 1, (01(x),v2(x)) goes to (0, 5)
3 3
Since E,(vi,v2) — oo as (vi,v2) — (0, \/g) or (0, \/;) We know that (v1(x),v2(x)) and
(T2(x),v1(x)) are attractive if we stay on the curve, repulsive otherwise. O

Proof of theorem 7.2.7. Let V' = (Vi,V3) be a maximal solution of (7.2.8) considered with posi-

tive and negative time. Therefore V' is define on | — oo, +o0o[ with . lim (Vi(t), Va(t)) = (0, 3)
——00

2
2 V2
and . h+m (Vi(t), Va(t)) = \g, i . Thus V describe all the curve (7.2.13) satisfying vo > v.
— 400

2

Consequently for (vi,vq2) solution of (7.2.8), define on [0, +oc] and satisfying (7.2.13) there ex-
ists s such that (v1(0),v2(0)) = (Vi(s), Va(s)). By uniqueness of the solution for any ¢ > 0,
(01(2), v2(t)) = (Vi(t + ), Va(t + 5))-

We can do exactly the same construction when y > . O

Remark 7.2.9. We can summarize this theorem regarding the number of degrees of freedom. Let
us start with uy, us solution of (7.2.4). We have two degrees of freedom: the initial conditions.
When we rescale u the theorem 7.2.7 says only one degree of freedom is left: that is the shift from
the solution V. The second degree of of freedom is the blow-up time.

(ur(t), uz(t)) = v 2T = 1) (01 (7(2)), v2(7(1))) = V2T = t) (Vi(7(¢) + 5), Va(7(t) + 5)) ,

where T is the blow-up time. The function T depends only on T on «. In other words we
parametrize the set of the solution of (7.2.4) thanks to (T, s): the blow-up time and the shift
instead of the initial conditions (u1(0),u2(0)).

Come back to the initial problem
Returning to the Y variable we get the following limit

—201(x) — v2(x)

Yloo == 3
v —
Y3© = 10()32(90 (7.2.14)
yeo D00 £2m(0)
5 3
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In the X variables it gives an equivalent as t — T

—201(x) — 2(x)

Xl ~ 2a(T — t)

3
Xy ~ W(X);“?(X) 2a(T — 1) (7.2.15)
Xy~ O F2R0) s

3

Notice that thanks to Theorem 7.2.7, we know that the function for any ¢ € [0,7] up to two
parameters 1" the blow up time and s the shift. The important comments here are about the
qualitative behaviour of the solution. Near y3 the solution goes to a Dirac in a perfect symmetric

profile. It suggest that the limit profile is symmetric around the Dirac mass. Then for x near X%

the solution looses his symmetry. It explains why after X;(z,2) only two particles will participate to

the blow and which one is rejected.
7.2.b Two particles collapse

In this case we assume x > X:(%,Q)~ Let (u1,u2) be a solution of (7.2.4). In this section we want to

show the following theorem.

Theorem 7.2.10.

1. If u2(0) > u1(0) the blow-up involves X1 and Xo only.
2. If u1(0) > u2(0) the blow-up involves Xo and X3 only.
Remark 7.2.11. The non generic case u1(0) = u2(0) proves that even if x > ng) the blow-up

can aggregates three particles. Indeed the equation keeps the symmetry.

We suppose without lost of generality that ug(0) > w3(0). The computation for the second
moment X7 4+ X3 + X2 is still valid, thus we know that the blow-up time T' < +oc exist, and
we can rescale the solution.

Parabolic rescaling

As in the previous case we perform the parabolic rescaling,

Y (r(0) = o

with
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7.2. The case of three particles as a toy problem

We define v; = Yo — Y1, 09 = Y3 — Y5, the rescaled equations are still (7.2.7) and (7.2.8), the
energy(7.2.6) and (7.2.10) with @ instead of «.
We start with a proposition that one should compare to (7.2.11) and in the case of N particles

to theorem 7.5.1. It will allow us to track our solution in the rescaled system.

Proposition 7.2.12. There exists A > 0 such that for any t <T':

L XWX

AT J2a(T—-t) —
X _
2. MNI, ast —T.
2a(T —t)
1 < X3 (t) — Xo (t) — Y

3.
AV2a(T —t) — /2a(T —t)
Proof. We consider lign i:Pf u1 = 0 without loss of generality. We first show the third estimate,
ﬁ

that is ug is bounded from below. The equation (7.2.4) gives

dp—tn = [ =3 ) a—axhg) = (22 ) (122 ).
Uz Ul Uy Uy ng)

Since u2(0) > u1(0), and (1 - >(<2)> < 0 we deduce ug — u; increases. In particular for any
X3
te0,T):
’U,Q(t) > UQ(O) — ul(O) + ul(t) > UQ(O) - ul(O). (7.2.16)
1
Taking A > ————— proves the third item of proposition 7.2.12.
uz(0) — u1(0)

For the first estimate we start with the non-rescaled equation:

) 1 1 2xhs
= —2(1—2xh3) — — (1 — 2xh3) — ,
= (1 —2xhs) u2( xh3) p——
Since u; < ug we get
2uyxh
Quyin = —20+ —a— X8 < g (7.2.17)
U2 Ul + ug

It shows that u? decreases therefore u; —+ 0. Thus we can set u1(T) = 0, since uy is bounded
t—T

from below we deduce that for any € > 0 there exists ¢, such that for all ¢ € [t.,T):

Ul __ 2ulxh3
—a - —= =
U9 U + U2

< 2ae. (7.2.18)

Plugging (7.2.18) in (7.2.17) we obtain:
—20(1+¢) <2ujuy < —2a(l —¢).
we integrate between ¢t and T to get
2a(T—t)(1—¢) <u?(t) <2a(T —t) (1 +e¢).
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Chapter 7. Extensive analysis of the particle scheme

Letting ¢ going to 0 we prove the second estimate of proposition 7.2.12. Taking for instance

€= 3 proves the first one. O

The second estimate of this proposition can be seen as a particular case of the following weak

Liouville theorem.

Theorem 7.2.13. Let (v1,v2) be a solution of 7.2.8 defined [0, +00). Assume that vy is bounded

from above and lim wve = 400 then lim vy = 1.
t—+o00 t—+o00

Proof. We perform the exact same proof as above but in this case with (7.2.8); we get

2v1xh
20101 — 2@@% = —2a+ %a o vz}lj_(vz )

Since tlifrn v9 = 400 and vy is bounded from above for any € > 0 there exists a time ¢. such
—+00

that on [te, +00):

—2a(1 +e)e 2 < (20191 — 2aw7) e 2™ < —2a(1 — e)e”*.

Again since v; is bounded from above we have . lim v?

—+00

e 2 — (| thus we integrate between t
and +o00 to get:

VE>t. e (1 —¢) <vi(t)e ™ <e (1 +¢).

that is
Vit (1—¢) <of(t) < (1+e).

Letting € goes to 0 we get lim vy (t) = 1.
t——+o0
O

This theorem says that under the conditions 1 and 3 of proposition 7.2.12 we get the second
condition of proposition 7.2.12. It is more general since it applies on any solution of (7.2.8) not
only the one coming from (7.2.4). In this case it seems a bit trivial but in the case of N particles
we will hardly show a similar theorem. In our present case with three particles we can go a bit
further and prove a real Liouville theorem.

The next theorem proves the existence and uniqueness of a maximal solution, (Vl, Vg), of 7.2.8

satisfying the conditions in proposition 7.2.12.

Theorem 7.2.14. There exists (Vl,VQ), defined on R, solution of (7.2.8) such that: for any

(v1,v2), v2a > v1, solution of (7.2.8), defined on [0,4o00[and satisfying v1 € L™, tli+m vy = +00
—r+00

there exists s > 0 with (vy (t) vz (t)) = (V1 (t+s),Va(t+5)).

On figure 7.2.b there are 4 figures to show the different configurations one can find on the rescaled

equation (7.2.8) and the original equation (7.2.b).

1
Proof. We work with the variable (§,n) = (vl -1, > and we linearise (7.2.8) near the critical
V2
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Chapter 7. Extensive analysis of the particle scheme

point 1,0, we get (£,17) = L(&,m) + f (€, n) with |f] < (€2 + %) and

(v )

As v; is bounded and far from 0 we know that (&) is bounded and far from —1 therefore the

solution (v, v2) must asymptotically satisfies 2a¢ — n = 0 that is:

1
20001 = —.
U2

Therefore define (Vl,VQ) thanks to a shooting method. We find that the function (Vl,VQ) is

define on R with lim V; = lim Vh = \/M”%l.
t——0o0 t——0o0 o

By definition of (71,72) there exists s such that
(V1,V2) (s) = (v1,02)(0).
Since, up to the initial condition, the solution of (7.2.8) is unique we find for any ¢ > 0:

(V1,Va) (t+5) = (vi,v2)(t).

Remark 7.2.15. Again we change the two initial conditions of a solution of (7.2.4) into two
parameters: the blow-up time T and the shift s. In other words, when we rescale our solution
with T, we fiz a curve where the solution must stay. There remains only one parameter: where

do we start on this curve. We can express s thanks to the formula:

ug
2aT

s =Vl

In the original variable

We can come back to the original variable with an exact formula:

up = /2a (T — )V (7(t) + s)

<
no
|
[\
S
~
!
G
<
[N}
=
=
+
N

SO
X1+ X 1 _ 1
X1—%= VT =V (7)) +5) ~er 523 (T — 1)
X19Xx, 1 _ 1
XQ_%: V2RI =V (7)) +5)  ~er 5v/26 (T 1),
where

X1+Xy  2a(T =)V (r(t) +35) +2/2a (T - )V (1(t) + 5)
c :

5 =
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7.3. The case of N particles

It shows that X3 has a role to play, which is to fix where the blow-up occurs. To see if the

blow—up is symmetric one should take a deeper look at (Vl, Vg).

7.3 The case of N particles

Now let us take a look at the N particles problem given by the system of equation 7.1.5. It can
be written

r AN

U=A; U).

The strategy is to find N — 1 different behaviours for the particles, but each of them is of the
same type. We will divide U in two subset say U, U_ such that as long as (U4, U_) is include

in a domain D; the system can be rewritten as the following

Uy = A} (Us) [L+]

U_=A[ (Us)[1+¢]

where "AT (U;) <0". Hence the set U will be the one involving in the explosion. The set U_
will smoothly converge to a limit vector.

The second step is to prove that Df( is stable and the equation inside is attractive with only one
limit point. It is easier to study the behaviour of the inequality with ¢ = 0 and asymptotically
we can change our equation with this one and track our solution. This is the spirit of our
demonstration. To do this approximation we have to rescale our system, and identify the good
solution in the new system. The solution will act, for ¢ large enough like the unique one of the

following system:

Uy = AL (Uy).

In other words we can forget all the vector who doesn’t participate to the blow-up. Then we
have to check that the limit profile is the one we are looking for. (A; is in fact AIJ‘E(X) if U, has
k vector ).

A way to interpret is: as soon as the mechanism of explosion start it will be quicker and quicker
and nothing can stop it. Thus every particle not in the package U, will not be able to participate
to the blow-up. This explain why the blow-up will only concern a fixed amount of mass.

In the next section we will follow this strategy. To fix some ideas we first give a quick look at

the easy example when y > X?\[' We follow with a detailed proof for all cases.

7.4 Stability

7.4.a The case of 2 blowing-up particles

Here we take xy > X?\/ and we exhibit the attractive set Di.

Definition 7.4.1. Let 6,t > 0 and X be a solution of (7.1.3). We say that X (t) € Df( if there

(2xhy — 1)

2
sts | h that t) <46 i _q1(t t)).
erists | such. that w(f) < 0= S0 min (a1 (6, w1 (1)
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Chapter 7. Extensive analysis of the particle scheme

Proposition 7.4.2. There exists 0 such that for any § < 6, Df( is stable. That is if X (t) € Di
then for any s € [t,T], X(s) € D%, where T € RN {+o00} and [0,T) is the definition domain for

X}
X.
22xhy — 1
Proof. let wj,uj—1,u;4+1 and ¢ > 0 such that u;(t) < 5((]\);;;1)) min (u;—1(t), u41(t)), By
X4 N

(7.1.5) we get (Noxh)

.2 uy u > 2xhn ]

< —(1-2vh 1+ +
U= U; ( X N) |: (ul_l Ul4+1 2(1 — 2XhN)

N2xh
and < B > (V2xhw) < 2§ < 1, for § small enough. Thus wu; decrease (note that
u—1  wy1/) 2(xhy — 1)

(1 —=2xhy) =1— % < 0). To prove that Df( is stable it remains to check that w;_1,u;11
X

N
increase. We proceed in the same way, starting from (7.1.5) we get:

1 1
i1 >~ (1 - 2xh) — ANXhy [}
u

U1

SO

. 1 uy (NXhN) :|
w1 > —— (1 —2xh 144
-1 ul( X N) [ Uj—1 (1—2XhN)

N2xh
For ¢ small enough, 1 > 4§ > < wo o, > (N2xhy)
(1 = 2xhn)

_ o \W—1 W
uy41 increase. The proposition is proved. O

. We see that w;_1 and by symmetry

Remark 7.4.3. We can find some bound on the speed and show that we strictly win on §. In
brief not only Df( is stable but it is decreasing: if u (t) € Di then u (t +¢) € Di_‘s(a).

As u; goes to 0 in finite time (4} < —c < 0) whereas min(u;_1,u;41) > 0 we showed that the
blow-up concerns only two particles, that is what we expected. Anyway the blow-up can happen
before for another i in the same disposition, to be sure to catch the first blow-up we need to

consider the 4 uplet of particles with the smallest § possible.

7.4.b The case of k£ blowing-up particles: basins of stability

In this section we fix X?v <x < va_l

. Then we exhibit stable sets of k blowing-up particles.
In order to catch the structure of the discrete Keller-Segel equation we define three important

quantities.

Definition 7.4.4. Let Z be a connected set of indices (the inner set), e.g. Z = [l,1+ p|, and
O = [1,N]\ Z (the outer set). The standard deviation of the family (Xz) = {Xj,..X14p} is
defined as follows
2 =" (X;-Xz), where Xz= é S X (7.4.1)
€L 1€
We also define a variant of this quantity: for a given X € R (e.g. the blow-up point ) we define
the squared distance to X by

=) (X, - X)*. (7.4.2)
€L
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7.4. Stability

The exterior interaction potential

1
HIQQ:ZZW'

jeo icT

More generally we define Hzo m by

1
from =2 0 XX

jeO ieT

Remark 7.4.5. A set of indices T strongly blow-up, at time T, if and only if

limI17 = 0.
o L

It weakly blow-up if and only if
lim 17 = 0.
t—=T

The same is true for ﬁ% taking X the blow-up point.
We are able to close a system of inequalities controlling the growth of these three quantities.

Lemma 7.4.6. The following estimates for the evolution of I1%, ﬁ% and Hzp 2 hold true,

d X 2x \ /
N
d—2 X 2x /—2

N
a 1/4
Hz0s < (124 14x+ANY") Hio, (7.4.5)
d
S Hroz < Cug (12 + 14y + 4N1/4> Hip, . (7.4.6)

Remark 7.4.7. We start by a formal calculus with continuous variables just to understand the
respective signs and singularities of the various quantities. In continuous variable Definition

7.4.4 is analogue to the following quantities.

I = / (;1: - Y)z u(z)dx which corresponds to ﬁ%,
T

1
H= // ————u(y)u(x)dydx which corresponds to Hro 2,
zJo (y —x)

1
H, = / / ————u(y)u(z)dydx which corresponds to Hzo 4.
7)o (y )

For simplicity we omit to mention the t variable.
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Chapter 7. Extensive analysis of the particle scheme

Standard deviation evolution. We start by studying for the standard deviation successively

the diffusion and the contraction contribution.

d
The diffusion contribution: we consider u as a solution of au = Au to understand the
diffusion contribution.

We compute forgetting the boundary term when an IPP is done.

d—

£H :/I(x—X)zAu(x)dx

As we expected (the diffusion spreads the solution) the diffusion contribution is positive. However

we are going to show that under suitable condition the contraction term control the diffusion.

d
The contraction contribution: We consider u as a solution of PT —xV (uV (k *u)) to

understand the contraction contribution.
d— —\2
@H = —X/ (z—X)"V (u(z)V (k*u)) (z)dx
T
= 2x/ (z — X) u(z) (Vi) x u(z)dx
A

_ —QX/ (x —Y) u(z) / - ! —u(z)dzd

= —2x// dzd$+2x// Ju(z)dzdx =T +Ts.
-z -z

We cannot identify a sign for Ty but we can bound it, thanks to Cauchy-Scharwz, by 2xVIIH.

For T1 we use the symmetric role of x and z to get

- X
:—X// Z)dzdw+x//z u(z)u(z)dzdx
fE—Z TJT T —Z
-z
[ [ F= R u@ute)azde = el oy

We combine Ty with the diffusion contribution to get the linear contribution

[lull 1z (T = Xllull1z))-

1
It is negative since by definition the segment I contains at least the critical mass (—).

Finally for a solution of the one dimensional log-interaction equation we can expect an estimate

of the following form:

1d —
§%H_"UHL1 (1 = xllullpr ()| < 2xVIIH.
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7.4. Stability

Exterior potential evolution. We now focus on the exterior potential H.

d
The diffusion contribution: We consider v as a solution of —u = Au to understand the

diffusion contribution. We perform an integration by parts forgetting the boundary terms.
1= [ o ) + ) () dyds

//V ) su(y)Vu(z dyd:L‘—//V y—:z: (x)Vu(y)dydx

=2 y)Vu(z dydac—l—Q// 3 x)Vu(y)dydzx
y— )
—6// dyd:l:—i—ﬁ// Ju(y)dydz
y— ) y—x)t
=A+ B=12H,

The diffusion contribution is positive however we can estimate it with Hy or H>.

d
The contraction contribution: We consider u as a solution of 7= —xV (uV (k *u))
to understand the contraction contribution. We perform an integration by parts forgetting the

boundary terms, then we split the convolution regarding the variable’s position.
1= [ Y @) () () 0@V (00 G55) () s
/[ vxmu@)u(x) ((Vk) % u(z)) dydz
x| Vo ) (95) < u(e) dyda

= (y_lx)guw(x) =
+2y /I /O (y_lx)gu(x)u(y) / yizu(z)dzdydx
~ oy /I /O /I (y_lx)g;u(y)u(x)u(z)dzdydx
ij /I /O /O (yllzv)gxllzu(y)u(:c)u(z)dzdydx
N /Z /O /I oy ) dduds
1

Lu(:v)u(y)u(z)dzaiyal:z:

zu(z)dzdyd:n

+ 2x

=C1+ Cy+ Dy + Ds.

The contribution given by D1 is positive. Indeed for D1 y € O and (z,y) € T X T we have
(y — x) (y — 2) positive. However we easily bound Dy by Hy thanks to an Holder inequality with
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Chapter 7. Extensive analysis of the particle scheme

parameter p = 4/3,q = 4.

D

1<
) </I /O /I MU(x)u(y)U(Z)dZdydxf (/z /o /I (y—1z:)4u(ﬂl?)u(y)u(z)dzdyalg,;>le

4 4
< 2x (ullr oy Ha) ™ ([l 1 0y Ha) V* < 2xHa

Away from the boundary 1N O, Co does not present any singularity, we bound it by Hy thanks
to an Hélder estimate.
Cy < 2xHy

For C1 and D there is a singularity when x = z regarding C1 and y = z regarding Dy. We get

rid of those singularities thanks to symmetry.

Cr = —2y /[ /O /Z (y_lx)gx:zu(y)u(x)u(z)dzdydx
. /I /O /I : ! . [(y _12)3 - _195)3 w(y)u(z)u(z)dzdydz

B 1 (y—2)—(y—2)°

o Je g e

o y—2’+w—2"+y—2 @y -2

= X/Z/O/I u(y)u(z)u(z)dzdydz

(y—2)°(y —x)’

1 1
L WP -2 (-2 ()
1
u(y)u(x)u(z)dzdydz
e | My

The singularity disappears; moreover (y — z) (y — x) is always positive when y € O and x,z € L.
Therefore C1 is non positive and we do not need to estimate it more precisely. We deal with Do

i the same way.

D2:2x/I/O/O(y_lx)gyizu(y)u(x)u(z)dzdydx
_ _X/I/O/o : ! - [(z _133)3 = _195)3 w(y)u(z)u(z)dzdydz

= L (y_x)g_(z_$)3u w(x)u(z)dzdydx

B X/I/O/OZ/—Z (z—2)®(y —2)® (yyule)ulz)dzdyd

L (y—a:)2+(z—x)2+(z—x)(y—a:)

= X/I/O/O ( u(y)u(z)u(z)dzdydz

e—a) (y —a)’
Ll

1 N 1
z-2’@y-2) (z-2)(y—=)

1
(z =)’ (y — )

+

u(y)u(x)u(z)dzdydx.
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7.4. Stability

This time the contribution is sometimes positive. We bound each of the three term by H4 thanks

to some Hélder inequalities. We get
D2 § 3XH4.

Considering now u as a solution of the one dimensional log interaction equation we can expect
an estimate of the form:

d

@H < (12 + 7x) Hy.

This formal computation will help us for the similar computation done with the particles model.
In the same time we understand the pertinence of the particles model to deal with the (Z,0)

boundary singularity.

Proof. We do the discrete proof following the spirit of the formal one done above. In addition
we have to deal with the boundary terms. We start with the evolution of H%, recalling that X
satisfies the differential equation 7.1.3.

1d X, — X7 X;— X7 X; — XI
Sl ) P - ! 2xh e 7.4.7
2dt 7t Z Xi+1_Xi+Xi_Xi—1+ XNZ ( )
€T JF#i
- § (Xi — X1) iyz
dt

ieT
Z [_Xi—XiH] Xy — X1 X, - Xz

7.4.8
Xit1 — X Xigpr1 — Xiyp X1 — X ( )

i=I\{l+p}

NI ZX f{f

€L | j#i

X X X -X X, - X
—p— I+p — AT + l T + 2XhN Z Z T
Xitpr1 — Xivp X1 — Xi =\ - X;

We used Z X; = |Z|Xz. For a moment we just look at the contraction term:

1€
X — X1 X, — X1 X, — X1
T:Z X _ X, :Z Z X, — X, +Z ZXA_XA
; . <\ i ; . . J i ; ; j %
i€ | j#i 1€L | jeZ\{i} €L |50
=Ty 4+ T5.

The Cauchy-Schwarz inequality on the last term implies

Ty < /NIIZHz0 2.
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Using the symmetry we simplify 77:

1€ jeI\{i} 1€T jeT\{i} rel seZ\{r}
X; - X7 1 X; - X

EIPEE AP = I =

i€ jeT\{i} JEL ieT\{j} (4,5)€IxI\{i=j}

plp+1)
72 .

ey y RS s e s i‘;)

.

<.

All in one we obtain

1
2xhnT < 2Xth(p2+) + 2xhny/ NH%HZO’Q.

1d
Coming back to §d—H% we get

Similarly

where we used the trivial inequalities

Xl+p —YI X —YI >
max , <\/TI2H7p 5.
(=t =) < o

Xigpt1

_ o d—
The demonstration for H% is exactly the same but this time Z (X; - X) %X = 0 because
€L

X =0.
We now look for the Hzpo time derivative and again we refer to the formal proof to well

understand the structure of the computation.

d
HIOQ —QZZ (X, = X) [

]EOZEZ
1 1 1

(X1 — Xs) (X — Xz‘—l) (Xj41 — Xj) - (Xj — Xj-1)

+2xhy _g(Xk_ _ +Z Xk_

We split the right hand side into four terms:

d

ZHros=A+B+C+D, (7.4.9)
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7.4. Stability

where

1 1
= _222 (X; — X5) [(Xi—i-l - X;) - (Xi _Xi_l)} ’

jeo zGI
= [ 1 . 1 }
jeo ez (X~ X)L (X — X)) (X5 —-X5-0)]
1
~aiy 2 st ]
jeo zeI (X Xz) ki (X — Xi)

1
:_4XhNZZX —X,)° Z(Xk—Xj)

jeo P ki

The strategy is to bound each term from above with Hzp 4.

A discrete integration by parts on B gives

1 1
-2 _
ZGIJ%:Q Xj—Xjm1) |(X - X)) (X — Xa)?
1 1 1 1
+2 9 . (7.4.10)
; (X1 = Xi1) (X0 = X3)° ; (Xiipt1 = Xitp) (Xigpa1 — X,)°

Since l —1 <4 <!+ p+1 we have
(Xi = Xi1) (Ko — Xi) < 0 and (Xigpy1 — Xigp) (Xigpr1 — X5) 2 0.

Therefore the boundary terms, i.e. the two last terms in (7.4.10), are nonpositive and we can
d
dismiss them for the upper bound of %H 10,2- There remains to treat the first term of the right

hand side of (7.4.10). In the following computation the summation over i and j is taken for i € 7
and j € O.

1 1 1
N QZ (Xj — Xj-1) [(X' ~ X)) (X - Xi)3]

_ 1 (X = X’ = (X; — X))’
a 2%: (Xj — Xj-1) [ (X; - X)* (Xjo1 — X,)° ]
(Xj1 — Xj) ((Xj—l — Xi)? + (X = X)? 4+ (X — X)) (X — Xz'))
- _22 3 3
i (Xj — Xj—1) (X — X3)" (X1 — X5)

= (Xjm1 = X) + (X — X)) + (X — X)) (X — X))
- (X, — Xo)* (X1 — X,)°

1]

=2>" [ + ! + ! ]
X=X (G- X)) (G- X) (G —X)T (X X)P (X - X))

This contribution is always positive. The Holder inequality applied on each of the three terms,
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with coefficient (4/3,4), (4,4/3) and (2,2) gives

23" %" (Xjm1 = X))+ (X — X)) + (X — X)) (X — X))

< 6Hz0.4.
(X; — X)® (Xj-1 — X,)°

ieT jeO
Coming back to B we get
B <6Hz04. (7.4.11)

A discrete integration by parts on A gives something similar to B.

1 1
A=-2 ) > (X; — X DX -x0) (X -Xx)

i,0— IGIJGO
1 1 1 1

+2 —9 ‘
j%(; (X1 = X0 (X; - X0)° J%:g (Xipr1 — Xiwp) (X — Xi4p)°

(7.4.12)

This time, the boundary terms, i.e. the last two terms of the right hand side of (7.4.12), has no
sign, and we have to control it. Since j € O and [ + p € Z, the Holder inequality applied to the
last term of (7.4.12) with coefficient p = 4 and ¢ = 4/3 implies

1 1
2 < 2NY4H70 4.
per (Xipr1 — Xiap) (Xj — Xpipi1)?

Similarly, the second term of the r.h.s. of (7.4.12) satisfies

1
2
j;g (X1 — Xi1) (X - X))°

< 2N1/4HZ(’),4-

There remains to deal with the first term of the right hand side of (7.4.12), the core of the
integration by parts. We follow here the proof done for B to avoid the singularity.

1 1
2 2 x [(X X _<Xj—XZ->3]

i,0— 1€Z]€O

1 1
22 2 [ X ) (G - X (G - X (X - X)

i,i—1€Z jeO

1
+(Xj — Xim1)® (X - X,~)2] '

This contribution is positive. We control it with three Holder inequalities. All in one we find the
following estimate for A.
A< (6 n 4N1/4> Hzoa. (7.4.13)

We now take a look at D and keep in mind that the main idea is to isolate the contribution due

to the inside particles (Z) and the other (O) considered as a perturbation. It leads us to the
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7.4. Stability

definition of Dy and Dy by

1
D=—dxhv 3 ) (X; — Xz) Z(Xk—Xj)

jeO 7,61 k#j

— —4xhn —4xhy
ZZZ (Xk — X;) (X PP - X;) (X; - X;)°

jeO i€l ke Jje0 iel ke(’)\{g}

= D1 + Ds.

Since j € O and i,k € Z, the contribution of Dy is positive. The Holder inequality with p = 4,
q =4/3 gives:

:_4XhNZZZX X)(X X))

jGOzGIkEI
1/4 3/4
<d4xh
EEE e REEaow

< 4xhyNY* (Hzo)"* N34 (Hzo 4)%*
<4xhnyNHzp.4
<4xHzp4.

For Ds we follow the formal proof and use the symmetric role of j and k.

1
SN o X A

jEO ieT ke(’)\{j}

1 1
= —2xhyn _
j;;keg\:{j} (X = X)) (X5 = X0)° (X — X;) (X —Xz‘)gl
RN (Xp — X)* = (X; - X;)® ]
70 iet keongyy LKk — X5) (X — X0)* (X — X3)?

(X — X0 + (X — X0)? + (X — X)) (X — Xi)]
— vk
' Nj;QiEZIkeOZ\{j} I (X — Xi)* (X — X,)°

1 1
==2hx ) Y, Y. (X5 — Xi)* (X — X) " (X = Xi) (X, - X)°

J€0 ieT keoO\{5} L

1
W&—&W&—&A'

Wee see that this contribution is negative when j,k > ¢ or j,k < 4, positive elsewhere. We
estimate it in all cases with an Holder estimate on each of the three term. The parameters are
respectively p = 4/3, ¢ =4 then p =4, ¢ =4/3 and p = 2, ¢ = 2). We obtain

Dy < 6xhnyNHzo 4 < 6xHzo 4. (7.4.14)
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Getting back to D we find
D <10xHzo 4. (7.4.15)

In a similar way we estimate C.

1
—4thsz — X, Z(Xk_;@

]GOZGZ k;;é‘
—4XhN —|—4XhN
X5 T SR Rt

=Ch + (..

The sign of Cy depends on the relative position of the indices. In any case since j, k € O and

i € Z, the Holder inequality with parameters p = 4/3, g = 4 gives, as for Dy,
Cy < 4xHzo4.

To understand C7 we use the symmetric role of ¢ and k. A similar computation as the one done

for Do gives

1
P VI i o e ey

JEO i€T keT\{i }

] 1 1 1 1
B 2XhNg§9§kg\:{l (X - X0 (X = X0) (X — Xp) (X — Xi)]
= (X - X)P - (X - X))

_2XhNZZ Z (Xk_Xi)(Xj_Xi)s(Xj—Xk)3]

JEO i€l keT\{i} L

1 1
=220 D TP x T (X - X (%~ X)°

JEO €T keT\{i}

1
W&—&W&—&A'

Therefore the contribution is nonpositive and we do not need to control it. Coming back to C
we find
C S 4XHIO,4- (7416)

Together 7.4.11, 7.4.13, 7.4.15 and 7.4.16 in 7.4.9 implies

%HI@ 5 < (12 + 14y + 4N1/4) Hzo.4 (7.4.17)

< Cy (12 + 14x + 4N1/4) Hps, (7.4.18)

where Cjy o is the sharpest constant such that || - - ||2, which we know exists since we

consider a finite number of particles. O
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7.4. Stability

We now give some result about the structure of blow-up.
A first look on the blow-up structure We recall that we still work with lev <x< Xﬁ,—l.
We explain here that a maximal-connected set Z need at least the critical mass to blow-up.

Claim 3. A weak blow-up set contains at least k particles. In other words a weak blow up needs

at least the critical mass.

Proof. We suppose that the blow-up use p 4+ 1 particles: Xj, ..., Xj4,, we note Z = [l,1 + p| and
O = [1,N]\ [l,l+ p]. Since 7 is a blow-up set we have

min <h£17111f (Xl — lel) ,hﬁij{lf (Xl+p+1 — Xl+p)> > 0.

1
Therefore there exists ¢ > 0 such that for any j € O, i €7 and s € [0,T], |X; (s) — X; (s) | > —,
c
consequently Hzp o < ¢? and the estimate 7.4.3 implies
d X 1 2x
—Z>p (1 — > — - (2 + > 112, (7.4.19)
= 1 I~ I
dt X?\[ Is N
Ifp+1<kthen x5 ' > 51> yandp|1-— X > 0. Thus as soon as
N ZXN ZX p Pl :
N
1 2x X
o+ A ) Jm2<p1- 2
c<+\/ﬁ> Ip( xﬁfl)’
d o
we have &HZ > 0. We deduce that
—x\?
p+
lim 17 > ¢*p” XN > 0.
t—T 24 \/7%
This is a contradiction with Z being a blow-up set.
O

We can run the same argument with k particles to get the intuition that the blow-up only

aggregate the critical mass.
Claim 4. A weak blow-up set may contains k particles.

Proof. We again note Z the particles contributing to the blow-up and O the other. Following
the proof of the previous claim 3 we see that there exists ¢ > 0 such that Hzp o < ¢?. Moreover
li?a iTan% = 0 so there exists ¢ > 0 such that

*>

1 L=\’

M2 < _ 12,2 Xy
= QCp 2_*_2796
VN
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The equation 7.4.3, with this time p+ 1 = k and (1 - ﬁ) < 0, implies for all s > ¢
XN
1d k—1 X
M <——(1-—--)<0. 7.4.20
2dt- T = 2 < X’;V> ( )
The second moment decreases and go to zero. O

The next theorem proves this result in the more general context of a strong blow up. The strong
blow-up is indeed more general as we don’t know anything about the particles at the boundary
of the blow-up set Z . The bad case would be the presence of oscillations. More precisely we
are going to find basins of attractions where k particles only will be aggregated. We define for

X < x <y

DY, = {X € RY such that 31In > 0 with 13 < &, and Hzop < -}, (7.4.21)
’ 9

where Z =[l,l +k — 1] and O = [1, N]\ [l,l + k — 1].
This set corresponds to k particles really close on from each other, and all the other one far.

Furthermore let

k-D(E-1)  E-D(E-Y
8Cy2 (12 + 14x + 4N1/4) 4 (Q+%)

Cy < min (7.4.22)

N
Theorem 7.4.8. If there exists t € [0,T] such that X (t) € Df\,; then we have a strong blow-up
set with only k particles. That is to say there is a strong blow-up aggregating only the critical

mass.

The idea of the proof is to show that we control the growth of Hzp > long enough to be sure that
the blow-up effectively happen.

Proof. For simplicity we define o = — (k — 1) (1 - >]<€> > 0. To prove this theorem we show

XN
that H% decreases and reaches 0 whereas Hzp 2 remains bounded. Our starting point is the

equation 7.4.3 of lemma 7.4.6.

1d 2
S E < —a (2 + \Z%) 112 Hzo

Thus as long as

1
VIZHzo, < 2<O‘ (7.4.23)

2x ’
2+ \/N>
we get
1d Q@
Sdi 2< -3 (7.4.24)
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7.4. Stability

Integrating 7.4.24 from t to t + s we get

0§H2(t+s)§H2(t)—%s§5—%s.

Therefore under the condition 7.4.23 we find an upper bound for the blow-up time T

2
T<t+ e (7.4.25)
«

N

XS the estimate 7.4.23

is true for any s € [t,T]. We already know that under the condition 7.4.23 the second moment

11 o
decreases, so it suffices to prove that Hzp 2 remains bounded by ————————< up to T

25 )

. . . . e,
Naturally the next step is to prove that starting at time ¢ with X (¢) € D

N
; &
Since X (t) € Dy = we have

Cn < 2C’N'

HZ, (1) < =X
zo,z()_6 6

Moreover thanks to the equation 7.4.6 of lemma 7.4.6 we control the growth of Hzp 2.

d
£H1(972 < 0472 (12 =+ 14X + 4N1/4> H%(’),Q'

2C
Therefore as long as Hzp 2 < N we have
€

4 o, <4C (12 44y 4N1/4) & (7.4.26)
gp 1r02 < 4C4 o A.

Integrating 7.4.26 between ¢ and ¢ 4+ s we find

Hzoa (t+5) < Hzo22 (t) + 4Cy2 (12 + 14y + 4N1/4> C;sz (7.4.27)
< % +54C45 (12 14y + 4N1/4> (ﬁV (7.4.28)

Consequently for any s > 0 such that
% + 54Cy 2 (12 + 14x + 4N1/4) CEV < QiN (7.4.29)

2C
the inequality 7.4.26 holds and Hzp 2 < N We can rewrite 7.4.29 to obtain the condition
€

s < c .
T 404 (12 + 14x +4N/4) Cy

(7.4.30)

To conclude the proof we just have to be sure that 7.4.30 and 7.4.23 hold up to the blow-up.

That is to say
/ 1
H%HIO,Q <2Cn < 2(01'

= 3)
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and
€

< .
T 4040 (12 + 14x + 4N1/4> Cn

2
s<T—t< —¢
«

Or equivalently
o

Cy < .
V=80, (12 + 14x + 4NA)

It suffices to take

601 e

N

8Cu2 (12 + 14x +4N1/4) 4 (2 n 2%>
N

Cyn < min (7.4.31)

That’s exactly what we did in 7.4.22. Thus the standard deviation of the Z particles reaches
0 whereas the exterior potential stays bounded from above, that is the definition of Z being a
strong blow-up set. In this case letting X be the blow up point and adapting the demonstration
we easily prove that there exists ¢ such that on [¢,T] the squared distance ﬁ% decreases and

reaches 0 at time 7. To summarize we proved that on [¢,T:

1. I3 < e
2C
2. Hrop2 < =N
13
1d a
|
S oatr =3

1d—o o
O <
2dt

5. On ﬁ, T], = _57

where = 4C} 2 (12 + 14y + 4N1/4> CJQV. It allows us to give a slightly more precise theorem.

SN 2
Theorem 7.4.9. If there exists t € [0,T] such that X (t) € D?VXE then for any s € [0, 5},
’ o'

&
5

X (t+s)e Dy, E

In particular there exists a strong blow-up set T which aggregates only k particles.

a CN 8 C

_sa on
With this theorem we can see the suite DjV?X” = "°2 as a Lyapunov function. The set DJE\,XE

2

are basins of attraction. O

7.5 Rigidity

In this Section we demonstrate that inside the stability set, the blow-up process is rigid in the
following sense: particles in the inner set Z blow-up with the same rate, whereas particles in the

outer set O stay away from the blow-up point.
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7.5. Rigidity

Theorem 7.5.1. Let X be a solution of 7.1.1. Assume there exists to > 0 such that X (to) €

C

“N
D;’,XE then let T = [I,1 + k — 1] be the inner set and (X;)icz be the particles inside. We denote
by T the blow-up time and X the blow-up point. Then there exists A > 0, depending only on to, e
and N, such that

1 (1)

1. ye < (-1 < A2, furthermore we have ﬁ%(t} ~2a(T —t)ast—T.
a(T —
L IT(t) 2 2
yel < (T -1 < A*, furthermore we have I17(t) ~ 2a (T —1t) ast — T.
X;(t)—X
2.Viel Y;(T(t))ZMSA,
200 (T — t)
3. V(i,j) €I xT 1 X () = X5 ()] <A,
A 2a(T —t)
X;(t)-X 1
pvieo v o= O,

20 (T —t)  A2a(T —1t)

where 7 (£) = —~ log (R(t)> and R (£) = \/2a (T —1).

e R (0)
This theorem means that if we rescale the equation around X with y/2a(T —t) then the new
solution Y exists for all time, is bounded for the blow-up indices Z and not bounded for the

other one O.

Remark 7.5.2. Statements of Theorem 7.5.1 are stronger than the max. principle. In the

continuous case the mazimum principle implies, for p solution of ﬁp = Ap — xVpVEk *p, that

d 2
i (nage) < (mapo)

Integrating from 0 to t we obtain

1
- > — —xt. (7.5.1)
P PO

Integrating from t to T we get
1
— <x(T —1). (7.5.2)
P

In the discrete case the analogue computation is to consider X™ = H[lin] (Xiy1 — X;). For this

i€[1,N

quantity we can bound the way it decrease.
XMX™ > —4yhy.

We deduce
(X™)? > (X™) (0) — St =~ (BT — 1), (7.5.3)
XN
and
X2 < X r—ty=2(T-1), (7.5.4)
XN
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where T is the blow-up time. The first estimation 7.5.3 is not enough to rescale the equation,
as the solution can blow-up a long time after BT. Moreover it does not give any information
about the number of particles contributing to the blow-up. The second equation is nearly empty,
1t would have been better to have a 1§1eazx. For all those reasons we have to be more accurate on
our estimates. Again the well adapted tools are the second moment and the exterior potential
defined in 7.4.4.

Proof. We split the proof into several estimates, corresponding to the different items of Theorem
7.5.1.

Estimate 1- The squared distance to the blow-up point is estimated from above
and below. We start by the first estimate. By 7.4.4 of lemma 7.4.6, with p +1 = k and

a=—(k-1) (1—>]<€> we have
XN

1d—o o
—2a < —— —. ..
2a0 < 2dtHI(S)_ 5 (7.5.5)
Moreover there exists t. such that for any s € [t., T
1d—=o
As ﬁ% = 0, integrating from ¢ > t;/5 to T' 7.5.5 (resp. t > t. 7.5.6) we obtain:
1_
% (T —1) < 511% (t) < 2a(T —t), (7.5.7)
and )
a(1—5)(T—t)g§ﬁ§<t)ga(1+5)(T—t). (7.5.8)

The equation 7.5.7 gives a A% > /2 such that for any s € 0,7

—2
1 117(s) 2
— < — K .
A% 7 2a(T —t) s4

Letting £ going to 0 7.5.8 gives ﬁ%(t) ~2a(T—t)ast—T.
The proof is exactly the same when we change ﬁ% by H%.
Estimate 2- In the blow-up set the rescaled solution is bounded from above. This

estimate proves that, for the inner set the rescaled solution is bounded from above. It is a
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7.5. Rigidity

straightforward consequence of 7.5.8, for any ¢ € 7

X, — X| I (s)
0= Voar-n =" (729

Estimate 4- the rescaled particles in the outer set go to infinity. We prove estimate
4 now as we need it in the proof of the third estimate. The key tool here is the upper bound

on Hzpp2. The constant A is not fixed and can be taken larger when needed. By hypothesis

N

X (ty) € D;’, X thus theorem 7.4.9 tells us that Hzp o is bounded above, say by A%, We deduce
a lower bound for |Y; — Y;_1| and |Yi4k — Yigr—1]-

< 1 1 >< < 20 (T —t) 20 (T — t) )

max , < max ,

Yiir — Yigr—1|? Y1 — Y12 | Xk — Xipr—1]?7 1 X7 — X1 )?
< 2a(T —t) Hroo < 20 (T — t) A%

Thus )
min (‘Yl+k - Yl+k71|7 ’Yl - Ylfl|) > m (7-5-10)

In particular 7.5.10 says that both |Y;1r — Y;1x—1| and |Y; — Y;_1| are bounded from below. This
remark will be useful during the proof of the third estimate. Anyway we already proved the

second estimate is implies max (Y;4x—1,Y;) < A. So taking A larger if we need we find

1
VieO Y >min (Vi Vi) > — ——
j iz (1Yagxl, 1Y) 20 (T DA

In particular all the rescaled particles in O are sent to infinity.

Estimate 3a- the rescaled relative distances in the inner set are bounded from above.

This time the estimate comes from 7.5.9, for any (i,j) € Z x Z

[ Xi — X | X; — X]| 1X; — X|
VT D VT -0 Vaad@-0 24. (7.5.11)

This estimate is exactly one of those we failed to obtain with the maximal principle.

Estimate 3b- the relative distances in the inner set are bounded from below. This
estimate is the core of our rigidity Theorem. Together with the estimate 3a it expresses that the
particles blow-up with the same rate, homogeneously inside the inner set. This has an important
consequence: the free energy of the inner set in the rescaled frame is bounded from below,
therefore the particles converge towards a critical point of the free energy. We begin with some

useful definitions

_ 1 P
Definition 7.5.3. For any q,p € Z, ¢ < p we define the average Y, = p——— E Y, the
p—q :
i=q

pseudo inner set I = [q,p], the pseudo exterior set O} = [1,N]\ [q,p] and the corresponding
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standard deviation and exterior squared potential by

2 X R 2_ o2
P‘”’_Z< 20 (T — 1) Y‘”’) =2 (Vi Ya)

ieTl €Tl
w2 =) Z =2 >
]GOquIp JjeOL GIP Y Y

Forp=1l+k—-1,qg=1 we haveP;p:P%.

We proceed by induction on ¢ < p to control the partial standard deviation of all subsets of inner
particles. The basic idea is the following. We face the alternative: either the standard deviation
of all but the right-most particle is large, and we are done; or it is small, and the two right-most
particles are far from each other. The last statement implies that the standard deviation of all
but the right-most particle increases. Consequently the partial standard deviation cannot be too

small.

To make this argument clear, we compute the evolution of the various quantities which are
involved in the induction. This is the purpose of the next lemma, which is very similar to
Lemma 7.4.6.

p—q+l X
Lemma 7.5.4. Let ol = (r—q) (1 — XN—i—l) =(p—29q) <1 — W) , we have
Jr

2x d
2 2
ag +aPy, — (2 - m) V PawHap2 < i ar
2x
§¢+UR;+<2+¢N)MP Hopo. (7.5.12)

Corollary 7.5.5. We deduce two different estimates regarding the number of particles p—q+ 1.

p

1. Ifp—qg+1<k-—11ie ap>0and@/P oHop2 < Lthen
2 (2 2x

+2%)

d o g 2
%Pqp 7—1—an71).

2 Ifp—q+1>kie af <0and [P2Hyps < ———"— then
2(2+2L)

d
—p? <1 P2

Proof. The proof is a direct computation similar as the one done for the proof of Lemma 7.4.6.

d —
The only difference is that a new term pops up for £Pq27p e Z (Yz — Yq,p) Y;. To deal with it
€Tl
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we remark that

Z (Yl - 7q,p) Yi = Z (Y% - ?q,p)Q + Z (Y% - ?q,p) ?q,p

€Tl i€Tl i€Tl

= Z (Yi _?q,p)2 Y | —(p—q+1)Yyp+ Z Yi
i€Ty i€y
= Z (Y%- _?%p)2 = P2,p’
ieZl

which explains the additional term an%p in Lemma 7.5.12 and Corollary 7.5.5 with respect to
Lemma 7.4.6. O

The next proposition is the core of the induction, we identify two cases corresponding to two

different steps.

Proposition 7.5.6 (Induction). Let q,p € Z. If there exists B > 0 satisfying

1
.2
W= B2 1 (descent step)
Yo1—Yol = &
or
1
Y =Yl = B
1 (reinitialization step)
Yo1-Yel 2 &
then there exists Bs > 0 such that P2p 1> BQ

To illustrate the proof in both case we refer to figures 7.5 and 7.5.

Proof. We distinguish between the descent case and the reinitialization step.

1- The reinitialization step. In this case we can bound from above the exterior potential

Hyp—12 and deduce that the standard deviation qu,p—l stays away from 0.

Hyp-12= Z Z Y v,)? (7.5.13)

JEOq 117 GIp 1

1 1
< N?mi < N%B2 7.5.14
<M (o i) < (o4

Furthermore as long as
2
-1
P2 1 Oé;g
ap—1 = N232 2(2+2%)
N
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>1/B >1/B
—— [ L 3
Yq—1 Yq Yp'1 YD
[ ] e 6 o o0 o o o o
N J
Y
R, >1/B:
In the reinitialisation case, B3, cannot be too small
p-g+1<k
>1/B R% > 1/B?
[ : v A N
Yq1 Yq Yli)-1 Yp Yp+1
[ J e 6 o o0 o [ [ ] [ ]
L N J

If P2

q,p-1

<1/B? then (Y,-Y,,)=>1/2(2+2N)B?

In the descent case, P2, cannot be too small

we have
5 ah —1
Pop—1Hgp-12 < (2 20
2(2+ 2%)

Plugging this into Corollary 7.5.5 together with p —q < k —1 we get that the standard deviation

2 ~ )
P, ,—1 increase:

d o > 0‘571 2
%P%p*l = ? + an,pfl > 0.

We easily deduce the existence of Bs.

2 : 2 1 0‘571 1
Fyp—1 = min | Foy 1 (0), N2BZ | 5 (5, 2 -~ B2
(2+%%) :
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2- The descent step. In this case we are not able to bound a priori Hy),_12 from above.
Anyway we will show that under the condition P 7p—1 small and P » large we obtain this bound.
P2, and (Y, — Y,_1)°.

We start by making a link between P rp—1°

- \2 - \2
PqQ,p:Z(Yi_Yq,p) :(p q,p +Z q,p— 1+Y,p1 Y,p)
€Ty
- \2 = 2 = - \2
= (Y}, - Yq,p) + Z (YZ - Yq,p—l) + Z (Yq,p—l - Yq,p)
iezh ! €Ty
+ Z (Y; - ?q,p—l) (?q,p—l - ?q,p)
ieTb !
= = \2
= (%= Yp) + P2+ (0= a) (Vapor — Yyp) (7.5.15)
By convexity we have
= - 2 = 2 = 2
(qu - qu—l) S (Yp - qm—l) S (Yp = Yp1+Ypo1 - Yq,p—l)
<2(Y, =Y, 1) 42 (Y, —?q,p_l)Q
<2(Y, Y, 1)’ +2P7,_ (7.5.16)
and
— 2 — 2 2
(Y = V)’ < (Y= Vgpr)’ < 2%~ Vo) +2P2, . (7.5.17)
Plugging 7.5.16 and 7.5.17 in 7.5.15 we obtain
1
o < P2, < (3+2N)P2,_ |+ (2+2N) (Yps1 — V) (7.5.18)
With 7.5.18 we see that P 1 and (Yp41 — Y, )2 cannot be small at the same time. Precisely for
1 1
any B; > 0 two case may appear: either P, p 12 32 or P -1 < 32
In the last case the equation 7.5.18 gives a lower bound for (Y, — Y,_1).
1 1 3+4+2N
Y, -Y,_ — .
( )’ = 242N <B2 B? )

Taking B; large enough, for example B? > 2 (3 + 2N) B2, we obtain

1 1

(¥ = Y1) > 2(2+2N) B

1
On the other side of the pseudo inner set Ig_l the hypothesis is (Y, — Yq_1)2 > B2 Together

with the equation7.5 we deduce an upper bound for Hg ;12 and therefore an upper bound for
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2
qupleq,p—l,Z

,p12 ZZYY

jeoE ™ jeTp™!
Y 7 S S
J<q i€l L Jj>p—1 ieTh™ 1

< N?(B? +2(2+2N)B?) < N? (5 + 4N) B*.

2(2+ %)
Then taking B; larger if we need, such that B; > Nv/5 + 4NBT\1/N:
Qg
1
A /PqQ’p_lHq’p_lyg < EN\/5 +4NB
(2
p—1
< (7.5.19)
=X
2(2+2¢)

We thus fulfil the hypotheses of Corollary 7.5.5 and get that P, p 1 increase.
In any case either P?

p—1 15 large or P2p 1 increase. We therefore deduce a lower bound for
p2
q,p—1-

. 1
Pq%p_l > min <Pq%p_1(0), B2>

%

N P (o), 1 ag"l 1
min , = —.
w234 2N) B2 4(2+\ﬁ) N2(5+an) B2 | B¢

It proves the descent case of Proposition 7.5.6 and finishes the proof of this proposition.
O

Armed with the induction proposition 7.5.6 we are now ready to prove the estimate 3b. The goal
is to bound from below all the relative distances in the inner set. The strategy is to isolate the
left most relative distance with the descent case of proposition 7.5.6, this is the local induction.
Then we exclude the left most particles with the reinitialization case and repeat the first step.

One by one we bound from below every relative distance. We recall that Z = [[,1 + k — 1].

Step 1- A lower bound for |Y;;; —Y]|: the local induction. The first estimate of Theorem
7.5.1 says that PI is bounded from below by — yvh In the proof of the forth estimate we showed
that (equation 7.5.10) taking A larger if we need |Y; — Y;_1| > Z Withg=landp=1+k—1
we are exactly in the descent case of Proposition 7.5.6. It gives us Bs, > B > 0 such that

1 1
Pl?l+k72 2 Since |Y; — V4| > 1 > 5. e again apply the descent case of proposition

S

1
B2
7.5.6 with this time ¢ =1 and p =1 4+ k — 2 to win one more notch on the p index. We repeat

the same argument for p down to p = [+ 2 and obtain with the last iteration a lower bound, say
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1
5 for Pl?l-i-l- It gives us a lower bound for |Y;41 — Y]]
S
= 2
(Yl+1 - Yl>2 > (Yl+1 - Yq,p) = Pl?lJrl
1
> —. (7.5.20)
S

Step 2- Not so fast: reinitialization. After the first step we naturally want to exclude the
left most particle: (X;) and start over the local induction. Unfortunately it is not so simple as
we know nothing about PZQ_HJ 4k_1- This is why a reinitialization step is needed.

Once again in the proof of the forth estimate we showed that (equation 7.5.10) |Yi4r — Yiik—1| is
bounded from below. Few lines above we showed in 7.5.20 that |Y;11 — Y]] is also bounded from
below. Therefore we fulfil the hypotheses of the reinitialization case of proposition 7.5.6 with
q=1+1and p=1[0+k — 1. The conclusion is exactly what we were looking for: a lower bound

1
2
B for Py k-1-

S

Step 3- Yes we can: The global induction. We explain here the global induction step.
Once the reinitialization step done we can run a local induction argument similar to step 1. That
is to say for any ¢ € Z such that Pq27l+,€_1 and |Y; —Y,_1| are bounded from below we prove, with
the local induction, that |Y41 — Y;| is bounded from below. We follow with a reinitialization
step: since |Yy41 — Y| and |Yj4; — Yi4,—1| are bounded from below we know that Pq2+17l+k_1 is
also bounded from below. And so forth starting with ¢ =1 we can goup to ¢ =1+ k — 2. In
doing so we proved that there exists B > 0 such that:

1
VieI\{l+k—-1}, [Yip —Yi|2 5.

It trivially implies the estimate 3b and concludes the proof of Theorem 7.5.1.

7.5.a The rescaled syteme

We want to catch the profile of the blow-up. According to theorem 7.5.1 we perform the following

parabolic rescaling:

X(t)-X
Y t) = ——— .0.21
(r (1) = S (75.21)
. — . 1 R(t)
where T is the blow-up time, X the blow-up point, R (t) = \/2a (T —t) and 7 (t) = - log W

The definition 7.1.1 becomes

(7.5.22)
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where

N—-1

(6]

E,(Y)=-> log(Yiy1 —Yi) +xhn >, log|Vi—Yj| - 5yY|2. (7.5.23)
i=1 1<i#j<N

We can write it explicitly:

. 1
Y1 = — 2xh Y]

1 Y, - Y + XN'ZY]‘_Y1 +aYy

J7#1

: 1 1 1

Yi= - + + 2xh +aY;

S e A * N;Yj—n 1 (7.5.24)
: 1 1
Yy = S 2xh —  taVy.

v Vi — Yy i XNJ;VE—YN ety

n

The center of mass ¢, = ZYI satisfies ¢, = ac, but we cannot fix ¢, (0) = 0 this quantity is
1

given by X. We can consider the variables v; = Yi+1 — Y; but we need to be careful coming back

to Y. The goal now is to well understand the structure of the blow-up. The idea is that the
solutions of 7.5.22 coming from 7.1.1 are special, existing for all non-negative times and bounded
in some variables. To track them we would like to use a Liouville theorem on 7.5.24. We first

recall the specificity of a rescaled solution for 7.5.22.

Definition 7.5.7. [The rescaled condition.] Let Y be a solution of the differential equation
7.5.24. We say that Y satisfies the rescaled condition if there exists A > 0 and a set T with
|Z| = k such that the following conditions hold true.

1. 'Y is define for all nonnegative time.

2.Viel Y; <A

1
9. (ii+1) €IXT  (Yig1 —Yi) = 7.

4. Vje[l,N]\ZT=0 Y S, oo
5. ¥t € RY Hzpa(t) < A%e 20,

The rescaled conditions are directly inspired by Theorem 7.5.1. Moreover we can state the

following proposition.

Proposition 7.5.8. Let X be a solution of the differential equation 7.1.1 and letY be the rescaled
solution of X defined by 7.5.21. Then Y satisfies the rescaled condition 7.5.7.

Proof. The theorem 7.5.1 immediately implies the rescaled condition 7.5.7. O

Under this condition we would like to prove the following conjecture.

Conjecture 7.5.9. [Liouville theorem for 7.5.24.] Let x near X% . There exists Yoo € R* such
that for any Y solution of the differential equation 7.5.24 satisfying the rescaled condition 7.5.7
we have (Y;)ier — Yoo as t — 0.
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We are unfortunately unable to prove this conjecture at this stage; nevertheless the following
proposition is a step in this direction.

We first need to introduce the ** energy functional.

Definition 7.5.10. [The th energy functional.] As usual we fix an inner set T = [, + k — 1].
We define Ey, by:

«
Er(Y)=- > log(Yiu—Y)txhy D loglVi=Yj|— o> [Yif*.
i€\ {I+h—1} (i.J)€TXT\{i} ieT

This energy as to be understand as the energy of the inner set particles. Under the rescaled
condition 7.5.7, we observe that the ¥ energy is bounded from above and below.

We also define the gradient flow equation associated to Eg:

(7.5.25)

Z(t) = —VE. (Z (t)) (t,Z) € Ry xRF
Z(0)=2° 7% e RV,

Our first proposition is to remark that a rescaled solution behave almost like a solution of the ¥

gradient flow.

Proposition 7.5.11. For (Y') solution of the differential equation 7.5.24 satisfying the rescaled
condition 7.5.7 there exists C' > 0 such that

|VE: (Yi)iez) — (ViEr(Y));e7| < Ce

Proof. We use the rescale condition 7.5.7 to obtain A such that Hzpo(t) < A%e™2*. Then we
compute for any i € Z = [, + k — 1]:

il 0i 1+k
VE, (Y;) — V,E (V)] = |——28 | ’ — 9vh,
IVE: () @l ‘Yl—Yl_l Yierrr — Yier N %Yk—n
2x —at
< 24 —£& ) Ae™ .
_< VN)
WetakeC><2+2X>A 0
o VN '

This proposition is not enough, we want to show that Y goes as t goes to co to a critical point
of E;. The next proposition is a good step to achieve this goal. To this purpose we have to

introduce a technical condition.

Definition 7.5.12 (Multiple blolw-up condition.). 1. Let X be solution of (7.1.1). We say
that X satisfies the multiple blow-up condition if for any blow-up set I for X there exist tg
C c

N
such that X (ty) € D]EVXE , where the set inner set in D?VXS 15 ezvactly L.

2. Let Y be a solution of (7.5.22). We say that Y satisfies the multiple blow-up condition if

1
there exist a A > 0 such that for any i # j, |Y; —Y;| > 1
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This condition means that if there are multiple blow-up for X, we can control each of them. This
condition seems generically true. Moreover if X solution of (7.1.1) satisfies the multiple blow-up
condition then it rescaled solution Y satisfies the multiple blow-up condition. Indeed for any
indices in the outer set either they do not contribute to any blow-up and therefore the difference
is far from 0 or they are involved in another blow-up but in this case the theorem 7.5.1 applied

for this other blow-up set gives the needed bound.

Proposition 7.5.13. Let Y be a solution of the differential equation 7.5.24 satisfying the rescaled
condition 7.5.7, and the multiple blow-up condition 7.5.12 then

e Y(t) =0 ast — oco.

o Ei (Y(t)) converges to a limit noted Eo, as t — oo.

o (VEy) (Y(t)) — 0 as t — oo.

Proof. This proof is divided in two step we first prove an independent lemma which gives regu-

larity estimates for such a solution and then deduce the proposition.

Lemma 7.5.14. Let Y be a solution of the differential equation 7.5.24 satisfying the rescaled
condition 7.5.7, and the multiple blow-up condition 7.5.12 then there exists C' > O such that

1y <c,
1€L

2. |Yj‘jeo < Ce™,

3. YJ‘ < Ce™,
jeo

| <o

4 |Yi ieT

Proof. We start with the estimation of (Y;);c;1,n)- We use the rescaled condition 7.5.7 and do
not try to be sharp. If i € 7

. 1 1 1
Y| = |- + +2xh +ay;
1T Y Y Y XN;Y;CYZ- Z
1
<2A42xh 2xh A
< 24+ 2xhN Z Yk—Yi+ XNZYk_)/,i+oz
keT\{i} keO
< (2+a+2xhn(k—1)) A+ Ae .
Taking C' > Cy = (34 a + 2xhn(k — 1)) A we have |Y;| I§ C.
1€
For j € O
. 1 1 1
Y-ay-‘: - n +2vh
el = ey “;1@—1@
1 1
< 2A+2xh — +2xh —
SR 2 ey N L
keO\{j} keT

<2+ a+2xhn(N —k+1)) A+ Ae™ .

162



7.5. Rigidity

Taking C' large enough we get |Y;| < Ce® and by triangular inequality ’YJ’ < Ce,
We now compute Y; for any i € Z.

d .

d 1
= | =Y
dt

. 1
Y, e 2xh
dar ml—m+n—m_1+’”§¥k—m

+ aY;

Vin =Y, Y-V, i -
= — — 2xh ——— + aY;
Vi T viap w2 — -y

< Cl ((4 + o+ 2XhN(k — 1))A2 + A2672at) +

Vi1
2
(Y —Y1)? * XhN%:

Y
(Y, — Y;)?

Viik
(Yier — Yigr—1)?

2x t A2 —2at
<CH (24 & | CeMA%e =¥ < C,
s+ (2 75) :

where C' is still a floating constant depending only on N,y and A. It proves the lemma.

For the next step we compute the derivative of Ej (Y') using 7.5.24, the idea is that Y is almost a

solution for the gradient flow equation related to the * energy. The key tools are again discrete

integration by parts and symmetry.

d Vi — Y, Y -V, .
—E, (Y(t) = - Z 7Y+1—Y» + Xhn Z };—Y _aZy;y;
ieI\{lJrkfl} i+l hi GHeIx\{i} 7 ! ieT

_ ZY ( . 1 > . Yi-i—k—l + Y2
Yipn =Y, Yi—Yiq Yigr — Yl-i-k—l Y -Y

el
— 2xhn Z —aZYY

Ya
(i) €TxT\{i}

1 1 Y;
p Yima—-Y, Yi—-Yi PRt Y, -Y;

Viik-1 Yz
— + — 2xhn
Yioh =Yoo Y- Z Z

i€eT jeO Yj -
. 2 \ -
~[1Ylfaz) + <2 + \/N> 1Y li2(z) v/ Hzo 2

l

IN

IN

. 2
S 1—<2+\/>JLV)A66” A

Ay

(7.5.26)

(7.5.27)

Here we apply a Cauchy-Schwarz inequality on each term of (7.5.26), we used the notation
HYH%Q(I) = ZYZQ and the inequality for any a > 0, a < 1+ a®. We deduce from (7.5.27) the

i€
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1
integrability of |[Y|[;2(7): we chose ? such that 1 — Aje > B then

o0 t
| ¥l < timsup ( e <Y<t>>)+Ale—atdt
to t—+o00 to dt
Aq

<2AM —m) + (7.5.28)

where M and m are respectively the upper and lower bound of G(Y"), depending only on N, y, A.
Since by (7.5.14) YZ‘ . < C, the inequality (7.5.28) implies that ||Y|| — 0 as t — co.

1€
We now prove the convergence of Ex(Y'). The equality 7.5.26 implies:

GO < V1l + (24 25 IV llncy Pz
35 2 A% —2at
< Sl¥ M) + 5 e

d
Therefore %Ek(Y) is integrable and there exist Eo such that Egx(Y) — Ey as t — +oo.
The last estimate is a straightforward consequence of Y = (VEy) (Y). O

With this proposition we are very close to the conjecture 7.5.9, the best theorem we can give is

the following.

Theorem 7.5.15 (Sub Liouville.). Let Y be a solution of the differential equation 7.5.24 sat-
1sfying the rescaled condition 7.5.7, and the multiple blow-up condition 7.5.12, we denote Y7 =

(Yi);ez, then there exists Eo, € R such that for any time sequence we can extract a subsequence

(tn,s)pen With
1. Yz(tns) = Yoos € RE a5t — 400
2. By, (Yoors) = Foo.
3. (VEg) (Yoos) =0

Proof. This theorem is a direct consequence of proposition 7.5.13. O

7.5.b Conclusions and perspectives

The theorem 7.5.15 is really close to what we are looking for, we only miss the uniqueness of
the limit Y, s. To prove it we need for example to show that the critical points of E; are
isolated. We really think it is the case but the computation of the Hessian of E; did not give
anything yet. Remark that the theorem 7.5.15 gives the existence of at least one critical point,
this critical point is probably a minimum on the sub variety define by all the Y satisfying 7.5.7
but it is not a global minimum and has no reason to be a local minimum either. Anyway we
have a strong rigidity of the blow since the outter set contributes only to fix the blow-up time T
and the blow-up point X, not the limit profile.

The theorem 7.5.11 on his side is very powerful, for example we can rewrite the proof of propo-

sition 7.5.13 with it. It also allows to transfer any properties of the * energy functional to a
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rescaled solution. For example suppose that E; has a unique minimizer Z°° and is § BMX
handlebar, that is to say there exists 8 > 0 such that for any Z € RF:

—(Z - 2% VE(2)) < -B|Z - Z|"

Then for (Y') solution of the differential equation 7.5.24 satisfying the rescaled condition 7.5.7

we have that (Y;);ez converges exponentially to Z°.

Proof. For simplicity, we re-index Z°° by (Z;°)iez and VEy by (V,;Eg)icz.

d
dtZ\Y ZPP = -2)  — (Yi— Z°) ViEn(Y)

i€T €L
—2) (Vi = ZZ)ViE(Y) =2 (Vi = Z°) (VE(Y); — VE(Y);)
i€ €L
< -B|Y - Z)* + ce.

We conclude with the Gronwall inequality. O

This computation is not so silly as we do think that the energy E; is almost BMX handlebar.
We proved it for the subcritical case in chapter 6.

There are various way to continue this work, an idea is to extend our scheme beyond the blow-
up time, in this case we consider particles carrying different mass, we need to write down the
equation of the mass evolution. It would be interesting to compare this approach with the
measure solutions of Dolbeault and Schmeiser [40]. Another direction is to change the log
interaction kernel by others for example = — |z|™%, many things work similarly in these cases.
The question of the convergence of our particles scheme when the number of particles goes to
400 is also interesting. The final result we are looking for is the convergence to a unique auto
similar profile for any solution of the log interaction equation in dimension 1 in the supercritical

case.
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Appendix B

L’équation de Keller-Segel

This appendix is my M2 report. It deals with the Keller-Segel equation in dimension 2, in
particular the existence of the threshold number 87 and the existence, uniqueness and
regularity of the solution in the subcritical case. We follow the free energy method. We find
here for example a positivity lemma for the Keller-Segel equation.
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B.5.e Beckner . . . . . .. e e e e e 192

B.1 Introduction

Ce stage de M2, réalisé a ’Ecole Normale de Lyon sous la direction de Cédric Villani, s’est basé
sur I'article de Jean Dolbeault et Benoit Perthame publié en 2004, Optimal critical mass in the

two dimensional Keller-Segel model in R? [39).

Il a consisté en I’étude d’un probléme d’attraction-diffusion de cellules, la chemotaxis. On consi-
dére ainsi I’évolution dans le plan de la densité n de cellules émettant une substance c et étant

attirés par cette derniére.

Le modéle simplifié dit de Keller-Segel de ce probléme s’écrit comme suit :

E;::(x,t) = An(z,t) — xV.(n(z,t)Ve(z,t)) Vo € R%Vt >0 et avec x >0
—Ac(x,t) = n(z,t) Vz € R%,Vt > 0, (B.1.1)
n(z,t =0) = no(x) Yz € R?, avec ng € L'(R?) >0

ol x est un coefficient de sensibilité & la substance : plus il est grand, plus les cellules sont attirées

par la substance.

Comme on connait le noyau du laplacien, on peut écrire que :
9 1
Vi € B2, 1> 0, c(, 1) = — (loa(|.) # n(,£))(x)
T

Ici * est 'opérateur de convolution en espace.

La masse des cellules est I'intégrale de leur densité sur I'espace total. Nous verrons que cette
8

masse reste constante dans le temps. L’apport de 'article étudié est de montrer que — est

une masse critique, c’est-a-dire qu’au dessus de cette masse les cellules se concentrent en un ou

plusieurs points.

B.2 Etude du systéme ; estimations a priori

B.2.a Définition de solutions
Solutions au sens fort

Les solutions fortes sont les solutions n telles que :

Vo € R? n(z,.) € C*([0,T])
vt € [0,T],n(.,t) € C*(R?) (B.2.1)
n € LY(R? x [0,7))
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Solutions au sens faible

Pour définir les solutions au sens faible, on teste 'équation (1) avec ¢ € C°(R?).

vt > 0,
on
. a(w, ) (x)dx = . An(z,t)y(z)dx — X/2 V.(n(z, t)Ve(z, b))y (z)de
R R R (B.2.2)
d
= 7 - n(x,t)y(z)de = /]1@2 n(x, t)Ay(x)dx + X/]R? n(x,t)Ve(z, t) Vi (x)dz
Or :
Vo e R% t >0,
1 1
C@ﬂz—gﬁﬂm*Mﬁmﬂz—ﬂHQ%WHMM@ﬁ@
' (B.2.3)
= Ve(z,t) = ~5- /R? Viog(|lz — y|)n(y, t)dy
1 T—y
= Ve(z,t) = "o e T y|2n(y,t)dy
Donc Vt >0 :
G | nvais = [ n@osveds+ X [ [ . om0 V0@
(B.2.4)

Par symétrie on peut écrire Vi > 0 :

d
dt/?ﬁ(x)n(x t)dx

- / Aq/)(:z)n(:c,t)d:c—k% / / |Z__;J|2(Vw(x)—Vw(y))n(x,t)n(yj)dydx (B.2.5)

1 1
On controle ainsi la singularité en car (Vip(z) — Vip(y)) est bornée.

-y  |z—y
On définit donc une solution faible de la facon suivante :

Définition B.2.1. n est solution faible de (1) si n appartient o L°(R'; LY (R?)) et si de plus :
W € C°(R?),

jt/i/)(x)n(:c t)dx

:/Azp(x) n(z tdm—i—//’x_ 3 (V0(@) = Vou)n(e. Only. Oidydz (B2

Comme souvent, une solution forte est aussi une solution faible.
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Une autre fagon de voir des solutions au sens des distributions est de remarquer que :
An — xV.(nVe) = V.[n(Viegn — xVe)]

Si on appele n(Vlogn — xVe) le flux. On voit que la solution est bien définie dés que le flux est

dans Ll(Rfoc X RQ) C’est ce que l'on va essayer de prouver en se basant sur 'inégalité suivante :

//[OT] i, n|n(Vlogn — xVe)|dxdt
T

< (// ndxdt)1/2(// n|n(Vlogn — xVe)|2dzdt)V/?  (B.2.7)
[0,T]xR2 [0,T]xR?

Et en trouvant les estimations qui conviennent.

B.2.b Conservation de la masse

Un premier théoréme utile :

Théoréme B.1. Sin est solution faible de (1), alors la masse est conservée dans le temps,
c’est-a-dire :
vt > O,/n(m,t)dw = /ng(x)da;.

DEMONSTRATION : Soit ¢ € C2°(R™) tel que 1 (r) = 1sir < 1/2 et ¢(r) = 0 si r > 1. On note
j/?

alors, pour tout R > 0 et pour tout x appartenant a R?, g (z) = w(ﬁ)
2
On a alors : Vigp(z) = 21/1 (m )
4 |x|2 |z
et done : Adp(e) = 7/ (T50) + el (1)
2
Soit, puisque ¥ et donc ses dérivées sont nulles pour iﬁ >1,
\/ AYg(x)n(z, t)dz| < / |n(z,t)|dx P 0 (B.2.8)
—00

jz?

Et comme Qx@b’(ﬁ) est différentiable (et nulle loin de 0), on a :

//WX]RQ ’;p_y’z V(r(z) — Yr(y))n(z, t)n(y, t)dyde

< S [ [ intetmty.oldsdy — 0 B29)

De plus, comme n € L'(R?),

dt/¢R n(x,t)dzx o / n(x,t)d (B.2.10)

et donc

d
7 n(x,t)dx = 0.
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On a donc bien montré que la masse est conservée.

B.2.c Principe de positivité

Etant donné que I’on veut représenter une densité de particules, il semble important d’établir un

principe de positivité :

Théoréme B.2. On consideére n une solution faible de (1), avec pour tout x appartenant R?,

no(x) > 0. Alors n est positive.

DEMONSTRATION :

Nous allons démontrer le principe de positivité pour une équation de forme plus générale :

on — An+div(n.V) = f

) Lo (B.2.11)
n(z,t =0) = no(x) Vz € R?, avec ng € L' (R*) <0

avec f € L®(R? x (0,7)) < 0 (on va donc montrer que la solution reste négative), V € L°(R?)
pour un b > 2, et n € LY(R? x (0,7)) avec T > 0.

Nous démontrerons tout d’abord ce principe pour le cas stationnaire afin de simplifier ’écriture,
puis nous rajouterons dans un deuxiéme temps le terme d’évolution.
Ce dernier résultat, plus général, sera utile par la suite pour résoudre le probléme régularisé

linéaire.

Principe de positivité pour le probléme stationnaire

On veut établir ici le principe de positivité pour le cas stationnaire. On s’intéresse donc a 1’équa-
tion :

~An+V(nV)=ffec L®R*) <0 (B.2.12)

Pour 7 et € strictement positifs, on définit T ,, de R dans R™ par T ,(2) = 0si 2z <, 1., (2) = ¢
siz>n+eet T, (2)=2z—nsizelnn+el

On teste alors I’équation contre 7. ,(n).

On obtient par IPP :

/Q V(n).VTe (n) — /Q nWV.VTL, (n) = /Q () (B.2.13)

Avec ici Q = R?. Comme f < 0 et T, > 0, le second membre est négatif.
De plus, VT, est nulle hors de [,n + €], et est linéaire de pente 1 sur cet intervalle, donc on

peut écrire :

/QV(n).VTgm(n) = / VT, (n)|?, avec Qc,y = {n/n <n <n+e)} (B.2.14)

»1

On veut maintenant majorer / nV.VT; ,(n), c’est-a-dire / nV.VT, ,(n).
Q Qem

Pour g et r tels que 1/¢+1/r+1/2 =1, on a par Holder :
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/Q nV.VT ,(n) < [IVT (0| 2. IV L@l nl Laa. )
677]

On remarque que ¢ > 2, donc q est le p* d’un p < 2.
On a donc la suite de majoration suivante :

Par les inégalités de Sobolev on a :

[InllLaga..,) < V@) r@..,)

et on a déja vu que :

IV e,y = IVTen ()] Lr .. )

et comme la mesure des {x € R?/n(z) > n} est finie (n € L'(R?)), on a de plus :

[ VTzpn(n)| ‘LP(QEJ,) < CyplIVIE 5 (n)| ’LQ(QM)

Au final on obtient donc :

VT (MI72(0...) = Copl VI 2r @ p IV Tz ()72, y <0

(B.2.15)

(B.2.16)

(B.2.17)

(B.2.18)

(B.2.19)

Comme pour tout 7 fixé on peut choisir un ¢ tel que G, ,||V|1rq.,) < 1/2 (par intégrabilité),

on obtient que )., est vide, ce qui force n <7 pour tout 7, et donc n < 0.

On a donc montré que f < 0 entraine que n < 0. On a de méme le cas positif.

Principe de positivité avec terme d’évolution

On — An+div(n.V) = f
n(z,t =0) = no(x) no € LY(R?) < 0,Vz € R?

(B.2.20)

avec f € L®(R% x (0,T)) <0, V € L*(R?) pour un b > 2, et n € LY(R? x (0,T)) avec T > 0.

Pour rajouter le terme d’évolution, on remarque que la majoration des {z € R?/n(x,t) > n} est

indépendante du temps (conservation de la masse).

([ oo

_ /0 " /R (DT () T ()

_ ATi(AQ(Tg,n(n)>2/2)

B / (Ten(n(T, ))2/2) N / (Te,n<n0(->)2/2)
R2 R2

L’autre terme qui s’ajoute est :

no étant négative, T. ,(no(.))?/2 = 0, donc la quantité rajoutée est bien positive, ce qui permet

de faire le méme raisonnement.
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On a donc également le principe de positivité dans le cas d’évolution, et avec V' = Ve pour le

cas particulier de notre probléme.

B.2.d Un résultat d’explosion

On note M = n(x,t)dx (conservation de la masse), et de plus on suppose que :
]RQ
ng € LY(R?, (1 + |z|*)dx)

. (B.2.21)
no log(ng) € L™ (R?, dx)

On s’intéresse au moment d’ordre 2 de n. On a alors le lemme suivant :

Lemme B.2.2.

On considére une solution faible positive n de (1) sur un intervalle [0,T] dont le moment d’ordre 2

1
est borné, qui vérifie (1.19) et est telle que (z,t) — / ‘ + |x= n(y,t)dy est bornée dans L (R? x
R2 [T — Y

[0,77).
On a alors :

d 5 xM

— t)yde =4M(1 — =—).

0t oo |z n(x, t)dx =)
DEMONSTRATION :

On considére une suite ¢, de fonctions C2°(R?) qui converge vers |z|*> quand ¢ tend vers 0.

On a: p
— | n(x,t)pdr = / we(An — xV.(nVc))dz
dt R2 R2

= Ape.n — X/ / n(x,t)n(y,t) (Veoe() - v%(g)),(g; ) dxdy
R? 21 Jr2 JR2 |z =yl
En passant a la limite par convergence monotone, car Ay, et (Vepe(z) _‘ V@E(’é/)).(ﬂv ) sont
Ty

bornées et n € L'(R?), on a :

&t oo n(x,t)p.dx
=AM — X M2
2m
M
—aM(1 - X0,
8T

On voit ici la compétition entre le terme de diffusion qui régularise la solution et le terme
d’attraction qui tend a la faire exploser.

On a donc :

- Si xM > 8, le second moment est strictement décroissant, donc la solution explose en temps
fini (le second moment ne peut pas étre negatif) .

- Si xM < 87 et que la solution assez réguliére, alors le second moment est borné dans
(0, T); L' (R2))).

Il ne reste donc plus qu’a démontrer I'existence d’une solution dans le cas ot yM < 8.
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B.2.e Le résultat classique d’existence

L’idée est de calculer I’entropie de / nlog(n). On s’intéresse donc & :
R2

— | nlog(n)dx = —4/ \V\/ﬁ|2da:+x/ Vn.Vedx
dt R2 R2 R2

= —4/ |V\/ﬁ]2dx+x/ n?dx.
R2 R2

Grace a I'inégalité de Gagliardo-Nirenberg-Sobolev avec u = v/n et p = 4, on obtient :
/ n?de < <cg5>vs>—2M/ \V/n|2dz (B.2.22)
R2 R2

On a ainsi la décroissance de I'entropie lorsque yM < 4(C’g1 ])V 5)72. Numériquement, on sait que

cette valeur est inférieure a 87, mais cela ne couvre pas entiérement le second cas.
Rappel de I'inégalité de Gagliardo-Nirenberg-Sobolev :
Pour la norme L? :

4

4 o_4
[ul[2 < CO ol [Vl 2oy 1l pafeay Yo € HY(R?), Vp € 2, 00) (B.2.23)

B.2.f Estimation des normes [”

Beckner et Lauckhauss ont montré que les normes LP se transmettent, c’est-a-dire que si ng €

LP(R?), alors pour tout ¢, n(t) € LP(R?). Ce résultat est basé sur I'estimation suivante :

On note pGy(t) = /n(x,t)pdx. Vu 'équation, et par IPP successives :
G (t) = /n(m,t)(pl)an((;;’ﬂdx = /n(x,t)(pl)(An —xV.(nVe))

=—(p—1) / |Vn|2np_2dm +(p— I)X/(Vn)np_l(Vc)dm
_ i _ 12
- —4(pp21)/|Vn2|2da:+ X(ppl)/(Vnp)(Vc)da:

— p — 2
- _A‘(pr”/lvan!de— X(ppl)/n”@c)dw

soit, comme —Ac=n ,

2
p? p

Or thanks to the Galiardo-Nirenberg-Sobolev inequation :

[t < cp) [ 1vntidslnll
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Ce qui donne au final :

2
i Alp—1) x(p—1)

G(t) < ([ 90t Pao) (-2 o @ p) P o)

p p

On voit encore ici la compétition entre le terme de diffusion qui régularise la solution et le terme

d’attraction qui tend a la faire exploser.

Cette estimation permet effectivement de transmettre les normes LP, mais nécessite que la norme

L', ¢est-a-dire M, soit plus petite qu'une constante dépendant de C(d,p) = Cp. Ce n'est pas

une bonne condition, on va donc s’en débarasser.

Pour cela, on va "tronquer" n et refaire le calcul. On s’intéresse donc & G,(t) = /(n(:v,t) -

K) dx.

On calcule :

Gy0) = ol [ e t) = 10O gy < [ () — )7V (A0 = 17070

—p(—(p—1) / Vn (. t) — K)7%dz — x / (n(2,£) — K)7 'V (n(Ve))da)

_ p<—4(pp;” / Ve, t) — K) Pz - x / (n(t) — KV (n(Ve))da)

On ne s’intéresse plus qu’au second terme :
_px/(n(x,t) — K)ﬁ_IV(n(Vc))dx = —px/(n(:c,t) — K)ﬁ_l(V(n — K).Vec+ nAc)dx

— x / (n(t) — KV (0 — K4 (~Ac) — p(—Ac))de

= (p = Dx [(t) = K)o+ (20~ DK [ nlat) = Kot pxi? [ (o) — K do
Pour le terme & la puissance p — 1, on fait comme suit :

/ (n(z,t) — K)! " 'de = / (n— K)7 da + / (n— K)''de
K<n<K+1 n>K+1

or :
_ 1 M

/ (n—K)ﬁldzng/ 1dx§/ ndxr < —

K<n<K-+1 K<n<K+1 K Jxcn<k+1 K

et pour le second on utilise le fait que la différence est plus grande que 1, et donc :

/ . 1(n—K)ﬁ_1dw§/(n—K)ﬁdx.
n>K+

On est donc bien parti pour appliquer Gronwall. Il reste a faire disparaitre (c’est-a-dire a rendre

175



Appendix B. L’ équation de Keller-Segel

négatif) le dernier terme : — /’v ,t) )_%de +(p—1)x /(n(:p t) — K)pﬂdx.

Pour cela on utilise G.N.S avec (n — . Le seul changement est que la norme L' de n est
changée par celle de n — K, que l'on peut rendre aussi petite que l'on veut, quitte & choisir K

grand.

Au final, on obtient une inégalité de la forme :

d

n—Kde<A|[(n—-K)dc+ B
dt

On a donc via Gronwall une borne pour tout temps fini.

On sent bien que 'on controle les normes LP (car n est positive, réguliére et de masse finie), mais

précisons tout de méme le raisonnement :

On partage 'intégrale en deux parties :

/npdx §/ npda:+/ nPdzx

La premiére partie se traite facilement avec la masse de n :
/ nPdr < KP~'M
n<K

Pour la seconde, on remarque que pour 1 < A < x :

A
P (L
G

/ nPdx S/ npdx—l—/ nP
K<n K<n<\ n>AK

A
<ORPTM 4 (R [ (-1

RV

Puis on écrit :

< QKP4 (Pt [ Ko

C’est donc gagné, on a propagé, du moins a priori, les normes LP.

B.2.g Stratégie

Ici une petite explication de la stratégie qui va étre utilisée semble la bienvenue.

L’entropie n’étant pas assez précise, on définira une notion plus proche du systéme : 1’énergie
libre. Ensuite, nous allons donner quelques estimations a priori pour des solutions classiques. La
suite de la démonstration se fera par une régularisation du systéme via la régularisation du noyau
de convolution, la résolution par un point fixe de Banach de ces problémes et enfin un argument

de compacité pour passer & la limite.
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B.2.h L’énergie libre : pour en savoir un peu plus

L’entropie, quantité utilisée précédemment, n’est pas assez précise. On définit donc une quantité

plus proche du probléme, ’énergie libre, par :
_ X
F(t) —/ nlog(n)dr — / nedx
R2 2 R2
On a alors le lemme suivant :

Lemme B.2.3. On considére une solution de (1) n positive, continue, & valeur L' (R?).
Sin(14|z|?) et nlog(n) sont bornées dans LES,(RT, LY (R?)), et si Vv/n est bornée dans Li,.(RT, L*(R?))
et Ve dans L2, (RT x R), alors

d

%F(t) =— /R2 n|V(log(n)) — xVe|*dz.

L’énergie libre a donc vocation & étre décroissante.
DEMONSTRATION :

Pour le premier terme :

d d
el 1 = —n(l 1
i oo n|V (log(n))dx /]12{2 dtn( og(n) + 1)dx

= /(log(n) +1)(An — xV.(nVc))dx
= —/V(log(n))(Vn — x(nVe))dx

= —/nV(log(n))(Vlog(n) —x(Ve))dz.
Pour le second :

d x X d d
dtQ/ncd;U— 2(/ndtc+cdtn)dx

1
Mais comme c(z,t) = —ﬁ(log(H)) xn(.,t), on a:

log(.) * Zn(..1)

d
—c(x,t) = p

Yy
dt 2

soit :

d 1 d d
dt;/ncdx = g(//—%n(x,t) log(|z — y\)dtn(y,t)d:cdy—i—/c(x,t)dtn(w,t)dm)
Etant donné la symétrie du noyau du laplacien, on peut écrire par Fubini :

jt;‘/ncdx _ >2<(/(jtn(y,t))(—;r(log(H)) *n(.,t))dy+/c(x,t);in(x,t)dx)

donc

= x( [ elw.t) Gyl D))
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soit

= (/ xc(An — xV.(nVe))dr)

= —(/ xVe(Vn — xnVe)dx)

et donc
= —/XVC(Vn — xnVe)dx

- /nch(Vlog(n) —xVe)dx
On somme alors les deux et on obtient :

jtF( t) = /nV(log(n))(V log(n) — x(Ve))dzx + /nch(V log(n) — xVe)dz

GF(O == [ n(Viog(n) ~ X(V0)(V(og(n)) - xTe)dz

et donc le résultat : J
@F(t) = —/n|(V10g(n) - X(Vc))]2dx.

F est donc décroissante.

On va maintenant chercher a en déduire une borne supérieure et inférieure sur l'entropie ce
qui nous permettra d’appliquer la démonstration classique (on obtient 1’équiintégrabilité avec le

second moment).

On a donc F(t) < F(0), soit :

/nlog(n)daz < F(0) +/>2‘ncdx

que l'on écrit :

/nlog( )dx < F(0) // (z,t)n(y,t)log |x — y|dxdy

On utilise alors 'inégalité de Hardy-Littlewood-Sobolev logarithmique (voir plus loin) qui dit

ici :
M (1 + log(m) + log(M)) < /nlog dx—i—// (z,t)n(y,t)log |z — y|dxdy

M2
Avec M = /n(ac, t)dx (on a déja vu que c’était constant), et en notant C' (M) = 7(1+log(7r)+
log(M)), on a :

/nlog(n)d:p < F(0) — LC(M) — % /nlog(n)

47

ce qui donne une borne supérieure de ’entropie.
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On aurait également pu procéder comme suit :

F:t—(1-9) /R2 n(x,t)log(n(z,t))dz

+ 0(/]1%2 n(x,t)log(n(z,t))dr + 4Xﬁ / /RQX]RQ n(x,t)n(y, t)log(|z — y|dxdy) (B.2.24)

est bornée par sa valeur en 0, puisqu’elle est décroissante.

M
On choisit alors 0 = XS— et on applique Hardy-Littlewood-Sobolev logarithmique :
T

(1-0) /R (e 1) log(n(z, 1)dz — 0C(M) < F(0)

si xM < 8w, alors 0 <1 et donc :

/ n(z,t)log(n(z,t))dr < F(0) +6C(M)
R2 T

On obtient ainsi une borne supérieure de / nlog(n).
Pour la borne inférieure on utilise :

1

— |z|*n(x, t)de < K Vt >0
1+t Jge

ce qui est vrai par hypothése.

On en déduit que :

n(x,t)

n(x,t) Mol B
/IRQ n(z,t)log(n(z,t))dx > /R2 ) log('u xjt)),u(x,t)da: Mloglr(1+1t)] — K

1,2

14+t

)

avec u(x,t) = ) exp(—

Par Jensen on obtient :

/ M) g D, e > Xlog X ot X = [ 0D =
R (z,1)

2 M('T?t) HAZT, R2 M('T?t)
L’entropie / nlog(n) est bornée inférieurement.
2

11 suffit donc de montrer des résultats de régularité pour obtenir I’existence.
La démonstration d’existence se déroule en deux temps : régulariser le probléme afin de le résoudre
avec un point fixe de Banach, puis obtenir des estimations a priori suffisantes pour avoir de la

conpacité et pour passer a la limite.

B.3 Démonstration du théoréme ; existence et unicité

Oui mais de quel théoréme ? Il faudrait le donner.

Donc le voila : (C’est une phrase sans verbe. En voici une autre.)
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Théoréme B.3. Si xM < 87 et qu’on a les conditions (1.19) sur ng, alors le probléme (1) a

une solution globale positive, avec :

(1+|zf* + [logn|)n € L5, (RF, L'(R?))

loc

On a déja vu que si une solution existait elle était positive, et que la condition sur M était
nécessaire. On a aussi vu que les normes L se transmettaient. On verra que 'on a méme mieux

grace & des propriétés d’hypercontractivité.

B.3.a Reégularisation

1
On approche le noyau du laplacien par la fonction x°(z) = —2—109]2\ si|z| > e et K5(2) =
77

1
—2—log|a| sinon, avec € > 0. On a donc le probléme suivant (on oubliera d’écrire le € partout ) :
T

%'Z(w,t) = An(z,t) — x\V.(n(z,t)Ve(z, 1) Yo € R ¢ >0,
e(,t) = (5(.) (., 1))(x) Ve e R, ¢>0, (B:3.1)
n(z,t =0) =np(x) >0 Vr € R?
1 =z
0 - 71/m2 . -~
avec n- € L"(R*) > 0. De plus : Vz/|z| >> ¢, Vk(z) = TaRE

On va résoudre ce probléme avec un point fixe de Banach.
On notera E l'espace C((0,T); L' (R?)) muni de sa norme naturelle de Banach. On regarde alors
lapplication de E dans F qui & m € F associe la solution (dont on dira un mot plus tard, mais

admise) du probléme linéaire correspondant, c’est-a-dire :

%'Z(a?,t) = An(z,t) — xV.(n(z,t)Ve(z, t)) Vo eR? t>0,
c(x,t) = (k(.) xm(.,t))(z) vz e R%, >0, (B.3.2)

n(z,t =0) =np(x) >0 Vr € R?

Le principe de positivité s’applique également sur ce probléme. On peut donc se restreindre a
'espace ou m et donc n sont positives. On notera B cet espace, qui est toujours de Banach.

On peut également se restreindre aux m de masse M égale a celle de ny.

On g’attache donc ici & démontrer le caractére contractant de notre application. Pour ce faire,

prenons m1 et m2 dans BT et leurs solutions correspondantes nl et n2, puis calculons nl — n2.
: o : 1 =
Pour cela, il est utile d’introduire le noyau de la chaleur : Q(z,t) = —te t .
0

On peut alors écrire, par la formule de Duhamel :

T
n=mno(.)*xQ(.,t)— /0 Q(.,t — s) xdiv(nVc)(.,s)ds

que l'on réecrit :

T
n=mno(.)*Q(.,1t) —|—/0 VQ(.,t—s)*(nVe)(.,s)ds
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On peut donc écrire (car ng ne dépend pas de m) :

T
[|Inl —n2||;1 < /0 IVQ(.,t —s) * (n1Vel)(.,s) — (n2Ve2)(.,8))||r1ds

—2x
tmt

=2 A
et ,donc ||[VQ||;1 < —=, et donc :

Vit

Remarquons que VQ(z,t) =

T
[|nl —n2||p < /0 \/%H((ancl)(.,s) — (n2Ve2)(., s))||1ds

soit

T
lIn1 — n2|[1 < /
0

m(]\nl]\Ll\\(Vcl)(.,s) —(Ve2)(s,.)||nee

+ |[nl —n2||1||(Ve2)(.,s))||peds (B.3.3)
On note alors M la masse constante des solutions. Par simple calcul, on a :
In1 = n2l s < AVEMIIVA] e supo.r(lm1 — m21 ) + supo,r (Il — 02l )|Vl = M

En passant au sup, en mettant & gauche ce qui est en n et en supposant t assez petit, on obtient

alors :

[|Inl —n2||p < [lml —m2||g = B|lml —m2||g

avec B < 1.

L’application est donc contractante, le théoréme du point fixe de Banach nous livre alors une

solution.

B.3.b Un mot sur le probléme linéaire

Pour l'existence du probléme linéaire, j’ai été orienté vers une méthode de type équation de
renouvellement, ot les estimations découlent d’inégalités d’entropie et d’inégalités de type Poin-
caré. Le probléme est que cette méthode nécessite que le noyau soit indépendant du temps, ce
qui n’est pas le cas ici (et je m’en suis rendu compte tard).

Je ne suis pas allé plus loin dans la recherche de cette solution, qui parait-il est classique (il est
peut étre possible d’utiliser les méthodes de la chaleur).

Par contre, on a 'unicité de cette solution grace au théoréme de positivité demontré dans la

premiere partie.

B.3.c Passage a la limite

Revenons a la démonstration. Il faut maintenant obtenir des estimations pour passer a la limite.

Pour cela on va utiliser le théoréme d’Aubin, que je vais briévement justifier.
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Lemme d’Aubin

Lemme B.3.1. SoitT > 0, p € (1,00) et f,, une famille de fonctions bornées dans LP((0,T); H),
ou H est un espace de Banach. De plus, soit V' un espace s’injectant compactement dans H et

V' son dual.

0
Si les fr, sont bornées dans LP((0,T); V) et que les —tfn sont bornées uniformément par rapport
an dans LP((0,T); V'), alors f, est relativement compacte dans LP((0,T), H).

Le lemme d’Aubin nous permet de récupérer de la compacité en temps a partir de la compacité
en espace. Dans notre cas, on va prendre H = L*(R?), V = {u € H'(R?), \/|z|u € L*(R?)} et
p =2

Il faut donc montrer les estimations permettant de justifier ces espaces, et notament de trans-

former nos estimations L' en estimations L2.
DIGRESSION, JUSTIFICATION

On aurait pu dans le méme esprit se borner aux estimations L'. Je vais expliquer ce point par
un petit calcul qui en méme temps justifiera le lemme d’Aubin (moralement en tout cas, car on

verra comment de la compacité en espace peut donner de la compacité en temps).

Lemme B.3.2. Soit ni(x,t) des fonctions telles que :

w(p) = sup1<k,0<t<T/ |ng(z + B,t) — ng(x,t)|dx 5—6 0 (= les ng sont compacts en x unifor-
SkOSI<T | -

0
mément en temps), P D¢y (x,t) et ||pg||Le < 00

alors ny, est compacte dans C((0,T), L*(B))

DEMONSTRATION :

On prend une approximation de I'unité p.(z) telle que :

pela) = gp(2) avec p e DR, pz 0 et [ p=1

On convole alors I’équation dans le but de mettre les dérivées sur p :

0
ank(x, t) % pe(x) = ¢ x D%pe

On réecrit alors I’équation (en oubliant a partir de maintenant les k) :

%n(:v,t) = %(n(x,t) —n(z,t) * pe(x)) + ¢ x D¥pe

Et on s’intéresse logiquement & une différence d’incrémentation en ¢ en intégrant ’équation entre
tett+h:

t+h

n(x,t+h) —n(z,t) = [/ n(z,t) — n(y, t)pe(x — y)dy] " + t ¢ * D%peds

Calcul a verifier ici.

On intégre sur la boule B.
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[[n(x,t +h) —n(z,t)||1(m) < 28up(t’t+h)(/pg(z) / In(x + z,t) — n(x,t)|dxdz
t+h c
[ len Sds (B34)
t

h
<2w€+L

Il suffit alors de prendre e = V'h et la borne devient 2w, + c¢\/ﬁ. On passe alors au sup sur t,

et on obtient :

In(. + h, ) — (@)l eqo.r),01(8)) < 2w + cgVh

La borne étant aussi petite que I’on veut quand h tend vers 0, on obtient bien la compacité en
temps.

Remarque : d’autres conditions auraient donné la compacité L.

Ce résultat en tant que tel ne sera pas appliqué, mais il permet de rendre un peut moins abstrait

le lemme d’Aubin.

Estimations

Je donne ici une série d’estimations a priori qui permettent de passer & la limite, la difficulté

étant le terme non linéaire pour lequel on ne peut pas se contenter d’une limite distribution.

Lemme B.3.3. Les solutions du probleme régularisé vérifient les assertions suivantes, umni-

formément par rapport & € et avec des bornes dépendant uniquement de /(1 + |zP)nodz et

/nolog(ng)dx

(i) |z|?n®(x,t) est bornée dans L= (R

loc?

L'(R?))
(i1) /nf(x,t) logn®(z,t)dx et /n (x,t)c(z,t) sont bornées dans R

(iii) n°(z,t) log n®(z,t) est bornée dans L°(R;" ; L*(R?))
(iv) V/n" (z,t) est bornée dans L*(R;f . x R?)

(v) n°(z,t)est bornée dans L*(R;S x R?)

(vi) n®(x,t) A (z,t) est bornée L* (R}, x R?)

(vii) v/n* (z,t)V e (z,t) est bornée L* (RS x R?).

Commencons par montrer ces estimations, nous les exploiterons apreés.

DEMONSTRATION : (i) La méme démonstration que pour le lemme (1.1) s’applique, c’est-a-dire :

d

— 220 (2, t)dx = / |z]2(An® — XV.(n°V))dx
dt R2 R2

M 42y / 2 /R () (3, ) (VR (2) = V(1) (2 — )

<4M/ / ni@0)n () o
R2 JRR2 |$—y|
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Appendix B. L’ équation de Keller-Segel

Pour (ii), on calcule et on trouve :

c(l:lt(/ n®(x,t)logn®(z,t)dx — g/na(w,t)ce(x,t)dx)

= /ne(x,t)]V(log(ne(x,t)) — XV (z,t)*dx  (B.3.5)

Puis le méme calcul que dans le lemme (1.2) nous permet d’obtenir les estimations (ii).

Pour (iii) démontrons le lemme (d’équiintégrabilité) suivant :

Lemme B.3.4. Siu € Li_ et que entropie et le second moment sont bornés, alors ulogu est

uniformément borné dans L (R, ; L*(R?))

La seule difficulté est quand v < 1 :

/ n|logn| S/ n|logn| +/ n|lognl| +/ n|logn|
u<l e*‘z|2§u§l uge*\zIQ,ugé l<u§e*‘“~“‘2

e =

Comme |log| est décroissant sur [0, 1], on a /
e*‘x‘ggugl

n|logn| < /|$26_|I|2 qui est fini Il reste le

n|logn| §/]:U|2ud:v.

1
Sur [0, -], .| log.| est croissante, donc /
€ uge—|9@|2,u§%

dernier morceau, mais on intégre sur un ensemble de mesure finie une quantité bornée, donc il
est fini, ce qui prouve le lemme, et donc le (iii).
Passons au (iv)

On a déja vu qu’un simple calcul donne :
d
pn nlogndr < —4 [ |Vy/nldx + xn(—Ac)dx

Comme on a déja une borne pour / nlogn, il reste & estimer le dernier terme :
/n(—Ac)dm = /n(—A(IiE xn)dx = (1) + (2) + (3)

avec (1):/<Kn(—A(/<f*n))dx, (2):/K< (= Ak * n))dz — (3) et (3):/ In|2dz.

K<n

1 1
Pour simplifier les calculs, on écrit —Ax® = —¢1(=). Par définition, on sait que ¢1 > 0. On peut
€ €

alors écrire :

(1) = /<Kn/€12¢1($_y)n(y,t)dx < KM

€

On espére controler (2) car —A(k%) tend faiblement vers un dirac. Précisemment :

@ = [ nlwt) [ = ep.t) = o O)er () <

/K ) / (V@ — 25, 0)—/a@ D)o ) (Ve — 29,0~ /(e D) +2y/n(e, /61 () dyd
B (B.3.6)
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On utilise alors Cauchy-Schwartz et l'ingalité (a 4 2b)? < 2a® + 8b?, ce qui donne :

= /KSJ"M”%W 4§y§2w<¢n<m—sy,t> — (@, 6)2dy)?)

'(/((\/N(Jf—&y,t) = V/n(z, )2 + 8ln(z, 1) )é1 (y)dy)2)dz  (B.3.7)

On utilise alors 'inégalité de Poincaré, ce qui donne :

1 1 1
(2) < /K< nl|$11700 Coll V VAl [ 2(m2) % V2] 0111700 Coll Vvl | L2(m2) + 220/ 0]l 61171 oy

Faisons une légére pose pour controler (3). On réutilise GNS dans ce cas :

| e < s [ 19ValRagyds [ ndo
K<n K<n

K<n

On a déja vu que 'on peut rendre / ndz aussi petit que 'on veut (avec K assez grand). On
K<n
majore donc ce terme par un 7n(K), et donc :

/ In|?dz < Cn(K)/ ||V\/ﬁ||%2(R2)dm
K<n K<n

Par Cauchy-Schwarz on a alors :

/ |n|3dxs</ n\dm%(/ inf?dz)}
K<n K<n K<n

< n(K)Cans||VVnl 2 r2)
Donc en sommant (2) + (3) on obtient :
(2) + (3) < Bn(K)||[Vv/nl[72 @)

4
En revenant au début, en notant X (t) = HV\/HH%Q(RQ) et en prenant n(K) < Zoona:

d
p nlogndr < MK + (—4 + Bn(K))X(t)

Et donc en intégrant on obtient la borne voulu.

Ouf on passe maintenant & (v) qui découle de l'inégalité de Gagliardo-Niremberg-Sobolev :

4 o_4
[ull2 < CE ol [Vul Zallul [z w=/(n).p = 4. (B.3.8)

Pour (vi) : on I'a vu dans (iv).
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Reste (vii) qui est l'estimation importante pour le passage a la limite. Calculons alors :

d [1
dt/2ncd1: —/C(An—xv(nVc))da:

= /nAcdm—i—x/anPdm

On peut écrire

1 e
/ n|Ve|drdt < —| /ncdw — /no(m*no)daﬂ + / / n(—Ac)dx.
(0,T) xR2 2x X Jo Jre

(vi) et (ii) donnent les bornes des termes de droite.

On remarque que ces majorations sont uniformes en ¢ (c’est facile sans I’écrire). Le lemme
d’Aubin donne 'existence d’un n limite. Il faut alors passer a la limite dans 1’équation et surtout
dans le terme non linéaire. Au passage une chose importante & voir pour passer & la limite est

que n|V(logn) — xVe| est bornée dans L' en temps et espace.

La difficulté se trouve donc dans le terme n°(x,t)Vc®(z,t) (terme non linéaire). On remarque

qu’il est borné dans L'((0,T) x R?) uniformément par rapport a e. En effet :

(// nf|Vce|dadt)? <
[0,T]xR2
(// nedxdt)(// nf|V e |2 dadt) = MT(// nf|Vee [2dzdt) (B.3.9)
[0,T] xR? [0,T] xR? [0,T]xR2

Et par (vii) on controle ce dernier terme. Par contre, & cause de la non-linearité, cela ne suffit
par pour que n soit solution. Pour cela, il faut recupérer une limite forte. On remarque alors

grace a l'inégalitée G.N.S que pour p > 2 et t € R*, on a :
| e < @c@snt [ [ovaane
R2 R2

Ce qui donne n° € LY(R" x R?) pour tout ¢ € [1,00).

loc

On a donc a une extraction prés (on ne change pas la notation) la convergence faible de n® vers

n dans tout ces espaces. Reste a évaluer V¢ :

V& — Ve =
1 T—yY . / 1o xz—y T—y o
—— | VL (n(y,t) — n(y,t))dy + ~Vk + n(y,t)dy.
o7 o ,x_yp( (y,t) — n(y,t))dy m_y@g((€ ( E ) 2F|x_y|2) (y,t)dy

(B.3.10)

On a donc convergence p.p.t. (z,t) vers 0 Ce qui maintenant suffit pour dire que n*V¢® converge

vers nVe au sens des distributions. De plus les estimations (v), (vii), et (iv) passent alors par
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semi continuité & la limite. On en déduit via

//[0 _— n|(Vlogn — xVe)|?dxdt =
T %

4// |V\/ﬁa|2dxdt—2x// |n€|2dxdt+x2// nf|Vce|*dzdt  (B.3.11)
[0,T)xR2 [0,T]xRR? [0,T]|xR2

et via 'inégalité de Cauchy-Schwarz :

//[OT] - n|(Vlogn — xVe)|dzdt <
T x

(// ndwdt)1/2(// n|(Vlogn — xVe)|2dzdt)/? (B.3.12)
[0,T]xR? [0,T]xR?

que le flux est bien dans L'([0,T] x R?), et donc I'existence de la solution.

B.3.d Ultracontractivité

La transmission des normes L” telle qu’on I’a montrée nécessite une borne a I'instant initial. Cette
condition initiale n’est en fait pas nécessaire. En effet, il existe un résultat d’hypercontractivité qui
dit que pour tout temps t > 0, la norme L est finie. Pour I'exprimer en termes mathématiques,

on peut écrire :

Théoréme B.4. On considére une solution de (1) avec les hypothéses (1.19) et xM < 8w. Alors
pour tout p € (1,400), il existe une fonction notée h,, continue sur (0,400), telle que pour

presque tout t, ||n(.,t)||rr < hp(t).

On voit que 'on autorise la valeur infinie en 0.

Je ne tape pas la preuve ici. Elle mélange un peu tout ce qui a déja été utilisé. Le calcul se
rapproche de la méthode de Jager et Luckhaus (avec les (n — K) ). La différence (quand méme
importante) est que l'exposant p n’est pas fixe : on prend pour tout ¢ une fonction affine p(s)
telle que p(0) = 1 (on sait que la norme L' de n est finie en t = 0) et p(t) = P. Cela rajoute
quelques termes en plus dans la dérivation. Les nouveaux termes sont alors controlés avec une

inégalité de Sobolev logarithmique.

En réalité le probléme n’est pas complétement résolu, il semblerait que la distance de Waserstein

aux solutions constantes soit en fait la bonne estimation du probléme.

B.4 Inégalité de Gagliardo-Niremberg-Sobolev

Théoréme B.5. Yu € H'(R?), Vr € [2,00), on a :

4 9_4
lullf < C&Rs IVl 2oyl
DEMONSTRATION :
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Cette équation est une amélioration des inégalités de Sobolev traditionnelles avec de 'interpola-
tion. En effet, pour u € S(R?) (les inégalités générales s’en déduisent par densité), inégalité de
Sobolev s’écrit :

[lull o < [[Vul|Le

avec pl* = dd_pp et 1 < p < d. En particulier on n’a pas d’'inégalité lorsque p = d. Comme de
plus :

|ullLe < lullza
pour 1 < g < oo, par interpolation on a pour % = z + 1;*9,9 €[0,1] :

0 —0
lullzr < [lullLal [Vl

Remarque : c’est plus simplement Holder puis Sobolev.

0 1—-0)(d—

On remarque que la condition sur les indices peut sécrire — = — + (c)i(p)’ ce qui laisse
r q P

A penser que ’on peut prendre d = p. Et bien c’est vrai.

2
Et c’est celle-1a que I'on utilise. En effet, pour p=g¢=d=2et § = —, on a :
r

2 ¢ o0 Tl 2-3
(][5 < GNSH U"Lz(Rz)HuHLz(Rz)

B.5 Inégalité de Hardy-Littlewood-Sobolev

Pour ces inégalité les références sont |78, 79|

B.5.a Tout d’abord la normale

1 X 1
Théoréme B.6. Soitn e N, 0 < A<n,p>1etr>1tels que — 4+ — + — = 2.
n o r

p
Alors il existe C' ne dépendant que de n,p et X\ tel que pour tout f € LP(R™) et g € L"(R"™) on
ait :

/ / @)z — v g(y)dzdy < CII 11l
RN RN

De plus, si on note encore C la constante optimale, on a :

A
n

A
no|Snln g
n— n L 1-—

B.5.b Démonstration

Par homogénéité on prend f et g normées a un (pour leur norme associée). On utilisera également
des fonctions positives (| / | < [ ||)- On notera x les fonctions caractéristiques d’ensemble.

On a alors :

f(x) :/0 X0<a< f(z)da
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9(y) :/0 Xogbgg(y)db

|z —y[* = /0 A X o0 (x — y)de

On réecrit alors le membre de gauche de I'inégalité, on applique Fubini-Tonelli (tout est positif)

K:/ / / M (a, b, c)dadbdc
0 0 0

et on obtient :

avec

I(a,b,c) Z/ / X0<a< f(2)X0<b<g()C " XB(0.0) (T — y)dady.
RN JRN

Le but est donc de majorer I de la fagon la plus faible possible. On va donc majorer par 1 le

terme le moins souvent nul (un terme en moins suffit car on peut alors réaliser les intégrations).

Par commodité notons :

u(a) :/ XOSagf(:v)d‘r
RN

v(b) = / Xo<b<g(y)Y
RN

oS
w(c) = XB(O,C)(Z)dZ B
RN

n

On a alors, avec le changement de variable z = z—y lorsque c’est nécessaire : I < ¢ Lmin(u(a)v(b), u(a)w(c)

De facon plus interessante :

a1 u(@)v(d)w(c)
I'se maz(u(a),v(b),w(c))

Il faut ensuite intégrer trois fois de 0 a I'infini. Notons pour la suite la remarque sur les normes

suivantes (directe avec Fubini) :

17l = [ oo tuta)da =1
0

\mwz/ P o(B)db = 1
0

On peut remarquer que a et b jouent des roéles symétriques et que ’on sait faire un peu plus de
choses sur ¢. On va donc commencer par lui.

On suppose ici que u(a) < v(b). Alors :

/ Idc:/ c)‘lfw(c)v(b)dc+/ ¢ u(a)v(b)de.
0 w(c)<u(a) w(c)>u(a)

On note I1 et I2 les deux intégrales obtenues. On voit que ces deux quantités sont faciles a
nu(a)
Sn—l

calculer, il suffit de voir que w(c) = u(a) entraine ¢ = ( )% (ici w est croissant et u(a) fize).
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On a donc w(c) < u(a) tant que c est plus petit que cette valeur limite. On a donc :

n—1 A

11 = ()5 (T ) u()
n—1 A
12= ()2 upula)

La valeur en 0 de I1 est nulle car n — A > 0, et la valeur en l'infini de I2 est nulle car A > 0.

Ainsi :

0 Snfl N n 12
/0 Ide < ( - )n)\(n_)\)v(b)u(a) n.

et par symeétrie, si u(a) > v(b), on a :

oo Sl n A
Ide < n u(a)v(b)n.
| 1o < (Cmi el
Il faut maintenant intégrer suivant a et b, mais on ne sait pas donner une description explicite en
fonction de a et b des domaines mis en jeu (f et g étant quelconques). On va donc partitionner

différement. Pour cela remarquons le fait suivant (qui est du au bon choix de majoration) :

o Sl . 1_2 1A
/0 Mde < (o)t s minu(@)o () ob)u(@) (B.5.1)

En effet, si v(b) > u(a), alors U(b)u(a)l_% > u(a)v(b)l_%. Cela nous permet de choisir n’importe
quelle partition de R? et le terme & intégrer dessus.

On note m(a,b) ce minimum, et on prend alors la partition définie par A = {a,b € R? a? < b},
B ={a,be€ R* a? >< V'}.

Sur A on choisi de majorer m par v(b)u(a)l_%, Iinterét étant d’avoir des bornes finies pour u,

qui contient les difficultées. On fait I'inverse sur B. On s’intéresse donc & :

Jl = /OOO u(b)(/ob; w(a)*~ " da)db,

T

J2 = /OOO u(a)(/obp v(b) = db)da.

r
P

b
et plus particulierement & J11 = / u(a)l_%da.
0

Etant donné la remarque sur 'expression de la norme de f faite précedement, on a envie d’appli-

A1 A
quer Holder de facon a faire apparaitre u(a)a? . Cela nous incite a poser 7= l——et —=—,
n s n

-1
puis & multiplier et diviser & l'intérieur de l'intgrale par a v

On applique alors 'inégalité de Holder car f € LP (ce qui est une condition suffisante pour
-1

-1
que le premier terme soit L* du segment voulu) et a "% est dans L° puisque s

—(p—1)
la borne finie de I'intégrale.

n—A\

> —1 vu la relation sur n, p, A, r et le fait que » > 1. On remarque ici 'intérét de
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Bref comme disait pepin on obtient (en majorant la borne supérieure par l'infini pour f) :

b% n—XA_ A
([ @y

Soit aprés calcul facile mais desagréable, on obtient :

=

TS G

1 A A A
J11 < (= (—2\)apa1pr—1,
<)
T
De méme avec des notations évidentes :
12 A A1 p1
J21 < (7(1 L ))nrn aP™.
’," —_ =

p
11 suffit pour finir de réintégrer J11 par rapport a b. Cela se résume a une constante prés a :

o 1
/ v(b)b"1db = =
0

r

ceci toujours grace & la méme remarque sur les normes et grace au fait que celle de g vaut 1.
Le calcul est analogue sur J21.

On a ainsi démontré 'inégalité de Hardy-Littlewood-Sobolev avec la constante :

annoncé comme majorante de 'optimale.

B.5.c Inégalité de Hardy-Littlewood-Sobolev

Théoréme B.7. flog(f)dx—i—d// f(@)f(y)log |x—y|dxdy > —C (M), avec C(M) =
R4 M Rd xRd
M(1 +log(m) —log(M))

Pour la démonstration, on considére les inégalités "normales" comme une famille de fonctionelles
®, positives, définies sur les fonctions infiniment dérivables & support compact et indexée par le
paramétre A positif, avec @y = 0 (en 0 on a égalité). Ce faisant on peut dériver cette famille en
A =0 et comme 0 < =2 6n obtient que <I>'0 > 0. Cette méthode donne des inégalités que I'on
peut qualifier d’extrémales.

Dans notre cas on obtient :
e =Cllfllall — [ | [ £@le = sl gtz
RN JRN

Il reste alors a estimer la constante, et c’est 1a le point le plus dur. Il existe deux méthodes, une
de Carlen et Loss, et I’autre de Beckner. Je n’ai pas refait toutes les étapes de ces démonstrations

point par point, c’est pourquoi je me contente d’en expliquer seulement 1'idée ici.
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Nous avons besoin de I'inégalité sur I’espace entier, alors que dans les démonstrations sont énon-
cées sur une boule. Cependant, il est précisé que via la projection stéréographique, on passe

facilement d’une boule a ’espace.

B.5.d Carlen et Loss

La démonsration est basée sur les fonctions qui rendent optimales les inégalités normales [26].
Ces fonctions sont obtenues par une méthode de compétition symétrique. La méthode de base est
d’utiliser 'invariance par transformation conforme de I'inégalité et de réaranger alors la masse
des fonctions avec des réarangements symétriques. Ces transformations (réalisables uniquement

pour p = r) permettent d’optimiser 'inégalité.

B.5.e Beckner

La méthode de Beckner est basée sur une décomposition du noyau en série de fonctions sphériques

harmoniques, ce qui permet de calculer ensuite [2].
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