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Résumé :

La thése porte sur I'étude d'équations aux

quantification stochastique de théories des

dérivées partielles stochastiques (EDPS) singulieres, en
connexion avec des questions de physique mathématique
et de théorie constructive des champs.

La premiére partie de la thése est une introduction a la
théorie constructive des champs, a la quantification
stochastique, et a la résolution d'EDPS singulieres,
thématiques dans lesquelles s'insere le reste du
manuscrit.

Dans la deuxieme partie de la these, basée sur un article
rédigé en collaboration avec Ajay Chandra, est étudiée la

champs euclidiennes non-locales intitulées
théories tensorielles des champs, analogues
non-locales des mesures $Phir4 2$ et
$Phir4_3$.

La derniere partie de la thése porte sur la
construction de la mesure $Phi*4$ sur les
variétés fermées tri-dimensionnelles. Cette
étude publiée en deux travaux a été réalisée en
collaboration avec Ismaél Bailleul, Viet Dang et
Tat Dat To.
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Abstract: The subject of the thesis is the study of
singular stochastic partial differential equations
(SPDEs), in connection with questions of
mathematical physics and constructive field theory.

The first part of the thesis is an introduction to
constructive field theory, stochastic quantisation,
and the resolution of singular SPDEs, topics in which
the rest of the manuscript fits.

The second part of the thesis, based on a paper writ-

ten in collaboration with Ajay Chandra, is about the
stochastic quantisation of non-local Euclidean field
theories analogous to $Phi*4_2$ and $Phi*4_3$,
called tensor field theories.

The last part of the thesis deals with the construction
of the $Phi*4$ measure on three-dimensional closed
manifolds. This study, publishedin two works, was
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Introduction

The common thread connecting all my research is the mathematical study of analytically singular
problems. Analytic singularity is the question of making sense of nonlinear operations on distributions,
and in particular of the product of two distributions. The space D'(R?) of all distributions on R is
the topological dual of D(R?), the space of all smooth and compactly supported functions, or test
functions. A distribution A is therefore a continuous linear form mapping a function f € D(R?)
to a real number (A, f), and any bounded function g : R? — R can be promoted to a distribution
f= f f(x)g(x)dx. Distributions are of interest since many divergent sequences of bounded functions
converge as distributions, which is why they can be thought of as generalised functions. Think for instance

of
(@) & —1/eon[—¢/2,¢/2],
° 0 outside ,

which converges as distributions to the Dirac distribution 9, the distribution assigning to any test function
f its value at 0. As such, distributions share multiple nice features with test functions, D’'(R%) being
a nuclear Fréchet space right as D(R?), and distributions can be derived, setting (9A, f) = —(A,df),
and multiplied by any smooth function g, setting (gA, f) = (A, fg). Yet, contrary to bounded or test
functions, distributions are not an algebra. To see this, just look at the sequence (x?).~o which fails to
converge, ruling out the possibility to define §2. Even bounded functions (that are of course an algebra)
viewed as distributions can not be multiplied: indeed, letting

o) & { 1 on (0,0) ,
0 on (—o0,0],

in spite of the fact that as bounded functions one has 8™ = 6, if this relation were to hold as distributions,
by differentiating it, one would also have for n > 1 n" 10’ = nf5 = ¢, where we used #’ = §, which
is a contradiction since the 1.h.s. is linear in n while the r.h.s. is independent of nﬂ

The question of how to multiply distributions therefore seems at best hopeless, at worst ill-posed.
Yet a more rigorous analysis reveals that in some favourable cases, this operation remains possible. For
instance, when the two distributions have disjoint singular support, or even more precisely micro-support.
The micro-support denotes the fact that a distribution, at a point where it is singular, might only be
singular in certain directions in Fourier space, think for instance of §(x — y), which not only is just
singular on the diagonal, but also is singular only in directions normal to the diagonal, and can therefore
be multiplied with distributions whose singularities reaches the diagonal tangently. Distributions can
also be multiplied with some functions that are rougher than smooth, see Young’s products introduced in
Lemmal[l.14l

If nonlinear operations involving distributions sound like an abstract analytic question, analytically
singular problems arise in various domains of mathematics and mathematical physics.

A first example comes from Partial Differential Equation (PDE) analysis, since the study of any PDE
of the form

Lu(t, ) = F(u(t,z)) + f(t, ),
u(0, x) = ¢(x),

where L is a linear operator (say the L.h.s. of a dissipative of dispersive equation) and F is a (typically
polynomial) nonlinearity, in the case where the forcing f or the initial condition ¢ are so rough that the

'This counterexample is drawn from [BDH14].
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solution u can not be expected to be bounded, yields one to try to make sense of F'(u(t, z)) in spite of the
fact that u is merely distributional. Such equations are called singular PDE's.

A second example comes from probabilities and stochastic analysis, when trying to define polynomials
in a Gaussian process which is almost surely not function valued, such as a white-noise in d = 1 or a free
field in d > 2. A paradigmatic example being the fact that, denoting by B a Brownian motion, fst B.dB,,
despite involving a product of a distribution B with a non-smooth function B, when approximated by
means of Riemann series, converges as a random variable. Similar constructions can be performed for
some other polynomials of a Gaussian free field ¢, like its square, in which case it can be necessary to
remove the expectation which would be divergent, rather looking at

: % = ¢* — E[¢”] (0.1)

Note that the above equation is informal, since the L.h.s. is in fact defined after an approximation
procedure, and is truly a limit in probability of a sequence of random variables. Such a construction is
called a singular random field.

A last example comes from mathematical physics, and the rigorous definition of Quantum Field
Theories (QFTs). A promising path towards the non-perturbative construction of QFTs indeed consists in
trying to construct a measure in the Euclidean space, and to analytically continue its moments in order to
define the correlators in Lorentzian signature. Such measures corresponding to QFTs of interest generally
take the form of perturbed Gaussian integrals

v(dg) o e 5" D pdg)

where p is a Gaussian supported on distributions but not on bounded functions, and the interaction
Euclidean action S™(¢) involves performing nonlinear operations on the distribution ¢. Such a formally
ill-defined probability measure is called a singular measure.

It turns out that these three examples, in addition to presenting a similar difficulty, are also deeply
connected. Indeed, singular measures can be invariant under some suitably chosen singular PDEs, and the
solution to some singular singular PDEs can be formally expanded into some possibly singular random
fields that are some arbitrarily large polynomials in a Gaussian (the Picard iterates of the initial condition
and/or random driving term of the PDE).

Moreover, in all of the three settings, according to the roughness of the Gaussian/noise, it may become
necessary, it order to handle the singularity —that is to say to define the nonlinear operation on some
distribution—, to perform a renormalisation procedure generalising the idea of removing the expectation
in (0.I). Finally, in all the three settings, such a procedure becomes more and more difficult with the
dimension, and there exists a threshold dimension such that it even stops being possible. For instance, the
renormalisation made in (0.) is possible in one dimension (where there is no singularity) and in two and
three dimensions, but not in four dimensions and beyond.

Summary of the thesis

My work fully fits into this context, which is why the content of the present manuscript thus lies at the
interface between PDE analysis, stochastic analysis, and constructive QFT. Moreover, the purpose of this
manuscript is both to introduce and motivate these topics and their relations, and to present the problems
that I have studied as a PhD candidate.

Chapter [T]is an introduction to several problems in constructive QFT, with an emphasis on the interest
of stochastic analytic and PDE methods to tackle them. There I introduce three different stochastic
quantisations, and in particular the Langevin dynamic. This leads me to briefly describe some of the
main ideas of the three main approaches to solving singular parabolic SPDEs, that is to say regularity
structure, paracontrolled calculus, and the Renormalisation Group (RG) flow approach. The construction
of a nonlocal Euclidean QFT measure dubbed tensor field theory by stochastic quantisation is performed
in Chapter 2} The nonlocality of the interaction makes regularity structures and paracontrolled calculus
inefficient, which is why a new ansatz based on some reinjections is introduced. Chapter [3]is devoted
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to the study of the construction of the CI>§ measure on compact closed manifolds using paracontrolled
calculus. The estimates on the enhancement of the noise are performed thanks to a new inductive approach
inspired by Epstein-Glaser renormalisation. Together these two chapters constitute the main body of the
thesis, and are the two problems in constructive stochastic quantisation to which the title refers.

Contribution of the author

This manuscript is based on some of the works in which I have taken part during the 3 years of my PhD:

[CE24a] A. CHANDRA and L. FERDINAND. A flow approach to the generalized KPZ equation. arXiv
e-prints (2024). https://arxiv.org/abs/2402.03101

[BDET23] I. BAILLEUL, N. V. DANG, L. FERDINAND, G. LECLERC and J. LIN. Spectrally cut-off
GFF, regularized ®* measure, and reflection positivity. arXiv e-prints (2023). https://arxiv.org/
abs/2312.15511

[BDFT23]] I. BAILLEUL, N. V. DANG, L. FERDINAND and T.D. TO. Global harmonic analysis for (I>§
on closed Riemannian manifolds. arXiv e-prints (2023). https://arxiv.org/abs/2306.07757

[CE24bl] A. CHANDRA and L. FERDINAND. A Stochastic Analysis Approach to Tensor Field Theories.
arXiv e-prints (2023). https://arxiv.org/abs/2306.05305

[BDFT24] 1. BAILLEUL, N. V. DANG, L. FERDINAND and T.D. TO. @% measures on compact
Riemannian 3-manifolds. arXiv e-prints (2023). https://arxiv.org/abs/2304.10185

[EGPSVT23] L. FERDINAND, R. GURAU, C.I. PEREZ-SANCHEZ and F. VIGNES-TOURNERET.
Borel summability of the 1/N expansion in quartic O(N)-vector models. Annales Henri Poincaré (2023).
https://link.springer.com/article/10.1007/s00023-023-01350-w

The article [FGPSVT23]| is about a rigorous study of the vectorial 1/ limit in the non-singular case
(say in d = 1). The work [CE24b] is reported in Chapter[2] Chapter [3]is based on the work [BDFT24]],
which in turn utilises some results proven in [BDET23]]. Since these results are some harmonic analytic
technical lemmas —the extension of some paraproduct and kernel estimates to the manifold setting—,
we have chosen to separate them from the main body of the proof not to obscure it, and for the same
reason I have decided not to report them in the present manuscript. [BDE"23] is a short pedagogical
note about the fact that Fourier cut-offs are not compatible with proving reflection positivity. Finally,
in the work [CE24al], the flow approach to singular PDEs is extended to the case of a non-polynomial
interaction, using a new basis for the RG flow based on multiindices indexing the coefficients of a Butcher
series.
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https://arxiv.org/abs/2306.07757
https://arxiv.org/abs/2306.05305
https://arxiv.org/abs/2304.10185
https://link.springer.com/article/10.1007/s00023-023-01350-w
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Résumé détaillé en francais

Une théorie quantique des champs scalaire sur ’espace de Minkowski R!® consiste en un espace de
Hilbert H = L*(S'(R?), v) équipé d’une algebre d’opérateurs (U(f)) fes®?) indicée par S(R?). H doit
également étre doté d’une représentation unitaire du groupe de Poincaré, et d’un élément particulier
intitulé le vide, qui doit étre stabilisé par I’action du groupe de Poincaré. La capacité prédictive de la
théorie quantique des champs provient de ce que cette construction peut formellement &tre utilisée afin
de calculer des amplitudes de probabilité de désintégration de particules, quantités qui peuvent in fine
étre mesurées expérimentalement, notamment dans les accélérateurs de particules. Les amplitudes de
probabilités sont tout d’abord exprimées en fonction des éléments de matrice de produits d’opérateurs
de la forme W(f) entre deux bases correspondant a un passé et un futur lointains ou les particules
n’interagissent hypothétiquement pas. 1l se trouve qu’en dehors de cas exactement solvables, de telles
expression ne peuvent généralement pas étre calculés, ni méme définies mathématiquement. Parmi les
cas exactement solvables d’intérét, citons notamment celui de particules libres, ¢’est-a-dire ne subissant
absolument aucune désintégration, et n’ayant donc pas d’interactions. La tentative la plus aboutie de
donner corps aux éléments de matrice d’intérét en vue de calculer des probabilités de désintégration est
celle qui consiste a les réexprimer a 1’aide d’une autre algebre d’opérateurs, celle-ci correspondant a des
particules libres, et pour laquelle certaines quantités peuvent étre calculées. Il se trouve que 1’on est alors
conduit a évaluer des expressions prenant formellement la forme d’intégrales oscillantes de dimension

infinie,

T seserag

Wz, 2n) = —=F : 0.2)
/ €lSCI[¢]/hd(b

ot S est I’action de la théorie classique qui doit étre obtenue dans le régime 7 | 0, et d¢ est une mesure
de Lebesgue formelle sur un hypothétique espace de fonctions sur R'3.

Si autant calculer que donner une définition mathématique a des expressions de la forme (0.2)) reste
absolument hors de porté des connaissances actuelles, il existe deux manieres d’employer cette expression,
toutes deux reposant sur I’idée suivante : les quantités W, ol fonctions de Wightman, peuvent étre

obtenues comme valeurs au bord des quantités

SV o = [ T otee o)

S'RY) ;5

quand les premieres composantes de z1, - - - , x,, tendent vers des valeurs imaginaires pures. Ici, u est

une mesure Gaussienne sur S’(R*) de covariance C, et SE™[¢] + %((JS, C~1¢) est la quantité obtenue
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par continuation analytique de S° /A, ot il est entendu que SE™ est non-quadratique et en général
C~! = m? — A. Une telle approche consistant a travailler dans 1’euclidien et & prendre ensuite un temps
imaginaire pur est connue sous le nom de rotation de Wick, et elle était déja pratiquée avant la naissance
de la théorie quantique des champs, afin d’extrapoler les propriétés du propagateur des ondes de celles
de la fonction de Green du Laplacien. Elle a le grand avantage que la mesure de Lebesgue perturbée
par une phase est remplacée par une théorie quantique des champs euclidienne, c’est-a-dire une mesure
Gaussienne perturbée par une quantité a priori bornée, du moins dans le cas ol I’interaction est par
exemple un polyndme de degré pair. Pour en revenir aux deux manieres d’employer cette expression, la

premiere est le développement perturbatif, qui consiste a écrire

—1)k . n
SV, = 30 - [ GGl | EEaTCe
=1

permutant formellement la série exponentielle et I’intégrale Gaussiennne. Il se trouve que quand la
croissance de S®" est plus de quadratique, cette permutation est illicite. Cependant, le développement
perturbatif permet de calculer des nombres, et de donner des approximations des différents parametres
du systeme standard de la physique des particules. La seconde maniere d’employer cette expression est
de tacher de vérifier qu’elle soit bien définie, afin d’en conclure I’existence de la théorie quantique des
champs sous-jacente. Il se trouve qu’en regle générale, construire une mesure Gaussienne perturbée n’est
a priori pas évident. En effet, pour C~! = m?— A, pu n’est pas supportée sur des fonctions lisses, mais sur
des distributions, ce qui rend la définition de S®™[¢] problématique : il s’agit 12 du probléme ultraviolet.
D’autre part, si ¢ est tirée au hasard selon p, elle n’a pas de décroissance a I’infini, ce qui ajoute encore a
la difficulté a définir ST ™[] : il s’agit 1a du probléme infrarouge. Enfin, si le développement perturbatif

n

permet d’obtenir une expression pour SEint apres application d’une régularisation ultraviolette a 1’échelle

int < .
"™ obtenue 2 la suite de

€ qui permette de formellement résoudre le probleme ultraviolet, I’action nue SE
cette procédure intitulée renormalisation perd toute propriété de positivité — et ce car elle est obtenue
par ajout de quantités divergeant avec €, appelées contre-termes: il s’agit enfin la du probléme de grand
champ.

Une approche a la définition des mesures Gaussiennes perturbées a récemment connu une grande
activité : il s’agit d’'un ensemble de méthodes utilisant les techniques du calcul stochastique, et connues
sous le nom de quantification stochastique. La principale quantification stochastique est la dynamique de

Langevin, qui consiste a construire la théorie quantique des champs euclidienne comme mesure invariante

pour la dynamique
Ou = —VeSBMu] + €,

ol £ est un bruit blanc d’espace-temps. Les travaux présentés dans le présent manuscrit s’inscrivent

pleinement dans ce contexte, puisque le premier chapitre[I] consiste en une présentation des difficultés
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inhérentes a la définition non-perturbative des théories quantiques des champs, et en une introduction a la
quantification stochastique. Dans le deuxieéme chapitre 2] je présente des résultats d’un travail commun
avec Ajay Chandra [[CE24b], ou est construite une théorie quantique des champs non locale de type
tensoriel. Quant au troisiéme chapitre 3] j’y rapporte les principaux arguments d’un travail réalisé en
commun avec Ismael Bailleul, Tat Dat T0, et Viet Dang, et publié¢ en deux parties [[BDFT24} IBDFT23]],
portant sur la construction de la mesure <I>§ sur les variétés.

Le deuxieme chapitre du présent manuscrit porte donc sur la quantification stochastique d’une théorie
quantique des champs non locale, de type tensoriel, dénommée Théorie tensorielle des champs quartique
melonique, ol Té en dimension d. Les théories tensorielles des champs sont des théories scalaires dont le
comptage de puissance perturbatif est lié a la limite & grand N des modeles de tenseurs aléatoires. Cela
tient au fait que les mesures Tg sont des mesures gaussiennes perturbées par une interaction qui, dans
I’espace de Fourier, correspond a évaluer un invariant de trace tensoriel de la transformée de Fourier du
champ F(¢d)(my, - ,mq) = ngl .my qui peut étre vue comme un tenseur de rang d, et de dimension
infinie. Tandis que pour les matrices aléatoires, ce sont les graphes planaires qui sont sélectionnés dans la
limite a grand NV, ce sont des graphes dits melonigues (une classe de graphes en bijection avec des arbres)
qui subsistent pour les tenseurs : ce sont donc les seuls graphes divergents pour les théories tensorielles
des champs. De plus, la non localité du graphe tadpole fait qu’en dimension 5, dimension ot la théorie est
critique, la renormalisation de fonction d’onde de ce graphe 1’emporte sur la renormalisation de constante
de couplage, ce qui fait que la théorie est asymptotiquement libre dans I’ultraviolet.

En dimension 4, la théorie T* présente des divergences ultraviolettes analogues a celles de ®3. Des
solutions locales a la dynamique de Langevin pour T} sont d’abord construites, a ’aide d’opérateurs
aléatoires permettant de prendre en compte la non localité de la non linéarité, et d’un ansatz en deux
composantes : d’une part, de nombreux champs aléatoires au-dela du seul bruit blanc sont éliminés
a I’aide de répétitions de la méthode de Da Prato et Debussche, d’autre part, un nouvel ansatz propre
a ce modele est développé pour tenir compte de la divergence d’un opérateur aléatoire. Ce nouvel
ansatz se base sur le fait qu’en réinjectant I’équation dans elle-mé€me, I’on crée un opérateur aléatoire
ayant de meilleures propriétés, et permettant de résoudre 1’équation. Notons que cette méthode ne
fonctionnerait bien siir pas dans le cas local, mais qu’en méme temps, les structures de régularité et le
calcul para-contrdlé ne s’appliquent pas dans ce contexte non local. La mesure T} est ensuite construite
grice i des estimées d’énergie L? sur la solution de la dynamique de Langevin, et également grice a la
méthode variationnelle introduite par Barashkov et Gubinelli [BG20]. Notons que dans les deux cas, il
est nécessaire de tirer avantage de la coercivité de I’interaction afin de contrdler le probleme de grand
champ. Il se trouve que 'interaction quartique melonique est bien positive et que, bien que plus petite
que la norme L*, elle permet tout de méme de contrdler les termes croisés. Cependant, comme cette
interaction est plus petite que la norme L2, les meilleures estimées d’énergies qui soient accessibles sont
des estimées L2, qui ne permettent pas de redémarrer la dynamique de Langevin, ni de prouver que cette

équation admet des solutions globales. Pour conclure, tous les champs et opérateurs aléatoires nécessaires
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a la construction de solutions locales a la dynamique de Langevin de T}, ainsi qu’a la construction de
la mesure, sont construits a I’aide de 1’analyse multi-échelle. Il s’agit d’une construction relativement
insensible a la taille des objets, mais qui tire parti de la structure melonique des divergences.

Le troisieme et dernier chapitre du présent manuscrit est consacré a la construction de la mesure
<I>§’L sur les variétés fermées. Cette construction est réalisée en utilisant la dynamique de Langevin, et
en démontrant que celle-ci admet des solutions globales, et définit un processus markovien vérifiant la
propriété de Feller. Les solutions locales sont d’abord construites grace a un ansatz multiplicatif, d’abord
introduit par Jagannath et Perkowski [JP23]. II est ensuite démontré que ces solutions sont globales grace

a une estimée d’énergie du type
VEV )| ran < CE),

ol é désigne I’ensemble des champs aléatoires nécessaires a la résolution de I’équation. Cette estimée,
souvent nommée coming down from infinity, a en effet la particularité d’étre uniforme en la condition
initiale, ce qui est déterminant pour montrer le caractere Feller du processus de Markov. Elle est obtenue
a I’aide d’estimées d’énergie, suivant la méthode introduite par Mourrat et Weber [MW 14] dans le cas
d’un ansatz para-contrdlé.

La nouveauté de ce chapitre consiste en une construction de I’ensemble des champs aléatoires sur
les variétés. La renormalisation et le controle des covariances des champs aléatoires sont inspirés des
travaux d’Epstein et Glaser sur la renormalisation, ainsi que des travaux de Brunetti et Fredenhagen. La
premiere étape est de définir des espaces fonctionnels capturant a la fois les propriétés microlocales des
noyaux, et leur homogénéité sous dilatation de diagonales. Sont donc définis des espaces Sp(X 2) de
noyaux K(x,y), z,y € X, dont le front d’onde soit supporté dans I', et qui soient faiblement homogenes

de degré a sous dilatation d’une sous variété Y C X2, telle que N*(Y) C I. En pratique, I’on a

K € Sieeqargop(R X M) =10 5 K ((x,0),(y, )| S (o =yl + /]t = )",

et le noyau de la chaleur, la covariance du champ libre dynamique, ainsi que le noyau [®](x, y, ) du
terme résonnant appartiennent a des espaces Sf. Est ensuite démontré un théoréeme d’extension de
distributions, affirmant qu’une suite A. de distributions sur X convergent vers A € S*(X \ Y)) peut étre

étendue a une suite convergente de distributions sur la totalité de X, pourvu que I’on ait
a > —codim(Y C X).

Notons qu’un résultat similaire existe si codim(Y C X) > a > —codim(Y C X) — 1, cette fois modulo
soustraction d’une suite locale de distributions supportées sur Y. Grace a ce résultat, les amplitudes
apparaissant lorsque sont évaluées les covariances des objets stochastiques peuvent étre construites

de maniere inductive. Les sous-amplitudes divergentes sont prises en charge grace a la possibilité
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de soustraire une suite locale, correspondant au contre-terme. Enfin, un élément important de cette
construction consiste en la gestion des sous-amplitudes convergentes, qui pourraient causer des pertes
de régularité pour les champs aléatoires. Cette gestion s’appuie sur une analyse fine des propriétés
micro-locales du noyau [®(z, y, z)] du terme raisonnant. Ces propriétés correspondent au fait que pour
fec®*WMyetg e D'(M), f©ge C®(M), etimpliquent que les sous-amplitudes convergentes ne
sont pas responsables de pertes de régularité. Il s’agit d’un phénomene analogue a la renormalisation

positive dans le cas des structures de régularité.
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Chapter 1

Constructive Quantum Field Theory and Stochastic
Quantisation

The general mathematical context of the work which is presented in this manuscript is the study of
singular stochastic partial differential equations, and the construction of singular Gibbs measures, an area
which lies on the boundary between probabilities and stochastic analysis, and the analysis of PDEs. The
aim of the present chapter is to introduce several aspects of this field, motivating them by the question
of how to define a Quantum Field Theory (QFT). The quest for a non-perturbative definition of QFT
dates back from the pioneering works of Nelson [Nel66] in d = 2, and Glimm and Jaffe |GJ73] in d = 3
based on some discrete renormalisation group techniques or phase space expansions. It was shortly
after that Parisi and Wu [PWS&1] raised the idea that the construction of QFTs could be achieved by
solving a formal singular stochastic partial differential equation, a relationship that was dubbed stochastic
quantisation. If for twenty years, solving such equations has remained out of the scope of the available
tools, the recent advances by Da Prato and Debussche [[DPDO03] followed by the groundbreaking work by
Hairer [[Ha114l] paved the way for a general solution theory for these equations, and for some important
progress in the study of singular Gibbs measures. This introduction is organised as follows: in the first
section, we introduce the main problems in constructive QFT, before in the second section we discuss
several stochastic quantisations, that is to say several ways in which some stochastic analytic tools can be
leveraged in order to solve some of these problems. The last section is an introductory overview of some
solutions theories to singular SPDEs, presenting some of the main ideas and techniques of this field.

1.1 The Euclidean approach to Quantum Field Theory

In this section, we aim to motivate the so-called “Wick rotation”, which states that the starting point for a
rigorous and non-perturbative study of Quantum Field Theory on Lorentzian space-time is a probability
measure on a Riemannian manifold. To do so, we start by briefly reviewing what is meant by a QFT,
before introducing the difficulties that arise when trying to define it beyond perturbation theory. The
connection between QFT and stochastic analysis will be formulated thanks to a heuristic based on the
Feynman-Kac formula. We conclude by presenting the renormalisation group flow technique, showing
that it is well-suited to a non-perturbative study of the Euclidean ®* measure in d = 2, and by shortly
discussing the Osterwalder-Schrader axioms allowing to recover the QFT from the measure.

1.1.1 From Lorentzian to Euclidean Quantum Field Theory
1.1.1.1 What is a Quantum Field Theory?

A QFT is primarily the description of a quantum mechanical system with an infinite number of degrees
of freedom, indexed by space positions on R3.

Recall that in the case of a finite number of degrees of freedom say p (a paradigmatic example
being the p components of the space position of some particle), quantum mechanics is formalised as
the datum of some Hilbert space of the form L?(RP), endowed with an algebra of Hermitian operators
known as observables whose commutation relations reflect the symplectic structure of classical variables.
This Hilbert space is furthermore equipped with a distinguished vector called the vacuum, and with a
unitary representation (e**1),cg of time translations that stabilises the vacuum, and whose generator H is
called the Hamiltonian (here we make the assumption that the underlying classical theory is invariant by
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time translations). However, in general, one does not view the time translations as acting on vectors in
the Hilbert space, but rather on observables, promoting any observable A to a time-indexed family of
operators defined as

A(t) d;f e’LtHAefltH,

and known as the Heisenberg representation of A.

This picture of quantum mechanics generalises to some extent to the infinite dimensional case of
QFT, but in this latter situation, the Hilbert space has to be much bigger, more precisely of the form
H = L%(S'(R?)). This Hilbert space still comes with a vacuum state, along with an algebra of observables,
but the algebra now turns out to be indexed by S(R?), and hence infinite dimensional. Denoting by
U = (U(f)) FESRP) such observables, we will use the informal notation W(zx) to denote the operator-
valued distribution still requiring a pairing with some smooth function. Moreover, rather than solely
representing time translations, one aims to implement at the quantum level the invariance under the
full group of isometries of Minkowski space R'*3, so that the Hilbert space must be equipped with a
unitary representation of the whole Poincaré group. In the same spirit, one often views the Heisenberg
representation of an observable U as a family of operators indexed by space-times Schwartz functions,
sometimes called a quantum field. Thus, again, given the Hamiltonian H, we define the Heisenberg
representation of U by

def

U(t,z) £ T P(r)e 1

1.1.1.2 S-matrix and time-ordered vacuum expectation values

In scattering experiments, particle physicists have access to the decay of some in-going particles into
some other out-going particles, and the predictive power of QFT lies in its capacity to give an approximate
value for the probabilities of such events. A first example of QFT is therefore that in which one in-going
particle propagates forever with probability one, without ever decaying, called free theory. Though
idealised, the case of a free theory is of practical importance, since it allows for exact computations. It
even turns out to be one of the few cases in which exact computations are possible, which is why it is
also viewed as a basis to construct richer QFTs. Indeed, a general assumption often made in scattering
theory is that in the far past and future, particles propagate freely, so that there exist Hilbert spaces Hiy,
Hout isomorphic to H and corresponding to free theories that can be used to compute the probabilities of
decays. Indeed, all these probabilities are gathered in the unitary matrix S called S-matrix mapping a
basis of H;, on a basis of Hoy. It turns out that S = limyy, S(t) where S(t) solves

dS(t) = — H™(U)(t)S(t)dt , t&m St) =0.

Here, H'™ the interaction Hamiltonian stands for the part of the Hamiltonian which is not quadratic in U,
and we now have to specify the dependence of the Hamiltonian H on the family of observable W. The
particular case of a free theory corresponds to S = Id, and one has H™" = 0.

The celebrated LHZ formula states that the knowledge for all n > 1 and (21, ..., 2,) € RY3 of the
time-ordered vacuum expectation values

<Qout7 T(\I/(Zl), ety \I/(Zn))Qin> )

is sufficient to recover the coefficients of the S-matrix. Here, T' denotes time-ordering and i, Qo
denote the two vacuum states of Hj,, Hou. More precisely, when working with the interacting field
U, one always computes the expectation values between two a priori different and free vacuums: the
incoming and outgoing ones. This corresponds to the aforementioned assumption that the propagation is
free in the far past and future. Note that the idea of the LHZ formula stems from the fact that informally
S can be written as

S =T(" st Hi“‘(\If)(t)dt) .
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Moreover, the Gell-Mann-Low formula expresses these vacuum expectation values in terms of another
set of observables ® corresponding to a free theory with vacuum €2 (in general, just take 2 = (2;,):

<Q7 T((I)(Zl)7 ey (I)(Zn)el levS ﬁim(qh(z))dz)9>
<Qa T(el Jr1s Lim(‘b(z))dz)g>

(Qout, T(V(21), - - -, U(zn)) Qin) =

)

where £"(®(2)) is the interaction Lagrangian density, that is to say the non-quadratic in ® part of the
Lagrangian density, which we suppose to be local in ®, and we note that it holds le,g L(D(z))dz =
— ffooo H™(W)(t)dt.

At this point, some additional notation is required. We denote by ) = (Q)tecr o (e~"H )tcr the
unitary group generated by the total Hamiltonian H = H® + H'™, and define accordingly Q°, Q™ as the
unitary groups generated by H°, H'™ (pay attention to the fact that with our notation we rather define Q
as a semigroup evaluated at an imaginary time). For simplicity, we assume ¢,, > 5, - -+ > t2 > t; and
enforce it in the sequel. Though computing (Q, T'(F(®)) Q) for functionals F of the form

F(®) = H d(z;) et Jris LM(P(2)dz _ H B(z;) et Jri3 Hi"(®)(t)dt (1.1)
j€[n] j€ln]
= I @G Qo) = Qe t) IR, 1, 1) -+ Qilty -t PEDQL, — (oo
Jj€ln]

does not seem particularly straightforward, we can combine the invariance of the (free) vacuum |Q2) under
time translations generated by the free Hamiltonian H° (i.e. under the action of the unitary group Q)
with the fact that writing z = (¢, ) we have ®(2) = Q°,,®(2)QY, to reexpress (0, T(F(®)) Q) is terms
of the unitary group (). We obtain

<Q7 T(F((I))> Q> = <Q7 Qi?,I(l(t)Oftn)Q(ltn(I)(xn)QZ(tn_tn—l) e Qz(tZ_tl)Q(xl)Q’?tl }LI(lglf(*OO)) Q>
= (Q, Quoo—t ) P@r)Quitn—tn_1) - - - Quita—t1)P(@1)Quit) —(—o0)) 2) (1.2)

where for j € [n] we write z; = (t;,x;) and we used the invariance of ) under Q" to sandwich the
whole expression with QY.

Finally, we conclude this section by making a choice of free Lagrangian/Hamiltonian again dictated
by locality, fixing

def

; 1
LUD(2), 0,8(2)) = L(P(2), 0,D(2)) — L™(D(2)) = —§<I>(Z)(D +1)2(2),
where 0 £ 9?2 — A. Introducing the conjugate variable w(z) £ 9,®(2) and writing w(x) ] w(0, ) for
the Schrodinger representation of zo, the Hamiltonian is given by

H:H0+Hint:/

. (%w(x)z’ + %@@;)(1 — N)d(z) — £““(<I>(x))) dz.

Moreover, in order to represent at the level of the algebra of observables the classical anti-commutation
relationships between w and ®, as in quantum mechanics, we have w(z) = —10(;). Overall, we have
thus expressed the unitary-group () generated by H as

Qu = exp ( —ut / ( - lafb(x) +La@a - ape) - ﬁim(cb(x))) dx) : (1.3)
RS 2 2

What have we learnt? That formally, much of the information about a QFT is contained in the action
of the unitary-group of time-translations (),;. While a priori not much more can be said about this unitary-
group, thinking of the fact that unitary-groups can sometimes be defined as boundary-values of analytic
semigroups gives hope. In the next section, we introduce the Feynman-Kac formula, which states that
Markov semigroups can be represented as an infinite-dimensional integral, the expectation over a Markov
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stochastic process. Heuristically, extending this principle to the above unitary-group was Feynman’s first
step towards a means to approximate the scattering probabilities through perturbative computations. On
the other hand, taking literally the Feynman-Kac formula, and thus going from a heuristic unitary group
to a hopefully well-defined semigroup was the first step towards a rigorous interpretation of QFT, known
as Euclidean Quantum Field Theory (EQFT).

1.1.1.3 The Feynman-Kac formula

In the late 40s, Feynman and Kac discovered that they were respectively trying to relate some unitary and
semigroups to some functional integrals. The rigorous result that they finally established is a relation
between Markov semigroups and Markov stochastic processes that we describe hereafter.

Definition 1.1 A Markov semigroup on a Hilbert space H is a family P = (FP;);>0 of maps B(H) —
B(H) satisfying:

1) the semigroup property P43 = P, P, for s,¢ > 0 and Py = Id;

ii) for all £ > 0 and x € H there exists a probability measure on H 7 (x,dy) such that for all
F e B(H),

P F(x) = / Fy)m(x,dy);
H

iii) the map = — m(x, A) is measurable for every Borel set A and ¢ > 0.
A Markov semigroup can therefore act both on bounded measurable functions on H and on Borel
measures on H. For such a measure u, we denote the latter action as

Prudy) & /H ro(, dyu(da)

Definition 1.2 The domain of a Markov semigroup P on H is the set D(#) of those functions F' € C(H)
such that the limit

. PF—-F
lim ——
tl0 t

exists. For F' € D(H), we denote by LF this limit, the infinitesimal generator of the Markov semigroup.

Definition 1.3 A stochastic process (X;);>0 on a filtered probability space (€2, F,P) with filtration
(Fu)e=0 of F verifies the Markov property if for every t > s > 0 it holds

E[X;|Fs] = E[X¢|o(X)].
Such a stochastic process is called a Markov process.

Definition 1.4 A 7-valued Markov process is called a time-homogeneous Markov process with semigroup
Pifforevery A€ Fandt > s > 0 we have

P(X; A‘U(Xs)) = (X, A).

Definition 1.5 A probability measure p on H is invariant for the Markov semigroup P if forall ¢ > 0
and F' € B(H),

/ P F()pu(dz) = / Fayu(ds),
H H

that is to say P;u = p.
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Lemma 1.6 If a measure 1 is invariant for some Markov semigroup P with infinitesimal general L it

holds
L*p=0,
where L* denotes the dual action of L on measures.

In (T.3), the generator of the unitary group contains a (formal, functional) Laplacian. We have the
following lemma about Markov semigroup with generators of the form Laplacian perturbed by a transport
term.

Lemma 1.7 Suppose that the infinitesimal generator Lg of a Markov semigroup P on a finite dimensional
Hilbert space ‘H is of the form

1
Lo = pi(z,)0; + 507%'(% t)oyj(z,1)0;0; .
Then, the stochastic process X; solving
dX; = pu(Xy, t)dt + o( Xy, t)dWy (1.4)

with Wy a H-valued Wiener process is a time-homogeneous Markov process with semigroup P.

Theorem 1.8 (The Feynman-Kac formula) Ler V' : H — R be bounded from below, XT be the
solution to (I.4) on [0, t] with initial condition x € H, and denote by QQ = (Q1)i>0 the Markov semigroup
with generator Ly — V(). We have

Qi F(z) = B[F(XF)e~ Jo VXDds).

The Feynman-Kac formula therefore states that the action of some semigroup of a function F' can
be computed by evaluating F' at some random walk, and taking the expectation. Feynman’s idea was to
formally apply this statement in order to view the r.h.s. of (I.2)) as an expectation over a random process
indexed by space-times points, evaluated at imaginary times. With hopefully suggestive notation, this can
be summarised as

(QT(F@®) Q) =EL[] é(z)e e LMz
J€ln]

where we recall that F'(®) is of the form (]'1;1'[) Here, the expectation is taken over an Ornstein—Uhlenbeck
process ¢(t, ) which is a Gaussian measure with covariance given by C' = (O + 1)~!. Thus, we can
formally rewrite the expectation over this process as a Gaussian integral with covariance given by C,
which finally yields

(Q, T(F(®)) Q) = /F((b)el Jr1.3 CO(¢(Z)73H¢(Z))dZd¢ — / H P(zj)e" Jr13 E(é(Z))dngb. (1.5)

j€ln]

Such an expression is known as a path integral.

Remark 1.9 The path integral reformulation of QFT of course remains purely formal, since there is
no Lebesgue measure d¢ in infinite dimension, and due to the lack of a theory of oscillatory infinite
dimensional integrals to make sense of it. Nevertheless, it is extensively used in a perturbative way,
expanding the non-Gaussian part in series, permuting the series with the remaining imaginary Gaussian
integral, and performing the Gaussian integration. These computations, though they do not prove the
existence of the underlying QFT, are sufficient to draw out of it a great predictive power.

To conclude this first presentation of the Feynman-Kac formula, and of its relation with QFT, let us
mention that it will turn out later that the Feynman-Kac formula is such an important tool that it will also
be at the heart of the following sections about stochastic quantisation, since two of the three approaches
we will describe, the Langevin dynamic and the forward-backward equations will be obtained by a
Feynman-Kac type argument.
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1.1.2 The challenges of Euclidean Quantum Field Theory
1.1.2.1 The scalar Euclidean Quantum Field Theory

While properly defining (1.3]) seems hopeless, taking an imaginary time turns out to be a good starting
point. Indeed, the ill-defined oscillatory integral based on a formal Lebesgue measure is replaced by a
perturbed Gaussian measure or Euclidean QFT (EQFT) v formally defined as

(dg) o e~ Jra £5@ENz gy (1.6)

where p is Gaussian with covariance given by the analytic continuation of the original covariance C,
and £ is the Euclidean interaction Lagrangian, equally obtained by analytic continuation. In this
change of perspective, the fundamental object becomes the measure, and one shall now verify that it
is possible to reconstruct the time-ordered vacuum expectation values starting from the moments of v.
While we postpone this discussion to Section [[.1.4] let us already mention than the analytic continuation
of the moments yields the vacuum expectation values, or Wightman functions, and that a theorem by
Wightman ensures that the knowledge of these functions is sufficient to reconstruct the time-ordered
vacuum expectation values.

If having got rid of the infinite dimensional Lebesgue measure sounds promising, making sense
of v as defined in (T.6) still poses several problems. Some of them can be read by investigating some
properties of the Gaussian measure 4 with covariance (1 — A)~!, known as the (massive) Gaussian Free
Field (GFF), that are presented hereafter.

Lemma 1.10 Let ¢ denote a random field with law p given by the GFF on the torus. One has in any
dimension d

p(C5(T) =1, foralls < 1 — g, (1.7
w(C(T%) =0, forall s >1— g :
Moreover, for all e,k > 0 it holds
EL @l aj2-cpa) S P72 (1.8)
and
EL(2) @l o ia] S P72, (1.9

where ¢ denotes a GFF on the full space.

Remark 1.11 The first two estimates show that p is not supported on smooth functions, and that in
d > 2, it is not even supported on bounded functions. In particular, implies that in d > 2, ® is
almost surely merely a distribution, and there is no canonical way to define non-linear operations on it. In
particular, in d > 2, one has

/ LE($(2)dz = 0 as. ,
Td

as soon as the interaction is non-linear. This issue is called the UV problem. While it is harmless in d = 1,
i.e. in the context of quantum mechanics, it deteriorates with the dimension. This is the reason why, in
the sequel, we no longer keep the dimension d = 4, but rather let it vary.

Estimate (T.8]) is almost optimal, in the sense that ® is not a bounded random variable on its underlying
probability space. In particular, when integrating a quantity against the Gaussian measure y, one has to
take some care about the convergence of the integral when the value of ® becomes large. This large field
problem makes it, even in d = 1, impossible to construct a EQFT whose interaction is not integrable



THE EUCLIDEAN APPROACH TO QUANTUM FIELD THEORY 18

against a Gaussian. If bounded below interactions should a priori not pose any problem, we will see later
that the UV and large field problem conspire one against the other, and that treating the UV problem
forces one to work with some interactions that are not explicitly bounded below. The large field problem
is the reason why, in the sequel, we mostly focus on the quartic case LE(d(2) = d(2)*.

As for the estimate (T.9), it translates the fact that the GFF, even with a massive covariance, has no
decay at infinity. This implies that even if we could make sense of de LE($(2))dz, this integral would
probably become divergent if the volume of the torus were to be taken larger and larger. This fact is
known as the IR problem.

Remark 1.12 In order to obtain some approximations of the entries of the S-matrix, the QFTs and
thus the EQFT measures defined by (I.6)) in any dimension d are primarily studied via a perturbative
expansion, writing
gy £F (—9"
B [F(9)] = By et 7000 pg)) = B, [ 3 /R e /R I Peenazren.

n
n=0 1€[n]

and pretending that it is possible to commute the expectation and the integrals. When doing this, one
ends up commuting Gaussian expectations of polynomials using Wick’s rule. These are the computations
that we call perturbative amplitudes or Feynman graphs.

In this context, the UV and IR problems translate in the facts that the perturbative amplitudes are
divergent respectively at short and long distances, and the large field problem is related to the divergence
of the perturbative series itself.

1.1.2.2 Beyond scalar theories

In the previous discussion, we pretended for the sake of presentation that all the quantum fields one has
to deal with are scalar fields. However, scalar fields turn out to play a rather minor part in the standard
model of particle physics, which mostly relies on the quantisation of the Yang-Mills-Dirac theory.

Recall that in QFT, a quantum field is a family of operators, which do not commute. More precisely,
two fields evaluated at space-like separated points do commute, but this is not the case if they are
evaluated at two points that are causally dependent. This non-commutativity therefore translates causality,
and vanishes at the Euclidean level — where one can thus rely on bona fide commutative probabilities.
This is not the case of the non-commutativity of the Dirac quantum field, which is intrinsically non-
commutative and even in the Euclidean setting requires one to forego probability theory, and to work on
non-commutative C*-algebras, trying to extend some notions of probability to this setting.

Regarding the Yang-Mills quantum field, another difficulty appears. Recall that Euclidean Yang-Mills
theory is a model for a random connection on a (say trivial) principal bundle P over R* with structure
group any semi-simple finite dimensional Lie group GG with Lie algebra g. Even in the case of a trivial
principal bundle, one cannot simply think of it as R* x G, since one still has the freedom to rotate G
above each point of R*. In other words, the trivial bundle P is really equal to R* x G' modulo a choice
of global section. This freedom to choose a global section is called gauge freedom, and the Yang-Mills
action

Sym(A) = / (dAANdA)da
R

is invariant under the action of the gauge group G “ C*°(P, g) corresponding to changes of section, that
acts on connections has

A9 =g tAg— ¢ tdg.

The Yang-Mills EQFT can therefore a priori not yield a well-defined probability measure, since being
invariant under the action of an infinite dimensional group, it can not be normalised. A possible solution
would be to work on the quotient A/G, where A = Q!(P, g) is the affine space of all smooth connections,
but this space has no linear structure, and in general it is unclear whether it can be turned into a linear
space by gauge fixing.
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1.1.2.3 Renormalisation

In Section[I.T.2.1] we gave a first glimpse at the UV problem. In this section, we aim to illustrate the
philosophy behind a set of very different ideas, tools and techniques all designed to tackle this difficulty.

In the very same years in which Feynman obtained a way to compute the vacuum expectation values
with a path integral, and realised that many of the perturbative amplitude generated by the evaluation
of the path integral were divergent, Ito made a significant progress in stochastic analysis, known as Ito
integration.

Lemma 1.13 (Ito integration) Fix a probability space (2, F,P) equipped with a Brownian motion
(Bt)t>0. Then, for any interval [a,b] C Rsq, we have the convergence in LP(Q2) for every p > 1 (and
hence in probability)

n—1
(Bo—By)?* b—a
;(Btz - B(l)(BtH_l - Btl) HT—O)O 9 - 9 )

wherea =ty <t; <---<t,=>0b

Though the connection of Ito integration with the UV problem in EQFT may not be obvious at first, a
moment of reflection shows that Ito was actually struggling with the very same problem as Feynman:
defining a classically forbidden non-linear operation on a rough Gaussian random function/distribution.
By classically ill-defined, we more precisely mean that the operation falls outside the scope of Young’s
product and Young’s integration.

Lemma 1.14 The product of two smooth functions f,g : R® — R extends to a bilinear operator
C*RY) x CARY) — CBRY) if and only if « + B > 0. Moreover, the Riemann integral f; f(s)g'(s)ds
extends to a bilinear operator C*(R?%) x CP(R?) — R ifand only if .+ 5+ 1 > 0.

In our case, the Brownian motion being (% — €)-Holder continuous, the condition oo + 5+ 1 > 0 to
define [ BdB marginally fails. In spite of this failure, Ito was able to make sense in a probabilistic way
of an explicit polynomial non-linearity in a Gaussian process. Ito integration thus paves the way towards
constructing more complicated polynomial operations in the GFF.

Moreover, an important remark about the way Ito made sense of [ BdB is in order. As explained
above, he showed that a regularised version of [ BdB (typically with a finite number of degrees of
freedom, such as a Riemann sum) converges in LP({2) to a limit. The next natural question to ask is
whether this limit is universal, i.e. independent of the regularisation. The answer is ambivalent: different
regularisations can yield different limits, but all of the form

(Bb - Ba)2

5 —cb—a), forceR,

which means that [ BdB is really defined modulo an ambiguity, or equivalently that one still has some
freedom in defining it. Two important cases are of course ¢ = 0, in which case the integration which
is defined verifies the chain rule (it is called a Stratonovich integral, or geometric rough path lift of the
Brownian motion), and the former case ¢ = 1/2, in which case one obtains a martingale.

Something even more interesting happens when one tries to replace the first instance of B by a
fractional Brownian motion with Hurst parameter H € (i, %) constructed by convolution of B with a

H+ % regularising kernel K, that we denote C ¢ K % B. Indeed, denoting by B, C some mollified
versions of B, C,

b
/ C.(HAB(D)
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fails to converge in LP({2), but there exists a divergent sequence c. such that

b
/ BE1)dB(t) + c.(b — a)

does converge as € | 0 — see [FH14, Chapter 14]. In this case, one can therefore leverage the freedom
we have in the definition of the polynomial in B in order to make sense of it. This is done modulo a
regularisation and a renormalisation procedure, that is to say modulo the insertion of a divergent quantity
in the space of freedom which is available to define the polynomial. Note that again, the limiting object
is still defined up to the choice of a number, the finite part of the counterterm c.. Renormalisation of
singular SPDEs and QFTs is nothing more than a far-reaching generalisation of this idea.

Going back to the definition of de <;5(z)4dz when the law of ¢ is the GFF, we can convert the
knowledge we drew from Ito integration into the following result.

Lemma 1.15 Let ¢ be a random field with law the GFF, and define ¢. “ 0¢ * @ where g, is a sequence
of smooth mollifiers. In d = 2, then

Lo = ¢l — 6E[¢?167 + 3E[67)
converges in LP(Q2, C~"(T%)) for every k > 0 to some limit : ¢* : called the fourth Wick power of the

GFF. In particular, it can be tested against the constant function, which provides us with a definition of
the interaction.

Proof. The first step of the proof is a reduction to a covariance computation. Fix a small x > 0 and
p = 2/k even, and let 7. =: gbél :. By Sobolev embedding,

E[[A (@) lde = Y 270 /

h>—1 T

E P_ <FE p_ — 2/~chp/
[7ele-ad S Bl 0= 3

h>—1 T

E[| > e ™i(m)Pldz,

m~2h

where (Ah)@_l denotes Littlewood-Paley blocks and 7 is the Fourier transform of 7. The next step is
to leverage Gaussian hypercontractivity, which states that the moments of a polynomial of a Gaussian
can be controlled by the covariance of the polynomial (extending a result which is trivial for Gaussians).
Therefore, one has

El[| Y e =i m)lPl S Bl Y. e rm)P )P = (S e mrmIE G (my)ma)])P

m~2h mn~2h m1,ma~2h

By stationarity in law of the GFF with respect to space translations, and hence of 7., one has E[7¢(m1)
Te(m2)] = 0 unless m; + mo = 0. Thus, by Jensen’s inequality and Parseval’s theorem, it holds

E[| ]2 1S (Y 27" > Ellrtmyic(—m))”? = (Bl|7e -1

h>-—1 m~2h

It remains to evaluate the covariance of 7. This is done by noting that 7 is precisely the projection of ¢?
onto the fourth Gaussian chaos, so that one has

El7(2)7(y)] = (Ce(z, y))*,

where C denote the covariance of the regularised GFF. One can then conclude that the H ~* norm of 7,
is finite uniformly in ¢, since C. is in L* uniformly in €, the divergence being merely logarithmic. O

Remark 1.16 In d = 2, similar results hold for every powers of the free field. However, in d = 3, only
the second Wick power remains well defined, while no Wick power survives until dimension four.
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We have learnt from the two dimensional case that a good starting point to make sense of the interacting
measure v in the quadratic case is to consider a sequence of approximations

ve(dp) o< e” Jra (9¢e(2)4+ae(g)¢e(2’)2+be(g))dz'u(d¢) ,

where a.(g) and b.(g) are divergent polynomial in g, encoding a finite number of necessary subtraction to
be performed at the level of the Lagrangian in order to make all the perturbative amplitudes finite. In
the sequel, we therefore denote by L the bare interaction Lagrangian, and by V. e fR4 LE the bare
potential.

It turns out that indeed in d = 2, 3, a finite number of renormalisations are sufficient to obtain a
regularised measure whose perturbative contributions are finite. In this regime, one says that the theory is
super-renormalisable.

This is no longer the case above d = 4. However, something very special happens in four dimensions.
While the number of necessary subtraction is infinite, these subtractions only affect a finite number
of terms in the Lagrangian, more precisely the terms that were originally present, that is to say that
renormalisation is limited to vacuum, mass, coupling constant and wave function. In d = 4, the theory
is therefore said to be just-renormalisable. Starting from d = 5, not only the number of elementary
renormalisations is infinite, but also they would affect more and more terms in the Lagrangian that were
originally not present.

To conclude this section, let us point out that the statements of (super)renormalizability in low
dimension and (just)renormalizability in d = 4 are known as some BPHZ theorems. Their original proofs
rely on a careful analysis of the way the perturbative expansion reorganises when renormalisation is
performed.

1.1.3 Perturbative and constructive renormalisation group

In this section, we aim to give a bit of the flavour of some of the oldest ideas to make sense of EQFTs.
Recall that in the previous section, we showed that in low dimension a finite number of subtractions is
sufficient to solve the UV problem, and that in particular in d = 2 it is directly solved by Wick ordering.
If this procedure fixes the UV problem, the wick polynomials are no longer bounded below uniformly in
the cut-off, so that dealing with the large-field problem has now become a lot more difficult. Fortunately,
it was noticed by Nelson [Nel66l] that the probability of the event that the GFF takes a large value is
sufficiently small to be able to integrate the exponential of the Wick renormalised interaction against the
GFF.

Here, we choose to present a different argument based on the discrete renormalisation group, and
known a vertical expansion. We describe it because there are already very good references about Nelson’s
argument, and because it will allow us to draw the reader’s attention to several interesting facts about
EQFTs. Finally, it is also a nice occasion to introduce the renormalisation group (RG) ideas, which will
end up being very useful in the next section about stochastic quantisation.

1.1.3.1 The renormalisation group

The renormalisation group techniques all rely on the idea that a splitting of the covariance of some
Gaussian p always induces a splitting of p into two independent Gaussians. Separating the high and low
modes of y, and integrating over the high modes, one can therefore hope to obtain a quantity which is
defined uniformly in the cut-off. Explicitly, denoting for a parametrisation L € [0, 1] of Fourier scales by
C = C«<, + Cs 1, asplit of the covariance into high and low modes, one has the decomposition of ® as
® = Py, + P 1, and we denote by E< 1, E~ 1, the expectation operators associated with @<y, and @ 1.
For good functionals F'(®), there exists a scale L such that F'(®) only depends on .. In this case, one
has

E [F(®)e V1] = E¢[[F(®cp)Es e 1P tP>00]] (1.10)
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where Vi . the bare potential is typically of the form V; =V, = f (g®* + ac(9)®? + be(g)). Letting
V0,e(@<) E —logEs e V1Pt ®>0], (1.11)

be the effective potential, (I.10) implies that the knowledge of the effective potential at scales arbitrarily
close to one is sufficient to know the whole measure. On the other hand, one can hope that contrary
to Vi ¢, for L < 1 V[, . could be defined uniformly in . Indeed, representing Gaussian expectations as
differential operators implies that e~VZ.<(®) formally solves a functional heat equation, so that VL can
be thought of as a heat regularised version of V7 . in an infinite dimensional setting, and should therefore
be smooth as long as L < 1. From this functional heat equation, we finally deduce that the effective
potential solves the Polchinski equation

1 1
OLVie + §<8q>, o), Vie = 5<3<1>VL,€, doVLe)e, » (1.12)

where C T = 01.C<y,. The Polchinski equation was first derived by Polchinski in [Pol84]. To conclude
this short presentation of the renormalisation group, let us mention that choosing a well-suited basis for
the renormalisation group, the Polchinski equation can be used to prove perturbative renormalisability,
i.e. a BPHZ theorem — see for instance [KKS92]]. The proof has the nice feature that it is inductive, and
insensitive to combinatorial issues. It relies on the fact that most contributions to V, r, will decay at high
energies, and that in the super-renormalisable regime, only a finite number of contributions will blow-up,
imposing a blowing-up final condition V7 ..

1.1.3.2  The vertical expansion for ®}

With the notion of renormalisation group in mind, we are ready to introduce a non-perturbative approach
to the 3 EQFT based on a discrete version of the renormalisation group. The ideas that we present
here are sketched in chapter III.1.D of the book [Riv91]], and were carefully explained to me by Fabien
Vignes-Tourneret in a private communication. Note that this approach is of course more cumbersome
than Nelson’s argument, but we chose to include it here in order to give a brief account of old constructive
techniques, and to introduce a notion of weak UV problem which we discuss at the end of this section. For
a modern discussion about Nelson’s argument, we refer to [Lin24], where it is applied to prove Segal’s
axioms for P(®)s.

Definition 1.17 One is interested in showing convergence of the regularised partition function of the
@3 EQFT on the unit torus T?2. With the Wick renormalisation described in the previous section already
performed, it reads for I > 0 and g € {z € C: Rz > 0} as

Zr o E, [e7? fT21¢4}!1] ’
where the law p; of ¢ is the heat regularised GFF with covariance

w e—M*QI(l—A) 1) 1)
cr=s-— = e " THdt,
! 1-24) /M—?I

and in any dimension d

1 2 6t — 6C7(0,0)0% + 3C1(0,0) = (¢ — 3C1(0,0))* — 6C3(0,0) = —6C3(0,0) = — K7,
where

def KIQ ind:2,
") KM2@-2 jng>3,

for some universal constant K. In the sequel, we always keep d = 2, so that K; = K I?, but it will be
convenient for a future discussion to keep track of the general expression of K.
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This estimate implies the naive bound

’6*9 heéfin| < Ki%g (1.13)

which holds almost surely, and uniformly in 7 > 0.

Definition 1.18 We implement the discreet renormalisation group by splitting the field ¢; as ¢; =
ZLO ¢ where ¢' are independent Gaussians with covariances given by

“MT20-D(A_A) M ~2(1-A) M—Q(i—l) —(1-4) o}

ef € e _ of € 1

o _ / t(1— A)dt and C° & / e~ 1=R)gt
(1-A4) M2 -4 A

Finally, we also introduce for ¢ € {0, ..., I} the notations
I I
¢ =D P, CiEDYCF gl = ¢f — 6Ci0,0)7 + 3Ci(0,0)° 2 —i®,
and let
ACRREE — it i
stand for the vertex with at least one field at scale 7. With this notation, observe that one has

I
:gﬁz} :[:Z:(¢i)4: .

1=0

Definition 1.19 We set, for any n € N, [n] = {0, ...,n}, along with [—2] = [—1] = . For any subset
S C [I] we write tg © (ti)ies and 1g £ (; = 1),cg, and it is understood that if S = [—2], [—1], then
there is no variable in ¢g. With this notation in hand, we define a (random) function f : [0, 1]l/] — C by

1

flepp = [ e o feo,

=0

which verifies

Zr = Eu, [fApmpl-

Note that the parameters ¢[;) are meant to allow us to interpolate between the scales.

Lemma 1.20 Fix for every i € [I] a large integer N; > 1 whose value will be specified later on, and set
N_i = 0. Then, setting fori € [I]

i) def (— Q)N I (_g)kj -
Z§>: Z Z /0 (N—l)' o (1 —t)Ni—t
+1

kit1€[Nix1—1] kre[Nr—1]

=g Jy2 tirdf it (1—t): iva .\ Vi - NI
By o7 o040 11“<A;@>¢) [T ([,@:) o

j=it1
and
(—1) def (g)f ! 4 \Fi
e Y s 1 ([
ko€[No—1]  kr€[N;—1] j=0 j=ip1 I
it holds

I

Z; = Z Z(l)

1=—1
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Proof. The proof follows from recursive applications of some Taylor formulas with integral remainder to
f.
Denote for any j € [I] by ng ! the Taylor expansion up to order N; — 1 in the variable ¢; defined
as
Nj—1

=

N;j— e Z 1

thj lf(t[[lﬂ\{]})d:f Hafjf(tl)"'aoan'utf)a
k=0

and by and jo the Taylor remainder at order NN in the variable ¢; defined as
1 (1 _ tj)Nj—l
(N; — D)

We first interpolate between scales I and I — 1, which yields
FApp =T Qg + R Q).

The second term of the r.h.s. is now well-prepared, and is equal to Z}D. We apply the same Taylor
expansion to the variable ¢;_; in the first term of the r.h.s. Applying this procedure inductively until scale
0 yields

Ry fitpp ) = O, fltgmdt; .

Zr = B [f ()] = fj E, [ (R f[ T ) ragp)]

i=—1 j=i+1
which is the desired result. O
We now aim to disentangle the perturbative amplitudes that arise falling from the exponentials from the
remaining exponentials. To do so, the following piece of notation is required.
Definition 1.21 We let G be the set of those graphs (G, V, E) such that

e ( has no self-loops, that is to say that for every edge ¢ € FE, { = (vy,v9) with vy, v9 € V and
vl 7 v2;

e (G is quartic, that is to say that for each vertex v € V there are four edges ¢ € F incident to v (of
the form ¢ = (v,v’) = (v/,v) for some v’ € V); we denote by E,, the set of those edges, and we
have |E,| = 4.

In the sequel, we sometimes just write G instead of (G, V, E).
A graph with scale assignment (G, V, E, o) is a graph (G, V, E) € G together withamapo : E — [I].
Given a graph with scale assignment (G, V, E, o), we let, forv € V,

es(0) = max (),

and we define, for (G, V, E) € G, S(G) e 1 ]]E the space of all scale assignments to the graph (G, V, E).
Fix (G,V, E, o) a graph with scale assignment. We define the amplitude A,(G) of the graph by

def o
A (G) = H /T2 dz, H C (Z)(:'le?l‘vg)-
velG t=(v1,v12)EF
Fix any 1 € {—1, . ,I}. Given k'i+1 = [[Ni+1 — 1]], ey k[ c [[N] _ 1]]7 we always write R déf
N; + Z]I':H_l k], and let
gD gfi+17m7k1 def {G,V;E)e G:|V|=2PF}.
Moreover, for (G, V., FE) € gfi-ﬂ,...,k

#{veV:eo)=j}=2kjforevery j e {i+1,...,1}, and #{v eV :eyo) =i} =2N;. (1.14)

" we say that o € S(Q) is compatible if it holds

Finally, we denote by S¢((7) the set of all scale assignments to G that are compatible.
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With this notation in hand, we have the following lemma.

Lemma 1.22 There exists a universal constants C1 > 0 such that it holds
oK

J R )4
X5 Y o Y (@ Y aa@)

I 1\2 .
1=—1 ki+1E|INL'+1—1]] k[ElIN]—lﬂ H]:Z+1(kj ) GnglJrl 7777 k1 geSe(Q)

Proof. The proof follows in two steps. First, using (T.13)), one has

e—g fTQ ti:(ﬁ?:i-ﬁ—(l—ti):(]ﬁ?_l:i,l S eKiE‘Rg . (115)

Then, one controls the L'(D'(T?), ;i) norm of the other terms by the L*(D'(T?), i) norm. The
L*(D'(T?), i) norm is computed using Wick’s theorem, which produces a sum indexed by G €

gk'z‘+17-~~7k1 i1,k

; and o € S°G). Finally, for the enumeration of the graphs in gf , we can bound the

number of quartic graphs with 2P; vertices by (4 x 2P; — DI < 012 Pipind, 0
We now turn to controlling the perturbative amplitudes, which is done through multiscale analysis.

Lemma 1.23 (multiscale analysis) Fix G € G and 0 € S(G), and let n = |V|. There exist a universal
constant C > 0 such that it holds

A @) SCr [ M@,

veV

Remark 1.24 A similar bound holds for convergent and renormalised graphs of any super-renorma-
lisable ®* theory, with M —2¢2(?) replaced by M ~“=9¢(@) Tn the just-renormalisable case, the decay at
a vertex no longer occurs between the highest scale and zero, but between the highest and lowest scales
of the propagators attached at the vertex, since the power counting is purely logarithmic. However, to
keep the proof short, we refrain from showing the result in dimension d > 2, but rather refer to [Riv91,
pp. 66-70].

Proof. The proof essentially follows from the following estimate on the propagator in the slice 7 € [[],
which for the reader’s convenience, we state in any dimension d: there exists a universal constant § > 0
such that

|CZ(:L,’y)| S M(d—Q)(i+1)e—5]V[i+1|m—y| ) (116)

The main idea of the proof is then to benefit the exponential decay in space (which always takes place
since we consider graphs with no self-loops) only along the edges of a (rooted) spanning tree of & that
also spans all the high subgaphs of G, that is to say the subgraphs G¥ of G that have all internal edges
with scale assignment bigger than ¢ and all external edges with have scale assignment smaller than i. More
precisely, we first define, for ¢ > 0, G; as the subgraph of G with edge set E; = o {j eN:j>i},
and denote by Gf for k > 1 its connected components. Given such a spanning tree 7" of GG that also spans
every Gf, denoting its root vy, we have

4 4
H dz, H e OM O [y, —z0y S H dz, H e M s
T? T2

v#V l=(v1,v2)EE v#£vg l=(v1,v2)€E(T)
iy (T)
<on H M2+ _ o H H M2,
vV v#vg =0

where E(T) is the set of those edges of G that also are edges of T', and where edges of 1" are ordered
starting from the root vg, and 7, (1) o o(¢) with ¢ the edge in T’ which is before v with respect to this



THE EUCLIDEAN APPROACH TO QUANTUM FIELD THEORY 26

(partial) order. A moment of reflection shows that every vertex v € V(GgC ) (the vertex set of Gf ) but one
verify i,(1") > . We denote by vk this one vertex such that ¢ k(T) < 1. For example, at scale 0, we have

Gy is connected so that Gg = Go = G and ”0 = vg. This observatlon implies that

iy (T)
M~2 = M2 = M2VE@EH- M2
’017:!):0 11;([) g U:ivl(_T[)2i g kl;ll @H) kl;ll vEV(Cg\{vf}

We can now conclude since any vertex v € V' belongs to exactly one Gf for every ¢ < e,(0) and to no
Gf otherwise. O

At this stage, we have to make our assumption on the value of /V; more precise. To do so, we first have to
fix € > 0 small enough so that %—;i > 2 — 2e. Then, we assume that, for every i € [I], N; verifies the
following:

N> 2 B N < p-dsen (1.17)
elog M i

Lemma 1.25 Fix € and (N;);c[r) as above. Then, we have

’Z]‘ S\g| 1.

Proof. Recall that for a graph G € Qf #18 and o € 8¢(G), the conditions (T.T4) hold. Therefore, we
have

HM ey(o) __ M—QZN H M~ 2jk
veV Jj=i+1

We split this good factor and use a small fraction of it A/ —<V: H M ~<%j to control the sum over
o € EUI which yields a factor C'**.

We use another fraction of the good bound to control the bad factors (I.15)). The upper bound on N;
in (I.T7) implies that

Jj=i+1

M*éiNi < 67Ki9‘{g )

Therefore, we have

1 ; I .
M*(Q*QG)ZNZ' . M*(276)jk’j 1/2
ZlS Y. ——7— X 2 (@l [T W) .
i=—1 v kit1€[Niy1—1]  kr€[Nr—1] j=itl o
Denote R Z =it k;, and recall that P; = IV; + R;. Using the relationship (p + ¢)! < plq!, we have

(P < (V;HH(R;)?, so that

Z1| < Z N1~ (220)iN; (R1')€ Z Z (02|g|)Pi< R;! - >2+e H *; e pp— =0k

i=—1 kit1€[Nit1—1] kre[N;—1] H] =i+1 J=i+l
I
| 1/ —(2—2)iN; N; (Calg)" ( R! )2+€ |1 —(2—26)jk;\ 1+
§ 30 e g S G 5 (I ] gy
=1 R>0 ko, ok1 j=0 =0
ZJI:OkJ:R

% +€ > 2 — 2e. We handle both terms in the product
on the r.h.s separately.
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For the first one, the lower bound on N; in (1.17)) implies that
NZ'M—(2—3E)1NZ < 1 ,
so that the first sum is bounded uniformly in [ as

I
D7 NAME RN Co[gl) N <1+ 3 (Colgl MY Sy 1.

i=—1 120
For the second sum we use the fact that our upper bound on N; also implies that
kM~ R=390k 1

We can therefore bound the second sum as

(Calgh® R! 24 (2-205k; yL+e (Calgh™ ! —e(1+e)k;
Z (Rl)e Z <HJI‘:O kj!> H (k M- ’ < Z (Rl)e Z (H] Ok ') E[M !

ko,..,k1 j=0 R>0 ko,....k1
St _okj=R S _oki=R
2+e I 2+eoR
(Colg)*? R! (Calg)® _ ;
< o e(1+€)jk;/(2+¢€) e(1+€)j/(2+¢€)
S = g S <> (s ,
R>0 ko, ks J* §=0 R>0 =0
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where in the last inequality we used the multinomial theorem. The series oM —e(l+6)j/(2+e) jg
convergent, so that one finally has that

I
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O

A similar argument would allow us to show that Z; — Z;_; is decaying exponentially with I, which
shows that Z converges to some limit Z. The remainder of Z; minus its Taylor expansion in g can also
be controlled similarly, which yields a proof of the Borel summability of the limit in g. Overall, minor
modifications of our proof yield the following.

Theorem 1.26 The limit limyo, Z1 exists and is a holomorphic function of g on {Rg > 0}. Moreover,
though it is not analytic in g = 0, it is smooth and Borel summable.

Remark 1.27 To conclude about the philosophy of old constructive techniques, their purpose is therefore
to view the large field problem (once renormalisation is already implemented) as a purely combinatorial
problem, expressing the balance between bad factors coming from UV divergences, and good factors
coming from scale expansions/the renormalisation group, that is to say from the fact that we integrate a
field at some fixed scale, and not at every scales.

It is therefore of utmost importance to understand why integrating at a fixed scale yields some
better factors. The answer can be read from the bound on the sliced propagator (T.16): while the sliced
propagator diverges at small scales (which corresponds to the factor M#?=?)) it is more convergent at
large scales (which corresponds to the exponential decay). However, if one works with the full propagator,
and not with the sliced propagator equipped with an IR cut-off, then one does not benefit from this
convergence, because

UV converges imply IR divergences .
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To rephrase this, in (constructive) EQFT, if a quantity is convergent in the UV then, in general, it
can lead to a divergence in the IR coming from the fact that we can not benefit from its good factor, and
simply get a constant. Think for instance of the function = ++ 1/22: it is indeed convergent at large scales,
and power counting predicts that its integral over [1, L) should give us a good factor 1/L. However, this
is of course not the case, since the integral will just be bounded by one.

Note that these new IR divergences coming from UV convergences are very different from the IR
divergences that we described in Remark[T.T1] Moreover, they should not be understood as an IR problem,
since they truly originate not from a phenomenon taking place in the IR, but in the UV, and are therefore
some UV convergences. We will thus refer to them as the weak UV problem, while we call the former
UV problem (the ill-posedness of the interaction due to the roughness of the free field) the strong UV
problem.

To conclude about the weak UV problem, let us mention that we already know a way to overcome it.
Since the weak UV problem implies IR divergences, it is absent when the propagator is endowed with
an IR cut-off, which is precisely what the renormalisation group does. In Section[I.3] we will see other
techniques that serve the same purpose, like recentering and paraproducts.

Remark 1.28 One could now wonder where the approach that we presented in this section breaks, and
how far in the superrenormalisable regime it can go. The answer can be read from the conditions on V;
in (T.T7). Indeed, recall that in general dimension d, K; oc M*@=2) gince the most divergent graph is
always the double tadpole. Therefore, it is only possible to fulfil both inequalities in (I.17) provided

8
d < 3"

The fact that this dimension is not an integer should be taken very seriously: it is indeed possible to
probe what goes on in fractional dimensions, for instance working with a fractional Laplacian. The
question now is, what is so special about dimension 8/3? It turns out that it is precisely the dimension in
which a new renormalisation beyond Wick ordering becomes necessary: the vacuum graphs with two
vertices indeed become logarithmically divergent in d = 8/3. Moreover, one can see (for instance using
the variational approach presented in Section [[.2.2)) that this new renormalisation corresponds to the
fact that the ®* measure can be expressed as GFF shifted by a quantity which is no longer in H', the
Cameron-Martin space of the GFF (see Lemma|[[.38). The reader familiar with trees should think of the
fact that % is of regularity 1— in d = 8/3. Therefore, in d = 8/3, the ®* measure stops being absolutely
continuous with respect to the GFF.

This fact definitely rules out the approach that we presented in the present section, that is to say trying
to show that the density of the ®* measure with respect to the free field can be controlled uniformly in the
UV cut-off. Old constructive studies have overcome this difficulty by making the following observation.
The new difficulty arising in d = 8/3 is ultimately not related to the strong UV problem, since we
still know what counterterms to remove, but with the weak UV problem, and could be avoided if it
were possible to extract some more decay from the propagators. It turns out that working on a smaller
space, one gains better factors. The spirit of old constructive physics is therefore to integrate fields at
scale 7 in a small box of size M, which allows to inductively obtain some control on the partition
function at different scales, again rephrasing the large field problem as a combinatorial problem. For
more explanations in this direction, we refer to the third section of [Riv91]].

1.1.4 Osterwalder-Schrader axioms

At the beginning of this section, we tried to give some motivation to base a rigorous analysis of QFT on
its Euclidean counterpart. While this motivation was heuristic, it is important to know whether one can
recover a full QFT starting from a EQFT. Osterwalder and Schrader formulated a reconstruction theorem
that guarantees that a scalar EQFT v is sufficient to recover the original QFT provided it verifies a set of
axioms. There are several ways to formulate them, but all boil down to requiring that the following four
properties hold.
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1) the moments of v must not grow too fast, stretched exponential integrability being sufficient. This
property is generally called a regularity property.

2) the moments of v must be covariant with respect to the action of the Euclidean group. Moreover, v
should be a commutative probability measure in the bosonic case, or respect the anti-symmetry conditions
of fermions in the fermionic case.

3) v must exhibit a reflection positivity in the sense that if I is a functional supported on a half-space
(say xg = 0), then it should hold

E,[0FF] >0,

where 0 F = F(0¢) and 0¢ is the pull-back of ¢ under the reflection preserving the hyper-plan {z¢ = 0}.
Here the fact that the functional is supported on a half-space means that if ¢ is of law v, then F'(¢) is only
sensitive to the fluctuations of ¢ on this half-plane.

4) a last property is necessary to ensure the uniqueness of the vacuum. There are various ways to
state it, saying for instance that the measure v must be ergodic with respect to time translations, or that if
¢ is of law v, then ¢(x) and ¢(y) must decorrelate when y and x become far. This last version is known
as clustering, and when the theory is massive, one expects the clustering to occur exponentially fast.

Remark 1.29 The crucial property is reflection positivity, since it allows in the first place to construct
the Hilbert space, which is defined as follows. One endows the space of all (suitable, say smooth and
with exponential growth) functionals supported on the positive half-plane with the inner product

def

(F,G) = E,[0FG],

and let £, be the space of all functionals such that (F, F') < oo, and N by the null space gathering all
functionals in &, such that (G, G) = 0. Then, the Hilbert space H is defined as the completion of £, /.

Time-translation invariance then implies that the time translations act as a semi-group on H, whose
generator is positive and self-adjoint, and that can be analytically continued to a unitary group. The
reconstruction of Lorentz boosts is more subtle, since rotations are only local semi-groups, but some
theorem by [FOS83]] allows to extend some local semi-groups to full analytic semi-groups, which is
sufficient for the purpose of reconstruction of QFT.

Remark 1.30 Reflection positivity can be replaced by the stronger requirement that ¢ verifies some
spatial Markov property, which in turn should stem from the locality of the Lagrangian. The spatial
Markov property roughly states that given an open subdomain A of R, the fluctuations of ¢ on A and
A€ should be independent knowing the value of ¢ on the boundary of A. However, there exists some
Gaussian measure corresponding to some non-local Lagrangian that are reflection positive, but fail to
verify this Markov property, like for instance the Gaussians with covariance (1 — A)™* for s € (0, 1).

Remark 1.31 Constructions of EQFT generally come with enough information about their integrability.
An optimal integrability criterion was proven for ®§ in [HS21b] using regularity structures. Proving
both Euclidean invariance and reflection positivity can turn out to be more challenging, since there is
no regularisation that preserves both properties. Indeed, regularisations based on the functional calculus
of the Laplacian (such as heat regularisation) are of course Euclidean invariant, but break locality and
reflection positivity, while local regularisations preserving say an hyperplane fail to be Euclidean invariant.
Regarding the exponential decay of correlators, it was proven in the scalar case by means of the cluster
expansion. However, there are less results in this direction in the stochastic analytic context beyond the
case of an exponential interaction [VG122] with convex renormalised potential.

1.2 Some stochastic quantisations of Euclidean QFT's

In the previous section devoted to the presentation of the relationship between infinite dimensional
probability measures and Quantum Field Theory, we insisted on some stochastic analytic aspects of the
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study of QFT, in particular we established a connection between renormalisation and Ito integration, and
we derived the path integral formula with a heuristic based on the Feynman-Kac formula. Moreover, as
we saw in Remark [I.28] close to the critical dimension d = 4, the EQFTs are singular with respect to the
GFF, which rules out any naive approach consisting in trying to show that the density is well-defined and
integrable with respect to the GFF. We therefore need to come up with a new strategy, better suited to
some problems where singularity comes into play. It turns out that stochastic analysis has two powerful
tools that are rather insensitive to the singularity of the measure: coupling arguments, and push-forwards.
The philosophy of stochastic quantisation is therefore to identify a way to exhibit a coupling of EQFTs
with some Gaussian measure, or to show that a EQFT is the pushed-forward of a Gaussian. This section
is devoted to introducing several realisations of this idea at a formal level — that is to say working with
regularised measures for the moment, without caring about UV or convergence issues. We start by
presenting the Langevin dynamic, before we introduce the variational approach and the forward-backward
equations.

1.2.1 The Langevin dynamic

The Langevin dynamic turns out to be the original proposal of Parisi and Wu [PWS81]], which is to view a
EQFT v as the invariant measure of a noisy gradient descent. This approach relies on the idea that to
establish a connection between a well-characterised measure p (in general p is just a Gaussian) and the
EQFT v one has to come-back to the notion of Markov semigroup introduced in Section|[I.1.1.3] and to
postulate that there exists such a semigroup P acting on smooth functionals such that

E [F]=1ImE,[FF]. (1.18)
tToo
If this is the case, then v must be an invariant measure for the Markov semigroup P. Indeed, applying
(TI8) to P, F for s > 0 yields
E [P F] = lmE, [P F] = 1limE, [P F]=E,[F].
tToo tToo

In particular, one must L*v = 0, L being the infinitesimal generator of P. The question now boils
down to finding a Markov semigroup verifying this property. It turns out that recalling that formally

v(dep) x e*Pd¢p where S is the Euclidean action functional and d¢ is a formal Lebesgue measure, one
thus has L*v = 0 for the infinitesimal generator L formally defined as

LE 92— (055,00) = (0p, e 505(e°+)) .

A good candidate to construct the measure v starting from g is therefore the Markov semigroup P =
(Pp)e=0 with generator L, called Glauber dynamic. We can now express its actions on some smooth
functional F' with the Feynman-Kac formula, writing

PiF(¢) = E[F@d)],

where uf’ = u(t, x) is the solution to
du(t, ©) = —0eS (u(t, x))dt + v2dWy(x) (1.19)
u(0, ) = ¢(x).

Since it takes a form analogous to the Langevin equation, (T.19) is called the Langevin dynamic for the
EQFT v.

Remark 1.32 Let us point out a few interesting facts about the Langevin dynamic.
The first thing one should note is that in the previous section, we saw that there is no hope to construct
the density of the ®* EQFT with respect to the GFF. The Langevin dynamic formally allows to construct
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the EQFT as a push-forward of the driving Gaussian noise by the solution map, so that the issue with the
singularity is absent.

Then, a nice feature of the Langevin dynamic is that it is a parabolic (semi-linear) equation. In
particular, a small parameter, the time of existence of solutions, is already present. Contrary to what we
saw in the previous section about the way the UV and large field problem combine to generate bigger
difficulties, this existence time allows to totally disentangle the UV problem from the large field problem.
In the Langevin dynamic context, solving the UV problem just reduces to showing that the equation has
local-in-time solutions, while solving the large field problem amounts to showing that these solutions are
actually global.

We have thus reexpressed the question of the existence of some EQFT v as the question whether a
Markov semigroup has an invariant measure. In the sequel, we will briefly recall a few key general results
in order to prove existence and uniqueness of the invariant measure of a Markov semigroup.

Definition 1.33 A Markov semigroup P on H verifies the Feller property if it maps bounded continuous
functions into themselves. Moreover, it has the strong Feller property if it maps bounded measurable
functions into bounded continuous functions.

Lemma 1.34 (Krylov-Bogolioubov) Consider a Feller Markov semigroup P = (FP)i>0 on H, and
suppose that there exists a Borel measure o on H such that (P} 110)i=0 is tight. Then, any accumulation

point of
1 t
/ PS:U’O ds
t Jo

is an invariant measure of P.

Definition 1.35 Fix a Markov semigroup P = (FP;);>0 on H and a point z € H. We define the resolvent
operator g of P by

ox(@, dy) = A / ez, dy)dt
0

which also generates a Markov semigroup. Then, z is said to be accessible for P if for every x € H, one
has z € suppoa(z, *).

Lemma 1.36 Fix a Markov semigroup P = (P;)¢>0 on H which is Strong Feller at an accessible point
x € H (in the sense that P,F is continuous in x for every bounded measurable F'). Then, it has at most
one invariant measure.

Remark 1.37 The proof of this last lemma relies on the structure of the set of invariant measures for P.
Indeed, the invariant measures are a convex set whose extremal points are some ergodic measures, that is
to say some measures p; verifying

1 t
lim—- [ P;Fds= / F(x)p;(dx).
ttoo t 0 H
Moreover, the ergodic invariant measures p; are all mutually singular. The hypothesis that P is Strong
Feller at x ensures that any invariant measure has support in =, which finally implies that no two invariant
measures can be singular.
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1.2.2 The variational approach

A second stochastic quantisation procedure that we aim to describe is a variational characterisation of a
EQFT v, that was introduced by Barashkov and Gubinelli in [BG20]. This variational approach is based
on a property of Gibbs measures of the form

v(dg) = %e—s@)dgb.

Indeed, in finite dimension, denoting by A the Lebesgue measure, a Gibbs measure satisfies the variational
problem

. du
—logZ = /I}g}\E“[S + log a]. (1.20)

Here, note that the second term in the expectation is the relative entropy of y with respect to A, and that
the variational problem can thus be interpreted as a balance between energy and entropy. It turns out that
(T.20) rewrites nicely when combined with the Girsanov transformation.

Lemma 1.38 (Girsanov) Let (X2, F, P) be a probability space equipped with a Brownian motion (By)¢>o.
Then a probability Q on (), F) is absolutely continuous with respect to P if and only if there exists
a (random) drift h = (hi)¢>0, progressively measurable with respect to the filtration of F = (F¢)e>0
induced by (By)¢>0 and belonging to L2(R>0) P-almost surely, such that it holds

Q = (Tp)P )

where Ty(x) = x + h is the translation by h. If this is the case, then for any t € [0, 0] one has the

Girsanov transformation
t 1 5
5 = exp (/0 hsdBg — 2/hsds> )

It turns out that the EQFT v can be constructed as limit of a sequence of finite dimensional approxi-
mations (v);>0 defined as

dQ
dP

]. _ Qint
vi(d) = e p(dg),
t

where ¢, is almost surely smooth, lim;; ¢: = ¢, and only a finite number of Fourier modes of ¢; are
nonzero. Then, fixing a probability space (£2, F,P) endowed with a process (W});>o depending on a
finite number of Brownian motions on (£2, 7, P) and such that for every ¢ > 0 LawpW; = Law,¢;, by
Girsanov’s theorem, the sequence (1);>0 can be promoted to a sequence (Q;)>o of probabilities on
(2, F) defined as

Qs e L —spaw) _ oxp (/Oowt dX,) e — 1/00 Hut||22ds> . (1.21)
dP Zt 0 ER 9 0 sIIL

In the second equality (X¢):>¢ is a cylindrical Brownian motion on LA(T%), and u! = (ug)s>0 is arandom
drift progressively measurable with respect to the filtration of F induced by (X):>0 and which belongs
to L?(R>g x T%) P—almost surely (denote by H® the space of such drift). therefore rewrites as

. i I
— log Zt = ;’gglc EQU [Sllfm(Wt’U + It(’U)) + 5 /0 ||’U8||%2d5] s (122)

where QV is defined by the second equality in (T.2T)) with u! replaced by v, H is the space of those drifts
that are such that Q°(2) = 1, and [;(v) is defined through Girsanov’s transformation by the relation
W¢ = W; — Iy(v), where Lawge W' = LawpW;.

It turns out that (T.22)) is not very convenient, due to the rather intricate definition of H¢, and to the
fact that the expectation operator depends on the drift v. An important contribution of [BG20] has been
to use the Boué-Dupuis formula to reformulate the variational problem as follows.



SOME STOCHASTIC QUANTISATIONS OF EUCLIDEAN QFTS 33

Lemma 1.39 (Boué-Dupuis) Suppose that S}m is a tame functional, in the sense that it holds
Ep[|S{™(W))[P] + Eple ")) <1

for some p,q > 1 Holder conjugate. Then, we have
: int 1 > 2
—log Z; = inf Ep[S;"(W; + I;(v)) + = l|lvs||72ds]. (1.23)
veHe 2 0

Remark 1.40 Let us point out two nice features of the Boué-Dupuis formula. Firstly, in the regime
where v is absolutely continuous with respect to p, then (1.23)) easily gives some upper and lower bounds
on — log Z; that are uniform in the cut-off ¢. Secondly, it provides a coupling of v with u of the form

v =Lawp(W + 1) .

Similar results hold when v is singular with g but still super-renormalisable, but it becomes necessary to
take renormalisation into account, which is done by shifting the drift in (T.23). The Boué-Dupuis formula
was used in [BG20] to construct the <I>§ measure. In [BG21], the authors use it to give a proof of the fact
that the ®3 measure is singular with respect to the GFF.

1.2.3 The Forward-Backward equations

We now turn to a third stochastic quantisation, which is known as the Forward-Backward Stochastic
Differential Equations (FBSDE) approach. Similarly to the way in which we derived the Langevin
dynamic as a Feynman-Kac version of the Glauber dynamic, we would like to use the Feynman-Kac
formula to treat the Polchinski renormalisation group introduced in Section[I.1.3.1|by probabilistic means.
The FBSDE approach can be thought of as an implementation of the Feynman-Kac formula for the
semigroup corresponding to the action of the renormalisation group, that we introduce hereafter.

Definition 1.41 Let ® be a random field with law the GFF, and following the notation of the beginning
of Section [I.1.3.T} denote by @5, v) a heat regularised version of ® at scale M in the IR and N > M in
the UV, and set P s < Do,011, Por < ®pr,17. Moreover, denote respectively by Ejas vy, E<ar and
E- ys their expectation operators. The renormalisation group induces a semigroup 1" = (T, N)o<M<N<1
called Polchinski semigroup, which is defined for0 < M < N < 1as

TM,NF((I)gM) def eVM,e(‘bg]\/[)E[M’N][e—VN,e(‘bgA/['f‘q)[]M,N])F(ngw 4 (I)[M,N])] ,

where the effective potential (V7 ()r.c(0,1] was defined in (I.TT). Note that it is a time-dependent semi-
group, and verifies the semigroup property

TL,MTM,N = TL,N, and TL,L =1d.

Finally, its time-dependent infinitesimal generator is given by

The definition of the Polchinski semigroup along with the expression of its infinitesimal generator imply
that extending the Feynman-Kac formula to non-time-homogeneous semigroups, one has

Ty NnF(®<n) = E[F(on)],
where (¢r)Le[am, N solves

dop = —CLoeVi(pr)dL + C1/2dBy (1.24)

@MZCDgM.
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Writing this equation requires prior knowledge of the full effective potential, which amounts to having
already solved the Polchinski equation. In particular, solving it a priori ends up being difficult. However,
Ito’s lemma which we recall for the reader’s convenience provides us with an interesting rewriting of

2.

Lemma 1.42 (Ito’s lemma) Consider the solution (X;) to the SDE d Xy = pdt 4+ 0,dBy. Then, for any
C? function f, it holds

2
df(t, X0) = (O0f + pudf + T-02F ) (4 Xo)dt + 010, £ (£, X By

From now on, we denote by (¢1,)re[0,1] the solution to with null initial condition at L = 0. Ito’s
lemma implies that, denoting F7, e O0a VT, one has

d

1 .
ap Fren) = 00FLapr) = (08 FLe(pn), Fre(pn)e, + 5(00.00)¢, Fr.dor) + Cf "o Fr.or)

dBy,
dL
. dBy,
— 0?00 F (pr) ==
1 0o FL(pr) aL
where in the second line we used the equation for I, . obtained by taking the functional derivative of

(T12). Therefore, denoting by (£2, 7, P) the ambient probability space, (F7 (1)) Le[0,1] is @ martingale
with respect to the filtration (F1,)r.¢(0,1] of F induced by (By,)1.e[0,1)- This last fact implies that one has

E>L[F1,e(801)] = FL,E(@L)?
where we used the fact that E~ 1,[-] = E[+|F~ 1]. Plugging this last equation in (I.24)) finally yields the
Polchinski forward-backward SDE
doy = —CLE>1[0sVi(pDAL + C;*dBy, . (1.25)

Though this equation looks more complicated than (T.24) due to its forward-backward structure, it allows
for approximate solutions to the Polchinski equation. In other words, one no longer needs to know the
whole solution to the Polchinski equation in order to construct the semigroup. More precisely, letting

def

L
Wr :/ C12dBy, 21 L o — Wy,
0

and

E-1[06V1 ()] = Fr (o) + Ry e = Fr(Wp, +Z1) + Rp e,

where Ry, . is a remainder term such that R; = 0, (I.23)) rewrites as

L
Zp = — / it (Far (Wit + Zan) + Rare)dM
0

1
Rie =Bor[ [ (HuOWas + Zan) + ©oFasWas + Zas) Rases, )M
L

Here, Hyr < Oy Fuy + %(8@, 8‘1>>C'M Frare — (OaFre, FM7€>C‘M is the Polchinski equation, and solving
it approximately thus makes the remainder term non-zero.

Remark 1.43 At this stage, the goal is to find a suitable ansatz for the effective force (F,)1.¢(0,1] to take
the UV problem/renormalisation into account. If the theory is singular, such an ansatz will necessarily
result in a final condition V; . which is divergent with the UV cut-off €. On the other hand, the large
field problem is now relocated at the level of the equation for the remainder R. Indeed, in general, this
equation will only have local solutions close to the UV.

To conclude, the FBSDEs approach was applied in [VFG22] to a purely fermionic model in the full-
subcritical regime, and to the sine-Gordon model up to 67 in [GM24].



SOME STOCHASTIC QUANTISATIONS OF EUCLIDEAN QFTS 35

1.2.4 Other PDEs related with EQFTs

Let us conclude this section by pointing out that the three methods that we described are not the only
connections between stochastic analysis and PDEs, and the EQFTs.

Indeed, an argument based on dimensional reduction and supersymmetry and first formulated by
Parisi and Sourlas [PS82] suggests that formally the solution to the elliptic problem on R%*2

(1I—-Awu+0sV(w) =¢,

where £ is a space-time white noise on a probability space (€2, F, P), is related to the scalar EQFT v on
R¢ with interaction potential V by the relation

E,[F] = Ep[F(u(z1,...,24,0,0)].

This elliptic stochastic quantisation was studied is [ADVG20], where the authors justified this heuristic
for a range of potentials including polynomial interactions.

A last relationship between PDEs and EQFTs is through the Hamiltonian systems. It roughly states
that the scalar EQFT v on R? with interaction potential V should be invariant under the non-linear wave
(NLW) equation

(D +1—ANu+0pV(u)=0. (1.27)

More precisely, setting v < dyu and

m%mgi/w+;/QmAm+wm)

() = (o)

Therefore, provided one can use an approximation argument based on a finite dimensional system, by
Liouville theorem, the measure

(T27) rewrites as

def

o(du, dv) = v(du) ® £(dv)

is formally invariant under (T:27), where ¢ denotes the law of the white noise on R%. Moreover, a similar
heuristic holds for the non-linear Schrédinger (NLS) equation, the random field u being complex (i.e. R?
valued).

Note that this invariance of v under the flow of some dispersive equation is a very different statement
from its invariance under the Langevin dynamic, since solutions to the Langevin dynamic will flow
towards the invariant measure, while in the case of dispersive equations, starting from an initial condition
which is not drawn according to v (or to a measure absolutely continuous with respect to v) yields a
solution totally unrelated to . Therefore, the Hamiltonian system can not be regarded as a true stochastic
quantisation, since it is unlikely that PDE arguments applied to these equations can help to construct the
EQFTs.

A second argument confirming this statement is that the dispersive equations are expected to be
critical below the dimension in which their invariant measure is just-renormalisable. Indeed, contrarily
to the heat operator that, by Schauder estimates, gives two degrees of smoothing, by a naive power
counting argument, the wave and Schrédinger operators are expected to give respectively 0 and 1 degree
of smoothing. This would rule out the possibility to show well-posedness of the equation started from
the ®* measure beyond dimensions respectively 2 and 3. It turns out that the situation is more subtle,
since in some cases a non-linear smoothing effect can be expected, at least on the torus. This effect can
be described using Fourier analysis, and observing that the expressions of the wave and Schrodinger
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operators give some restrictions on the volume of the Fourier space which is integrated on, which
ultimately entails some improvements in the regularities of the non-linear objects, by a half in the case of
NLW, and by one for NLS. This results in the fact that on the torus, the cubic wave equation started from
the ®* measure is expected to be critical in d = 3.5, while the Schrodinger equation is expected to be
critical in d = 3.

In [DNY20]], leveraging this non-linear smoothing effect, the authors have studied the Schrédinger
equation with cubic interaction in the full-subcritical regime. In [BDNY?22]], the authors have shown
that the cubic non-linear wave equation has almost surely global solutions where the null set is a set
of measure 0 with respect to v. Their analysis relies on a sophisticated paracontrolled ansatz (see
Section[I.3.2)), combined with some random tensors estimates used to prove the non-linear smoothing,
and a globalisation argument & [la Bourgain, leveraging the fact that the ®* measure is invariant under the
flow of the equation.

1.3 Solving singular SPDEs

Three main approaches to stochastic quantisation were presented in the previous section, but in a very
formal way, since we did not describe any renormalisation procedure allowing for a removal of the
regularisation. Moreover, as discussed before, most of the effort in the stochastic quantisation program
thus amounts to solving some Stochastic Partial Differential Equations (SPDEs). It turns out that, due to
the roughness of their driving noise, these equations are singular, in the sense that their solutions can not
be obtained by a simple application of the contraction mapping theorem.

In the sequel, we will focus on parabolic equations, with linear term given by d; — A. Let us first
informally identify three classes of semi-linear singular parabolic SPDEs.

1) the generalized Kardar—Parisi—Zhang equation (gKPZ):

(O — Au = fL)(Vu)? + fo(w)V(u) + fau) + gu)é,

where £ is a rough noise and fi, fo, f3 and g are smooth functions.
2) the exponential Langevin dynamics (ELD)

B
O — A)yu = / e u(dt) + 1, and (9; — A)u = sin(Bu) + 1,
-B

where 7 is a Gaussian noise that lies in C~2~* for every x > 0, and p is a Borel measure on [—3, (].
3) the polynomial Langevin dynamic (PLD)

O — Au = Pr(w)Vu + Po(u) + ¢,

where ( is a rough noise and Py, P, are polynomials.

We will now present a scaling heuristic that will be sufficient to determine some regimes of roughness
of the noises in which it should be possible to solve the above three equations.

Regarding gKPZ first, it must be possible to plug the solution into some smooth function, which
entails that it has to be of positive (Holder-Besov) regularity. The application of the parabolic operator
increasing the regularity by two, the regularity « of the driving noise £ must therefore verify

a> =2, (1.28)

which includes the space-time white noise in d = 1.

The situation for ELD is subtle, and relies on some regularity estimates for some (possibly complex)
exponentials of the Gaussian, or multiplicative Gaussian chaoses. It turns out that solutions are expected
to exist for

B2 € [0, 87). (1.29)
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Finally, in the case of the PLD, one needs the regularity properties of the two non-linearities to be
better than the regularity ~ of the noise (. Denoting by n; for ¢ € [2] the degrees of the polynomial F;,
one has the two constraints

ni+D(v+2)—1>~, and no(y + 2) > v,

which finally imply

(1.30)

2n9 /\2n1+1>.

>_
" <n2—1 n1

In particular, taking n; = 1 and ny = 3, which covers the power countings of the stochastic Navier-Stokes
equation and of the Langevin dynamic for the Yang-Mills EQFT yields o > —3, which includes the
space-time white noise in d < 3 (the white noise fails marginally in d = 4).

This very sketchy discussion motivates the definition of subcriticality given in [Hail4].

Definition 1.44 When the conditions (1.28)), (1.29) or (1.30) are satisfied respectively for gKPZ, ELD,
and PLD, then the equation is subcritical. If this condition marginally fails, the equation is critical.
Otherwise, the equation is supercritical. Moreover, the (sub)criticality of the Langevin dynamic of
some EQFT v matches the (super)renormalisability of v, in the sense that taking the driving noise of
PLD or ELD to be a space-time white noise, the equation is subcritical if and only if the measure is
superrenormalisable.

Remark 1.45 While subcriticality is an essential condition in order to expect the well-posedness of a
singular equation, there is another obstacle to solving singular PDEs. Indeed, subcriticality states that
only a finite number of expectations of the polynomials in the driving noise generated by the nonlinearity
are divergent. However, it does not rule out the fact that higher moments of these polynomials are
divergent. It turns out that while the divergence of some moment of order higher than 3 is not compatible
with subcriticality, the divergence of some covariance can still occur in the subcritical regime. Since a
covariance is divergent provided it is not L', this phenomenon becomes less and less likely to occur as
the dimension increases, but takes place for instance if one studies the ®* or KPZ equations in d = 1
driven by the spatial derivative of the white noise. By appropriately rescaling the noise, Hairer studied
in [Hai24] a KPZ equation such that the covariance of the second Picard iteration of the noise is only
marginally convergent, and goes to a Dirac. He showed that this object then converges in law to a new
white noise, and that the solution converges in law to the solution to the KPZ equation driven by this new
noise.

Remark 1.46 Here, the denomination PLD should be understood as purely heuristic, since in full
generality, this equation is of course not the Langevin dynamic of some invariant measure. It covers for
instance the cases of the Navier-Stokes equation with a stochastic forcing, or of the wrong-sign dynamical
®* model with Pi(u) = 0 and P»(u) = +u®. However, this naming is indeed suggestive, since the
Langevin dynamics for Yang-Mills and ®* theory fall in that category.

The same discussion holds of the ELD, that covers the Langevin dynamic for the sine-Gordon and
Liouville theories, along with many equations which we do not expect to have any invariant measure nor
global solutions.

With this heuristic in hand, we are now going to review three approaches to making sense locally in time
of singular SPDEs: the theory of regularity structure, paracontrolled calculus, and the flow approach.
As alluded to, all the approaches to singular SPDEs that we will present hereafter break in the critical
regime. This is why, in the sequel, we will always discuss subcritical equations. Moreover, we will mostly
introduce them on the paradigmatic example of the ®* Langevin dynamic driven by a Gaussian noise.
Finally, we will not discuss IR divergences, which is why we restrict our study to the case of the torus T¢,
and consider the massive heat operator as linear term.
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1.3.1 The Da Prato-Debussche trick

Consider the Langevin dynamic for ®* in d = 2 (the case d = 1 not being singular):
@ +1—ANu=—-u>+C. (1.31)

The singularity makes it necessary to forgo the formulation (T.3T)), and to rather start with a regularised
equation, and try to remove the regularisation. Both the noise or the interaction can be regularised, by
convolution with a smooth function called mollifier, or with a Fourier cut-off making the number of
Fourier modes undergoing a non-linear evolution finite. For the moment, it is not necessary to specify
what regularisation is adopted, but we will assume that we have regularised the noise, substituting it with
a smooth noise (. converging to ¢ as € | 0in C~27" for some x > 0 arbitrarily small. We also denote by
u. the solution to (I.31)) with ¢ replaced by (..

The question now boils down to finding an interpretation of the non-linear term u> uniformly in e.
The crucial observation made by Bourgain in [Bou94]| in the context of dispersive equations, and then
by Da Prato and Debussche [DPDO03] in the present context, is that if u, simply were the solution to the
linear equation (which can be taken stationary in law equal to the GFF), then in view of the discussion
taking place in Section modulo renormalisation, we would have a definition of u2 given by Wick
ordering. There idea is then to express the solution u. as

ue = e + e, with e = L71¢, (1.32)

and to consider the equation for the remainder v.. Here, £~ ! denotes the inverse massive heat operator
with null initial condition at ¢t = —oo. Note that this choice ensures that 7. is stationary in law. Indeed,

t
St 7) = / =902 (5. 1) ds,

—0oQ
which implies that letting ? = lim | 7, one has
—[t—s|1-A)

E[i(t, ©)i(s, y)] = TA-A)

(x,y).
The equation for v, reads
O +1— Awe = —0° — 3702 — 3120, — 2.

In the above equation, the products ?z and ?fj’ are ill-posed, but they now are explicit and polynomial in the
noise. This implies that, provided the equation from which one started actually were

O + 1 — Aue = —u? + 3E[[2Tuc + C . (1.33)
instead of (T.3T)) driven by (., then performing the substitution (T.32)) one would end up with
O +1— Awe = =02 — 3702 — 3P0, — @, (1.34)
where
7 22 E[$?], and @, & 13 — B[]S, .

With this choice of renormalisation, we have the following.

Lemma 1.47 Fix k > 0. There exist random fields 3, ¥ such that 3¢, ¥, converge in probability to
P, in CrC~ 2% x CprC 3  as e | 0.
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Remark 1.48 The convergence actually takes place in LP(P), and the proof relies on some moment
computations that are similar to the proof of Lemma[I.T5] Throughout the rest of this chapter, we will
not prove the stochastic estimates. However, let just mention that they can always be proved by means of
a reduction to the evaluation of the covariance using Gaussian hypercontractivity, Sobolev embeddings,
and a classical Kolmogorov criterion in time. Covariance computations become more involved than in
the proof of Lemma [I.13] but still rely on a decomposition in Gaussian chaoses, and power counting.

With this Lemma in hand, one can conclude that the dynamical ®* equation has local-in-time solutions.

Theorem 1.49 Fix x> 0 and ¢ € C>~"(T?). Then there exists a random T* > 0 such that uniformly in
€ > 0, (T.34) with initial condition ¢ admits a unique maximal solution on C ([0, T*),C?>~*(T?)), such
that limyx ||ve(t)||c2-~ = 00. For every T < T*, the solution on [0, T'] depends continuously on ¢ and
on the restriction of ¥, to [0, T'].

The proof relies on a fixed point argument, and makes use of the smoothing effect of the heat kernel,
which implies that the inverse heat operator increases the regularity by two. For completeness, we state a
classical Schauder estimate about the effect of convolution with the heat kernel.

Lemma 1.50 (Schauder estimate) Fixd > 1, o € R, 3 > 0, and a smooth function u on T%. We have

e ullcats St/ ul|ca .

1.3.2 Paracontrolled calculus

We saw above that the Da Prato-Debussche trick allows to take care of additive stochastic forcings by
shifting the solution of the equation. It turns out that even for the sake of stochastic quantisation, if
dealing with additive noises is sufficient in d = 2, it is necessary starting from d = 3 to have in hand a
solution theory for equations with multiplicative noise. Indeed, in d = 3, the object ¥ turns out to be of
regularity —1 — x, which rules out any hope to make sense of the product % .v,. appearing on the r.h.s. of
(T:34) uniformly in e. This is due to the fact that, by Young’s estimate for product (see Lemma [[.14)), if
the product %°.v. were well-defined, then it would be of regularity —1 — x, and by Schauder estimates,
ve would thus be of regularity at most 1 — x, which in turn would hinder the classical definition of the
product of v, with 3.

Remark 1.51 We see that the two UV problems that we identified in Remark when discussing
the construction of ®3 with the renormalisation group conspire one against the other. The strong UV
problem (UV divergences/singularity) makes it impossible to define the product v, while the weak
UV problem (UV convergences/bad regularity) makes this product too rough, in the sense that we do
not benefit from the fact that the rough object %7, is multiplied by v. which is more regular. Solution
theories to singular SPDEs must therefore face two challenges: the strong UV problem, or making sense
of ill-defined products (modulo some renormalisation), and the weak UV problem, or exhibiting some
improvement coming from multiplications with smoother terms.

The idea behind paracontrolled calculus is to separate the two difficulties by splitting the product of two
distributions into one piece which is rough but not singular and one other piece which is more regular but
rough. A way of performing this splitting is by using Fourier analysis.

Lemma 1.52 Let (A;);>_1 denote Littlewood-Paley blocks on T (that is to say A; = xi(v/—A) where
;i is smooth and supported on an annulus of size 2° for i > 0 and a ball of size 1 for i = —1), and define
for f,g € C(T9

F=95) AjfAig

i>j
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the paraproduct of g with f. Define accordingly f = ¢ £ fg — f < g. Then, forall o, 8 € R \ N, it
holds

1f < gllcsrona S I fllcallglics -

Moreover, provided oo 4+ 3 > 0, we have

If = gllcs+a < I flleallglles -

Remark 1.53 The paraproducts precisely disentangle the strong and weak UV problems, in the sense that
putting a UV cut-off on the better-behaved function f in f < g suppresses the singularity of the product,
while putting an IR cut-off on the better-behaved function f in f > g screens the UV convergence/IR
divergence of f, so that one can benefit from the regularizing effect coming from the multiplication with

f.

The idea of paracontrolled calculus is to treat the rough term f < g as an additive noise, and to add it
to the ansatz for the solution, while showing independently that the singular term f > g can be made
sense of with renormalisation.

Going back to the case of the ®* Langevin dynamic in d = 3, we can rewrite (T.34) as

(8t+1—A)’UE:—q$OE_3'Ue'<OV05_3’UEEOVO€+R67

where R, is a better behaved term, which we do not explicit for clarity. In general, during the following
discussion, we will systematically gather under the notation 2. some better terms that we do not want to
specify, so that R, is free to change from line to line.

In the sequel, we let £~! denote the fundamental solution to the massive heat equation with null

initial condition at ¢ = 0. We first deal with the term —<°, by means of a second Da Prato-Debussche
def

trick, and write we = v, 4 ¥, where ¥, = £ 1o,
Treating the paraproduct as an additive noise amounts to introducing X, £ L7Y(—3w, < %). When
this is done, we focus on the equation for Y, < we — X, that reads

(at + 1 - A)Y; = _3‘6_1(_31’06 =< (v)e) i Ve - 31/6 t (v)e + Re
= 3L Y—3w, < ¥) O + R, (1.35)

where f © g “f- g — [ > g. Such a choice of variables is called a paracontrolled ansatz.
The renormalisation is implemented by means of the following commutator lemma.

Lemma 1.54 Fix f, g, h three smooth functions on T, and define a trilinear map C' as
CfgMELHNf <9Oh— L goh).
Then, fora € (0,1), 8+v+2 <0, and o+ B+ v+ 2 > 0, we have the estimate
1Cs g9, Wllcatssrra S [l flleallglles I Aller -
With this lemma in hand, [T.33] can be recast as
O+ 1 =AY, = 9w (¥e © V) + R,

where ¥ £ £7132. Note that the singular term is now still singular, but we rewrote it as an explicit
polynomial is the noise, so that there is hope that it can be defined in the same way we defined %, ¥°, but
modulo a different renormalisation.

Lemma 1.55 Fix k > 0. There exists a random fields & such that ¥, © ¥, — E[¥. ® %] converges in
probability to  in C7C~** as € | 0.
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The proof is similar to that of Lemma|[I.T3] and relies on Kolmogorov estimate combined with a covariance
computation.

Remark 1.56 More trees are necessary to take care of R, but they can all be constructed using the
second renormalisation counterterm E[¥’; ® 8°.]. In general, the further in the subcritical domain, the
more trees are necessary to make sense of the non-linearity. These polynomials in the noise are also
known as enhancement of the noise. While theoretically they can all be constructed by some covariance
computations, it becomes difficult to keep precisely track of the estimates when the trees grow big.

Thanks to the paracontrolled ansatz that we described, it is now possible to make sense of the ®*
Langevin dynamic in d = 3 uniformly in the regularisation. Moreover, the second renormalisation that
we introduced in Lemma [[.55]implies that rather than (T.33)), in d = 3, the starting equation should really
be

(0 +1— Ayue = —u? + (3E[F?] — IE[YFe © ¥Pe])uc + C - (1.36)
By means of a paracontrolled ansatz, it is therefore possible to show the following.

Theorem 1.57 Fix & > 0 and ¢ € C3/>~*(T®). Then, uniformly in ¢ > 0, solutions to (I.36) with initial
condition 7.(0) + ¢ can be constructed as

UEZTE_Q?pE"i_Xe—i_}/E:
where (X, Ye) solve a coupled system of (random) PDEs of the form

{(815 +1-A)Xe=-3(Xc+Y) <%,
O +1—-A)Ye = 99X+ Y)P + R,

and there exists a random time T* > 0 such that uniformly in € > 0, the system solved by (X, Y.) admits
a unique maximal solution on C([0, T*),C*~"*(T?)) x C([0,T*), CT#(T3)).

Remark 1.58 Beyond this local-in-time result, paracontrolled calculus is well-suited to the study of
global properties of solutions to singular SPDEs. The first proof of the “coming down from infinity”
property (an a priori estimate uniform in the initial condition) was indeed given in [MW17a], combining a
paracontrolled ansatz with some energy estimates. In [GH19], the authors use the maximum principle to
slightly improve this result. Let us also point out the work [HR23|] where paracontrol and energy estimates
are used to show some a priori estimates on the solutions to the stochastic Navier-Stokes equation in
d=2.

Remark 1.59 To conclude this section about paracontrolled calculus, let us mention that the range of
application of the paracontrolled ansatz is wider that singular SPDEs, and applies to other singular
problems, like the variational method for ®3. Indeed, combining the variational representation (T.23)
with a paracontrolled ansatz, Barashkov and Gubinelli were able to construct the <I>§ measure in [BG20],
and with the same technique they gave a proof that it is singular with respect to the GFF in [BG21]].

1.3.3 Regularity structures

Let us now briefly introduce the main ideas of the theory of regularity structures. Our intention is definitely
not to explain in great detail the theory, but to present some of the main ingredients, in connection with
the questions and issues arising in the study of constructive QFT.

When discussing the paracontrolled approach used to deal with singular equations involving a
multiplicative noise, we saw that the ansatz used to take into account an ill-defined product splits the
original equation into two equations. Repeating the operation to handle more singular problems makes
the analytic theory of paracontrolled calculus less suitable to situations where the singularity is stronger.
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Fortunately, in 2014 Hairer introduced in [Hail4]] a general framework allowing to renormalise any
singular semi-linear parabolic SPDE. To present it, let us first go back to the discussion of the split of the
product of a function f with a distribution g into a rough part inheriting the worst regularity, but which
is not singular, and a singular part which captures the good regularity of f. We first performed such a
decomposition in Fourier space, using a paraproduct decomposition. The analytic theory underpinning
the theory of regularity structures is based on an equivalent decomposition, but taking place in direct
space. Indeed, observe that for any active point y and base point x one has

FWay) = (f(y) — f@)Ng(y) + f(@)gy) .

Here, the second term is now well-posed, since it actually no longer involves any product, and of course
inherits the regularity of g. On the other hand, one can expect that the first term, while being still singular,
is now better behaved (at least locally), since assuming that f is a-Holder continuous, the space increment
of f vanishes as y becomes close to x.

Note that in this case the weak UV problem is solved by expanding the more regular function f
locally, so as to only see its short-scale behaviour, and so that in particular its IR divergences are screened.

We deduce from the above discussion that the hope is that close to a fixed base point x, ve(y) — ve(x)
solves a better equation than v.. Starting again from (1.34)) (for simplicity, we just ignore the mass term),
we have

(O — D) (e — ve() = —=3(Ve — Ve(2)Ve + 3Ve(2)Ve + Qe

where again, as in the previous section, we gather all the other terms of the r.h.s. in the inexplicit
remainder ().. Note that importantly, we were able to introduce by hand the term v.(x) on the Lh.s..
In the spirit of the Da Prato-Debussche trick, we again treat the new term 3v.(x)%, on the r.h.s. as an
additive noise which we add to our ansatz, which yields the equation

(O + 1 = A)(ve — ve() — 3v(2)(Fe — Ye())
= - 3(7]5 — V() — 3Ue($)(oYoe - O\f)e(w))ve + gve(l‘)(q{)e - OYOE(-%))Ve + Qe

where
P £ LTIV,

and we took the freedom to recenter it by hand, replacing the occurrences of %’ by II¥Y & Yo — Fe().
The reason for this lies in the fact that recentering %’ (which is of positive regularity) removes its large
scale behaviour, and allows one to fully benefit from its small scale properties. In particular, we have the
following counterpart of Lemma[[.53]

Lemma 1.60 Define

T = PIIY — B[R]
Fix a smooth compactly supported function @ on T3 and X € (0, 1], we let goé o A3p((+ — x)/\). Fixa
small k > 0. Then, it holds

(P, 02) SA" (1.38)

uniformly in x € T3, X\ € (0, 1], and € > 0. Similarly, there exists a limiting object T1,8 such that TI%
converges in probability to 11,8 as € | 0 in the topology induced by (1.38) (which is equivalent to that of
C™" in a neighbourhood of x).

Remark 1.61 Again, one is able to construct some polynomials of the noise having the desired regularity
(that is to say the one we infer from the object by power counting). While this was realised by means of a
paraproduct decomposition in the paracontrolled context, here, this is the recentering that allows for such
a result. The price to pay is that the object now exists only locally, close to a base point. In his work,
Hairer calls such a localised enhancement of the noise a model. Note that Hairer’s model actually also
comes with enough information to be able to perform a change of base point.
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Regarding the proof, again the result is obtained with a Kolmogorov argument, and some covariance
computation. The key step is to read the effect of recentering on kernels, which we present in the
following lemma.

Lemma 1.62 ([Hail4][Lemma 10.14) ] Let K1, Ko be two compactly supported translation-invariant
convolution kernels on R x T%, verifying for some o, 8 € (0, d + 2) such that o+  — (d+2) € Ry \N

|K1(£C — y)| 5 |IE _ y|—(d+2)+a , and ‘Kl({L‘ _ y)| 5 ‘I‘ i y‘—(d+2)+ﬂ ’
along with similar bounds on their derivatives. Then the kernel K defined as

def (x — ?J)k k
K@—y S Ki«Ko(w—y)— Y, ———0"K*K2)(0)

k!
k<a+p—(d+2)
verifies

\K(m _ y)| 5 |x _ y|*(d+2)+a+5 7

along with similar bounds on its derivatives.

Gathering all the necessary polynomials in the noise/the model yields an abstract algebraic structure that
Hairer calls the regularity structure. We informally define this concept based on the example of the ®3
Langevin dynamic.

Definition 1.63 A regularity structure 7 = (A, T, G) is a triplet consisting of

e a finite subset A of R of regularity assignments of elements of the model, such that 0 € A.
o the span T of all elements of the model. We have ' = @ 4 T Where T, is the span of all
elements with regularity «, and Ty = span(1). Denote by || « ||7,, any norm on T,.

e the structure group G which is the group of those linear operators G 5 I' : T" — T that are such
def

that (I' — IA)T, C T« = ®B<a T3. We have I'1 = 1.
In this context, the model M = (I', Z) is a collection of

e maps I';, € G indexed by points z,y € R x T? encoding the changes of base point, that verify
I'yy =1dand 'y 'y, = Ty

e mapsIL, : T'— S’ (R5g X T%) indexed by points z € R x T? corresponding to the realisation of
the abstract element of the regularity structure, that verify 11, = Il oI';, forevery z,y € R>q X T

The model comes with the topology suggested by (I.38), in the sense that we demand that
(Lm0 S A%||7 |7, for every T € T,
)\ . . . .
where ¢, is as in Lemma Finally, the maps I';, must verify
ITay7ll7y S 2 — y* ||| 7 for every 7 € T, .

Remark 1.64 In the above Definition, and from now on, the distance |z — y| is the parabolic distance,
that is to say that, writing 2 = (z,%) € R>g x T and y = (y0,y) € Rso x T, |z — y| < |zo — yo| +
x =yl

We can now consider the model as a given data of the problem, and turn back to the setting of the
analytic framework. We saw that replacing the original unknown v, by some local expansion indexed

by some stochastic objects yields a better equation. More precisely, taking the constant term —%°, into
account, we established an ansatz for v, taking the form of local expansion around the base point x

Ve = V(@)1 — TI5%9° — Bu()IIEY 4. .. (1.39)
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def

where I1¢1 = 1 and again 159 = £~ g, — L7 1% (z). Such an expansion tells us that the solution can
be modelled by the enhancement of the noise, in a similar way that a Holder-continuous function can be
modelled by polynomials. Hairer therefore calls such an ansatz a modelled distribution, and his idea is to
lift the fixed point problem to an abstract space of modelled distributions taking values in the regularity
structure.

Definition 1.65 Fix T' > 0. Given a regularity structure 7 = (A4, T, G) and a model M = (T", II), the
space D7 of modelled distributions of order v € R is the space of those functions [0, T"] x T¢ — Tey
that are such that

Hf(x) - F:chf(y)HTﬁ
|z —y|=F

sup  sup | f@)llz, + sup  sup
z€[0,T1x T4 B<y z,y€[0,T1xT? B<y

is finite.

Remark 1.66 The second condition for f to lie in D” can be read as a base point continuity. Indeed, it
says that the regularity of the coefficient f in front of some object 7 in the expression of the modelled
distribution f must “compensate” the lack of regularity of 7, in the sense that if the realisations of 7 are
only of regularity (3, then f; has to be of regularity v — S. It matches with the intuition that we can draw
from the case of C'* functions: a function is C' if it is modelled close to = by polynomials of degree one
centered in z and if the coefficient in front of X* is of regularity 1 —  in the base point = for k € {0, 1}.
To rephrase, a function verifying for every x in a domain and every y close to x

f@W) = folx) + fr(x)(y — )

is continuously differentiable only if fj is differentiable, and if f; is continuous, in which case of course
it holds f;, = f® /k!.

Solving the Langevin dynamic for ®* in d = 3 now amounts to finding the correct order -y up to which
one should model the solution. It turns out that the description (I.39) (for which v = 1 — k) is still
insufficient. Indeed, °¢ being of regularity —1 — &, it is necessary to go beyond one in the modelling to
make sense of the product. We reexpress this observation in the following lemma — see [Hail4), Theorem
4.7].

Lemma 1.67 Fix oy, < 0, and 1,72 = 0. Suppose that T = (A, T, Q) is such that for i € [2],
T3 e i o, Is stable by the action of G. Denote for i € [2] by DJi the set of those modelled
distributions of order y; that take values in T,:. Furthermore, suppose that for every §; € [, ;) such
that 01+ 09 <, 7 € T, ,0 € T5, and T’ € G, it holds I'(t - o) = I't - T'o, where - stands for the product
of two elements of T which is defined whenever one can construct via renormalisation the associated

random field. Then, for any f1 € D, fo € D2 the product f1, fs is a well-defined modelled distribution
of order v = (71 + a2) A (2 + ay).

Therefore, provided v, is modelled up to order 1 4 « for some x > 0, then the r.h.s. of the equation can be
modelled to a slightly positive order. The importance of this fact will become manifest when we discuss
the reconstruction. But before we do so, let us conclude about the modelled distribution for v.. When
modelling v, one might want to implement the fact that we extract some local terms by Taylor expanding.
Therefore, some polynomials can appear in the model. In particular, in order to lift v, to D'** for some
x > 0, we must add to 7" an object X of regularity assignment 1 which is such that IIX(y) = y — x.
With this new object in hand, we can introduce the modelled distribution

Ve(x) = ve(2)1 — % — 30(2)Y + ve(2)X,

where v, is a new C” function a priori unrelated to v.. Now that the equation is lifted to a fixed point
problem at the level of modelled distributions, it is possible to solve this fixed point problem in an
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appropriate space D7, and ultimately to construct the modelled distribution V. or, equivalently, the pair
(Ve, Ve).

It remains to verify that the knowledge of the modelled distribution is sufficient to make sure that a
solution actually exists. The answer to this question is provided by the reconstruction theorem stated in
[Hail14l Theorem 3.10].

Lemma 1.68 (Reconstruction theorem) Fix T° > 0, and a regularity structure T = (A, T,G), a

model M = (I',)II) on T, and let « = min A. For any vy > 0, there exists a unique linear map
R : DY — C*([0, T] x T?) such that for every f € D7 it holds

[(Rf =T f@), )| S X7, (1.40)
uniformly in A € (0,11, z € [0,T] x T% and functions pasin Lemma

Remark 1.69 The reconstruction theorem is the reason why, in order to make sense of the product v.3%,
one needs v, to be modelled up to order 1 + «. Indeed, if this is not the case, then v fails to be
modelled up to a positive order, and the reconstruction does not hold (there is actually a similar statement
in the context of y negative, but the reconstruction is no longer unique).

Remark 1.70 As long as one still works with the smooth noise (., it is sufficient to take Rf : = —>
(ITS, f (z))(x). In particular, in our case, one has RV, = v, so that the bound (I.40) translates into a local
representation of the solution close to x

() = ve(x) — (Po(y) — Pe(@)) — 3v-(2)(¥ely) — Pe(@)) + ve(@)y —2) +o((y — )" ™). (1.41)
Applying V,, to the above local representation and evaluating at y = x therefore yields
V() = V(UE + % + 3U6($)?6)($),

from which we can conclude that v, is actually related to v, but not in a naive way (in the sense that it
does not hold v. = Vv,), and that v, should rather be interpreted as a renormalised gradient of v..

Applying the reconstruction operator to the fixed point problem for the modelled distribution V, we
can therefore return to an equation for v, and ultimately for u.. It turns out that, due to the fact that
the trees appearing in the local description (T.41]) need some renormalisation, the equation solved by
ve keeps track of the necessary counterterms. In particular, the solution v, also depends on the choices
made to fix the freedom we have in defining the renormalised trees, as was described at the beginning of
Section[[.T.2.3]in the case of the iterated integral of the Brownian motion. This freedom is known in the
theory of regularity structures as the renormalisation group. It is a different concept from the notions of
renormalisation group flow (be it discrete or continuous), though in the subcritical case, its dimension
matches the dimension of the relevant sector of the RG flow.

In the case of the Langevin dynamic for ®3, the renormalised equation which is solved by v. thus
includes the necessary counterterms that we had to add at the level of modelled distributions to make
sense of the non-linearity. It turns out that one can verify that this equation takes a from which is similar
to (I.36), but with E[%. ® 7] in front of the linear term replaced by E[¥’.3%] (both counterterms actually
differ by a finite quantity). In this case, the renormalisation group thus acts by finite shift of the linear
term (or renormalised mass). This matches with the fact that the ®* measure is really a one-parameter
family of measure.

We gather the main conclusion of the analysis in the following theorem, which was proved in [Hail4]].

Theorem 1.71 Fix & > 0 and ¢ € C3/>~5(T®). Then, uniformly in ¢ > 0, solutions to (I.36) with initial
condition 7.(0) + ¢ can be constructed as

u€:?6+vﬁa
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where v, solves a (random) PDE of the form
(at +1- A)Ue = —W, — 3Pv, — 3?€U52 - U? - 9E[qﬁeve](?e + Ue)a

and there exists a random time T* > 0 such that uniformly in € > 0, the PDE solved by v. admits a
unique maximal solution on C([0,T™), C1/2*“(T3)).

To conclude, the theory of regularity structures was extended to a black box to solve locally-in-time a
wide class of parabolic singular SPDEs in [BHZ19,IBCCH21]] and, in [[CH16J], the authors established
the convergence of the regularised model using multiscale analysis. A similar statement was also proved
in [HS23b]| using the spectral gap inequality.

Remark 1.72 Beyond this local-in-time statement, modelled distributions can also be used to establish
global existence of the solutions to the dynamical ®3 model. A “coming down from infinity” result
was indeed obtained in [MW20]] using regularity structures. It was extended in [CMW19] to the full
subcritical regime. In the recent work [CdLEW?24], the authors have used similar ideas to show a priori
bounds on solutions to the generalised parabolic Anderson model.

To conclude this presentation of regularity structures, and more generally of classical solution theories
to singular parabolic PDE, let us observe that both regularity structures and paracontrolled calculus
rely on a careful decomposition of the product of a rough distribution with a smoother function. It
turns out that usual local products do not cover all the possible interactions that can be considered. In
Chapter[2} we present a singular SPDE with a nonlocal interaction, to which both regularity structures and
paracontrolled calculus do not apply. We therefore introduce a new solution theory based on a reinjection
argument which is adapted to this nonlocal case.

1.3.4 The flow approach to singular SPDEs

To conclude, let us introduce a last approach to solving singular SPDEs, that finds its roots in the
renormalisation group a la Polchinski which we described in Section [[.1.3.1] Again, the idea is to
cure the weak UV problem due to the IR convergences by introducing an IR cut-off on top of the UV
cut-off. This flow approach was introduced by Duch in [Duc21]], where he applied it to some parabolic
polynomial Langevin dynamic type equations, before extending it to the case of elliptic equations, still
with polynomial interaction in [Duc23|]. These works are themselves inspired by a series of papers of
Kupiainen [[Kup16] and coauthors, in which they set up a similar solution theory for singular SPDEs, but
based on a discrete RG flow, and where the polynomials of the noise must be constructed by hand.

Concretely, the IR cut-off on the propagator is implemented at the level of the equation by introducing
a second UV cut-off, on top of the usual regularisation. Still considering the example of the ®* Langevin
dynamic, say in d = 3, (I.31)) with initial condition ¢ can be rewritten as

e = G(1oFelue]l + 9o ® @) , (1.42)

where d is a Dirac distribution in time, 1 is the indicator function of positive times, G = L7 is the
fundamental solution to the massive heat equation, Fi[u] o gug’ + gC’e1 Ue + gC’fuE + &, and as usual
& is a smooth approximation of as space-time white-noise &, for instance using a mollifier. Here C} and
C? are two counterterms present to take care of the two renormalisations that we saw in the previous
sections, and we added a coupling constant g for convenience, which will eventually be put to one at the
end of the analysis. In the sequel, we will often refer to F, as the force and, for the sake of clarity of the

discussion, we will assume that the initial condition ¢ is equal to zero.

Definition 1.73 In order to construct a solution to (T.42)), one introduces a second UV cut-off that makes
that the propagator cancels on small times, defining G, (¢, x) o Xu()G(t, ) where x,, is a smooth
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increasing function supported outside [0, 12%] and which is equal to one on [242, o). With this notation
in hand, one defines for p > 0 the effective solution u. , as

Ue,p = G,LL(IOFE[UG]) = G;J,Fe[ue] ) (143)

where we also define Fe[ue] o 1o Fc[ue]. Then, one postulates the existence of an effective force FE, "
which is such that it holds

Fe[ue] = Fs,u[ue,,u] (1.44)
uniformly in .
Since the above equality holds for every i > 0, one has

d - 5 .
0= @(Fs,u[u&u]) = OuFe plue,ul + O Fe plue 10, ue -

Moreover, we can read from (T.43) that 9,u. , = G HFG[UG] =G uﬁ’a,u[u& w1, so that we have obtained

the flow equation

a,ups,u[us,,u] + aéﬁa,u[us,u]dyps,u[us,u] =0. (1.45)

Finding a solution to (I.43)) with initial condition Fe,o = 1¢F. and such that }7}7” [4](t, z) only depends
on the values of ¢ before time ¢ is therefore sufficient to realise (I.44). But most importantly, this is also
sufficient to solve the original equation, as is shown in the following lemma.

Lemma 1.74 For T > 0 let up = /T. Then (T42) on [0, T] with ¢ = 0 is formally equivalent to
ue = GF, ,.[0].
In other words, the knowledge of Fgw up to scale pr is sufficient to reconstruct the solution ..

Proof. By (1.44), one has u, = GFWT [te,ip]. Moreover, by (T43), ue . = Gup(loFe[uel). The
support properties of . therefore imply that u, ,,. is supported after time 7'. Finally, by assumption,
the effective only depends one the past of its argument, so that Fg, pr (e 1t ) = Fg, ur[01(E, x) for
everyt <T. 0

Remark 1.75 The solution F, = to (T:43) with initial condition 1o F is not going to be stationary in time,
and will also imply working with a time-dependent renormalisation. However, it was shown in [Duc21]]
that it is possible to construct f?& , starting from the stationary effective force Fr ,,, the solution to (T.43)
with initial condition F..

Remark 1.76 A reader familiar with the Polchinski equation that we introduced in Section [I.1.3.1| will
identity that the non-linearity of (T.43)) is the same as the non-linearity of the equation obtained by taking
the gradient of the Polchinski equation (but the linear term does not contain the functional laplacian).
Solving (T.43)) is therefore as difficult as solving (I.12). To solve this flow equation, it is thus necessary to
make an ansatz, a good choice being an ansatz similar to the one used in order to solve the renormalisation
group. In the case of (I.31)), a reasonable assumption is to choose

Foglz)=>_> "¢ FIm(z,wy, . i) (wn) - . (wp) dwy . . dwy, .
i>0 m>0 J(TxRy™

Moreover, as was described in the context of forward-backward SDEs, it is also possible to only solve
(T-43) approximately, introducing a remainder R, ,, such that

Fe[ue] = Fe,u[us,u] + Rs,u .
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Now that one has an ansatz for the effective force, it remains to construct the effective force coefficients
FZ)", that correspond to the enhancement of the noise in paracontrolled calculus/the model in regularity
structures, in the sense that each of them is a polynomial in the noise.

A naive way of constructing them could therefore be to write their expression, and to combine a
Kolmogorov estimate with a covariance computation. Indeed, their expressions can be inferred from
the projection of (1.45) for F ,, at the level of the force coefficients, which yields a hierarchy of flow
equations reading

m 7
OuFIT ==Y (k+ 1) FI G, Fomh. (1.46)
k=0 =0

However, in [Duc21]], Duch observed that their cumulants also obey a flow equation, which can be
derived from (T.46). This observation paves the way for an inductive construction of the force coefficients,
avoiding the tedious moment computations. Indeed, these flow equations for the cumulants are hierarchical
in the size of the coefficients, and can therefore be solved by induction, starting from the covariance of
the noise.
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Chapter 2

Stochastic Quantisation of Tensor Field Theories

2.1 Introduction

As described in the previous chapter, a class of heavily studied and paradigmatic models in constructive
quantum field theory are the <I>§ measures. In finite volume, these are non-Gaussian probability measures
w supported on distributions (over space) which are formally written

A
dp6) ox exp (= 21l aopa, + 51012200, ) d9.0). @.1)

where A > 0 and g denotes the Gaussian measure with covariance (1 — A)~1, that is a massive Gaussian
free field on T¢. When d = 1 it is straightforward to make (2.1]) rigorous but much less so when d > 1—in
this case the measure g is supported on distributions so rough that the nonlinear expressions ||¢||

and ||¢H22(Td)
When d € {2, 3} the measure p can be obtained as a weak limit of regularized and appropriately
renormalized measures [[Nel73l|GJ73| [Fel74, [FO76] — for instance, the N 1 oo limit of

4
LA(TY)
above are ill-defined.

a—+an

A
dun(9) o exp ( - ZHéf)H}l}(Td) + THéf)H%Q(Td))dgN(ﬁb)- (22)

where g is the pushforward of g under gy, which is a Fourier multiplier in space with 0 < o < 1,
on(k) =1for |k| < N and oy (k) = O for |k| > 2N.

The constant ay in (2.2) is a renormalization constant diverging to infinity as N 1 oo. One can
identify the suitable choices of a, using perturbation theory, that is formally calculating moments of
un by expanding the exponential on the right hand side of (2.2)) as a formal series and using Wick’s rule
for Gaussian moments to integrate out ¢ term by term —one chooses a to make these expansions finite
order by order in A as N 1 co. However this series itself is far from convergent and proving py weakly
converges as N 1 oo requires more work.

In the case of d = 2, one can show that y is absolutely continuous with respect to g, the renor-
malization procedure is simply passing from ill-defined polynomials of a rough Gaussian field to the
corresponding well-defined Hermite polynomials/ Wick powers. The situation when d = 3 is much more
complicated due to the presence of so-called “non-local divergences” —it has been shown in [BG21]] that
w is singular with respect to g. Even though a is chosen to cancel the divergences of infinitely many
terms in the perturbation expansion, when d = 2, 3 one can write a explicitly as the expectation of a
polynomial in ¢, A and a under . For this reason ®3 and ®} are called super-renormalizable.

In the case where d = 4 the model is just-renormalizable, in particular perturbative renormalization
requires including a diverging renormalization counterterm A Hq§||‘i 1(14) in the exponential in (2.2) along
with a wave-function renormalization Zy. Moreover, perturbation theory gives infinite series (in \)
for Ay, an, and Zx which do not all have positive radius of convergence. When d > 4 the model is
non-renormalizable, and in addition to the above perturbative renormalization would require inserting
infinitely many other counterterms (such as || ¢\|ij2j (Td)) inside of the exponential factor in (2.2).

Turning from questions of perturbative renormalization to those of the convergence of measures,
[[A1z82, [Fro82[] shows that one cannot obtain non-Gaussian limits when d > 5, while the case of d = 4
is more subtle and was only settled recently in [ADC21]]. The analysis of renormalization problems in
just-renormalizable models is quite subtle and there are other examples [GK86|] where one can obtain
non-Gaussian limits. An important step of one of the Millenium Problems is investigating whether one
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can obtain a non-trivial limit for non-abelian Yang-Mills in 4-dimensions. A major frustration has been
the lack of a simple scalar field theory to investigate the construction of a just-renormalizable model.
However, a newer class of models, so-called “non-local models” of which tensor field theories are an
example, are promising candidates for obtaining non-Gaussian limits in the just-renormalizable case.

2.1.1 Tensor field theories

The regularized, renormalized measures zy in (2.2) are non-Gaussian because of the quartic L* term.
The models we study in this article are T3 models, they are examples of tensor field models |[GR12]
and they are obtained by replacing this quartic L* term with a non-local quartic nonlinearity which we
introduce now.

For d > 2 and any fixed ¢ € [d] = {1,...,d}, we define the function

T x T 3 (z,y) — X“(z,9) = (X°(x, y)i)"_, € T?

by setting, foreach 1 <¢ < dand x = (xj)?zl, Y= (yj);»l:1 e T¢,

X(x,y) = { nitize, (2.3)

yeifi=c.

For each ¢ € [d] we introduce a norm || « || 374 on scalar functions ¢ on T? by setting

1611 ey £ / / @O, 1)S(X (@, ) dady 2.4)

where Y°(x, y) o x(y, x). We also write

det
H ||M4(Td) = (Z H ||M4(Td))

In Appendixwe confirm that || « [[54 is indeed a norm and why it may be called a tensor norm.
Formally, the T4 model is given by

dv(g) o exp ( H¢HM4(Td) I s, ) 4@ 2.5)

Like the local @3 models, analysis of higher dimensional Tﬁ models goes via regularisation, introduc-
ing renormalization, and then obtaining bounds that are uniform in the regularisation. Heuristically, the
level of renormalization needed for a Té model is comparable to that of the corresponding @fl_l model.

In particular, Tfl is super-renormalizable for d < 5 and T3 can be defined without renormalization.
For d € {3,4} the measures v can be obtained as weak N 1 oo limits of the measures

a—l—aN

(@) o< exp (= M6l agao, + N0 )da v (@), 2.6)

where again ap diverges as N 1 co.

Moreover, T4 is absolutely continuous with respect to g and only requires Wick type renormalization
while the renormalization of T$ is more difficult and its limit is expected to be singular with respect to g.
The models T§ and Tﬁ [RVT19] are also both super-renormalizable and were constructed and shown to be
Borel summable in [DR16]] and [RVT19]]. However, the technique used in these constructions seems to
break-down in d = 4, thereby not allowing for an exploration of the full subcritical regime. The model Té
is just-renormalizable and requires an additional counterterm Ay H(j)H%J4 (T along with a wave-function

renormalization Zy. However, in contrast with ®, there is evidence [RV21]] obtaining a non-Gaussian
limit for T‘51 might be possible.
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Another feature of the Té models that makes them seem more tractable is a topological constraint that
must be satisfied for a Feynman graph to be divergent, such graphs must be “melonic”. For the T} and T}
models the melonic constraint plays a role in greatly simplifying the stochastic analysis approach to these
models. For Tg the melonic constraint imposes that the infinite collection of divergent Feynman graphs
in this model, when organized by the number of their edges, proliferate like trees instead of connected
graphs —in particular one could hope that perturbative formula for renormalization constants would be
summable for small coupling .

Finally, we mention that tensor field theories are not the only examples of toy non-local field theories
that have been investigated. For instance, Hartree type nonlinearities can be defined by substituting the
L* norm with ||¢2H§{_ 5,2 Where for the Sobolev space H —B/2 one takes 8 € (0, d). However, the Hartree
nonlinearity is closer to being a regularized version of the local product while the tensor field theory
nonlinearity behaves very differently from the local product in its renormalization. Another non-local
model which is closer to our setting and which has been shown to give a non-Gaussian limit in the
just-renormalizable case is the Moyal model [GW14].

2.1.2 Main results

Much of the earlier work on both local and non-local field theories constructs the limiting measures by
showing convergence of their moments as cut-offs are removed, using expansions and computations of
expectations under g . In the stochastic analysis approach one instead tries to prove convergence of a
limiting random field through a coupling to an underlying Gaussian field.

In this chapter we construct the T% and Ti measures, employing two approaches — the first approach
is a Langevin-type dynamical stochastic quantization [PWS81, I(GH21]] while the other is a variational
approach introduced in [BG20]] reminiscent of the Gibbs variational principle. The two approaches give
two independent ways of constructing the T§ and T4 measures.

We also study the local well-posedness theory of the limiting Langevin dynamic, but

2.1.2.1 Langevin dynamic
A natural Langevin dynamic for the <I>fl model (2.T)) is formally given by

Od = (A — 1) — A\ — adp + V2¢, .7

where £ is a d-dimensional space-time white noise on a probability space (€2, B, P) and now ¢ is also a
distribution over space and a new “fictitious” time ¢t. When d > 2, is a singular stochastic partial
differential equation — the roughness of the noise £ prevents us from using classical arguments for local
well-posedness since ¢ belongs to spaces where ¢ is not well-defined. Local well-posedness for
was first obtained for d = 2 in [DPDO3|] and was one of the first examples in combining probabilistic
estimates with path-wise analysis to solve a singular SPDE. The case d = 3 was much more difficult
and remained open until the development of more sophisticated path-wise methods such as regularity
structures and paracontrolled calculus [[Hail4, (CC13]].

At a formal level, the ®4 measure should be invariant for the dynamic (2.7) and this can be made
rigorous for the regularized dynamic and measure. The corresponding Langevin dynamic for the Tg
model is given (with A =1 —a = 1) by

0 = (A = 1)p — N(¢, ¢, 9) + V2 . (2.8)

where, ¢ is as in (2.7) and, for f,g,h : T? x R — R, we have

d
N(f, g, h)(z, t) = ZNC(f,g, h)(z,t) , where

c=1
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def

N(f, g, h)(x,t) = /T ) JE @, y), gy, HX(z,y), 1) dy .

The regularized dynamic we study is given by

016 = (A = )¢ — IINN (b, 6, 9) + ang + V2IINE (2.9)

where IIy = 1{|V|sx < N} projects onto Fourier modes k with |k|o, < N and ay again refers to a
renormalization constant. Note if one takes oy = Iy in (2.6) then the dynamic (2.9) keeps the Iy
marginal of (2.6) invariant — see Remark [2.44]

To show solutions to (2.9) converge is writing, for N < oo, ¢ =1+ v where ! is an explicit, rough
(when N = 00) El space-time stochastic process and v is the local in time solution to a better behaved
and locally well-posedness remainder equation involving renormalized stochastic objects. Ind = 3,1 =1
where ! is the space-time stationary solution to the linear problem (0; + 1 — A)! = IIx¢, whileind = 4
the random field ' is given by (2.30).

By proving uniform in N energy estimates for the dynamic (2.9) at stationarity, we obtain the
following tightness result.

Theorem 2.1 Ford = 3,4, any p € [1,00), and any € > 0, the family of measures (VN)NeN satisfy

sup B, (161”45 1<oo0, (2.10)
NEN H 2

‘(T4

and it follows that the measures (V) nen are tight on H 7%76(Td).
Moreover, for any subsequential limit v, there exists a coupling (¢,7) of v with the law of limiting
process ' (as described under [2.9)) such that, for any p € [1, c0),

E[[|¢ =10, )l 2 pa)] < 00 @2.11)

While the power counting of T4 resembles that of ®3, it turns out we can bypass the use of more advanced
analytic theories for singular SPDE (such as the theory of regularity structures or paracontrolled calculus)
when proving the above energy estimates.

In fact, if one sets up the model with the dimension as a real parameter (say by changing the regularity
of the noise ¢ or using fractional Laplacians) we conjecture that one can control the Langevin dynamic in
the in the entire subcritical / super-renormalizable regime without having to use more advanced singular
SPDE theory. In particular, we conjecture as one goes gets closer to the critical dimension d = 5, it
suffices to just include progressively more terms are included in the ansatz ! and perform “equation
re-injections” — we do not see this second issue for tightness in d < 4 but it does appear in the d = 4
local well-posedness theory.

While the result proven in [RVT19] for T} is stronger than ours, the machinery is heavier and it seems
unlikely that the arguments of [RVT19] generalize as easily to the full subcritical / super-renormalizable
regime.

Another way to use a Langevin dynamic to build a Euclidean quantum field theory measure is to
prove local and global well-posedness for arbitrary initial data of the same regularity class expected of
the measure along with long-time control of the measure. One can then treat the dynamic as a Markov
process use the coming down from infinity estimate to prove a Krylov-Bogoliubov argument. Our analysis
appears to be less suited for this approach, our main results in this direction are given below.

Theorem 2.2 Let d € {3,4}, then there exist a choice of the constants ay such that one has the N T oo

convergence of local (in time) solutions to 2.9) when the dynamic is started from 1(0) + C%_E(Td). See
Theorem[2.7)and Proposition [2.52)for a precise statement.

Moreover, one has an L*-coming down from infinity bound for v(t) = ¢(t) —(t), see Proposition
for a precise statement.

*Note, while ' is rough when N = oo, we do show it can be evaluated at fixed times.
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Note that we cannot start with arbitrary initial data in the expected regularity class of the solution which is
C~@=2/2= Much of the improvement in regularity of the non-local product N (¢, ¢, ¢) versus the local
product ¢3 appears to be probabilistic which limits our ability to deal with rough deterministic initial
data. However, with extra work one should be able to show that the limiting measure v has a coupling of
the form (0) + C %76(Td) — in this case the above local well-posedness would allow one to start from the
dynamic from the invariant measure.

We also believe the local well-posedness result itself could be upgraded to allow initial data '(0) +
L2(Td) (see Remark. With our L2—coming down from infinity result, this would mean the remainder
equation for v is globally well-posed in L2.

We do not pursue either of these directions in this article since our main focus is the construction
of the measure. Our main interest in presenting the proof of local well-posedness in (2.2) is presenting
a re-injection argument which we believe is of its own interest — it points to an important structural
feature of the Tg Langevin dynamic that we believe could be leveraged to study this models entire
subcritical/super-renormalizable regime without using theories like regularity structures or paracontrolled
calculus (see Remark 2.36)).

The following technical remark, which assumes some familiarity with Feynman diagrams in field
theory and perturbative tree expansions for singular SPDE, gives some intuition for why more advanced
singular SPDE tools are not needed for the T} dynamic.

Remark 2.3 We first give more detail about the power counting for Feynman graphs in ®4 and T4. The
superficial degree of divergence of a Feynman graph G in the the local <I>§ theory is given by

d—2
wat(G) = d— (4= V(G| = = ~|L@).

where |V (G)] and | L***(G)| denote the number of vertices and external edges of G. Recall that a graph G
with L¢**(G) = n is called an n-point graph, and a graph G with L***(G) = 0 is called a vacuum graph.
In the subcritical/super-renormalizable regime d < 4 only a finite number of graphs are superficially
divergent.

For ®34, apart from the vacuum graphs, only the so-called tadpole graph (the one-vertex two-point
graph) is superficially divergent, while in three dimensions, the sunset graph and the snowball graph (the
two two-vertex two-point graphs) are superficially divergent.

Moreover, in the case of <I>§, the snowball graph does not require the introduction of a counterterm,
since it already contains a nested tadpole graph whose renormalized amplitude vanishes — that is since
the tadpole graph is exactly canceled by its renormalization, this same renormalization also cancels the
snowball graph. Therefore, in the local case, one only has to add two counterterms, one for the tadpole
and the other for the sunset.

The superficial degree of divergence of the Tfl theories is given by

d—3
ws(G) = d = (6 = DV(G)| = =L@ = 6(&) = COG) (2.12)

= Wt (G) — 8(G) ~ (COG) ~ 1),

where C(0G), the number of connected components of the boundary graph, and §(G), the degree of the
graph which is a positive integer, are defined in Section[2.6] This power counting strongly suggests that
Té is to be compared with @3_1. However a difference with <I>§_1 is that (apart from the vacuum graphs)
only graphs G with §(G) = 0 can be superficially divergent. Such graphs G are called melonic graphs.
The non-local vertex for Té is less symmetric than the local vertex, so in the non-local theory there are
many different Feynman graphs corresponding to the local tadpole, sunset, and snowball graphs. Some
of these are melonic, some of them are not - in particular there are tadpole and snowball type non-local
graphs that can be melonic but none of the sunset type non-local graphs are melonic. Another difference
in the non-local case is that the renormalized amplitude of the tadpole is no longer equal to zero (the
tadpole is no longer a completely local divergence since the vertex itself is non-local) which is why one
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has to add two counterterms, one for the (melonic) tadpole and the other one for the (melonic) snowball.
We summarise this in Figure [I| below.

@28%

tadpole snowball sunset
3 v X v
T} v v X

Tree  E[P] E[] E[]

Figure 1: Comparison between the primary divergences of the ®3 and T} measures. The top row lists
divergent Feynman graphs and the bottom row lists the expectations of the stochastic trees that generate
these graphs in the dynamic picture.

The main takeaway is that the divergence 4, which is the significant non-local divergence of ®3, does
not pose a problem for T4 and instead we must be careful with ¥ (which is not a problem in <I>§ if the
tadpole has already been renormalized). Since ¥’ is “missing” a branch at the root rather than the top
internal vertex, we can use an analog of the Da Prato - Debussche argument.

2.1.2.2 The variational approach

Our second approach using the variational method of [[BG20] proceeds by representing the Laplace
transform of the regularized and renormalized T3 and T4 measures as a stochastic control problem.

In this approach instead of introducing a time that corresponds to evolution under a Langevin dynamic
we instead introduce a time that represents scale.

% + It(U)Hiﬁ(Td) — ar||% + L(w)|| by

+f (s + Ix(w)) + Ent(u)

2 J—
—logE,,[e 7] =1log Z; + inf Ep L2(T%)
u€eH,

where log Z; is a constant uniformly bounded in ¢, H, is a certain space of adapted random drifts
u: Rxg % T¢ — R which should be thought of as a shift of an underlying white noise process, Io(u) is
the corresponding shift of the free field process 1;, P is the law of the entire process (*;):cf0,77, Ent(u) is a
relative entropy term which is a quadratic in u, and b; is a constant independent of f. This variational
representation can be used to obtain bounds on the Laplace transform of 14 uniform in ¢, which gives the
following main result (proven at the end of Section [2.4).

Theorem 2.4 Let d € {2,3,4}, ¢ > 0, and f : C_%_G(Td) — R have at most linear growth. Then,
uniform int > 0 one has

E, e /P15, (2.13)
. . _d=2_ o
Since the embedding C~ 2
C— 3 24T,

d—2
— C™ 2 ~“is compact, the family (1), is tight on
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2.1.3 Notation and conventions

Given n € N we write [n] = {1,...,n}. For Banach spaces (A, || + ||.4) and (B, || « || 5), we write L(A, B)
for the Banach space of bounded linear operators A — B equipped with the operator norm:

ILllccasy = sup  ||L(w)5.

wilull 4=1

For any 6 € (0, 1], Banach space (B, || « ||5), and T" > 0, we write C’%B £ 090,71, B) for the
Banach space of §-Holder continuous functions from [0, T'] into B (with respect to the parabolic scaling)

and equip this space with the norm || « [| o 5 = lleps + - |0 5 Where
T

e e u(t)_u(s) B
lullors £ sup fuls and [ul s sup 1Ol

t€[0,T] 0<s,t<T \t — s\%

[t—s|<1

We write C'7B for the Banach space of bounded continuous B-valued functions on [0, T'] with norm
I+ llors.

For any d > 2 and z,y € R? we use the scalar product z - y = Zgzl TYe, £2 norm || 9 VT -z,
% norm || oo = max;cqq) ||, and the “bracket” norm (z) = /1 + z - .

We often work on the torus T? = (R/27Z)? and denote by | - | the distance on T¢ induced by the
¢>° norm on R?%. We also write, for N € N, Z4, = {k € Z% : |k|oo < N} = {—N,...,N}%

For any spatial function u : TY — R, we use the (spatial) Fourier transform to define a function  on
7% by setting

T, = Fop(u)(m) £ (271r)d /Td e Mu(x)dr,

whose inverse is given by

u(@) = F @) = D e iy,

meZd

Note that we only perform Fourier transforms in space, and extend the above notation to space-time
functions u(x, t) by writing F,(u(-, ))(m) = Up(t).

The Littlewood-Paley blocks (A7 )j>—1 that we define in Appendix act in Fourier space by
multiplication with AZ, = 115-11)(277|m|oo) for i > 0, which is why for any sequence v : 7% — Cwe
introduce the notation

Doom = D AL = T @7 mlec)m

me~20 meZ? meZ?

with the usual understanding when ¢ = —1.
For p,q € [1,00] and o € R we denote by Bg" q(Td) the corresponding Besov spaces on T —see

Appendix In the special cases (p, ¢) = (00, o) and (p, q) = (2, 2) we denote by C* & BY _the

00,00
corresponding Holder-Besov space and H* “ B3, the Sobolev spaces. We denote the L? pairing of two
functions u, v € L2(T%) as

(u,0) pacpty © / Ju(xyo(a)de,
T

often dropping the subscript L2(T%).

For ¢ € [d], we allow N° : (f, g, h) — N€(f, g, h) to act on a function f (resp. h) depending only
on ¥y, (resp. yz). When this is the case, N°(f, g, h)(x, t) is independent of x; (resp. x.), and we write that
f:T.— Rresp. h: T¢™" - R).
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—(m—i—én—l-p)

Figure 2: Local vertices

We make frequent use of Kolmogorov estimates that reference various parameters p, ', € where € > 0
is an exponent drop to turn a statement in expectation into a pathwise one, p € 2N is a degree of stochastic
integrability, and T € (0, 1] is a finite time cut-off on the relevant process. It is always implied that
p,T" > 0 can be taken arbitrarily large and € > 0 arbitrarily small, with this only changing implicit or
explicit constants.

def 4

We introduce the shorthand Z(+) = || - || for the tensor nonlinearity and, for ¢ € [d], write

MA(T?)
o) = || - ”;1\44 ey We fix € > 0, which later will be taken sufficiently small, and write K@) =
|| - ||§{175 ) for kinetic term (the Gaussian action).

For ¢ > 0, we denote by P; £ ¢~ 1=4) the massive heat operator on T%, we view P, as an operator

on functions/distributions over space. For nice enough space-time distributions F' we write

t

t
L7V F(a,t) = / Pr_y(F(,8))(@)ds , L7 Fa,t) = / Pi_s(F(, 8))(x)ds .
0

—00

2.1.3.1 Some graphical notation

We use a variety of graphical representations in the article, some of which might be unfamiliar even if
one is familiar with diagrams in local field theories. A more careful explanation of our graphical notation
can be found in Section2.6.2]

Suppose ¢ € C°°(T?), and let us write gZ;m = gig(m) viewing the Fourier mode as an index. Then we
can write the local nonlinearity as

HQSH%‘l = Z émén&p(ﬁqém-i-n-i-p-i-q@ . (2.14)

m,n,p,g€L?

In Figure [2| we draw the local quH‘i4 non/vertex as a diagram on the left (in Fourier space) and the
corresponding dynamical / stochastic vertex ¢>(x) on the right (in direct space).

In Figure 2] the dashed lines on the left correspond to fields ¢, and the vertex in the middle represents
the delta function imposed on the sum of incoming momentum from the dashed lines.

For ¢ € [d] and m € Z%, we write m; = x°(m,0). We have the following formula for the
monochrome nonlinearity of the non-local theory

I@) = Y Ome-ncOpe—g.0me—q:One,—pe OmPrbpq - (2.15)

m,n,p,qEZ?

The corresponding vertex for the non-local nonlinearity Z¢(¢) is drawn on the left below (in Fourier
space) and we draw the dynamical/ stochastic vertex N(f, g, h)(x) on the right (in direct space). For
the picture on the right, we have labeled the dashed lines corresponding to fields f, g, h to clarify the
asymmetric nature of the vertex.

One way to introduce a diagrammatic approach for the tensor field theory is to start with the graphs
of the local theory and replace the local vertices of Figure [2] with the colored non-local vertices of
Figure [3]— we will call the result graphs tensor graphs.

Note that the non-local vertex has less symmetries than the local vertex, in particular a single Feynman
graph in the local theory gives rise to many different graphs in the non-local theory.
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(—mei—ne) I

Figure 3: Non-local vertices

Definition 2.5 We define the melonic pairing of ¢ and ) as N°(-, ¢, 1) —for ¢, € C®°(T%), it can
be viewed as an operator C®(T% 5 h — N (h,p,) € C°°(T%) (which also acts naturally on
h € C°°(T.)). We draw a melonic pairing as

R

Figure 4: The melonic pairing of ¢ and 1

Similarly, N(¢, ), +) is the non-melonic pairings of ¢ and v that acts on h € C°(T%) (and also
h € COO(Tg_l)) and N¢(¢, «, 1) is the exterior pairing that acts on h € C°°(T%). Note that contrarily to
the melonic and non-melonic pairings, the exterior pairing can be extended to an operator C*°(T%) >
h — N, h, ) € D'(T?) for ¢, € D'(T9).

We also talk about melonic pairings in the context of the particular pairings in Wick’s formula that lead to
divergences, this again refer to pairings that maximize the number of Wick pairings between terms sitting
in the second and third arguments of N(+, -, +) — see the discussion above and at the beginning of
Section2.3.11

Definition 2.6 Following the discussion in Figure[T] we define the primary divergent subgraphs for the
T4 measure. For ¢ € [d], 9" is the melonic tadpole of color ¢ and for ¢, ¢’ € [d], ¢ # ¢, M>*<is the
melonic snowball of colors ¢, ¢’. The color index can be dropped when the color of the graph is of no
importance. They are pictured as

mQ,c,c/

Figure 5: The two primary divergent graphs 9t"¢ and M2’

2.2 Renormalization and local theory for dynamical T3

In this section we prove the following local (in both time and space) well-posedness result for the
parabolic stochastic quantization of the T3 equation for d € {2,3}. This will also be a warm-up for
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describing some of the power-counting and stochastic estimates needed for tensor field theories before
we treat the T} model.

Recall from the introduction that we define a regularized noise & “1 ~n& where Iy is the Fourier
multiplier that projects onto the Fourier modes of size lower or equal to N. We introduce the stationary
(in both space and time) process Ty over T? x R given by

def
v =

2L ¢y .

Theorem 2.7 For d = 2,3, there exist constants ay such that one has uniform in N control of the
local in time solutions to [2.9) with initial condition of the form 1x(0) + I xv(0) with v(0) € C>7¢ In
particular, using the ansatz ¢ = N + v for the equation with cut-off N, one has that v converges in
C([o,T), C%_E(T?’)) where T € (0, 00] is a random blow-up time.

As mentioned earlier, the local theory for the dynamical T4 is quite similar to that of dynamical @3,
and as in the latter model we will be able to apply a Da Prato - Debussche [[DPDO3]] argument. The
idea of the argument is that lim x4, T = 1is rough, but explicit and Gaussian, while v is an inexplicit
remainder that should have better regularity. One then derives a remainder PDE for v involving Wick
powers/Hermite polynomials of T (constructed via a probabilistic argument) and shows this PDE for v is
locally well-posed (with stability as the regularisation is removed).

We start with the following standard estimate.

Lemma 2.8 For any fixed T > 0 and ¢ > 0, Iy converges to a limit ! = 1 in C’TC_%_6 — see
Remark2.80} Moreover, for any N > 0 and t1,ty € Rxy,

P\trtﬂ

E[ln(t)In(t2)] = szﬁ ) (2.16)

In particular, for fixed t and as a random field on T, one has Too(t) faw q

In what follows we write N ](\f)  HyN©. A natural first question is how to renormalize Ny (Tw, T, Tw)

so it has a meaningful limit as N 1 co. In <I>§ the corresponding (Wick) renormalization is TE;)’V(Z) —
T‘;’V(z) — 3E[T?V(z)]TN(z) which cancels the divergence E[T?V(z)] produced when any two of the three
copies of Ty Wick contract.

The product A is less symmetric, each choice of which two copies of 1y Wick contract, that is
NaG I, TN N O, = tv) or Ny (v, Ty, #), should be treated differently. The second two terms are
well-defined without renormalization as N 1 oo in any dimension d, while the first term is melonic — it is
well-defined for d = 2 but requires renormalization for all d > 3.

Our “Wick”, or tadpole, renormalization is given by setting, for any d > 2 and ¢ € [d],

CN(d) £ EINF A V0, IN®)@)] - (2.17)

Note that by stationarity Qﬁ}\}c(d) does not depend on (¢, x). This is the renormalization constant shown in
the first column of Figure

Notation 2.9 Recall that we can view N¢ and  as either acting on functions/distributions over space
and returning a function over space, or acting on and producing functions/distributions over space-time.
We jump between the two viewpoints often.

We can then write the promised renormalized product by setting, for any ) : T¢ — R,

K, T, @) — EEd() - (2.18)
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Note that unlike the local Wick square ™3,(x) — E[1y(2)?], (Z-I8) may not have vanishing expectation
since we replaced ¢ with 1 in (Z.I7). Unlike the local case, in (Z.18) we are compensating a non-locaf|
divergence with a local counterterm. The next lemma is an instructive computatimﬂ showing how the

renormalization cancellation in (2.18)) works.

Lemma 2.10 For d > 2 and c € [d], one has

. 1
W= Y TE

ngZ?l\; !

In particular @}\}C(d) is independent of ¢ € [d]. Writing

d
Ch(d) £ ERd) = dey(d),
c=1

we have, for d € {2,3,4} and any ¥, f € C®(T9),

sup E[(Nn (e, v, ) — Eh)(F)*] < oo,

NeN

sup E[NN (N, ¥, IOV ELN NN, T, ) ()P < 00 .

NEN

We sometimes suppress d from the notation, just writing Qﬁ}v.

(2.19)

(2.20)

Proof. We start with (2.20), but we only sketch this bound in order to demonstrate the need for renor-
malization. We state more detailed estimates in Lemma [2.16] steps skipped over here can be reviewed
in the proof of that lemma. In what follows we sometimes drop N from our notation and write Fourier

variables as subscripts.

Thanks to hypercontractivity and orthogonality of the homogeneous Gaussian chaoses it suffices to
bound the second moments of projections onto each homogeneous chaos. We first deal with Ny (T, 2, 1) =
Ny, N®@ 4+ N N, Y, no _ superscripts indicate the Gaussian chaos. As in the local case, one does not
need renormalization to obtain uniform in N bounds on the highest chaos. Regarding the N (T, ), N® —

the expectation of Ay (%, 7,1 — we have

KA, 1) C@ = D e ™S PRl g (O ()]

meZg, nezd

_ § : —x-m § :¢

- nYvm, TL >
meZg, neZzd

=TIyl — A) (),

which is clearly well behaved as N 1 oo. Turning to N (1(t), '(t), 1), we have

KOO0, 0P@ = Y e N " i Bl —n (Ol (D)]

meZy, neZd

e - In(me, ne)
LS Y it T

; 2
mezg; nez? {(me, no))

— Z el mw_m Z HN(mcanc)

mezd, necZ (mcvnc)

3We recall that non-locality of Wick renormalization has important consequences for our model, see Remark-
“In fact we don’t use Lemma|2.10|as we need more quantitative regularity estimates, see the sequel.
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which poses no problem as N 1 oo since the sum over n. above is convergent. Now we turn to
Ny, 1(t), (t)) where we see the need for renormalization.

KO V@ = D e Y W B ()] 2.21)

mezZs, nezd

_ —1m In(neg, me)

- Zd € Zdw me,—MNe mc,nc <( C7mc)>
meZy; nez

_ e, Hy(ne, me)

N Zd ¢ Z (ne,mo)?
meZy ne€Z~1

Observe that in d > 3 the sum over n; becomes divergent when we take N 1 co. We renormalize to
compensate this divergence, and since we want to accomplish this with a local counter-term we only
subtract the divergent term evaluated at m. = 0 rather cancelling the whole quantity above. Indeed,
subtracting Qi}\’,cw yields

NGO @) — @) = Y e M, Y R, m)), (2.22)

meZs, ne€Z4=1

where
e Ly(m)  Hy(me)

Ry(m) =
(m)? (me)?
We see that (2.22)) is uniformly bounded as we take N 1 oo when d < 4

Finally, the formula for ¢; in (2:19) directly comes from inserting ¢ = 1 in (2.21)) since the Fourier
transform of 1 is d,;, 0. O

(2.23)

Remark 2.11 ¢ is finite when d = 2 and we see that the dynamic T3 model, while being singulalﬂ,
does not require renormalization. QZ}V diverges like log N when d = 3 and like N4~3 when d > 4.
Viewing €} as the analogue of the “Wick constant” in the local theory, this is consistent with the idea
that divergences in the Té model resemble those in the (1)3_1 model for d € {3,4,5}.

We introduce some symbolic notation, writing, for N € N,

U =, SN TN - ExIn (2.24)

In Lemma we prove that, for d € {3,4}, ¥y converges to a limiting distribution over space-time as
N 71 oco. Note that ¥ is not in the homogeneous third Gaussian chaos associated to &, since only one of
the three Wick self-contractions is cancelled, and it is not even fully cancelled.

With this notation at hand, we are going to study the following regularized equation:

Lon = —Nn(dn, dn, dn) + Chon + V2En, dn(0) = Tn(0) + Ty . (2.25)

Given that we can expect that the noise is the most singular term of the equation, in order to solve the
equation, we first have to perform an expansion around the solution to the linear equation, which is known
as the Da Prato-Debussche method. Let vy 4 ¢n — T that solves

Loy = — Nn(n,vn,vn) — Nn(wv, on, on) — Na(ow, v, vn) (2.26)
— Nn(n,on, ') = Ny, Iy, own) = N, on, Tv)
— (Mn(n, v, ) — €hon) — (N (s Ty, Tv) — €IV,

SN (¢, ¢, ¢) is not defined for ¢ € C°~ so the equation is indeed singular, but A’(",T,1) can be constructed with a stochastic
estimate without any need for renormalization.
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with initial condition II5vg. In the rest of the section, the cut-off NV is often suppressed from notation — for
instance we write N/ (v,1,v) to denote Ny (vy, v, vy). However, all estimates in this section will be
uniform in V. We now state regularity estimates for the stochastic objects appearing in (2.26)), all of our
proofs of stochastic estimates are deferred to Section [2.5]

Lemma 2.12 (Random fields 1) Let
F = Ny, v, ) — Ey(@) (227)
Then, for d € {2,3,4}, p € [1, 00),

supE P _ < 00. 2.28
sup [\D:fNIICTC_Sng_G(Td)] (2.28)

Moreover, one has convergence of the above object in the corresponding LP(S)) space as N — oc.

Remark 2.13 In (2.28)) we see our non-local “Wick cube” has an improvement of regularity by 1 versus
the local/pointwise Wick cube. On the other hand, two of our non-local “Wick squares” see a regularity
gain of 1/2 versus the local product. More precisely, defining

W) 2 [ e 50t 2o — SN @O — 30,

(2.29)
c €]
DEN(‘T&’ ve) = / IN(Te, YN (Ye, Ye)dye
T
we have
sup B[R [” a5 1<ooford>2,
CrC~ "2 ~4T?%

NENE[H}C I” ) | ] < oo ford € {2,3,4} (2.30)

su _ < ooford e {2,3,4} .

Neﬁ)\l N CTC*ZdZ 5*E(TQd—%

We present (2.30) to give intuition about the power-counting but in our main proofs we will use define
and control these “Wick squares” as random operatorsﬂ see Lemmam

Notation 2.14 We often use a pictorial representation of the nonlinearity NV'(v, v, v) by writing ,8" . We
also often use the same notation for the mixed terms of v and the stochastic objects. For instance, we let

‘8" stand for N(1,v,v), ‘8" for N(1, v, v), X' for N(v,1,0), 'd for N(v,v, X), ):“ for N'(1,1, v), and
?:( for lj:f Exceptions to this convention are product for which we need renormalization, that is
and also & = N(v,1) — €lo = S| [ e, yo)v(zs, yo)dye.

We can then rewrite (2.26)) as
Lov=-p0" -9 -¥-&d--9d-¥-¥, (2.31)

with initial condition v(0) = IINvg.

2.2.1 Random operators for Tg
Ind = 3,1is of regularity —3 — and, by (230), we see that *" and )i are of the same regularity, so
N v, v), Nw,Lv), Nw,v,D), N,LD)—clv, and N(,T,v) (2.32)

are all well-defined in the limit as N 1 oo as long as v can be taken to be of regularity better than %,

and are of regularity at worst —%—. However, the term (1, v,1) = 1}:( remains problematic. We get for

SProofs for are contained in our proofs of random operator bounds, see Sections|2.6.6.1|and
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free that the exterior product of two copies of the free field, denoted T ® 1, is well-defined without any
renormalization but we cannot assume regularity better than —1—. Feeding only this into a deterministic
argument would give ‘j:f of regularity —1— which means the equation for v could only be solved in
C7rC'~¢, but pairing v with T ® 1 to obtain N'(1, v, 1) requires v of regularity better than 1.

The same issue is encountered in dynamical ®4 where the product \/v is problematic —it requires
that v is of regularity greater than 1, which is hindered by the regularity —1— of *. However we can
overcome this issue in T3 with much less work - since the roughness of the two free fields appearing is (in
law) isotropic, we could hope the integration in the non-local product 7):( compensates their irregularity.

We make this intuition rigorous by promoting ' ® ! to a random operator, and viewing lj:( as this random
operator acting on v. To simplify our presentation we write all the mixed terms in (2.32)) as random
operators.

Definition 2.15 Given q € C*®°(Rxp % T?%) and J C [d], we define operators G : C*(R>p X T/ ) —
C>*(R>p X T”), where J = [d] \ [/], by setting

GhOtun [ | Gy, 2.3

For the case of ¢ € [d] we also write G¢ = G1¢} and G¢ = G9!, We write 15, 15, and T?V for the
above convention applied with G = Ty.

Lemma 2.16 (Random operators 1) Let p € [1, 00).
Foranyd > 2,0 <k <d, J C[d]with |J| =k, and o > %ﬁ,

< oo with B =min ( — 52,0 — 2) . (2.34)

J ||p
Jfng[HTN"£<CTH°‘<Td"“),GTcﬂ*€<T’€))]
We also define, for any c € [d], the three random operators
VD ENFS NIV = CF @S for f i Rop x T — R,
YD ENKON Y D, for f :Roo x TS ' 5 R, (2.35)
= E NN, fIN), for f:Rzo x T" 5 R.
Then, in any dimension d > 2, for all ¢ € [d] and o > %,

) ] 3 d— d—
;lé}l)\lE[H}NHZ;(C’THa(Td—l)7CTcﬁ_€(Td71))] < cowith B = mm( — 73’ o — ¥) ’

;{lé}l)\lE[H 3y 1o riy opc—cpay] < 00 with f=min (— 452, a —(d~2)).  (2.36)

Finally, for d € {2,3,4}, c € [d], and o > —3,
P S | 2d—5
EE%E[HVRT”ﬁ(CTHa(T),CTCB*S(T))] < 0o with 3 = min (5, — “5=). (2.37)

Moreover, one has convergence of the above objects in the corresponding LP(2) spaces as N — oo.

Notation 2.17 We again omit the superscript ¢ on % and )zc when the color c is being summed, for

instance }z = el )ic. Overloading the notation, we will also write
Il 2o ooy, CB—<(Ty) = max 1IN 2o ooy, cneB—<cmy) 5
(&
”}H£<0TH“(Tdfl),CTcﬁ—%Td*l)) - ge% H} lcpmomay,cpes-eai-y

(k) _ J
Il ermeqi-m,ores—eamy = | max, (Tlleormeais,cpenary-
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Remark 2.18 In Remark we claim that % and }z see a +1/2 regularizing effect versus %/ in the
local theory. However, we are only able to obtain stochastic regularisation of the non-local product
N(f, g, h) when two consecutive arguments of A/ —that is (f, g) or/and (g, h) —are explicit stochastic

objects. We don’t obtain a stochastic regularization effect for ):f which makes this term more difficult in
d = 4, more so than %" or }z —see Remark@

2.2.2 Closing the fixed point problem

We now formulate (2.37T) as a fixed point problem in C7C2~. We will use the following deterministic
estimates on our nonlinearity.

Notation 2.19 At this point of the article we will start presenting deterministic estimates that will also be
useful to apply when ! is replaced by the more complicated ansatz ' we use when d = 4. For this reason,
we extend our definitions of random fields and random operators and corresponding norms (for instance,
(2-33) along with Notations [2.14]and [2.17) to the situation where all instances of the cut-off ' are replaced
by a cut-off of an unknown random field I. However, we eventually finalize the definition of T in our main
proof and the statements of our main theorems for the Langevin dynamic setting — choosing ' = T when
d € {2,3} and being given by (2.50) when d = 4.

Note that in our definition of renormalized quantities such as %" and =", we use the same (dimension-
dependent) renormalization constants whether we are working with T or .

Lemma 2.20 Let d € {3,4}. Let,v :€ C®(Rsq x T%). We then have the following estimates

1B g, e e SVl st s ope-b-s ey llors=lvll, cga  (238)
15 g, e SN i s seeqimy apeb- sy lelerz=lloll oo (239)
1, ot SN i pr3-seqputy gt eyl llerz=lvl g, oa (2.40)
131l o3 S UH o, 8 5e gyt 100 o2 (2.41)
1y, e S I i st s gt 100 o2 (242)

Remark 2.21 The 2¢’s in the regularity of v in the RHS are here for convenience, for a reason that will
become clear when we study T;.

VU

Proof. We only prove the inequalities for one term quadratic in v, g, and one term linear in v, ):” . The

proofs for the three other terms are very similar (taking into account the renormalization in DZZ( ) and left
to the reader. These bounds rely on the random operators estimates from Lemma [2.16] as well as the

bilocal Sobolev embeddings given in Appendix 2.G.T} equations (2.122)) and (2:.122).
1_ e

1+e

We first prove (2:38). Using the embedding L°C,,> * < Cp. 2. given in (2123), we have

M=

VU < c .
H F HCchl%i ~ pot HN (Tvvvv)(xcafzc)”CTC;:g:
d
SYINCuo@ezoll e
=1 (JTLgiCzé

€ .
4

d
< lellorze Y MG v)@ll 4

2
c=1 yécxé

Here, we can use the estimate (2.34) on the random tensor "¢~ 1:
18", orge STV

. s ol oGyes ol

3 _3e —-5—7 3_3¢ -
LCpH2,CrC 27 1) CrLgCy,
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3_
Finally, we can conclude using the embedding Cyc y; — LgoCy, o (]27_711)
1 Lie
Let us now deal with (2.41). Once again, using the embedding ngcxg 1 Cp. 2 yields:

d
v c
12, 14 2;11/\/ CLoaerl | g
c=

TYzc,zs
d d
C C
<Y IV o), LU RS > F wee naall ,
c=1 cve c=1
Using (2:54)), we have
<

P ) e SN LA CE IS

and we can conclude using 2.121). O

Define (X ) ~ to the tuple of all the random fields defined in Lemma @ and (X(EE) N to be the
tuple of all the random operators defined in Lemma2.16] both taken at the same N € N LI {oo} We again
often suppress /N from the notation.

We define our enhanced noise in d = 3, X5 = X3 LU X[% to be the concatenation of these tuples.
It is an element of the product of the Banach spaces in which the random fields and random operators
live. In particular, for 7" > 0 we introduce the following nornﬂ

K52l = max ( max [ rllggesn e max [i7llecpmer opon o) 243)
TEXf 3 TEXO’

where for any stochastic object 7, o and (3, are the inner and outer regularities of 7 as stated in
Lemmas [2.12] and [2.16] The stochastic estimates in the above mentioned lemmas imply that, for any
T < o0, and for any 1 < p < oo, X5P converges as N — oo in the stochastic space LP(Q; || - ||1).

Notation 2.22 Note that in the discussion around (2.43) we are badly overloading notation by using the
same sets and symbols to denote indexing set of a tuple and the actual components of the tuple — we do
this to keep notation to a minimum since the meaning should be clear.

We write A So1p B whenever there exists two positive constants C' and ¢ such that A < C||XEP| ¢ B.

3
With this notation, we have the following proposition.

Proposition 2.23 For any vy € C %76(T3), there exists random time T € (0,1] such that equation
(231) with initial condition v(0) = Iyvy admits a unique solution v converging as N 1 oo in
—_ 3 _ _
C([0,T),C27XT?)). If T < 1, then we have limtTTHv(t)HC%_e = o0. Moreover, if T < T, the

solution on [0, T] depends continuously on x and on the enhanced noise set X5P (w.r.t the topology of

- llz).

Proof. We write the mild formulation of (2.31)) as a fixed point map for the map
t
Ev) = Pt:c/ P8+ + 5+ T+ + - )s)ds
0

It suffices to show that = is a contraction mapping a ball in C’TC%_6 to itself. We first argue that, for any

given R > 0, one can take T" € (0, 1] small enough to make = a well-defined contraction on the ball of
3 3

radius R in CpC2~¢. Let vy, vy € CpC2 ™~ with [Jv1]|

we write v = v] — V9.

Cpci—e vaHCTC%% < R. Throughout this proof

"Technically a semi-norm, but in practice we will only work with these objects up to the given time T
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By the Schauder estimate (2.120), one has

ch € Y

—_ = VU v_v v v v v
[ECR=ICH] ST + 8+ F +F+ + 7+ ¥, e

For the first term .0 = N (v, v, v), we have

v

13 0 pge S 1 Nepze S Iolse
2 2
S @t llolly, g2y, g-Jllor—wall, o5 (2.44)
Using (2.38)- (2.42)) for the mixed terms, we obtain
” ?ju + D:v Ugf{-jj + HH 142-5 NXLD (1 + HUHCTLoo)HU”C C%%
Sxo (Lol og—e +llo2ll g og-llor —2ll , o5

Finally, by the random operator estimate (2.37),

(=1
T

We have thus obtained that

1J2re)||111 — ’U2”

3 3_ .
CrLH2°C™ CrC2™°

|I=(v1) — u(v2)\|

S T+ o2, g+ el

cTc%*f)””l - U2HCTCg75 :

CrC 3-
Our contractive estimate follows from taking 7' < 1 small enough, depending only on R and ||X}P||;.
By a standard modification of the above argument that one can take R > 0 sufficiently big, depending
so that = maps the ball of radius R in C1C 3¢ to itself.

The Banach fixed point theorem then gives us an existence time 7" depending only on ||vg H 3 and

only on ||v0|| 3

5—e>

IX5P||1. Existence up to time to the time 7" and blow up if T < 1 then follows by a standard iteration
argument. Continuity in the data (both the initial data and X5P up to time 1) follows along similar lines
to our contractive estimate. The convergence as N 1 oo follows from convergence of the stochastic data
and ITnwvg. O

2.3 Renormalization and analysis of dynamical T}

In this section we cover the renormalization of T and also give results on energy estimates and local
well-posedness.

We now give an overview of the issues that appear in d = 4. While writing ¢ = ! 4 v was enough for
d = 3, in d = 4 such a remainder v would not have positive regularity — the purely stochastic term V¥ in
(2.37) is of regularity —2—.

There are three main arguments that appear in this section.

e We can remove the term % by doing a second term in our ansatz for ¢ given by £~ 1%, this
introduces new stochastic nonlocal products of the form N (-, 1, L7'4) and reveals to us the need
to introduce a second renormalization constant (see Lemma [2.25)).

e Even after we introduce this additional renormalization to control these new products, we will see
the renormalized products of the form T x T x £~ !4 have regularity —1—. This turns out to be
a problem for our L? estimates used for tightness since the pairing of this object with v requires
more regularity from v than is given by its H' norm — this good term only lets us to pair v with
something of regularity —1+ see the proof of (2.130). To overcome this we introduce a third
term in our ansatz (see (2.49)) after which the remaining purely stochastic terms are of regularity
—1/2—.
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e We have one more challenge for local well-posedness, the estimate (2.36) in d = 4 shows that if
v is of regularity o € (%, %), then £L~'N (1, v,1) is of regularity o — € for € > 0, so that one can
not close the fixed point. This is why we also reinject the remainder equation into itself to make

it a well-posed remainder equation (see the discussion at the beginning of Section [2.3.5] and in
Remark 2.37)).

The second and third item below are mostly arguments for the deterministic part of the analysis,
while we will see we can avoid the use of regularity structures or paracontrolled calculus, the third item
shows we will need more complicated expansions for local well-posedness than we need in order to prove
energy estimates. Since our main interest here is using energy estimates on the dynamic at stationary to
prove tightness of cut-off T} measures, we’ll discuss energy estimates first and afterwards study local
well-posedness.

While we do not use our local well-posedness to construct any measure, the difficulties that we
encounter in this result also appear when trying to prove energy estimates in dimensions d € (4, 5),
therefore we still include the argument for local well-posedness for T4 as it sheds light on how the
behavior of subcritical T* differs from that of T}.

2.3.1 Snowball renormalization and stochastic objects

The second term of our ansatz is given in the following lemma.

Lemma 2.24 Define

YN =L

Then \;’ is stationary in space and time, and, for p € [1, 00), verifies
p

Moreover, one has convergence of the above object in the corresponding LP(S)) space as N — oc.

Since we are subtracting both ' and \V from the solution, we must controll cross terms mixing ! and \V
Indeed, it turns out that nonlinearities of the form N (s, 1, Y) or N (-, \}’, T) are divergent. We introduce a
second renormalization constant to compensate the divergence caused by the melonic pairings of T with
\}’, this renormalization is shown in the second column of Figure[2.3

We now make precise what we mean by the contribution from the melonic pairing. We write

ELNV(,1, Y] = Easn V0,1, L7121 1) — el
= Eq2)34[N(,1, Yc/)] + Ea3)e0N, T, YC/)] + Eqay23) N8, 7, ?’c/)] ;

In the first equality above we view the four instances of the white noise as four different random variables
(distinguished by their superscripts) that are almost surely equal. In the second equality, we work with two
independent copies of the white noise —in E(q2)34) we have £ = ¢J almost surely for (ij) € {(12),(34)}
but £ / €2 is independent of &3 / £*. The notation E(13y24) is defined analogously — the second equality is
then just a cumbersome way to write Wick’s rule. The term with subscript (12)(34) above is the melonic
part of EIN (6,1, ¥)].

We then define, for d > 2 and ¢ € [d],

def

CX(d) = Eazyan N A, v (@), Y O)@)] + Eaqzyaa Ny (1Y, 0, W) @)1, (2.46)

where for the second term we are using the convention

Ea12)@[Ny (@, ¥, @), W) (@)] = Eazaa [N(g, L7HN (7,13, 1h) — 1) 1]
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Note that both terms on the RHS of (2.46)) are equal. Moreover, by stationarity (’Zi}c(d) does not depend
on (¢, x). The renormalized products are given by setting for any function v of space,

1 1
RO = S @Y and NR@,F ) — 5 € (@

Lemma 2.25 Ford > 2 and c € [d],

D= > > <7§é>4m}f’(xc’(n,m)),

c'#c méGZ?\j_l ne€Zd—1

where RY; is as defined in equation [2.23). Unlike (’:}\}C, (’Z?\}C(d) does depend on c. Writing

d
CX(d) £ (@, (2.47)

c=1

we have, for d € {2,3,4} and any 1, f € C*(T%),

1
sup BN (T, ¥ ) = 5 Q) ()] < oo,

NEeN

1
sup E[(Nn(, . W) = SER)(H)?] < o0,
NEN

Moreover, the same statement holds for the four other ways of substituting 1, 1n and \;’ into N (with no
renormalization). We sometimes suppress d from the notation, just writing Q%V.

Proof. Let us pause one moment to prove that ¢2 indeed renormalizes products of the form N (<, 1, Y) and
N@,1, ?). This will be the occasion to verify that it is correctly defined, and that its second expression
is correct. In the proof, to lighten the notations, we drop the dependence of the stochastic objects in V.
Let us start from

EING (&, ¥, 10)@)]
= 3 e, B OF O]

m,nEZji\,

t

d
= Z Z eimimiﬁ—mg,—nc / ds 67(t73)<n>2
m,n,peZ?\] =1 —o0
E[(fpé/,nc/ (S)ffp(s)fné/ () — Qf}\}c fn(s))ffnéﬁmc(t)]
t

d
- Z Z eimlmzz—mé,—nc / ds ef(t*8)<n>2(m1 + Ao + Ql?:) )

m,n,pEZ‘}v =1 -

We expand the expectation as the sum of three terms 21, 2o and 23 according to whether the fourth noise
contracts with respectively third one, the second one, or the first one. 2[; corresponds to the melonic part
of the expectation and includes the counterterm ¢he’ More explicitly,

w5 s e =® My, ne)  Tn(pe)
L= OnesmeOperne ™ 1vs {(per, ner))? per)* )’

while 2, and 2(3 are given by

e—(t=9)(n)? e~ Ty (ny, pe)

Rlo = 0p—nOneyme——7 > A3 = Op.nyOnem :
R O T ) (e pe))?
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The contributions from 2(5 and 2(3 are convergent while 2; gives

d
> Myemo Y e, [
=1

. 2
meZding . cZ4—1 oo ((ng,me))
WeeHPe

_ 1 Z Z - mw . Iy (ne, me) m}\}C,(XC/(P, n)).

meZ4in; paeZi=t ¢'=1 {(ne, me))*

boemt=smema)® |
Ry (X (1)

As we did with the first renormalisation, we only subtract the value of the divergent expression at zero
external Fourier mode, that is m. = 0, since this is sufficient in order to obtain a convergent expression.
Thus, the quantity we subtract from E[N (¢, \V N(t), v (1)(x)] is given by

RN (0 (0, m)).

Zd 1 paczd—1 /= 1

/
Here, we can observe that when ¢/ = ¢, %y is evaluated at (py,0) and we recall from (2.23) that

E)%lecl (per 0) = 0 This means that the first renormalization totally renormalizes the melonic product of '
times \}’ LNe@, 1, 1) — ¢len). Therefore, we have finally obtained that

1
Eq2)3yVy @, ¥, (&), In@)(@)] = 56?\}61#(37) +O(1),

where the quantity O(1) is a convergent sum uniformly in /N, while the non melonic part involving
E(13)24) and E(14y23) is finite. The computations for E[N§ (¢, v (?), \y N(t))(x)] are similar. Finally,
setting ¢ = 1 proves (2.47). 0

Inspired by the previous discussion, we define for d > 4 and ¢, ¢ € [d], ¢ # ¢’ the second renormalized
amplitude:

2,c,c/ d_efl HN(m) HN(mc) 1,¢
P ) <<m>4 (e} )“ -

The renormalized melonic pairing Znezd z@_m é,_ncE[\?n(t)f_n&_mc ®] — %C%/?m (as well as its coun-
terpart with ' and \V switched) thus contains

Y Y D D R, m), X ().
ne€Z4=1 péEZd_l d#c

def 200

We denote its value at N = oo by R (m,n) = (m,n).

Remark 2.26 ¢2_is finite when d = 3 so we didn’t encounter it in Section @%\, diverges like log N
when d = 4, while it diverges like N 2d=8 for d > 5.

With the second renormalization constant €% defined, our regularized and renormalized Langevin
dynamic for T} is given by

Lon = ~Nn(on, dn, dn) + (€N — E3)dn + V26N . (2.48)

We now give the third contribution to our ansatz along with a stochastic estimate.
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Lemma 2.27 (Random fields 2) Let

¥ SN TN — @Y ) + (NN, Yy ) + M Tv, W) — Ev@Ty)

and

¥ ooy, (2.49)

which is stationary in space and time. Then, in d = 4, for p € [1,00)

p p
50 EAIE I v <00 and sup BURE 7, o)) < o0

Moreover, one has convergence of the above objects in the corresponding LP()) spaces as N — oc.

We now introduce the total ansatz ! needed for us to solve the T dynamic, it is given by
rd:efr—\;ury (2.50)

Note that Tis stationary in space and time. The term ! is the roughest term in T and so one expects T and
T to have the same path-wise regularity. However, for probabilistic estimates, ' is a more complicated
non-Gaussian object.

Below we adopt much of the same notation from Section [2.2] but where we replace instances of !

with %, for instance writing 1%, %/, )z and ):f — see Lemma (2.3 1| for explicit formula. We also define the
random field

def

U = Na(y, Ty, T) — (@5 — %)y

They share the regularity properties of 10, 22, )z, Ff and ' stated in Lemmas|2.12|and[2.16] In particular,
we recall that in d = 4, ¥ is of regularity —2—.

Notation 2.28 In the end of the present section, we again use the pictorial notations introduced in the
three dimensional case. In particular, recall that Di’f stands for N'(v,1,T) — (¢! — ¢2)v and that we
systematically drop the dependencies in V.

Shifting the unknown by ' and introducing v = vy = ¢ — Ty in (2.48) gives
Lo=—0 =g - B - d-% - - -8, v0) =y, (2.51)
where the S is a purely stochastic random field that does not involve v, it is of the form
def
SN =VN —Yn + ¥,
= WV & ! r)—¢1¥)+(/\/( ! )—162 ) + Nyt %%)Hmerms
- N N7 Ny'N N N NY]\/J N7\¥N 2 N\?N NUN,S N, N B

S consists of purely stochastic objects that contains at least seven instances of the noise, for that reason we
call it the “septic” object, Lemma [2.29below shows that S will not need any additional renormalization.

Lemma 2.29 (Random fields 3) In d = 4 and for p € [1, 00),

p

1 ] < o0.
CrC™ 27T

sup E[[| Sy
NeN

Moreover, one has convergence of the above object in the corresponding LP(S)) space as N — oc.



RENORMALIZATION AND ANALYSIS OF DYNAMICAL T} 70

Remark 2.30 The regularity estimate we obtain for S is worse than what would expect from a direct
power counting argument, see Notation [2.65] The reason is analogous to the standard fact that in
deterministic estimates, objects of positive regularity don’t give a gain in product estiamtes - recall that
for f € C*and g € CP witha < 0 < —a < 3, one has fg € C%, there is no gain from (3. Similar things
happen with our non-local product, and we will not get a gain from objects like %% which are positive
regularity in d = 4.

In regularity structures, one can work with a power counting that does see this gain by working
with generalized increments of objects of positive regularity but translating this to our non-local setting

is unclear. We deal with this issue by mixing stochastic and deterministic estimates, see the proof of
Lemma[2.29]in Section 2.6.7.2

As mentioned in the introduction, we point out that the remainder equation (2.51)) involves only
stochastic objects that are well-defined in the N — oo limit and no renormalization constants. This is
in contrast with dynamic ®3 where, regardless of how far one goes in the perturbative ansatz, one will
always see a term C'y%v where v is again the remainder and C'y is a divergent renormalization constant.
While this difference makes it possible to use more classical machinery to solve (2.51)) versus what is
needed it for ®4, the argument is still not completely straightforward — see Remarkbelow.

2.3.2 Random operators for Tj
As in d = 3, we view the mixed terms in (2.51)) as random operators acting on the solution.

Lemma 2.31 (Random operators 2) Let k € [3] and ¢ € [4]. The random operators made with the
rough shift ! are defined as

T%)(f) = /T4k NG, y) f(y)dy, for f :Rso x T4k 5 R,
S ENGS I, ) — (@R — €3O, for f :Rsg x Te — R,
Fo D E NS NN, for f:Roo x T} - R,
'F(N(f) = NuOwn, £,1v) for f : R x T* 5 R.

. _ 2—k
Then, in d = 4, for all a > =5,

(k) |p ; — min(_k=2 . _
;‘é%E[HTN HE(CTHO‘(T4—’“),CTCﬁ*S(Tk))] < oo with 3 = min(—"5=,a — 1).. (2.52)

Moreover, in d = 4, forall c € [4] and o > 0,

P - . 3
5V”£(CTHQ(T),CTCB—€(T))] < oo with 3 = min(0, o — 3) . (2.53)

sup E[||""
NEN
Finally, ind = 4, forall p € [1,0), c € [4], and o > %

Sl ; — mi 1 3
;[lé%E[‘DZN||£(CTHQ(T3)7CTC[3_€(T3))] < oo with f = min(—%,a — 3), (2.54)

Jsvlé%E[H 0 o trorty cpcieiay | < 00 with § = min(—3, a —2). (2.55)

Moreover, one has convergence of the above objects in the corresponding LP()) spaces as N — 0.

Remark 2.32 Lemmas[2.20{and [2.31|control the mixed terms 2, 2', =, Y and ):” inC -z ¢ifv

is of regularity % — €. However, 7):( remains problematic. Regardless of our assumption on the regularity

of v, the best regularity estimate we can hope for LF( is — % —, which means we can not expect v to better
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. £ , 1 . .
than % — ¢. However, if v € C27°, then j:f € C~ 272, and the argument never closes. This term in the
T} dynamic requires a bigger departure from the approach we used for T3, in that sense it is analogous to
the product */v in dynamical ®3.

We now turn to proving energy estimates and tightness, deferring our solution to Remark [2.32] until

Section[2.3.5]

2.3.3 Energy estimates and coming down from infinity

In this section, we show two different kinds of estimates on the L? norm of the solution to (Z.31). In
Proposition we use the damping effect of the nonlinearity to establish a bound on the L? norm
of v that is uniform in the initial condition — this is called a “coming down from infinity” estimate. In
Proposition [2.40] we use the nonlinearity to prove an energy estimate which is better suited for proving
tightness of the invariant measures.

Key ingredients here are estimates on mixed terms of the remainder v with stochastic objects that
show they can be bounded by the coercive terms. Since we will want to state and prove these estimates on
mixed terms in a way where they can be used for both the Langevin dynamic and the variational approach,
we postpone these estimates to Appendix [2.])and only cite them here.

We first collect the stochastic objects that will appear in our analysis. Define XIJ;E to be the tuple of
all the random fields defined in Lemmas and L and XLD the tuple of all the random operators
defined in Lemmas We define the enhanced noise set (X D)y = XiP XLD LI X572 to be the
concatenation of these tuples.
defined as in (2.43) with the maximum over the larger sets X]ﬁ and XO 1. and with d = 3 replaced w1th
d = 4 in the computation with of «; and 5.

The stochastic estimates in the above mentioned lemmas imply that, for any 7' < oo, and for any
1 <p<oo, X{;D 7) — however for the present
section we only need to know that they are bounded uniformly in V. In this section and Section[2.3.3] we
work with N € N finite but arbitrary, but these statements would extend to N = oo without much more
effort.

We also use the notation A <XLD B as the natural analog of the notation given in Notatlonw

Proposition 2.33 (L2 coming down from infinity) Recall from Section the definition of the en-
hanced noise Xy and its norm || - ||; (see equation @Z43)). Pick T < T and vy € C22(TY), and let
vy = X + Y with (X,Y) the solution to 2.68)) at fixed N with initial condition (0, I1xvo). There exists
a constant vy > 0 such that for all t € [0,T'], v, obeys the bound:

[ot,v0) | 2erey S X217 max(1, ¢~ 3). (2.56)

Observe that the upper bound on ||v(t, vo)|| p2(p4) is a positive random variable, uniform in N, that only

depends on the randomness on [0, t] (not in the future of t), is in LP(QQ) for all 1 < p < oo, and that it is
independent of the initial condition vy.

Remark 2.34 Analogous estimates in LP(T%) for p > 2 seems to be out of the reach. When pairing the
nonlinearity with some higher powers of v, we obtain expressions such as (v?~1, N'(v, v, v)), which are
neither norms, nor even easily provable to be positive. Moreover, establishing some M? estimates is
not very useful, since we would only obtain them for p > 2 only, and they would therefore be weaker
than the L? one. We also note that the non-locality of the nonlinearity prevents us from easily using a
maximum principle.

Remark 2.35 The estimate (2.56) would be sufficient to infer that (2.68) has global solutions if it were
possible to restart the equation for Y from an L? initial condition. While we choose not to dive further

into this direction, there is hope that this is possible, paying the price of solving the equation in H2 "¢
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3 . . o .
rather than C2~¢. Indeed, in the same way that ||v3|| e~ < ||v]|3 ., by definition the nonlinearity satisfies
the estimate

IV, v, 0|2 < l[ollae S 0l72

where we used the embedding L? < M stated in (2.124). The second Picard iteration of an L? initial
condition would therefore be easily controlled in a Sobolev space.

Remark 2.36 In a previous section we pointed out that the term Zj:f will be a challenge for the local
in time existence of (2.31]), and will require the re-injected system (2.68) in the sequel. However, this
re-injection is not necessary when proving tightness or L? a priori estimates for dynamic T4. When
pairing the equation with its solution to derive an L? energy estimate, 1}:( becomes 7j:g , which, by

Cauchy Schwarz inequality, is bounded by ):‘b . The crucial fact is that )z can be defined without any new

renormalization — after the pairing the term ?:f becomes similar to the better-behaved term ):” so the
ansatz is not necessary. This observation is also used for treating T4 in Section

While we can use this simplification for d = 4, it is not generic in the full subcritical regime. Closer
to the critical dimension, formally when d becomes larger than 4.5 — that is to say when the noise is of
regularity worse than —13/4—, the term £—15:v (and also £~1 Di’f ) maps C* to C*~¢ for some € > 0. In
this case closing tightness and a priori bound estimates will require both a more complicated ansatz T but
also re-injections similar to what we will use to handle the term L):( for local well-posedness of Tj.

In order to prove Proposition [2.33] we need this a priori estimate on the solution to (Z.31)):

Proposition 2.37 (A priori estimate) Let T < T Alandv = X +Y with (X,Y) the solution to (2.63)
3

on [0, T x T* with initial condition (0, I nvg) for vg € C272% and pick s,t € [0,T], s < t. There exists

a constant k > 0 such that v obeys the following a priori estimate:

t 3
@I+ [ (oI + ol )ar S I+ [ + [
S

Proof. Recall that by the solution theory established in Section [2.3.3] v solves (2.51). Therefore, let us
pair Equation (2.3T)) with the solution v. For r € [s, t], we obtain

1 ,
5c‘),nHv(r)HiQ + [[o) 7 + o) 3a = —(3 = - - A - +(S,v))(r), (2.57)

where 12! = (8", v), B = (' ,0), ' = (Fv)and ) = (T, v).

We now use the bounds on the mixed terms that are proven in Appendix 2.]] It is at this step that we
take advantage of the fact that we have pushed the Da Prato - Debussche expansion far enough so that
all the remaining purely stochastic terms on the RHS are of regularity —1/2—, this allows us to control

the pairing (S, v) using the H' norm of v. By @.130), @.131)), (2.132), (2.133) and (2.133), we infer the

existence of an exponent x > 0 such that

1 _
§3rHv(7“)H%2 + o3 + o) < G IXEP 1) 4 85([lv)l|7 + o)1 344) -
Setting § = 1—16 yields
Orllv)72 + o3 + v S IXEPIF, (2.58)

which we finally integrate between s and ¢. We thus have

t
oI+ [ (I + [0l )ar S I+ oo
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We deduce from the interpolation inequality that

3
@72 < @ larallv®lla S oz + v,

|
We need the following rewriting of the previous proposition:
Corollary 2.38 Define F(t) < ||U(8)||H1 + [o(s)||3 4 uniformin T < T A1, s,t €[0,T], s <t
oIl S IXFPIF + F(s), (2.59)
/ S < K5 4+ FGs). (2.60)
s

Finally, we also need this comparison principle introduced by Mourrat & Weber:

Lemma 2.39 (Comparison: [MW17bll, Lemma 7.3) Let G : [0,T) — R continuous and such that
forall s,t € 0,T),s < t, fst G(T)%dT < ¢G(8). Then there exists a sequence of times 0 < t1 < - -+ <
ty = T such that for alln € {0,..., N — 1}, we have

G(t”) 3tn—?—1

With these lemmas at hand, we can now prove Proposition 2.33}

Proof of Proposition[2.33) Pick t € [0, T] for T < T A 1. If there exists s < ¢ such that Fi(s) < || XP||¥,

then using (2:39), we immediately conclude that [|u(t)|| 2 < [[XFP ”t% . Otherwise, suppose that for all
s € [0,t], we have F(s) > ||XLDHt Then, by Lemma|[2.39] we thus have a sequence 0 < t; < -+ <
ty = T such that F(t,) < tn 71- On the other hand, there exists a n such that ¢ € [tn, tn+1), so that

3 P
taking s = ¢, in (Z:39) yields [[v()|| ;2 < max (1,,2;) < max (1, f%). Letting 7' = 1, we then iterate
the argument on [1, 2], starting the solution from v(1), and then keep iterating in the same way. The proof
then follows from the fact that the estimate we have obtained is uniform in the initial condition. O

We also have the weaker bound on the L? norm of v, that depends on the initial condition:

Proposition 2.40 Pickp > 2 and 0 < s < t < T. There exists a constant v > 0 such that it holds
! LD
[ IO qudr £ €= S+ Lo - @61)
Proof. We start from (2.58) and use the positivity of the M* norm to obtain
O lo@)I72 + [lo@)7n S X
Multiply this inequality by [[v(r)|[%, yields for all § € (0, 1)

pida
Oellv)| + o7 S IXKEP IR < ClIXEP 2+ dllom]]» |

where we used the embedding H' — L2, and then Young’s inequality. The L? norm can then be
reabsorbed on the LHS, and integrating between s and ¢ finally yields the desired result. 0
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2.3.4 Tightness of the invariant measure

This section is devoted to the proof of Theorem [2.1] We recall from the introduction the definition of
vn, 22) and the fact that (Z.48) is chosen in a way such that at fixed N € N, it leaves v invariant.
Combining this with our L? estimates for the Langevin dynamic allows us to show tightness of the
regularized and renormalized T4 measures.

We first rewrite with N < oo in Fourier variables. This gives us a system of (2N + 1)* scalar
stochastic ordinary differential equations: for m € Zjlv we have

1
A = (@mzbm — (m)2m =Y > cbmé,ncqbfngbné,m)dt +/2dBP 2.62)
c=1 nGZ?\,
=: b"(¢)dt + V2dB["
where B{" = @ fT4><R>o 1j0.41(5)e"™&(dw, ds) is a complex Brownian motion, and we write €y =

Q}V - @%V. Note that we will always assume the reality condition q@m = qg_m which means we can view
([2-62) as a random dynamic on RZV+1),

Since the dynamic is now finite dimensional, we can now use the following explosion criterion of
Khasminskii to argue for global-in-time well-posedness.

Lemma 2.41 ([Khalll], Theorem 3.5) Fix N € N. Consideria complex random vector valued pro-
cess (X m(t))mezjlv satisfying the reality condition X ™ = X™ and solving the system of stochastic
differential equations

dX™(t) = b™(X ()t + V2dB™, m € Iy, (2.63)

where (B} )mery is a collection of complex Brownian motions such that B; " = W and B™, B" are
independent provided m +n # 0, and (b"™)mery is a family of functions b™ : CIN 5 C verifying the
reality condition b=™ = b™,

Then if b is locally Lipschitz, and if there exists a Lyapounov function V(X)) and a positive constant
C such that infy,.|,~ g V(x) T 00 when R 1 oo and LV (z) < CV(z) with L the infinitesimal generator
of X given by

L % 3 (bmam+b7na,m) + 3 00, (2.64)

mEIN mEIN

the solution starting from X att = 0 is a regular almost surely continuous Markov process.

Corollary 2.42 For fixed N € N, (2.62) admits global in time solutions for any initial data and the same
holds for 2.43)) for data of the form I N vy.

Remark 2.43 In contrast to Proposition 2.52] we only prove Corollary [2.42]for fixed cut-off N make not
claim about the global in time existence of the limiting N 1 oo local in time solution.

Proof. We apply Lemma to the system (2.62). We use for a Lyapounov function the L? norm:

V@ E 1+ Y [oml* =1+ [TINe| 7o, -
mGZ?V
def

Whenever V(gzg) is a function of (qgm)meZ‘}\, we write 9,V = 0 d;mV and 9,V & (9(;37 V. With this
notation, one has

W@ =5 3 ("@0V + TV + Y 0.0,V

mGZ;lV mEZ‘}\,



RENORMALIZATION AND ANALYSIS OF DYNAMICAL T} 75

4
= > ((en = m1oul = 3" Y b mbmencb-ndnm. +1)

m€Z4 c=1 neZ?V
= Nl T2 ps) = TN G ops) — ZALyv ) + 2N + 1)
<N ITN G} 2 qe, + @N + D Sy V),

where we used the positivity of ||II N¢”§{1 (r+) and Z(IIy ¢). Above we write <n to indicate the inequality

holds up to a constant that grows with N.
Lemma then shows the explosion time of ., is almost surely infinite. O

Remark 2.44 Rewriting (2.64) for our dynamic, we can read off that the infinitesimal generator L of the

system of stochastic ODEs (2.63), seen as an evolution on ITy¢ € R®V*D is given by —A + V Sy - V
¢

where Sy(IIn¢) = %HHNqu?{I(Td) + i”HNGbHZZLW(Td) - TNHHN¢>||12(T(1) Here A and V denote the

Laplacian and gradient on R?¥*Y_and in Sy (¢) we are naturally using our Fourier variables to identify
RZN*D with a space of trigonometric polynomials.

This implies that the dynamic does preserve the IIy marginal of the measure vy defined by (2.6)
witha =0, A\=1anday = Cy.

We turn to the stationary solution ¢y to (2.48) with stationary measure vy as defined in (2.6). In
particular, (¢N,m),ez4, solves (2:62). Note that, for N < oo, we can construct a stationary in time

coupling between the laws of ¢, Ty, \VN and % , by using a finite dimensional Krylov-Bogolubov type
N

argument for (2.62). Using this coupling we can then write vy = ¢ — Iy where vy is also stationary in
time.

Lemma 2.45 Forp € [1,00), it holds

] <oo. (2.65)

p
sup E[[[un (O[] 5p4,

Proof. Without loss of generality we assume p > 2. By stationarity,

1 (T
Ellon O o) = 7 [ BN
Combining this with (2.61)) gives

L on ()7 po)] < BUKEI31+ ZEllon O 7o ]

The result follows from taking 7" sufficiently large which is allowed due to Corollary [2.42] 0
Proof of Theorem 2.1} (2.11)) directly follows from (2.63). Regarding (2.10), (2.63) implies
P
]?/lé%E[Hng(O)HH_l_G(TZI)]

< sup BLon(0) = N O] + sup HIOP < oo,
NeN

c 75 (1Y

using the regularity estimate on T in Lemmam The same estimate holds in H~!~2¢(T*), and tightness
stems for the fact that the embedding H—'~¢ — H~172¢ is compact. O
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2.3.5 Local well-posedness: closing the fixed-point problem

Our main result on local-wellposedness for d = 4 is the following.

Theorem 2.46 For d = 4, there exist constants a such that one has uniform in N control of the local in
time solutions to 2.9) with initial condition of the form "5 (0) + I xv(0) with v(0) € C%_g. In particular,
using the ansatz ¢ = x + X +Y for the solution to equation with cut-off N, where ' is the explicit
stochastic object (2.49) with regularity (uniform in N ) of —1—, one has that inexplicit remainders (X,Y’)
converge, as N T oo, in C([O,T),C%_QE(T4)) X C([O,T),C%_e(T4)) where T € (0, 00] is a random
existence time.

Remark 2.47 One way to show that the T} measure is invariant under the T4 equation would be to show
that the solution to the equation defines a Markov process on a state space on which the measure is
supported - this strategy was adopted in [TW18] in order to construct the ®3 measure. However, for the
deterministic equation L$ = —N(¢, ¢, ), s = —% is a critical value below which it is not possible to
solve the equation with initial condition in C® and this makes it more difficult to adopt the same strategy,
and so we instead simply consider an initial condition of the form dictated by our ansatz. Note that similar
difficulties appear in the local theory — the threshold —% is sufficient to deal with dynamical ®3 and <I>§
but becomes a problem when trying to cover the full subcritical regime.

To overcome the difficulties mentioned earlier, we rewrite (2.51)) using the following ansatz: we split
the solution v as v = X 4+ Y where X and Y solve the system

LX = — ):f(X) - }:f(Y), (2.662)
Ly=—3" - - -gd-9-¥¢-s, (2.66b)

with initial conditions (X (0), Y'(0)) = (0, IIyvg). Note that v still stands for X + Y in (2.66b). The RHS
of (2.66b) gathers all the terms that don’t pose any problem for closing the fixed point problem, that is we
fix some choice of X € C7C!™ then we could close the equation (2.66b) for Y € CrC2e.

Turning to (Z:66a), we see that if we fix Y € C;pC2~ then we cannot close (Z:66a) for X —the
map X — —Lt DZ((X 4+ Y) is well defined for X € CpC* with a > % and that takes C7C® to
C’TCmm(%’o‘)*E. We see that, whatever the value of «, it is mapping C7C“ into a larger space — while we
can iterate this mapping and we can not use it to post a fixed point problem. While this slightly resembles
how “v poses a problem for the CI>§ dynamic, the difficulty there is different in that it is impossible to
compose v — L~ 1(8v) for generic v of any fixed regularity.

It turns out that we can overcome our difficulty with (2.66a) by injecting this problematic term into
itself and then performing a stochastic estimate on this term, see the next lemma.

Lemma 2.48 (Random operators 3) Defining the operator §I§ acting on f : Rsg x T* = Ras

¥ HNE F L F ) = Naln, L7 NN, 180,
then, in d = 4 and for all o > %

jsvlé%E[H¥N"IZ(CTHQ(T‘*),CTCB%(T‘*))] < oo with 8 = min(—%, a—1). (2.67)

Notation 2.49 Our use of symbolic notation in §I} is inconsistent with that of §¥ so we take a moment to

spell out the difference. Recalling that these trees are built with a non-commutative product, y contains
only one of the three possible products - the one with the two T terms in the first and third positions. This
is different then what we refer to with the symbol Q{f which contains 3 terms for the 3 possible products at
the root.
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Reinjecting X = —£71 ]:((X +Y) in (2.66a) as described above gives us the system

LX =%X)+ P - T, (2.68a)
LYy=—8 - -¥% -&d-%-¢-s. (2.68b)

v
Remark 2.50 This object was not included in the enhanced data X} since it does not appear in our
tightness estimates — it is only needed for local well-posedness. The estimate is (2.67)) is proven by
combining the Kolmogorov type estimate for time non-local random operators stated in Lemma [2.77) with
the power counting analysis performed in Sections[2.6.6.3|and 2.6.7.3]

Remark 2.51 This reinjection is an analytic argument for proving /N 1 co convergence of solutions as
the cut-off. In the smooth setting (N < o0) both the original system (2.66a)+(2.66b) and the modified
system (2:68a)+(2.68b) are well-posed and have same solutions. If we write the integral fixed point

problem for (2.66a)+(2.66b) as

then the integral fixed point map for (2.68a)) + (2.68b) can be written as

(@,9) = (Ox(Ox(@.1), 1), Ov (@) - (2.70)

Clearly if (2.69) has a fixed point (z, yx) and we know (2.70) has a unique fixed point, then the fixed
point of (Z.70) must be given by (z., yx). However, (2.70) lets us argue convergence as N 1 oc.

We define the Banach space C’Tcgf26 x CrC 3¢ for the solution (X,Y) with norm given by

def
12X Y lsory = [1X] VY

3 _2¢ 3 _e-
CrC2 CrC2

Proposition 2.52 We have the following local well-posedness result for (2.68a)+(2.68D)).

For any vy € C %76(T4), there exists a random blow-up time T such that the system (2:68) with
initial condition (X (0),Y (0)) = (0,1Invg) admits a unique solution (X,Y) converging as N 1 oo
in C(|[0, T),C%_Qg) x C([0, T),C%_e). This solution is maximal, and we have lim,p HX(t)HC%_Qe V
||Y(t)||C 3 = +oo. Moreover, if T < T, the solution on [0, T] depends continuously on vo and on the

enhanced noise set XYP (w.r.t the topology of | X5 || 7).

Proof. Let Z2(X,Y) = (Ex(X,Y),Zy(X,Y)) be the fixed point map of . We thus have
p p

t
=) = [P (F00 + 00— F W) eds,
0
t
Sy(X,Y) = PIyug —/ Pt_s(;’,@” + T+ + sz+3>(s)ds,
0

wherev = X + Y. We show that = is iqdeed a contraction on C’TC%_2E X C’TC%_E, while the proof
that if maps a ball of C'Tcgf26 x CpC 37¢ into itself is left to the reader. We thus evaluate = at
(X1 — X2,Y1 — Y5). For the sake of notation, throughout this proof, we often write X = X; — Xo,
Y=Y Ysandv=X+Y. ,

We first estimate Zx (X — Xa, Y7 — Y3) in C7C2~2¢. The Schauder estimate gives

IExX ), e STHFCO+FO) = FO e
Using (2.53), we obtain

. -
| F((Y)HCTC_HQE S F(HL(CTCgﬂCﬂ_1+236)HYHCTCg757
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and yields

. i e
IFOON, e SUF 0, o3 oo 1Ky e

and

: <% c :
”y(y)HCTc—% ~ H¥”acTc%‘SOTC‘%)HY”CTC%_e

We thus have
[Ex (X1 = X2, V1 = Vo)

e SxLp T4 X1 — X2, Y1 — Ya|soly -

Turning to the CTC%_E norm of Zy (X1 — X9, Y — Y5), by the Schauder estimate (2.120), we have

1=y (X, V) ST + B+ = + &+ + T, o
T

3_
CTC2 € ~v 5

The estimates (2.32)), (2.33)) and (2:54) show that the stochastic objects made with the rough shift T obey
the same estimates than the objects made with 1. In particular, Lemma [2.20)| stills holds in our context, and

v_U

the terms , D,:U , f,@(, ):” and DZ:( can be handled in the same way we did in three dimensions, in the
proof of Proposition 2.23] Recalling (2:44),

= . < T3 2 2 _ )
1=y X eg-e STHAFM0ally, (g + 02l gl —vall o5
S Ti(l + HXbYngolT =+ ”XQa YQH?OIT)”Xl —Xo, Y1 — Y2”501T )

which gives
IECX = Xo, Y1 = Vo) oty S 77 (L + [1X1, Vil + [1X2, Yallfr, )1 X1 — X2, Y1 = Yooy -

Consequently, by choosing 7" small enough, depending only on || X4P |7 and ||vo]| 3 2 is indeed
a contraction. Iterating this argument yields the desired existence of maximal solutions and showing
continuity of this solution in the stochastic data is a standard argument.

Finally, convergence as N T in fty relies on the continuity in the stochastic data and the convergence
of the stochastic objects. 0

2.4 The variational approach for tensor field theories

In this section, we follow the approach introduced in [[BG20]] to establish tightness of approximations of
the Tj measure. We follow notations of [BG20] which we briefly recall here. We consider (€2, B, P) a
probability space endowed with a collection of complex Brownian motions (B;"),,, 74, such that B™ and
B™ are independent if m # £n and B~ = B™, and denote by (F;):>0 the filtration of 53 induced by
these Brownian motions. E will denote the expectation with respect to P.

Let also ¢ be a smooth decreasing function R>o — R3¢ such that Q|[07%] =1, 0|(1,400) = 0 and

lo'| < 1on [%, 1]. For t > 0 we write o¢(-) = o({-)/t) and also set for z € R* o4(x) o 0107 (2).
Finally, we define the Fourier multiplier J; < o¢(V){V)~1, which verifies the following estimate.
Lemma 2.53 For a € R, J; is continuous from H* to H* uniformly int > 0.

Proof. Using that (x)/t < 1 and |¢'|({(x)/t) < 1 on suppg;, we have

1
oi(x) = 1/ Or0}(z) = ﬁﬂ(m@’ud)«w/t) S 4

S t_1/21(:p)<t1t<l + t_1/21<z><t1t21 .

Ift > 1, then t7/2 < 1 while if t < 1, 11y < 11«1 = 0 (by definition, (z) > 1). This means
o¢(x) < 1 uniformly in time so, for ¢ € H®, Jt(m)qgm < <m>_1¢3m which gives J;¢p € HOH O
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We also define, for 7 > 0 and ¢ : [o Tl xT* > R, J(¢) : [0,T] x T* = R, (t,z) — J;p(t, ) and
1(¢) : [0,T7] x T = R, (t,z) — fo Js@(s, x)ds, and for ¢t € [0, T] we sometimes write I;(¢)(x) instead
of I(¢)(t, x). I satisfies the following estimate.

Lemma 2.54 ([BG20]], Lemma 2) Let o € R. Uniformly in'T' > 0 we have

||I(¢)||L%°H0‘+1(T4) S H¢||L2THa(T4)- (2.72)
In particular, Lemmaimplies LTI Lo graraersy S NTD L2 garrcrsy S 0l L2 macrs) so
||I(J(¢))”L39Ha+2*e(T4) S HQZ’HL%Oca(T‘*)- (2.73)

As mentioned before, in the stochastic processes appearing in Barashkov-Gubinelli approach the
time ¢ will play the role of a scale parameter. The most basic stochastic object is then given by
T e f(f JsdBs; where Bg(x) denotes (s,z) — Zm€Z4 e "™mdBI". 1 should be seen as a cut-off
Gaussian free field for t < oco. Indeed, for fixed ¢, ; is Gaussian with covariance 07 (V)(V)~2 in space so
that Lawp!; = 0;(V)xg —in particular Lawp',, = g. We denote by H, the space of all progressively
measurable processes with respect to (F;)¢>0 and P-almost surely in L2(R>0 X Td). We can now state

the Boué-Dupuis formula.

Theorem 2.55 (Boué-Dupuis formula) Let F : C:C ~%3%=¢ _, R be Borel measurable and such that
there exist 1 < p,q < oo with 1/p + 1/q = 1 for which E[|F(")|P] and E[e_qF(T)] are both finite. Then
one has the identity

(2.74)

-rM, _ 1 2
— IOg E[€ ] - ulenﬂ'fﬂ‘a E[F(T + I('LL)) + §||u||L2([0,t]><Td)] .

The approach of Barashkov and Gubinelli in [[BG20] starts with writing the measure v defined in
(2.6) with o, as above as

E,le/@] = ZiEp[e_f(Tt)_I(Tt)+atHTt||iz+bt]’

def

where Zt and to apply the Boué-Dupuis formula to F'(T) = V;f M) = fdp +
T(M) — ag|%]|? 12(T4) — b. The constant b is a “vacuum renormalization” which is explicit and guarantees
Z, satisfies uniform bounds as ¢ — co. We thus have the following variational representation of v/:

E [ I(Tt)"rat“TtHLQ +bt]

—logE,,[e /@] =1log 2, + mf E[V/ (0 + L(w) + = (2.75)

||“”L2([0 Hx1hH] -

Renormalization beyond Wick renormalization (as is needed for @) can be carried out by introducing
a shift of the drift v in — this shift closely resembles the ansatz used in the analysis of the Langevin
dynamic. For T4 this shift does not belong to the Cameron-Martin space of g (the Sobolev space H')
which suggests the T} measure is singular with respect to g .

2.4.1 Introducing the BG stochastic objects

To describe this shift, we introduce stochastic objects analogous to those introduced to study the Langevin
dynamic — we distinguish these from the former by calling them BG stochastic objects. We first give the
BG analogs of the renormalization constants of Lemmas [2.10|and 2.23]

Definition 2.56 (BG renormalization constants)

2
1,c def Ot (me)
¢ = Z <mc>2 ’

méEZd_l
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,c def Q g(mc)ast(mc) Qg(né’ ) mc’) Qg(né’)
2 QZ Z / tA ( 5 — <né/>2>d8,

'#Cm éNea ,eZ4-1 <(né,7md)>

and define €} < S @} as well as €2 = 5% ¢2°,

c= c=

We now describe the BG enhancement XBS of 1 consisting of various random fields and operators.

Notation 2.57 In our pictorial representation of the objects in XBO | it is our convention that for a trees 7

different from the noise «, we always have { + = Jyv and 7 L= fot JfTSds.

Definition 2.58 (BG random fields) The BG random fields are given by
t t
v [adB, wE AN -, Y, Y, / ISy ds,
0
P, L AN, 00— V) HAN Y, D+ NG - e, F =0,

¥ & / I as, =, + ¥ AN - @ - e,
St =W -V + wt, )Z(t ZI() - 2(¢f — Qf)HTt”i?(T‘l) ‘

Definition 2.59 (BG random operators) The BG random operators are defined as

EKGEEY BT forke[d—1],7: T R,
W) E 2N ) — €°F), force [4], f:T. =R,

D E 2NN ), force[4], f: T >R,
.jic(f)dZEf2N(Tt7f,Tt), for f: T* - R .

We also define 7, =7, }: and ]:ft analogously, substituting every occurrence of ; with T;, and replacing

¢} with €° — €7 in the definition of -°. Again, we drop the color subscript ¢ on the random operators
when there is a sum over c.

Recalling the notation X = Xy U X, from Section [2.3.5, we define the tuple X% of all the ran-

dom fields of Definition |2.58| except \y, %f and ):(, and the tuple XBG of all the random operators of
Definition [2.39]

Note that all the stochastic objects we have introduced in this section are processes in time taking
values in distributions over space or operators on either space distributions or space-time distributions.
For t € R>, we endow XBG(¢) = o {7(t)|7 € XBG} with the norm

[XEC@) = max ( max (7(®lles—e: max [T Oz e o) (2.76)
rexBG rexB

where o, and [3; are the inner and outer regularities of the given stochastic objects which are chosen the
same as in Lemmas [2.66| and [2.68] for the corresponding LD objects. The next lemma states that we can
control the purely stochastic objects appearing in the variational formula.

Lemma 2.60

sup E[[|XBS@)|P] < 0.
t€R>0
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Proof. The statement is proved combining the fixed time Kolmogorov estimates for the random fields
(2:86) and for the random operators (2.90) with our bounds on the second moments of the stochastic
objects derived in Sections [2.6.3]and [2.6.5] In particular, the second moments are bounded uniformly
in the scale parameter in the proof of Lemma [2.85] We conclude by studying individually the power
countings of the amplitudes of each object in Sections [2.6.6|and 2.6.7] O

2.4.2 Renormalizing the Boué-Dupuis formula

We are ready to introduce the shift of the drift that renormalizes the Boué-Dupuis formula, which will be
similar to the one that was introduced to deal with the T4 equation. The main estimate for the variational
approach to T4 is given in the following proposition.

Proposition 2.61 Let f : C~1¢ — R of at most linear growth and V,' (¢) = f(¢)+I(¢)—at\\¢\|iQ(T4)—
by where

def

a =2 — &), by ZE[H, + |V - %i%[o,tm‘*)] :

Then the change of variable

) = s+ LY, - ).

renormalizes the Boué-Dupuis formula, and it holds

1

1
= B[N (56, K () + ZCS) + G 1@ Fg0 gr]

def

where K (u) = I,(I'(u)) and

M/ (XEC,0) £ 1t + o)+ (S, 0)+ 8, + U+ B+ O,

is a term collecting all the mixed terms, and that obeys the bound

1 1
9/ (KB, )] < (1 + KB + 5 (T + 5 1@ 2o pns) -+ 278)
where C',~y are two positive constants.

Remark 2.62 Our choice of shift of the drift is made to ensure that, with the above notations, ?J)T? (XBG v)
= (M(XBG v), v) with M,(XBG v) € H~1if v € H'. We make the following observations about our
choice of drift shift and why it suffices.

e The first shift by lsgt\ys takes care of the term ¥, in 91, that would be of regularity —2—, while

the second shift by —1 sgt%; takes care of all the three terms of the form \yt x 1, x 1; that would be
of regularity —1—. ’

e The analysis of the Langevin dynamic and the observation that N'(T;, v, %) is of regularity —1—
if v € H' strongly suggest that we should cancel this term by introducing the non constant
term J N (1, I(uw),1s) into the shift of the drift. However, like for the a priori L? estimates in
Section [2.3.3] we will take advantage of the fact that the non-melonic products do not require
any renormalization and we can bound the duality pairing (v, N'(,v,1) by the better behaved
(v, N(1,1,v)) thanks to the Cauchy-Schwarz inequality (2.128)) (see also the proof of Lemma[2.119).
This means N (%, v, 1) is harmless even if it is not in H'. Note that this simplification appears to
only hold for d € {3, 4}, in particular, covering the full subcritical regime likely requires a shift
that depends on the drift u — see Remark 2.36]
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Remark 2.63 Note that our final variational formula differs from that of [BG20] in that the nonlinearity
term is evaluated at /' (u) instead of I(w). This is due to the fact that our shift of !, does not depend on u,
which simplifies our proofs compared to those of [BG20].

Proof. We sketch the proof since it is very similar to the L? estimates of Section [2.3.3]— we use the

same notation as well. We again use estimates on the mixed terms given in Appendix [2.]} We also write
v = K(u). We start by observing that we can carry out renormalization cancellations by expanding

I + L)) — ag|l + L) | Fopay = 00 + Ko@) — al[ + KW Fo s,
= (s + ve) — arl + vel| 72,

=(H+E+H A E B E)O+Tw
= (}:(+(S,v)+(v—¥,v)+ g+ A+ D:Z)(t)—kl(vt). (2.79)

Using the martingale properties of the stochastic objects, the third term in (2.79) rewrites as

t t ]
(W =, 00 = /0 (Vs =3, do)ds + M, = /0 (Vs — ¥, Ko(w)ds + M,

where M; stands for a martingale with vanishing expectation. On the other hand, we have
Lo Lo 2
§||“HL2<[0,thT4> - §Hl () —1po.n(Y — %”L?([o,t]xﬂ)
Locee 2 1 2 ! t
= S 1Pl zao ey +51¥ — %‘L%[O,ﬂxﬂ) - /0 ¥, - %s’ Ls(u)ds

1 1 ' .
= 5120 mery + 5IY = FlEz o mers) /0 (Vs — ¥, Ko()ds,

which makes the cancellation with the third term in manifest, so that (2.77) follows.

We now have to prove (2.78)). In this setting, we still can use (2.130), (2.131)), 2.132)), 2.133) and
(2:133)), and the proof is therefore similar to that of Proposition Regarding, the term f(T; + v;),
using the fact that f is at most of linear growth we have, by Sobolev embedding,

|fCe+ v S 1) +v@)||e-1-e S [[1Blc-1-< + [[v]lc,e-1-¢ S NTBle-1-¢ + [[v]l oy mrr—e
< Cs(L+[IXBS@|) + 8w, - ,

where we recall that [|v]|?, - = [K@)|Z, ;1-c S Hlt(u)H%Q([O’t]Xﬂ) by Z.72). O
We can now prove the main theorem of this section.

Proof Theorem[2.4) We first prove that log Z; is bounded uniformly in ¢. By the Boué-Dupuis for-
mula (2.74), and then (2.77), log Z; verifies

1
: 0 2
_ log Zt = ulenl}ga E[‘/t (Tt + [t(u))) + 5 HUHLQ([O,t]XT‘l)]

. 1
= inf E[MY(XBC, K () + T(Ki(w) + 5\\#(@”%2[0,15]”4)].

uGHa

For any adapted process u € H,, using (2.78)), we thus have

1
B[R (XPC, Kyw)) + ZCK () + G112 0 g ers))

1 1
> E[-C(1 + ||XBS@)||") + B (I(Kt(U)) + §||lt(u)||§2([o,tm4)>]
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—C(1+E[|XBS®)|"]) = —C(1+ sup E[|XPS@)|"]),

tER>0

which implies that —log Z; > —C(1 + sup,cg_, E[|[XB9(®)||"]). On the other hand, for any u € H,

_ lOg Zt E[‘/t (Tt + It(u))) + - HuHLZ([O t]><T4)]

1
<EC(L+ [XP0)M) + 3 ~(zuwy + SN0z -

Taking us = —lsgt(\ys — *% ) (thus requiring that [*(u) = 0) yields an upper bound on log Z; that only
S

depends on the stochastic objects and is uniformly bounded in time. Finally, we have thus obtained that it
holds uniformly in time

|[log Z] <1+ sup E[HXBG(t)HV] < 00.

tER20

The representation implies that repeating the previous argument with V'/ instead of V0 immediately
shows that v, verifies the same bound uniform in time, giving us the desired estimate (2.13)). The fact that
tightness of (1); follows from uniform bounds on the Laplace transforms of (14); is standard. O

2.5 Kolmogorov arguments for random fields and operators

In our analysis we will need to construct and obtain path-wise regularity estimates on various explicit
stochastic objects. For most of these objects (which include both random fields and operators), we proceed
by formulating Kolmogorov criteria Lemmas [2.69] 2.72] and[2.77} When these criteria are combined with
moment estimates, they will give the results stated in Lemmas 2.12] 2.16] 2.27, 2.29] 2.3} 2.48| and 2.60]

There are differences in both the definition and type of control we obtain on the objects needed for
the Langevin dynamic (LD) versus those needed for the Barashkov & Gubinelli approach (BG). On
immediate difference is the role played by time, for the case of the free field recall that ™0 = \/2£7'¢
while 186 = fo JsdB;.

The control of the LD objects is harder — we need to control space and time regularity of the LD object —
note that uniform space-time control is inside the expectation in the statements for the Lemmas 2.12]
2.16,2.27,2.29] 2.31] and 2.48] while for BG objects one needs space-regularity estimates along with
control over expectations uniform in time - note that the supremum in time is outside of the expectation.
in Lemma

For this reason, our discussion will primarily focus on the LD objects, and we point where and how
extra considerations appear for the BG objects.

2.5.1 Random fields
We first define the LD random fields and investigate their regularity for d € {2, 3,4}.

Definition 2.64 (LD random fields) Recall that the LD random fields are defined as

def

WEL N, YN ENNON I — @y, ¥ = L7y,
B NN LI — V@Y ) + W, W ) + N, T, ) — CR@y)
Q%N L WEW-YL §;N, Yy E Ny(w, v, ) — (Eh(d) — EX(d) Ty
SN dzef\IfN—\I’N+§§fN.
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Notation 2.65 We associate to each 7 a power-counting |7| € R as a useful notation. We display this in
the figure below with 7 above the line and |7| below it. Note that when 7 is a random field, || is nolﬂ
always the regularity or order/homogeneity of the random field associated to 7:

AP AN AR LA ¥
_d;22 _2d2—5 _2d2—5 _3d2—8 _3d512 —(d _ 2) _(2d _ 7) _5d§18 . 5d522

If 7 is a random operator acting on argument f, we partition its vertices in four categories: the vertices
of the form N(7y,72,73) = ¥ for 71 = +, 79 = = and 73 = * some stochastic objects, of the form
N(r1, 19, f) =\, of the form N'(f, 71, 2) = *¥ and of the form N (11, f, 72) = . All the vertices of
a random field are of the form *. With this convention, the general formula is given by

o d+2

1
|T| = — T(# of noises * in 7) + (# of vertices ¥ in 7) + 5(# of vertices *¥ in 7)

1
+ 5(# of vertices ¥* in 7) + 2(# of edges | inT).

All the stochastic objects we are considering are some variations of the seven main stochastic objects,
either because we rather see them as random operators instead of random fields, or because we study
them with the rough shift T instead of .

Let us now recall the properties of the random fields:

Lemma 2.66 In any dimension d > 2,

sup E[||'v|” < 00, 2.80
SR B e era) < 250

Moreover, for d € {2,3,4},

P ]

sup E < 00
NeN RN, e-ecrey

sup E[ P ] < o0,
s BT, |

CTCWH(Td)
sup E[[|% ||
NeN %V

m;n<_M\§%>_e 1< o0, (2.81)
crC 2 (T%)

sup E[[¥ |I” 1< oo,
NeN N min(27(d%3),\¥\)fe
CcrC (T%)

sup E[[[Sn ",
NeEN crC

3 1< 0.
~2 1Y)

Moreover, all the LD random fields converge in probability as N 1 oo to some limit in the Banach spaces
stated above.

Furthermore, for every T above of regularity 3, the corresponding BG random field belongs to CP~—¢
for all time t € R, and obeys a bound uniform in time:

sup E[[|7()]|75, -] < oo.

t€R>0

2.5.2 Random operators

We state definitions and regularity estimates for the LD random operators.

8This is because we do not positively renormalize as in regularity structures or use resonant products as in paracontrolled
calculus.
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Definition 2.67 (LD random operators) Recall that the LD random operators are defined as

W)= /TM NG G y)dy, forke[d—1], f:Rso x TF 5 R,
S ENKS NIV — EFEAf forc e [d], f:Rs0 x Te = R,
Y E NGNS I D, forc € [d], f:Rsox T 5 R,
& (N E NN, fiTv), for f : Ry x T? - R,
¥.HE Ft AL, for f : Rug x T? — R,

and Ty, WYy, )zjv, ):f N and §I} are defined accordingly, substituting every occurrence of Ty with Ty,
and replacing el N (d) with C “(d) — Q?\’,c(d) in the definition of +/°.

Lemma 2.68 In any dimension d > 2, for all a > 4=£=2 k 2
su E[||10)P ] < . (2.82)
p H HL',(CTHO‘(Td k) O Cmm(—f a+IT\) €(T*))
Ford € {2,3,4}, c € [d], and all o > —f,
sup E[||*% |17 ] < o0. (2.83)
. HE(CTHD‘(T) cpemin et <))
In any dimension d > 2, for all ¢ € [d] and o > d=3
sup E[HDEN 1< 0. (2.84)
NeN E(CTHO‘(Td_l),CTCmm( aH}D E(Td 1y
In any dimension d > 2, for all a > 453
sup E[|| & |I” ]<o0. (2.85)

NeN €
ﬁ(cTHa<Td> orem = Pt Freqa,

In any dimension d > 2, for all o > 953

SUPE[WN 1< 0o,
(O Hah,opc™ 475 D=

The purple objects constructed with the rough shift T obey the same bounds as their black counterparts
constructed with 1, but with the restriction that the dimension must be < 4. Moreover, all the LD random
operators converge in probability as N 1 0o to some limit in the Banach spaces stated above.

Furthermore, for T as above of inner regularity o, and outer regularity 3;, the corresponding BG
random operator belongs to L(CyH, Cﬁf*ﬁ) for any t € Ry, and obeys the bound

sup E
tER>0

[”T(t)H;Z(Cth— ,Cﬁq—fe)] <0

2.5.3 Kolmogorov criteria

In Lemmas [2.69] and [2.72] we give two estimates, the first being an estimate at a fixed time and the second
an estimate on an homogeneous Holder norm in time, together these give control over the corresponding
inhomogeneous Holder norm in time for the LD objects. For the BG object, only the first estimate of
Lemmas and is relevant.

Lemma [2.77] gives an estimate for an homogeneous norm for a particular class of random operators
depending on two times, and is solely used for the LD object y

We also note, since in Section [2.6] we obtain covariance estimates in terms of Fourier variables, it is
convenient to do the same for Kolmogorov estimates and so we simplify our estimates using appropriate
stationarity of the stochastic objects.
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2.5.3.1 Kolmogorov criteria for random fields

We start with a classical Kolmogorov argument for the random fields. Below, 7' is a fixed positive real
number, and we write 0 ;7 o T(t) — 7(9).

Lemma 2.69 (IMWX17], Proposition 3.6) For any fixed k > 1 and p € 2N, uniform over smooth
stationary in space random fields T over R>q X T? belonging to the k-th inhomogeneous Gaussian chaos,

one has ,

RO (5 SEC THCUS) (2.86)
mezZd

Moreover, for any fixed 0 > k > 0 and uniform over smooth stationary in space random fields T over
R>p X T? belonging to the k-th inhomogenous Gaussian chaos, one has

p

_op N . 2
Bl vps ] S sup [t—s 2(Z<m>2ﬁE[és,tTm55,ﬂ_m])
0<s,t<T d
[t—s|<1 meZ

Note that the above Lemma can be proved along the lines of Lemma below, setting d; = 0.

2.5.3.2 Kolmogorov criteria for time-local random operators

All the random operators in Definition [2.67] are presented as operators acting on functions of space and

time. In this section we give Kolmogorov criteria for -/, }z, " and Ff

We separate these cases since y is the only operator listed that does not act locally in time and needs
a slightly different argument — see the next section.

We note that, instead of being viewed as operators on space-time functions, the remaining operators
7 in Definition [2.67] can be viewed as operators 7; on space functions that themselves vary in time, by
setting

TN, z) = T (f(¢, ) (@) (2.87)
for f : R>g x T and a time-varying random operator 7. Overloading the notation, we identify 7 with 7,
also denoting it 7 (or 7. when it is necessary to distinguish). Moreover, observe that we have
IOl 2o macriny cs-crazyy S Wl caracrany eo-cerazy) »

and, for 6 > 0,

HTHL(CTHa(le)7(;%(:676(1*42)) S ”7'-”ng(Ha(Tdu,che(ng))' (2.88)

Our Kolmogorov criteria for local-in-time random operators will estimate the norm on the r.h.s. in both
inequalities above.
Our approach to estimating random operators in space is inspired by [[GP17, Sec. 10.2].

Definition 2.70 For any T" > 0, a time-varying random smooth operator over time 1" will be an element
7. € CpL(HY(T™),CP~¢(T)) which, for z € T% and ¢ € [0, T}, is of the form

(@) = Y Fira(@ Ofn

neTd

where 7:(f) denotes the action of 7 evaluated a time t on f € H O‘(le), and F;7,(z,t) stands for the
Fourier transform of 7 in the inner space variable evaluated at the mode n, that is to say the Fourier
transform in the space variable acting on f. This implies that for m € Z%,

Fe(m(D)m) = Y Fmn®fn,

neZh
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for 7,,, »(t) rapidly decaying in m and n. We say a time-varying random smooth operator 7 is in the
inhomogeneous Gaussian chaos of order k € N if all the 7, ,,(?) are.

For h € T%, we write T}, for the associated translated operator, that is (Tpg)(-) = g(- — h) for
functions g on T%. We then say 7. as above is stationary in space if for every h € T%, T}, o 7; is equal
in distribution to 7y as a random element of Cr L(H a(pdry, ch _E(TdQ)). Note that stationary in space
implies that for s,¢ € [0,7] and n € Z%,

E[7m, n(8)Tmy,—n(t)] = 0 unless my +mg = 0. (2.89)

Remark 2.71 Note that it is easy to verify that, with cut-off N < oo for the LD objects or a fixed

scale/time ¢t < oo cut-off on the BG objects, the operators </, )z " and Ff satisfy Definition [2.70
including the stated stationarity property.

We now state Kolmogorov estimates for 7 which combined with (2.88) will imply the desired bound
for 7. Below, T' > 0 is fixed, and we extend the notation d, ;7 = 7; — 7, to a time-varying random
operator T, .

Lemma 2.72 For any fixed k > 1 and p € 2N, and uniform over smooth time-varying stationary in
space random operators T over time T belonging to the k-th inhomogeneous Gaussian chaos, one has,
foranyt € [0,T],

I3

E[\\Tt!!’i;(Ha,cﬂ_e)]g( > <m>25<n>ME[%m,n@)%_m,_n(t)])Q. (2.90)

meZ42 neZh

Moreover, for any fixed 0 > k > 0 and uniform over smooth time-varying stationary in space random
operators T over time T' belonging to the k-th homogeneous Gaussian chaos, one has

p

0 p
E[HT'ng—KL(Ha C/Bfe)] S Sup ‘t - S‘_7p § : <m>2ﬁ <n>_QQE[(SS,t'fm,nds,t%—m,—n]>
T ’ 0<s,t<T : 4
[t—s|<1 meZ*2 neZ1

Proof. We focus on the second statement, the first one will be clear from our argument. Taking p > ds /e
and using the compact embedding
B (T%) — ¢7~¢(T®)

gives

p
[8m(Dls—. S s DL, = 3 27 /T |atsrn@)| de.

h>-1

Then, by Cauchy—Schwarz inequality,

Zgﬂhp/d

h p
Atgyer(Hi@)| de

h>—1 T
s [ (X ARl
h>-1 T2 nezd
4 4
: < > 20 / ( 3 <n>—2aw55,tﬂ¢n(z)12)de>( > (m)y* fn!2>2.
h>—1 T2 nezd nezd
We may now divide by

%
= [I£ %o

(> mif?)

neZd
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and take the supremum over f € H“ on the Lh.s. to obtain

h,
||5s,tTHIZ:(HQ’CB*€) 5 Z 25 p/

h>—1 T2

( Z <n)*2a]Ah55,t]:iTn(a:)|2> gda: .

nezZh

We are now ready to take the expectation. Moreover, since 7 sits in a finite Gaussian chaos, one has the
hypercontractive moment bound

E[ 3 ofh / ( y <n>_2a|Ah557t]:l-Tn(m)|2)gdx]

T

h>-1 n€Zh
Y
= 3 ot / CEI(Y ) A Fir@)?) e
h>-1 T neZ
P
S S [ (O3 () RS Fir @A Fir (@)]) *de
h>-1 T2 " ezh
P
< 2w / ( (n)=2* Y e—mmﬁ’””E[és,ﬁml,nés,ﬁm2,_n])de
h>—1 T nezd m1,mg~2h
ya
SY (T 07 X Elbirtnadust-monl)
h>—1 neZdl m~2h
P
S ( Z <n>—2a Z <m>QBE[(Ss,t%m,nés,t%fm,fn])2~
neZh meZ42

We can now conclude the proof by means of a standard Kolmogorov argument in time combined with
hypercontractive moment estimates, which yields, for any « > 0,

Op P

E[|7? . < t —s| 72 E[||6s.7|7 BN

[HTHE(H",C'gf"Cﬁ‘f)]NO;;’]E;T‘ s|” 2 E[]| s,tTHg(Ha’cB e)]2
[t—s|<1

IS

_% _ A .
/S sup |t_5| 2< Z <m>26<n> 20éE[(Ss,tTm,nés,tTm,n]>
0<s,t<T
es<L

meZ42 neZh
2.5.3.3 Kolmogorov criteria for the time non-local random operator y

We now provide the Kolmogorov criterion we will use to control the LD random operator 7 = % As
described before, the feature of kf that makes it challenging to estimate is that it is non-local in time —

this is because of the heat kernel connecting the root of koj to the internal node pictured right above it.
However, for this operator we can express this non-locality in time through an integral formula,
exchanging by writing, for f : [0,T] x T? — R,

t
r(t) = [ ). @91)
0
More explicitly, for 7 = {iﬁ, writing 15(-) = 1(s, ) for s € R, we have

Tue =¥, (N E N, PN, f1),0) for T 5 R (2.92)

The following lemma gives us an estimate analogous to (2.88).
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Lemma 2.73 Let 7 be as in 2.91) and fix & > 0 and 6 € (k,2 + k). Then, we have

I cicpsro e S sp 8=l F il o ooy (2.93)
and
ITeccptrecgreso S | 5P 1t =™ % Irua (£ Dl e co-o (2.94)
+osup =T s — 'R g — Tl oo -
o<us<t<T

Proof. We start by performing the fixed-time estimate

t t P
IIT(f)(t)Hcﬂ—eg/ HTu,t(f(ua‘))!cﬂ—fd“S/ [t —u[ " e sup [t — uf' T e Fw, ) l|ea—
0

o<u<t<T
1— 66—~ n

O—r
St (s =l il e e ) I e
0<u<t<T

Dividing by || f||c; re and taking the supremum over f € C7H® in the Lh.s. gives us

1Tl gcppeco—e S sup [t—u
0<u<t<T

8= -

Similarly, using the fact that we have
t s
TN, ) — 7(f)(s, 2) = / Tu,t (f(u, ))du + /O (Tut — Tu,s)(f(u,))du

we obtain, denoting 93 ;7. = Tut — Tu,s
10547(F)l o
/ T (f () oo edu+/ 169 47w, (f (u, )| gs-cdu

S‘t_S‘T< sup |7§—u|1 kS ||7'ut(f(u ))lles—
0<ut<T

+sup s s — T2 (fu ) oo )

O<us<t<T

%)
S\t—s\a( sup [t — 2 7 (£, )| e e
0<u<t<T

+ sup [t—s|” 2" \s—u!l " H5

o) Ifller e
O<us<t<T

from which the desired estimate follows. O

Remark 2.74 We allow ourselves the blow-up factor in |t — u| in the estimates of Lemma in
anticipation of the estimates we expect for the LD object (2.73)), our estimates on F;_,, blow-up as

(t —u) | 0, see the estimate (2.111D).

Our Kolmogorov criterion will be formulated for the quantities on the r.h.s. of (2.94). Before stating
this result we state the replacement for Definition [2.70]

Definition 2.75 For any 1" > 0, we say 7.. is a 2-parameter time-varying random smooth operator if . .
is a continuous map

Simpy = {(u,t) € [0,T1? > (u, 1) : u <t} 7y € LOHY,CP7)
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which, for z € Td, we often write in the form

Tu(H@) = Y Fira(w, u,t)f -,

nezZé

and for m € Z4
ForuaH)m) = Y Fmn(,)f
neZh
and 7., »,(u, t) decaying rapidly in m and n.
As before, we say that 7. . belongs to the inhomogeneous Gaussian chaos of order & if 7, ,(u, t)
always does. We again say 7. . is stationary in space if I}, o 7, is equal in distribution to 7, ; for any
h € T% In analogy with (2.89), for any (u,t), (u/,t') € Simpy and n € Z¢,

E[7m, (U, ) Fmy —n(u',t')] = 0 unless my +ma = 0.

Remark 2.76 Note that y N satisfies the Definition|[2.75

Finally, to state a Kolmogorov estimate taking the blow up when w 71 ¢ into account, for 8, n € (0 1),
we endow the space of smooth functions f : Simp; — R with the Holder norms with blow up Csfg]p
defined as

Iflgon = sup [t = ul"lfCu O + [ flleon
mp

Simpp (u,t)ESimp 1
where the homogeneous part of the norm is given by

= _e
HfHCGn o sup (’t—U|/\|S—r’)n(’t—s‘+|r—u|) 2| f(u,t) — f(r, ).
Simpp ((u,t),(T,S))ESimp?r

Note that the r.h.s. of (2.93) and (2.94)) are bounded by

HT.y' HC;;;%"E(H“ ,CP—¢)

forn=1- %% € (0,1).

The above discussion motivates the following lemma. Recall the notation (5;’7t7'u,. = Tut — Tu,s the

. . N N i : def . . . . .
variation in the outer time. We also write 0, ,.7. ¢ = Trt — Tu, the variation in the inner time.
b

Lemma 2.77 For any fixed k > 1, p € 2N, kK > 0and 0 € (k,2 + k), writingn = 1 — ‘L)_T” € (0,1),
and uniform over smooth 2-parameter time-varying stationary in space random operators T over time
T € (0,1] belonging to the k-th inhomogeneous Gaussian chaos, one has

p
E( o . ) 2.95
[ HT7 "ngimp%nﬁ(Havcﬁ €) ] ( )
p
. . 2
< sup [t —rPr —ul” z”( > <m>25<n>—2aE[5;ﬁm,n(-,t)(s;ﬁ_m_n(.,t)])
OSusr<tsT meZd neZd

b

+  sup |s—r|P|t— s|_97p < Z <m>25<n)_20E[5§7ﬁm,n(T, DL p— ')]>

OSr<sstsT mEZd,nEZd

8-y Then for any random function f :

Simp, — L(H @ CP=€) in the k-th inhomogeneous Gaussian chaos, we again have by a classical
Kolmogorov estimate and hypercontractive estimates,

_op
/%l S sup |(t—ulAls=r)™(t=s|+[r—u)"2 296
Simp ((u,t),(r,5))ESimp2.
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x E[|f(u,t) — f(r, s)|*1P/?| .

By symmetry, we can take ¢ > s in the supremum. Using f(u,t) — f(r,s) = 5f,7u JC 1)+ 62, f(r,-) we
can bound the r.h.s. of (2.96)) (up to an inessential constant) by

_bp i
sup (|t —ul Als —r|)"|r —ul " ZE[5], fC, D1
((u,),(r,))€Simp7,
t>s
_o
+ sup ([t =ul Als = r))"™|t = s|” 2 EII62, f(r, ) P12
((u,1),(r,5))ESimp7.
t>s

For the first term on the r.h.s. above, observe that ¢ > s with s > r yields [t — u| A |s — 7| <
|t —u| A |t —r| = |t —u V r|. For the second term we observe that we have |t — u| A |s — 7| < |s —7|.
Together, this allows to estimate the r.h.s of (2.96) by

] .
< sup It —u V[Pl —u| " 2 E[|5F, f(, )P/
((u,t),(r,8))ESimp2,
t>s
]
+ sup ]s—r|’7p\t—s|_7pE[\5§7tf(r, )22
((u,t),(r,s))€SimpZ,
t>s

The desired estimate then follows by coptrolling expectations of %( Ho o) DY using (2:90) with
p = 2 to replace them by sums over Fourier modes. 0

Remark 2.78 While the above Lemma gives control on the homogeneous bound, for any fixed (u, t) €
Simp; we have
[l go=rn S 18 = wl"LfCu, O + [ fll go=rn »
Simpp Simpp

where putting in the factor |t — u|"| f(u, t)| makes the implicit constant above independent of the choice
of (u, t). Therefore, we have

E[|7..|

g A e Z (m)28 (n) 2B [Ty (U, ) —n(u, t)]) ’ + r.h.s. of 2.93).

Simp meZd neZd

Controlling the first term of the r.h.s. of the above equation uniformly in (u,?) € Simpy turns out to be
similar to controlling the whole r.h.s. of (2.95). We will focus on describing how to estimate this quantity,
and point out how the second term above can be obtained by extracting small factors from increments of
heat kernels — see Remark 2.871

Remark 2.79 Those who are less familiar with path-wise approaches to stochastic analysis may be
surprised that we need to control Holder regularity in u, as in the end we only need uniform estimates
in u. However, the only way we have to control an expectation of a supremum over u is by proving
regularity in w.

2.5.4 Regularity of the random field ! and operators ¥

As an instructive warm-up before the more involved analysis of bigger trees taking place in Section 2.6
we look at regularity estimates for ' both as a random field and a random operator. Using Lemma [2.69}
we see that the key ingredient for (2.80) is estimating, for 8 = |1|,

> () PEBs st om] S Y (m)2P 22— 5|0 (2.97)

meZd meZd
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where we used (2.16)) to obtain

E[(;Sthm(S&t/T\_m] = <Tn2>2(1 _ €*|t*5|<m>2) S <m>72+29‘t _ 3‘0, (298)

for 8 € (0,1). The RHS of is convergent if and only if 8 < —% — 0, and so we obtain the
desired statement by taking € small enough.

For obtaining (2.82)), we note that since we have invariance of the law of ' under permutations of spatial
coordinates for the random operator, it suffices to estimate moments of norms of  for J = [k] C [d].
Lemma [2.72]tells us the key estimate is

S ()2 m) PR it sl

neZi—k mezk

S Y T mY () P — s (2.99)

nezd—k mezk

The situation here is more delicate, with the RHS of (2.99) being convergent if and only if the three sums
Y peza(p) 20222 N gk (n) 2 and Y i (m)?P 72120 are all convergent. This gives
us three conditions:

k

d—2 -2 d—k—2
B<a—T, B<—T and > — .

5 (2.100)

More generally, the regularity we associate to a random field will be determined by how large we can
take 3 while keeping (2.102) convergent. Similarly, for a general random operator 7, we will aim to take
o small and g large while keeping convergent. The exponents « and [ are, respectively, called
the inner and outer regularities of 7. For a random field 7, we also call the supremum over the values of
B that we can take the outer regularity of 7.

Finally, since all the 7 are polynomials in the Gaussian noise £, we can use Wick’s rule to compute
cy ’t(m, n) as sum of various terms indexed by all the possible contractions of instances of £. Each of
these contractions will correspond to a (possibly renormalized) amplitude. In the next step, we show that
these amplitudes can be indexed by a certain class of graphs, that we define hereafter.

Remark 2.80 To argue the convergence as IV 1 oo of Ty, note that for N > M, we have

> m)EION = )m(n =) -m] S ) Lpswi(mlso)(m)® 72 <) (m)?P -2t
meZd meZs mezZd

By giving up an arbitrarily small amount of regularity in our estimate, we obtain an o(M ) factor which
we can use to argue convergence.

Remark 2.81 Regarding Holder estimates in time, recall that the required estimate for the covariance of
ds,41 is straightforward modification of the estimate of %(¢) for fixed ¢ in (2.98). For computing (2.101) for
more complicated stochastic estimates, we can always reorganize the terms by means of some telescoping
sums so that we introduce a single time difference of free fields that gives us a good factor of |t — s|, see
MWXT7].

Moreover, the same technique can be applied to (2.103)) to prove Holder-continuity in the inner time
u of the non-local in time random operator: each contribution can be rewritten as a sum over many
contribution depending on u and r only through a single term

(1= Imm) < om0 — ]

(m)?

giving us the needed small factor |r — u|’. Therefore, in the sequel, we will focus on bounding (2.102)
with the understanding that the required estimate on (2.101)) and (2.103)) can be dealt with similarly. Note
that this remark is only relevant for the LD objects.
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2.6 Diagrammatic methods and estimates on larger objects

This section is devoted to proofs of regularity estimates for stochastic objects more complicated than 1. In
Section [2.5.3] we stated some Kolmogorov type estimates for both random fields and operators that allow
us to reduce the proofs of stochastic estimates to covariance computations. In Section [2.5.4] we applied
this estimates to the case of the dynamical free field T, both seen as a random field and a random operator.
When performing covariance computations, the question reduces to verify the values of the regularity
parameters for which some sums over Fourier modes are convergent, along with all their sub-sums — see
for instance (2.99) that gives rise to the three conditions coming from the different sub-sums. For
bigger objects, these sums become too involved to be directly written and controlled so we develop a
more careful diagrammatic framework for obtaining the probabilistic estimates for the random fields
and random operators that enter into our analysis, extending the diagrammatic notation introduced in
Section2.1.3.11

In Section[2.6.1] we recall the expressions of the covariances that we need to control. In Section[2.6.2]
we introduce stranded graphs, which are generated by Wick’s rule for moments of Gaussians used in
Section[2.6.3] to express bounds on covariances of our stochastic objects A second class of graphs called
tensor graphs, which are equivalent to tensor graphs but more suited for power-counting, are introduced
in Section[2.6.4] In Section [2.6.5|we present a multiscale method for estimating the contribution from a
given tensor graph, here we need to disentangle the behaviours of all the different sub-sums by looking
at different sectors indexed by some tensor subgraphs. This analysis is completed in Sections [2.6.6]and
where we derive the stochastic estimates for all the random tensors and operators.

2.6.1 Covariances of the stochastic objects

We introduce notation for covariances that will be used to estimate the r.h.s. of the Kolmogorov estimates,
and which in this section we will estimate using sums over graphs.
From now on, we fix 8 > 0 sufficiently small and n < 1 sufficiently close to 1.

Definition 2.82 We introduce a short-hand notation for the covariances of the stochastic objects. For any
random field 7, we let
def

C* (m,n) = E[Fm(t)7—m()10n.0

Crt(m,n) = Bl0s ¢ Tm0si7—m10n0

for all random operators 7 £ %, we let

def

Ct(m,n) = Elfmn()F—m,—n(®)],
def

é:,s,t(m, n) = E[(Ss’t'fm,n(ss,t%*my*n] )
and for 7 = ¥ we let

Cg’t(m, n) g E[%m,n(ua t)%,m7,n(u, t)] ’
C’:’S’t(m, TL) déf E[égt%m,n(ra ')d;t%—mv—”(r’ )] ’
Gt (m, ) £ L8, P, 08} - (-, D]

Using Lemmas[2.69]2.72] and [2.77] the needed space-time regularity estimates on LD stochastic objects
reduces to estimating

’S —r|1{T:¥}2n’t— 8’79 Z <m>25<n>72aé:,s,t(m’n) (2101)

meZ42 neZh
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uniformly in the cut-off NV and in (r, s, t), while uniform in time (for the LD objects) and in the cut-off
(for both LD and BG objects) control of the space regularity reduces to estimating

it — u =2 S (m)Pn) 2 (m, ) (2.102)

meZ¥2 nezd

uniformly in the cut-off NV for the LD objects and in (u, t). Finally, to handle 7 = y, it is necessary to
control the Holder-continuity in the inner time u, which corresponds to estimating

=P =™ Y () ()P my ) (2.103)

mEZd,nEZd

uniformly in the cut-off NV and in (u, r, t).
Note that with the above notation, when 7 is a random field, the term §,, o makes that the sum over
n € Z vanishes, so that one can think of 2-101)) and (2.102) with d; = 0.

2.6.2 Stranded graphs

The first class of diagrams we will work with are called stranded graphs.

Definition 2.83 A stranded graph G is given by data G = (V, L, ¢, p) of the following form.

The data (V, L) specifies a quartic graph, namely where each link [ € L is incident to one or two
vertices and each vertex v € V is incident to four links, in both cases counting multiplicity. We allow a
link [ to be incident to a vertex v with multiplicity two (which we still call being incident to two vertices),
and we call such a link a tadpole. In particular, if we say [ is a tadpole at v, then v is also incident to [
with multiplicity two. If any link [ is only incident to one vertex, then we call it an external link. Links
incident to two vertices (including tadpoles) are called internal links. We let L' (G) and L¢“!(G) be
the internal link and external link set of G. A vertex which is only incident to internal links is called an
internal vertex and we denote by V(G the internal vertex set of G. If | L**'(G))| = 0 then G is called a
closed stranded graph while if | L**'(G)| > 0 we call G an open stranded graph.

The data ¢ is a “coloring map” ¢ : N — [d] that indicates which term in Zgzl T¢(¢) is being
associated to the vertex v. As an example, if we write [d] = {1, 2,3, 4}, then if ¢c(v) = 1, v would be
associated to the following picture.

I b

ly l3
Figure 6: Pictorial representation of a vertex of a stranded graph

The colored edges above are not links in L, only the dashed lines {1, lo, I3, [4 are. Note that [1,...,l4
need not all be distinct if we have a tadpole at v. Note also that the four nodes appearing above are not
four elements of the set V', but the entire collection of them plus the colored edges correspond to one
vertex in V.

The data p consists of associating, to each v € V, an ordered pair of partitions of the multi-set of
links incident to v, which we write p(v) = (p(v), p(v)). The data p(v) tells us how to glue the links
incident to v to the non-local vertex, p(v) is the pairing induced by pairing links that are incident to
nodes of the non-local vertex connected by the edges colored c¢(v), while p(v) is the pairing induced by
pairing links that are connected by the other d — 1 edges. The data p(v) furthermore comes with the
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following compatibility condition: we enforce p(v) # p(v), unless p(v) = p(v) = {{lt, 1}, {ls, 2} } with
li, 11,12 € L, and possibly [; = lo.
For example, in the picture above one has

B) = {{l1 a}, {2, s} | and o) = {0, Lo}, {1} } - (2.104)

In what follows, we denote by {l1(v), ..., l4(v)} the links incident to v such that (2.104) holds.
Finally a rooted stranded graph is a stranded graph with either exactly one marked vertex or exactly
one marked link.

Note that stranded graphs for the local theory are obtained simply by ignoring the data ¢ and p. We
close the section by describing the notion of stranded subgraph.

A stranded graph can be pictured using the representation of Figure [6] for each vertex, which also
encodes the data c, p, and representing each link by a dotted black line.

Definition 2.84 A stranded subgraph G’ of a closed stranded graph G is defined by a subset L™™(G") C
L(G). Tts vertex set V(G') is given by the set of all vertices incident to the links in LGy while its
external link set L¢**(G”) is given by the set of all the links in L**((G) that are attached to the vertices in
V(G") but are not in L™ (G"). G’ inherits the data ¢ and p of G, so that it is indeed a stranded graph.

2.6.2.1 Drawing stranded graphs

Why we call the objects “stranded graphs” becomes more clear once we draw them by expanding links
as d parallel strands. This Section is indeed devoted to the introduction of a second diagrammatic
representation of stranded graphs using colored strands.

In Feynman diagrams each link [ carries a Fourier variable m; = (mlvi);-i:l € N and contributes a
factor (m;)~2, the total contribution of a given diagram comes from summing over the Fourier variable
for every link subject to the constraints imposed by the vertices on Fourier modes of the links incident to
them.

At the level of links, drawing a stranded graph using strands involves expanding each link into
d-different edges corresponding to the d-different components of its Fourier mode (which we view as
carrying different colors ¢ € [d]).

l l
; I — ] s —2
................ — Zml:(’”]‘l”“/ _>7"”l737ml,4)€Z4 <ml>

Figure 7: A link of a stranded graph representing a Fourier mode m

The Fourier relations and (2.15) determine how links interact at vertices. We now describe
how we write vertices using strands. For the local theory, the relation (2.14) just produces a d-fold
reproduction of the original vertex.

: 4
Ity 60 me,) [eeqi o543 0 ima My e)

Figure 8: The local vertex, and its trivial stranded representation

For larger Feynman diagrams in the local theory, expanding both links and vertices using strands in
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the local theory again just duplicates them, see the example below.

For the tensor field theory, we have a different vertex for each color c. The following picture shows how
the relation (2.13)) can be pictured in terms of strands for ¢ = 1.

1
\( Oy, (myy My, My, myy,)

Figure 9: The green vertex representing the green nonlinearity Z'

where for ¢ € [d] and Fourier modes m, n,p,q € Z°,
55(7’)’1/, n,p, q) déf 5mc,*nc6p077QC5m677Qé5n677pé .

An example of writing both links and vertices with strands in a larger graph is

i1 len L}\ le2
le, le2 o T ) v
) e — )) v1 | | V2 (
le,3 le74 ﬁ\, 7ﬁ
l@g e,3 \l:; 7@,4

Going from the left to the right representation uses the data (c,p) given by c(v,) = 1, p(vy) =
{{l@l, le,a}a {liyg, le’a_:,_g}} and ﬁ(va) = {{le,a; le’a_;,_g}, {li,la lig}} for every a < {1, 2}. The graph
above has three internal strands and eight external strands.

When we draw stranded graphs in their stranded representation, we see that a stranded graph can
be associated to a collection of graphs each of which is a single color. Individual colored strands pass
through at least one link and one vertex, possibly more.

If a strand runs through at least one external link, it is called an external strand. Otherwise, a strand
going through only internal links is called an internal strand. We let S(G) and S () be the strand set
and internal strand set of G.

Due to the delta functions imposed at vertices, each strand s € S((G), in addition to carrying a single
color, is also associated to a one dimensional Fourier mode which we denote m, € Z.

2.6.3 Bounding renormalized amplitudes with stranded graphs

Let us go back to the evaluation of (Z.102). In the sequel, we have to partition the stochastic objects we
are dealing with into two categories. We call stochastic objects of fype I all the random fields listed in
Definition [2.64|along with F( and §i§, and stochastic objects of type Il \/, )z and %" (which are defined
in (2:TT8)). Dealing with these objects is sufficient to prove Lemmas 2.66]and [2.68]

To a stochastic object T of type I that contains k instances of the noise we associate a collection of
closed rooted stranded graphs G, and also define a map A;ﬁ?v : G; — R such that

it — =02 ST )Py Cr mn) = Y ARVG). (2.105)

meZ¥2 neZh GeG,
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Each G € G is determined by choosing one out of all the pairings of the 2k noises coming from Wick’s
rule and one of the colorings of all the vertices in the two copies of 7. Graphs in G have links, vertices.
Moreover, one or two of their links also carry a special labeling reflecting the terms (n) =2 and (m)??
that probe the inner and outer regularities. We denote them as [, and I, and /g is chosen to be the root of
G. Note that I, € L(G) if and only if 7 € { ‘&, ¥}

If 7 is of type II, then there is a subtlety related with the definition of [, and /. Indeed, gluing
two copies of 7 and performing all the possible pairings of the 2k noises and choosing all the possible
colorings of the vertices again produces terms that are indexed by a collection of closed rooted stranded
graphs G,. However, for G5 € G, [, and [g do not belong to L(G) but are defined as follows. Since
(s is representing the gluing of two copies of 7, and 7 contains one half-vertex, the gluing produces
a new vertex r of color ¢ € [d], which is chosen to be the root of G,. If 7 € {/,"""}, then r is
crossed by two strands s,, and sg of color ¢, and we have (m)?* = <m36)2f8 and (n) 72 = (m, )%,

so that we define [, o sa N1, lg o sg N r, and we have m;, = m,, € Z and mi, = Mg, € Z. The
situation is similar if 7 = )i, but now r is crossed by two beams of d — 1 strands of all the colors but

¢, that we denote f, o (Sa,i)iG[d]\{c} and f3 o (Sﬁ,z‘)z‘e[d]\{c}- We also denote m “ (msa,i)ie[d]\{C}

—22 and again we

and my, = (M, icra) (¢} that are such that (m)?* = (my,)? and (n) =2 = (my, )
define [, & fanr, g ] fsNr,sothat my, =my, € Z4 1 and my, = mys, € Z%~1. This definition
implies that we do not really see the root r as a vertex, but rather as two parallel links gluing the two
copies of 7. From now on, we thus identify G5 with the graph G which is obtained from G5 removing
the two times 1 or d — 1 edges that compose [, and lg and replacing them with [, and /3. By definition,
LG E LGy U {la}U{lg}. See Figurefor an illustration of the definitions of /., and [ in the tensor
graph representation. Going from G to G then simply involves seeing [, and g as two dotted lines
instead of 1 or d — 1 parallel edges.

o, . o, /l a0
l i [ ] i| ZIB [ | i|
o T o . \l b/ .

Figure 10: The gluing of two copies of *¥ = % and of {* = )z, with the positions of [, and Ig

2.6.3.1 Renormalizing amplitudes

The formula for A;’tN(G) must also take into consideration our renormalization coming from the possible

divergent subgraphs of the forms 901¢ and 9 that are introduced in Deﬁnition Forevery G € G,
we thus define the (possibly empty) sets 9"¢(G) (respectively MM><¢ (G)) that contain all the subgraphs
of G of the form 91 for ¢ € [d] (respectively M2 for ¢ £ ). We write M(G) £ Ule M-(G),
MA(G) = Uppw M2 (G) and M(G) = MY (G) UMA(G).

We distinguish the links and vertices of G that do not belong to some M € 9(G), defining

def

V(G) ZV(G) \ Unreome V(M) (this definition takes into account the fact that graphs in 9! do not

def

have internal vertices) and L(G) = L(G) \ Mem(G) LMY(M).

Graphs M € 9! only have one internal link I; = [;(M), and we define m M, = my, the internal
Fourier mode of M. They have two external links I 1 = [ 1(M) and l. 2 = [, 2(M) that carry the same
Fourier mode, and we define mpy . = my, , = my,, the external Fourier mode of M. With this notation,
if M is color c it carries the renormalized amplitude SR1¢(m ;) of [2.23).

Graphs M € 9t%(G) have three internal links, among which two are attached to an external node of
M (they are thus themselves the two external links of some graph M; (M) € 9 (G)). These two links
are called superficial, and we denote ;1 = [ 1(M) and [ o = 5 2(M). We call the remaining internal
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link of M the deep link, and it is denoted I; = [4(M).

The structure of M imposes that the two superficial links of M carry the same Fourier mode which
we denote m s ] my,, = my,, while we denote my 4 ] my, the Fourier mode of the deep link of
M> (which is also the internal link of M;(M53)). They also have two external links l. 1 = [ 1(M) and
les = le2(M) that carry the same Fourier mode, and we define m ¢ < my,, = my,, the external
Fourier mode of M. With this notation, M of colors ¢, ¢’ bears the amplitude R (Mmar,s, MM LA)-

Finally, we let 911¢(@) be the set of all the graphs in 01¢(G) that are not of the form M (M>) for
some My € M2 (G) for ¢! # ¢. We also let M(G) = Ule ML) and M(G) E MYUG) UM2(G).
A link [ can link two different graphs M, M’ € 95T(G). If this is the case, we use the freedom we have in
the labelling of I 1, l. 2 to enforce the convention that if I = I, 1 (M), then | = [, 2(M’). See Figure
for an illustration of the notations introduced in this paragraph.

Figure 11: A divergent graph M, of type 9" and a divergent graph M of type M6’ pictured in the
tensor graph representation introduced below

We also need the following partition of L(G') which will enable us to reexpress (2:102). First of all,
note that [,, and I3 belong to L(G) since they are attached to two different vertices in a non-melonic way.
Links in L(G) are partitioned as L(G) = L{G)U LG LU {lo} U{lg} (if 7 is a random fields, then [, is
absent in this decomposition) where links in f}i(G) stand for time lines while links in I:C(G) represent the
contraction of two noises. By time lines, we mean the links associated to the inverse heat operator in LD
objects (i.e. the time integral of P;_), and to the time integral of J? in BG objects. Note that once all
the integrations over the variables of the noises yielding some objects 1; are performed, then the times
lines are the only links bearing a time integration. Note also that a graph G can have other links | € L(G)
corresponding to a time integral than those contained in (@), since each subgraph M € 9MM?(G) has
exactly one link corresponding to a time integral (one of its two superficial links) which, since it belongs
to a renormalized subgraph, is not contained in L{(G).

We display below an example of a graph G € G, for 7 = ¥ Here, [, and [ are indicated by their

names, while /1 and [ are the two elements of ﬂi(G), aI}d all the four remaining links belong to iC(G).
Note that the same graph with [,, replaced by a link [ € L(G) belongs to G- for 7 = y (more precisely

it would be a contribution coming from the gluing of N(!, Y, N — %Q?T with itself).
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Figure 12: A graph G € G for 7 = § with its links in {LY(G} U {la} U {ls} indicated
With this notation in hand, we are ready to define, for any 7 and G € G, a labelling of the links of
G,!: L(G)— R:
=6 E1—-(1 - l{l=10} -A+1{l =13} — A —nl{r = §I§ and [ € LY(G)}. (2.106)

The tree structure of 7 implies that for every v € V(G), there exists a unique path 3, made with only
links in f/i(G) between v and the root (if 7 is of type II) or one of the two vertices attached to the root (if
7 is of type I). This induces a partial order on V(G), and we say that v < vy if vy is on the path B3, .
Forl € f/i(G), we denote by v1(!) and vo(l) the two extremities of [ such that vo < vy. Forl € EC(G),
we make an arbitrary choice in labelling the two extremities of [ as v1(l) and va(l).

2.6.3.2 Explicit formulae and bounds for renormalized amplitudes
We can now give an expression for A%’EV(G). Recall that links of GG are partitioned as
L& = || I™OnuL(GuUL(G) ufla} U{ls}.
MeM(G)
While [, and g bear the kernels (m;, ) 2% and (my ﬁ>2,8 ,links [ in L*(G) bear the integral kernel
fatl“l(” Loy, tosys m)dtu,qy i T F $
I(tw, ), tosry, M1) if 7= §f .

where a; € {—00,0} and

1{|m|oo < N}et122)(m)*  for a LD object ,
I(t1,t2,m) = D1, 03, (m)
(m)?

for a BG object .

and links [ in f/C(G) carry the contraction kernel C(%,,, 1y, tv, (1), 7) given by
e—lt1—tal(m)? )
1{|m|s < N}W for a LD object,

9?1 NAtg (m)
(m)?

C(tly t27 m) =
for a BG object .

The remaining links belong to some M &€ DﬁT(G). The subamplitude M (tpr, mase) of M € 95?1"3(6’) at
tar = Ty, ) 18 given by

M(tr,mare) = Z Omngs.crmar.e.e (CEMstar, mari) — ClEar, tar, Masie))

mar, i €2



|s
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and the subamplitude M (tpr, mas,e) of M € M2 (G at tyy = Luy(le.1) 18 given by

33
M(tM7mM,€) - E 5mM,S,C,mM’8,c5mMyd’C/,mM,S,C/ / ds

d agg
maf,s,MM,dEL s

(I(tMa S, mM,S)C(tM; S, mM,s) - I(tMa S, mM7S,é)C(tM7 S, mM,S,é))
(C(87 S, mM,d) - C(S) S, mM,d,E’)) .

With this notation we have for 7 # y and G € G,

t n1(l)
ApN(G) = > (mu,) "> (my,)* ] / At ) Iy @), Enay, M)
MUy ez’® lefia)”
H M(tar,mare) H 0o (M1 (w)s - -+ » Miy(w)) H Cltnytys tnoy, M)
MeM(@) veV(@) leLe(@)

where d(l) = d except, if 7 is of type II, for [, and [5. Here, it is understood that the time of the root (if 7
is of type II) and the times of the two vertices attached to the root (if 7 is of type I) is ¢.

Moreover, a similar formula holds for 7 = % and G € G, except that n1(l) = t and no(l) = u for
both [ € f/i(G) (so that there is no integration over the variables (¢,,));c . (G))’ and that the additional
factor |t — u|?" is present. We state it for completeness:

7t —
A;,N(G) = Z <mlﬁ>2ﬂ<mla> 2o H ‘t - U‘nI(t,’U,, ml)
M ) €270 leLUG)
H 5v(ml1(v)a e 7ml4(’u)) H C(tnl(l)a tng(l)v ml) .
veV(GQ) lele(@)

Lemma 2.85 With all the previous notations introduced in Definition 2.83|and in the last paragraph at
hand, for every stochastic object T we have (2.103)).

Moreover, for every G € G, we have A;tN(G) < A(G) where A(G) is independent of u, t, T and
N, and is given by

ios % I eI 11 <mM76>2A<mM7i>22 (2.107)

2
- M MM i,é
mslv"wms‘S(G)‘eZlEL(G) Ce[d MGDﬁl C(G) < 7'> < ? C>

I 11 (mage)® A (mars)? (mags)? A (maga)?
2 RY! 2 N2
c#c Mem2.ec (G) (mag,s)*(mas s.c) <mM7d> <mM7d7C>

In other words, we have uniformly in u,t € Simpp, T' > 0 and N € N,

it — o= 20 S m)Pm)y e Crtmn) £ > AG). (2.108)

meZ%2 neZh GeG,

Moreover, a similar formula holds uniformly in0 < r < s <t <T < ooand N € N to control the
time continuity of the LD objects:

rHr=$12m), _ -0 Yo mP )T mn) S Y > AG L), (2.109)

meZd2 nezZd GeGr |heL™(G)

where fol(G ,10) is defined similarly to A(G) but with () replaced by

def

U1, 10) = 0., 1o) £ 01y — 0141 = 1o}
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in (2.107), and iT(G) is the set of all links of G in ii(G) L EC(G) that are attached to the root if T is of
type Il or to the two vertices attached to the root if T is of type 1.
Finally, we also have a similar formula holding uniformly in 0 < u < r <t <T <ooand N € N

to control the inner time continuity of %

= =™ Y m)P ) e S Y Y AGL). (2.110)

meZ necZs GeGr e Li(@)

Proof. We have (2.103) by the definition of the quantities on the r.h.s of (Z.103) and Wick’s rule.

We first show (2.108). In order to deal with both LD and BG objects in our estimates, we denote
by I and C some general integration and contraction kernels verifying the following assumptions (for
a € {0, —o0}):

t
/ I(t,s,m)ds < (m)~2 forallt >0, (2.111a)
a
[t —u|"TI(t, u,m) < (m) "2 forallt > u >0, (2.111b)
C(t1,ta,m) < (m) 2forall ty,ty >0, (2.111c)
C(t, t,m) = C(t,m)(m) 2 with C(t) < 1 forall t > 0 (2.111d)

and — 9, 2C(t,m) = |0, 2C(t,m)| < (m) "> forallt > 0.

t
/ I(t, s, m)C(t, s, m)ds < C(t, m)(m)~* with C as above . (2.111e)
a

The integral and contraction kernels of both the LD and BG objects verify these assumptions, rather
trivially for the LD objects for which C(t,m) = 1. For the BG objects, we have C(t,m) = Qf(m). Note
that we have

- (m)| ,({m) ot(m) (m)
—0,,2C(t, m) = 20,(m)) ()] = ()]
m2C(t,m) = 20:(m)0p2 —— |0 tmy 19\
Recalling that supp(p) C [%, 1]and |o| < 1, we have —0,,2C(t,m) < ﬁ S ﬁ The estimate for

fj I(t, s, m)C(t, s, m)ds follows similarly. Regarding (2.1T1Db), it is only necessary in order to handle the
LD object y, and is easily verified, since

It — ul"T(t, u,m) = |t — ulTe” P = ()20 (|¢ — w|(m)2)Te 1 ulim)?®

and r — 7"e~" is bounded on R>.

We first address the case where GG does not involve any renormalization. In this case, the proof directly
follows from the assumptions (Z.111a), (Z-1116) and -111d) on I and C. Indeed, once for all I € LE(G),
C(tv, (1), tus(y, M) has been bounded by <ml)_2, there is no dependence left in t,, ;) for [ € i}i(G) apart

in I(ty,1ys tooy, ). If 7 # y, we can therefore perform all the integrations over the parameters ¢,,,;),
and they are in turn also bounded by (m;) 2, while if 7 = §, we can make use of (Z.TTTb) to bound all

the terms I(ty, (1), tuor), 7u) by {(my)~27. Note that if 7 = ¥, then |L¥(G)| = 2 which matches the fact
that we have precisely two factors |t — u|" at our disposal.
We now turn to (G that involves renormalization. Below we sometimes abuse notation and write

Vu € R for x¢(0,v/u(1, ..., 1)) € R% For M € 9 (@), by assumption Z.111d), we have

Cltar, marie)  Cltar, mar)
|C(tM7tM7mM7i) — C(tM7tM)mM7i7é)‘ — ) i,¢) i

(marie)? (marq)?
_ /m d (éuM,mM,i,ﬁ V)
0 d'LL

— Jdu witha = 2
A+ |marsel? + U)Q)
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:/ me d( C:(t]\/[ﬂnM,z,c"’_\/;))du_i_/‘mg é(tM,mMié‘i’\/»)
0 0

(I + [mariel? +u)2 (A + Jmagiel? +uw)z

_ /m2 du 1 1

“Jo A maid2+w T (magie)? (magi)?
2

M i < {mare)® A (mar)?

N (ma) 2 (marge)? 0 (mang)? (maie)?

Regarding M € M2 (G), we first bound its subamplitude in 911<'(G) as

(mars)? A (magq)?
(mar,a)*(marae)?

IC(s, s, mar,q) — C(s, s, marae)| S

Then, we can integrate on s which yields, using assumptions (2.1T1d) and and repeating the
argument used to deal with M € IMY4(G) with a = 4,

tv
/ ds|I(tar, s, mars)C(tar, s, mars) — L(ar, s, mars,e)C(ENr, S, M s.6)]
ay

E]

_ Cltar, masse)  Cltar, mass) < (mare)? A (mass)?
(marse)? (mars)* ™ (mars)?(marse)?t

The proof of (2.109) is similar, but we first have to pre-process a bit the expression of d, ;7. First,

observe that there are either two (for %/, )i and }:f) or three inverse heat operators attached to the root of
7. Using

t t
/ Pt uldul/ Pt quUQ—/ PS uldul/ PS uldUQ
¢ t S t
/ Pruyduy — / - uldul) / Pt,wduﬁ( / Py, dus — / Ps,wdug) / Py duy
a a a a

in the first case and a similar telescoping sum in the second case, one can always create a difference of
two inverse heat operators. We can now conclude, since proceeding as follows for a € {—o0,0}, we
have that a difference of two inverse heat operators always yields a good factor |t — 5|’ (losing a bit of
the decay in m):

t S t S
) / Pr, (m)duy — / Ps,m(m)dul\ - \ / Pry (m)dus + / (Prou, — Py, )(m)duy

< (m) 21— e o) < () 242 — 7

where for v > 0 we use the short-hand notation P,(m) = e v(m)?,

Finally, (2.110) is proved in the same way, pre-processing the expression of 557TT using

Piv(m) — Py(m) = Pr_p(m)(1 — Pr_u(m)) S Py (m)(m)® |r — u)? .

2.6.4 Tensor graphs

To formulate simple power-counting criteria, we pass from stranded graphs to tensor graphs.

Definition 2.86 A (d 4+ 1)—colored graph G = (N, E,¢) is a (d + 1)-regular properly edge-colored
graph. Properly edge-colored means the graph G = (N, E) comes with amap ¢: £ — {0,...,d} such
that for every node o € N and any color ¢ € {0,...,d}, there exists a unique edge e € E(n) such that
c(e) = c—here E(n) C E denotes the set of all edges incident to 7.
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Definition 2.87 Given a (d + 1)—colored graph GG and and two colors 0 < ¢ < ¢ < d, a face of G of
color (c1, c2) is a (simple) cycle of edges all of which are colored either ¢; or co. The length of a face is
the number of edges (or equivalently nodes) in the cycle.

Given a face of color (c1, ¢2) of length 4, ¢; > 0 and given ¢ € {1, 2}, we call this face a “vertex of
color ¢; if one can label the four nodes the face runs through as 71, . . . , 724 so that

e The two pairs of vertices {711, 72} and {ng3, 104} are each connected by a single edge of color ¢;.
e The two pairs of vertices {71, 74} and {n2, 13} are each connected by d — 1 edges of all the
colors in [d] \ {c;}.

Definition 2.88 A tensor graph G = (N, E, ¢) is a (d + 1)—colored graph where we also allow for a
new kind of node, called “external nodes”, each of which are incident to precisely one edge of color 0
(which we call an “external edge”). We also enforce the following constraints on tensor graphs:

e Any (cy, co)-face with ¢; > 0 has length 2 or 4.
e No two nodes can be connected by d edges of colors 1, ..., d.
e Any face of colors (¢, c2) with ¢; > 0 of length 4 must be a vertex of color ¢; for some i € {1,2}

An edge of color 0 is called a link, we denote by L(G), L"(@G) and L™ (G) the link set, internal

link set and external link set of G. We write V(() for the vertex set of GG, a vertex is a set of four
nodes {n1,...,n4} forming a vertex of color c as described above. For a vertex v € V(G) with nodes
ni,..., N4, we denote by /;(v) the link attached to 7;.
Faces of color (0, ¢) that run through at least one external link of G are called “external strands of
color ¢” —by parity they must run through exactly two external links. Faces of color (0, c) that are not
external strands are called “internal strands of color ¢’. We write S, S™(@G), and S¢*(G) the strand,
internal strand, and external strand set of GG. For ¢ € [d], we say that two edges e1, e2 of color ¢ belonging
to the same external strand s of color c are consecutive if there is an internal link of the strand s joining
one of the extremities of e; to one of the extremities of es.

A closed tensor graph is an tensor graph with |L¢*(G)| = 0, and a tensor graph that is not closed
is called open. We also use the terminology n-point graph and vacuum graph based on |L¢*(G)| as
described in Remark 231

Definition 2.89 A tensor subgraph of a closed tensor graph G is an open tensor graph G’ determined by
a subset L' (G’) of L(G). Its vertex set V(G") is the set of all the extremities of all the links in L™ (G"),
and its external link set L¢“(G") are all the other links attached to the vertices in V(G”) that don’t belong
to L™ (G"). It inherits the data ¢ of G, so that it is indeed a tensor graph. A subgraph G’ of a graph G
may not be connected, but its connected components are also tensor graphs themselves.

Definition 2.90 An open tensor graph G = (N, E, ¢) has a boundary graph OG defined by carrying out
the following:

e remove all the internal links of G;

e for every c € [d], remove every edge of color ¢ belonging to an internal strand of color c;

e for every c € [d] and every external strand of color ¢, bind any two consecutive edges of color ¢
of the face into a single edge of color c: ultimately, the external strand therefore collapses to one
external link, one edge of color ¢ and one external link.

Note that OG is not necessarily connected. We denote by C'(0G) the number of connected components of
0G.

We extend these notions to any closed tensor graph G in the natural way with the convention that 0G
is empty and C(OG) = 0.

Note that the boundary graph of a tensor graph G can also be easily identified by looking at the stranded
graph associated with G, see Remark [2.94]
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Figure 13: An open tensor graph and its boundary graph for ¢ # ¢’. Note that if ¢ = ¢/, the boundary
graph would be the node of color c.

Definition 2.91 For a tensor graph G (either closed or open), we define the degree of GG to be given by
8(G) =d — C(OG) + (d — D|V(G)| — |S™(@)| - |Lm(G)| (2.112)

A tensor graph G is said to be melonic it §(G) =0

We refer to [Gurl6, Ch. 3] for a gentle introduction to this notion of degree, it is introduced in [Gurl6,
Def. 3.12] and its relation to the number of faces in expressed in [Gurl6, Eq. 3.1]. We will only need the
following basic facts from [[Gurl6, Ch. 3].

Lemma 2.92 §(G) € N, and if 5(G) # 0 then 6(G) > d — 2.

Remark 2.93 Melonic graphs are easily identifiable by their tree-like structure. In particular, melonic
tensor graphs are in one-to-one correspondenceﬂ with colored planar trees under the transformation that
shrinks faces of size d — 1 in the original graph to vertices and stretches the vertices of the original graph
into edges.

AT AT
VARV EAVEERY

Figure 14: A melonic graph and its tree representation

Remark 2.94 Tensor graphs are in one-to-one correspondence with the stranded graphs introduced in
Section 2.6.2] and we often identify them. In particular, the notions of link, vertex and strand match
exactly when comparing a stranded graph to the tensor graph it corresponds to.

Writing G for a stranded graph and G for the corresponding tensor graph, note that the boundary
graph AG of a tensor graph G is the tensor graph corresponding to the stranded graph G obtained by
removing all internal strands from G.

In the sequel, using this one-to-one correspondence, tensor graphs are pictured with the two diagram-
matic representations introduced for stranded graphs, sometimes drawing each strand and more often
contracting the d parallel strands of a link drawing it as a dotted black line.

1

Figure 15: A vertex of a tensor graph represented on the LHS using strands and on the RHS using dotted
lines

Thinking in terms of tensor graphs and stranded graphs clarifies the definition of /,, and 3 when 7 is of
type II. Indeed, these two links are actually one or d — 1 of the edges constituting the rooted vertex of the
tensor graph, as was shown on Figure[T0]

“This is another interesting feature of tensor field models in that the proliferation of melonic graphs as one goes to higher
orders is exponentially bounded.
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Remark 2.95 In two dimensions, stranded graphs are ribbon graphs. It turns out that the degree § of a
tensor graph G is equal to the genus of the ribbon graph corresponding to GG, and is thus a topological
quantity. In higher dimensions, however, the degree is not a topological invariant, even though melonic
graphs are a particular class of tensor graphs that embed in the d-sphere.

We have thus seen that for any object 7, (2.102)) is bounded by a sum indexed by G, a certain class of
closed tensor graphs. The number of vertices and some links of the elements of G, are directly fixed by
the structure of 7 (the links /., [, and the links corresponding to the time lines), while the remaining
links correspond to the possible contractions of the noises. In the sequel, we call the skeleton graph of
7 the graph corresponding t0 3, 741 ez (n)=2(m)?8%,, ;7 _n before the expectation is taken.
Below we present the skeleton graph of %= as a random operator on the left and the skeleton graph of <!
on the right:

P =

We have now gathered all the notations we needed in order to obtain a good upper bound on AG).
This is done through a multiscale analysis, which is introduced in the next section.

2.6.5 Multiscale analysis

Definition 2.96 An open tensor graph G € G, furthermore comes with a (superficial) degree of diver-
gence w(G) defined as

W@, B)==2 > D+ |S"(G)| - 21{G = M" or M?} .
lGL’mt(G)

Note that in the case where 7 = §i§, w(G) also depends on 7, but we choose to drop this dependence since
n will be taken arbitrarily close to 1. This definition reflects the fact that each internal strand comes with
a sum over Z, while each internal link brings a factor (m;) 2D, and each renormalized subgraph has a
power counting improved by two. This degree of divergence is “superficial” since it does not take into
consideration sub-divergences due to subgraphs.

Moreover, the degree of divergence rewrites as

def d—3
w(G)a, B) =d — (5 —d|V(G)| - T!L““(Gﬂ —(G) — COG)
+2(1 —a)l{l, € G} +2(01 + PH1{lg € G} +2(1 — 77)|[7(G)|1{7’ = y} (2.113)
—21{G = M* or M?},

and we say that G is convergent (resp. divergent) if w(Q) is strictly negative (resp. positive or zero). Note
that the second expression is obtained by injecting the definition of the degree (2.112) in (2.113) and
using the combinatorial relation 4|V (GQ)| = 2|L™(G)| + | L“Y(G)| as well as the definition of ¢, (2.106).
These computations also justify (2.12)) in Remark 2.3]

To obtain good upper bounds on amplitudes we slice kernels across scales.

Lemma 2.97 (Multiscale decomposition) Pick ¢ € (0,4). There exists a numerical constant C' > 0
such that for every m € Z2,

k>—1
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Moreover, for £ € [0,4] and ko > 0, we have

6—2*2190 <m>2 <m>—2€ 5 Z 2—2k’£e—02_k Zce[dl |mc| ) (21 15)
k<ko—1

Proof. We start by writing

+00 5
<m>—2Z 5/ aﬂ—le—a<m) da
0

o0
S/ da—l—Z/ al~lemam?qq .
1

2(k+1)
k>0

In the second line, the first term corresponds to the slice —1 and is bounded by a constant while the k-th
slice is bounded as

2—2k
— —k
/ a27167a<m)2da S 9—2k ,—2 2R+ ()2 g 9—2kl ,—C2 2 ety Imel 7
2

—2(k+1)

where we used the equivalence of the ¢? and ¢! norms in finite dimension.
The proof of (Z.1T3)) goes the same way, starting from the observation that

272k0 (m)?2 20 AR 2
e )™ ()~ 5/ a' e qq .
2

—2kg

Note that the integration does not include a = 0 so it remains finite if £ = 0. 0

Lemma 2.98 (Multiscale analysis) Let 7 a stochastic object and G € G, then

c@Gh

Aorys > I II 229,

k1,.. 7k\L(G)\2 l1i>—1 k=1

where G' is the subgraph of G with internal link set L'(G") = {l € L(G) : k; > i}, and we denote by
(Q,i 1<k < C(gi)) its connected components.

Proof. Recall the expression of A(G) in (Z.107). We first deal with the contribution of the renormalized
subgraphs, and begin with the study of the possible subgraphs of the form M. Pick M € MH(G). The
contribution of M U {l. 1(M)} to A(G) is given by

(mare)® A (mar)®
(mag,e) e (mag )2 (Mg c)
= 1{{mare)? < (marg)> Hmare) ™D (mpy ) 72 (mag i) 2
+ 1{(may)* < <mM,e>2}<mM,e>_2€(le’l)<mMié> -
S {(mare)? < (mara)*Hmage) ™D (mpy i 0) ™
+ 1{(marie)? < (mare)?Hmare) 7200 (myy; 0) 72
< Z g—4ki ,—C275 3, \mM,i,C/\l{< > <mMl>2}<mM’6>2(14(le,1))

ki>—1

_ _C9—ke _
+ Z 9 2e ke =C27R Folmareel 1 (s 0% < (mare)? Hmage) 2
ke>—1

2

2

In the first inequality, we use the fact that since (m M7i>2 > (mar,ie)”, we have

1{(mari)? < (mare)?} < {{(marie)? < (mare)?},
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while in going from the first to the second inequality, we used . To conclude, we bound the
two indicator functions as 1{(maz)2 < (maz;)2} < e 2 " {mare)” and 1{(mrie)* < (mare)?} S
e=27*"(marie)® and use [@I13). This yields

(mare)® A (mag)?
(mag,e)? e (mpr )2 (magie) —2
< Z 9—dki p=C27 M s [ming i | 92(1—Ele 1)ke ;= C27F 3o e gy Imav el

ke<k;
+ Z 2*2€(le,1)k667027k6 > |mM,e,c\2*2kie—CTki Do Mg e ]
ki<ke
< Z 9—2kig—2e,1)ke 92(kiNke—Fki)
kike=—1

6_027]% Zc’;éc ‘mM,a,c'\e—CQJCe Zce[d] |masel

< Z H o—2(Dki H H 6—02_kl|77’Ls|2_2((ki_ke)vo)

ki ke=—11e{l;}u{le1} s€S(@) 1e{l;}{le,1}|s€l
k;
—20(Dk —C2 % |m -2
S S I VA | e |
kike=z—11e{l;}u{le,1} s€S(G) le{l; }u{le 1} s€El i=ke+1

where we introduced k,(r) = k; for the internal link of M and &y, ,(ar) = ke for the external links of M
le,1. Finally, we note that Hf;ke-i-l 272 = Hin,M:gi 272,

The proof for the graphs M € 9%(G) is very similar so we only sketch it. Indeed, for M, one has to
introduce three scales k., ks and k4 that correspond to the slicing of the Fourier modes my, ¢, Mz, s
and my, 4. One then has to consider separately all the six possible orderings of these scales, in the same
way we did for M € IML(G). This yields the following bound over the amplitude of M:

ksN\kq kq
—k
DR | N0 U (R | B | (e |
kiks ke2—11e Lint(M){le,1} s€S(G) leLimt(M)H{le,1 }s€l i=ke+1 i=ks+1

ksAka o - k - -
and we also note that [];*}", 272 = ik, 01=g: 2 “and [T, 127% = ik, a0 00=gs 2 2,
All the other links that are not in /gy L"/(M) U {le,1(M)} are easily dealt with using 2.114),
and for [ such a link we have

_ _ _ —k _ _ —k
(my) 20 < Z 92tk u=C27 3 gy I < Z 9= 2Lk H e~ C2MIms|
ki >—1 ki>—1 s€S(G)|s€l

where we say that s € [ if s runs through [. Collecting all the previous bounds together, we have obtained
that

A(G) 5 Z Z H 2—2£(l)kl

Msq ,...,mslS(G)l €Z kl,uqk\L(G)\?_l LeL(G)
—k
I I e IO I 2=
s€S(G) leL(G)|s€l MEeM(G) 4|3k, M=G}

We first rewrite

H H 272 = H Oﬁ)221{gi=m1 or m?}
iz—1 k=1

MeM(G) i| 3k, M=G}
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Then,

6—02*kl\ms| < e_CZleL(GﬂselQ_klp < 1 < 2"“‘5
>l S2 > 2
leL(G)|s€l

ms€ZIEL(G)|s€l peEN

def o
where ks = mine (s k1. Moreover,

II2=11 II 2,

s€S(G) i2—1seS(G)|ks>1

and since the condition k; > ¢ implies that s is an internal strand of some g,@, we finally have

cghH
[T 2= T1 [T
s€S(G) 1i2—1 k=1

We finish by observing that the condition k; > ¢ is equivalent to [ € Li"t(g,g) for some k, so

ki c@h
IT 22 =TI T2 <11 II 2*s]I1I o 2 Lierintg) M0
IEL(G) lEL(G) i=1 i>—11eL(G) |k >i i>—1 k=1

We immediately have the following corollary.
Corollary 2.99 If G € G, then A(G) is finite if for all i > —1 and k € [C(G")], we have

 omax w(Gh)(a) <0,
Gilla€GiNls ¢!

 omax w(G(B) <0,
GillagGinlsegt

 omax  w(Gp)(a, B) < 0.
Gilla€GrNigegy

The proof of the regularities of the different stochastic objects reduces to identifying the worst of the
possible subgraphs (including the full graphs) of all the graphs in G, containing [, and/or lg. For the
smallest objects, we exhibit all the possible contractions. For bigger objects, we will describe the most
divergent subgraph, and show that it is indeed maximal. All the worst contributions have a connected
boundary graph if they are not a vacuum graph, so that the superficial degree of divergence of a subgraph
G is fully characterized by the triplet (|V(GQ)|, |L¢*Y(G)|, 5(G@)). There we often use these triples to refer
to graphs to lighten the notations. For example, a melonic two-vertex four-point graph will be called a
(2,4,0) graph .

Remark 2.100 The observations of Remarks [2.80]and [2.8] can also be applied to our estimates for larger
stochastic objects. Namely, our argument will focus on developing uniform in N and time estimates
of covariances — convergence in N along with time regularity will follow from straightforward post-
processing. Covariances of differences of stochastic objects with different scale cut-offs or, for LD
objects, evaluated at different times, can also be written as sums indexed by graphs. For each such graph
one can rewrite the contribution for that graph as a telescoping sum where in each summand one has a
difference of a single kernel at different cut-offs/times, see e.g., [MWX17].
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2.6.6 Moment estimates for -/, )z, v, 'Ff, }:f, %ﬁ

In this section, we complete the diagrammatic estimates for the listed stochastic objects.

As described in Lemma[2.85] BG objects obey the same power-counting, and using a Kolmogorov
estimate for space regularity gives the necessary estimates on the symbols for Lemma [2.60]

The estimate (2.28)) from Lemmal[2.12]is proven in Section[2.6.6.3] The estimate (2.45) of Lemma[2.24]
is proven in Section[2.6.6.3] Lemma[2.16]is proven in Sections [2.6.6.1} [2.6.6.2] and 2.6.6.4] Lemma[2.27]

is proven in Section Lemma [2.29]in Section and Lemma[2.3T]in
In Section [2.6.7.3| we argue that the relevant estimates in Lemmas [2.31]and [2.48] hold for the random

operators defined by replacing instances of T with the random shift !. As described in Lemma|2.85, BG
objects obey the same power-counting, and using a Kolmogorov estimate for space regularity gives
Lemma[2.60

2.6.6.1 The melonic second Wick power -’

The renormalization of %~ has been described in Lemma [2.10, but now we turn to quantifying its
regularity —to do this we study all the possible subgraphs of all the graphs that can be built from its

skeleton graph.
laE jlﬁ

Figure 16: Skeleton graph of the melonic second Wick power

This skeleton graph can give rise to the three following contractions:

Figure 17: The three contractions: they have respectively degree 0, d — 2 and d — 1

This object is small enough for the bound (2.107) to be estimated without multiscale analysis, we
write the amplitudes of the first two graphs in Figure[17]

The melonic contraction (1, 0, 0) is thus the maximal subgraph that contains both [, and [, and its
amplitude (2.107) rewrites as

m)? a,m 2 (m)? b,m 2
Z <m>72a+2ﬁ< (2@,2@%2(&)? < <(>b,/7;1§§2<b>;> 2410

meZ,acZ?1 pezd-1

We see that the sum is convergent if and only if
B <a+|H].

Returning to our random operator estimate, the only contraction graph with a subgraph containing
only l, /13 is the graph (1,0, d — 2), which has a subgraph (1, 2, d — 2) containing [, /. The amplitude
of the larger contraction graph is given by:

S () (@) 2 m) 2 )

meZ,nel,acZd—!
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For this sum to be convergent, the conditions 25 — 2o+ d — 3 < 0,
B<1/2, andcx > —1/2

have to be fulfilled. Indeed, it may be that the sums over n and a are convergent, even without the factor

((a,m))~2, so that we would be left with Y-, _,(m) =272, which indeed requires oo > —1.

We point out that the estimate controlling % as a random field is obtained from taking o = 0,
which gives the constraint § < |%-’| appearing there.
2.6.6.2 The non-melonic second Wick power )z

For the rest of our estimates we leverage the multiscale bound of Corollary [2.99] We identify all the
possible graphs made with the skeleton graph, along with all their possible subgraphs, and compute their

divergence degree using (2.113).
This object does not involve any renormalization and we turn to its regularity properties.

s la -
Figure 18: Skeleton graph of the non-melonic second Wick power

As its melonic counterpart, this symbol gives rise to the three one-vertex vacuum graphs.

Figure 19: The three contractions

Once again, the melonic contraction (1,0, 0) is the maximal subgraph that contains both /g and
lo —this yields the constraint

B<a+l|}.

It turns out that it also has subgraph (1, 2, 0) that only contains l,/lg (observe that here, if there is a
subgraph that seems to be a melonic tadpole, it is actually not the case, because it contains I, /[, so that
it does not require renormalization, and does not benefit from the +2 effect in the power counting coming
from renormalization) and yields the constraints

d—3 d—3

and o > ——.

p<— 5

This is the only subgraph of the three graphs that contains l, /. Again, the relevant estimate of (2.30)
follows when o = 0.

2.6.6.3 The cubic random fields ¢ and \V

The renormalization of 4 is given by a “Wick” renormalization coming from the rightmost two factors
of 1in this product, corresponding to the graph in 91! and the counterterm ¢!. Below we draw the
corresponding skeleton graph.
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Figure 20: Skeleton graph of the third Wick power

The contractions are all the connected two-vertex vacuum graphs, and the melonic one (2, 0, 0) is
therefore maximal — this yields the condition

B<|v.

Since lg connects two different vertices, it cannot belong to a (1, 2, 0) subgraph, and (2, 2, 0) graphs have
a better power counting than (2, 0, 0) graphs, this handles all the other contractions.

The proof for \}’ follows from the considerations above and observing that the extra integration allows
268—4

one to replace (m)2? by (m) in estimates for all the graphs appearing above.

2.6.6.4 The quadratic random operator j:f

This stochastic estimate does not involve any renormalization.

Figure 21: Skeleton graph of the quadratic random operator

We deduce that there are three different contractions with this random operator, but two of them are
trivial and have only d faces, and thus no non-trivial subgraphs. The third one is (2,0, d — 2) which is
of maximal degree, and is the maximal graph containing both /., and /4 since no melonic subgraph can
contain both [, and /g — this gives the condition

B<a+|]:f\.

This graph has a (2,4, 0) subgraph that contains only [, /I3 and is therefore maximal (since the skeleton
graph implies that [, /l3 cannot belong to any (2, 2, 0) subgraph) — this gives constraints
d—3 d—3

da> ——.
and « 5

p<—

2.6.6.5 The quartic random operator §I§

This random operator does not involve any renormalization, below we draw the corresponding skeleton
graph.
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Figure 22: Skeleton graph of the quartic random operator

The vacuum contraction of highest degree (d — 2) yields the following constraint on « and 3:

B<a+[¥§l-20-mn.

It is maximal since inspecting the skeleton graph shows that any melonic subgraph G containing both [,
and /g would a least be (2, 4, 0), so that their power counting would be better, since improving | L*!(G)| =
by 2 yields a factor d — 3 and improving C'(OG) by one yields a factor 1, which at least compensates the
gain of d — 2 due to the improvement of the degree.
This contraction has the same (2, 4, 0) subgraph as F[ containing either [, or [, and this subgraph is
still maximal since {5 cannot belong to any (2, 2, 0) subgraph. Again, this gives the conditions
d—3 d—3

da> ——.
and « 5

p<—

2.6.7 Estimates on %}, S, and objects with the rough shift '

We now discuss obtaining estimates on §¥, S and also estimates on random operators built using the rough
shift. For these objects we use a combination of stochastic and deterministic estimates. In particular,
in Section [2.6.7.3| we argue that the relevant estimates in Lemmas [2.31] and 2.48| hold for the random
operators defined by replacing instances of ! with the random shift 1.

2.6.7.1 The quintic random fields y and Q%

Recall the product denoted by the root in symbol y actually corresponds to three terms due to the three
ways to order this product — see Definition [2.64]

The product A/ (\?, 1,1 requires a “Wick” renormalization coming from the two factors of ! in this
product to the graph in 9! and counter-term ¢!,

The other two products N (", \}’, N and N(1,1, \?) contain a melonic pairing of T and %Y that is divergent
in d = 4 and corresponds to graphs in 92 and the counterterm %(’12 (recall Lemma .

Some care has to be taken here since the regularity of klj is not determined by its power counting
\y\ = —‘E’d%lg. The skeleton graphs coming from all the three products in §{§ have ten leaves, and thus
gives rise to 945 graphs. However, we do not need to draw them because some of them are melonic —
(4,0, 0) —this gives the condition

B < |¥l.

It turns out that these melonic vacuum graphs are maximal only in d = 4. Indeed, (2, 2, 0) and (2, 4, 0)
subgraphs have a worst power counting, and some of these melonic vacuum graphs have (2, 2, 0) and
(2,4, 0) subgraphs containing lg. This yields the conditions 8 < —(612;3) and § < —(d — 3), which
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becomes better behaved only when d > 4 but dominates when d € {2,3} (however in the latter case we
don’t need the estimate k{}).

The proof for ¢ follows similarly — as in ¥ versus \V, the extra integration involved allows one to

replace (m)2? by (m)?5~* in the estimates for all the graphs appearing above.

2.6.7.2 The septic random field S

This symbol requires care, one reason being that its regularity is not given by our usual power counting
|S| = —T4528 just as was the case for .
However, a second issue here is that we will not obtain the needed regularity estimate on S solely

through a stochastic estimate. In particular, we split S as S = S* 4 S%° with

Sdet d:ef N(%ﬁ’ T, T) o €1§;7
S &f (N(Y’T’ gy) _ %@%@ + N, %) + 20 terms .

Here &* will be treated as a whole using a stochastic estimate (similarly to the previous stochastic
objects). However, trying to use a stochastic estimate to control S* would yield a regularity estimate with
exponent —(d — 3) coming from a subgraph (2, 2, 0), which is worse than expected and not enough to
close our argument when d = 4. We instead write S*' in terms of smaller random operators and combine
their estimates, writing

d
§*(@) = Y F e ) @) -
c=1
By (2.123) and (2.121)), we have

\° 5 < .
H (y)HCch%%"E ~ H (y)HCTLooC—%—Sf2E

Lz
Ta c

<

=<l
~Y

C(CTC*(d*S)*Qe,CTC_%_QE) ”¥||CTL3%C;:175>726
S I

~

g(oTc—(d—s)—257CTC—dﬁjﬁ—2e) |R¥||C'T(3*(d*5)’6 :

The estimate (2.8T)) then implies that y is of regularity —(d — 5) > —3. We combine this with the

random operator estimate that states that for o > —%, -/ goes from C7H® to C7CP~¢ with
£ = min (%, a— MT*‘E’) > — 53 for « = —(d — 5). Thus, we can conclude that the right hand side is
finite, so that S* is indeed of regularity —% —.

We now turn to showing that S*° is of regularity — % —. & is the sum of 22 terms, but all of them

have an important difference with N\ (&5, - €1¥ that we describe here. The skeleton graphs of all

these 22 terms give rise to some maximal (6, 0, 0) graph which would yield 5 < |S|. However, one has to
take care that the contractions do not contain some (2, 2, 0) or (2, 4, 0) subgraphs, which would yield a
worse power counting. It turns out that some of these maximal (6, 0, 0) graph do have a (2, 4, 0) subgraph
containing /g, which thus yields the sharper condition

~d—-3

f<——%—

However, this constraint is maximal since no contraction can produce a (2, 2, 0) subgraph with /5 inside it,
in view of the position of /. This is the key difference between the 22 terms in S* (like N (1,1, %ﬁ)) and

N (&5, H— Qil&z, because the latter can give rise to a (2, 2, 0) subgraph, and would thus be of regularity
—(d — 3), which is why we had to deal with it deterministically.
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2.6.7.3 Random operators built with !

In d = 4, we are interested in the previous random operators defined with T substituted with 1. Our
regularity estimates for the more basic random fields implies that ! shares the regularity of !. Moreover,
going through the proofs of the regularities of the random operators with one or several occurrence of !
substituted with \V or y always yields better results, because this will give rise to bigger graphs that have
a better power counting, which is the key feature of super-renormalizability/subcriticality.

For the sake of completeness, we provide here a short argument that confirms that these objects
share the regularity of their counterparts built on the free field. Indeed, like we did above for S, we can

decompose a random operator 7 € {\/, )z, 'j:f, y} made with T as 7°° + 7% where 7%° will be controlled
with a stochastic estimate on the whole object, while 7 will be treated using deterministic estimates.

One key input for this deterministic estimate will be stochastic estimates on the smaller random
operators — again by invariance in law under permuting spatial coordinates, we can specialize to J =
[k] C [d], and then note that (' — DI¥! defined by setting

(=D = /T LYt ¥ oSy for iR x TR SR

Denoting |1 — 1| = — 3d512, our key estimate is then

Lemma 2.101 For d € {2,3,4} and all o > W’

[kl|p
Sup E:[H(T - T) ||£(C H"‘(Td k) CTC,B(T]C) < 00 (2117)
2d+k —
where [3 :min<— +#,oz—i— \T—T\) —

Proof. The proof generalizes that for 1kl _ see (2:99). When performing the covariance computations for
181 and (T — N)¥], one encounters a class of graphs similar to the graphs in GG for 7 an object of type II,
but with a root which is given by a link instead of a vertex. This link is attached to two other links at its
two extremities, and its strands divide into £ strands corresponding to /g and d — k strands corresponding
to lo. In the case of 7 = 1%, there is a unique G € G, which is the graph for which the root is attached
to a single link connected to both its extremities. This graph has three subgraphs (including itself), hence

the estimates (2.100).

In the case of 7 = (T — DI*] | the skeleton graphs obtained when gluing together two copies of \y, one
of \}’ with one of §; and two copies of gf give rise to several graphs with several subgraphs. We can

read from the skeleton graphs the numbers of external links, the numbers of vertices, and the degrees of
all the possible graphs in G, and their subgraphs, and therefore estimate their contributions. The most
divergent graph is the melonic two-vertex graph arising when gluing two copies of \y It also contains the
subgraphs dictating the additional conditions on « and /3.

O

For every T € {)z Fr }, we take 7 to be the term containing only ’s (for instance y k‘o}) that has
been constructed in the previous sections, and 7% the sum of all the remaining cross terms that contain at
least one T — 1. Regarding <", we chose

WL D AN YD F NS - (2.118)
We have the following lemma about the regularity of %"*.
Lemma 2.102 /n d = 4, for all a > —%, it holds

sup E[||*"% — v " ] < o0
NeN L(CpH(T),CpC™™ 2= 3=¢(T))
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Proof. We deal separately with f — N(f,¥,1) — %2f and f — N(f,1,%) — %Qf.

o ]lﬁ

Figure 23: Schematic representation of the skeleton graph of f — N( f,\?,T) — %2 f. The one of
=N, '\V) — %2f is obtained by exchanging /., and Ig.

Both contributions generate all the vacuum three-vertex graphs, so that the most divergent possible
graph or subgraph that contains both [, and [z is the melonic graph (3, 0, 0) that brings the constraint
b <a— % The first contribution has a subgraph (1, 2, d — 2) (obtained by gluing the two noises coming
from the two terms T) containing only /g, and the second one the same subgraph containing only /., which
yields the additional constraints. These subgraphs are maximal because in view of their positions, [, can
not belong to a melonic subgraph that would not also contain 3. 0

We can turn to 7% which, as we mentioned earlier, is controlled via deterministic analysis. In particular,
for N < oo we will write the terms in 7*' as compositions of random operators and verify that this
composition of random operators is stable in the N — oo limit.

As a first example, we work with the worst term in jzdel which is given by f — N(1,'—1, f) and which
we rewrite as

NOT=1H@) =D =D m0)@e).

cel4]

If f € H* with o > %, @.1T7) implies that (' — YV (f)(ye, z.) will be of regularity min(%7 o — %) in
the direction of y., which is bigger than —%, so that one can use (2.82) to obtain than N (",T —1, f) is
of regularity min(—%, a— %). Therefore, f — N(1,' =1, f) is indeed better behaved than }z( ). All the

.. . . . det . .
remaining contributions in )Z " are even better behaved, and can be treated in the same way. The proof is

det
also similar for all the terms in %" and ):f , which again we write as some compositions of operators.
For illustration, we detail how this argument works in the case of the biggest operator V The worst

det
terms in V are

FoNC=LLTVEWN and e LTV 1)
If f € H* with « > 1, by the estimate (2:83)), we have that 'Ff( f) is of regularity min(—3, a — 2),

so that £7! 'j:f( f) is of regularity min(%, a) > % It follows by the deterministic estimate stated in

Lemma [2.104|that one can take the non-melonic pairing of £~! 'F(( f) with ' — ? which is of regularity
—eassoon as € < 1/2.
On the other hand,

NO=1LL7 FD D@ =) 1= L7 F (e @e, ) (@) -

cel4]

Since £! 'j:((f) is of regularity > % (and hence sois (1 —1, L1 ):((f))Lz(T)(x@, ye) in the variable y;),
the estimate (2.82)) shows N'(T —1, L1 'Ff( ), 1 is of regularity min(0, o — 1) as expected.

Regarding 'F((E*l/\f('f -1 fn) for f € H* with o > % we can perform the non-melonic pairing
of f with T — T using Lemma and " can act on the non-melonic pairing of f with ? — 1 — since £~
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increases the regularity by 2 while Ff decreases it by 2 we can conclude our argument. All the other
terms are better behaved, and follow in the same way, which shows the objects made with the rough shift
share the analytic properties of the objects made with 1.

Appendix 2.G  Besov spaces

We define Littlewood-Paley blocks, which are Fourier multipliers (A7 )52 _4, by setting Al = 1 2-1y
(IV|so) and, for j € N, A7 = 1j5-1 1y(277|V|oo) (we have Iy = ZiglogQ ~ A® for N dyadic). We then
define two norms on C'*°(T%) by setting

def def
[ - HHO‘(Td) = [(V)*- HL?(Td) and || - ”Bqu(Td) =

2| A" - HLP(Td)

M
q
sy

where for a countable set A we write 6?4 = (9(R?). We define By, to be the completion of C>(T%)
under the norm || +[| go (q4. Note that BS', = H®. We have the following standard facts for Besov spaces
p,q ’

Lemma 2.103 Pick « € R, § > 0 and p,q,p+,p—,q+,q— € [1,0], p— < p1, q— < qy. Then, the
following embeddings are compact:

« a—a0 « « « «
Bp7q - Bp7q ’ Bp+7q — Bp—7q, Bp7q— — Bp7Q+ ’
a aid(iii « a—90
Bpﬂq - BP%‘I ’ Bp,q+ - Bp,qf :

Lemma 2.104 Picka € Randp,p',q,q € [1,00), such that % + I% =
can be extended to a bilinear map B , X BI;O;, — R

%—1—% = 1. Then, the L? pairing

Finally, we have the following standard heat kernel and Schauder estimates.

Lemma 2.105 For o, 8 € Rwith 8 > acand t > 0, one has that P, : C* — CP is bounded with

—a

_B=a
| Piw)||lcs St 2 ||ullca . (2.119)
Lemma 2.106 For any o € R and e > 0,

1£7 W) || opearr—e S T2 |ullcpce - (2.120)

2.G.1 Bilocal Besov regularity

We study mixed terms such as ):U or " by treating them as distributions over T;; x Ty". We will need
anisotropic regularity estimates, for instance allowing terms to be bounded in  but only C* for o < 0 in
x. While such distributions certainly belong to C;, “ CH(Ty x T;"), it will be better to work in a space

like L7°C;'. The next lemma gives straightforward estimates for these spaces.

Lemma 2.107 Let o > 0, and € > 0. Then uniformly in u € C*T¢(T? x T;),

lullegees = ||lulles |, S Tullegse @.121)
Y
Proof. For a function of two variables (x, y), we let Aéu(w, y) stand for the Littlewood- Paley block A’

applied only in the variable 2. When no subscript is present, it is understood that A/ = Ag,y acts on both
variables x and y.

llulles || = sup llulles = sup  sup 27| ALu(z, y)
Lge yeT™

Y zyeT"xXT™ i>—1
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= sup sup 2%|A! Z Az, y)| < sup 204 Z | AL A3u||Loo

z,yeT"xXTm i >—1 J>i j>i

< sup Z 20J ||AJU||L00

iz— ]>z

where we used o > 0 and that boundedness of AJu implies || AL (Au)|| L~ < [|A7ul|f~. The claim
follows by using the embedding C*T¢ — BZ, 1 along with the estimate.

lialee|, 5 3 2918 ullz, = lullsg, apery) -
N S|
EI
We also have a Sobolev space version of the previous lemma:
Lemma 2.108 Let o > 0, and € > 0. Then uniformly in u € HT¢(T? x x T,
lulzgrrg = [l |, Wl (2.122)

Proof. Recall A is a Littlewood- Paley block in z only. We have

1
L2 - </I‘m ¢;1 QQMHA;u”%i(y)dy) 2
— (X A%l 0idy)

i>—1

it

1

. . 5 . .

= (2 Akl )* = [2atuly

i>—1

= [2e1aL>" adule, . <[> naiatuls,
Jj=i jzi

_ H2—gz‘ Z 2(a+§)jHA;AJ’uHL%y

Jj=i

yg?

&

where we used that a + § > 0 and that boundedness of A7u implies ||AfE(Aju)HL§ . < HAjuHL% ,- The

claim follows using the embedding Ht¢ — B; Ti along with the estimate

—5i (a+3)i | AJ 5t
[t |, < (|75 32 s 8 hatulne [, = 127 E el s gy
Y j=-1 ‘
|
Finally, the following lemma deals with distributions of negative bilocal Holder-Besov regularity:
Lemma 2.109 For o < 0 and € > 0, and uniformly in u € LZ°C§“+€(TZ x T,"):
lulles,, S [ullege| . = lullgegs- (2.123)
Y

Proof. Recall A is a Littlewood- Paley block in z only, as opposed to A?. We start from

lulleg, = sup 2% )| Alul| g0, = sup sup 29N AT~ A u(y)|ee

-1 I<s



FACTS ABOUT THE NONLINEARITY 118

< sup sup 2‘”2 |]AiAgcu(y)HLgo < sup sup ZQaj||Ag‘cu(y)]]Lgo,
yeT™i>—1 j<i yeT™ -1

where we used that o < 0 and that boundedness of A in  implies || AY(ALw)(y)|| Lo S | ALu(y)]| Lee-
The claim follows using the embedding C**¢ — Bg, ; along with the estimate

lulles, S D 2% (1A ul|Lge, = [lullBs ,xnxrm -
>

Appendix 2.H Facts about the nonlinearity

In this section we present useful facts about the non-local nonlinearity appearing in the Tfl field theory.
We first show that it is related to a specific norm among a wider family of norms over C*°(T%) that we
call M¥ norms. We then consider the analogue of the Sobolev norms constructed with the M norms,
and establish interpolation inequalities and embeddings for these norms. Finally, we prove two key
Cauchy-Schwarz inequalities.

Throughout this section, we fix d € N with d > 2 and always take c € [d].

Definition 2.110 (M spaces) Let u € C°°(T%). We define a bounded and positive operator M.(u) €
L(¢*(Z)) on the space of square integrable complex-valued sequences indexed by Z by setting, for
Gc, be € Z, the corresponding matrix entry of M (u) to be given by

M, o 7 1
c(u)ac,bC = Uma,...,ac,....mqgU—mq,...,—bc,...,—mg *

(mi:iE[dJ\{c})EZd’1

For p € (1, 00) we define the Banach space MP(T?) as the completion of C°°(T%) under the norm:

1

lullage & Tr(Mo)®) "

Positivity of || e || is straightforward to check. We also define what we call the M? norm as

d
def
lull3 = Z} [ullye -
=

Remark 2.111 The name tensor field theory stems from the fact that a Fourier cut-off distribution u over
T< can be seen as a tensor [ yu = (ﬁm)mez;zv . Then, for p an even integer, HuHIJ:/Ip is a trace invariant of

4, that is a function of 4 invariant under the action of O(2N + 1)®? on the indices of .
Lemma 2.112 Let 1 < p < g < o0. Then we have the compact embedding

lullazg S lullage (2.124)
which directly follows from the embedding (P(Z) — (4(Z).

Remark 2.113 For any ¢ € [d], Tr(M.(uw)) = ||ul]

L?*(T%) —in particular, Z(u)t < ||l z2-

%Z(Td) < 00 by Parseval, so the space Mf(Td) is just

Next we state some interpolation and embedding inequalities.

Lemma 2.114 (Mf—SoboleV interpolation 1) Forany 8 > a > 0,

1—2 a
(Ve ullars S Nlull ™ 14V Pull - (2.125)
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Proof. In the proof, we denote M. = M_.(u). Using Holder’s inequality, we have

||<v0>au‘|jl\/[é1 = Z <p6>2a <QC>2aMc(pca %)2

Pcyqc

= Z M.(pe, QC)z(l_%) ((pc>2<QC>2Mc(pC7 QC)%>Q

Pecsqc

212
< HMc(pm(k) (1=%5)

()20 Mepes a0*) 1 1

B Pc dc
ZPCvQC

2(1-9) 2%
= HMc(pc;qC)Hgg qﬁ H<p0>ﬁ<q<:>ﬁMc(pc:a%)H@gﬁ .

Lemma 2.115 (M —Sobolev embedding) Let o > §, then
lull2 S 1K{Ve) ullags - (2.126)
Proof. Again denoting M, = M_.(u), by Cauchy-Schwarz we have

||u”%2 =TrM, = ZMc(pcapc) = Z M.(pe, QC)épc,qc

Pc Peciqe

= Z Mc(pc; qc)<pc>a <QC>a6pc,qc <pc> e <CIC> -

Dcyqc
(Z Me(pe, 40)* (pe)** (g "‘) (Z 2 0 (e) 2 (qe) ™ 2“)

Pcyqc Peyqe

< Ve ullys (e ™) < e ullZys

Pc

=
[NIE

Corollary 2.116 (M2 —Sobolev interpolation 2) For all § € (%, 1], we have

el 2 S el e - (2.127)

and then (2.123),

1
Proof. Fix 0 € (i, 1], and define € € (0, %] by the relation § = 4—

0 0 - 0
lullze S I(Ve) s+ eullare S Ty IOV~ ulfs S lullypd I(Ve)~ullf

where on the last inequality we used (2.124) to control the M? norm by the L? norm. We can now
conclude since, by (2.122)),

(Ve)' ™ ullre = lull 2ga-c < llull -

Lemma 2.117 (Cauchy-Schwarz inequalities) For any ¢,v € C®(T9%),

|(Nc(¢a 1;[}7 ¢)a w)LZ(Td)| < (Nc(d)) ¢7 ¢)7 gb)L?(Td) ’ (2128)
N1, 80, 8) sy | < (NG, ,6).6) 250 | Wl sensy (2.129)
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Proof. For the first estimate, denoting by 0(z., y.) = (¢(zc, ), V(Ye, +)) L2019 1y the melonic pairing of ¢
with ¥, we have, by Cauchy-Schwarz inequality, ‘

‘(NC(¢> U, §), w)m(Td)’ = ‘ /1‘2 O(xe, Ye)0(Ye, o)z dye.

< /T2 92(3:C, ye)dzcdye = (N, ¥, ¢), ¢)L2(Td) :

Similarly, writing ¢ = (2, ye) = (d(xc, -), P(Ye, -))LQ(qul), we have

1 1
[N, 8,8, ) e | = | / 0@, y)P (e veddye| < | / 02, yodeady || / @ (@, ye)dzedye |
T T T

|

Appendix 2.I Controlling mixed termsin d = 4

In this section, we gather the bounds over the mixed term of the solution to the Langevin dynamic/the
Barashkov & Gubinelli drift and the stochastic objects needed for Propositions and [2.61] For the
sake of concreteness, we state these results in d = 4 but they also carry over as (much less optimal)
estimates for d < 4. In this section, we will use notation that allows us to state the needed mixed term
estimates for both settings at once since the regularity exponents are the same and the arguments are
essentially the same.

Below, v will be a smooth function [0, T"] X T¢ — R, and we will write v; = v(t, -). For such a
function v, we use the notation K(v;) = Hvt||§{1,6(T4) and Z(vy) = Hth%ﬁ(Tz;)- Recall that for d € {3,4},
X&D = X]J;B U X(];B is the collection of all stochastic objects necessary to handle the fixed point problem
in dimension d, and that we see it as an element of the product of the Banach spaces in which the objects

live. We denote X5P () E{r@)|r e XEP} which we endow with the norm:

IXEP@) = max ( max 7 (Olcs, o, max 7Ol zcymor o)
TEXIJ:B TGXI;B

where o, and 3, are the inner and outer regularities of 7 as stated in Lemmas 2.66|and [2.68] We also
recall that X5P is endowed with the norm || - ||z introduced in d = 3 in (2.43)) and the we extended to the
case d =4 in Section Note that for every ¢ € [0, T, it holds || X5P@)|| < IXEP|| 7.

In the sequel, we often drop the subscript and superscript notation, writing ||X(¢)|| to refer to both
|XLEP(#)|| and || XBO(#)| as given in 276).

Throughout this section, we write A(t) Sx B(t) whenever there exists constants C', ¢ > 0 such that
A®) < CIXO[“B®).

Lemma 2.118 Recall the random field S; defined in Definition 2.64)as an LD object and Definition [2.58]
as a BG object. There exist C, k > 0 such that, for all t € [0,T] and 6 € (0, 1],

(St 00| < COHIXBID® + 6K (ve) - (2.130)
Proof. This follows from applying Young’s inequality to the estimate

1
(St vl < ISl gyl e St el o S KCw)?

1,1

[l

Lemma 2.119 There exist C, k > 0 such that, for all t € [0,T] and 6 € (0, 1],
[, 0] < CE XM + 5T @) + Kiw) @.131)
| B0 ()] < CEHX@ID® + §(Z(vr) + K(wr) (2.132)

| (O] < CE XD+ 6(Zwn) + Kwy)) , (2.133)
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Proof. We first prove (Z.131). We view < as a time indexed space operator, and at fixed ¢ > 0 we
denote its kernel by *<{(x., y.). As a first step, observe that

D:{, c(t) = /5 Vf(l’c, yc)vt(xéa IL’C)Ut(.Té, yc)dxédxcdyc
T
T5
- /T<v>—z°1—§ 0 W0 (V) "1™

~c
= /2 Vt (xc, yc)vt(y(n zo)dz dy. ,
T

=3 <Vyc)_%_§\°f§(:vc, ye)(Ve) T8y (ze, ze)(Ve) T 30y(25, yo)daodzdy,

e

€

(]9t utae, e e, wae) ode,

N

where the notation o denotes the composition of operators and, to lighten the notations, we introduced the
time-indexed operator on T

&
—
d

|

N[

|
roloy

O
5

O
—
d

|

N

|
rolo

along with the function T?> — R

def

Vi(ye, 20) £ / (Vo) it auy(ms, 1) (Vo) 3 20y, yo)dae .
T3

Therefore,

dz.
LOO

Zc

5 501< [ ][ Fite Vi soduaze £ [ || [ e Vit modye
T T T T
= Hwt(vi('axc))(zc)”L:}:chg S Hwt(v%(%xc))(zc)”Lchgg .
Using
e (Vi€ ze))zolllLee S el corrz oo Vilye, w2

we thus end up with

C

~c
O S Il cioprz.ooolVall e -

Here, we use the fact that, for every m € R, (V)™ is a continuous operator L? — H~™ and C™ — L.
Hence,

" oC _3_¢€ _3_¢€
Il ccoprz,noey = IKV) 7172 0 o (V) 7472 | £y 2, o)
_3_¢€ _3_¢€
S 2H£<L2,H%+%>”V(t)”L(CTH%*%,c*%*%u<v> ! 2”[1((3’%*5,L°°)
S @ S<x 1.

34€e ,_3_ ¢
LCTH2IT2 7317 2)
Moreover, using the interpolation formula (2.123]), we have that

3

1

Sy € 3¢ b

||Vt||Lz = H/ V1T 20w, m)(Ve) 3T 2 vy(we, yo)dae||
Tc,Yc

— + < 4180: 1—2¢ 4+§Z
= [KVe) 3" 20| ara S Mlvell ™ 1KVe) ™" vl 3"

and [[(Ve) v llara S IVe) " vell2 = llvell 2 _ga—2e < [lvillmri-e by @122, which yields

1-10c B42c
‘ D:’C» (t)’ SJX T(vy)16-32¢ [C(vy) 8—16¢
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Since the sum of the exponents of Z(v;) and K(v;) is smaller than 1, the claim follows by Young’s
inequality.
The proof of (2.132)) is very similar and we obtain

| 380 ()] S T(wp)To e K ()16 (2.134)
while follows from (2.132)) by the Cauchy-Schwarz inequality (2.128) which implies that

N-SOD-HOIE

At this stage, we can conclude using the fact that )z is a stochastic object that can be defined without any
renormalization (in the sense that )Z( H=NO N). 0

Remark 2.120 In the above proof, when applying the Cauchy-Schwarz inequality, it is crucial that
ji( ) =N(,1, f). Indeed, it is of course also true that

| % (t)‘ < (N(vtaTtaTt)a Ut) )

but (N (vg, T, 1), v¢) # ng because of renormalization, and we do not expect to the r.h.s of the above
inequality uniformly in the cut-off.

Lemma 2.121 There exist C, k > 0 such forallt € [0,T] and 6 € (0, 1],

|20 )] < CEYXOD® + 5(Zwe) + Kwy) - (2.135)

Proof. Using the Cauchy-Schwarz inequality (2.129), and again leveraging the fact that )Z can be defined
without any new renormalisation, we have

. v L 1 eyl
] < |8 @] B 0] =Zw)z| B @)
Now, using (2.134)) yields

) l_,’_[l—lpe 3'4_?5
| Djv ()| <xx T(vy)2 T 32=64¢ [C(wy) To—32¢ |

and since the sum of the exponents of Z(v) and /C(v) is smaller than one, the claim follows by Young’s
inequality. O
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Chapter 3

Construction of the <I>§ Measure on compact
Riemannian Manifolds

3.1 Introduction

Let (M, g) stand for a closed 3-dimensional Riemannian manifold. This chapter is dedicated to construct-
ing the <I>§l measure over M, formally the ill-defined functional integral probability measure

(du) oc e~ 3 Ju(VulP+ud) =5 vt g,
as an invariant probability measure of the dynamics
O+ Pyu=—u’ + /2 3.1

where ¢ stands for a spacetime white noise and P ] 1—-Ay.

As summarised in Chapter the ®4 measure was first constructed in the 70s by Glimm & Jaffe
[GJ73]], on R®. The recent breakthroughs by Hairer [Hail4] and Gubinelli, Perkowski & Imkeller
[GIP15]] allowed several authors to recover the results of Glimm & Jaffe using only PDE and probabilistic
techniques without the intricate combinatorial methods from the constructive school.

The dynamical construction of the ®4 measure was first done in finite volume on the flat 3-dimensional
torus by Mourrat & Weber [MW17al], Hairer & Mattingly [HM18|], Hairer & Schonbauer [HS21al,
Albeverio & Kusuoka [AK20], then in the infinite volume 3-dimensional Euclidean space by different
authors — Albeverio & Kusuoka [[AK22]], Moinat & Weber [MW20], Gubinelli & Hofmanova [[GH18|,
GH21], Barashkov & Gubinelli [BG20, IBG21], using different methods. An integrability property of the
<I>§ measure was proved in Hairer & Steele’s work [HS21b].

Yet most results in constructive quantum field theory are proved in the geometric settings of either
R? or the flat torus T3. On manifolds, some constructive results were obtained on compact surfaces
in [PicO8]| by Pickrell and [DIMO04] by Dimock for the P(y)> theories, in [Lev0l1] by Lévy for the 2d
Yang-Mills theory and in [GKRV21]] by Guillarmou, Kupiainen, Rhodes & Vargas for the Liouville field
theory on Riemann surfaces.

From the PDE side, the constructions of Gibbs measures on Riemannian surfaces that we are aware
of, come from [BTT14] by Burq, Thomann & Tzvetkov for dynamical P(®)2 and from [ORTW20]
by Oh, Robert, Tzvetkov & Wang for the dynamical Liouville model. Let us also cite the works
[BB16, BBF17, BB19] of Bailleul & Bernicot, and the works [DDD17], [Mou21b]] and [BDM23]] of
Dahlqvist, Diehl & Driver, Mouzard and Bailleul, Dang & Mouzard on the Anderson operator on a
2-dimensional Riemannian manifold. We refer to [Mou21a] for an exposition of some of the above results.
Finally, Hairer & Singh [[HS23al] have developed a generalisation of the original Theory of Regularity
Structures which is able to treat SPDEs on manifolds with values in vector bundles in full generality.

It is therefore a longstanding open problem in both constructive quantum field theory and field theory
on curved spaces to construct the <I>§ measure on an arbitrary closed, compact 3-dimensional Riemannian
manifold. Let us mention that both the 2d Yang-Mills and Liouville theories are integrable. This work
seems to give the first construction of a non-integrable, interacting quantum field theory on 3-manifolds.

Local well-posedness of (3.1]) was first proved by Hairer in [Hail4] - see also Catellier & Chouk’s
work [CC13] for a proof of that result with the tools of paracontrolled calculus. Mourrat & Weber
proved in [MW14] an a priori estimate that gives the long time existence (and well-posedness) of the
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solution to (3.1) and the existence of an invariant probability measure. The uniqueness of this invariant
probability measure comes from the works of Hairer & Mattingly [HM 18] on the strong Markov property
of transition semigroups associated to singular stochastic PDEs, and Hairer & Schonbauer [HS21a] on
the support of the laws of solutions to singular stochastic PDEs. See Hairer & Steele’s work [HS21bf| for
more references. Note that none of the previous works are readily available in a manifold setting.

The aim of the present chapter, together with the work [BDET23]], is to develop in a self-contained
way all the tools needed to run the analysis in a 3 dimensional closed Riemannian manifold. On the
purely analytical side

— We follow Jagannath & Perkowski’s simple approach [JP23]| of equation (3.T)) to prove that this
equation is locally well-posed. Their formulation of the problem avoids the use of regularity
structures or paracontrolled calculus. We freely use several tools of pseudodifferential and paradif-
ferential calculus on manifolds which are developed in detail in [BDEFT23].

— We give a simple and short proof of an L? “coming down from infinity” property satisfied by the
solution to equation (3.1)) using energy methods. The longtime existence of a unique solution to
equation (3.1) follows as a consequence.

— As usual in the study of singular stochastic PDEs we need to feed the analytic machinery with
a number of random distributions whose formal definitions involve some ill-defined products
and whose actual definitions involve some probabilistic constructions based on regularisation
and renormalisation. Our approach to the renormalisation problem relies on microlocal analysis.
It is a far reaching generalisation of the Epstein-Glaser point of view where we benefit from
the many improvements contained in [PS16, BFOO, HWOI1, [HW02]]. We reduce the problem of
renormalisation to an extension problem for distributions on a configuration space defined outside
all the diagonals, for which we develop a general machinery. To control analytically the Feynman
amplitudes appearing in the stochastic bounds we feed our renormalisation machine with several
microlocal estimates of distributional kernels which are done separately in [BDET23]].

We note that there is also a new approach to SPDE’s relying on the Epstein-Glaser renormalisation in
the works [DDRZ21]] by Dappiaggi, Drago, Rinaldi & Zambotti and [BDR23|] by Bonicelli, Dappiaggi &
Rinaldi. However it seems that these authors work only at a perturbative level whereas our results are
non-perturbative.

One remarkable feature of our approach is that we are able to renormalise Eq. using universal
counterterms — they do not depend on the metric on M. We emphasise that fact in the following statement
where € € (0,1/8) is a positive constant and &, Lk ¢ stands for a space regularisation of € by the
heat operator — so &, is still white in time. Set

-1/2
def T
Qr = m ) (3.2)
ar |log |
"o3on2
Theorem 3.1 Pick ¢ € C~V/2=¢(M). The equation
O — A+ Du, = V26 — ud + 3(ar — b, (3.3)

with initial condition ¢ has a unique solution over [0, 00) X M in some appropriate function space. For
any 0 < T < oo this random variable converges in probability in C ([0, T7], C_l/g_e(M)) asr > 0 goes
to 0 to a limit u.

The function w is what we define as the solution to Equation (3-1)) and it turns out to be a Markov
process. The a priori estimate encoded in the coming down from infinity property provides a compactness
statement from which the existence of an invariant probability measure for the Markovian dynamics
follows.
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Theorem 3.2 The dynamics of u is Markovian and its associated semigroup on C —1/2=¢(M) has an
invariant non-Gaussian probability measure.

A ®% measure over M is that invariant measure. Note that the constants a,, b, in (3:3) are universal
in the sense that they do not depend on the Riemannian metric on M. They depend however on the
regularisation scheme we use, here the heat regularisation in space which is fully covariant with respect
to the Riemannian structure.

The study of Equation (3-1)) on an arbitrary fixed time interval [0, 7] is the object of Section@ We
follow [JP23] which yields a robust formulation of Equation (3.1)) which avoids the use of regularity
structures or paracontrolled calculus. The local in time well-posedness of is proved in Section[3.2.1]
We get the longtime existence from the r-uniform L? ‘coming down from infinity’ property satisfied by
uy, proved in Section[3.2.2] This property is proved in the formulation of Equation (3.1) as in [JP23]. The
results of Section é show that u, depends continuously on a finite family ET of multilinear functionals
of &,.. The functional setting needed to prove their convergence in some appropriate space as r goes to
0 is detailed in Section[3.3] A crucial role is played here by a set of distributions with given wavefront
sets and a certain scaling property with respect to some submanifolds. The notion of scaling field is
introduced in Section [3.3.T]and the preceding set of distributions is introduced in Section [3.3.2] We prove
our main workhorse in Section [3.3.3] Theorem [3:19] It provides a numerical criterion for a distribution
defined outside a submanifold, with some wavefront set bound and some scaling property with respect to
that submanifold, to have a possibly unique extension to the whole manifold. We draw consequences
of this general statement for the particular case of a configuration space in Section [3.4.1] The relevance
of Theoremto the convergence problem for 5 stems from the fact that we can formulate the latter
as a quantitative extension problem. This point of view is inspired by the Epstein-Glaser approach of
renormalisation. The convergence of {AT in an appropriate space is the object of Section At that point
of the analysis of Equation (3.1]) one can make sense of its » = 0 version as a Markovian Feller dynamics
in the state space C'~'/2=¢()M), for any fixed sufficiently small € > 0. The r-uniform L? coming down
property from Section [3.2.2]is used to get the existence of an invariant probability measure for this
dynamics. The non-triviality of this invariant probability measure is proved in Section[3.6.2} To keep the
presentation relatively short, the detailed proofs of a number of basic tools from microlocal and harmonic
analysis are given in [BDFT23]. They are mainly put to work in our analysis of the convergence of the
enhanced noise &, in Section

Notation 3.3 Given 0 < T" < oo and a Banach space B we write C1 B for C([0, T'], B). The parabolic
Besov-Holder spaces on space time are denoted by C”((a, b) x M), the Besov spaces on the manifold
M are denoted by B, (M), these spaces being defined in Definition E} The cotangent space to M is
denoted by T M, the conormal to a submanifold £ of M is denoted by N*(F), and we denote by dv(x)
the volume form on M. Throughout this chapter we are given a finite cover of M with some open charts
M = Uje1U;, where [ is a fixed finite set. By localising on these charts, we define in Appendix B.G
using the flat Laplacian some Littlewood-Paley blocks (P;, Pj)gﬂ , on M —see (3:62), along with some
paraproducts and resonant term (<;, >=;, ®;);cs such that for any smooth functions a, b € D(M) one has

b= (a=ibraoibrart) =Y (3 Pab+ Y PaBp+ Y Pabiy).

i€l i€l j<k—1 li—k|<1 jk41

Remark 3.4 The properties of the Littlewood-Paley decomposition defined in (3:62) and of the sub-
sequent paraproducts along with the bounds on the kernels stated in Lemma |3.50] are proven in the
work [[BDET?23|]. These proofs are mostly technical, and the results do not differ from what can be proven

in the flat case using Fourier analysis.

3.2 Long time well-posedness and a priori estimate

We prove the existence of a unique solution to equation (3.1)) over any fixed time interval [0, T'], for an
arbitrary initial condition in C~'/2=¢(M), for € > 0 small enough. We adopt here the robust approach
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of [JP23]]. They use a clever change of variable to reformulate the equation as a non-singular parabolic
partial differential equation (3.7) with random coefficients of regularity no worse than —1/2 — . This
allows to solve the equation locally in time by a fixed point argument set in a classical functional space
without resorting to regularity structures or paracontrolled calculus. Section[3.2.2]is dedicated to proving
an LP estimate on the solution to equation (3.7) that is independent of the initial condition. This plays a
crucial role in proving the existence of an invariant probability measure for (3.1I)) by an argument using
compactness.

3.2.1 Local in time well-posedness

This section is dedicated to proving the local well-posedness of a solution to equation (3.1)), uniformly
over r > 0. In [JP23], the authors noticed that a clever reformulation of the equation brings its study
back to the study of a nonsingular stochastic PDE for which local in time well-posedness follows from an
elementary fixed point argument.

Some distributions in the list (3.4) below involve an operator ®, called resonant operator, that we
introduce formally in Appendix [3.G} its precise definition here does not matter other than the fact that
it is well-defined and continuous from Bg‘ll,q L(M) x Bg‘;m (M) into some Besov space if and only if
a1 + ag > 0, in which case it takes values in B;‘,i};ro@ (M), for some integrability exponents p, ¢ whose
precise value does not matter here. For A € Bt (M) and Ay € BY2_ (M), the product AjAs is

P1,91 P2,92
well-defined if and only if A; ® A5 is well-defined.

3.2.1.1 The enhanced noise

We regularise £ in space (only) using the heat kernel and set

& = e P (),

this is a white noise in time with values in a space of regular functions. The fact that £ appears in an
additive form in (3.T]) does not make it necessary to regularise it in time. Regularising £ only in space
makes clear the Markovian character of the renormalised equation (3.3)). Denote by £}, respectively
L1, the resolvent operator of d; + P with null initial condition at time 0, respectively at time —oc.
Explicitly, L1 f(t,-) = fg e~ t=IP f(s, )ds and L7 f(t) = fioo e~ 9P £(s, )ds for any function f
on R x M. The operator £L~! provides stationary solutions. Recall from (3.2) the definitions of the
constants a, and b, and set

.= L7

and
def

=@ —an, ¥ =L

@ 20— 30,5, VoELl@)

and
~ g b, b,
fr 2 (ﬁm‘%, [@OM QTPT @Tr; OYOr @VT - §> ’vOY)T|2 - ga QTPT QVr - brTr> . (34)

OnE has & € C =5/ 2=¢([0, T'] x M) and the restriction to any time interval [0, T"] of the other components
of &, is seen as an element of the product space

CrC™1724(M) x C73273¢([0, ] x M) x C™*([0,T] x M)* x C™V/275([0,T] x M). (3.5)

Note that only %#, is an element of a space of the form C7C7 (M), the other terms in fAr are elements of a
parabolic space of negative regularity, which is less precise than being an element in a space of the form
CrC7(M) for a negative exponent ~y. This is sufficient for our needs. The enhancement &, can be seen as
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a placeholder for a number of products that are not well-defined in the zero regularisation limit. We will
see in Sectionthat & converges in all the LP(€2) spaces, 1 < p < oo, as r > 0 goes to 0, to a limit
that does not depend on the mollification used to define &, from £. Using the operator £~ ! rather than the

operator £~ ! in the definitions of %, and O‘Tpr builds some random distributions that are stationary in time.
This property will be useful in Section[3.6to get a compactness statement on the family of laws of the

solutions to (3.3).

3.2.1.2 Jagannath & Perkowski’s formulation of equation (3.3).
Set

Urpet = 3L (ei”%{“% &y — b+, )})

This is an element of C7C1~¢(M). The starting point for the analysis of the renormalized form (3.3)) of
equation (3.T) is that u, is a solution to (3.3) if and only if

Ur = egoYOT (UT - TT‘ + O\Tpr) — Up ref (3.6)

is a solution of a particular equation of the form
@+ Py = 6V, - Vo, — e Y03 4 Zo 02 + Zyvp + Zoy 3.7)

where Zs ., Z1 ., Zo, are elements of CTC_1/2_’7(M), for all n > 0, that depend continuously on 2,, -
see equation (2.4) in [TP23]] (We deduce the regularity properties of the Z; from the fact that £~! sends
continuously CY([0,T] x M) into C7CY2(M) when —2 < v < 0).

We now solve equation with an arbitrary initial condition in C —1/2=¢()\) — [TP23]] only con-
sidered the case of an initial condition that differs from 7,.(0) by an element of C3/2=¢(M). For that
purpose, and for exponents o > 0,3 € R, we introduce the spaces («, 5) made up of all functions
v € C((0,T],CB(M)) such that

t*|ut)|| e — O
t10

and

e [tYv(t) — s*v(s)|| L0
o] = max{ sup t%[lu(®)|lcs, sup < 0
{ef) 0<t<T 0<t#s<T |s — t|/2

(The use of such weighted spaces is suggested in [JP23]]; we use here the same spaces as in Section 6 of
Gubinelli & Perkowski’s work [GP16]].) The free propagation map

(Fa)®t) H e tPq

sends for instance C*(M) into (, 3 + 2a), for all 3 € {R\N} and a > 0, and one has for all
0 < 0 < min(S, 2a)

L7 Pl a—s/2,8-8) S I1f lga,5—2) (3.8)

This inequality allows to trade some explosion rate against some regularity. We also have for the same
range of exponents and all f € (o, 8 — 2)

Il @=s/2,8-0) S N llr,8)- (3.9

These statements correspond in our setting to Lemma 6.6 and Lemma 6.8 in Gubinelli & Perkowski’s
work [[GP16]] — a proof is given in [BDEFT23, Lemma 2.3]. Note that since the different components of
the enhanced noise are stationary they do not take value 0 at time 0. The initial condition for v, is thus
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different from the initial condition for u,. We keep the notation ¢ for the initial condition for u, and
write ¢’ for the initial condition for v,.. We will repeatedly use the estimate

1£gllcars <) ficallgllzs (3.10)

if a + 8 > 0 which follows immediately from Proposition [3.61

Proposition 3.5 Pick ¢ = 4e and set ay = 3/4 + (e + €)/2. Forany ¢/ € C~'/2=¢(M) there exists a
positive time T such that for all 0 < T < T* equation (3.7) has a unique solution

v € CrC™YEE(M) N (ag, 1 + €)

with initial condition ¢'. This solution depends continuously on @ and ¢ € C~1V2=<(M), and for any
small positive X these exist T\ € (A, T*) such that v € C([\,T)], 03/2_45(1\4)).

Proof. First, remark that lim, | t*°F(¢’) = 0, since || F(¢')||r~ < t_1/4_6/2||¢’||_1/2_6, so F(¢') €
CrCc—1 2=¢(M) N (o, 1+ €’). We use a standard Picard iteration argument for the map

F(v) = F(¢') + ﬁ—l( 6V, Vo — e Y 4 20 + Zyu + Zo,r). (3.11)

Denote By the ball of radius R = 4||¢/||p—1/2— in CpC~Y2=¢(M) N (ap, 1 + €). Let vy, vy € Bg.
Our first goal is to get a bound of the form

[1F'(v2) = F@Dlgag,14¢) Zg, T/*(R + R¥)|[v2 — 01| (ag,14¢)-

meaning F’ is a contraction for the (o, 1 + €’)) norm by choosing 7" small enough. We have

1F(v2) = FD|ljag,14e) < [IL7H(6VEr - V(vg — VD)o, 14e) + ”571(676%?(03 - U%))ano,ue/p
+1L£7H(Zo (05 — U%)ano,uap + 17 (2w — VD)o, 14¢)-

Since V¥, € CpC (M) for all > 0, we first use the estimate (3.8) with § = 0 and (3.10) to get

1£7H (VY- V@02 = 0)) g 1re) S Jup t(V¥r - V(g —v1) [ -

<t<T

Se sup 12| V(vy — v)|cen
o<t<T

ST vz = villay 142gp, (01 =3/4+ (e +2m)/2)
STC /2_77||1)2 - Ul|’qa1,1+2n[), (n= 6//4)

S T6//4HU2 — 1}1H(]a071+€/[), (by @ with 6 = € — 2n).

Now using again (3.8), (3.9), (3.10) and the fact that exp ( — 6%,.) € C*="(M) for all n > 0, we have,
for ¢ = 4e

127 (exp(—6¥ )] — U)o, 140) Se. Sup £%0|(vz — v)@3 + v} + v201) @) -
<t<

S T 0 — 01 gag mp (102ag gy + 101 1ag iy + 102l g l0allgagm)s (@ = 1/4+ (e +m)/2)
ST vy — w1l ap (l02llfar p + 101 1Gar p + 102010 ap 1011l o)

S T6/2||U2 - UlHanJ-&—e’D(HUZH(]oco,l-i-ﬁ’l) + HUlHﬁaml-ﬁ-e’D + ||U2H6a071+5’|)||U1HQ<)¢071+5’|))7

choosing 77 = ¢/3 and using (3.9) in the last inequality. Next, with the same argument we have for
¢ = 4e, and setting o) = 5 + (¢ +1)/2, o = 1 + (¢ +1)/2 in the third inequality
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1271 (Z2, @3 = D) ag ey S, SuP 1°[|W3 = 0| /20
o<t<T

S osup t%lva@®) — vi®)|| cryzn (lv2@®lly + lo1@®)]5)
o<t<T

o
7m0 % lvg = vil (g1 /240 (V2 ll @@z, + 1011 g0y )

T2 0y — 01 g 110y (102l 1+ + 11011l g, 14¢)

INCININ

T |[va — 1l g, 14¢) (192l gao,11e) + 101l g 115

using (3.9) in the fourth inequality and choosing 1 = €/2 in the last inequality. Similarly, we get

1272y (g — D)l jag,1+e) S, T2 ||vy — V1 | fag, 14¢/)-
Therefore

|F2) — FD|lqag14e) Sg. TR+ B)|va — 01| jag.11¢)-

Né’r

The rest is to estimate F'(v1) — F'(v2) in CrC~Y27¢ Since v1,v2 € Br,forany s € [0,T],72=1,2and
0 <0 <14 ¢, itfollows from (3.9) that ||v;||(a—s/2,1+¢—s)) < R, hence we have

[0i(3) || o-1/2-« < R and |Jv;]|grser—s < Rs™@07%/2), (3.12)

Recall the following estimate which is used many times below: if ||u(s)||cs S s77, for v < 1, then
T
I tulos 5 [ 5 ST (3.13)
0

Using (3.12)) and the fact that VY, € CrC —<'/4(M), we have
VY - V(vg — v1)(8)]| —1/2-e Se Vw2 —v)$)ll o S vz —villgree S 57 Nlva = villag, 14

hence by (3.13)

1L7H(VY, - V(w2 — v1))]| o-1/2— Se T vy — v1|(jag,14e)) = THAZ2EL2 gy — V1| (Jag,14¢/))-

Again, by (3.12) and the fact that ¥, € C7C1=(M), and ||uv||cs < |Jul|ze||v]lcs + ||| Lo ||ul| s, for
B €(0,1),

1(exp(—6¥ (0] — v -1 jo—c Sg, W2 = v1)@3 +vF + V20| o-1/2-¢
5 ||U2 — 111”0_1/2—5 HU% + U% + U2’U1HC1/2+25
2

S v —villo-ve—e D lvilleellojlloesa
ij=1

S e —villgoijees A2 R2

where we use (3.12)) for both ||v;||ce and |[v[|1/2+42 in the last inequality. Hence by (3.13) we have

171 ((exp(—=6¥ @] — o))y jo_ Sz, TV P R2Jvg — vl o/

Ngr

Now, with the same argument and (3.9), for > €, we have

‘(22,7"(7’5 - v%))(s)||c,1/2,e Sgr (w3 — U%)(S)Hcl/zm

S (Jvrllen + [lvallemllvr — vallija4y
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< g—(@o—(re—m)/D) po—1/2—e/2=n/2 ot
~ Fon = vellgg n 4

S s TRy — sl g 1€
hence, choosing 17 = 2¢ yields
1271 (Zo, 08 = D)l 1y Sg T Rllor = valljag e
Similarly, we get
1£71(Z1,0 2 = o))l g-1/2-e Sg, TP 32|01 — vall g 1)
Therefore
IF(2) = F@wnllg-1/2-c Sg. TP R2||vg — w1 g-1/2-c

+ (T1/4—e/2—e’/2 + T1/4—35R + T1/2—3e/2)H,U1 _ U?H(]ao,l—l—e’[)'

Comblmng the estimates above we infer that for 7 > 0 sufficiently small, depending on ||¢'[|;-1/2—,

&, the map F is a contraction on the ball of radius 4| || g=1/2-c in CPC™Y2=¢(M) N (g, 1 + €)). The
unique fixed point is our solution on [0,7]. Taking the supremum of all such 7" gives the maximal
existence time 7. Once we know that v takes values in (ag, 1 + €’) we can restart the fixed point
procedure from a positive time, with an initial condition that is now of Holder regularity (1 4 €'). It is
elementary to adapt the preceding estimates to see that now the solution will take values in C3/2~4€ (M),

For the continuous dependence on &, and the initial data, we define

P, 0,002 (@) + L7 (= 6V¥,€) - Vo — e F 0 4 25 (€007 + Z1,(€)0 + Z0,(60)).
Let K > 0 be a uniform constant satisfying
le™ @llg-1/2-c < Kll¢llg-1/2-c and ™" bl jag 11e) < KISl -1/

Take the ball By in C~Y/2-¢(M). Since F' depends linearly on ET and exp(—6%,.), by the same arguments
above, for any ¢ € Bp, and we can choose T' = T'(R, &,, £..) small enough such that C(7") < 1/2 and

IFE ¢, 01) = FE., ¢, vllepcre-e < CD(Ilor = vallgycre—e + 01 = v2lljag4ep + 1€ = 1)

and
||F(£T7 ¢,’U1) - F(f;w ¢7U2)||(]a071+€[) < C(T)(HUI - ’U2”qO¢071+e’|) + ||£T‘ - 5;”)
Now for ¢1, ¢p2 € Br we have

e (&, 1) = vr(E )l oy c1oe = [F Gy b1, 00(01)) — FUEL, b2, 0202 | oy /2
<P, b1, v:(01) — FEr, b2, (P ¢ porre-e + |F(Er, da, v,(61)) — F(EL, b2, (P2 ¢ o2
< K¢ — ¢allg-1/2-- +C(T)<Hvr(¢1) — v (@)l opor/2—c + [0r(01) — Vr(B2) | (g, 14¢) T+ IE- — ELH)

Similarly we have

[or(@1) = vr(@2)llag,14¢) = [F (&, b1, v0(01)) = F(E, D2, vr(02)| 0 1.4/
< Kl[¢1 — ¢2llg-1/2- + C(D)([|vr(P1) — vr(d2) | fag,14¢) + € — €.1),

SO

||Ur(¢1) - UT(QZ)Z)HCTCl/?*e + ||Ur(¢1) - Ur(d’?)“(]ag,l—l—e’[)
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< 2K ||p1 — d2llopci/z-c + CDJvr(p1) — vr(d2)ll opo-1/2-
+20(D)|0r($1) — vr(69) | ag 1ty + 21E — &L,

and we read on the estimate
[vr(91) — vr(P2Dl 012 + lvr(B1) = Vr(@2)| (g, 14¢7)

s %(MH% — pollg1/2- +2C(D)|1&, — gTH)

the continuous dependence of the solution on § and the initial data. O

We see from the proof that 7™ depends only on 5 and ¢/ € C~Y/2=¢(M). The following additional
piece of information will be useful when proving the coming down from infinity property by energy
methods in the next section.

Lemma 3.6 Let 0 < tg < t1. For 8 = 3/2 — e and any k < /2, then t — v,(t,x) is k— Holder
continuous as a function from [tg, t1] to L*°.

Proof. By the change of variable t — ¢ —t, we can assume tg = 0,¢1 =T > Oand v, € CrC3/2=¢(M).
We now show the Holder regularity of v, at time 0, the adaptation to arbitrary times is straightforward.
We have

t
vr(t, ) = e o 0) + / e*(tfs)P<—6V°f’r -V, — 676%07'1)3 + ngrvf + Z170r + Z07T>(s)ds.
0

‘We first remark that

t
|on(t, ) — vr(0)] < e v,(0) — vp(0)] + ‘ / e I (fu(s)ds|, (3.14)
0

where f, = —6VY, - Vv, — e‘ﬁ(ﬁvf + Zg,rvz + Z1,vr + Zo,. It follows from the time regularity of
the heat flow that ||(1 — e~‘)h[po < tgﬂhﬂcg for 0 < 8 < 2, hence
le™v,(0) = v (O 2o S 77200 o5
Since v, € C7CP, with B = 3/2 — ¢, VY, € C7rC~, Y c orote 7z, © {Zory Z1, Zoy}
€ (CrC~*)3 with a = 1/2 + €, using ||gh|| parns' S |9l car ||B]| o for o 4+ 87 > 0 we have
1 £r(s, Moo Sz, Jvrllopes S 1.

Then the estimate ||e " h| ooy < t77/2||||cn, for 4 > 0 implies

t
’ / e U=OP(f.(s))ds
0

By choosing € > ¢/2 we have k = 1 — o/2 — € /2 < 3/2, therefore u is xk-Holder from [0, 7] to L.
O

t
ds < / (t — S)i(aiel)/Q||f7“(5)HcfadS S, tlia/Q*C//Q.
Cel 0

As in Proposition 6.8 of Mourrat & Weber’s work [MW17¢] it follows from this property that the
function
te T @I,

satisfies the equation

1 t t
(Hvr(t)Hﬁp—H’UT(S)H’EI,):/ (vfl,Afur)—/ (/ e*ﬁ%or@ﬂvf“(sl))dsl (3.15)
p s s M

t
1
+ [ (69 Ve Zac )+ 21+ o).
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3.2.2 Long time existence and coming down from infinity

We show in this section that the superlinear attractive drift —exp ( — 6%,.) v in equation entails
an a priori bound on the LP(M) norm of the solution away from the initial time that is independent of
the initial condition. This bound entails the long time existence of the solution v, to (3.7) and is the key
to proving the existence of an invariant probability measure for the dynamics (3.1)) via a compactness
argument. This point will be developed in Section [3.6]

We rewrite equation (3.7)) in the form
(0 + P+ B,V)v, = — A2 + Zo 02 + Zy por + Zor, (3.16)

with
def

B, 8 6V, € CrC(M), A, % e 0V e crct ),
and Z;,, € CpC~Y/271(M), for all 1 > 0.
Theorem 3.7 The solution v,(t) [S C3/2- ‘(M) exists for all times t > 0. Pick an even integer p > 8

There is a random variable C(p, 5?\[0 #) that depends only on the restriction to the interval [0, t] of fr
such that one has

1
|lvr )| ey < Clp, €r|[0t])max{\/% 1} (3.17)

for all t > 0, independently of the initial condition ¢/ € C~1/2=¢(M).

The upper bound in (3:17) is in particular independent of the initial condition in (3.16)); this phe-
nomenon is called coming down from infinity. We note for later use that keeping track of the implicit
constants in the computations below gives an upper in (3.17) takes for 1 < ¢ < 2 the form

@+ 16107 (exp (I lz=ozan) + 1) (3.18)

for some positive constants y = y(p), v =+'(p),up to a multiplicative constant. We denoted here by

Hﬁr || the norm of £, seen as an element of the product space where &, takes its values. We use a priori

energy estimates to prove Theorem [3.7] following the strategy initiated by Mourrat & Weber in their

proof of a similar result in [MW14], Theorem 7.1 therein. Gubinelli & Hofmanova also used energy

estimates in their work [[GH18]] on the <I>§,,1 measure on R3. See also the proof of Proposition 3.7 in the

work [TW18] of Tsatsoulis & Weber for an implementation of that strategy in the 2-dimensional torus.
We will use in the remainder of this section the shorthand notation

def

BJ(M) = B (M)

forany vy € Rand 1 < p < o0. Set

def

Er(0) 2 [or®) 4 + 0r 0] S
p+2
3

We prove below that one has forall 0 < Tp < s <t < T <T* A1

t p+2
@7, +/ Fi(s1) 7 ds1 Sg 14 Fi(s). (3.19)
S

This inequality shows that, all 0 < Ty < s <t < T

t
/ Fi(s)'7 dsi Sg 1+ Fi(s).
S
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It then follows from a modified version of Mourrat & Weber’s comparison test recalled in Proposition
3.62] of Appendix [3.G]that there is an integer N > 1 and sequence of times Ty =t < t1 <1y < -+ <
ty = T such thatforalln € {0,...,N — 1},

p

Fr(tn) f@r 1+ tn+1_§;

for an implicit constant that does not depend on T, T'. Pick ¢ € [T, T']. There exists n € {0,--- , N —1}
such that ¢ € [y, tp4+1]. Moreover, by (3.19) with s = ¢,,, we have

Erlth’%.

This bound holds for Ty arbitrarily small and 7" = 1, and can be repeated on [1, 2], etc, so that the
uniform estimate (3.17) follows. Recall p > 6 so the space LP(M) is continuously embedded into the
space C~Y/2=¢(M ) leen that 7 depends only on the restriction to [0, 7] of §T and the initial condition
¢ eC™ 1/2— ¢(M) the uniform estimate /) and the continuous injection of LP(M) into C' —1/2- ‘(M)
imply we can extend the solution though 7 A 1, hence 7™ > 1. Then, we can repeat the same argument
on the interval [1, 2] and so on to get the long time existence of v,.

On a technical level, our proof of Theorem [3.7] will only use the fractional Leibniz rule from
Proposition [3.63|and the elementary interpolation result from Proposition[3.64] both recalled in Appendix
Last, recall Young inequality that gives the existence for any positive  of a constant Cy such that
one has

o) Sg 1+ Fultn) Sg 14t % <

ab < da? + (57%17(1/,

for all positive a, b and exponent 1 < p’ < oo with conjugate exponent ¢. The proof of (3.19) requires
two intermediate results stated as lemmas.

Lemma 3.8 Forevery0 < s <t < T, we have
¢
HUr(t)HIL)p ‘1‘/ ||Ur(51)||i—:32 ds1 S 1+ [vr ()17 Lp+2 +/ ||U7‘(81)||B1+6 dsy . (3.20)
S

Proof. Pairing the equation with vP~! with respect to the L? scalar product yields identity (3.13)). As A
is positive and bounded below and (vP~!, —Awv) is positive, since p is an even integer greater than 4, we
obtain

t
[N G / lonl7722 g lor(s)lIF, + / (Br, VO)) 4 (Zoyo, 08D + (Z1,0,00) + (Zop, 0?7, (3.21)
S

where the implicit constant is p< exp (6]¥r [ L<o,21x00)) +1).
We bound the different terms in the right hand side of . Recall that since B, is an element of
_E/ oo (M) for all € > 0 it is an element of Bl_ ¢ (M). By the fractional Leibniz rule from Proposition

3. 63 and Young inequality we have for |(B,, V)|, up to a gr -dependent multiplicative constant, the
upper bound

3 2 pt2
IVerllss S Pl gpee S 0Pl ez florll i S ||UT||LP+2HU7"||31+€ S Ollopllght. +675 ||UT‘”Bl+e ;
3 3
where § > 0 is arbitrarily small. For the other terms, we have first

|(Zar, B TH] S va“H e SIPH eezllorll spe S llorlizprallorll o
1 p+2 p+2

Here we interpolate the last term to obtain

v < vl 2 vyl 2
Jvrll 2 ZE [vrll7 o4l T”Biiz
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and we deduce that
pt2
(Zag,0?H| S IlerLp+szrHBl+e SllorlPF2, + C‘SHUTHB?iiZ’
P

using Young inequality in the second inequality, here C's = §~ 2

Similar estimates hold for the Z; , and Zj , terms. We have

[(Zrr oD Sg, 107l gree S 07 Y] p+2||erBl+e < ol ol gite

T T

P2 p+2
Sollllp s + 07" HvrllBHe-
and
|(Zo, 02D S 102 grve S 0B~ 2H vz [|or[l pree < Nl 3 o Lo
B! B}, L B},
T

(p+2gz;2) p+2 p—1 P42 p+2
S Ollvrll oz +o HUT”Bl+e S 146772 vyl 5 +67 ks HU7"||Bl+e .
e

One can then absorb the § terms of these upper bounds in the corresponding LP*2 term in the
left hand side of (3.21)) to get the result by integrating in time on the interval (s,t). Since we choose

§ <A+ &)L then Cj, P > (1 + ||&|)7 for some v > 0 depending on p. Combining with the
implicit constant in (3.21]) we obtain that the implicit constant in (3.20) is of form

A+ &7 (exp (7 I1¥ g0 2nn) + 1)

for some 7,~" > 0 depending on p. The implicit constants in the next steps will be obtained in the same
way. O

Lemma 3.9 For0 <s<t<T <T*AN1we have
/ ||vr(51)||B1+2e ds; < 1 + Fi(s) ‘|‘/ Hvr(sl)HLp+2 (3.22)

Note that we have a BIE norm involved in (3.20):

t t p+2
@l + [ o0l dsy € o+ [ ool ds
S S b
e

while we estimate in (3.22)) a stronger B},ﬁe norm. We postpone for a second the proof of Proposition
[3.9)and explain now how we get the estimate 319

t
(ENGS +/ F(sl) > d51 e 1+ F(s)
S
from (3:20) and (3.22)). Since
P2 pt2
Fo(s) 7 S llor(snl2e + llor(s0l e
pi2

we see as a consequence of (3.22)) that one gets (3.19) if one proves that

[on )2, + /“UT(Sl)“Lp+2d81 1+ F(s). (3.23)
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We start from the inequality (3.20) and use the interpolation estimate

lorllprve S Hvrlllpﬁg HvrllBlzzs 5Hvr\|i% + Cal!vr!\gﬁ < Oflorll7pme + Callvrll‘;eﬁe,

with ) 30
e + € def
. £ —— <1 o _e
€ y  Oe¢ 240,

1+ 2¢
We feed this upper bound inside (3:20); the contribution of the small factor involving the LP*2 norm of
v, can be absorbed in the corresponding term in the left hand side of (3:20), so we have

<1

t o P2
ol + [ lerol2 ass € ol + [ Ttol oy as @21
s rt2
3

We use Young inequality once more to bound

p+2 +2
”Ur(sl)” 1+325 ~ 5||Ur(51)|| 1+2e + Cs.
B B

By choosing § small enough we can absorb the LP*2 term that comes from in the left hand side of

(3:24) and use that ||v.(s)[|} 2 < Fi(s) to get (3.23) from (3:24).

Proof. We proceed in two steps.
Step 1. We first prove that one has

i
”Ur(t)HBﬁe Se He_“_s)Pvr(S)IIB%% (/ lvn(sDI 52, d81> (/ ||vr(81)||31+5 d51> . (3.25)

We look at each term in the expression for v,.(t) — e~ =9y (s)
t
/ eEIP (= A (s1)un(s)® + Br(s)Vur(sn) + Zo,r(sn)un(sn? + Zup(s)un(sn) + Zo(sn) )dsi.
S
One has

t
H/ e~ =VP (A (s1)v,(51)%) dS1H s / e P (A (s)ve(51)° )HB1+26 ds;
s B2

_ 1d42e
S [0 s F Ao, e do
S
! _ 142
Sg'r/(t_s]') 2 ||/U7’(S].)H?ip+2 dS]_
S

t s
< < / Hw(so@ﬁg) ,
S

_ (A+2e)(p+2)
where we used Holder inequality, the integrability in time of (¢ — s1)  2¢-D  and the fact that s <

s1 <t < T < 1. Similarly, we have

t t
| [ e msvuemas|,, ., < [ e Eevue)| ., 6
s B# s B,

142e€ 1
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/(t— 51)_7HB(S1)VUT(81)HB— dsy

Ng / (B 31) HUT(SI)HBPFE dsq

(/ Hvr(sl)HBHe)

t
—(t—s1)P 2
g/ He (t=s1) (ZQ,T(Sl)UT(Sl) )H 1+2¢ dSl
B Vet

Next we have

t
/e(t51)P(Z27r(81)vr(31)2)d81

s

t 71+25+1+6
5/(t—81) | Z2.(s1) v2 (81)H _14e dsq.
S

p
3

Using the interpolation result from Proposition[3.64]and Young inequality we have

+2 et2
\|Z2,r%2~|137# Se llv S llvrllpeezllonll 1pe S ||UrHLp+2HUr||Bl+e S llorll75%e + HUT||B31T;2 ;
prs prs

p§2 p+2 p+2

ol

and the desired estimate follows as in the previous terms. One proceeds in exactly the same way to prove
similar estimates on the Z1 , and Zj - terms. We leave the details to the interested reader

Step 2. We first rewrite (3.23) at t = s and raise this inequality to the power 2=, Tt yields the upper
bound

p+2 2

ety S I u@l s+ [ Il + / " ol
3%2 &r BLJSFQ s L < B#

pt2 ¢ t pt2

Se e ol + [ ol + [ el
p+2 s s p+2
3 3

~

o)

which holds for ¢ > s1, using the fact that [ [|v,||* is increasing in s; whatever the exponent « the
norm on v,. Integrating on s; € [s,t], we obtain

(s1—s)P 2 piQ

sl e e oy ds (326)
B, B\
p
3

= t p+2 e
+<t—s>p+2[( [ o s ) ([ ool aa) 7,
s p+2

3
as the function [...]after (t — s)»+2 in the right hand side is increasing. We bound the first term in (3.26)

by Hv,(s)H , using the fact that the linear continuous map

A+20(1— 535
P+2

(14201 525) L42¢

eI B L PR — B L)
3

3(142¢)
has a norm bounded above by (s1 — s) 20+2 < (s1 — s)~ 1/2 4 quantity that is integrable over the

interval (s, t). The interpolation estimate

Hvr(S)H

ey S o) pHHU(s)HBlﬂe S 0@ pyz + [0 10 = (o)
P+
T 3

P+2
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1+4¢

ives F.(s) as a final upper bound for this term. Now, with v, evaluated at time s; and 6, = , wWe
g pp 1+2€
have
1-6 ) ebe 3 3
— 0 -
oy, ol s orl S Mol + oK < Olorllagss + Cat1 + ol o)

for some Cs > 0 and 0 small enough so that the term related to ¢ ||v,|| pliize can be absorbed by the left
p¥2

hand side of (3.26)). This gives inequality (3.22). ’ 0

3.3 Scaling fields, regularity and microlocal extension

We state in this section an extension result, Theorem [3.19] that provides conditions under which a
distribution on a manifold defined outside a submanifold can be extended to the whole manifold. The
quantification of this extension result involves the notion of scaling field that is introduced in Section
[3:3.1] Such vector fields are also known as Euler vector fields. Some function spaces associated with a
given scaling field are introduced in Section[3.3.2} they allow us to measure the singularity of distributions
when we scale along certain submanifolds of some given ambient space. They generalise the weakly
homogeneous distributions introduced by Meyer in [Mey98]|. An extension Theorem [3.19]is proven in
Section [3.3.3] given a distribution whose blow up is moderate along a given submanifold, it allows to
extend canonically the distribution to the whole ambient space in the spirit of the definition of the principal
value. This statement is put to work in the particular setting of a configuration space in Section [3.4.1]
to give a useful extension result for a class of Feynman amplitudes — see Theorem [3.40] Moreover in
Theorem [3:40] we will need to control the blow up of our Feynman amplitudes in two steps, first when
all points collapse on the deepest diagonal, then when all points collapse to a single given point — this
difficulty comes from the absence of translation invariance. This requires a variant of the extension
Theorem [3.19|stated in Theorem [3.20} in which we scale w.r.t a given submanifold first, and then w.r.t. a
given point, in order to control the blow up of our distributions w.r.t. both scalings.

We work in Sections [3.3.1]to[3.3.3]in the setting of a smooth manifold X" where a smooth submanifold
Y C X is given.

3.3.1 Scaling fields

Definition 3.10 Let Jy be the ideal of smooth real valued functions on X that vanish on ). Set for
k>1: ,
B E 1o frs (fraeeoy fr) €Ty x o x Ty
A vector field o defined on a neighbourhood of Y is called an isotropic scaling field for Y C X if for all
fedy
fe€of+73.

This type of vector field is also called an Euler vector field in the literature. Denote by n the dimension
of X' and by d the dimension of V. If g is a scaling field for )V C X there exists a neighbourhood of Y
that is stable by the backward semiflow (e™*?)4>¢ of ¢ and every point y € ) has a neighbourhood U, in
X on which coordinates
h=(h1,...,hy): U —R"

are defined and such that
U,NY =h"'(R%
with R? ¢ R”, and

n

i=d+1
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A proof of existence of a stable neighbourhood can be found in Lemma 2.4 of [DW22] and the normal
form theorem can be found in Proposition 2.5 of [DW22] — see also Lemma 2.1 in [Mei20]]. The example
of the configuration space of £ points in R* will be particularly relevant for us. The scaling field o whose
flow reads

ez, ...,z = <w1, e ey — )+ 21, ..., Wey — 1) + wl)

will move all points towards the deepest diagonal and its dynamics is tangent to all the larger diagonals.
In the sequel, we will only work with product (sub)manifolds of the form

X =R x X, (3.27)
Y=({0} xRY) xY

with ({0} x R?%) C RP and Y C X, and some non-isotropic scaling fields, of the form

q
0= 20, + oy (3.28)
j=1

for the canonical coordinates (¢;)1<j<q on R? and a scaling field gy for Y C X. This is an example
of a weighted vector field on a weighted manifold. We give a formal definition in the case where our
submanifold ) is the transverse intersection V; N Yo where V1 = ({0} x R?) x X and V> = (R? x Y).
Then one has a description of the ideal Jy as the product Jy, Jy, so the ideal Jy has a bifiltration

jg}l SL;Q c---C jylij = jy.

Now assume we want to put a weight 2 to powers of Jy, and weight 1 to powers of Jy,. We want to give
an intrinsic characterisation for vector fields of the form given by Equation (3.28).

Definition 3.11 A vector field p defined on a neighbourhood of ) is called a parabolic scaling field for
Y C X if for all (m, n) and for all f € J% 75, one has

of —Cm—+n)f € (3@“’3@2 n Jgjgjl).

In the sequel we will simply call ‘scaling fields’ some parabolic scaling fields as we will only work
with such fields. The weighted co-dimension of ) is defined here as
def

codim,, () C X) = 2(p — q) + dim(X) — dim(Y").

3.3.2 Function spaces associated with scaling fields

We assume from now on that X" has a Riemannian structure and we denote by K,.(z, y) its heat kernel.
We also let U C X be an open set and I" be a closed conic set in 7*U\{0}.

Definition 3.12 We denote by D1.(U) the space of distributions on U whose wave front set is contained
in I'. This is a locally convex topological vector space endowed with a natural normal topology invented
by Y. Dabrowski — see [Danl4, p. 823] and [BDH16] for results about why this topology is well-behaved
with respect to some natural operations on distributions. The seminorms defining its topology are

e givenachart 5 : Q C U+ RY™®) aninteger N € N, x € C°(x(f)), and a cone V' C R™ such
that

supp(x) X VN kT =0,  where .l = {(Fa(m); tdr)1(©)); (1:6) € r},
we have the norm

Al v = sup (14 €)Y (DX (©));
Eev
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e the seminorms of the strong topology of distributions

sup [(A, X))/,
XEB

where B is a bounded set of CS°(X) which means that there is some compact K such that
supp(f) C K forall f € B, and for any differential operator () one has sup, ¢ g [|@x || Lo (x) < 0.

To be bounded in D’F(U ) will always mean that all the above seminorms are bounded.
The following elementary example will play an important role in the sequel. Assume k£ € N is of the
form dy + da + dg with d; € N\{0} and R¥ = R% x R% x R%, and denote here by ¢ the linear vector

field on R* whose restriction to R% is null, whose restriction to R% is the identity and whose restriction
to R% is twice the identity. So for z = (z,y,t) € R% x R% x R% one has

0 = YOy + 2t0;.

The third component ¢ € R% has the meaning of a time coordinates. This vector field over R¥ will be
our model scaling field in a parabolic setting.

Lemma 3.13 The family of distribution
5(2 — e t2) (1 <4< +00)
on RF x R is bounded in ng (R* x RF), where

L= U {((Z, ez), (N eN); (2,0 € T*Rk} C T*(R*F x RM).

1<t<+00

This estimate can also be used to give an upper bound on the wave front set of the resolvent (o + z)f1
which implies the radial type estimates for . This is very similar in spirit to the radial estimates from the
works of Melrose [Mel20]], Vasy [AV13]] or Dyatlov & Zworski [DZ16].

Proof. Note that the distributions (2" — etex)y e D (Rk X Rk) are nothing but the Schwartz kernels
of the transfer operator p € C®(R¥) — e~te*p € C°(R¥), so we will use the identification [e¢¢*] =
8(z' — e~%z). The fact that this family of distributions is bounded (weak boundedness implies strong
boundedness by uniform boundedness) automatically follows from the continuity of the pull-back of
a distribution by a smooth family of diffeomorphisms and the strong convergence of §(z’ — e~22) to
d(z" — (x,0,0)) when £ goes to infinity, for z = (z, y, t).

Fix an arbitrary compact subset K C R% 792445 that is stable by the scaling maps

(@,y,0) = (z, ey, e ) (>0,
Then we shall restrict the Schwartz kernel [e 2] to K x K. It means we estimate this wave front set near
the diagonal but for arbitrary large £. Choose some test functions x1, x2 in C})(O(Rd1+d2+d3), supported
in K. In local coordinates we have
/ ety (g, 1)e T (g €51 THIM YN dudyd
Ré1+do+d3 T

. . . . - —20
— ef(d2+2)/ ez{g-x+zn2-y+zTQtX2($’ n t)(Xl(xy 67£y7 672€t)€z£1-x+ze n-y+e Tl-t) d:l,‘dydt
Rd1+d2+d3

= )@(51 +&,ma ey, T+ 672ZT1)
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where
Xf(x7 Y, t) = XQ(xv Y, t)Xl ($a e—fy’ e_QEt)

is a bounded family of smooth compactly supported functions (this is crucial) when ¢ € [0, +00). We
then have for any IV > 1 the upper bound

15 Dl < Cy(L+ 1€ + | + 7)Y (3.29)

where the constant C'yy does not depend on £ € [0, +00). Hence in any closed conic set V' which does
not meet the subset

A= {(f, —&n,—e "y, T, —67%7') e R xRFY* 1> 1},

there exists some € > 0 such that for all (&, &, 11,72, 71, 72) € V' C (R* x R¥)* we have for all £ > 1
the inequality

(€ + &7 m e m )| 2 2 (160] + 1ol + Il + el + [+ [72l)
This implies the following Fourier bound
‘ /k eiﬁz-x+in2-y+im-tx2(m’ n t)e—eg*(xl6i€1~r+i771'y+i‘r1't) dzdydt
R

-N
<O (1+ I+ &l +Ime + 7 m + |2 + €771
_N -N
< One™ (1 Jeal + 1ol + Im| + nal + Ima] + |21
forall £ > 1 and (£1,&2,m1,1m2, 71, T2) €V C (R* x R¥)*. The previous bound analyzes the wave front

set of the family (2’ — e~*2(2)) near T*(K x K) C T*(R* x R¥). Since K is arbitrary the family of
distributions 6(z — e~%2(z)) is bounded in D’FQ(R’“ x R¥), with T, C T*(R* x R¥) given by

FQ = {(QT, Z, Oa 07 07 0, 55 _5) O) n2, 07 7—2); (67 2, 7-2) 7é (0) 0) O)}
the radial set which is the conormal of the singular set of o

U { (.ZU, Y, ta z, e—fy’ e_QEt; ga nT, _fa —€£77, —€2£T) ; € 2 17 (57 7, 7-) 7é (Oa Oa 0)}

This concludes the proof. O
Set
def

m(2) € (2,0,0). (3.30)

Lemma [3.13]is useful to give a description of the Taylor subtraction operation. The Taylor subtractors of
order 0 and 1 read

Ro:p—=p—pom,
Rl = <,0—<p(x,0,0)—y3y4p(x,0,0)—t8tg0(w,0,0),

We call these operators Ry and R, with the letter R chosen for ‘remainder’. Denote generically by [A]
the Schwartz kernel of an operator A.

Proposition 3.14 The operators Ry, Ry have Schwartz kernel

[Ro] = / loe—*%*]da,
0
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mﬂz/ w—¢+ﬁww”ﬂm—wh
0
and

x

(e ol = [ lee™ ") da
OOO

[e ‘@ Ry] = / [(1—e*+ e“g)ge_(“'“)g*]da — [e_gg*g] .
0

and the families of distributions ([(e_eg)*RO])ogzg+oo and ([(6_69)*R1D0<e<+00 are bounded in ng(Rk
xRF).

Proof. We write a detailed proof for Ry; the proof for R; is very similar and left to the reader. For a
test function y with compact support on R* x R¥ write g,y for the action of the vector field on the first
component of y. We have

(lee™], x) = - / (00(z,e7(2)) dz
R
and since (01X)(2, e~*2z) vanishes along the singular set {yy = 0,¢ = 0} the integrand is of order e~*, so
the integral is convergent. The wavefront bound follows from the wave front bound on the propagator
[(6*59)*] and the fact that the wave front of a distribution is stable under the action of the vector field p.
O

We come back to the general setting of an open subset U C X and assume we are given a closed
conic set I' in 7*U\{0}. It is a classical fact that for a < 0 the Besov space C*(X) = B, ,,(X) can be
characterised as the set of distributions A on X such that

sup sup 2 |(A, K.(z, )| < co.
zeX 0<r<1
A distribution A € D'(U) is an element of D(U) iff for all pseudodifferential operators () with Schwartz

kernel compactly supported in U x U and whose symbol vanishes on I' one has for every compact subset
CofX

sup sup [(A, QK (z,))| < 0. (3.31)
zeC 0<r<1
One can describe an element of C2 (U), with @ < 0, with wave front set in I in terms similar to (3:3T)
as the set of distributions A € C}2 (U) iff for all pseudodifferential operators () with Schwartz kernel
compactly supported in U x U and whose symbol vanishes on I" one has for every compact subset C' of
X

sup sup 72 |(A, (I + QK (x,-))| < 0.
xeC 0<r<1

The I element ensures that A is Holder whereas the operator () is here to test the smoothness of A outside
of the wave front set.

We now come back to the parabolic setting J C X of (3:27) in Section [3.3.1] and denote by ¢ a
parabolic scaling field for this embedding. Let U stand for an open set of & which is stable by the
backward semiflow of g, in the sense that e ~*2(U') C U forall £ > 0.

Definition 3.15 Given some closed conic set ' C T*U \ {0} we denote by (e~“?)*T" the set defined as
(0T = { (e2a; (de'0);1(©) )i (@9 € T}
Then we assume that the lifted flow of e %2 leaves the conic set I stable i.e.
(eo'Tcr
forall £ > 0.
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Having described the necessary geometric framework, we are ready to state the definition of the
scaling spaces that will be used extensively in the present work.

Definition 3.16 For o < 0 and a € R we define the scaling space Sp'%*(U) of distributions A € D'(U)
with the following property. For all pseudodifferential operators Q with Schwartz kernel compactly
supported in U x U and whose symbol vanishes on I', for each compact set C C U

supsup sup e™r2 (e A, (I + QK (x, )| < oo.
£>1 zeC 0<r<1

We define SE(U) as the union over « of all the spaces S{"#*(U), for a € R fixed and g a parabolic
scaling field for the inclusion ) C X whose backward semiflows leave I" fixed. This implies in particular
that N*() C X) C I'. The letter ‘S’ is chosen for scaling. The exponent ¢ retains the scaling property
and I" retains some information on the wavefront set. Note that the space SE(U) is a priori larger than
the space of conormal distributions with wavefront set in N*()) C U) since elements in S*(U) might
have some wavefront set contained in the cone I" which is not necessarily included in N*()) C U). The
notation S{(U) does not emphasise the dependence of this space on the inclusion ) C &". This will
always be clear for us from the context. An elementary example is given by the principal value of 1/|x|
in R, where Y = {0} C R and it has scaling exponent ¢ = —1 and wavefront set I' = TfR. Note the
fact that for all element A € S{(U) the family of scaled distributions (eaze_EQ*A) >0 is bounded in Df..
The next proposition gives an example of an element of some space S»%%(U) for some scaling exponent
a and some scaling field p. For n > 2, denote by d,, the diagonal of M ™. Denote by g,, a scaling field on
M™ for the inclusion d,, C M™ and define on M? x R? the parabolic scaling field

0= 2(t — 5)0s + 02.

Denote also by
<o (X1,...,xp) € M — (x1,22) € M?

the canonical projection on the first two components.

Lemma 3.17 Let M be a closed manifold and A,(x,vy) be a smooth kernel on M*\dz such that one can
associate to any small enough open set U a coordinate system in which one has for all multiindices o,

102,02 Al (@, )| S (VE—s+ |y — ) 218l (3.32)

Then the family

las, —Loyx, _* .
(e atadiy0),

is bounded in

Dly- (st ((M” X R)\(7%ody N {5 = t})),

that is
* a,0;0 n *
T Ay () € STy (M7 X R\ (il 1 {5 = 1)),

In the sequel we denote by K% the C°°~module of kernels A,.(x,y) as above depending on two
variables endowed with the weakest topology containing the C*°([0, +-00) x (M?\dz)) topology and
which makes all the seminorms defined by the estimates (3.32)) continuous.

Proof. We first localize in a neighbourhood U x U of the diagonal since K is smooth off—diagonal. It is
enough to prove the claim for A;_,(z, y)x1(y)x2(x) where x; € CZ°(U) and use a partition of unity to
get the global result. In U x U we pull-back everything to the configuration space, which we write with a
slight abuse of notations

7-‘-22(/1X1X2)(t7 S, L1y 7xn) = A|t—s‘(x1, x?)Xl(xl)XQ(:UQ)'



SCALING FIELDS, REGULARITY AND MICROLOCAL EXTENSION 143

We already know that this kernel satisfies some bound of the form
a
A 521, w0 @xe@)] S (VIE— sl + a1 - aa])

Somehow we would like to flow both sides of the inequality by the parabolic dynamics (¢ “¢)* and bound
a

the term e—‘@* (\/ |t —s|+ |z1 — :r2|> asymptotically when £ goes to +00. We use for that purpose the

Normal Form Theorem for the space part of the isotropic scaling fields

n
def
o S Y - Oy,
k=2

for some new coordinates (hy);_, that vanish at order 1 along the deep space diagonal d,,. The fact that
x1 — X2 vanishes at first order along d,, implies by Taylor expansion at first order that

x1 — 9 = L(h) + O(h?) (3.33)
where L(h) is a linear function of (h)}_,. One then has
(e~ ) (z1 — 29) = (e~ "@)* L(h) + O(e~*|h[*) = Le~*h) + O(e *|h?),
and an exponential lower bound of the form
67£|$1 —xg| < ](649["1)*(561 — z9)|

which yields the desired bound

a—=2le|—|f]
AP et T (Axix2)(t, 8,1, . . . )| S € (\/ [t —s| + |z1 — w2|)
and proves the claim. The above bound allows for instance to justify that the singularities when x1 # 2
are conormal along the equal time region ¢ = s since we are smooth on each half region ¢ > s and s > t.
O

3.3.3 The canonical extension
3.3.3.1 The basic extension result

Let us use a unique notation 0 for the zero section of any vector bundle.

Definition 3.18 Let A’ be a smooth manifold and ) C X'. A closed conic set I' C T*(X\))\0 is said to
satisfy the conormal landing condition if its closure I" in 7*(X))\0 satisfies I' C (I' U N*())).

In what follows, we will use the terminology smooth weighted manifolds for smooth weighted
manifolds of product type as introduced in Section [3.3:1]

Theorem 3.19 Let X be a smooth weighted manifold and Y C X and I' C T*(X\Y)\0 be a closed
conic set that satisfies the conormal landing condition. Assume we are given a family (A¢)o<e<1 Of
distributions on X that converge in D'(X\Y) as € goes to 0 to an element A € SE(X\Y).

(@ If
—codim, (Y C X) < a

then A has a unique extension into a distribution over X such that the convergence of A to A
occurs in Spn«(y)(X).
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(b) if
—codim, (Y C X) — 1 < a < —codim, (Y C X)

there exists a family Ay . of distributions supported on Y, with wavefront set in N*()) such that
Ae — Ay  has a limit in D'(X) and the convergence occurs in SI@[JN*(y)(X)for all

/
a <a.

The particular case where )) = {p} is a point will be used in Theorem below. We lose any
information on the wavefront set of the extension at p in that case, so the convergence of A, to A happens
in 82 7« 1, (X), for b € {a, a’}, depending on the situation.

p

Proof. We follow the proof of similar results proved in an elliptic setting in [Danl4l] — see Theorem 1.10,
Theorem 4.4 and Section 6 therein. We give here the main arguments to emphasize the differences with
[Dan14] that come from our parabolic setting. The main idea of the proof is to start from a continuous
partition of unity which approximates the constant function 1 but vanishes near ). Then we multiply
the distribution © by this partition of unity to product an approximation of © outside ) and use the
assumption on the weak homogeneity of © near ) to conclude that the approximation genuinely converges
to some given distribution ©" which is the desired extension.

Let ¢ be a scaling field for the inclusion ) C X such that A € Spify. 3, (X) for some o € R, and let
x be a smooth function equal to 1 in a neighbourhood of Y stable by the backward semiflow of o and
such that x vanishes outside some larger neighbourhood.

(1) We first use the normal form theorem to reduce our problem to the model case of a distribution
on R¥, with k = d; + dy + d3 with coordinates (z, y, t), the scaling field p = y0Oy + 2t0; is linear and
globally defined, and the extension is done with respect to the linear subspace R®  R¥. We work in that
setting in the remainder of the proof. Let then (©¢)g<c<1 be a family of distributions on R”*. We assume
that the ©. converge as € goes to 0 to an element © € Sfi(Rk\Rdl) where a > —codim,,() C X).

(2) Pick 0 < £y and think of it as being large. We use the continuous partition of unity

I
Id—(e")*'y =Id—x+ [ (9" (—ox)dl
0

to define an extension of our distribution ©. We set for convenience Y e —oYX; its support does not meet
). We have for any test function f € D(RF)

Lo
(O~ (070, 1) = (O =0, £)+ [y 0y 0, (e Y.
0

The exponential factor e—Hd2+2d3) comes from the Jacobian of the flow of e 2. Note that dy + 2ds =
codim,, (Y C X). IfI' ¢ T*R* \0 stands for a closed conic set invariant by the lifted dynamics of (e~ by
such that T' N T*R% ¢ N*(R™), our choice of scaling exponent a ensures that the family

def

Oz = (e*(e™)*O) 0
is bounded in Df. (R¥). One then has for the Schwartz kernels

Lo
[@(1 - (efog)*x>](z, 2y =[O0 — )z, 2) + / e~ Hatdat2ds) (3 90) ()5 (2 — e'2(2)) dL.
0

We know from the hypocontinuity theorem on the Hormander product of distributions [BDH16, theorem
6.1 p. 219] that the family
(XON@)d(2" — e~*(2))

with £ > ¢, large enough, is bounded in D’f(Rk), where

TE@x0)UT,U (T x0)+T,).
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For the moment this means that the ¢y-dependent family of distributions associated with the kernels
Lo
O / et (7 00)(2)5(2 — e1(2)) dl
0

is bounded in D’F(Rk x RF ) uniformly in ¢y > ¢;. In particular the integral converges in D’T(Rk X Rk)
when £, goes to +00. Now we interpret the integral over the variable z as a push-forward along the fibers
of the linear projection

po i (2,2) = 2.

The pushforward Theorem yields that ps.(-) is bounded in D; , f(Rk ) where

P2l = (p2.T0) Upai (T x 0+ T',)

and

pZ*FQ - {((.’E, 07 0)7 (07 m, T))}
p2e(D x 0+ T,) = { (€72(2), (79" )): (2, M) €T,0 < £ < o0} CTUN'D)

since the cone I is invariant by the lifted flow of e 2 provided ¢ < 400 and the limit points of the form
limgpoo (6_69(2), (6_g9)*()\)) for (z, A) € I must belong to the conormal N*())) by the conormal landing
condition on I'. It is at this precise place that we are using the conormal landing condition assumption on

I'. The distributions ©(1 — (e*@)*x) are thus converging in D’FU NR (R") to

OT, f)y =(©01 —x), f)+ /0 h e 124243 (e t0y* @, f o e72) dL.

The uniqueness of the extension O follows from the continuity of all the operations involved in above.
To see the scaling property of the extension we note that the family

(@(4))Z>0 — (eaﬁ(e—ég)*@)€>0

is bounded in D}.(R¥), since © € SE(R*) means that the family (e/(e~¢)*©)
by definition of D’F(Rk) and SIC(R’“), and observe that

/>0 15 bounded in DIL(RF)

eéa(efég)*®+ = Dox (/ eff(a+d2+2d3) (((_)ZJra)/Y ® 1) [efég] d£) )
0

(3) In the borderline case our proof follows closely [[Dan14) Prop 4.9 p. 841] except we work in a
parabolic setting. We proceed as above with (e~“2)* replaced by (e ~%2)* Ry if —codim,(Y C X) — 1 <
a < —codim,, (Y C X)and (e~ *?)* R, if a = —codim,, ()} C X) — 1. So our extension reads

OT, f)y =(©O0-x), f)+ /O " 2 oy 0 (R, f) o e 0) dl,

where R; f,i = 0, 1 is obtained from f by Taylor subtraction. The integral converges absolutely since
[e°R;] = Opr. (e~“1%9) and the map
0— 67

is continuous from SE(X \ V) to Sfib N*(y)(X ) for all @’ < a as we will see below when we check the
weak homogeneity of the extension ©T. This shows that when

—codim, ()Y C X) — 1 < a < —codim,, (Y C X)

one can take

Agir () = / e~ (0 0 e~ TI(f)) df
0
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and when
a = —codim, (Y C X)—1

one can take
Agar () = / e Mt 25)(© o e TI(f) + tD£)(,0,0) +y - (By ), 0,0)) de.
0

For simplicity, in the remainder of the proof we shall specialise to the case —codim,,(} C X) — 1 <
a < —codim,, (Y C &). By the wave front set condition on ©, one can always decompose Agq, . under
the product form 7

ARd17€ = CEARdl

where
Aga; =11

is a distribution independent of ¢, supported on R%!, with wavefront set contained in N*(R%"), and the
function c. is given by

o0
o) = / UG (1 y tyv(e "z, y, £)) dldydt.
0

To check the weak homogeneity bound write
o0
e£/a<e*w9@+, f> = / <@(£)X, e*(gle)gcp - H((p)>d£
0

and observe that the support of e=“~¢)2» meets the support of  only if £ > C + ¢’ for a constant C' that
depends only on the support of . So the integral can be split in

C+ 00 ,
[ (exne)art [ (0% - i) )ar
0 (o84

A change of variable shows that the second term is uniformly bounded in ¢ whereas the first term is
bounded above by (C + #')||¢||co. This concludes the proof that e/*e U = Op(a). O

In the case (b), note that the extension is no longer unique. Any two extensions differ by some
conormal distribution supported on ) whose order is 0 if —codim,,(Y C ) — 1 < a < —codim,, ()Y C
X)) and of order 1 if a = —codim,,()) C X) — 1.

3.3.3.2 Two step canonical extensions

We need the following refinement of the canonical extension. It involves a two step extension procedure.

Theorem 3.20 Let Y C X be a closed embedded submanifold in the ambient smooth manifold X, p € Y
a point in ), ay, ag some real numbers. Assume we are given a smooth function x such that x = 1 near
Y and x = 0 outside some larger neighbourhood. Set

QY {m € X : dist(m, p) > 2dist(m,y)}.

Let © be a distribution in D'(X \ ) such that there exists a scaling field o1 with respect to {p} and
a scaling field oo with respect to Y, such that both flows of o1 and g2 preserve the inclusion p € ).
Furthermore assume that

— for every test function p € C°(2\ ),
€Z2a2+£1a1<€—€292*€—€1Q1*(X@) ’ 80> (01,05 > 0)

is bounded;
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— for every test function p € C(X \ Y),

e€1“1<e_€191*(x®), g0> 41 = 0)

is bounded.
If

ap > —dim,,(X),
as > —codim,, (Y C X),

then there exists a canonical extension of © in D'(X).

Note that we no longer need any microlocal control in the above statements, only weak topology
statements. Let us emphasise that our double scaling assumption only applies when our test function is in
the domain €2 \ ) whereas the second simple scaling assumption applies only when we scale toward the
point p. In the Feynman amplitude context of Section [3.4.1|both scaling fields will be admissible in the
sense of definition [3.24 hence the fact that the inclusion p € ) is preserved by both dynamics will be
immediate.

Proof. We reduce the proof to some normal form. We cover the whole of X’ by some locally finite open
cover, use charts and a subordinated partition of unity » | x; = 1. It suffices to prove the same claim for ©y
where y supported in some open chart x : X D U — R containing p, where x(Y)NU) C RE1+92 % {0,0}
and k(p) = 0 € R*. So we are reduced to study the distribution K+ (©x) which is compactly supported
and satisfies the assumption of our Theorem on X = R” with k = dy + ds + d3 + d, with coordinates
(z,t,y, s) such that

{(p}={zr=0,t=0,y=0,s=0}, and Y= {y=0,s=0} =R"T%x {0},
Q= { VP + P+ TP TP > 2P + 5P }.

Near p we have from the Linearisation Theorem proved in [Danl4, Prop 2.3] or [Mei20] the identities
e BT — et o U1 (0), and e P2 = 7192 o Uy(0)
where F, F» are the linear scaling fields reading
E1=2t-0y+2-0; +25-0s +y -0y,
Ey =2s5-0s+y -0y,

and U1 (¢) and Us(¥) are two smooth germs of diffeomorphisms near p depending smoothly on e~ when
£ 1 00, and both Uy, U; have limits when £ 1 oo that also are smooth germs of diffeomorphisms near
p € k(U). Then, for every test function ¢ € C>°(Q2 \ )), we have

Ur(D)e e B2 (@), ¢)

7€91*677‘E2*(@X) , U1(€)71*90>

<64E1*677«EQ*(@X)’ 80> =
= (e

= (e Uy(r) e "2 (O), U1 () o)
=

=

(e e tamyere)efereen @), U0 )
etere TN @) Uy T (0 ),

where
def _
\I/g,r = e 391*1/2(,’4)*6@1*'
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At this stage we make the observation that the families (\IJ;}"* Uy (u)_l*go)u>0 >0 are bounded

families of test functions since (W, )u>0,>0 1s a bounded family of smooth germs of diffeomorphisms.
By the Banach-Steinhaus Theorem the family of distributions

(eéal +Ta2€7691*677.92*@)()4 >0
is weakly, hence strongly, bounded. From this we deduce that

is bounded for all test functions ¢ € C°(2\ V). Therefore the family ‘@732 =tF1xe—rE2%(Qy) is
also bounded in D/(Q2 \ ). From the Linearisation Theorem, without loss of generality, we may thus
choose some linear scaling fields o; and gy with respect to {p} and ), respectively, that read

01 =2t- 0y +x-0p+25-0s +y -0y,
02 =25-05+y-0y.

Since © is a distribution on D'(2 \ )) with scaling degree as with respect to ) and since ay >
—codim,, () C X), the extension theorem [3.19)implies that we can extend © to a distribution RO on 2,
recall that p ¢ 2. The first extension RO for © extending from 2 \ ) to the larger space 2 satisfies

RO =01 — x) + / ~ (et edr
0

for every y such that y = 1 near ), y = 0 outside some larger neighbourhood (recall that here 1) = —02)
where the integral underbraced converges in D’(2) by the assumption on the scaling degree of © with
respect to ). Indeed for any test function ¢ € C2°(€2) one has

</ (ergz*w)@dr,(p>:/ e—r(d3+2d4+a2)<(emze—wz*@)’we—r02*¢>dr
0

0

where it is immediate that the integrand converges since ds + 2d4 + a2 > 0, the family (Ye™"%*"¢)
forms a bounded family of test functions in C2°(2 \ V) and (e"*2e~"¢2*0), _, is a bounded family of
distributions in D’'(Q2 \ )). We also have from the identity for 7' > 0

T
1—x +/ e ypdr = 1 — el 2%y,
0

and the absolute convergence of the integral fooo (e"92*4))© dr, that RO can be defined as the limit

1 _ Toa*
R@—}lglo@(l e 2x).

Here we make the observation that for every isomorphism f : R¥ — RF that stabilizes ) and commutes
with g2 we have the identity

RO =01—- ")+ /OO (e"* f* ) dr.
0

Since f*y still satisfies the same technical assumptions as y and —go f*x = — f*02x = f*1, the integral
underbraced also converges in D’(€2). The key observation is the continuous partition of unity identity for
T>0

T
1—x+ / e dr =1 — el92%y,
0
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which implies

T T
1—y +/ " ypdr — <1 — "X +/ e f*a) dr)
0 0
—1_ 6T92*X i (1 _ eng*f*X) _ eng*f*X N eng*X — /OO 6”’2*(1/1 _ f*¢) dr,
T

where the last equality holds true in C°°(£2 \ )). Then, we can control the difference

O — eT®*y) — (1 — 2% f*x) = O 2*(f*x — x)) = A h e (Y — fr)Odr.

Repeating the above estimate, for every test function p € C°(Q2\ V)

‘</ €' (b — fr)Odr, g0>‘ §/ e T(dat2dstaz) g
T T

as T 1T oo.

The whole point is that we start from the information that © defined on 2\ )V is weakly homogeneous
with respect to to {p} of degree a; and we need to make sure that the same property still holds true for
the first extension RO. Therefore we need to check that the partial extension RO € D'() (recall p ¢ Q)
is still weakly homogeneous of degree a; when we scale with respect to {p}.

We scale the renormalized R© using e ¢t which gives

e£a1 67591*73@ — efaleffm* @(1 o f*X) _|_/ (eng*f*w)@ dr
0

~~

= ¢t (6_591*@)(1 - x)+ /OO (e"9%*q)) (e&“e_fgl*@) dr,
0

choosing f = e%@* and using the fact the flows e 722, e~ commute and the absolute convergence of
the underbraced term. Then we make the second observation that the family (et‘“ e_ggl*@) >0 satisfies
the assumptions of the extension Theorem applied to the scaling with respect to {p} uniformly in
the parameter ¢ > 0. Using the boundedness of the extension map R, this concludes that RO € D'(Q) is
weakly homogeneous of degree a; with respect to {p}.

We can now conclude, choose a partition of unity 1 = yq + (1 — xq) where yo € C®(RF \ {0}) is

scale invariant with respect to 01, xq|o = 1 near ) and xq = 0 outside €2, then note that the two families
lay ,—FLo1* RO
(e e XaRO)

and
(efa1 e—f@l* (1 o XQ)@)g}Q

are bounded in D’(R¥\ {0}). Hence applying the extension Theorem to the sum xoRO + (1 — xq)O
yields that © = xqRO + (1 — xo)© € D'(R* \ {0}) has a canonical extension in D’'(R¥) which is the
result we wanted. 0

Example 3.21 On R?, fix p = (p1, p2) € R? and let

p(a1,2) = |x1 — 22|"2(|21 — p1| + |z — Po) 7.

It is weakly homogeneous of degree as with respect to the diagonal {x1 = x2} and of degree a1 with
respect to the point p. Theorem[3.20| therefore applies to ¢ provided az > —1 and a1 > —2.



SCALING FIELDS, REGULARITY AND MICROLOCAL EXTENSION 150

3.3.3.3 Invariance properties of scaling spaces

We end this section by stating some invariance results which will be useful later, in the proofs of
Theorems [3.40]and Theorem [3.20] when we need to make a particular choice of scaling field in the proof
and then use the fact that the blow-up does not depend on this choice. In the next proposition all the
scaling fields are relative to the closed embedding Y C X.

Proposition 3.22 Assume a € R, Y C X and the distribution A € D'(X), resp. D'(X \ ), is weakly
homogeneous of degree a for some scaling field o, in the sense that the family

(eeae—eg*(XA)>

is bounded in D'(X), resp. D'(X \ ), for some scaling field o and some x such that x = 1 near Y and
o is well-defined near supp(x). Then A is weakly homogeneous of degree a for every scaling fields. More
precisely, for any scaling field ¢ with respect to ), every function X supported in the domain of ¢ such
that X = 1 near ),

20

the family of distributions (et“e*@*(;}'A))m is bounded in D'(X), resp. D'(X \ V). (3.34)

In the sequel, we shall denote by S%(X) (resp. S%(X \ ))) the space of distributions such that (3.34)
holds. Consequently, assume we are given an open subset I/ C X such that ¢/ is stable by g; and go.
Then every A € D'(U) which is weakly homogeneous of degree a for g1 is also weakly homogeneous of
the same degree a for g2. In the sequel, we shall denote by S%(f) the space of such distributions.

We note that the space S%(X), resp. S*(X"\ ), is intrinsic, defined independently from the choice of
scaling fields. These spaces do not contain microlocal information hence the topologies of the spaces S¢
are weaker than the topologies of spaces Sp.

Proof. The proof can be found in [Dan14, theorem 3.3 p. 828] and relies on the linearisation Theorem for
scaling fields proved in [Danl4]] and also in the exposition of Meinrenken [Mei20, Lemma 2.1 p. 226]. We
sketch a proof for completeness. We localize near - € ), we choose some chart s : U 3 -+ R1+d2+ds
in which k(Y NU) = (R x {0}) N k(U). Then once we push p by the linear chart x we still get
a scaling field that we abusively denote by o. In these coordinates the vector field ¢ has the form
0=2t-0+y-0y+ R(t,y,0) + H(t,y,0y) where R and H vanish at order 2 when (¢, %) go to
(0,0) € R279_Choose x supported in the open chart U, . (AY) is a distribution in R¥1+92+43 weakly
homogeneous of degree a under scaling by p. With no loss of generality it suffices to prove the weak
homogeneity of x.(Ax) when we scale with a different scaling field g2, the general claim can be deduced
by localising plus gluing with a partition of unity without problem. Then the linearisation proof [Dan14}
Prop 2.3 p. 826] tells us that we have an equation of the form

e teoUW) = et

where U(¥) is a family of diffeomorphism germs near (x, 0, 0) which has a limit when ¢ 1 oo, the limit is
still a diffeomorphism germ. So for every test function ¢ € C°(x(U)) one has

(e (A, ) = (U e k(A ) = (72 (A0, UD ™),

where the last quantity on the right hand side is bounded when ¢ > 0 since (U (E)*l*go)bo is a bounded
family of test functions and (e‘®e~!?*k,(A)) >0 1s a bounded family of distributions by assumption.
Then we just proved that (e/®e=t92*k,(Ay)) >0 18 @ weakly, hence strongly, bounded family of distribu-
tions which concludes the proof. 0
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3.4 Induction on Feynman amplitudes

In the present section we describe a general induction to control analytically the Feynman amplitudes
which appear when we study the regularities of the stochastic trees appearing in our equation. This is the
content of the main Theorem [3.40} To state this Theorem precisely, we need to introduce several layers of
formalism. We first describe correctly the configuration spaces on which we work which is the content of
Section [3.4.1] then we give the definition of the Feynman graphs in Section[3.4.2] There is a subtlety in
the stochastic estimates, since we work in the non stationary setting (our manifold M is not a flat torus or
S3 with the round metric) we need to control the size of the pointwise value of Littlewood-Paley blocks,
we refer the reader to Lemma [3.45] and Definition [3.46] where we discuss precisely these matters. In
terms of Feynman amplitudes, this forces us to introduce a certain distinguished propagator Q. in which
depends on some point x € M, and scale the whole amplitude when all points collapse to the given
point x € M, we control the size of the amplitude uniformly in z € M. Mathematically, this requires
the definition of some pointed scaling space in Section [3.4.2.1] Finally the section concludes with the
inductive proof of Theorem [3.40| which involves a double scaling, where we need to control the growth
of the amplitude when all points collide and also when all points collide on a given x € M, uniformly
in x € M. This makes the proof much more involved than usual Weinberg convergence like Theorems
in usual Quantum Field Theories. It is also because of these double scalings that we need the double
extension Theorem [3.20] For several graphs that appear in our stochastic estimates which are enumerated
in the first paragraph in Section[3.5.4] we need to feed the induction Theorem [3.40] with more information,
this uses subtle smoothing properties of the Schwartz kernel of the resonant product which is discussed
in Section [3.5.4.T) and also some control of certain renormalised subamplitude in Section [3.5.4.2] we
refer the reader to the relevant parts for more details but this can be read after one is used to the general
inductive machinery.

3.4.1 Configuration space

The Feynman amplitudes which arise from the stochastic estimates involve the analysis of products
of distributional kernels on space-time configuration spaces. In the present section we introduce the
necessary general formalism for analysing these amplitudes.

3.4.1.1 Diagonals and scaling fields

In the sequel we write
MERx M

and work on
R? x MPTT ~ MP x M1
for p,q > 0. Given a fixed t € R we always view some elements of R? x MP*4 as some elements of
MPT using the mapping
MP x MT~ MP x ({t} x M)? c MP*Y, (3.35)

that is to say attributing the time ¢ to the purely spatial points. The configuration space M"™ of n = p + ¢
points in M will play a particular role in the sequel. Given a distinguished point (¢, ) € M, writing
m; = (t;, x;) € M, for I C {1,...,n} we denote by

d; & {m: (mi,....mp); @i = ajand t; = t; =t fori # jif (i, ) € 12}, (3.36)
when space-time points labelled by I collide;
d; .2 o {m =(mi,...,myn), m; = (t,x) ifi € I}, the marked diagonal

where all space-time points labelled by I collide to (¢, x),
T m = Gmi, o), =ty =t fori # jif .)€ 17},

o,
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when only time components labelled by I coincide with ¢

the corresponding diagonals in the product spaces. Let us make several important observations. First the
marked diagonal dyy, (¢ » is in reality just one point ((¢, z), ..., (¢,x)) in the configuration space M".
Second one has the natural inclusion relations

d; CcTrandd; Cdyand 7; C Tyif J C 1.

We denote by
dn = {((t7$1)7 .. .,(t,$1)> eM": T1 € M}’

and

Ao i) = {((t,az), . ,(t,x))} c M™.

In the sequel, to take (3.33)) into account, we will work on some submanifold MP x ({t} x M)? = T; C
M?"™ for some fixed J C {1,...,n}, |J| = g, where all time variables indexed by J coincide and equal ¢.

Example 3.23 We give two examples of stochastic estimates we will meet in the sequel so that the reader
can see in what type of space-time domains we need to integrate our Feynman amplitudes.

In the sequel we will calculate E[Q;(Q?O(t), 9°(t))| which can be represented as a Feynman amplitude
(underbraced below) tested against the constant function 1 that reads

E[Q1(¥(®),¥®))]

= / o G (54 — 51 Tay ) L7THE — Sas Yy Ta) LTHE — 81, 24, 1) QL(Ys, 24)
(—o0,t]* X M

for some function G®. The integration is with respect to du(zq, T, Ys, 2+)dsqdsy. In this case we
integrate a certain Feynman amplitude underbraced on some domain T, g C M* with two space-time
variables (Sq, Tg), (Sp, Tp) and two space variable (sc, y«), (S4, 2+) promoted to space-time variables by
writing S = sq = t. On the other hand, when we want to prove the continuity in time using a Kolmogorov
type argument we will also consider

E[Q1(¥(t1), ¥(t2))]

= / o G (sa — Spy Tar 76) L7t — SasYs, Ta) L7 (t2 — Sas 24, ) QL(Yss 24) -
(—o0,t]* X M

In this case we integrate over Ti. 41 C M* where the last two time variables are taken equal to some
fixed times t1, to. With this example we see that we also need to fix the time variables.

We will also use a particular class of scaling fields that will leave all 7; and d; stable, such class
of scaling fields will be called admissible.

Definition 3.24 (Admissible scaling fields) Pick some open chart U ¢ M,x : U — R? such that
#(U) C R% is an open convex ball — this is always possible up to making things smaller.
We define a scaling field gy in U from its flow given by for any (z1, ..., xp) € K(U)P by

(T1,...,7p) € UP — (wl,e_t(mg —xl)—i-xl,...,e_t(xp —xl)—l-xl) € rk(U)P;

it means gy reads Z?zg(x j — x1)0z; in the above coordinate chart. We define the local scaling field on
(R x U)P, with local coordinates (s;, ;)1<i<p, setting

p
0=2 < Z(Sj - 81)05]-) + 0p) = 20times + 0ip] -
=2
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We obtain global scaling fields by gluing together the above local objects. Consider a cover U; U} of
some neighborhood of the space diagonal and choose x € C2°(U;U?) such that y = 1 near the space
diagonal. For a subordinated partition of unity Y x; = 1 of supp(x), we set ¢ = 20¢imes + X ZZ X 0i
where each local scaling field p; € C°°(T'(U?)) is constructed in some charts as above.

The same construction also works when we scale towards some marked points, in all charts s : U —
M containing x, we decide that we scale with the flow

(x1,...,2p) €UV — (e_t(:nl —z)+x,e (e —x)+x,.. .,e_t(zp — a:)+1:) € k(U)?,

it means gy reads Z?Zl(xj — CL‘)@zj in the above coordinate chart. If the chart does not contain xz, we
decide our flow is trivial (the generator of the flow is the zero vector field) and gf,) = 0 in such a chart.
We define the local scaling field on (R x U)P, with local coordinates (s;, x;)1<i<p, setting

p
Ot,r) = 2 ( > (5 - t)83j> + 01 = 20times + 0ipl-
j=1

We obtain global scaling fields by gluing together the above local objects. Consider a cover U;U? of
some neighborhood of the space diagonal and choose x € C2°(U;U?) such that x = 1 near the space
diagonal. For a subordinated partition of unity )  x; = 1 of supp(x), we set 0 = 20¢imes + X D ; Xi0i
where each local scaling field o; € COO(T(Uip )) is constructed in charts as above.

We make the observation that in all the above situations the constructed vector fields generate some
dynamics which preserve all the diagonals d;, 7; or all the marked diagonals d; (; ., in the case of scaling
fields o, ) on marked points by construction (they preserve these diagonals in the charts locally, hence
globally by gluing). The above definition shows that admissible scaling fields are abundant. Admissible
scaling fields enjoy another remarkable property. The cotangent lift of e~"¢ stabilizes all the conormal
bundles of all the partial diagonals.

Lemma 3.25 Forall I C {1,...,p} and ¢ > 0, for all admissible scaling fields o, one has
e_gg*(N*(d] C MP)) C N*d; Cc MP).

Proof. If v € T,dy, deﬁ‘g (v) € Tetodr (since the flow stabilizes the diagonals) implies that if £ e
Tioiedf then (€, def?(v) ) = 0 forall v € T,d; hence 'def2(v)(€) € Todf = N;(dy), which concludes
our proof. 0

We will typically be given a family (A¢)o<e<1 of distributions on 75\ (Urc(41,... p11d7) that converge
to a limit as a distribution outside all the diagonals of 7. We will use Theorem [3.19]to extend it to the
whole of T by an inductive procedure under some scaling-type assumptions. The inductive structure of
the extension procedure will come from the geometric form of Popineau & Stora’s lemma, which we
recall here. We associate to I C {1,...,p}, the open set:

def

0, {m:(ml,...,mp) € MP:m; #mi VG, ) el x IC} c MP.
Lemma 3.26 One has
MP\d, = U Or
Ic{1,...,p}

and there is an associated smooth partition of the unity, 1 = Zlc{l,...,p} nr € C®°(MP\ d,), with the

family (n; o €Yy~ bounded in C=(MP\d,) for every admissible scaling field o with respect to the
deepest diagonal d,, C MP.

The proof is simple and can be found in [DH19, Lemma 6.3]. The proof of the claim on the family
(01 © €7%9)4>¢ can be found in [Dan13, Lemma 6.3.1 p. 131]. Since 77 C MP for J C {1,...,p}, the
above partition of unity induces naturally a partition of unity on 7 \ d,, with the same properties.
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3.4.1.2 Hormander product of distributions

In the simplest cases the distributions A, will be given as some products of distributions, with each factor
depending possibly only on a subset of the variables MP. The easiest case in which to make sense of such
products relies on Hormander’s product theorem [BDH16| theorem 6.1 p. 219] and gives the following
statement.

Lemma 3.27 If Ay € D'(MP)depends only on the first 1 < k < p components of MP and Ay € D'(MP)
depends only on the last p — (k — 1) components, so they have only one component in common, and

WFADcC | N@punNt(T),

Ic{1,...,k}
WF(As) C U N*(dJ)UN*(T])v
Jc{k,...,p}

then the product A1 A5 is well-defined in D'(MP) and
WE(A1A2) C (WF(A) +WFE(A2)) UWFEA) UWF(As).

Proof. Denote by A a generic element of T* M. If (Aq,..., A\, 0,...,0) and
©,...,0, ptg, fbket1, - - -, i4p) stand for some non-null elements of 7™ (M?P) such that

Sa=0. Y-,
then the convex sum
(Al,...,)\k,o,...,O)+(0,...,,O,Mk,/j,k+1,...,up):()\1,...,)\k—f-uk,uk_;,_l,...,up)

cannot vanish. This implies that W F'(A;) + W F(A2) does not meet the zero section {0} and one can
apply Hormander’s Theorem [[BDH16, theorem 6.1 p. 219] which yields the existence of the distributional
product A; A together with a bound on the wave front set W F'(A; As) of the product. 0

We give another important consequence of Theorem [3.19] before talking about Feynman amplitudes.

Proposition 3.28 Let Y C X be a closed embedding and let o stand for a parabolic scaling field for the
inclusion Y C X. Assume we are given some closed conic sets I'1,T'y in T*X \ Y such that

0¢ T +TIy).
and such that e=%*(T;) C Iy, V0 > 0and i € {1,2}. Assume also that we are given two distributions
A € 81‘311’@(/1’ \ W) ND'(X), Ay € 81‘322’9(/1’) ND'(X),
such that the product Ay Ag is well-defined on U C X\ Y. If
$1 + so > —codim,,()))
then this product has a unique extension as an element of Sp**2°(X) with
=Ty uUluU () +T2) UN (Y CX).

The condition 0 ¢ (I'y + I'y) ensures that the distributional product A;Ag is well-defined at least
on X \ Y and the stability of I'y,T's under the lifted cotangent flow ensures that the convex sum
(' +Ty) € T*X \ Y satisfies the conormal landing condition for the inclusion ) C X'. The statement
of the above proposition means that for any mollification A, A§ of these distributions which converge in
the respective functional spaces the product A§A$ is converging in Sp'**2"2(MP) to a limit independent
of the mollification.
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3.4.2 Feynman graphs and Feynman amplitudes

We are now ready to define the Feynman graphs we are using in order to control the Hélder-Besov norms
of the tree appearing in the construction of the <I>§ measure. For an oriented finite graph (V, F) with
vertex set V' and edge set I/ we denote by v(e)_, v(e)4+ its two vertices, according to its orientation.

Definition 3.29 A Feynman graph for (I>§ is an oriented finite graph G ») = (V, E) with p vertices in V'
and an edge set F with no two edges joining a given pair of vertices, along with

— adistinguished edge e.f € F,

— asubset J of V which indicates which times are set equal to the fixed ¢ € R,

— for each vertex v € V, a variable z, = (t,,x,) € (R x M), with the restriction that for the two
vertices v(eref)—, V(erer)+ attached to eref, One has 2y, ), = (¢, Ty(e,y) ) TOr SOMeE Ty, ), € M.

We set o
EZ E\ {ews}-

We furthermore assume that the following facts hold.

— The set V' of vertices can be partitioned as
V=VUuVy
where V' is a disjoint union of singletons and V4 is a disjoint union of
ng < |A]

triples of vertices indexed by a finite set A, with each triple made up of a distinguished pair of
vertices and another vertex. For j € [ng] such a triple in V4 reads (v, (v],v3)) where (v, v)) is
the distinguished pair and vl the remaining vertex. ' ' ‘

— For every j € [ng] there is no edge in the graph relating v{ to v or one of these points to v1.

— We are given for each edge e € E akernel K, € K% for some scaling exponent a. € R. (The space
KC% was defined in Lemma [3.17). Moreover for the distinguished edge et € E the corresponding
kernel is given by K. , = Q. and e is the only edge in E whose kernel K is of the form QZ for
some y € M.

See figure[3.4.2] below for an illustration. In the sequel we often omit the base point (¢, z), writing G
instead of G, ;). Since renormalisation also involves the analysis of singularities of Feynman subgraphs
we also need a notion of Feynman subgraphs adapted to our specific setting.

Definition 3.30 A Feynman subgraph G1 = (V1, E1) C Gz = (V, E) is the data of

— some subset V; of the vertices V of G,
— some subset E; of the edges E of G such that V; can be partitioned as Vi = V{/ UV} and V) C V4
respects the partitioning of V4, any triple (vi, (v{, v%)), J € ng, in V} corresponds to a triple in
Va;
along with the conditions that every edge e € £ has its bounding vertices v(e)—, v(e)+ in Vi, and that
the subgraph G; does not necessarily contain the distinguished edge er of G. A (sub)graph G is said to
be irreducible if it cannot be disconnected by removing exactly one edge e € E.

We also need to recall the notion of loops for the Feynman graphs we consider, this is given by the
usual Euler formula.

Definition 3.31 Given a Feynman graph G whose rule is defined above we define the number of loops
for our exotic Feynman graph G as

def

b1(9) = |E@)| — [V'(@)] — ng + 1.
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We are given some distributions

[@](, ) ) € S];g(d:;)(Mg) )

Q) € i (M),

where the scaling of [®] is with respect to the deepest diagonal d3 = {(y,y,%) : y € M} C M3 and the
scaling of Q is with respect to the point (z, x). Here [®] is a general notation for the kernel [®;] of the
resonant product in some chart ¢ € I which is defined by

[©(z,y,2) 2 Y Pi@,y)Pi,2),
[k—¢)<1

where P!, P/ are the Littlewood-Paley blocks introduced in Appendix and Qj is the kernel probing
the regularity of the trees, introduced below in Definition[3.:46] The weak homogeneity exponent —6 for
[®;] comes from the fact that [®;] € D'(M?) is the Schwartz kernel of the resonant product and that our
manifold M has dimension 3.

As a last piece of notation let us introduce a function space R adapted to the kernels varying with
a parameter © € M, such as the kernel Q7. Note that we already know that given € M the kernel
Q. € D'(M x M) is singular at (x, x) and smooth everywhere else. Also, the singular locus is moving
with z € M. Our goal is to define a correct functional space R” that measures the singularities of Q}
uniformly in « € M. This is done in the following definition.

Definition 3.32 Fix z( € M, along with a pair of closed neighbourhoods U,, € 2,, C M of z¢, and
define a conical neighbourhood

def 2
Cag = U TomyM

T€Q,
of T&o,xo)M 2. Then we define R as the space of all families ( Qa:)erzo of distributions
Q. € D'(M*) N C%(M?\ {(z,2)})
such that

(67(6+27)667691* Q:c)
Z;O,wEUxO

is bounded in Déxo (M?) for every family of scaling fields o, scaling with respect to (z, x).

We can now define the Feynman amplitudes.

Definition 3.33 We view [®] and Q7 as some distributions on M? and M? by pull-back by the canonical
projection from MP? to MP. Denote by dy the diagonals of (R x M)?, for V' C V. The amplitude .AY
associated with the graph G; ) is the distribution on 77\ Uy, dy- defined by the product

def
Ag(z1, -5 2p) = QL(@w(ern— > Totern)+ ) H Ke(zu(e)-» Zu(e)s) H [Q](mvi , xv{-,xvg)

ecE 1<j<ng

with the second product corresponding to all of V4, see Figure [3.4.2|for a fully detailed example. We talk
of Ag as the Feynman amplitude associated with G.

The following fact is a direct consequence of Lemma [3.27] It allows two things in the analysis of
Feynman amplitudes

1. If a Feynman graph is a tree, i.e. it contains no loops, then the corresponding Feynman amplitude
Ag is always well-defined as a distribution on the corresponding configuration space.
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2. We can reduce the analysis to irreducible graphs which contain at least one loop since joining two
subgraphs by a bridge is always well-defined microlocally.

These two facts are detailed in the next two statements. The following Lemma states that Feynman
trees are always well defined.

Lemma 3.34 IfG = (V, E) is a tree, for every e € E, each two point kernel K. belongs to the module
K%, a. € R endowed with the topology of Lemma[3.17} each three point kernel

[Q](a ) ) S S&g(dchS)(M?))

where the scaling is with respect to d3 C M? and the eventual marked edge eref IS associated with the
propagator Qg which belongs to the topological space R from Deﬁnition Then the multilinear
map

(10, (Koeer, Q1) € Sx8aycarm D x [T K% x RY — Ag € DL(T)
ecl

where
r=J N@»)uN(T)
vicv
is continuous.

The simplest example which illustrates the above claim is the composition of pseudo-differential
kernels. If we represent each kernel by an edge then composition can be interpreted in terms of Feynman
rules as gluing the edges at one common vertex and this is always perfectly well defined, the diagonal
singularities of the kernels do not matter. We now state a useful corollary of Lemma [3.34] which allows to
restrict the analysis of Feynman amplitudes to connected irreducible subgraphs.

Corollary 3.35 Let Ag be a Feynman amplitude which is obtained by joining two irreducible amplitudes
Ag,, Ag,(zj,22) by a propagator K € D' (M?) whose wave front set is in the conormal N* (d2 C M2)
to the diagonal

Ag, (21, 2) K (zi, 2j) Ag, (25, 22)
then if Ag, and Ag,(z;,22) are some well defined distributions with wave front set in
WFUg) < |J Ny unt(Ty), (337)
V1,CV1

WFAg) < (J N'@ypuN(Ty),
V2/CV2

then the global amplitude Ag is a well-defined distribution with wave front set included in

U N*(dy) UN*(Ty).

vicv

The weak homogeneity of Ag is then the sum of the weak homogeneities of the subamplitudes and of the
kernel K.

Proof. Since the amplitude of a reducible graph reads
Ag, (21, 2) K (2, 2j) Ag, (25, 22)

for some collective variables (z1, ), (2;, Z2) partitioning {z, },cy and corresponding to a partition
V = ViU Vs of V, where K(z;, z;) has wave front contained in N*(d2 C (R x M) UN*({t; = ti})
and (3.37) holds, one can apply Lemma [3.27] twice to

Ag, (21, 2) K (2, ;)
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then to
(Ag, (21, 2) K (2i, 27)) Ag, (25, 22).
It shows that the product is well defined so the only difficulty is to treat the amplitudes Ag, and Ag,. O

Sa,x/ \b’xb
— S, Ta, X
é_l(t R \/

Sa7y27xa ..' é_l(t - Sb,ZQ,l‘b)
Y2 & " 2
[Q](y*7y1>y2) y‘yl Gy(«Q)(O, yl,Zl) .Z [®](2*721’Z2)

QY (Yus )

Figure 24: An example of Feynman graph G(= Ga4) with ng = 2 along with the contributions to .Ag of
its edges and vertices. Space-time vertices are pictured by red nodes, purely space vertices (with time set
to the value t) are pictured by blue nodes, and black nodes represent the noises.

3.4.2.1 Pointed scaling spaces

We next define a parameterised version of the functional scaling spaces St in configuration space which
generalises Definition[3.32} The elements in our new functional space depend on some space time point
z = (t,z) € M. We will use these functional spaces when we will scale the whole Feynman amplitude
Ag with respect to the marked diagonal (z, .. ., z) C MP and test that everything is uniform in z € M.
We start by describing the geometrical setting. We are given:

— For every zy = (to, 7o) an open neighborhood U, of 2 in M so that UZ, is a neighborhood of
(z0y...,20) € MP;

— a continuous family of scaling fields o, € C*°(T'(MP)), z € U,, on MP such that o, scales with
respect to {(z,...,2)} C UL, and e~ *=UL C U% for every 29 € Us,, £ > 0 and the flow of o,
preserves all the diagonals d; and marked diagonals d; ..

We need to give an important example which shows that such a geometric setting is non—empty and
that one can always produce such a setting.

Example 3.36 In a local product chart (a,b) x U, U C M, for every z = (t,x) € (a,b) x U in the chart,
the typical example of such a vector field reads

92:2(t1—t)6t1+---+2(tp—t)6tp+(x1—x)~8w1+---+(:z:p—a:)-8mp.

Then we define the functional data. As above we define the functional spaces associated to distri-
butions which are weakly homogeneous at a space-time diagonal (z, ..., z) € M, in a way which is
uniform in z € M. Here is an example that may help fix the setting.
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Example 3.37 The function

D=

RS (@1, vmp) o (o —al oy —al)

is a function on the configuration space (R®P with a singular locus {z1 =+ =2, = x} which is
moving with x.

Recall from (3.36) the definitions of the sets d; and 77.

Definition 3.38 Fix a € R, J C {1,...,p} and 29 = (tg, z9) € M. Choose some neighbourhood U,
of zg. Then define S%(7;; U,,) as the set of families (Tz)zeUzo of distributions T, € D'(T; \ d,,.) such
that

(eﬁae—ﬁgz*TZ>
£20,2€U5,

is bounded in D'(T;) for every o, as above.

Implicitly, in the definition of 7 there is a time variable ¢ that we view as parameter where some
time variables are taken to be equal to this time parameter ¢, ¢ is not equal to g but (¢, x) € Uy 4, -
The next statement makes explicit a construction of such families; it is concerned with recentering.

Proposition 3.39 Assume we are given a distribution T € S{(Ty) with T = N*(d; C Ty) for some
I c {1,...,p}. Then for any admissible o, scaling with respect to dv (g) . the family
<€€ae—€gz*T>
£20
is bounded in D'(Ty) uniformly in z.
Let I C {1,...,p} and denote by 7 : MP + M! the canonical projection map. Given T € SH(M?)

where I' = Up - N*dp and we scale with respect to d;. Then m*T € S2..(MP) where we scale with
respect to the deepest diagonal d,, using admissible scaling fields.

Roughly speaking, in practice, it means you have a subamplitude A¢g/ with a certain scaling degree
with respect to to its deepest diagonal dy (g, then since we would like to see how this subamplitude
scales inside a bigger graph, we need to lift this to a bigger configuration space M" 9, and we would
like to examine the scaling degree with respect to the deepest diagonal dy () of the larger graph or the
marked diagonal dy (g, . of the larger graph. We need to ensure the scaling degree is unaffected under
changes of the scaling dynamics.

Proof. The proof is very similar to the proof of [Danl3, Lemma 6.4.5 p. 144]. By the invariance results
under scalings from Proposition[3.22] the proof reduces to the comparison of linear scalings w.r.t. different
points. So we are reduced to the following generic situation, we work on (R'*¢) and we would like to
compare the two linear scaling flows :

e %0 : (t,x) € R1T i (e725(t — to) + to, e *(x — o) + z0) € R
which scales w.r.t. zg = (g, xp) and the second scaling
e %1 (t,z) € R (e725(t — t)) 4+ t1, e *(x — x1) + z1) € RITY

which scales w.r.t. a different point z; = (t1, x1).

Then just observe the identity e~ %¢s1 = (e~ %¢#1€%9%0)e %920 where the composition P(s) 50
e®?70 has a smooth linear limit when s 1 oo as can be easily inspected by a direct calculation: ®(s) :
(t, ) > (t+ (€725 — D)(t1 — to), x + (7% — 1)(x1 — 0)). O

In spite of the fact that these spaces are rather ad hoc and not really intrinsic, they are sufficient to
capture uniformity in z € M and therefore to control the size of the Feynman amplitudes uniformly in z.



INDUCTION ON FEYNMAN AMPLITUDES 160

3.4.2.2 The inductive theorem for convergent amplitudes

Our next goal is to describe a recursive algorithm that controls the convergence as a distribution over
the space Tj. For a given graph G with marked edges, given a fixed J C V(G), we prove in the next
statement that for every zo € M and every compact neighbourhood Uy, of x¢, the following multilinear
Feynman map is continuous under suitable conditions on the weak homogeneity a. of the two point
kernels (K¢)ecp

([@], (Ke)eeE, Q;) € Sg,f(deS)(M% X H K% x RY +— Ag. € SE(Ty) N S™(Ty; UE3)38)
eck
where

= U (N*(dvf CTHUN(Ty C 73))
V'cV(G)

a; = —bng — Z Qe
e€E\{ewr}
ag =a; — 6 — 2.

The space $*?(7;; Uy,) which appears in Deﬁnition@ accounts for the fact that our estimates should
be uniform in x € U,, when we scale with respect to the marked diagonal dy(g) .. Recall also that
we work on 77 € MY for some J C V(G) because we take into account that our amplitudes are
integrated on regions where certain time variables coincide. If the graph G has no distinguished edge e,
then we do not need to test the regularity in the space S**(7;; Uy, ) and the target functional space is just
S (Ty) foray = —6ng — 3 g de.

We only consider below some subgraphs G’ = (V' E’) of G which contain all the points of a given
triple if ever they contain one of them. Recall all our analysis takes place in the submanifold 7 of MP.
With a slight abuse of notation we will also denote by dy the diagonal dy N 7.

For any marked subgraph G’ we set

ag’ 1 d:ef —6ng/ - Z Qe
eeEl\{eref}
agro =agy1 — 6 — 2y,

while for any subgraph G’ with no marked/reference edge we set ag: o —6ngr — > cpy Ge and

rg < | {N*(dvu C T7)UN*(Tyn C TJ)}.
vIcy
A given Feynman graph G will be said to have a loop if b1(G) > 0.
Theorem 3.40 The following holds.
(a) If every connected irreducible subgraph G' = (V' E") of G with a loop satisfies

agr 1 + codimy,(dy+) > 0, (3.39)
ag 2+ COdimw(dVQ(t@)) > 0,

then the Feynman map defined by Equation[3.38]is continuous.

(b) If G = (V, E) is a graph that contains no distinguished edge q, every connected irreducible strict
subgraph of G with a loop satisfies Condition (3.39) and G satisfies

ag + codim,,(dy C Ty) > —1,

then there exists a family Ay . of distributions supported on dy, with wavefront set in N*(dy C Tj)
such that A, — Ay ¢ has a limit in D' (Ty) and the convergence occurs in Sl‘i/gu N@y)(T7) for all

a' < —codim,(dy C Ty).
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Before we give the proof of Theorem [3.40]an important Remark is in order.

Remark 3.41 We aim to point an important fact. The above result is general, but relies of the fact that
the irreducible subgraphs are convergent. It turns out that we took care to implement the fact that for any
of the Feynman graphs that we need to study, the most divergent subgraph is the graph itself. Note that
this would not be the case if we were to replace all the cubic kernels [©](z, y, 2) by 0,(y)d:(z). Indeed
while [®] and the product of two Js have the same weak homogeneity (—6) with respect to the deep
diagonal {z = y = z} they do not share the same microlocal properties. We will further elaborate on this
point later in Remark [3.53] In particular when we deal with the resonant products ¥ ® ¥ and * © ¥
in Section this will imply that the subgraph containing the covariance G®(z1, z2) of 3 and the
probe operator Q7.(y1, y2) is very convergent, since these two operators are linked by [®](y1, 21, w1) and
[©1(y2, 22, w2) for w; far from y;, z;. Conversely, replacing [©]1(y;, zi, w;) by 0y, (2;)dy, (w;), then this
subgraph would be more divergent that the graph itself, which corresponds to the fact that while ¥ ® %
and & ® % are of regularities 0~ and (—1/2)7, the products 3 x % and ¥ x % are both of regularity

(—1)".

Proof. Our proof proceeds by induction on subgraphs for the inclusion relation. For a subset V; =
VI UV} C V(G) of vertices and E' C E(G) of edges, we denote by Gy, g the corresponding subgraph.

The initialisation of the induction is immediate, the simplest subgraphs are just the propagators or
the kernel of the resonant product which have their respective wave front sets on the conormals of the
diagonals.

Given a graph G constructed according to our rules, assume that all subgraphs G’ of G have well-
defined Feynman amplitudes .Ag with wave front set in I'g/, without loss of generality, we may assume
that G has p vertices which means that V(G) is in bijection with {1,...,p} hence MV© ~ MP. For
every I C V(G) ~ {1,...,p} we consider the open subset /; defined as follows

ufdéf{(ml,...,mp)e/\/lwg);i €L,jeV@\ I m; #mj}-

By the Popineau-Stora covering Lemma [3.26| we have the covering 7 \ dy(g) = Urcv(gUr. The idea
is to restrict Ag|y,, then to factor the restricted amplitude as a product of subamplitudes which are
well-defined by the inductive assumption and a product of smooth kernels.

For given a subset I C V(G) of vertices, we set

I'SvVE\I, (I, IYE T x Iud x D).
If K is another subset of V(G), we write K ¢ I O to say that K is neither a subset of I nor of I’. With
this notation the amplitude Ag factors as

Ag = Ag[ AQI/ H Ke(zv(e)f y Zv(e)+) H [Q](wvi s xv{ s xv%) s

ex(ve)— w(e) eI j:{v] Wl i} 1)

where the subgraph Gy, resp. Gy, is some subgraph of G with only vertices in I, resp. I’, and edges
e € E such that both vertices v(e)_, v(e)s € I, resp. v(e)_,v(e)+ € I’, bounding e belong to I, resp. I’
More importantly, the product on the resonant kernels indexed by integers j runs over the kernels [©]
whose vertices (v, (v],v3)) are not entirely contained neither in I nor I’: some vertices amongst them
are in I and some others are in I’. Note the fact that the product on resonant kernels might well be empty,
for instance if all distinguished triples are contained either in I or I’.

Now observe that when we restrict the amplitude .4g on the open subset Iy, this yields

AQ|U1 = AgIAg]/ H Ke(zv(e)_ ) Zv(e)+) H (O] (xvi ) $U{ ) %,;) s
~——

, (v(e)—, eur o vl I IO
exterior product evle)- (&P ji{v g0} 10

eC>
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where the restriction to open subset U/ of the product inside the parenthesis is smooth, and the product
Ag, Ag,, denotes an exterior tensor product of distributions which is always well-defined. We know by
induction that the two amplitudes Ag, ((2;);er) and Ag,, ((2))cr’) are well-defined distributions with
wave front sets
WF(Ag) CT; = | J N*dx C THUN (T C Tj),
KcI

and
def

WF(Ag,) CcTp = U N*dg: C Ty)) UN*(Tgr C Tg).

K'cr’

Analysing the graph G, there are two situations, either G contains some distinguished edge Q; in
which case we should study the scaling behaviour in two steps, first scale on the partial diagonals dy-(g)
where all points labelled by V' (G) collide, then study the scaling on the marked diagonals dy(g) (¢ ) (recall
the marked diagonal is just one point in M|V @) where all points labelled by V(G) collide uniformly on
(t, x), we use the spaces of Definition [3.38]to control the uniformity in the parameter (¢, x). If the graph
contains no distinguished edge, then we just scale in one step with respect to dy(g).

Assume we are in the first situation where G contains a distinguished edge, the second case is simpler
to handle. Choosing any admissible scaling field ¢ scaling with respect to the deep diagonal dy () and
using the stability of U7 by such scaling field (a consequence of admissibility of o, we made an essential
use of the fact that the flow by scaling fields o from Definition [3.24] preserves both time and space-time
diagonals 77, d; hence every Ur, I C V(G)). The weak homogeneity of each term in factor does not
depend on the choice of scaling field with respect to dy(g) by Proposition@ Moreover, we also use the
property that the symplectic lifts of these scaling fields preserve the conormals of all time and space-time
diagonals N*(77), N*(dy) so that the cones I'y, 'y containing microsingularities of Ag, , Ag,, are stable
by the lifted flow: e ‘¢*I'; C T';, e %* Ty  T'y by Lemma Using the fact that each element
nr € CX (Mo \ dy,) of the partition of unity belongs to 88 (MY \ dy(g)), it has scaling degree 0
in C*°(M %)\ dy,, in the sense that

—Lox
(e 771> €20

is a bounded family in C*°(M"@ \ dy ). We can thus define the renormalized product

n1Ag, Ag,, 11 Ke(zoer s 2ue.) ] (01,22,

e:(v(e)—,v(e)+)e,I’) j:{v{ ,v%,vi}gZI(/)

on 7 \ dy(g) .z by applying Propositiontwice and we find that the product is well-defined since
the weak homogeneity of the above product is > —codim,,(dy(g)) by assumption. We insist that when
we scale with respect to dy(g) the weak homogeneity of Q7 is 0 by Lemma By summation over I
we conclude that Ag is well-defined on 7 \ dy () t,2)-

To define an extension on the whole configuration space 7; we need the two step extension from
Theorem [3.20 We now need to apply Proposition [3.28 and now Theorem [3.20]a second time to the
expression

UIAQI AQI/ H Ke(zv(e)_ s Zv(e)+) H (O] (xvi s -TU{ s Iv%)

ex(w(e)— u(e) e, 1) {0l w2 1O

but for the scaling fields with respect to the distinguished diagonal dv (g ¢,z It is at this point that we
are using our second inductive assumption on the weak homogeneity of all subgraphs containing the
distinguished edge, equivalently all subamplitudes containing the propagator Q.. We make an induction
on all marked subgraphs whose amplitude contains Q. the induction starts with Q itself. We use the
fact that the scaling degree of Q7 with respect to dy(g) \ dv(g) ) equals 0, while when scaling with
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respect to dy(g),z.2), the scaling degree of Q7 is now given by —6 — 2. This last claim is proven in
Lemma below.

At this stage given a graph G, assume by induction that all subgraphs G’ containing the distinguished
edge have scaling degree with respect to the marked diagonal > —codim,,(dy (g ¢,2)). Then every
product defined on 7 \ dy (g,

771«491 -AQI/ H K. (Zv(e)_ 5 Zv(e)+) H (O] (xvi s ‘TU{ s xvé)

e:(v(e)—,v(e)+)e,I’) j:{v{ ,v%,vi}gZI(,)

will be weakly homogeneous of degree ag 2 = ), a. — 6ng — 6 — 2 when we scale with respect to the
marked diagonal dy (g) ) Where we need to include the scaling degree of Q7 which equals —6 — 2.
So each piece above satisfies the assumptions of Theorem [3.20hence extends to 7.

The uniform estimates in = essentially follow from the stability assumptions of the cones by change
of scaling in Proposition [3.39] 0

Lemma 3.42 Fix d > 2 and denote by <3 : M4 — M2 the canonical projection. For all values of
v € R the kernel 77;2 Q3 is a smooth germ near dg \ dg, in R? x M“ \ dg . We define

def

O« {m € R x M : dist(m, dy) > 2dist(m, dd)}.
Then W%QQ;’ is weakly homogeneous of degree 0 when scaling with respect to dg \ dg 5, in Q \ dg in the
Jfollowing sense: For every compact K € (), for all scaling field o scaling with respect to dg, there exists
Lx > 0 such that the family

(feforn2,07} )

(>0

is bounded in C*°(K).

Proof. For any element m € O we know that the limit point ms, = limgpog e~f(m) € dg \ dg .
has the form me, = (y,...,y,t,t) for y # z and therefore 7%, Q7(-) is smooth near the limit point
Moo = (Y, .., Yy, 1, 1) since 75,00 (Mmoo) = QF(y,y) for y # x. Now by a continuity argument, we
know that for any element m € O there exists a neighbourhood V;,, C € and ¢,, > 0, such that for
all £ > ¢,,, one has e~*2(V},,) C Q and diSt(ﬂ'SQ(e_E‘Q(Vm)), (z, x)) > 0 > 0 hence 7%, Q;|e4@(vm) is
smooth uniformly in ¢ > ¢,, which yields the claim by compactness. O

3.5 Random fields from renormalisation

Recall the definition (3.4) of the enhancement &, of the regularized noise &,

S b, b,
gr d:f (fhvr) O&%“u O\Tpr @Tr7 (Y)'r O — Ey IV(Y)T|2 - gu O\Tpr O — brTr> .

We use the index 7 to emphasize the regularisation of the noise. We show in this section the convergence
of & to some limit enhanced noise in its natural space (3.3). The random fields are constructed by
means of some covariance computations, which finally yield the existence of the stochastic objects
in some Holder-Besov spaces by a Kolmogorov type argument. In this section we need to extract
a Littlewood-Paley block of our stochastic trees, then control the size of the Littlewood-Paley block
evaluated at some point € M, uniformly in x € M. We need some uniform control because of the loss
of translation invariance, which is the main difficulty of this section and of SPDE on non-homogeneous
Riemannian manifolds. We start the section by defining abstractly in Section [3.5.1] the framework of
Kolmogorov estimates in our non stationary setting where we need pointwise bounds. This also requires
the introduction of some distinguished propagator Q,. which depends on a base point x € M. Then we
put our definition in action by discussing the stochastic estimates of Wick monomials where things are
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simple. The reader who wants to get some familiarity with our approach is urged to first read how we
handle the regularities of the simple Wick monomials 7, %7, % in Lemma [3.48| and sections[3.5.2.2]and
[3:5.2.3] A novelty of our approach for the Wick monomials is that we renormalize in a locally covariant
way which is the only way to ensure some form of locality. We refer the reader to Section[3.5.2.1]for a
more detailed discussion. The estimates on Wick monomials should also be useful for readers interested
in simpler Quantum Field Theories on surfaces.

Then, starting from Section3.5.3] we deal with more complicated graphs coming from the higher
chaoses, as enumerated in the first paragraph in Section [3.5.4] While some of the amplitude arising from
these computations can be directly handled using Theorem [3.40] for several graphs that appear in our
stochastic estimates we need to feed the induction Theorem [3.40] with more information, this uses subtle
smoothing properties of the Schwartz kernel of the resonant product which is discussed in Section [3.5.4.1]
and also some control of certain renormalized subamplitude in Section [3.5.4.2] We refer the reader to the
relevant parts for more details but this can be read after one is used to the general inductive machinery.
The amplitude containing a more singular subamplitude require a more careful analysis, taking place
in Section[3.5.4l We also devote Section [3.5.5.3]to the exact calculation of the counterterms from the
divergent subamplitude; this uses subtle arguments involving heat asymptotics, stationary phase and the
borderline case of our extension Theorem [3.19] where we need a renormalisation.

3.5.1 Kolmogorov type argument

We start by giving the definitions of the Besov spaces that we need for our analysis.

Definition 3.43 In the sequel we fix I a finite set and (Uj;, k;);c1 a cover of M with x; : U; — R3, along
with a quadratic partition of unity (x;);cs on the closed manifold M subordinated to (U;);c;. For any
a € Rand p, g € [1, co] we define the Besov space Bg‘q(M ) on the closed manifold M as the completion
of C*°(M) with the norm

def def
1135, n = max [lwisOci )l 5y, ey = max

gka | Ak (Kis(Xi ) HLP(R3>

o (3.40)
k
where the operators A, for k > —1 are Littlewood-Paley blocks on the flat space R?.
We slightly rewrite this norm as follows. We fix a collection (¢;);c of functions on R3 such that
supp(1;) C ki(U;) and ;e supp(s)) = 1; there is enough room, since the support of x; does not fill U;.
It turns out that the norm defined in (3.40) is equivalent to

max szauwmmxxif)) o (3.41)
We therefore define for ¢ € I and k£ > —1 some Littlewood-Paley blocks on the manifold M by
Pi(H) = rild(ric(xi )] (3.42)
With this notation in hand || f|] Bg, () therefore equivalent to
2k || Pi(- : 4
max || 2| Py ()l| Loany P (3.43)

In the sequel, to lighten the notation, we often let Bgf o Stand for ng(M ) and define

C* = B _(M).

Remark 3.44 The equivalence of (3.40) with (3.47)) is deduced from some argument which we derive
in the proof of [BDFT23, Lemma 2.10], where we control on R? the commutator of a Littlewood-Paley
block with multiplication by a smooth and compactly supported function. Let us explain it in more
detail. For any smooth function a € C°°(R?), we denote by M, the multiplication operator by a. On
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R3, we would like to compare MyAg My, ., with ApM,, .. Note that Ay M, , = ApMyM,,,
since ¢ = 1 on the support of k. x; hence the difference My A, M, , — A My, , can be written as a
commutator

[Mq/)a Ak‘]Mm*Xi .

Therefore, by the argument in the proof of [BDFT23, Lemma 2.10], this composition is a smoothing
operator in the semiclassical sense (setting i = 27%). It follows that

| Ak f) — VildrkisOGa P e S 27| flle-~

for every N > 1. Finally, we can therefore absorb this error term in the semi norms, which indeed shows
that the two norms are equivalent.

In the sequel we denote by ¢ o | - | € S(R) the Schwartz kernel of Ag in R?; its Fourier transform 7
is supported in an annulus. Note that for any k£ > 0, the Schwartz kernel of Ay, is given by

Ag(a —y) = 2% 28|z — y]) .

We are now ready to state our Kolmogorov type lemma. It turns out that due to the lack of stationarity
of the stochastic objects on manifolds (as opposed to the flat case, or the sphere), the inequalities stated in
Lemma [3.45] below involve a pointwise bound requiring to be uniform in some base-point z € M. The
mechanics involved here are classical. We give the details for the reader’s convenience.

Lemma 3.45 FixT > 0, n € N and let u be a random distribution in D'([0, T] x M) which belongs to
the Wiener chaos of degree n.

— Assume one has
E[(Plu)(t, )] < 27207 (3.44)

uniformly inx € M, i € I and k > 0 for some v € R, for some time 0 < t < T'. Then for every
s <~yandp>1we have

E[[lu®)llg:1 <p 1.
— 1If, in addition to (3.44), the distribution u further satisfies
E[(Plu)(t, @) — (Plu)(tz, )] S 27|ty — 1> (3.45)

uniformly in ti,to,x € [0,T] X [0,T] x M and (i, k) € I x N for some v € R, 3 > 0 then for
every s < v and 0 <  we have

u e ChCe.

Proof. We concentrate on the second item as the first item is proved by a similar reasoning. By Sobolev
embedding by have

E[u(ty) — u(t2)[g.] < E[Ju) —u(t)ll,.o |

< max 2Pk / E|[(Piut, @) = (Pluts, ) | da.
R M

Then the Gaussian hypercontractivity estimate implies that

ya
2

E|Jlu(t) = u(t)[[%. | < max Y7 2rk+3/0 /M E[{(Piu)(t1, 2) - (Plu)(tz, )} | *da
k>0
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[NIiS]

< 22k(8+3/p)E Pz t _ Pz t 2 )
e (et -t ]

Therefore using the hypothesis (3.43) we end up with

E[Hu(tl) _ u(t2)||ps} < Z 2pk(s+3/pf'y)|t1 _ tz‘pﬁ < |t — tz‘pﬂ
k>0

which holds provided we choose p large enough to have s < v — 3/p. The proof now follows using a
classical Kolmogorov argument in time. 0

We denote by P{(x,y) the smooth Schwartz kernel of the operator P}.

Definition 3.46 We introduce a bilinear kernel depending on a point x € M and 7 € R allowing to
probe the regularities of objects as follows

Q1 y) =D Y 2P, y1) P, y2) - (3.46)
i€l k>—1

Note that if there exists v € R such that one has
E|Q)(ult, ), u(t, )] = E [ > 2P (P, :c)ﬂ = Y 2PME[Fuwt, 2)] < oo
E>—1 E>—1
uniformly in = € M, then we have
E[(Plu)(t, x)%] S 277

uniformly in k > —1.

The microlocal properties of the kernel Q7 are stated in the following lemma.

Lemma 3.47 Fix x € M and v € R. The series defining Qy converges in C°(M? \ {(z,x)}) and in
the space sz (M x M) of distributions with wave front set

r,= 1}’;7m)M2.

Moreover it is weakly homogeneous of degree —6 — 2y with respect to the scaling towards Y = (x, ),
that is to say we have Q. € 51:16_27 with a control uniform in x.

Proof. For the convergence in C>°(M? \ {(z,z)}), in a local chart indexed by i € I, the kernel of QJ is
given by

D 2O @) (i x) P21, y2) Y (28 g1 — F) (2 g — F),
k>0

where v o | « | is a Schwartz function on R with Fourier transform 7 supported on an annulus, and
T < ki(x). For y; # T we have for any N > 0 and any o € N?

|0 (2 ys — )| S 25 (1 + 28]y, — )7 S 2MeTNE,

Therefore choosing IV large enough ensures the convergence of the series in C*°.
We now turn to the proof of the convergence of the series in the sense of distributions in D’Fx (M x M).
We use different arguments depending on the sign of ~.
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e Suppose that v < 0. Then we have [|23%v)(2¥| - —Z|)|| ;1 = |||/ 1 and the series (3:46) converges
absolutely in L' since

> 2O @ (ki) Py, y2) Y (281 — ) (2¢ g2 — 7))

1
k=0 Ly wa

k
S D2l Xl S 1

k>0

e Suppose now that v > (0. We must prove that the series converges in the distributional sense. For
every test function p € C2° (R? x R?) we must prove the convergence of the series

> 2K / R @) 2, 0 (2 — T g — F)dyidys
k>0 (R?)

—222’”/ 2Ry — B+ 7,27 — B + )

RJ)Q
k>0
X PE@Rix )22 1 — D + 7,272 — D + ) Y|y — Z)) Y (|y2 — T))dyidye.
We rename by ¢ the test function
B, y2) = o1, y2)(inx) “> (W, y2)-

The series therefore rewrites as

> 2 / 27 My = 1) + 7,27 e — D + Dy — 7)) ¥ (lye — 7)) E@)dyidys.
k>0 R3>2

Note that the product ¥ (|y1 — Z|) ¥ (|y2 — Z|) ¥2(Z) is a Schwartz function in y1, yo uniformly in Z. The
idea is to Taylor expand ¢ about (x, ) at order N with integral remainder. This yields

$=Pn+ Ry, Rn(1,y2) = O((lyr — 7| V |y — TPV T,
where Py is a polynomial function of (y1, y2) centered at (Z, ). The rescaled ¢ reads
B(2 e~ D)+ 7.2 D + )
= Py (27 D+ 7,270 - D + 7)) + By (2700 - D+ 5,27 — D + 7).

where Ry = O(27*W+1D) depends on the jets of order N + 1 of (. Injecting the above decomposition
in our series yields

Z o2k /

. (Pn + RN)(Tk(yl — D)+ 7,27y - ) + 5) Y(ly1 — 7)) Y (ly2 — T|) Y7@)dy1dys.
>0

3)2
Now we make use of the fact that we have
/ Py (27— D+ 8,27 = D)+ 7) by — 7)) (e — F) $E@dyidys = 0,
(R%)

since the support of 1) is included in an annulus, which implies that its integral against all polynomials
vanish. The series therefore simplifies as

> 2 / RN - D)+ 7,27 - D) + 3) vy — F) (e — ) Y2@) dyrdye
k‘ZO (R3)2

O(Q—k(NJrl))
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oo
S 2D 0%,
k

=0 |a|=N+1

where the series on the right hand side converges as soon as NV 4+ 1 > 2+ and we control the convergence
from the N + 1 derivatives of ¢ hence 1. We just proved that Q; converges as a distribution of order
N +1forall N +1 > 2.

Finally we need to control the weak homogeneity when we scale towards (z, x). Working in a chart
1 € I this reduces to estimate the weak homogeneity near (z, x) of the series

= RET2N Y (28 |y — Z)) (28 |y — 7)) € S'(R® x R3).
k>0

By duality it suffices to estimate the weak homogeneity at oo of its Fourier transform

U, &) =Y PO Fp(2k ]« —F)](&1) Fly(2¥| - —7])])(&)

k>0
=Y 22Tt pa ke n2 k).
k>0

Here we can use the fact that n(27%¢) is zero unless 2°~! < |¢] < 2FF1, so that both & and & are
localised at scale 27 for some j > 0, which yields the bound

S 2T @ty ke ey = 06V &)
k>0

uniform in 7, hence the Fourier transform U is such that the family of tempered distributions (A =27
U\)) A>1 1s bounded. By Plancherel this entails that the family of distributions

AU« +@, D)) s 01
is bounded too, which concludes the proof. 0
As an example we discuss below the regularity of the dynamical free field.
Lemma 3.48 Fix T > 0 and ¢ > 0. Then, we have ; € CpC~1/2—¢,

Proof. We start by performing the estimate at some fixed time ¢ > 0. By stationary in time of T one has
for any x € M the t-independent bound

E[Q](%(t,+),1(t, )] < /M2 Q1 (y1,y2) P~ (y1, y2)dv(y)dv(yz) .

Next we use the representation (3.42)) of the Schwartz kernel of P,i, which implies that pushing the
estimate in the chart «;(U;) we have

EIED@®7] S 2% | @R = F)9(2 2 — F)sioxd 1,925 1,920y dys

where we denote 7 = k;(z). Also, denoting by ngzP_l =: P{il the pulled—back Green function, we
obtain

E[(PiD(t 2)°] < /(RS)Z i@ V(s — #) (e — 3) Geix® (27501 = D + 7,27 an — D + 7)

x P27 R — ) + 7,27y — D) + D)dyidye.
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Since 7 is chosen uniformly in a compact set, ¥(|y1 — Z|), ¥ (|ly2 — Z|) are Schwartz in y;,y2 and
P12 %y, — T) + 7,2 F(yo — T) + 7) is integrable in y1, y near y; = yo, so the second integral is

well-defined. Using the bound on the rescaled Green function

P2 — B+ 5,27 @~ D+ F) S 2 — ol

we can now conclude that we have

BIRDG, 2 5 2° [ o =)0 s el e 52

We now show that 7 is indeed continuous in time. To do so, let us first introduce the notation

ey wr o (e 112
Dt =t & K ——— )@, y).

The quantity E[(Pj1(t1, z) — Pii(t2, ))?] is bounded above by
’ [ 5@ 6 = 3 0~ A0 (2741 = D+ 5,27~ D+ 7)
(R?)?
X (P;Ll (Q*k(yl —T)+ 7z, 27k(y2 —7)+ f) _ GSQ(h — 19, Q*k(yl — ¥ +7, 2—k(y2 —H+ %)> ’

for an integral with respect to dy;dy2. Our goal is to bound the difference of kernels Pz_z1 — Gg}i)(r, .). To

do so, we use the identity
1— e—rP r
_— :/ e *Pds
P 0

which expresses the difference as an integral of the heat operator. Then we can inject in the integral
expression the bound on the heat kernel on the product chart

‘e_sp(yla y2)| 5 8_3/26_56_C‘y1—y2|2/s’
where C' > 0. We obtain the estimate for 8 € (0, 1)

T o0
_ 1 _ _ —aol2/e— _ a2 1 1
P,~7Z~1(y1,y2)—GE,,-)(hyhyz)‘ 5/ s 3/2o=Clyr—y2l*/s stS/ e~ Oslyi—y2l® o= 5 c—3 (s (3.47)
0 r

-1

I _Cs—1 _1 1, _lyiwl?
<y — w2l e ssT2ds Slyr —wel (e )
= y1—y2|?
ly1 — yo g
r

2
Sy — gl A+ )N Sy — g7

Replacing in the difference estimate finally yields
4 : 8
E[((PiD(t, @) — (PN, 2))°] S 250Dty — 1],
|

Together with Kolmogorov’s classical regularity theorem what we said above justifies that | takes
almost surely its values in C’;C’ —1/2=¢(\f), for all small enough n > 0 and all € > 0, and its norm in the
corresponding space has moments of any finite order.

Remark 3.49 In the sequel we will not dwell on the proof of the estimate (3.43) for larger trees. However
it is by now classical that when computing in charts the covariance of (P,iu)(tl, ) — (P,iu)(tg, x) the
amplitudes appearing can be reorganised by means of some telescoping sums in order to introduce a
terms Pz_z1 — Gg}i) (r,+). In view of (3.47) this term always yields a good factor in time modulo a small
loss in spatial regularity.
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3.5.2 The Wick monomials
3.5.2.1 Locally covariant Wick renormalisation

In the sequel we will systematically first estimate regularities using Wick renormalisation. Then we
shall compare the usual Wick renormalisation which is not locally covariant with a locally covariant
renormalisation in which we only subtract universal quantities at the cost of producing objects which do
not belong to homogeneous Wiener chaoses. Let us discuss the notion of local covariance with some
simple example which also explains why the usual Wick renormalisation fails to be locally covariant.
A function valued invariant of Riemannian structure is a function ¢ which assigns to each manifold M
and Riemannian structure g on M some function c[g] on M which is locally covariant in the following
sense: given f : M’ < M a diffeomorphism onto an open submanifold of M, and a Riemannian
structure g on M, then ¢ must satisfy the equation f*c[g] = c[f*g]. Moreover, we require that ¢ depends
smoothly on the Riemannian metric g. In fact, one can prove such locally covariant function ¢ should
depend at every point on finite jets of the metric and ¢ has an invariance property under changes of
coordinates [CF12, section 8 p. 76]. This definition is partly motivated by [[Gil18, 2.4 p. 160] and [MA73,
p- 282] on local index theory and also by the notion of local covariance arising in algebraic Quantum
Field Theory [Rej16, IKM16, [BEVO3[]. In the usual Wick renormalisation for some massive Gaussian
free field ¢ on some Riemannian 3-manifold (M, g) with covariance P~!, one first mollifies ¢ via heat
regularisation. This yields a random smooth function ¢, G P ¢. To renormalize the square ¢2, one
subtracts to the square (¢,)%(x) of the mollified field at z, the counterterm a,(z) = e~2"F P~1(x, ) and
it is well-known that the difference (<;57,)2(-) — a,(-) will converge as random distribution when r | 0.
However, the counterterm a,(x) = e~ 2" P~!(x, x) that we subtracted is nonlocal in the metric g at
x, it depends on the global Riemannian geometry of (), g) and not on finite jets of the metric g at x.
Hence such a, is not locally covariant in the above sense. Now we observe that the diagonal value
e~ 2P p~1(g, x) has an asymptotic expansion of the form:

—

€_QTPP_1($, .T) ~

+ O).

N
(NI

Am2r

If instead of subtracting the diagonal value of e~2"P p=1 one subtracted its singular part: (¢,)%(+) —

—L _ then one would still get a random distribution at the limit when r | 0 but the covariantly
472712

renormalized Wick square : ¢? : would no longer have zero expectation. So one may wonder why is
it so important to subtract only locally covariant quantities ? The answer lies in the deep notion of
locality in quantum field theory. It is a folklore result in quantum fields on curved backgrounds that
subtracting non locally covariant counterterms is incompatible with locality in the sense of Atiyah-Segal.
Let us quote the beautiful discussion on the regularisation of tadpoles and the relation with Atiyah-Segal
gluing in [KMW?21, 1.2 p. 1852]: “In various treatments of scalar theory, tadpole diagrams were set
to zero (this corresponds to a particular renormalisation scheme — in flat space, this is tantamount to
normal ordering, ... ). However, in our framework this prescription contradicts locality in Atiyah-Segal
sense,. .. One good solution is to prescribe to the tadpole diagrams the zeta-regularized diagonal value of
the Green'’s function. We prove that assigning to a surface its zeta-regularized tadpole is compatible with
locality,. .. However there are other consistent prescriptions (for instance, the tadpole regularized via
point-splitting and subtracting the singular term, ... ). This turns out to be related to Wilson’s idea of
RG flow in the space of interaction potentials,...” We refer the interested reader to [KMW21| Section
5 p. 1885] for further details on this central topic of quantum fields on curved backgrounds. So in the
present chapter, we follow a similar strategy as in the previous example and try to subtract only locally
covariant quantities, in fact we shall see that we subtract universal quantities that do not even depend on
the metric g.
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3.5.2.2 The quadratic term

The argument used for the study of I, without regularisation, works for the study of 3¢,., with regularisation.
Since &, is regularized in space I, is here a function on [0, 7] x M. Set

def

a2 FELGR), ) = 06) - a).
To treat the regularity of 37, we will follow a similar strategy as for ¢ and try to control
E[(P)(t,2)’]

when i becomes large and uniformly in z € M. Denote by G{?(t — s) the operator with kernel

o—2r+|t—s)P 2
(Z ),

The operators GQ)(O) take values in ¥~ 1(M) and G?)(t) is of order \tP/Q in U—1Y(M1) since e~ tIP p—1
is of order [¢|Y in W—2T2Y(M). This holds uniformly in 7 € [0, 1]. By definition, and using the Wick
formula, we can compute the quantity E[P}37(t, 2)?], which is equal to

E[(P3A)(t, 2)°]

=/ GP(t1 — t2,y1, y2) Pi(x, y1) Pi(, y2)dv(y1)dv(y2)
M

< G2t — to, y1, y2)0i @™ (Jyr — TP (ly2 — TN (Eax) P22 @ — D) + 7,27 @ — D + 7)
(R3)?

S 2% /(R3)2 ly1 — vl i@ (1 — TN (ly2 — T Rix )27 @ — D + 7,272 — D) + 2),

for some integrals over (R3)2 with respect to dy;dy9, and where again * = k;(x) and Gﬁ) = KEZG@).
We used the estimate
2 _
IGP(t1 — to, 1, 29)| S |1 — 22| 72

1,0

and the changes of variables
=27 = D AT, Yo 27y — D) + T

We can now conclude since the integral
/ = w2 @? e — 2 v (lye = 7) i) 27 @ = D+ 3,27 = D) + 7)
(R?)

with respect to dy;dys is bounded uniformly in x € supp(y);) because ¢ (|y — ) is a Schwartz function
of y.

We conclude as above from Kolmogorov’s regularity theorem that 37, € C:’}Cflfﬁ(M ) for all
n > 0,e > 0, uniformly in » € (0, 1], and we further get from the r-uniform and continuity of the
different quantities as functions of r the convergence of %, in C’;lC —1=¢(M) to a limit which we denote
by 2.

In the present chapter, we choose to define the renormalisation in a locally covariant way with
respect to the Riemannian metric g. Therefore, we shall subtract from ?7% only the singular part of the
function a,(2) = E[T?(z)]. We actually prove that this singular part a, is actually some universal constant.
The function a,.(z) differs from the constant a,., but for z = (¢, x) we have

6—27’P 1
an(2) = —5—(@,7) = / e P (z,x)ds + b(x),
2r
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where b is a smooth function. The small time asymptotic of the heat kernel then tells us that e =¥ (z, ) =

(4:8) 7 + O(s_%), so that the function a,(-) — a, is indeed bounded, uniformly in r € (0, 1]. To prove
that the difference a,(-) — a, is smooth, we rely on the description of the heat kernel of [Gri04} def 2.1
Y
where A € C([0,+00)1 x R® x U). Hence a,(z) — a, = o 572 (A(/5,0,2) — A0,0,))ds

converges together with all its derivatives in x since 85 573 (A(+/s,0,2) — A(0,0,)) = (’)(57%) for all
multi-indices 5. Hence the convergent integral defining a,(x) — a, depends smoothly on z € U.

. . _3
p. 6]. In local coordinates in some open subset U, the heat kernel can be represented as s 2 A(a,

The convergence of %7, ] ?2 — a, in C’;ZC*“C(M ) to a limit which we denote by 39 follows as
a consequence. We note that as a random variable, 3 is not a homogeneous element in the chaos of
order 2 of the Gaussian noise since we did not subtract the full expectation. However it differs from a
homogeneous element by a deterministic smooth function hence 3 has moments of any order 1 < r < oo
that are equivalent to its second moment. In the sequel, we will always prove stochastic estimates for
homogeneous elements in Wiener chaoses and then justify why the locally covariant renormalisation,
subtracting only universal local quantities, still yields a stochastic object with the same analytic properties.
3.5.2.3 The cubic term

For the stochastic term %°, we do not bound the regularity by hands anymore and use the microlocal
machinery. Recall that our aim is to find the range of v € R so that

E[Q)(¥(t, ), ¥(t, )] < o0
uniformly in x € M. By application of Wick’s Theorem we have
E[Q1(¥(, ), ¥(t, )]

= / GO (s1 — 59, 21, 22)e 1P (yy 2)e 521 P (o) 20) QY (w1, 2),
(—o0,t]2x M4

for an integral with respect to dv(y1, y2, 21, z2)ds1dso, where we denote by ng?’)(tl — t2) the operator

with kernel
e~ @r+lti—t2)P 3
(P(l“, y)) .

This operator belongs to S 3(R? x M?) with
r :N*({t: s} x dy € R? x M2) uN*({t:s} C R? x MQ).

By the general theory described above, the only irreducible subgraph of the Feynman graph is the graph
itself, therefore the Feynman amplitude is well-defined on (—oo, t]? x M*\ ¥ where the singular locus
. corresponds to the generalized diagonal

1=y =21=2m=a}N{s) =8y =1t} C(—00,t]* x M*

codim,, =12 codim,,=4

which has weighted codimension 16. The sum of the weak homogeneities of the kernels in the Feynman
amplitude is given by

—3+2(=3)—6—2,

so that is finite for v < 3 by Theorem

To conclude this section, let us now discuss the general strategy for larger random fields. First, a
general object 7, lying in the p—th inhomogeneous Gaussian chaos can be expended onto the p first
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homogeneous chaoses, so that its covariance can be controlled by the covariances of the projections
and subsequently by some amplitudes indexed by Feynman graphs, denoted A,,,,, forn = p,p — 2,
etc. The next step is to localise the amplitudes in local charts using the partition of unity 1 = >, _; x;
subordinated to the cover M = U;<;U;, and to control for every ¢ € I the localised version Afm. The
amplitudes .A,,,, correspond to products of kernels, and the aim is to identify the range of ~ for which
they are well defined using item (@) of Theorem However, two difficulties occur:

1. Because it contains a divergent subgraph, the term coming from the lowest chaos, Ao or A1,
can not be directly handled using item (@) of Theorem [3.40] and rather requires the use of item (b):
this amounts to subtracting a local counterterm.

2. The terms A,,,,, coming from higher chaoses do not contain any divergent subgraph and could
therefore be defined using item (@) of Theorem [3.40, However, due to the fact that .4,,,,, contains a
subgraph including Q7 with worse weak homogeneity than the whole graph, this would deteriorate
the value of . This last case require a special treatment leveraging the precise microlocal properties
of [®], which is performed in Section [3.5.4]

3.5.3 Diagrammatic notation for higher chaoses

To handle the quartic and quintic terms, we first need to introduce more notation. From Appendix
we define a family (P,f:,7 P,i) keN,ie1 Of generalized Littlewood-Paley-Stein projectors indexed by the
frequency 2" and the chart index i € I. The localized resonant product ©;, where 1 is the chart index, is
defined in the appendix as u ®; v = Z| k—t<1 Pé(u)PZ(v). The goal of the present section is to deal with
the localized objects

b b
leq?)r@fr, ?QZ(Y)TQz"V’r—Xil, ?3:Xi|vq{0r‘2_Xir ?420‘?)1»@1‘?&—)@@?7«,

3 37
where x; € C2°(U;) is the cut—off function used to define ©;, and find for each of them the range of
exponents ~y for which our test criterion is verified.

Note that the trees are defined with the localized resonant term ; made with these projectors and
recall from Appendix[3.G|that these resonant terms are not commutative, in the sense that A®; B # B®; A.
However, we do not have to worry about the definitions of 7, and 75, since the analytic properties of P,i
and ]3]3 are similar, which entails that for every A, B, the construction of the renormalized part of B ®; A
is totally equivalent to that of A ®; B which we provide here.

Denote by [©;](z, ¥, 2) the kernel of the localized resonant operator ®; on the chart U; C M. Recall
that we write

L7 —5,2,9) = L son(s) e (z,y)

and

GOt~ 5,0,y = ({7 P ), 1<p<3,
[©d@,y,2) = > Piw,y) Pi,2), iel,
[k—)<1
Qw, =Y > 2*Pi(x,y)Pix,2), yER, z€ M.
i€l k>—1

The followings microlocal bounds on the kernels L7 GE?’ ) and [®;] are proven in [BDFT23) Theorem
1.2], which is proven in Section 7 thereof. We recall them, along with the bounds for ol proven in

Lemma 347

Lemma 3.50 (Weak homogeneities and wave fronts)
— The kernel L™ (t — s, z,y) belongs to 51?3 with wavefront set

I'=N*({t = s} xdy CR* x M?).
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— The kernel G;p)(t — s, x,y) belongs to S.* with wavefront set
I'=N*({t=s} CR*x M*) UN*({t = s} xdy C R* x M?).
— The kernel [®;](x,y, 2) belongs to 51?6 with wavefront set
I'=N*({z=y=2z}CM).
— The kernel Q3(y1,y2) belongs to 81:16_%/ with wavefront set
r, = T(;,x)(MZ)-
Beware that in the case of QY, the singular locus depends on the marked point x € M.

In this list the kernels on (R x M)? satisfy a local diagonal bound of the form

’8%7\/3,y17y2K| S (\/er ly1 — y2|)

for the corresponding scaling exponent a. We also often see the kernels £7%, Q) and GV as some time
dependent space operators X (t; — t2) whose kernels are then given by X (¢1 — 2, y1, ¥2).

We use a pictorial representation of the 7; in which the black dot e represents a resonant operator
and the noises are coloured circles. In a given graph noises of the same colour are integrated outside
all diagonals of the corresponding set of variables. In the present section, it will be convenient to first
discuss stochastic estimates for Wick ordered elements which live in homogeneous Wiener chaoses, then
explain why our locally covariant renormalisation yields stochastic elements that differ from the Wick
renormalized ones only up to higher regularity elements. The Wiener chaos decomposition of the 7; is

N R I NN P
T3 = V.VZY.V—FQW-FQ%, T4 \Tf ZW —I-G\il@—&-(i\ﬁ

where black edges stand for the kernel of L1 and stand for the kernel of AL™!. The reason
for the presence of the Laplacian operators in 73 will be made clear in Section[3.5.5.4]

We write for m € {1,2,3} 7, = Tina + T2 + Timo With 7,p,,, in the homogeneous chaos of degree
n € {0,2,4} and accordingly 74 = 745 + 743 + 741. By orthogonality

a—|a]

E[ Q1 (rnt, ), 7t 9)| = 37 B[ Q1 unt, ), runt, )]

neN

Remember that we are not interested in the 7,,, themselves but in their renormalised versions generically
WIItten Ty, = Ty — Cpn,r, With ¢y, ;- for ‘counterterm’, for which we still have the orthogonality relation

E[Q)(Fn(t, ), 7m(t, )]
= > E[Q1(Tmntt. s Tt )| + B[ QUTmplts ) = ), Gt ) = ).

n=2

where p = 0 for m € {1,2,3} and p = 1 for m = 4. Also, note that each element 7,,,, in the Wiener
chaos can be written as F,(: £%™ :) where each F, : C®°(R x M)®" — D'(R x M) is a multilinear
functional valued in distributions involving iterated integrals of the heat operator, products represented by
the trees. The following elementary well-known result tells us that we only need to bound very symmetric
Feynman diagrams to bound the preceding expectations.
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Lemma 3.51 Let F € L*(M™) be a function of n variables on some compact Riemannian manifold
(M, g), & the white noise on (M, g). Then:

2
E[(F,:§®" ) } < NEIZ 2y

Proof. We define the symmetrisation operator .S,, as

o 1
Sn(@)1, ...y xn) = o] gs: A(To(1)y -+ -3 To(n)) -

Note the important fact that S, is self-adjoint on L?(M™) hence S,, is the orthogonal projector on
symmetric L? functions. By the Ito isometry property,

E((F,: 65" 5)") =E((SuF,: €2 2)°) = ISuF 2,

hence to prove the Lemma it suffices to note that ||.S,, F'|| 2y < || F'[| L2(azny Which is obvious since Sj,
is an orthogonal projector. O

Each expectation can therefore be bounded by a quantity of the form
/ Fo@i g, - yn) Fa(@2; 91, - yn) Qi1 w2) dyda
(RxM)n+2

which can be represented by some mirror symmetric Feynman diagram. Using a purple edge for the
kernel of the operator Q. a dotted edge for L1, ablack edge for Gg}), and a for AL™!, we
have

E[Q;Z(ﬂ(t, ), T1(t, ))} S @ + @ =:Guu + Gi2,
<

. ) br br
E|Q)(Falt ), 7oty )| S €<=+ @ +E[Q((rao(t,) = Xi7) s (720t ) = Xi)|

def

= Gas + G22 + Goo,
oS by b,
E[QU(rat. ). 7ot )] S €y + € F L+ E[QUrt ) — i) (ot ) — i )|

def

= G34 + G32 + G3o,

BIQY(Ta(t, ), Ta(t. )] S € + @ FE[QU(in(t, ) — xibei) (7artt, ) — xiby)

def

= Gu5 + Ga3 + Gu1.

We will use the notation G,,,, for positive quantity represented by the mirror graph associated with 7,
and the notation A,,,, for the associated distribution on the corresponding configuration space ; we use
Theorem [3.40] to prove their convergence. We use the word ‘amplitude’ to talk about any of the Ay,,,.
The terms involving 799 and 73¢ are treated differently from the mirror graphs. Recall that the vertex set
is partitioned as V' = V' LU V4. We always denote by x4, x, etc. the space points associated with the
vertices in V', while in our setting V4 will always contain two triplets ((v], v3), v1) whose associated
space points are denoted ((y1, ¥2), Y«) and ((21, 22), 2«) for ng = 2.

Our aim is now to control all of the eleven amplitudes A,,,,, using Theorem@ It turns out that this
naive approach will only work for .45 and, after renormalisation, A9 and .A3g. All the remaining eight
amplitudes need a special care for one of their subamplitudes. This analysis is performed in the next
section. Once the problematic subamplitudes are constructed, it will then suffice to plug this knowledge
inside the recursion of the proof of Theorem [3.40] and this will yields the existence of A,,.
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3.5.4 Modification of the inductive proof

As anticipated, while Theorem [3.40] turns out to be sufficient to handle some graphs and subgraphs of the
graphs introduced in Section[3.5.3] yet most of the total amplitudes need a particular care in order to be
controlled:

1. The amplitudes of the graphs G4, Ga4, and G5 are given for (m,n) € {(1,4),(2,4),(4,5)} by

Amin =01, Y1, y2) [0 (24, 21, 22) QL (Ys, 26) GP(0, y1, 21) L7HE — S0, Y2, Ta) L7 — 5p, 22, )
G'(r[)(sa — Sp, La, xb)?

where (k, £) = (1, 3) for G14, (k, £) = (2, 2) for Go4, and (k, £) = (2, 3) for G45, and have a subgraph
with amplitude reading

CO (W, y1, Y2, 265 21, 22) = [O1 s, Y1, ¥2) [O1(2, 21, 22) QL(Ws, 26) GP(0, 1, 21)

which is less convergent (in the sense of the power counting from Theorem [3.40)) than the whole
graph: since this is a one loop subgraph, naively applying the power counting criterion from
Theorem on the deepest diagonal {y, = y1 = y2 = 2. = 21 = 29 = x} would result in a
potential loss in the regularity . The exact same phenomenon also occurs for the amplitude (3.53))
of the graph G34 whose subamplitude

C(Z)(y*, Y1,Y2,%%, 1522, Ly Ld, Sc,s Sd) g [®](%<> Y1, y2) [@](Z*, 21, 22)
X QY(Yuy 26) ALTHE — S, y1,0) ALTHE — 84, 21, 70) GP(Se — 84, Te, Td)

is also less convergent than the whole amplitude, which equally forbids the use of a naive power
counting argument.
2. The amplitudes of the graphs Goo and Gy3 are given for (m,n) € {(2,2), (4, 3)} by

A =[O, y1, y2) [0 (24, 21, 22) QL(Ys, 26) GPO, y1, 20)L7HE — 84, Y2, Ta) L7HE — sp, 22, 7p)
ngl)(t — Sa, Y1, xa) Gg-l)(t — Sp, Y2, .’Eb) G;Z)(Sa — Spy La, xb)?

where ¢ = 1 for Gy and ¢ = 2 for G43, and have a subgraph with amplitude C' which is less
convergent than the whole graph (marginally for G43). Again the same phenomenon occurs for
the amplitude (3.36) of the graph Gs, that has a subamplitude C(V defined as C?) above with G2
replaced with GV which is less convergent than the whole amplitude.

3. The amplitude of the graph G4;, which is given by

A41 :Q;(y*y Z*) B(y*a Y1,Y2, Lq, 8(1) B(Z*a 21,22, L, Sb)G,(,,l)(Sa — Sby La, .fL'b) ) (348)

where

B, Y15 Y2, Tas 5a) = [O1Yss Y1, Y2)G P — 80591, Ta) L7 = 50,91, Ta) — brda, ,  (3.49)

requires a renormalisation to define the subamplitudes

B(y*a Y1,Y2, La, Sa) and B(Z*) 21522, L, Sb)'

Fortunately, for the items (@) and (b), the presence of the kernel [®] does prevent this loss in the
value of y from occurring, due to a subtle mechanism which is not taken into account by the recursion of
Theorem Indeed, while the kernel [®](ys, y1, y2) is divergent on the deep diagonal {y. = y1 = y2},
it is smooth as long as one of the three points is distinct from the two others and applying any smoothing
operator at one of its input variables, indexed by (y1, 2), makes the whole kernel smooth. In particular,
provided the kernel [©] is tested against a smooth kernel in one of its two input variables (y1, y2), then
it is smooth in the two remaining variables — see Lemma [3.52] In terms of multilinear operators, this
translates the important fact that
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forevery f € D'(M)and g € C®°(M), f ©® g € C>°(M).

To take both this effect and the renormalisation of the divergent subamplitudes of .44; into account, we
introduce in this section a minor modification of the induction in the proof of Theorem [3.40 More
precisely, the strategy is to first construct the subamplitudes by hand, and then to inject our knowledge
of the subamplitudes into the induction yielding Theorem [3.40] Indeed, if an amplitude .A contains the
subamplitude B, C*® or C™®, then we will add the estimates on the subamplitude to the hypothesis of
Theorem [3.40] when applying it to A, which will yield control over A avoiding the issue which would
naively be caused by the subamplitude.

3.5.4.1 The smoothing effect from the kernel of the resonant product

This section is devoted to items (2) and (b) above, that is to say with the construction of the subamplitudes
C® and C™ for k € {1,2}. Note that by a naive application of Theorem it would be possible to
construct these subamplitudes for every v < —k /2. However, to avoid losing some regularity, the aim is
to actually construct them for any v € R. This is possible thanks to the lemma below, which expresses
the smoothing property of the kernel [©]. Informally, in the sequel, we denote the smoothing effect
described in the following lemma as shielding effect.

Lemma 3.52 Fix a chart label i € I, and define a collection of scaling fields (0; +)zen as follows: for
x € U, the scaling field o; ;. is such that ki(e Wie 2y = e Hki(2) — Ki(x)) + Ki(x), while if x ¢ U;
we choose for p; , any scaling field with respect to x € M \ U;. Also fix =; € C°(M?3) such that
Zi(Yx, Y1, y2) has support in ys contained in the open chart U;.

Then, the following holds: for any x € M, ¢ € D(M), and any scaling vector field o; , scaling with
respect to x chosen as above, the partial integration

Ii(ys,y) = 6’_6u/ (e [O1) (W, Y1, Y2)L(W2) Zi(Yss Y1, y2)du(y2)
M

is an element of C*°(M?) bounded uniformly in v € [0, 400) and x € M.

Proof. Recall that in the chart ¢ € I, we have

o343l i) Vi(Ys)

Tradio (o 2k — Yx 2l — Yx o2 i ® Xi ) )
’gz‘(yl)‘gz’(yQ)w( ‘yl Y ’)w( ’yQ Y D’iz* (X QX )(yl y2)

(@ y1,92) = Y

k—1|<1

where |g;| ¢ Vaa(rixg), and that the family
6_6“(6_“9"v”*[®¢]) , u€[0,+), z €M,

is bounded in va*(d?,)(M 3). We first assume without loss of generality that = € U; then we choose a
very specific scaling vector field adapted to our chart structure as

e~ e (g, y1,y2) = (e ys — ) + 2, e Yy — 1) + 1,6 Wya — T) + 1),

so the scaling is linear in the chart x; : U; — R3. Here and throughout the proof, with a slight abuse of
notation, for any a € M we also use the notation a to denote «;(a). With the same above of notation, we
identify I, with its localisation on U;, which thus reads

L = 3 B0 [ e -0+ o)l - 2+ o)
k1] <1 R?
(25 yr — g ) (2le |y2 — )
|gil(e™"(y1 — ys) + y)lgil(e (Y2 — ys) + ys)
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x K22 (xi @ Xi)e "(y1 — x) + 2, e “(ya — ) + )p(Y2)Zi (Y, Y1, Y2)dya

Our goal is to prove that the above function I’ is smooth in the variables (y., 1) uniformly in the
scale parameter v > 0 and in z € R3. At this point in our proof, it is crucial that the scaling by 0i ¢ 15 the
same scaling as the one used to define the Littlewood-Paley blocks. We consider the series with k = [ in
I, other series are treated similarly, which reads

o0
D 26Fembup (2R ey — yul)ih(2Fe T y2 — pal) € S'R® x R® x RY),
k=0

and write e~* = 27¢. The above family rewrites
oo o0
D 0 25E0p 2y — (25 g — wal) = D 2% (2F 1 — ) (2F w2 — wal)
k=0 k=—¢

the summation getting shifted. Moreover, introduce the family of smooth functions

Fy oy, y1, y2)

defined by the formula

V2 Ny — 1) + )2y — x) + DDA @ X) (271 — o) + 2,27y — @) + 2)p(y2)Zi (W, Y1, Y2)
19:l2~ (Y1 — y+) + ¥ gil 2 (2 — y) + y) '

They are bounded in C'*° as functions of the variables y., y1, y2 uniformly in ¢, z, and have compact
support in the variable ¥ in some compact i € R3. By Plancherel’s theorem applied to the variable 1,
we have

(o]
> 2% Ag¢(2k|yl — ye )2 y2 — vul) Fra(e, y1, y2)dyo
k=—/¢

o
= > 2% /R @My — )27 ) Fy Foa e, 1, £2)d62,
k=—/¢

where we recall that 77 denotes the Fourier transform of ¢ o | « |. Using the fact that F ; is smooth, which

entails the bound 9y, Fy, Fo (Y, y1,&2) = O({&)72N), we obtain

D 2k /R €2y — )27 ) Fy Frays, y1, E2)d62 ) 207V /R (@) Nag,
k=1 ’ k=1

which choosing IV large enough is absolutely convergent. Uniform in = € R? bounds on the derivatives
can be obtained in a similar fashion. Regarding the sum over k negative we have

0
> 2% /R (2 gy — (27 ) Fy Fra(y, y1, €246
k=—¢

N
M~

25 [ e Ve <1

=
Il

0

uniformly in ¢ > 0. Indeed Zﬁ:o 273kn(2FEy) < Zi:o n(2%€2) < 1 by definition the Littlewood-
Paley blocks. This concludes the proof of the claim. O
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Remark 3.53 We note that this shielding phenomenon is second microlocal in nature and cannot be cap-
tured by classical (“conical”) wave front set analysis. In fact, it can be only captured semiclassically. Let
us just explain things in the flat case. Indeed, the wave front set of both [®](y, y1, y2) and dy, (y1)dy, (y2)
are contained in the conormal of the deepest diagonal

{yi =v2 = yssm +m2 + 1 =0}

but we see that the Fourier support of [®] is smaller than the hyperplane {n; + 72 + n. = 0}, it
is contained in the subset {n; + n2 + 7« = 0,|m| =~ |n2|} which is not a closed conical subset (
{m +n2 +n.=0,nm1 # 0,m2 # 0} is not a closed conical subset) and is responsible for the shielding.
The purpose of the above lemma is therefore to capture such phenomenon on manifolds using local charts.

With the above shielding lemma in hand we are ready to construct the subamplitudes C*) and C%.
Note that since these amplitudes contain Q7, we aim to construct them both on dg \ d ; and dg ;,, where
it has a different weak homogeneity.

Lemma 3.54 Fix k € {1,2}. For any ~y € R, the distribution C® is well-defined on M5. More precisely,
we have

ek ¢ §—18-k=2y( /6. Uso) ﬂS;m*k

uniformly in x € Uy,, where

I =N*"dg) UN{ys =y1 = y2} UN {2, = 21 = 2} UN™{y1 = 21}
UNye=y1=yo =21} UN{zs. =21 =20 =11 }.

Moreover, a similar statement holds for C~(k), which is wgll-deﬁned as a distribution on R% x M8 and
belongs to S8 F=2V(R? x M8;U,,) N Sf_u_k where I is a union of conormals defined accordingly.

Remark 3.55 With this lemma in hand, we will be able to inject our knowledge on C**) and C™® inside the
recurrence of the proof of Theorem [3.40, when applied to an amplitude A containing these subamplitudes.
Since they exist for every v € R, they will therefore not contributes to the upper bound on -y, which will
actually come from the scaling of the whole amplitude A itself as desired.

Proof. We prove the statement for C'®), the proof for c® being a straightforward modification ((3:54)
shows that AL ™! actually scales like a Dirac, so that its presence does not affect the argument). Recall
that this subamplitude reads

CO W, Y1, Y2, 205 21, 22) = [O1Ws, 1, Y2)[O1 25, 21, 22) QL (WY, 2)GP(0, 41, 21) -

We first claim that C**) is well-defined as a distribution on M for all v € R (and not just vy < —1/2).
Indeed, when testing it against some o € D(M®), one can first perform the partial integration

/ [O1Ws, Y1, Y2)0(Ws, Y1, Y2, 2%, 21, 22)dv(Y2) -
M

An application of Lemma shows that this expression is a smooth function on M9, and testing it
against [©](2«, 21, 22) Qa-(Yx, z*)Gg})(O, Y1, 21) proves the claim.
Regarding the scaling on I, observe that

/ e 0 (e [@i1) (Y, Y1, Y2)P(Ws, Y1, Y2, 24, 21, 22)d0(Y2)
M
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X 6_(6+k)ue_ugi* ([@Z](z*a 21, 22) Qg(y*a Z*) ngk)(oa Y1, Zl))

is bounded since [®](zx, 21, 22) Q2 (Ys, z*)Gﬁ,k)((), Y1, 21) 18 a tree and the underbraced term is bounded
by Lemma Note that we used the fact that Q; is weakly homogeneous of degree 0, which is proven
in Lemma(3.42] It follows that

e~ (12HRu o —uoix ([Qi](y*, Y1, YOl (24, 21, 22) QL (Wi, 2)G (0, 1, 21))

is bounded in Dj.(M 6). Then, by Proposition the same holds with any scaling field g with respect
to dg, which concludes after summation over i € [ that C*) e Sp 12k,

It remains to scale on the deep marked diagonal dg ... This directly stems from Theorem@ and
from an easy modification of the above discussion, since the only propagator whose scaling degree
changes when we scale with respect to dg or dg ; is O3, as discussed in Lemma Here we need to
rely on Proposition [3.39 which allows to keep the same scaling degrees for the new scaling field . O

3.5.4.2 Renormalising the divergent subamplitude
This section is devoted to the construction of the subamplitude 53, which is performed in the following

Lemma.

Lemma 3.56 For any v < 0, the distribution B is well-defined on M* x R. More precisely, we have
BesSt,
where I is equal to

N*({sa =t}) UN"({sa =t, 91 = 2a}) UN"({8a = t, 92 = 2o }) UN" ({4 = 11 = y2})
UN*<{8a =191 = yo :wa}) UN*({Sa =ty =y :yz}) UN*({Sa =ty =y =1 ::ra})-

Remark 3.57 Again, with this lemma in hand, we will be able to inject our knowledge on B inside the
recurrence of the proof of Theorem[3.40, when applied to an amplitude .A4; which contains two copies of
this subamplitude.

Proof. Recall the definition (3.49) of B and note that in (3.49), dq, is the unique distribution on M* x R
supported on dy = {s, = t, 5« = y1 = y2 = 7, } and such that for all o € C°(M* x R), one has

def

<6d4a(10>R><M4 :/M4 R5d4(y*7ylay27xa7t7Sa)gp(y*vy17y27$a7t78a)de4><R
X

= / So(y*a Yses Yxy Yxes t, t)de(y)v
y*EM

where both dv, 4, g and dvy are the natural volume forms on the respective Riemannian manifolds,
so that dq, only depends on the choice of Riemannian volume form on M. We denote by B the
unrenormalized amplitude of B which reads

B(y*7 Y1,Y2, Lq, Sa) déf [®](y*7 Y1, yQ)GE«Q)(t — Sa, Y1, xa)éil(t — Sa, Y1, .’Ea) 9

and Veriﬁes B=B- b-da,. Moreover, to simplify the notation, we write y,, rather than z,, and therefore
focus on B(ys, Y1, Y2, Ya, Sq)- Finally, throughout the proof, given y, € M we use the short-hand notation
z = (y*vy*ay*7y>k7t) € M4 X R

The definition of B is a consequence of item (b) in Theorem and of the discussion performed
in Section|3.5.5.3| Indeed, naively, we know that 3 belongs to Sj- Bt x R? \ dy). But the weighted
codimension of dy also equals 11, so we are in case (b) of Theorem [3.19|and our extension requires
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a renormalisation as in Hadamard’s finite parts. We thus aim to show that one can renormalize B by
subtracting some explicit distributional counterterm x;c, proportional to dq,. A priori ¢, = ¢, (y«,t) is a
function on M x R, but we also want to show that one can actually take ¢, constant equal to b,..

The first step in our proof is to implement in real conditions the abstract extension Theorem [3.19 with
counterterms, also controlling the wave front of the extension. The second step is to explicitly compute
the abstract counterterm ¢, whose existence is given by Theorem [3.19]in terms of trace densities of some
operators, this computation is similar to the one which is done for the quartic term 75 in section[3.5.5.3]

Let us now study the renormalisation problem for g(y*, Y1, Y2, Ya, Sq) locally in U, i4 xR fori € I, since

the diagonal d4y = {y. = - - - = y,, So = t} can be covered by such sets, so that we can recover the global
extension just from working with the local extensions. Fix x; : M* — Rxq with support in UZ-4, identically
equal to 1 in a neighbourhood of {y. = - -+ = x,} N U#. Here and from now on, abusing notation, use

the same notation to denote both elements of U; and their coordinates. As in the extension Theorem [3.19]
we use the parabolic scaling defined by the scaling field o = 2(t — s)0s + > je{1,2, a}(yj — Yx) - Oy,

whose semiflow (e_tg)@() leaves Ui4 stable. Then we have the continuous partition of unity formula

Xi = fooo e%@* 1y, du, where we set w; = —oxi € C“(Uf) which vanishes near {y, = -+ = z,} N UZ-4.

Moreover, we denote for k£ € N> by

k
dens(y1, - -, ye) = [ 1/,
j=1

the density of the Riemannian volume on Uik endowed with the product metric with respect to the
Lebesgue measure H§:1 dy;. N
Fix a test function ¢ € C°(U} x R). We decompose the pairing of B with ¢ as

(B, o) =(Ba—xi.¢)

oot .
+ / / / (wz-e’“"*Be’“g*(Hz(wdenm)))(y*,y1,y2,ya,sa)e’““ [T dy;dsadu
0 —o0 Uf

JE{*’172’CL}

oot "
+ / / / B Wi (Y Y1, Y2, Ya, Sa)(pdensa)(z) IT  dy;dsadu,
0 —oo JU;

]6{*717270‘}

where we used the notation II,(densy) o (pdensy — (pdensy)(2) to denote the recentering at the point
2 = (Y, Y, Yx» Y, 1), and the factor e 1'% comes from the Jacobian of the semi-flow generated by o.
Moreover, observe that U B = Opr(e'™) and that II,(pdensy) vanishes on dyq N (Ui4 x R), which
implies that

e “* (I (¢densy)) = O(e™™).

The integral over u in the second term of the r.h.s. is therefore absolutely convergent (in fact there is
a subtlety related to compactness, but it is immediate to check that the product ;e ~*¢*(I1,(densy))
forms a bounded family of test functions). We have thus proved that the first two terms of the r.h.s. have
well-defined limits as r | 0. It remains to identify the counterterm as the divergent part of the third term,
which we denote by ©(-). Note that all the quantities f = f(r) that we compute and which depend on the
cut-off 7 are contained in some algebra O~ of functions of the cut-off » which are smooth functions of
r € (0, 1] and have log-polyhomogeneous expansions as 7 | 0, f(r) = ar~ Y2 + blogr— + ¢ + o(1)
where (a, b, ¢) € R3. We define the divergent part of any element f € O as D(f) £ ar~ /2 +blogr 1.
With this definition in hand, the divergent part of the third term verifies

o] t _
UQ*, . '
ZD(/O /_oo /U?(Be W)Y, Y1, Y2, Ya, Sa)(densy)(2) H dy; dsadu>

JE{*’1727a}
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t ~
= / 9( / / 3(BX¢)(y*,yl,yz,ya,sa)den83(y*,y*,y*) || dy; dsa)s&(Z)dv(y*)
U; —oo J U

j€{1,2,a}
- <c7"5d4a ()D> )

which implies by definition of dq, that the counterterm reads

t ~
) =9( [ [ B sodensipen T dds) G50

je{1,2,a}

t
:@(/ /S(sz')(y*,yljyz,ya,sa)dens;),(yl,yz,ya) H dy; dsa>,

j€{1,2,a}

To go from the first to the second line of this last equality, again we used the fact that

dens3(y1, Y2, Ya) — densz(Ys, Ys, Ysx)

vanishes on {y. = --- = y,}, so that it does not contribute to the singular part of the above integral,
which gives us the freedom to change the evaluation point of the volume elements. The reader might also
wonder why we could interchange the extraction of singular parts with the integration: this is due to the
fact that the integrand admits an asymptotic expansion. To conclude about the expression of ¢, (yx, t),
since in (3.50) we reconstructed the volume form Hje{l,z,a} dv(y;) = dens3(y1, Y2, Ya) Hje{l,z,a} dy;,

it remains to plug the expression of B, and we obtain

t ~.
et =2( [ 3 Piwn)oTie (6P -0 ) 0o Py ds)
T k—g<1

where the P,i, 155 are the Littlewood-Paley-Stein projectors, the functions x; € C2°(U;) are arbitrary
test functions such that x; = 1 near y, and where we used the explicit definition of [®;] in terms of the
Littlewood-Paley-Stein projectors. This is indeed the desired expression (3.51)), since this last term is
precisely a trace density whose singular part matches the divergent part of 79 up to a combinatorial factor
(see Section[3.5.5.3). In particular, ¢, can ultimately be chosen independent of y., ¢, and factors out of
the pairing.

It remains to prove why the renormalized amplitude

def >

BO = hﬁ)l (Br - Cr(y*a t)6d4)

has the correct wave front set in I". To do so, it suffices to prove the property for By; R where R is
the Taylor subtraction operator from Proposition [3.14] This follows from the proof of Theorem 3.19]
where one replaces the wave front bound on [e~"¢] by the identical wave front bound on [e™“¢ R] which
coincide by Proposition [3.14]

O

3.5.5 Completing the diagrammatic estimates

3.5.5.1 Bounds for 7

The amplitude G14 = v contains the subgraph with subamplitude C", and thus needs the special

treatment performed in Section [3.5.4] (see Lemma [3.54), using the smoothing effect of the kernel of
®. To complete the argument, we verify the scalings of all the other subgraphs. 414 has four closed,
irreducible, connected subgraphs, for each of which we need to compute the weak homogeneity. We do
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the computation for G4 itself and let the reader deal with its three subgraphs. The amplitude 414 of G14
is

(i1, Y1, y2) [Oi)(z, 21, 22) QU 2:) G120, 1, 21)
X é_l(t — Sa, Y2, xa)é_l(t — Sp, 22, xb) Ggg)(stl — Sby, La, xb)'
By summing the weak homogeneity of all analytical objects appearing in the amplitude 414, the kernels
[@:], GV, £~ GP | 9F, we get for any v < 0
Z weak homogeneities = 2(—6) + (—1) + 2(—3) — 3 — 6 — 2y = —28 — 2y
> —codim,({sq = sp =t,ys =+ =xp =x}) = -4 — 24 = —28,
which is sharp. One get the same condition on v when checking the condition on the subgraphs of G4 so

Theorem [3.40] entails that the contribution of G4 is finite for all y < 0.

The verification for the graph G5 = & is similar. We have

A2 =[0ilWe, Y1, Y@l (24, 21, 22) QLY 2:) Gt — 84, y1, 2a)GI(E — 8p, 21, T)LTHE — 50, Y2, T4)
x L7t — sy, 29, )G P (54 — 51, Ta, 1) -

For instance the subamplitude [®;](y«, Y1, yg)Gg})(t — Sa, Y1, 2Lt — sq, 21, T,) associated with a
triangle attached to a e is weakly homogeneous of degree

—6—-3—1=—-10> —codimy,({sq =t,y« =y1 = 21 = x4}) = =2+ 3(=3) = —11.

It yields the same range of Sobolev regularity v < 0. We invite the reader to check all the subgraphs by
themselves. In the locally covariant renormalisation picture, the random distribution 77 will differ from
the Wick renormalized one by a quantity of the form

f((éil(f) ©4 T) +f ( /[Qz](y*v Y1, y2)£71(t — Say Y2, xa)Gg)(t — Sas Y1, Ta)dsadu(y1, dya, dl‘a))

. . . _ 3_
where f is some deterministic smooth function. The resonant product between (é 1T) €C275,¥e>0
1
and { € C27°, Ve > 0 is well-defined in C'¢, Ve > 0. The second term, which rewrites as

f < ZW*ZKI ffoo <P,§ o0 e t=9P o Gt — g) o ﬁg) (Y Ys) ds) is a well-defined smooth function
that we can control by the following argument. The operator £L™! € ¥.! and GV € ¥;? where
the heat calculus Wg and parabolic calculus Up are defined in [BDET23[]. Then the composition
(ffoo L7t —s)o GVt — s)ds) belongs to \11133, hence it belongs to ¥ ~4(M) uniformly in ¢ and is
trace class on M. The series of pseudodifferential operators

t
S [ (Rie e a6 50 B )y ds =
oo

[k—el<1™

Z /t {(sz: . f)gz 0 e~ =9P o G(D(t _ S)) + (Pﬁ o [e—(t—s)P o G(l)(t —3), ﬁg]) }(y*’ Ys)

[k—el<1™

will also converge in U —4(M) since the series Z| k—t]<1 P,ioﬁ} converges in \11871(M ) and the commutator
[e- =P oGW(t—ys), IBZ] is bounded in U 2(M) uniformly in (¢, ¢) since the sequence (]Bj)gﬂ- is bounded
in WO(M). Therefore the second series involving the commutator term converges in W ~>(M). We use for
that purpose a commutator identity that says that for every pseudodifferential operator A € W (M), the
series

3 (p,;’Aﬁg ~ Ap,gﬁg)
|k—f)<1
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converges as a pseudodifferential operator of order m — 1 that we prove in our companion work. Finally
this implies that the term

/ [©i(%4, 21, 22) LT ((t, 22), (5, 4)) GV ((t, 71), (5, 2,4))dsdzydrada,

is a well-defined smooth function.

3.5.5.2 Elementary bounds for 7

Again, Asy and Ay need the special treatment from Section [3.5.4] since they respectively have the
subamplitudes C® and C: Lemma states that these subamplitudes are indeed well-defined for
every v € R.

To complete the argument, we check for the reader’s convenience the weak homogeneities of the

amplitudes of all the other subgraphs. The amplitude A4 of Goy = -\<E>/~ is

(@il W, Y1, Y2) [Oil(24, 21, 22) QL (Ys, 2:) G20, 91, 21)
X éil(t — Sa, Y2, xa)éil(t — Sp, 22, xb) G;Z)(Sa — Spy La, xb)'

Here again this graph has four closed, irreducible, connected subgraphs and we calculate the weak
homogeneity of Ay itself by summing the weak homogeneity of all analytical objects, the kernels
GQ), [®;], L7, Q7, appearing in the amplitude

>~ weak homogeneities = 2(—2) + 2(—6) + 2(~3) — 6 — 2y = —28 — 2y
> —codimy,({sg = sp =t,ys =~ =ap}) = —4 — 24 = —28,
hence v < 0. Repeating this verification for all subgraphs yields the result that G4 < oo for all v < 0.

The verification for the graph Goo = & s of amplitude

Asz =[O W, Y1, Y2)[Oil(2s, 21, 22) QL (W, )GVt — 50,91, 2) GVt — 53, 21, )
X LNt — 84,Y2, Ta) LTIt — 81, 22, 1) GV (54 — 4, Za, )

is similar, for instance the subamplitude

[©i1Yss Y1, Y2) G — 50,91, 74)

is weakly homogeneous of degree —6 — 1 = —7 > codimy,({sq = t, ¥« = y1 = Y2 = Ta}) =
—2 — 9 = —11 and yields the same range of regularity exponent. In a similar way as what we did for
71, the locally covariant renormalized 7, will differ from the Wick renormalized 75 by homogeneous
terms in Wiener chaoses of order 2 and 0 which have the form PfY) + P’ + f3 where P, P> are
smoothing operators and fs is a smooth function. We used the fact that both Y and 3¢ differ from their
Wick renormalized version by a smooth function and also that for any smooth function f € C°°(M), the
multiplication operator by the localized resonant product u € D'(M) — f @; u € C°°(M) is smoothing.

3.5.5.3 The divergent part of 7

Recall that we denote by [©;] the kernel of ©;. An immediate calculation yields for z = (¢, y«)
t
ma0(2) = Elmy(2)] = 2 / / O 1,20 £ S0, 20) G2 = 0,1, 20)0001, 2, 2005
—oo J M

t ~.
=2 Z / Pi(yy,*) 0 GP(s — t) o e =9 o Pi(e y,)ds, (3.51)
[k—e]<1” —°
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with the shorthand notation dv(yz, y2, x4) o dv(y1)dv(y2)dv(x,) for the Riemannian volume form on
M3, with dv the corresponding volume form on M.
§1. Preliminary analysis. Recall that

G§2)(t — 8,1,y = ({e—(lt—s\+2¢)pp_1}(m’ y)>2 .

We reformulate the integral

t
/ G(TQ)(t —s)oe =9 gg (3.52)

—0o0

as the composition of two operators in the parabolic calculus (¥3).cr defined in [BDEFT23, Defini-
tion 6.1]. This calculus extends the heat calculus (V¢)qcr as defined in Grieser’s note [Gri04] in

_3
order to include the kernels G\, p € {1,2,3} needed to define 3 amplitudes. Since G € ¥ p’
uniformly in 7 > 0 and e *" € \Ifﬁl, we prove in [BDFT23| Theorem 8.1] that the composition

fioo G?(s,t) 0 e~=9P ds defines an element in \I/;%ﬂ for any v > 0, uniformly in » > 0. Hence it is
a pseudodifferential operator depending continuously on ¢ of order —3 + 2, by [BDET23| Proposition
6.14] that allows to view parabolic operators as parameter dependent pseudodifferential. It follows that
the t-indexed family of operators (3.52) is bounded in ¥ ~3+27()/) and fails to be trace class when the
regularisation parameter r tends to 0. Our goal in the sequel of this section is to extract the singular part
of this operator.

First we need to disentangle this operator in (3.51)) from the Littlewood-Paley-Stein projectors P,i, lgg
We use for that purpose a commutator identity that says that for every pseudodifferential operator
A € U™(M), the series

3 (p,gAﬁg - Ap,gﬁg)
|k—¢|<1

converges as a pseudodifferential operator of order m — 1. The operator

> (PGP - 9e TP - G2t — 9y PLF ) (3.53)
lk—e|<1

is in particular in ¥~42Y(M) uniformly in r € [0, 1], for any 0 < v < 1/2, so it is trace class.
Denote by 4, is the unique distribution depending on the Riemannian volume form dv(y) such that

/ by, () f(2)dv(2) = f(ys),
M

for all bounded measurable functions f. With this notation one has
t -
T0(2) = 2 / > (Pi3,.), G2t — eI Fi(,.) )ds
T k—g|<1

and we see from the preceding regularity result for the commutator (3.53) that the singular part D72(z)
of T0(2) coincides with the singular part of

<({ /_t Gg)(t — s)e_(t_S)Pds}éy*) ©; Oy, , 1> )

Given that the localized paraproduct of any two distributions is always well-defined, and that (cf Ap-

pendix 3.G)

Xi(u) =u®;v+u<;v+u>;v,
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this localized singular part coincides with the singular part of

ww{ [ t

o0

Gt — 9 I ds by, ).

§2. Explicit computation of the divergent part. We proceed in two steps by localising first in space and
time and then by using the heat kernel asymptotic.

§2.1. Space and time localisation. Fix z = (t,y.). We start by localising in space near y,. Let x
stand for a smooth indicator function of a neighbourhood U,, of y, in M — without loss of generality the
domain of a chart. Since the quantity

t
/ /M GOt — )y (1 — x(ye Iy, y))du(y)ds

has a well-defined limit when r | 0, we concentrate on

def

t
(x) = / /U Gt — )y, e (y, y)x(@)du(y)ds

o0
= / ( / / e Py, e 52 (g, y)e P (y*,y)x(y)dv(y)d51d52> da.
0 [a+2r,00)2 J Uy,

§2.2. Use the heat kernel asymptotics. We have near y.

1 e =Yg Ye — Y Y — Y
—sP % = — e 4s - —l— R * * = KO « _|_ R( % ;)
e (Yx, y) (4m)%6 e (5, Y, NG ) (5, Y, Y) 5 Y0 =7

for a remainder term R € \Il;IQ(M ) in the heat calculus as defined in [Gri04], that is R(s, yx, yi;y) has

S
the same estimates as s times the heat kernel itself. It follows from that fact that replacing any of the heat

kernels e 51¥ e=52F ¢~ by a remainder term R gives a contribution to () that remains uniformly
bounded for r € [0, 1]. We can therefore keep in our computations only the leading term of the heat
expansion. Integrating first with respect to y the stationary phase in U,,, gives the asymptotics

KO(Sla Yxs y)KO(327 Y y)X(y)KO(av Yxs y) dv(y)
Uy*

e—(s1+52+a)(47.[.)7%

lys—yl20,,) _ _
_ / e—%(%lﬂzlﬂ 1)X(y)\/@dy
U,

3
(.5’1.5’2a)5 Yx
B e—(51+82+a)x(y*)\/@(47r)_3
R 3 3
(Sl 1 + S5 1 —+ a_1)2(3182a)2 \/detHeSS(| . _y*|§(y*))(y*)

- O((S”?a)_%(%_l +s50 + a—l)‘g)

—(s1+s2+a) (g )3
— ¢ ( ? =+ O((slsga)_%(sl_l + 32_1 + a_l)_%) )
(57" 453 +aDH2(s1500)2

with an error term O((s1 32(1)_%(31_1 + 55 Ly ail)_g) bounded uniformly in the y, variable. Note that

to go from the second to the last line we used x(y.) = 1, along with the fact that the determinant of the
Hessian equals the determinant of g evaluated at y,.

Here, note that the divergence of the integral in a only takes place when a | 0, so that in order to
seek the divergent part, one can restrict the integration over a to [0, 1]. Moreover, the exponential decay
e~ (515249 wi]] not help, so that we can discard it when computing the divergent part. In the end, we are
therefore left with computing the singular part of
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1 /1 / dsidseda 1 /1 da / dadp
A4y Jo Jiararcop (s2a + s1a + 8182)% (4m)3 Jo a+2r Jjoop (a+B+aB— 2(2(_?‘_7&?)%

4m)* o2 (o + B+ aB)?
1 logr
=73 X 3902 TOW:

On the first line, we did the two changes of variables s; = a(a + 27) and so = [(a + 2r), while on
the second line the integral over «, 8 can be computed explicitly. This finally tells us that the diverging
part of 7o is exactly given by Xz‘% for every ¢ € I. To conclude, note that what is left of 7 after the
subtraction of the divergent part defines a smooth function of y,.

3.5.5.4 Boundson T3

We first briefly discuss the counterterm for 73 and we will do the stochastic estimates in a second step.
Note that for any test function ¢ we have from an integration by parts

/M xi| VY 2o = — /M (A(Y)r)(Y)r Xip — /M (VY Vi) Y.

The singular part of ]VOYOT|2 as a random distribution is thus the same as the singular part of (AQ{OJQ{OT.
The latter is also the singular part of

E[(Py,)] = / tr2 (Pe 0P 0 GP(s; — 52) 0 e~ ¢72F)ds1dsy
(—00,t]2
= / try2 (Pe_(t_sl)P o Gg)(sl — 89)0 6_(t_82)P)d81d82
(—00,t]?
— / try2 (G§?>(31 — 89)0 Pe‘Qt_sl_sQ)P) dsidss
(—o0,t)?
so changing variables for s) =t — s1 and s, = s — s gives

/ / d ! !
/ tryz (G§,2>(s’2) o Pe*@%“z”’) ds}dsh = / try» <G§?>(s’2) o ,e<281+82>P> dsds
(—o0,t]? (—00,t]? 51

t
:/ try2 (e_SZPoGS"Q)(S’Q)>ds’2,

— 00

where we use time permutation symmetry of G'? and cyclicity of the L-trace. This quantity is equal to
the divergent part of 7o9. We next discuss the regularity of 73. First, we need to isolate the resonant part
in the scalar product. Since we work in the manifold setting, note that we need to define carefully the
resonant scalar product of two vector fields in C°°(T'M). For s1, s9 € C*°(T'M )2, using the notations
and conventions of the Appendix B.G| we define (s1 ©; s2) as:

(51 @ 59)par = Kb ((Kix g™ Kistbi (Rin(Xi51)p © Kin(Xis2)0))

where k;, ¥, Xi, X; come from our definition of resonant product, (k;+g) is the metric g induced by the
charts k; : U; — k;(U;) C R Similarly we have

(s1 =i 59) s = K5 (i g™ Kistbi (Kin(Xi51p < Kin(Xi52)0))
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and we recover the usual decomposition

(s1,82)70 = Z (81 @i s2)ppr + (81 =i 82) s + (81 =i S2)7s
(2
for the scalar product on sections of T'M. We need to prove that such resonant scalar product satisfies
some approximate integration by parts identity and we are careful since the Laplacian is no longer
translation invariant. For every Y € C°°(M) a calculation relying on the definitions of both resonant
product and resonant scalar product:

(VY ;i VY )y =xi 1Y)+ (PY) 02 Y +Y ©; AY

where 1 is a smooth function, P is a differential operator of order 1 on M with smooth coefficients,
®1, ©®2 are localized resonant type products which might differ from the original ®; in the choice of
smooth cut—off functions involved in the definition but have the exact same analytical properties from
Proposition [3.61] and the last term involves the localized resonant product of Y with AY". From the
point of view of regularities, for Y = ¥, € C1=2¢([0, T x M), x1(¥r ©1 Y) € CpC2~*(M) and
(P(Y)r) ®9 Q{OT € OrC'~5(M) and finally we are reduced to the study of (Y)r ®; A(Y)r. This is now really
very similar to what we did for the graph 75 except there is an extra propagator AL ™! in all the Feynman
amplitudes. However microlocal estimates proven in [BDEFT23] actually show that

AL eSS

2 2
N*({t=s}xd2CR2xM2)(R x M ) (3.54)

Now we repeat the stochastic estimates on R* x M0 taking this new kernel and its weak homogeneity
into account. For instance, the amplitude controlling the homogeneous chaos of orders 2 and 4 in the
chaos decomposition of CYOT O] AOY)T now read

Ass =[0ilWs, Y1, Y2)[@il (24, 21, 22) QL(We, 2L HE — S0, Y2, )L THE — sp, 22, Tp) (3.55)
G (sy — 8y, Ta, TALTHE — Se, Y1, TIALTE — 54, 21, 2)GP (8¢ — 54, Tey 24)

Aso =[O, Y1, Y2)[@il (24, 21, 22) QL (W, 2L E — S0, Y2, )L™ H(E — sp, 22, Tp) (3.56)
GWV(sq — sp, Ta, THALTIE — S6,y1, T)ALTHE — 54, 21, 2) G P (50 — 54, Tey 24)

G V(s — 8¢, Ta, 2)G (s — 84, Th, Ta) -

These two amplitudes respectively have the subamplitudes C and C(V, which are dealt with in Sec-
tion[3.5.4](see Lemma[3.54). Here again, it remains to calculate the weak homogeneities of the amplitudes
and all the other subamplitudes, by summing the weak homogeneity of all analytical objects, the kernels
G?,[0;1, L7, ALY, Q). For Ajy, this yields

Z weak homogeneities = 2(—2) + 2(—6) + 2(—3) — 6 — 2y + 2(—5) = —38 — 2y
> —codimw({sa =S, =8 =80 =101,Ys = =Tq= x})
=-8—-30=-38,

hence we obtain v < 0. Repeating this verification for all subgraphs and for all amplitudes controlling
the term homogeneous of order 2 in the chaos decomposition yields the result that Y, ©®; AY, €
C~£([0,T] x M) almost surely.

The locally covariant renormalisation for 73 differs from the Wick one by f1 - VY + fo where fi is a
smooth vector and f> a smooth function which has higher regularity than |V(Y)|2.

3.5.5.5 The quintic term

The first two graphs respectively have the subgraphs with amplitude C® and C), which are dealt with in
Section[3.5.4] (see Lemma[3.54). To complete the argument, one extracts all the other closed, connected
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irreducible graphs and finds the range of parameter + so that they satisfy the criterion of Theorem [3.40]

For the reader’s convenience, recall that the amplitude A45 of G45 = @ is given by

[GZ](y*a Y1, 92) [61](2*5 21, 22) QZ(?/*? Z*) G'(r?)(ov Y1, Zl)
X é_l(t — Sa,Y2, ﬂfa) L_l(t — Spy, 22, ‘Tb) Gg)(sa — Sy Ta, xb)v

and the amplitude A3 of G453 = @ is

Auz =[0ilWs, Y1, Y@l (24, 21, 22) QL (Y, 2:)G(0, 41, 200GV — 50,41, )GV (& — sp, 21, 23)
X é_l(t — Sa, Y2, :L'a)é_l(t — Sp, 22, :L‘b)Gg)(Sa — Sby, La, -’Eb) .

The reader can check that the scaling degrees of the subgraphs yield the range v < —%.
It remains to handle the last contribution, which verifies

E[Q)((Ta1(t, *) — xibyTr), (a1 (t, *) — xiby 1)) = (Aar, 1),

where Ay is given by (3:48). The amplitude .Ay4; is indeed well-defined as a distribution of M?® x R? by
Theoremfor v < —1/2, taking the renormalized subamplitude B (that is constructed in Lemma|3.56)
into account in the induction over all subgraphs of Ay;.

We conclude our discussion by pointing out the difference between the locally covariant and Wick
renormalisations. The locally covariant renormalisation of qip ®; {2 differs from the Wick renormalisation
by (éil ( fT)) O ¥+ P(QTP) where f is a smooth function and P a smoothing operator and therefore

(é—l(ff)) ©; % € C%_s, Ve > 0 which is absorbed in the C_%_O regularity oqup ©; .

The results of this section justify the convergence in L?(2), hence in any LP(£2) with p < oo, of 5
to a limit random variable E in its natural space. The convergence in probability of v, € (ag, 1+ €)
to a limit v in that space follows as a consequence of the pathwise continuity of v, with respect to é;
obtained from the fixed point construction of v,.. Formula (3.6) relating v, to u, shows the convergence

in probability of u, € CTC_1/2_€(M) to a limit « in that space.

3.6 Invariant measure

We prove in Section [3.6.1] that the dynamics generated by equation (3.I)) is Markovian and that its
semigroup has the Feller property. The existence of an invariant measure is obtained from a compactness
argument building on the L coming down from infinity property of Theorem[3.7, We prove in Section
[3.6.2) that the invariant probability measure is non-Gaussian.

3.6.1 A Markovian dynamics

Denote by F; the usual augmentation of the o-algebra generated by the random variables £(f), for
functions f € L?(R x M) that are null on [¢, 00) x M. Since &, is white in time the dynamics

@ + Pyur = —u? + 3(ar — b)u, + V2§,

generates an (F¢)t>0-Markov process. For looking at the restriction to a finite time interval [0, 1] of
this process it is convenient to extend functions on [0, 7'] into functions on [0, 4+-c0) that are constant on
[T, +00). For t € Rand any (s,z) € R x M set

(s, ) o (s —t,x).
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Denote by 0, : 2 — €2, s > 0 a family of measurable shifts on ({2, F) such that one has
(€obs, )= (& fory)
for all s and all L? test functions f. The Markov property for
up QU x [0,T] x C7V25() — C=V2=4()
writes
E[F (uy(s + -, ®)15] = E[F(uy 0 0., uy(s, )1, (3.57)

for any bounded measurable cylindrical functional ' on C((0,7],C -1/ =M )) and all events E € Fg,
with 0 < s < T arbitrary. We need the following quantitative stability result to pass to the zero r limit in

(3.57).

Lemma 3.58 Fix some positive times t, < - - - < ty. There exists two positive constants v,~' such that
the restriction of the functions

¢ € CTVEEM) = up(ty, ¢) € CTY24(M), (1<i<k)

to any centered ball of C~Y/2=¢(M) with radius R > 0is Lipschitz continuous, with Lipschitz constant
bounded above by an explicit function of R and &,.

Proof. This result is obtained from the exact same statement for the functions v,.(¢;, -). The relation
wnlt, d1) — ur(t, d2) = € 35O (0,1, 64) — v, (t, 65)),
with
61 = 1,0) — T, (0) + e 3T O(¢] 4 vg(0))

allows to transport the locally Lipschitz character of v, to u,.. It suffices to prove the statement with k = 1
and ¢; = 1; we prove in that case that ¢ € C~Y2=¢(M) — v,(1, Q) € C—Y2=¢(M) is locally Lipschitz.
Define

F(,v) & e P ($) + £—1< VY, Vo — e S 4 72y 0?1 2y + Z07,n>. (3.58)
Let K > 0 be a uniform constant satisfying
le ||l c-1/2-c < K||¢||c-1/2- and Heftp¢5H(\ao,1+e'\) < K||Bllg-1/2.

Take the ball By in C' -1/ 2=€(M). It follows from the proof of Propositionthat for any ¢ € Bp, there
exists T' = T'(& (0,21, 1) and a constant C(T') < 1 /2 only depending on T such that

| F (¢, v1) — F($, v2)| opo-1/2-e < CD)([Jv1 — vallopo-172- + [[v1 = v2lag,11¢))

and
HF(¢1 v1) — F(o, U2)HQ0¢071+5D < C(T)H’Ul - U2||(]a0,1+e’[))'
Now by the same argument in the proof of Proposition 3.5 we infer that for ¢1, ¢ € Bg,

Hvr(‘a 1) — vr(, QSQ)HCchl/z—s
g KH¢1 - ¢2HC*1/2*6 + C(T)(HUT(; le) - Ur('y ¢2)HCTC*1/2*€ + Hvr(‘a ¢1) - UT('y (ZSQ)H(]aO,lJre/[))

and

|05 #1) = V(5 P2 |l fag,14¢) < Klld1 — b2l g-1/2-¢ + CD)||vr(-, $1) — 0r(, D2 (a0, 14¢) -
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This implies that

Hvr(‘a ¢1) - U’I"(') ¢2)HCTC*1/2*E + Hvr(‘v (bl) - 'Uv"('7 ¢2)H(]a0,1+6/[)
< 2K (|1 — 2llopo-1/2-e + CD)||op(5 ¢1) — v (-, P2l o o172
+ QC(T)HUT(v ¢1) - UT('7 ¢2)H(]a0,1+€/[)7

hence
2K

||U’r‘('7 ¢1) - U’r‘('u ¢2)||CTC*1/2*6 < m”fﬁl - ¢2”C*1/276-
By the LP a priori estimate of Theorem[3.7} if T’ < 1 then

C(é\r\[O,Q])

def
HUT(t, ¢)HC‘1/2_6 < R, - T1/2 )

(T/2<t< ).

Then as above we can get a short time 7" = T" (5“072], R’) such that the map F'(-, -) is contracting with
a constant C'(T") < 1/2 for any initial condition in Bg: C C~Y2=¢(M). Since v,(t) € By for all
t € [T'/2,1] we can divide the interval [7'/2, 1] into subintervals [t;,t; + T’] and repeat our process
above to get

2K
lvr(t, 1) — vp(t, P2)|| o-1/2-c < I—7C(T’)||Ur(tj’ ¢1) — vrts, 92)|| o—1/2—,

on each small interval [t;,¢; + T"]. Combining all yields that ¢ — v,.(1, ¢) is locally Lipschitz. 0

Proposition 3.59 The dynamics of u is Markovian and its associated semigroup (Pt)i=0 on C —1/2=¢ pgg
the Feller property.

Proof. Given any n > 0 it follows from Lemma [3.58| there is an R(n) > 0 such that outside an event
of probability n the random variables (u, o 6s(-,-))o<r<1 are (r-uniformly) uniformly continuous in
their second argument on the centered ball of C' -1/ 2=€(M) of radius R(n) and u,(s, ¢) is converging to
u(s, @) with |u(s, ¢)|o-1/2-« < R(n). The process u, o Os(-, u,(s, ¢)) is thus converging in probability
to u o 05(-, u(s, ¢)), so one can get the Markov property of the limit process u by passing to the zero r
limit in along a subsequence r;, where the convergence of w,, is almost sure, using dominated
convergence.

The Feller property of the semigroup (P;):>0, that is the fact that it sends the space of continuous
functions on C'~1/2=¢(M) into itself, is a direct consequence of the pathwise continuous dependence of
the solution  to (3.1)) with respect to the initial condition ¢ and dominated convergence in the expression

(Pef) (@) = E[f (u(t, ))]. O
Proposition 3.60 The semigroup (Py)i>0 has an invariant probability measure.

Proof. Recall we turned equation (3.3) on u, into equation (3.7) on v,., with abstract form (3.16). Coming
back to

uw=0— P+ e 3wt v, (3.59)
seen as an element of C'pC~1/ 2=€(M), one can write for any fixed time

(Ol gre > 3m)
{10l >m} U {IFOlerne > m} ULl ¥ @+ vedllgryee > m}),

with
P3| o1/2—e > m) + P(|FOl 1o > m) = om(1)
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uniformly in ¢ > 0 by stationarity. We also have

Pl Y00 + @ 12 > m)
m
< P(He*ﬁo(ﬁ”c,l/g% P c) + P(H(v + Urep) (Ol o172 > ?)

m
) +P<Hvref(t)||cfl/2fe > %>

m

00(1) + P(Hv(t)ucfl/%e >

oc(1) + Om/c(l)-

NN

The 0,,(1) function does not depend on ¢ by stationarity. In the last step we used the ¢-independent the
estimate (3.18)) quantifying the upper bound (3:17) in the coming down from infinity property together
with the stationarity of v.r. This gives the t-uniform and ¢-independent estimate

P([lu()||g-1/2- > 3m) = 0y, (1). (3.60)

We have been cautious to construct an enhanced noise whose law is stationary in time. This property
together with the independence of the estimate with respect to the initial condition allows then to
propagate (3.60) uniformly in time by restarting fictively the dynamics every integer time while keeping
an upper bound o,,(1) that does not depend on the interval considered. The family of laws .2 (u..(t, ¢))
of u,(t, ¢) is thus tight in C -1/ 2=2¢( ), independently of the regularisation parameter r € [0, 1] and
the initial condition ¢ € C—/2=¢(Af), uniformly in ¢t > 1. It follows that for any ¢ € C~1/2=2¢(M) the
probability measures on C'~'/2=¢()M)

1 T
— | 9 dt T>2
T 1 /1 Lty dt,  ( )

have a weak limit along a subsequence of times 7" tending to infinity. The Feller property of the semigroup
generated by (3.1 ensures that this weak limit is an invariant probability measure of the dynamics.  [J

3.6.2 Non-triviality of the $3 measure

Some care is needed when working with Jagannath & Perkowski’s representation

Uy = Tr - Q?DT + 6_3%)T(Ur + Ur,ref)

of u,, when it comes to taking the expectation of some quantities. This is related to the fact that the
random variable 3P being a quadratic polynomial of a Gaussian noise the random variable exp(—3%)
may not be integrable. This a priori makes tricky to say anything about the integrability of w,(¢) from its
description in terms of v,-(t). To circumvent this problem we follow Jagannath & Perkowski’ suggestion
to trade exp(—Y’) for exp(— P>, Y¥) in their change of unknown (3.6)). The operator

Pon=2_2_ P
i€l |k|=n

removes a number of initial terms of a Littlewood-Paley expansion. One can thus choose n random so
that
[Pon¥llopor-n < 1.

Set
REY N Pin) e ore=().

i€l [k|<n—1

This change of unknown adds a term f,v into the equation for v, which only changes Z; for a new Z;
that is still an element of C77C~1/2=¢(M) and is a polynomial of the noise. As PP} = 0 for |k — ¢|
greater than a fixed constant we have

[ fnlleycr-2e S 1¥llopor-2e
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independently of our definition of the random integer n. So the new Z; has finite moments of any order.
We get from the estimates (3.17)) and (3.18) quantifying of the coming down, with exp(—%’) now replaced
by exp(—P=,, %), and the formula (3.6) relating v and v the fact that

u(1) =91 + F) + ) (3.61)

for an element (x) € C'~"(M) whose norm belongs to all the LI(£2) spaces, 1 < g < oo, uniformly with
respect to the initial condition ¢ of u. We now see clearly that u(1) € C -1/ 2=¢(M) belongs to all the
L49(2) spaces, 1 < q < oo, uniformly with respect to the initial condition ¢. We assume in the remainder
of this section that we work with this version of Jagannath & Perkowski’s equation.

The mechanics of the proof that the <I>§ measure is non-Gaussian is well-known. We write it here for
completeness and follow for that purpose the work by Gubinelli & Hofmanova’s [GH21]]. Assume ¢ is
random, with law the invariant measure of the dynamics, so u(1) itself has the same law. Consider the
heat regularisation " u(1) of our solution w at time 1. In this section, for simplicity, we shall assume that
we used true Wick ordering for the renormalisation which simplifies the discussion and allows us to use
true orthogonality properties of the Wiener chaos decomposition. Our argument is of semiclassical nature,
we will use the small » asymptotic behaviour of heat kernels to justify nontriviality — so  somehow plays
the role of a semiclassical parameter. If the <I>§ measure were Gaussian the random variable e " (u(1))
would also be Gaussian uniformly when r > 0 goes to 0. So its truncated four point function

€5 = Cu (e ), e P (), e P ), e P )
ZE[e " (u1)*] — 3E[e (u(1))’])?

would be identically null uniformly in r € (0, 1]. The sufficient integrability of the different elements of
the decomposition

() = 31) — P + e3P YD (5(1) 4 ver(1)),

allows to plug it inside the formula for the fourth order cumulant and use Wick’s Theorem to get
Ca (7P D), e P ), e P ), e 1)

t
=94 / GOt — 5) 0 e 5P (2, 2)ds + 216 / / GP(s1 — $2,Y1,42)
-0 (—00,t]2 Jy1,y2€U?

> e—(r+t—51)P(y1’ $)€_(T+t_82)P(y27 :C)ngl)(t — s1, 91, .%)Gg})(t — 59,92, ) dy12dsio
+E[ (7P P (e PFW), e Pe 3P ¥ D (1) + u(1))]

where P is some polynomial functional in its stochastic arguments. We have many cancellations in
the above expression since Gaussian cumulants only retain connected Feynman graphs and we also use
orthogonality of homogeneous Wiener chaoses of different degrees. The remainder has the corresponding
decay

E[i() P(e ¥, e Pe 3P ¥ 001 + u(1)) | = 06 )

since we just need to recall that the remainder only involves the terms,
—rPoo1y _ —1 Py — —rP 3P, Y1) _
eI =00"1), e DH=01), e e > (v(1) + vrer(1)) = O(1)

: . S _ .
since they are Holder regular in C2~? and C'~0 respectively. (We used the fact that we can probe the
space Holder regularity by testing against heat kernels: sup.¢ 1€ 2 le=*Ful| peoary S llullescar and
also we made an implicit use of Besov embeddings, V§ > 0, || ||Cs_¢_5 S |- g, together with

5 :

hypercontractive estimates which allows us to consider expectations of Holder norms.)
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Let us study in detail the asymptotics of the first term on the right hand side of the equation for C}
which has a Feynman integral interpretation. For every = € U, choose some cut-off function xy € C2°(U)
which equals 1 near x that we use to localize the asymptotics as in the calculation of counterterms, then
we can extract the small r leading asymptotics as

t
/ Gf’)(t —8)oe =P (1 1)ds
—0oQ

') 3
~ / / X(®) / [Te 5" @ pdsi |e Py, z)da.
0 yeU [a+r,+o00)® ;4

We compute the integral with respect to y first; this reads

3
/ (H KOs,y y)) K+ r, 2, p)x(w)dy
=1

—(s1+s2+s3+a+r) —6 o), -1, -1 —
L€ (4m) / 677'1 i‘g(” (57 455 Hs3 H(atr) T
U

- 3
(s18283(a +1))2
(Ar)~ % 67(81 +s2+s3ta+tr)

1
X ()ael(g)g dy

C (s1sas3(a+r)i(sy sy s 4 @+ r))?
+ O((slsgsg(a + 7’))’%(81_1 + 82_1 + sgl + (a + r)*l)’g>

where we only keep the leading terms in the heat asymptotic expansion and use a stationary phase estimate.
It is possible, as we did for the counterterms, to show that the integral with respect to a, sy, s2, s3 of the
O(- - -) term gives subleading asymptotics compared to the leading term. We are reduced after a change
of variables to the asymptotics of the following integral

1
3 _3
/ (a+7r) 2 (/ (agas + aras + ajaz + ajagas)” 2 da123) da ~ cr_%
0 [1,+00)3

for some non-null constant c. The next term in the formula for C} is

2 _ _ _ _
/ 2/ (Q;B)(ﬁ — so,y1,y2) e TPy gy e TSP ()
(—007t] ylvyZEU

x GVt — 51,91, 2) GOt — 52,2, 7) dy1dyadsiz

which is bounded by a constant multiple of the integral over (—oo, t]* x U? of

-2 —4 —4
(Visi=sal+ =) (Vir+t=sil+ln—al) (Virri-sl+lp-al) .

Making first the change of variables s; — 72(s; — t) + s;, y; — r(y; — ) + 2 and then using polar
coordinates gives O(|log r|) as an upper bound for this integral, therefore the cumulant C} blows-up
like 24cr~2 whenr > 0 goes to 0. This shows that C'j does not vanish asymptotically and that the <I’§
measure is non-Gaussian.

For a <I>§ measure obtained as above as weak limit of Birkhoff averages, the covariance property under
Riemannian isometries is clear from its construction and the fact that the renormalisation constants a,., b,
do not depend on which Riemannian metric is used: given a field ¢ on (M, g) whose law is a <I>§ measure,
let f : M’ — M be a smooth diffeomorphism, then the pulled-back field f*¢ on (M’, f*g) will have
the law of a ®4 measure of the SPDE for the metric f*¢. Such measure gives for the first time a
non-perturbative, non-topological interacting quantum field theory on 3-dimensional curved Riemannian
spaces. We prove in [Bai23]] that the semigroup on C'~1/2=¢(M) generated by the dynamics (3:1) has a
unique invariant probability measure. This uniqueness result yields a stronger notion of covariance.
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Appendix 3.G Littlewood-Paley-Stein projectors

There are several ways of defining some Littlewood-Paley type projectors on function spaces over a
manifold — see [KRO3,BB16, BBF17,|GdP22| [Mou21b] for a sample. We choose here an intermediate
road and use the classical Littlewood-Paley projectors over R to define a number of operators on function
spaces over M using local charts. This allows to import at low cost some known regularity properties of
the corresponding objects from the flat to the curved setting. We denote as usual by By 4(M) the Besov
spaces over M and by C7(M) the Besov-Holder space B, oo(M), with associated norm denoted by
Il
Let then denote by
d <V E DT (D) AWY)

—1<j<k—1

the paraproduct of some distributions a’ and b’ on R%, and write

dOVE Y (Aja) A

li—kl<1

for the resonance of o’ and b’ whenever the latter is defined. Let (U;, k;); denote a finite open cover
of M by some charts, with x; a smooth diffeomorphism between U; C M and x;(U;) C R?. Let
(x:); be a partition of unity subordinated to (U;);, so Zz xi = 1, with x; € C2°(U;). Choose also for
every index ¢ a function x; € C2°(U;) such that y; equals 1 on the support of y; and some function
Y; € C¥(ki(U;)) which equals 1 on the support of x;.(x;). Given some smooth functions a, b on M we
have the decomposition

ab =Y (ax)Xi) = > K} [Kix(axi)]r [in(OX0)]

icl icl
= K (aax)(run X)) = > K3 [Wirie(axi)ris (0X0)]
icl icl
= Z K; [Wi(Ris(axi) < Kin(bXi))] + Z K7 [Yi(Ki(ax:) © ki (X))
icl icl
+ ) R (Rin(axa) = Fin X))
icl

Actually for arbitrary x;, X; € C°(U;)? such that y; = 1 on the support of x;, we set the generalised
Littlewood-Paley-Stein projectors

Pia) £ k5 [hiAg(ri(xi@)], and Pi(a) < & [iA(kin(Xia))] (3.62)

where 1’/;2 € Cg°(ki(U;)) equals 1 on the support of ;. We do not necessarily require that ), _; x; = 1.
On the manifold M, recall ¢ € I denotes a chart index, we define generalised chart localised operations
as:

a<;bZ Z Pjaﬁ,ﬁb,ambd:efz Z Pjaﬁéb,andaQibd:ﬁZ Z Pjia]séb'
—1<i<k—1 el —1<k<j—1 i€l |j—k|<1

In particular when ) . _; x; = 1, the above operations decompose the product ab on M as:

ab:Z(a <ib+a®;b+a=;b).
i€l
Note the important fact that the definition of the resonant product and paraproducts are asymmetrical,
therefore they are noncommutative meaning that a < b # b > a, however all the regularity properties
are similar as in the flat case. We collect in the next two statements some regularity properties of these
operators and refer the reader to [BDET23| Proposition 2.6] for their proofs.
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Proposition 3.61 One has the following continuity estimates. For every chart index 1,

- Forp7p1)p27Qa 41,492 in [17+OO] with pil + L=1 and L + q% =1

p2 P a !
1. Fory, €R
I < Wlags, & e Wl
2. Fory1 <0Oand~; € R

la =i bl pyeoa S Nallgy, IPlsgz

3. For any 1,72 € Rwith v1 + v2 > 0 one has
la.®s bll gyyos < gy, bl sz,

We recall from Lemma 7.2 of Mourrat & Weber’s work [MW 14] the following comparison test that
we used in our proof of Theorem [3.7]

Proposition 3.62 Let a continuous function F' : [0,T] — [0, 4-00) that satisfies the inequality

t
/ F(s)ds1 < e(F(s)+ 1) (3.63)
S

forall 0 < s <t < T, for some exponent A > 1 and some positive constant c. Then there is a sequence
of timestg =0 <ty < --- <ty =T such that one has

1

A c T, %1
F(tn) § ]. + 2>‘_1 (m) tni\l 1,

forall0 <n <N —1.

Proof. We include a proof following closely Mourrat-Weber’s comparison test in a slightly different
setting compared to them since we have F'(s) 4 1 rather than F'(s) on the right hand side of the inequality
(:63). We first define ty = 0, then given some time ¢,, consider ¢}, ; = t, + 2M1 4 Ft, ), if
ni1 = T we stop the algorithm and set N = n + 1, t,11 = T and verify that the conclusion of the
statement holds. Otherwise, choosing t,,41 such that F'(¢,+1) = inf;, < s<th F'(s) yields a bound of the

form F'(t,4+1) < % By iteration, this yields a bound of the form F'(¢,,41) < £ étf)rfl + 1. Note that
for n large enough, since A > 1

L F(tp) —1

tho1 —tn = c2X A+ F(ty)' ™ = 22 on

WA > 2@+ 1/3) > 2,

hence the algorithm must terminate for n large enough after finite number of iterations. Now we
need to check the conclusion ¢, = Zz;é(tk+1 —tp) < 22 >+ F(t;))!~*. Note that since
F(t;) > (F(t,) — 1)2" % + 1 then (1 + F(t;))'* < (F(tp) — 12" 4+ 2) =, so we have

n n
tnp1 < 2N ((Ftn) — D27 +2)'7 < e2MF(ty) — DAY 20 007d
i=0 1=0

1
< 2MF(t,) — DI

120"

which yields the estimate from the statement. 0

Last we recall the fractional Leibniz rule and an elementary interpolation result used in the proof of
the coming down property in Section [3.2.2] we prove these results in [BDFT23| Propositions 2.1 and 2.2].
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Proposition 3.63 Let o > 0,7 € N and p,p1,p2,q € [1, 0] such that
1 1 1

p P11 P2

Then
"M B < " Lo JullB

« .
p,q "~ P2,4

Proposition 3.64 Let oy, a0 € Rand p1,p2,q1,q2 € [1,00] and 0 € [0, 1]. Define o = Gag + (1 —0) o,
and p,q € [1,00] by

1 0 1-06 1 0 1-46
-=—+4 and — = — + .
p D1 b2 q q1 q2
Then

0 1-60
lullsg, S el ullst
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