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Abstract
This work considers the two-dimensional Allen—Cahn equation

1
ou = EAu +mu — u3, u(0, x) = n(x), VY(t, x) €0, 00) x R2,

where the initial condition 7 is a two-dimensional white noise, which lies in the scaling
critical space of initial data to the equation. In a weak coupling scaling, we establish
a Gaussian limit with nontrivial size of fluctuations, thus casting the nonlinearity as
marginally relevant. The result builds on a precise analysis of the Wild expansion of the
solution and an understanding of the underlying stochastic and combinatorial structure.
This gives rise to a representation for the limiting variance in terms of Butcher series
associated to the solution of an ordinary differential equation.
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1 Introduction

We consider the two-dimensional Allen—Cahn equation
1 3
8tu=§Au+mu—u , u©,)=n@), t=0, (1.1)

withm € R and initial condition a spatial white noise 7 on R?, namely a homogeneous
Gaussian random field with correlation function

En)n(»)]=8x —y), Vx,yeR?

where ¢ is the Dirac delta at zero. Under these assumptions, there exists no solution
theory for (1.1), since the initial condition is scaling critical for the equation. By
this we mean that formally (assuming the solution u exists and setting for simplicity
m = 0), under the re-scaling u®(z, x) := Su(8%t, 8x), which leaves the initial condition
invariant in law, u® solves again

1
ou’ = EAMS — w®’. (1.2)

The invariance under this re-scaling indicates that the nonlinearity cannot be treated
perturbatively and so for instance modern theories on singular SPDEs do not apply,
since they work under the assumption that on small scales the equation is governed
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The Allen—-Cahn equation with weakly critical random initial datum

by the effect of the Laplacian. From a deterministic perspective, invariance under re-
scaling indicates that the initial condition lies, up to an infinitesimal loss of regularity,
in the critical space of initial data, which in the case of this equation corresponds to the
Holder—Besov space C~! (R?). While some equations can be solved deterministically
for all subcritical initial data, (1.1) is locally well-posed only for initial data with
regularity C~%(R?), for a < %, and ill-posed otherwise [12].

Obtaining a solution theory to (1.1) is therefore challenging but also of great interest.
Indeed, if m > 0, then (1.1) is a model for the formation of phase fields, since mu — u3
corresponds to the gradient of a double-well potential and the solution tends (for
large times) to take the value of one of the two minima of the potential, leading to
the evolution of two competing phases. Here, starting the equation at a generic initial
condition should lead to many conjectured long-time properties, for instance regarding
the speed of coarsening of sets in the evolution of mean curvature flow (see [3, 31] from
the physics literature and [25, 28] for some mathematical results and a discussion of
the problem). In this context, space white noise plays the role of a canonical “totally
mixed” initial condition, which gets instantaneously smoothened by the heat flow,
leading to random level sets which then evolve under mean curvature flow.

On the other hand, when m < 0, and if instead of a random initial condition
one chooses an additive space-time white noise, then equation (1.1) is a fundamental
model in stochastic quantisation. In this case the invariant measure of the equation is a
celebrated model in quantum field theory, and a recent proof of triviality in the critical
dimension d = 4 has been a breakthrough in the mathematical understanding of such
measure [1]. At the same time, there is no result for the dynamics of the equation in
d=4.

We will study (1.1) in a weak coupling regime. Namely, for ¢ € (0, %)1 and p;(x) =

2
2#7” exp (— %), we study the limiting behaviour of the solution ;. to

1 1 A
OlUe = 5 AU +mU; - @ui, Us (0. ) = A peaxn (), (1.3)

&

where » denotes spatial convolution. The parameter A > 0 will be referred to as the
coupling constant. By scaling, (1.3) is equivalent to the problem

A

A
pez*n(')5
Moo 1
log -

and the solutions to (1.3) and (1.4) are related vialf, (¢, x) = ,/log % ug(t, x). We will

1
due = 5 Aug +mue — w7, ue(0,) =ne() = (1.4)

also use the notation )Lg = A2 ( log %)_l . We remark that even though the nonlinearity
is attenuated to zero, it still has a non-trivial effect in the limit. To make this point
more precise let us, first, state our main result:

! The choice ¢ < 1/2 is arbitrary to avoid issues with the blow-up at ¢ = 1 of the logarithm.
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S. Gabriel et al.

Theorem 1.1 There exists a )A»ﬁn € (0, 00) such that if m € Rand T, A€ (0, 00)
satisfy

mT <log(Asn/A), with ™ =max{m,0}, (1.5)

and if o3 = a():z) =1+ %5\2)_%, where £ +— o () is the solution to

d 3
d—go:—503 with  o(0) =1, (1.6)

then we have:

lim [|Z/{€(r, x) — hoye™ pt*n(x)|2:| =0, V(,x) € (0,T]xR.
£~

Our result shows that the non-linearity is marginally* relevant as it affects the size of
the limiting fluctuations A o, which are strictly weaker than the fluctuations of the limit
when simply dropping the non-linearity in (1.3) (the solution to this linear problem
reads as Ae™ pr*1(x)). The latter describes the limiting fluctuations of a sub-critical
scaling of the initial condition, considered in the previous work by Hairer—L.é—Rosati
[25], which studied the long-time behaviour of (1.4). Let us note that our requirement
A < Afin < 00 emerges as a technical constraint and we do not expect any actual phase
transition. The restriction comes from the necessity to control certain series expansions
(see in particular Propositions 3.1 and 3.4 as well as Remark 3.2). We conjecture that
the result should extend to all A, 7 > 0. In particular, the extension to arbitrary large
times, for A small enough, should be a consequence of Theorem 1.1: For an arbitrarily
small time 7o > O the solution U (¢, -) converges to a smooth function. From time #
onwards, the non-linearity in (1.3) should have no more effect, due to the vanishing
coupling constant, and the dynamics will be governed by the linearised equation of
(1.3). This would be especially interesting in relation to the study of the metastable
behaviour of the Allen—Cahn equation (with m > 0) at large scales. However, this is
beyond the scope of this paper and will be studied separately.

The understanding of stochastic PDEs (and related statistical mechanics models) at
the critical dimension is only now starting to take shape. The only studied examples, so
far, are two-dimensional stochastic heat equations (SHE) with multiplicative space-
time white noise, the two-dimensional isotropic and anisotropic KPZ equation and
the two-dimensional Burgers equation. For the linear SHE, a weak coupling regime
was noted by Bertini—Cancrini [2] and explored by Caravenna—Sun—Zygouras [13].
Here the coupling constant which appears in the weak scaling plays a crucial role
as a phase transition takes place at a precisely defined, critical value. Below this
value, Gaussian fluctuations, similar in spirit to Theorem 1.1 emerge [13], while a
limiting field, which is not Gaussian or an exponential of Gaussian, emerges at the
critical value [15, 16]. A similar phase transition takes place for the two-dimensional
isotropic KPZ equation [7, 14, 20] but, so far, only Gaussian fluctuations below the

2 “marginally” refers to the fact that the nonlinearity has neither a dominant nor a negligible effect as seen

via the renormalisation scaling u‘s(t, x) =du (th, 8x) and the invariance in (1.2).
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The Allen—-Cahn equation with weakly critical random initial datum

critical coupling value have been established [14, 20]. This result has been obtained via
the use of the Cole-Hopf transformation, which relates the solution of the linear SHE
to that of the KPZ equation. For the two-dimensional anisotropic KPZ and Burgers
equation, the weak coupling limit has been studied in [8§—10] and Gaussian fluctuations
have been established, building crucially on the explicit Gaussian invariant measure
available for that equation. We note that no phase transition takes place in this setting.
Moreover, Dunlap—Gu [17] and Dunlap—Graham [ 18] have proposed another approach
to weak coupling limits of the (nonlinear) stochastic heat equations through the study
of forwards-backwards SDEs, while the linear SHE on a critical hierarchical lattice
has been explored by Clark [11]. Finally, non-linear PDEs with random initial data
have also been studied in the context of dispersive equations, see for example [4, 19,
32] and references therein.

Our approach in this work attempts to make a first step towards analysing singular
SPDEs at the critical dimension via a systematic study of its Wild expansion, i.e.
an expansion of the solution (in the spirit of a Picard iteration) in terms of iterated
space-time stochastic integrals that are indexed by trees and live in certain Wiener
chaoses. An approach of this sort has been successful in the study of subcritical SPDEs
via the theory of regularity structures [23], thanks to the fact that one can restrict
attention to a finite number of terms in the expansion, before exploiting sophisticated
analytic solution theories. On the contrary, at the critical case all terms in the expansion
contribute and their contribution needs to be accounted for.

Inthe case of (1.3) and (1.4), analysing the terms in the Wild expansion, we discover
that the main contribution comes from certain projections of the Wild terms on the
first Wiener chaos, see Proposition 3.3. Hence, the Gaussian limiting behaviour. An
interesting structure emerges that clarifies the role of the ODE (1.6) as determining the
limiting order of the fluctuations of the Gaussian field. Roughly speaking, the terms
in the Wild expansion, which have the dominant contribution, appear in the limit
as a Gaussian variable, multiplied by an iterated integral in time variables indexed
by another tree structure. The new iterated integrals are recognised as terms in the
celebrated Butcher series (or B-series) expansion of the ODE (1.6). Our approach has
both an analytical and a combinatorial component. On the analytical side, we take
advantage of the contractive properties of (1.4) to control the error of the truncated
Wild series (see Proposition 3.1 and Remark 3.2). This analysis is inspired by the study
of finite Wild expansions performed in [25]. However, in order to treat a diverging
number of terms, it requires a new and deeper understanding of the interplay between
the graphical properties of the trees, that index terms in the expansion, and their
analytic contribution. Thus, we introduce a combinatorial component to perform a
detailed analysis of Wiener chaos decompositions in terms of graph theoretical trees.
Here we find that specific cycles appearing in contracted trees (dubbed v-cycles) play
a fundamental rdle, and interesting links to permutation cycles and their statistics
appear: see Sects. 4 and 5.

Let us next highlight a curious link of our main result to a mean-field equation
of McKean-Vlasov type. More precisely, the limiting fluctuations of (1.3) appear to
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S. Gabriel et al.

agree with the limiting fluctuations of the McKean-Vlasov equation
1 3 A
AV = AV mY, = B Ve V00 =Rpamn() (1)
&

In particular, we have that

Proposition 1.2 For any A > 0 there exists a unique solution V, to (1.7), in the sense
of Definition 6.1, which satisfies:

lim E [Wg(z, X) -4 aie‘“’p,*n(x)ﬁ] —0, ¥, x) e 0,00 x R,
E—>

with o3 as in (1.6).

An emergence of an equation like (1.7) might appear plausible if one considers an
ansatz where the leading order terms of the solution to (1.3) is Gaussian. In such a
setting and if U, is Gaussian, then the projection on the first homogeneous Wiener
chaos of L{g is given by 3E[Z/{§]L{g, which agrees with the nonlinearity in (1.7). However,
U,, itself is far from Gaussian and it is also far from obvious, a priori, that its limit
(1.3) is Gaussian. A deeper understanding of the relations between (1.3) and (1.7) is
desirable.

Remark 1.3 We close the introduction by observing that our results should hold also
in any dimension d > 3 (and m = 0 for simplicity). In this case, the white noise
n switches from being critical to super-critical, and we could have considered initial

data of the form u.(0, x) = e%_l p2*xn(x). Then, the super-critical equivalent of
Theorem 1.1 should read

lim E[|e*%+‘us(z, x) — Aoy (d) p,*n(x)}z] —0, V(,x) e 0, 00 xR,

e—0

with

1 6A2 -1
O'i(d) = <1 + (% - 1) W) s

for all A > 0 small enough. The statement should follow almost verbatim from our
arguments.

Outline of the paper

The remainder of the paper is structured as follows. In Sect. 2 we give an introduction
to rooted trees and their use in the analysis of ODEs and SPDEs. In Sect. 3, we present
the main steps of the proof of Theorem 1.1 while assuming the paper’s key ingredient,
Proposition 3.3. Section 4 introduces notation and estimates required, before we pro-
vide a proof of Proposition 3.3 in Sect. 5. In Sect. 6 we prove Proposition 1.2. Finally,
we establish some technical results in the Appendix.
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The Allen—-Cahn equation with weakly critical random initial datum

Notation
Let N = {0, 1,2, ...}. We denote with P; = exp (%A) the heat semigroup on RZ:

| 2

1 x|
Pio(x) = prxp(x), pi(x) = —exp | ——=— ) Ljo.00)(t), V(r,x) € R x R?,
2t 2t

where * denotes spatial convolution. Similarly, we define the heat semigroup with
mass m € R by Pt(m) = ™! P, and associated kernel pt(m) (x) = e™'p,(x). Here we
allow the semigroup to be defined for any Schwartz distribution ¢ on R?: if such ¢ is
not locally integrable the integral should be interpreted in the usual generalised sense.
We will abuse notation and sometimes write singletons of the form {a} simply as a.
Thus, A\ a := A\ {a}, for some set A.

2 Trees, wild expansion and Butcher series

The linchpin of our argument is a precise control on the Wild expansion of the solution
uc to the equation (1.4). Wild expansions were popularised in the context of stochastic
PDEs by Hairer’s seminal work [22], and are originally attributed to the work of Wild
[35]. A Wild expansion is an expansion of a solution to a parabolic PDE or an ODE
in terms of iterated integrals. The terms in such an expansion are naturally indexed by
rooted trees, which in our setting are associated—similarly to Feynman diagrams—to
integrals involving the heat kernel and the correlation function of the noise n,. Wild
expansions are also naturally linked to Butcher series’—see for example [21] and
the many references therein—which allow for a tidy bookkeeping of the coefficients
appearing in the Wild expansion of a solution to an ODE. This section is devoted to
establish all such connections rigorously, and in a manner that will be useful to our
analysis.

2.1 Finite rooted trees

We start by introducing basic concepts concerning trees. We will work with finite,
rooted trees. A tree T is a connected, undirected planar graph that contains no cycle.
We denote by V() the set of vertices of a tree T and by £(7) the set of its edges. A
finite rooted tree is a tree with a finite number of vertices, and one particular vertex
o € V(7) singled out as the root. Rooted trees induce a partial order on the set of
vertices V(t), by writing v < w if the unique path from w to the root o passes through
v, for any pair v, w € V(tr) with v # w. In particular, if v < w we say that w is a
descendant of v or that v is an ancestor of w, and we say that v is a leaf if it has no
descendants. The closest ancestor v € V(1) of w € V(r) \ 0 is called parent of w, we
write p(w) = v. The set of leaves of a tree t will be denoted by £(t) and we define
£(t) := |L(7)| the total number of leaves in a tree. The collection of vertices of a tree
which are not leaves will be called inner vertices, it will be denoted by Z(7) and its
cardinality is defined to be i (7). An exception to this convention will be made when
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S. Gabriel et al.

the root is the only vertex of the tree, in which case it will be considered as a leaf and
thus not an inner vertex. The cardinality of all the vertices of a tree T will be denoted
by || and we have that || = £(t) + i(7). Finally, we call the degree of a vertex the
number of incident edges.

As a convention, we draw trees (from now on always finite and rooted) growing
upwards, out of the root of the tree, which is placed at its bottom. For example, the
following are trees with inner vertices coloured white (and circled red) and leaves

coloured black:
TR ORI o

Here 1 is the empty tree, which is different from the single root e. Next, we will be
working with unordered trees, which means, for example, that the three trees below
will be considered to be identical:

Y &9

We will denote by 7 the set of all finite, unordered, rooted trees. By convention 7°
contains also the empty tree 1.

In our setting, large trees arise naturally from smaller ones by combining them, as
we will now explain. Suppose that 7y, ..., 7, € 7are given. Then we define the grafted
tree T = [1] - - - T,] which is built by connecting the roots of the trees 7y, ..., T, € 7,
by means of new edges, to a new common vertex, which acts as the root of the new
tree 7. The following graphical representation is perhaps the best explanation of this
construction:

1 T2 . T

[rml= N (2.2)

Here are some examples of graftings of trees:

[11=s, [s]1=1, [I-]=I\/ or ['\V--]=%K

We observe that the empty tree 1 can be ignored in a grafting (unless it is the only tree):
[171---1,] =[71--71,]. Next, one obtains the space of finite, unordered rooted trees
from the space of finite rooted trees by quotienting through the equivalence relation
that identifies

[t1- -l = [toq)  Tom)]

for every o € S, (the group of permutations on n indices) and any choice of n € N
and trees 11, ..., T, and the same for any subtree of a given tree.
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The Allen—-Cahn equation with weakly critical random initial datum

In particular, due to the cubic nonlinearity that characterises the Allen—Cahn equa-
tion, we will be dealing with sub-ternary trees:

T<3 :={tr € T : any inner vertex in T has at most 3 descendants} ,
and its subset 73 of ternary trees:
T3 :={t € T\ {1} : any inner vertex in T has exactly 3 descendants} .

For example, 73 contains all the trees appearing in (2.1), and the second, third and
fourth trees in (2.1) additionally lie in 73. We work with the conventions that the empty
tree belongs to 7 and 73, but not 73 and that the “single vertex” tree T = o belongs
to 73 (here by convention the root counts as a leaf and not as an inner vertex). Note
that the last tree in (2.1) is not ternary, as its root has degree one.

It will be convenient to introduce some terminology for subtrees of sub-ternary
trees. We will call the tree W a trident, \/ a cherry and l a lollipop. Further,
when these trees are embedded into larger trees, we will call the root vertices of these
components (marked in red white here) respectively the basis of the trident, basis
of the cherry or basis of the lollipop. Finally, we note that for ternary trees t € 73,
the number of leaves ¢(7) and the number of inner vertices i (7) satisfy the relation
£(t) =2i(r) + 1.

We close this subsection by introducing several important quantities:

1. Symmetry factors. For any T € 7 we write s(t) € N for the symmetry factor
associated to the tree. This amounts to the cardinality of the symmetry group
associated with T. More precisely, if we assign a label to each vertex of the tree
7, then s(7) is the number of permutations of the labels that leave the structure
of rooted unordered tree invariant. It is given by the following recursive formula.
First, set s(») = s(1) = 1. Then, if 7 is of the form T = [(t))*! - - - (z,)*] for
pairwise distinct 7;’s, each one appearing k; times and with 7; # 1,fori = 1, ..., n,
then

n

s(1) = ]_[k[! s(ti)ki . (2.3)

i=1

Since any rooted tree can be constructed by grafting together strictly smaller trees,
the above defines the symmetry factor for all rooted trees.

2. Tree factorials. Similarly we define the tree factorial t! € N for any t € 7. For
the empty tree 1 we define 1! = 1 and, iteratively, for a tree T = [t] - - - 7,,] We
define t! by

tl=t|! 1!,

where || = 1 4 |t1| 4 - - - | 7| is the total number of vertices of the tree 7. We
observe that the tree factorial of a linear tree over n vertices (that is, the tree over
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n vertices in which every inner vertex has exactly one descendant), is equal to n!.
Thus, the notion of tree factorial generalises the usual notion of factorial.

3. Tree differentials. For an analytic function #: R — R, we define recursively
its tree differential (sometimes called elementary differential) h™ : R — R as
follows: For all y € R, we define 4V (y) = y for the empty tree 1 and we set
h® (y) = h(y) for the single vertex tree . Then, for an arbitrary tree t € 7\ {1, o}
such that T = [t1 - - - 1,], T; # 1, we define inductively

n
RO =h" ) [Th (), forall yeR, (2.4)
j=1

where 1™ is the usual n'"* derivative of k.

2.2 Butcher series

In this section we will review how trees are used to index series expansions of solutions
to ordinary differential equations. In particular, the kind of expansion that we are
interested in goes under the name of Butcher series (or B-series for short) [5, 26]. As
we have already mentioned, the structure of such series expansions in combination
with the structure of our Wild expansion plays an important role in our analysis.
In particular, this structure lies behind the identification of the limiting fluctuation
strength o3 in Theorem 1.1. To start our brief discussion on Butcher series, consider
an analytic function 2: R — R and the differential equation

d
d—;:h(y), Ve >0 and y(0) = yp € R.

Then the solution y(¢) can be expressed, locally around ¢ = 0, through the following
series:

h@
Yo =y, P00 il 2 By, Ve el0.20. (2.5)

Tls(t
teT ( )

where ¢, > 0 depends on /& and yp. The sum runs over all rooted, unordered trees
(including the empty tree 1) and s(7), 7! and 2(*) have been defined in Sect. 2.1 above.
For details on this derivation we refer to [5, 6, 26], see also [21, Theorem 5.1]. In any
case, at the heart of (2.5) lies the identity (see for example [6, Theorem 311C])

(n) ()
y"(O0) R (yo)
n! Z; tls(t) ’ (2.6)

|T|=n

which allows to express the solution of the ODE in terms of the Butcher series, when-
ever its Taylor series centered at zero converges absolutely. In this work, the following
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The Allen—-Cahn equation with weakly critical random initial datum

ODEs are of particular relevance:

and

, 2.7
y©0) =1 y0) =1 @7

{y' = —y’ y =y

both of which admit explicit solutions y(¢) = (14+2¢)" Y2 and y(¢) = (1—2¢)~/2,
respectively. Observe that both solutions are real analytic at O with radius of conver-
gence %, so that (2.5) holds with ¢, = % Strikingly y explodes at ¢ = 1/2, whereas y
is defined for all times. Our approach to treating the coefficients of the Butcher series
does not allow to distinguish the behaviour of the solution y from that of y and leads
ultimately to one of the requirements in Theorem 1.1 for the coupling constant A tobe
sufficiently small. Overcoming this issue would require to take into account the sign
of the terms in the Butcher series (or avoid the series entirely), and this lies beyond
the reach of our current proofs.

2.3 Wild expansion

In this subsection we establish some basic properties concerning the Wild expansion
of the solution u, to (1.4). By convolving with the heat kernel, we can explain the
heuristics that lead formally to the derivation of the Wild expansion to (1.4). We write
the solution of equation (1.4) in its mild formulation

t
ue(t, x) = P™n,(x) — / (P,T‘ng(s,.))(x) ds
0
t
= / ™ (x = Y)me(y) dy — / / p™ (x — (s, y)ds dy
R? 0 JR?

t t
- [ / p™ (x — y)me (¥)80(s) ds dy — f f p™ (x—y)ud(s, y) ds dy,
0 JR? 0 JR?
(2.8)

where in the last line we rewrote the first integral using a delta function at time s = 0.
We now introduce our first diagrammatic notation:

t
L= [ [ pf6 =080 m0) dedy = BV, @9)

with the right-hand side interpreted in the Itd sense. Here we associate to the lollipop
a random function in the following way. We assign the time-space variable (¢, x) to
the root, the time-space variable (s, y) as well as the weight 6o (s) 1. (y) to the leaf and
the kernel p,(TY) (x — y) to the connecting edge. Finally, we integrate over the variables
associated to all vertices except the root. In other words, the edge represents a time-
space convolution between the heat kernel and the weight of the leaf, evaluated at the
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time-space variables assigned to the root. Therefore, we can rewrite (2.8) as follows:

ue(t,x) =L, (1, %) — / (P}“‘S)f(s, -))(x) ds. (2.10)

Writing explicitly the arguments of the functions appearing in (2.10) can be cumber-
some, so to shorten the notation we will equivalently write

ue =3, — P 50’
where P(™ % = foRz p,(Ts) (x —y)s(v) dy ds denotes space-time convolution with

the kernel p(™. Now, we can iterate this description of i, by inserting the identity for
ug in (2.10) into the right-hand side of the expression itself:

3
e =1 — P™ % (lg — P uﬁ) . (2.11)
Expanding the cube on the right-hand side above, we find the expression
(m) , 13 m) , (2. pm), 3
Ug =IE—P *Is+3P *(ls-P *us)

2 3
—3pm™) (15 : (P<m> x ug) ) + P (P<m> x ug) L @12

In order to motivate the representations we are after, let us just focus on the second
term of the above expression. We use the following representation of the cubic power

Wit = (o),

where we have glued together three lollipops at a common root, thus forming a trident
whose basis is associated to time-space coordinates (¢, x). We then introduce the
planted trident:

Yon -—/ P (2 s1.9) o) ds
£ ’ A 0 1—s] & 1, 1
= [[(Bme )@ = P Wi,
which allows us to rewrite (2.12) in terms of

2
U = le — Yg +3PM™ (Is B AL ug)

_3pm (Ig ) (P(m> % ug)2> 4 pm (P(m) * ug)3 (2.13)
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The Allen—-Cahn equation with weakly critical random initial datum

We observe that, crucially, the first two terms are rather explicit: they live in a finite
inhomogeneous Wiener chaos and we are able to control them with tools from stochas-
tic analysis. Of course, we can continue this expansion at will and iterating the
procedure above we obtain formally an expression for u, that we call Wild expansion.
The elements of this expansion are given in the next definition.

Definition 2.1 To any tree T € 73 and ¢ € (0, %) we associate a random function
(t,x) — XZ(t, x) for (¢, x) € (0, 00) x R? as follows. For 7 = e we set

X2, x) == P™ne(x).

Then, iteratively, assuming we have defined X;', X;, X;* for trees 11, 12, 13 € T3,

we define X[ for the tree T = [1] 72 13] € 73 as
XI(t,x) == —a()P™ % (XD X2XE),

where a(t) is the combinatorial factor

1, if f=n=1,
a(t) = {3, if exactly two of the trees 11, 72, T3c0incide , (2.14)
6, if all trees 71, 70, 73 are distinct ,

which appears because we are considering unordered trees. The Wild expansion associ-
ated to the Allen—Cahn equation (1.4) is then defined as the (formal) series ZTG% X:.

Now we will connect the terms X} from Definition 2.1 to explicit stochastic inte-
grals. This will follow in two steps: first we generalize the diagrammatic representation
that we have started to introduce in (2.13). Then we show (see Lemma 2.4 below) how
an iterated stochastic integral relates, up to an appropriate combinatorial factor, to the
associated element of the Wild expansion.

To this end, for any tree T € 73 with vertices V(t), partitioned into leaves L(t),
inner vertices Z(7), and edges £(t), we associate the (inhomogeneous) Wiener integral

(m)
[tle@, x) = /D Yo [T Poy—s. O = ) dszoydyzey [T doCdsu)me(dyn),
t o ueV(r) vel(r)

(2.15)
where [7] denotes the planted version of 7, cf. (2.2). Here

D, = [0, t] x R? (2.16)

and Dtv () is the Cartesian product of D, over the index set V(t). Moreover, we recall
that p(u) denotes the unique parent of u with p(o;) = o] the vertex associated
to the time-space point (¢, x), and o[ being the root of the planted tree [t]. The
integral (2.15) does not neglect integration over any diagonals, hence, it lies in an
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inhomogeneous Wiener chaos, see also (4.6) below. Note that in the integral (2.15) we
are not integrating over the root variable of the tree [7] (which is assigned to the point
(t, x)), but integrate instead over all other vertices of [7], i.e. all vertices of t. Further,
observe that with this definition, by construction, if [t] = [[t1][72] [73]], then

[t]e = P™ x ([t1]c[2)elT3]e). (2.17)

Next, we remark that in general, a term X[ of the Wild expansion is related to the
Wiener integral represented by the associated planted tree [t], via a combinatorial
factor ¢c; € N as X] = c; - [t],. With the formulation above we have for example:

XV =- Y XY = 3\(&.

The factors c; appear because we are considering unordered trees (and ultimately
because of the commutative property of the product). It will be important to obtain
a precise expression for ¢, and this is the objective of the remainder of this section.
Our eventual expression for ¢; contains tree derivatives with respect to a “trimmed”
version of 7. Therefore, we start by introducing a “trimming” operator on trees.

Definition 2.2 We call the map
T Tz > Tg3, T()=r1, (2.18)

the trimming operator, where .7 (t) is the tree that is spanned by the inner vertices of
7,1.e. 7 “cuts off” all the leaves and the edges attached to them.

To lighten later notation, we have also used the chromatic notation by whicht = .7 (t),
for example

e=J@®=1, J(V)=e, and 7(%)=I

The reader should have the following pictorial description of .7 in mind

(2.19)

where we again coloured leaves black in the last expression according to the chosen
convention. A first result regarding the trimming operation guarantees that it is a
bijection between finite families of ternary and sub-ternary trees of the following
form, for arbitrary N € N

7'?7:{16’23: i(1t)

< 3
(2.20)
Ty ={reT: 7| <

The next lemma summarises this and other properties of .7.
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Lemma 2.3 The following hold.

(i) The map  is a bijection from ’Tg‘] to ’123,f0r every N € N.
(ii) Let t € Tz \ {*} and 11, 72, T3 € T3 such that T = [1] T2 13), then

T =[11 ™ 13].

In other words, trimming via 7 and grafting via [. . .] commute.

Proof By definition of Tg‘], its image under .7 is a subset of 723. On the other hand,
forany 7 € ’]{23 we can construct a o € 7-§V such that .7 (o) = 1 as follows. To each

vertex that has 3 — k descendants, for k € {1, 2, 3}, we append exactly k lollipops I,
so that in the new tree that vertex has exactly three outgoing edges. The constructed
tree o lies in Tg\’, since i (o) = |t] < N and every inner vertex of ¢ has exactly three
descendants. Moreover, it satisfies .7 (o) = 7. This concludes the proof of the first
part of the statement.

In order to prove (ii), let T € 73 \ {*} and 71, 73, 73 € 73 such that T = [1] 73 13].
Now, because .7 does not act on the root of 7, cf. Definition 2.2, we necessarily have

1=J()=[T(n1) T () T (3)] =11 © 13].

In order to avoid confusion, let us discuss explicitly the case where t; = » and thus
7; =1, for some i € {1, 2, 3}. Without loss of generality let us assume that 7, = e, as
in the example (2.19) displayed above. Then, by convention of [...], we have

T =[1 nn]=I[nman].
This identity propagates to T = [r1] if additionally t3 = . Moreover, in the most

extreme case T = W, this reduces furthertor =e=[1] = [111]. O

The following result establishes the link between the Butcher series and the Wild
expansion, according to our definitions.

Lemma 2.4 The following identity holds for h(y) = —y> and any t € T3:

h(’)(l)
s(7)

XT(t,x) = [t]e(t,x), Vee (0,3), (t,x) € (0,00) x R?,

with the symmetry factor s(t) and elementary differential h'" defined in (2.3) and
(2.4), respectively.

Proof The statement is true for X* since /(1) = A (1) = 1. Now we proceed by
induction. Assume that the statement is true for all trees T € 73 with |t| < n, for some
givenn € N,andlett € 73 beatree withn+1 vertices suchthatt = [t] 72 73], 7; € 73.
Furthermore, observe that the combinatorial factor a(t) appearing in Definition 2.1
can be expressed as follows:

a(r) = 3,S(T1)S(T2)S(T3)
T s
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with the symmetry factor s(7) defined in (2.3). Or, in other words

1 .
= if =1 =13,
s(t1)s(12)s(13) o .
T = {5, ifexactly two of the trees 71, 72, T3 coincide, (2.21)
s
1, if all trees 71, 72, T3 are distinct.

Therefore, from the definition of the terms of the Wild expansion, see again Defini-
tion 2.1, we have

_e3T)s(@)s(T) )

X7 = (XOX2XE)
s(1)
@) (1) R (1)R(T)
_ 8@ s(@)s(m)s () M= (DA™ (l)mh 2.22)
s(7) s(r)s(m2)s(3) s(7)

by our induction hypothesis, and by (2.17). Now, let k € {0, 1, 2, 3} be the number of
trees t; satisfying t; # . As we consider unordered trees, we can write

f:[tl e T e e a]’
without loss of generality. Thus

_s@s)s(m)s(m) - s(@)s()---s(w)
s(@)s(t)s(m)s(rz) s s(n) - s(w)
_ 6 s(m)---s(w) s(7)
O B=ks(n - w) s(m)es(m)

since s(») = s(1) = 1 and by using the fact that

s() =@ =@ Fsn - ) =G -b!s(n - wl),

which is a direct consequence of the symmetry factor’s definition (2.3). Next, due to
commutativity of the trimming and grafting cf. Lemma 2.3(ii), we have T = [1] 72 73]
In particular this implies, using Lemma 2.3(i), that if j of the 7;’s agree, then also j
of the 7;’s agree. Therefore, since as in (2.21), the ratio

s(ty) -+ s(m)

s([zy -+ wl)

only depends on the number of identical subtrees, we obtain

s(7) s(T)s(r2)s(13) 3!

o — —
s(r)s(t)s(m)s(3) B —k)! (1) .

Overall, (2.22) can therefore be rewritten as

. RO R (1) -+ BT (1) RO (1)
X, = T]e =

. s(7) T s(n)

[T]é‘ ’
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where we used the definition of the elementary differential (2.4) together with the fact
that (1) = AW (1) = 1. This concludes the proof. m]

With this, we have introduced all the elements which allow us to discuss the proof
of Theorem 1.1, without entering into technical details. These are deferred to later
sections and require the introduction of additional tools.

3 Outline and proof of main result

The first step towards the proof of Theorem 1.1 is the analysis of single terms in our
Wild expansion. The key result in this direction (Proposition 3.3) is presented in the
upcoming Sect. 3.1. The proof of Theorem 1.1 is then carried out in Sect. 3.2.

3.1 From Wild expansion to single-tree estimates

Formally, the solution of (1.4) can be represented in terms of the Wild series expansion
as

ue =Yy Xi=>Y Xi+ > XI=tul+ (ue—ul),

€Tz reTy TeB\TY

where 1! is defined to be the series ) 7V X[ truncated at level N € N. Unlike

the full Wild expansion, uév is well defined as it is a finite sum. The structure of the

Allen—Cahn equation and in particular the fact that the non-linearity —u?> is monotone
in u, allows to circumvent a direct treatment of the infinite part of the series. More
precisely, we have that u? solves

1
bl = Au +mul — @) +RY . w0 ) =000, G

where the error term Rév depends only on trees at the “boundary” of Tg\]:

RV =Y XPXPXP. (3.2)
T],TZ,T3€7§V

(71 72 131¢ 7Y

Here we used the fact that any tree in T € 73 \ {e} can be written recursively as
T = [11 T» 73], for some smaller 71, 72, 73 € 73, hence,

3
(X x)' = ¥ a@xoxexp+rY.
rezy rezy

T=[71 72 73]
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Utilising a maximum principle in combination with more structural estimates, which
we will describe in detail below, we are able to control the error of the approximation
as follows.

Proposition 3.1 Let A>0andT >0 satisfy

- 1
re™ T « 33
10/C 3-3)
with m = max{m , 0} and
24271
=% (3.4)
T
Then uniformly over all (t,x) € (0, T]1 x R*, & € (0, # A 3) and N < [log 1|
~ TN
CO («/fkem’)
1 l N ta - ta ’ X ) 35
V0og o |l ug (2, x) —ue(t, x) 2w S log ! - (3.5)

with Co = Co(T, m, i) € (0, 00) the constant defined in (3.21).

The proof of this proposition is deferred to Sect. 3.2. In order for this estimate to
help us prove Theorem 1.1, we would like the right-hand side of (3.5) to vanish as
& — 0. This forces us to choose a cut-off level N = N, that grows to infinity as
& — 0, and a suitably small coupling constant A satisfying (3.3). In particular, we fix
the cut-off level N, given by

Ny = [logl]|. (3.6)

We note that this estimate runs along the same lines as [25, Proposition 3.15], with
the fundamental difference that we need to push the estimate here to be uniform over
a growing N, more precisely N < |[log éj. Indeed in [25], for n, scaled (in the two-
dimensional setting) as &' =% poxn with & € (0, 1), the bound that one obtains is of the
form:

N
H N (1, x) — ua (1, x) ‘ < C(N.m, e (em’gl—“(l + log (18_2))) ,

L2(P)

for some constant C. The parameter & € (0, 1) modulates the sub-critical level of the
noise. We see here thatif @« < 1, thenin order to make the left-hand side small, it suffices
to choose N finite, but sufficiently large. Instead, in our setting which corresponds to
a = 1, this bound degenerates and is replaced by (3.5). Having a control on the error,
then, leads to the need of a growing choice of N.. We collect the essential elements
of this discussion in the following remark.
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Remark 3.2 The estimate in Proposition 3.1 is crucial to understand our approach.
First, this bound forces us to control the Wild expansion up to the (diverging) level
N;, = llog éj, uniformly over ¢. It is for this reason that we require the precise
estimates on the stochastic integrals associated to trees up to size |t| < N, which are
at the heart of our work. Second, this bound imposes us to work with a small coupling
constant A and small times (if m > 0), although we expect our main result to hold for
all times and coupling constants.

Given the error estimate in Proposition 3.1 above, the next task is to identify the
convergence of the truncated sequence u ?’ ¢ = ZIE,INS X . This convergence is very
3

delicate, in particular because the number of terms in the sum now grows with €. The
next proposition contains the key estimate that allows us to overcome this issue.

Proposition3.3 Let T > 0 and A > 0. Then, uniformly over any ¢ € (0, % A %),

TE ’T;VS, with N, = |log %J, and uniformly over all (t, x) € [0, T] x R?, we have

o\ 17l
ROy (332\ .
” log L+ XZ(1, x) — R <— Ae™ P, on(x)

tls(t) \ 27 L2(P)

|h<f><1>l( o) M+ log (1 4+ €M) +flog g fems
—_— e 9
2log! VA + €2)

where t is the trimmed tree . (t) defined in (2.18) and C is the constant defined in
(3.4).

tls(7t)

The above Proposition both identifies the limit of , / log % X7 and gives a quantitative
estimate of its rate of convergence. The proof of Proposition 3.3 is at the heart of this
article and can be found at the end of Sect. 5. It builds on all the results that are derived
on the way. We highlight that the bound we obtain is uniform over all trees t € 73
with |t| = O(log %). This is rather remarkable: As |t| grows, every tree consists of a
growing number of components living in distinct homogeneous chaoses and it requires
precise estimates to bound all of them at once. It is thus crucial that the right hand-side
is summable over t and decays for ¢ — 0, in order to justify the asymptotics

. RO (1) 332\ 1]
Jlog a0 = Jlog £ Y0 Xtten ~ 3 3 T (50) e A an )
reT;VS ’

‘[ET;VE

~

. RO1) 332\l
3 ( )(_) T P(m)

| t n(x)3
o tls(t) \ 27

as ¢ — 0. The series appearing in the expression above equals

h(ﬂ(l)(ﬁ)m B (322> _

— ) =03 3.7
| A
. tls(t) \ 27 2w
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where y(-) is the solution of the differential equation y = —y> with y(0) = 1, cf.
(2.7), which leads to the expression for the limiting variance in Theorem 1.1. Making
the previous argument rigorous is the content of the following proposition, which is
the final step towards the proof of Theorem 1.1.

Proposition 3.4 Let A>0andT >0 satisfy
re™ T < —— (3.8)

with m = max{m , 0} and C be the constant defined in (3.4). Then for all (¢, x) €

(0, T] x R?
4/log % uéVS(t, x) — iaiP,(m)n(x)

where o3 is as in (3.7).

lim
e—0

=0,
LX(P)

We remark that condition (3.3) implies (3.8). Neither of them are optimal, however,
we distinguish between them to keep track of explicit constants. We will provide the
proof of Proposition 3.4 at the end of the next subsection. Before we pass to the proof
of Theorem 1.1, let us explain the structure that underlies our main estimate, which is
contained in Proposition 3.3.

3.1.1 Outline of the structure governing the terms X;

Each Wiener integral X[ is an element of an inhomogeneous Wiener chaos (cf.
[30]). An element of an inhomogeneous Wiener chaos admits a decomposition
into its homogeneous Wiener chaos components. These projections are obtained via
all possible pairwise contractions of noises. In (2.15), this means that X7 can be
written as a sum over all possible subsets of pairs of leaves x C L(t) x L(7),
where for each (u,v) € « we replace the product of noise terms 7, (y,)n:(yy) by
E[ne (vu)ne(yy)] = )\gp%z (yu — Yv)- In the ¢ — 0O limit this corresponds to “con-
tracting” the noises to the “diagonal” y, = y,, as p,.> approximates a Dirac §.
A diagrammatic example of a possible contraction (or homogeneous Wiener chaos)
configuration is the following:

which lies in the first homogeneous Wiener chaos (as only one leaf is uncontracted)
and is therefore Gaussian. At the heart of our approach lies the observation that in a
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contracted tree as depicted above, the eventual contribution to the limit is determined
by the total number of so-called 1-cycles that one can iteratively extract from the tree.
These are cycles that involve two leaves and one inner vertex, such as the one incident
on the inner vertex 4 (or equivalently 3) above. The reason for their importance is a
time-space decoupling. Indeed the contribution of the cycle based at 4 can be computed
explicitly as follows:

Az /( e P (x4 — Y)pae2 (v — Y P (ks — y) dy dy’ = A2e*™ % pyy, 142 (0),

(3.9)

by using the Chapman—Kolmogorov equations, where we denoted the time-space
variable associated to the vertex i by (s;, x;). Notably, the result is independent of
the space variable x4. We can therefore replace the original kernel through a time-
dependent kernel based at x4 (all the rest unchanged), which graphically we visualize
as ared loop around x4:

Similar approach has been followed for removing the cycle rooted at 3. Now integrating
over x4, again by the Chapman—Kolmogorov equations as

I /( oy P (s — x2)p™ (v — x4) p™ (3 — x2) pre2 (v — ¥) dy dy’ dxs
=22¢"™2 py 512 (0), (3.10)

we are left with the product between the time-only-dependent kernels in (3.9) and
(3.10) and the kernel associated to the tree in which we remove vertex 2 and 4 (and the
cycles that are incident to them). This tree now has 1-cycles based at vertices 2 and
4. We can follow the same procedure iteratively for the rest of the cycles as indicated
in:

removing all 1-cyclcs until there are none left. Hence, in the last diagram we remain
with a tree which depicts an iterated (time-only) integral, with (time-only dependent)
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weights A2e?™ s Pas;+¢2)(0) at every vertex i. Note that the ordering of the time
variables within this integral is inherited from the tree decorated by loops. A crucial
observation will be that only homogeneous chaos configurations which share precisely
this property, contribute in the limit ¢ — 0. This will be the content of Sect. 5. We also
note that because of the particular structure we have found, determining the eventual
limiting contribution is now a simpler task, as we are left with only a time-dependent
integral.

How torigorously determine or estimate the contribution of contracted trees through
the removal of certain cycles is the content of the next sections. We will formally
introduce contractions (and pairings) and the notion of v-cycles in Sect. 4. In Sect. 5
we will then finally prove Proposition 3.3.

3.2 Proof of Theorem 1.1

We are now ready to prove our main result, given the estimates in Proposition 3.1 and
Proposition 3.4, the proofs of which are postponed to further below in the section.

Proof of Theorem 1.1 We define Ay := ﬁ,

in (3.4). Let xe , iﬁn) and T > 0 such that (1.5) is satisfied, which equivalently
reads

where C is the positive constant defined

A= 1
re™T <« —— 3.11
10/C GAD
By the triangle inequality, for ¢ € (0, % A %) and (t,x) € (0, T] x R?
2 (m) 1 Ne
[thet, x) =Gy P oy < ylog & {uete ) — ) (nx)\Lz(P)
1 . Ng > p(m)
+ H,/log su(t,x) — Aoy Py n(x)‘ e

The second term on the right-hand side vanishes as ¢ — 0 by Proposition 3.4, since
(3.11) implies (3.8). On the other hand, by Proposition 3.1, the first term is upper
bounded by

,/log% ‘

The blow-up on the right-hand side must be compensated, and here we will crucially
use that Ny ~ log % as ¢ — 0, so that we have a compensating effect from the term

(ﬁieﬁT)Ng. More precisely, by the choice of T in (3.11), we have

_ G (/TR
L2®) "~ log 1 £ '

M&‘(t’x) _ué‘vg(tvx)‘

—log (x/EieﬁT) >logl10 > 1,
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thus,
(«/E):eﬁT)NS < exp (1og («/E):eﬁT) (log% — 1)) < 106210 w e (0, % A %).
Hence, we obtain that

which vanishes in the limit ¢ — 0. This concludes the proof. O

10 Co _
e < l : 8(10g10) 1 ,
) og ¢

ug(t, x) — MQV*‘(I,X)‘

In the remainder of this section we prove that the truncated Wild expansion uév ¢
indeed approximates the solution u, (Proposition 3.1) and that ,/log %uévé (t,x) is

close to A o3 Pm(x) in L?(P) (Proposition 3.4). The proof of Proposition 3.3 will be
given at the end of Sect. 5.

Proof of Proposition 3.1 Let T > 0, (t,x) € (0,T] x R and & € (0, + A 3). From

(1.4) and (3.1), we obtain that the difference wév = uév — u, solves the equation

1
ol = S aw! +mwl — @y + il +RY . w0y =0,  G12)
L BN : . N Wy g ~
with R, defined in (3.2). Defining V" (¢, x) := iy, > We can write (3.12) as

1

The Feynman—Kac formula [29, Theorem 5.7.6] then allows to represent w’ as

t s
w1, x) = EX[/ RN (t — s, B(s)) exp (ms —/ V(s —r,,B(r))dr) ds} ,
0 0

where B(-) is a two dimensional Brownian path and E; is the expectation with respect
to it when the path starts from x € RZ. Using the fact that VSN > 0, which is due to
the monotonicity of the mapping u — u>, we obtain that?

| uév(t, x) —ug(t, x) |

t s
<Ex|:/ |R£V(t—s,,6(s))|exp(ms—/ VSN(s—r,ﬁ(r))dr) ds:|
0 0

t
< Ex[/ emxiRév(t—s,,B(s))|ds} )
0

3 We note that this estimate, via triangle inequality and dropping part of the exponential term is not expected
to be optimal and is the place where we lose. This leads subsequently to the need of a growing N and the
restrictions to the time horizon.

@ Springer



S. Gabriel et al.

Writing the latter in terms of the heat kernel we conclude that
o t
|ud (1, x) = ue(r.x) | < e"”/ / Pi—s(y = 2) [R (s, y)| dy ds .
0o JR
Taking the L?(P)-norm, we arrive at the bound that we will be working with:
N we [N
1 (1, 2) — w0 ) 2y < ™ f IR 5, Ol 2y s, (u13)
0

where we have used that RY is spatially homogeneous. To continue, we use the
definition of RY from (3.2), the triangle inequality and Holder’s inequality, to obtain

IRY (5,0l 2y < ) IXEXPXP)(s, 0)l 2p)
'L'1,‘L’2,T3E']§\]
[r1 12 T31¢ 7Y

< D XS O s I X2 (s Ol oy X2 (5, 0)l poge) -
rl,fz,ne’lgv
[r1 72 13]¢ 7%
(3.14)

At this point we use hypercontractivity, namely estimates of the L4 (I’)-norm by the
L?(P)-norm, for ¢ > p > 1, for random variables in a fixed inhomogeneous Wiener
chaos [27, Theorem 5.10]. In our case it is important to quantify the constant appearing
in the hypercontractivity estimates in terms of the chaos level in which the random
variable lies. In particular, we will use the following estimate, which is an immediate
consequence of [27, Remark 5.11]:

. £(t;) X
IX7 G D oy <52 XD G0 2wy -

To bound the L2(P)-norm, we will make use of Proposition 3.3 to obtain

&(T,m) [hD (1) (C izezﬁs>|r‘ 5 Ae™*

log 1 7Hs(™) NZET
&

Xz (s M2y < (3.15)

with 6(T, m) := e2™IT 4 4. The verification of this bound is deferred to the bottom
of this proof. Assuming (3.15) is true, and using the identity £(z;) = 2|t;| + 1 (which
holds since T € 73), we obtain

X7 (s, )l Loy < 5

1 6T, m) [ (D) (cizems)" . T ka6

log L Tits(Ti) Vs+e2
og =
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Combining (3.13) with (3.14) and (3.16), we therefore conclude that

log% . ||u£v(t,X) —ug(t, X)) 2P

< \/@.em/ IR (5. 0)ll 2 ds
3 _ (VShar m)) {/00 1 ds}.
0

8 log ; (s +62)3

T (1 ny o\ T
3 ]‘[{' ' 0l (scﬁez‘“f)t } 3.17)
71,72, ‘[367N i=l1 e S(Tl

[t 2 1317

At this point we notice that the time integral appearing in the last estimate blows up
polynomially in &, since

© 1 5 _1Ts=00 2
/ =[N =2 (3.18)
0 (s+¢2)2 €

On the other hand, for any {r,'};?’: | such that [t] 7 73] ¢ 7?] we have that
N <i([ti i) =i(r) +i(r2) +i(m3) + 1 = [11| + |2 + [73] + 1.

Moreover, by assumption, Ais sufficiently small to satisfy 5+/C Ae™! < % Therefore,
we can estimate the sum in the last line of (3.17) as follows. First, observe that

¥ A seiem)|

71,72, 'L'";GTN i=1

[t1f2t3¢7fv
3
. h(T')(1)| 7l
< (VChe™)N (5 )\“") . (.19
weiemy T Th Ve (3.19)
‘L'1T2‘L’3ETNZ=
l711’273]¢7_N

Then we complete the remaining sums on the right-hand side to Butcher series:

S [ )| < 5 2 e

‘L'1,T2,‘L’3€7?Nl 1 €T}

[r1 2 13]¢ 7Y
n — 3
< (y (5\/@@“’))
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1
 (1=2.5Chemtys

where ¥ is the solution to the ODE y = 3> with posirive initial condition y(0) = 1.
The solution of this ODE is ¥(¢) = (1 —2¢)~ /2 and so the associated Butcher series
converges for { < 1/2, i.e. if (3.3) holds in the present case. Thus, with (3.19), we
have

Z l—[ { | (1)) (SCize%”)T[} < (ﬁieﬁt)N 1

A — 3°
et =] 7;i!s(t;) (1 — 10/Cie™t)3
[t1 2 T3]¢7N
(3.20)
Hence, combining (3.17), (3.18) and (3.20), we obtain
- S wmnN
Co(T, m, 3) (v/Che™
Jog L 1 () = us 1, )l 2oy < ) )
log ¢ €
with
_ ~ 3
4m T ~
~ S5A¢(T,
Co(T.m, b) =< VI m_ (3.21)
4 1 —104/C Ae™T

This concludes the proof of the proposition, modulo the proof of (3.15). The latter
bound follows simply from the triangle inequality and Proposition 3.3 (which we can
apply in view of the constraint |7]| < [log éj):

X (2, ) L2p)

~ || ~
h (1 332 o NI 2e2MIT g femi
< ow) () L], +(cizem) 2 xdte
ls(t) 21 2@ \/10gé VAt +€2)
(3.22)
where we made use of the crude estimate
2|m|t 2 2
+|1°g(t+8)|+\/1°gs mit <2mT |3

+24+ ——
Zlog = 210g2 2./10g2
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which is a consequence of ¢ € (0, % A %) and the uniform estimate

log(r 4 &2 log(r + &2 log(t + &2
| log( +18)|: sup | log( +1€)|v sup 0g(+f)
o<r<T 2 log B o<i<1—e2 2 log c 1—e2<t<T 2 log € (3.23)
log (1 +1 '
<1+ L—i) <2
2 IOg :
Now the statement follows, since
an T ~o\ 7 1
322 35 22 2mi1 240\
<?) b)) 2, = <E> <Age /RZ Prr) dy)
132\ gem
log 1 2 VAT (1 +€2)
&
Ci202m1 I
( e ) )\’eml‘
< ’
/log é 24/t + g2
where C is the constant from (3.4). Thus together with (3.22), we obtain
&(T,m) A1 0y =Tl Ae™!
IXE 0l gy < S D (@ ggm) 2
log L 715 it
&
with &(T, m) = /™7 4 4. This completes the proof. O
Proof of Proposition 3.4 For h(y) = —y?3, we introduce the truncated Butcher series
h(T)(l) h(f)(l)
¢ _ ol _ Il
Bic. =) Ts)° > EEEL (3.24)
T€e 53 ey’

where the second equality is a consequence of Lemma 2.3. Therefore, Proposition 3.4

will follow if we can show that the following two limits hold true with §; = %:

. 1 Ng 3 —
Slgr(l) H,/log su (1, x) — )»Bfl(gi, 1) eth;+5277(x) e 0, (3.25)
lim 2B} D™ Pan) —ho A | L =0, (3.26)

@ Springer



S. Gabriel et al.

The limit (3.25) follows from Proposition 3.3, provided (3.8) holds. Indeed, via the
named proposition, we can bound for ¢ € (0, % A %)

H,/log Lye(r, x) — ABE (g5, 1) €™ Py 2 (x)

D>

1'67’;\'6

<2 A (D) (cxzezw)'fl M [log (1 + %) + \flog ¢ feme
\TGTNS s(7) 7! 21og ! VAT + &2y
<3

LX(P)

~hO(1)
1 7]
log & - Xg (1, x) — Am XT e™ P, 2n(x)

4

L2(P) (3.27)

where we used (3.24). Now, (3.25) will follow, if we can show that the series on the
right-hand side is summable, that is if

Z M (C}tzeZH’)lTI < 0. (3.28)

7) 7!
TET<3 S( )

This is the Butcher series associated to the ODE ? = 3° with initial condition y(0) =
1, which converges as long as (3.8) holds. See also the discussion in the proof of
Proposition 3.1. Hence, (3.27), and thus (3.25), vanish for arbitrary fixed ¢ € (0, T],
because the second-to-last ratio on the right-hand side in (3.27) vanishes in the limit
e — 0.

To complete the proof of the proposition we must now check (3.26). Here we
observe that

H iBZ(Ci, De™ P onx) — )A\ai P[(m)n(x) ‘

L2(P)
SAIB(G. D) — o3l - €™ Pryan(x) ”LZ(IP)

‘|‘)\O’3L

e™' P, an(x) — Pt(m)l’](X)”Lz(P)-

The second term is converging to O by the continuity properties of the heat semigroup.
Instead, for the first term we observe that Bj (¢, 1) is an approximation to the Butcher
series associated to the solution y(¢) of the ODE y = —y3, y(0) = 1, which is given
by y(¢) = (1 4+ 2¢)~"/2. This solution is analytic for || < 1/2 and the associated
Butcher series converges (see the discussion in Sect. 2.2). Thus, recalling the form of

2
oz (3.7), we have that limg_, ¢, 1) —oz| =0, as long as L < = , which 1s
2 3.7 h hat li |BZ( 3 1) /\| 0 1 3;]‘; ; hich i

implied by (3.8). This concludes the proof. O

@ Springer



The Allen—-Cahn equation with weakly critical random initial datum

4 Contracted trees, Wiener chaoses and their structure

In Sect. 3.1, and in particular in Sect. 3.1.1, we outlined the structure underlying the
main estimate contained in Proposition 3.3. In this section we will introduce the notion
of contraction and present estimates on the integration kernels associated to the Wild
expansion terms X, which will allow us to analyze them rigorously in Sect. 5.

4.1 Wiener chaos decomposition, contractions and cycles

The multiple stochastic integrals X* appearing in the Wild expansion (1.4) lie in the
£(t)-th inhomogeneous Wiener chaos. Elements in a finite inhomogeneous Wiener
chaos can be decomposed into terms belonging to distinct homogeneous Wiener
chaoses. We refer to [27, Chapter 2] and [30, Chapter 1] for a more detailed dis-
cussion about Wiener spaces and their decomposition to homogeneous components.

Our asymptotic analysis builds on a precise understanding of the decomposition of
the components of the Wild expansion into its homogeneous chaos terms. The goal
of this detailed study will be to show that only terms in the first chaos (and not all of
them) contribute to the Gaussian limit in Theorem 1.1.

In our setting, homogeneous components of the Wild expansion will be represented
by stochastic integrals indexed by trees with additional contraction in pairs between
elements of a subset of their leaves. A contraction of a given tree is a pairing among the
elements of an arbitrary subset of the leaves of the tree. Unlike the stochastic integrals
indexed by the initial tree, the stochastic integral indexed by a contracted tree lies in a
homogeneous chaos, whose order is given by the number of uncontracted leaves. One
can then recover the integral associated to the original tree by summing over integrals
indexed by the same tree with all possible contractions. Let us now be more precise
and start with the definition of a contraction.

Definition 4.1 For any t € 7 we define a contraction to be a subset k C (L (2”),
where (L (2”) denotes the set of all unordered pairs of leaves of the tree t, such that

every v € L(7) lies in at most one element of k. We define the corresponding set of
contractions by

K(t) := {K C (C(;)> : K is a contraction Oft} . “.1)

Furthermore, we denote a tree 7 = (V, £) that is being contracted according to a
contraction k by T,:

7. .=V, EVUk),

and call this a k-contracted tree or simply a contracted tree. We will also denote by
L(7,) the set of leaves of t,, namely, the set of leaves of T which are not included in
the contraction «.
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If all leaves of t are contracted via k we will call k a complete contraction and
T a completely contracted tree. If this is not the case, we will often talk of partial
contraction and a partially contracted tree.

Graphically, a contracted tree 7, is represented by the original graph of r augmented
with edges connecting the pairs of vertices in k. We will colour the additional edges
arising from « in red. For example, the possible contractions of the tree

\KY (4.2)
are (up to symmetries)
YRRV e
7 s , s , s s

where we denoted the tree without any contraction with a subscript @ to emphasize the
empty contraction. Intuitively, when seen as a stochastic integral, the uncontracted
vertices in 7, will have all assigned space variables being distinct, while the edge
with space variables (yy,, yu,) connecting a pair of (1, u) € « will be assigned
a weight p,.2(yu, — yu,). More precisely, to any contracted tree 7, we associate a
(homogeneous) Wiener integral lying in a homogeneous Wiener chaos through the
following definition:

Tee(t, X) 1= / Voo K" (5v(0), YW(o) dYVonouL ) dsvone Ne(dycm)) (4.4)
Dt
with D; = [0, 1] x R? and

Ky'evo o) =[] pi;ftj)_Su(yp(u)—yu){ [1 50(Sv)}

ueV(r)\o vel(t)

2
[T 22806u) 80su) Paez s = yu) s (45)
(uy,u2)€k

with p(u) denoting the parent of u and (s,, yo) = (¢, x). To lighten notation, we will
often drop the index ¢, x that indicates the time-space coordinates of the root, if the
explicit indication is not necessary. We stress the difference in notation of the two
types of stochastic integrals once and for all here: For the homomgeneous Wiener
integral (4.4) we write n.(dy.(r)), whereas for the inhomogeneous Wiener integral

(2.15) we use [T,y n(dyw).

4 In the @-contracted tree 7y, the iterated stochastic integral will correspond to a homogeneous chaos, and
the purpose of the ¢ subscript in its graphical depiction is to distinguish it from the graph representation
(4.2), which corresponds to an element of the inhomogeneous chaos. On the other hand, there is no such
danger of confusion in the rest of the graphical depictions of 7, with x # @ and so we do not use any similar
subscript in order not to overload notation.
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With this definition, 7, . lies in the homogeneous Wiener chaos of order £(tx) =
|L(t,)|. Given the decomposition of an element in a Wiener chaos into its homoge-
neous components, see [27, Remark 7.38], we have that for any 7 = [1] ... 1,], the
associated stochastic integral t; can be decomposed as follows

=[tle - [wmle = Z Tk, » (4.6)

KeK(T)

with [7;]. defined in (2.15). In the example of the trees in (4.2) and (4.3), we have that
the decomposition of the inhomogeneous element represented by the tree (4.2) to its
homogeneous components is given by

R R RO SR

where the right-hand side corresponds to the homogeneous stochastic integrals indexed
by the contracted trees in (4.3). Here we have taken into account multiplicities of homo-
geneous components due to equivalent contractions. For example, the contractions

Rl

are all different. However, they correspond to the same stochastic integrals. Lastly,
let us mention that for a planted tree [t] we use both notations [t], and [z, ] for a
contracted version of that tree.

Contractions between trees and L2 (P) estimates. We now want to extend the notion
of contraction from within a single tree to a pair of trees. This will be necessary in order
to encode second moments of stochastic integrals of the form (4.4). The Gaussianity
and correlation structure of the white noise, imply via Wick’s theorem, that the second
moment can be expressed as the sum over all possible pairwise contractions over the
(uncontracted) leaves (or precisely over the noise variables that lie on the leaves) of
two copies of the tree, connected to the same root with time-space variables (¢, x). In
other words, we look at the stochastic integral [z, T]¢(#, x) corresponding to the tree
[z, T] with root variable (¢, x). Let us look at the example of computing the second

moment of the stochastic integral [7].(¢, x) = \Kg (t, x), evaluated at a time-space
point (¢, x). Its second moment will be represented by

E[[t]e (1, x)*] = E[[z, t)e(t, x)] = \I/\I/] (t, )]

“4.7)

(t.x) (’ x)
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In other words, the computation of the second moment of a stochastic integral [t],
gives rise to a completely contracted tree [7, 7], in accordance with the definition
of (4.1). We note that, if we first decompose [7]. (¢, x) into its homogeneous Wiener
chaos components, then an alternative computation would yield

FEn (s

(,x)

El[z](r, x)*] = @

(,x)

where we used the orthogonality between different homogeneous chaos components.

Let us introduce a notation that will allow us to encode contractions between trees
that are glued together, in a way that distinguishes them from the contractions of Defi-
nition 4.1. This will be useful to encode covariances between [1]¢ (¢, x) and [t/]¢ (¢, x).

Definition 4.2 For two rooted trees 7, t/ € 7 define the set of pairings among the
union of leaves as

V(r. ") :={y eK([r. '] : y is a complete contraction }.

We also define the subsets of pairings which complete a given pair of contractions
(«, k") € K(r) x K(z) by

V(te, 1) :={y € V. 7') : k Uk’ C y and all pairs in y \ (x Uk") connect 7 to t'}.

We will write [z, 7/ 1y todenote the tree [z, T 'l where all leaves are contracted according
toy € V(z, /).

The pictorial representations in (4.7) show all possible elements (up to symmetries)
of Y(z, t) for that example. Furthermore, note that for any two contracted trees ., rlé,,
and y € Mz, 7,,), the pairing [z, 7,,], gives rise to a completely contracted tree
and, therefore, )(7,, r,:,) = ), if the number of uncontracted leaves in 7, and r,;, differ.
This agrees with the fact that homogeneous chaoses are orthogonal with respect to
one another. We can now express covariances between contracted trees as follows:

E[tlee [Tl | = D [0 7 e “8)
Y V(. T.)

Moreover, it is clear that J(zy, ‘L'lé,) allows to partition )(z, /) as

V(1) = I_l Wz, 7:,2/) ) (4.9)
(k,k"NeK(T)xK ()

where |_| denotes a disjoint union. This is clear since, if we want to find all pairwise
contractions of [z, t’], we can first identify the contractions that are internal to each
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7, 7’ and then identify the contractions that connect the leaves of one tree to those of
the other. This partitioning then allows us to express covariances in terms of

> > B[l ]

kek(t) k'eK(t’)

=2 2 ) Inthe

keK(t) K'ek(t)) yey(r,(,r’é,)

= Z [z, ":/]y,s s

yel(r,t’)

B[ (7] ['); |

where we used (4.8) in the second step, and (4.9) in the last. Finally, the partitioning
(4.9) allows us to recover the internal contractions associated to a given pairing. This
motivates the following definition.

Definition 4.3 For any 7, v’ € T3, let s, .} : J(t, ') — K(t) x K(t') be the map
that for any y € )(t, t’) identifies the unique pair si; 1(y) = (k1(y), k2(y)) such
that

Y € VT T:éz(y))-

In other words, the map s identifies the subset of edges in y that only connect within
7 and t’, respectively.

4.2 1-cycles and their removal

Let us now introduce the notion of a 1-cycle. Suppose that a contracted tree 7, contains
a component of the form

7]
(s2, y2)
7 173

(s1.y1) (4.10)

T = )
« (50, yo)

namely where we observe a cycle consisting of an inner vertex (sj, y;) connected
to two leaves that are themselves connected to one another by a red edge (part of
k). We call such a cycle a 1-cycle. Let us remark that in the above picture, the point
(s2, y2) denotes the coordinates of the basis of the sub-tree 71 and (sg, yp) denotes the
coordinates of the parent of the inner vertex with coordinates (s, y;). A more formal
definition is the following.

Definition 4.4 Givenatree T and a contractionx € (1), we call a 1-cycle a connected
component of 7, which consists of two leaves, which are connected by an element of
Kk, and the inner vertex, which is the parent of these leaves, as well as the three edges
that connect these three vertices. We call the inner vertex of the cycle the basis of the
I-cycle.
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Given a contracted tree 7, with a 1-cycle C, we write (7 \ C)z for the contracted tree
that is obtained by “removing” the cycle C from t,. That is, the graph that remains
after removing all edges and vertices that belong to C and replacing the remaining two
edges which used to connect to the basis of the 1-cycle by a new single edge, which
connects the only remaining descendant of the basis we removed to the parent of this
basis. The contraction ¥ is the one induced naturally on 7 \ C by « after the removal
of the element that connects the leaves of C. The removal is simply described by the
following picture:

71

(52, y2)
T T3 1 T2 13
(51, y1) (52, 2) \V (4.11)
N S AT TN

Observe that if T € 73, then also 7 \ C € 73. An important lemma is the following,
which records the effect of the 1-cycle on the associated stochastic integrals.

Lemma4.5 Let t € The of the formt = [t1---T,], T; € 73, and k € K(t). Further,
let C be a I-cycle in the contracted tree t, with the coordinates of its root being
(1, x) € (0, 00) x R?. Denote by (s1, y1) the coordinates of the basis of C, by (so, Yo)
the coordinates of the parent of (s1, y1) and by (s2, y2) the coordinates of the only
descendant of (s1, y1) that does not belong to C. Denote also by z3 = (s3, y3) and
24 = (84, ya) the coordinates of the leaves of the 1-cycle C (where we recall that the
time coordinates s3 and s4 of the leaves will coincide with 0). Then

fz /ZKQ;’,CE(SV, y) dydzzdzy = 98(51)]1{”@1 gso}Kt;;fg(SV\c, WO (4.12)
p? JR
where the kernel K is defined in (4.5), Dy is defined in (2.16) and

Qs(sl) = AZe2ms Pasy +¢2)(0), (4.13)

T := 1 \ C and K the contraction induced on T by the removal of C from 7.

Proof We start by performing the integration over the spatial coordinates y3, y4 of
the part of the kernel K ;Kxe (sy, yy) that depends on the variables z3 and z4. This

corresponds to the following integral (recall form (4.5) that the kernel K ing (sy, yv)
contains factors §o(s3) 80(s4)):

7% /( - ™ (3 — YD (4 — YD) Pae2 (v3 — ya) dyz dys = A2e*™ 1 py(, 102 (0)

_ s, @14)

Next, we integrate the remaining part of the kernel over y;. This reduces to the
Chapman—Kolmogorov identity (refer also to the pictures in (4.10) and (4.11) for
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guidance):

/R , p.ﬁ."l)sz(yz - yl)piffl)sl (y1 —yo) dy1 = p.ﬁ:l)sz (2 = yo).

Combining the results of the two integrations above with the remaining components
of the kernel K ik)i (sy, yp), yields the expression on the right-hand side of (4.12). O

As it turns out, 1-cycles play an important role in our analysis. We will see that the
contracted trees in the Wild expansion that contribute to the limiting fluctuations, are
exactly those whose contraction consists of only 1-cycles (which may also emerge in
an iterative way, see the second example below). To get an idea of this phenomenon,
let us look at the following examples.

Example 1 Consider the contracted tree \K Using Lemma 4.5 (or in this case even a
by-hand computation) we find that

\Ka,x):f fpff?(y—x)l€<s,y>§?g(s)dyds,
[0,:]1 JR?

where inside the integral (s, y) are the time-space coordinates associated to the basis
of the trident. We can next compute the spatial integral via Chapman—Kolmogorov as

/ Py —x) a5, y)dy = / ™ (v —x) p™(z — y) ne(z) dy dz
R2 (R2)2
_ (m), _
—/ ™ (2 = x) ne(2) dz = L, (2, ).
R2

Therefore, we obtain

t t 2ms
\K(z,x)zle(t,x)/ Qs(s)ds=lg(t,x))»§/ s,
0

d
o 4m(s + &2)
and hence, by Lemma A.1 and definition of A, for ¢ € (0, co) we find that

):2
§g<t,x) = I, x)- (1 +o(1)),
T

where the o(1) is with respect to ¢ — 0.

Example 2 This example demonstrates the iterative appearance of 1-cycles, after suc-
cessive extractions, and their overall contribution. Consider the contracted tree

lg (t,x),
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where we have tagged some vertices for reference in the following integrals. In par-
ticular, the coordinates of vertex i will be (s;, y;). First, extracting the 1-cycle with
basis 2, we have that, using Lemma 4.5,

3
¥t = // Cos2) K 013159 183 dy i

[0,113 x (R%)2
{s2,53<s1=t}

Now, applying once more Lemma 4.5 on the kernel, or just the previous example, the
above integral equals

t psy 1 12 2
L [ [ €200 dsadn = 5 (5-) Tt (14 00)
o Jo T

Thus, the contribution of this diagram is of the same order as in the previous example
(albeit with a different constant) and will also contribute to the limiting Gaussian
fluctuations.

Following the same steps as above, we can determine similarly the contribution of
the contracted tree

1/32\2
% (%) = _(E> Lot x) - (14 0(D).

2
4.3 v-cycles and their removal

Contrary to the above two examples, where only 1-cycles appeared, the next example
will demonstrate a different cycle structure, which will lead to lower order contribu-
tions. This will motivate the study of v-cycles of arbitrary length, which will play an
important role in our analysis.

Example 3 Let us look at the order of magnitude of .\% . Its second moment has the
diagrammatic representation in terms of the completely contracted tree

\Kw,s(t,x) 2

E =6 ,

(t,x), €

where the factor 6 counts the number of symmetries of the pairing at hand. Denoting
by (s1, y1) and (s2, y») the time-space coordinates of the bases of the left and right
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tridents, respectively, we can explicitly write the integral corresponding to the above
diagram as

3
629 /D P01 =0 (D p (= 3) P, (2 — ) dyy dya ds dsa.
t

Then, using the estimate (e™ ("‘+52)p31+s2+282 (y1—y2))? < e*™ 2 (s51+52+262)) 2
together with Chapman—Kolmogorov, we can bound this by

6A664ﬁ,/ PfTs)] (1 —x) ™G p 2y — ¥2) Pi% (2 —x)
&
D?

(27 (s1 + 52 + 262))’

dyj dys ds; ds>

610 o=
< G P
6

1,.—2y 6m
< (27[&)‘2 lOg(l + its )e mtp2(1+82)(0) .

dsy dsp

(0.2 (51 + 52+ 2¢%)?

2
Since 1% = O((log é)’3), we can conclude that E[ ‘,/log %\i/@,g(l, x)‘ ] < % ,

for some constant C(¢) only depending on ¢ > 0.

In the last example there was no 1-cycle appearing. Instead, the contracted tree
that emerged from the diagrammatic representation of the second moment, presented
cycles containing more than one inner vertex, with every edge of the cycle incident to
at least one leaf. We will call such cycles v-cycles. The emergence of v-cycles and the
quantitative estimate of their contribution will play a crucial role. The key observation
is that contracted trees which do not consist of 1-cycles only, will have their second
moment represented by a paired tree which necessarily contains a v-cycle of length
strictly greater than one. Such trees will turn out to have a lower order contribution.
The main estimates in this section, which provide a quantitative control on v-cycles,
are given in Lemmas 4.9 and 4.10 below. Let us start with the rigorous definition of a
v-cycle.

Definition 4.6 For a given contracted tree 7., a subgraph C = (V¢, &) C 1 is a
v-cycle if it is a cycle in 7, (viewed as a graph) in which every edge is incident to
at least one leaf of the tree . We define the length of a v-cycle to be the number of
inner vertices of T contained in C and we also denote by Z¢ and L¢ the collection of
the inner vertices and leaves of t that belong to C, respectively. We will call a v-cycle

of length m € N a m-cycle for short.
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A pictorial example of a v-cycle is the one that appears in the following component
of a contracted tree:

3 T4

T T2

Note that a 1-cycle (Definition 4.4) is simply a v-cycle of length 1. Consider a v-cycle
of length m and denote its inner vertices by v, ..., v,, where we will always keep
the convention that in such an encoding we start from the left-most inner vertex of
the cycle, in the graph picture of the tree, and register the following inner vertices as
we trace the cycle clock-wise. Let us also denote the time coordinates of vy, ..., vy,
by si, ..., Sm, respectively. We introduce the following kernel, which will play an
important role in our estimates:

m
—  —m 2 m(sg+
& (Slv AR sm) = )"gm 1_[ e (Yk gk+|)psk+sk+1+282 (0)
k=1
)\gem(é‘k+sk+l)

m
B ,!:[1 27 (sk + Sk+1 + 2€%)°

(4.15)

with the convention that s, 1 = s1. We note that the above kernel is invariant under
cyclic permutation of s1, 52, ..., S.

The following lemma, which will be proved in Appendix A.3, establishes the exis-
tence of a v-cycle in a completely contracted tree of the form [71, 2].

Lemmad4.7 Let 11, 1, € 13 . Then, for every pairing v € (11, 12), the paired tree
[t1, 2], contains a v-cycle.

An important procedure that we will follow in the remainder of the section, is to
spatially decouple v-cycles from the rest of the integration kernel encoded by the tree.
We will be performing such decoupling estimates sequentially until we exhaust all
v-cycles, including the v-cycles that will emerge through this process. We will call
this process cycle removal. Below we formally define the cycle removal of a single
cycle.

Definition 4.8 (Cycle removal) For any contracted tree 1, with T € 7 of the form
T = [t1---ty], i € 73, and any v-cycle C C 7, (not passing through the root), we
define the contracted tree (7 \ C)x to be the contracted tree obtained from 7, through
the following procedure:

1. Remove from 7, all the edges and vertices that belong to C.

2. We note that an inner vertex that belongs to C will always have four neighbours
due to the tree being built from ternary trees. Let v be an inner vertex that belongs
to C. We then write v9p = p(v) for its parent and vy for the unique descendant
which is not connected to v by an edge in C (recall the representation (4.11)). We
then distinguish between the following two cases:
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(a) Both vg and v; are not part of C, then we replace the two edges {vg, v} and
{va, v} by a single edge {vo, v2}.

(b) If vg (or vy) are part of C, we proceed going down (or up) in the tree until we
find a vertex wg (or wy) not being part of C. Once, we found such vertices we
remove all edges crossed in this exploration (which don’t belong to C since
they connect inner nodes) and replace them by the edge {wo, w,}.”

The result of this procedure is a tree 7 \ C with the contraction k¥ consisting of the
remaining edges in « after the above two steps.

For example, consider the following component of a tree

T3 T4

102

In this example there are three v-cycles: one whose contraction-edges consists of only
the blue edges, one whose « edges consist of the top blue edge and the red one and,
finally, one whose « edges consists of the red one and the two blue ones below the red.
The process of removing the blue v-cycle is depicted below. The middle step shows
the component after removing the leaves and edges that are part of the v-cycle. The
rightmost tree is the final outcome after also replacing the edges incident to the inner
vertices of the v-cycle by a single edge.

3 74
3 T4
B — > 0 .
T nn -

The following lemma provides the central estimate that quantifies the contributions
coming from v-cycles.

Lemmad4.9 Lett € Tof the formt = [11---1,), Ti € T3, and k € K(t). For any
m € N, let C be an m-cycle in the contracted tree T, and denote the inner vertices of C
by vi, ..., vy, with associated time-space coordinates (Sy;, Yv,), ., (Su,» Yv,,)- Recall

5 Note that we will always find vertices wq, wy (which might agree with vg, v2), since going down we will
always hit the root last (which is not part of C), and going up we can always proceed because the sub-trees
are ternary.
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the kernel K+, (sy, yy) from (4.5) associated to a contracted tree. Then

K dsr.d
/(RZ)IC /;) cc te.e SV, yV) dsc. dyy,

—a —Qm
< & (sv] LEERRS} SUm) 1_[ ]ISaK(v) <Sv gsP(U) K?},E(*“WC? )’V\C), (416)

v EIC

where T = 1 \ C, K is the contraction induced by k on T, p(v) denotes the parent of a
vertex v in T and 0, (v) denotes the unique descendant of v which is not part of C.

Proof The proof follows the steps of the computation in Example 3 by crucially apply-
ing Chapman—Kolmogorov to the integration over the space variables associated to
the leaves of the v-cycle, combined with a uniform bound over the space variables on
the resulting product of heat kernels. In particular, we have

2
‘/(‘Rz)gc l_[ pgn)(yv = Yw) l_[ )‘a P282(yw — ) dyL'C

{wovleée: velp {w,v} exnN&e

m

__ 2 2m m(sy, +s )

- )‘s l_[e Uk Tk psvk+syk+1+2£2(yvk+l - yvk)
k=1
m

2m m(sy, +s )
< )”s 1_[ ek Tk psvk +su4 +2¢2 ©0)
k=1

= e ®m((svk)k:1 ..... m)

where we omitted integration over the time variables associated to leaves on the left-
hand side, as s, = O for all w € L¢, because of the Dirac—§ at zero. Inserting the
above into the left-hand side of (4.16) we obtain the desired estimate. It is useful to
have a pictorial representation of the estimate we have just performed:

3 T4 T3 T4

1 T2 0

—_— ——

®3
e ((sv Dke=1,...,

N
X
e e,
XJ\
’ S
&
-
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with the equality representing the application of Chapman—Kolmogorov, with the blue
cycle appearing on the right-hand side in the first line representing the weight

m

2m m(sy, +s )
Ag l—[ ek Ttk psvk+svk+1 4262 (yvk+| — Yu) s
k=1

and the inequality depicting the application of the uniform bound
m m
m(sy, +Sy, 1) m(sy, +Sv,_ 1)
l_[ ek T Py +sv, +2¢2 Ooeer = Vo) < l_[ e Py tsu g +262 ©).
k=1 k=1

The blue cycle appearing in the right-hand side in the second line represents the space-

,,,,,

from the remaining integral). The small red nodes indicate the remaining spatial inte-
grals associated to inner vertices of the extracted cycle. By another application of
Chapman—Kolmogorov, when integrating over the spatial variables associated to the
small red nodes, we obtain

374
B ={un
172 -

This concludes the proof. O

The following lemma is crucial as it demonstrates that v-cycles of length larger
than one have a vanishing contribution, as ¢ — 0, and in fact, the contribution is even
smaller the larger the cycle is (because of the factor Ag’").

Lemma 4.10 The following bound holds for any m > 1

®m (he™!)2m
o e St S dstm < o log(l+5), (1D

where we recall that m = max{m , 0}.

Proof In the case m = 1, the bound follows from (4.14), since

IQ 5 t est Azezﬁt
ds = A ds < £ log (1 + %) . 4.18
/0 ¢(s)ds s‘/(; 47(s + £2) S . og(l+ 82) ( )

Thus, we assume m > 2 for the remainder of the proof. First, note that

S1 4 Sm +26% = 2/(s1 + €2) (s + €2) = V(51 + 262) (s + 262) .
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Therefore:
om )\2m m eMk+skt1)
Y. - d =L —d
o e (ST, Sm) st m 2y / LS e 202 S1.m
[0,[]’" =
= -1
(hee™!)2m 1 1
dsi,...m»
G [0,1]m \/s1 + 262 /s + 262 l:[ Sk + Skt1 + 262 "
(4.19)

where we additionally used that e™ 5 < e™!. Furthermore, for 2 < k < m, using the
. _ Sk . . . o0 1 _

change of variables r = a2 together with the identity fo T dr = m, we

have that

1 1

1/(sk—1+28%)
dr
w/sk+2825k 1+5k+282 w/sk 1+282/ f1+r
— (4.20)
VSk—1+ 282

Applying (4.20) (m — 1)-times to (4.19), starting from k = m and going down to
k =2, yields

A mi\2m n.mfl t 1 1
/ e (51 e S) dsi,m < (ee™) ds
[0,

Q2m)m 0 /s1 4262 \/sl + 22
(Ageﬁt)Zm
- 2m

log(l + 2—22),

which concludes the proof. O

Next we want to define an iterative process of extracting cycles from a paired tree
and record this process via a mapping to an element of the permutation group. We
will call this the cycle extraction map and define it below. To define such algorithm,
it will be convenient to label vertices of trees. For a given tree 7 € 73, we fix a
representative ordered version of it and label the inner vertices of [z, 7] (excluding
the root) with the numbers {1, ..., 2i(r)} in arbitrary order. Once we have labeled
all inner nodes, we label its leaves with the integers {2i(r) + 1,...,4i(7) + 2}. In
particular, the arguments that follow depend on the ordered structure of the trees
under consideration. Yet, the eventual estimates that we obtain are uniform over all
representatives of a given unordered tree, so this will not cause any problem. Now, it
will be convenient to define an ordering among sequences of labels.

Definition 4.11 (Lexicographic ordering) For two vectors V = (vy, ..., vg) € N¢ and
U= (uy, ..., u.) € N® with d and e not necessarily equal, we say that V precedes U in
lexicographic order and write V < U if

e cither there exists ak < d A e suchthat v, = u, forz < k — 1 and vy < uy,
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e ord <eand v, = u, forz < d.

The lexicographic order extends naturally to a total order on the set of v-cycles of
a tree. Let C be a v-cycle, represented by the path-vector

Ve i= Uiy, Vj;, Vjys Vigs oo Vigys Vjom_1»> Vjnn) »  SUchthat vy, € Ic, vy, € Le,
4.21)

with consecutive vertices in the vector being connected by an edge in the v-cycle.
Here i; is the minimal label in Z¢, and v}, the leaf with minimal label neighbouring
v;, . This imposes a direction the path-vector is represented in. Now, let C' be a second
v-cycle represented by the vector V, then

C<C if Vg =< Vg lexicographically. 4.22)

In this setting we can introduce the cycle extraction map T, for any T € 73.

Definition 4.12 (Cycle extraction map) For any t € 73 and y € Y(z, 1), we will
define inductively a sequence of v-cycles extracted from [z, 7], as follows:

1. Start by defining o7 := [r, 7], and y; := y and denote by C; the minimal v-
cycle in o7 (whose existence is guaranteed by Lemma 4.7) with respect to the
lexicographic order. Define 07 := o7 \ C; and on o7, the contraction y; induced by
y1 after the cycle removal of Cy, according to Definition 4.8.

2. Assume that we have defined the contracted trees (o0;),,;, fori =1, ..., k, as well
as the v-cycles Cy, ..., Cx—1 belonging respectively to (o1)y,, ..., (0x—1)y,_, - Then
proceed by defining Cy to be the minimal v-cycle belonging to oy, with respect to the
lexicographic order. Further, define the contracted graph (o%+1)y,,, := (0% \Ck));k
via the cycle removal as in Definition 4.8.

3. Stopat K(z,y) :=kifopy1 = Q

Definition 4.13 (Permutation extraction map) For n € N, let S,, denote the symmetric
group over n elements, and let T € 73. We define as follows the permutation extraction
map

;: Y(t, 1) = Sy -

For any y € )(t, t) consider the sequence of v-cycles (Ck),f:(i’y) constructed from
[z, 7], viathe cycle extraction map from Definition 4.12. For any Cy belonging to this

sequence let V,k) 5 wees V0 be the vertices in Z¢,, listed in the same order as in (4.21).
1 my
We then map every cycle to a permutation cycle

= (k) (K .
G Cpoi= (i i - i%)) € Sair) .

where we used the cycle notation (i fk) iék) e l,(,{(k) ) for the permutation i](.k) — iﬁ.];)l ,
forj =1,..., my,with zr(,lfk) = il(k>. The image of y under the permutation extraction
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map w = [1;(y) is then defined as

K(z,y) -
e TT 0 ).
k=1

To clarify the tools we have introduced so far, let us discuss an example.

Example 4 Consider the following paired tree

where we marked the minimal v-cycle (with respect to lexicographic ordering) in blue,
which will be removed in the first iteration of the cycle extraction. For the sake of clarity
we omitted the labels of the leaves in the diagram above, and merely represent the
corresponding v-cycles by their inner nodes. Removing the blue v-cycle in the diagram
above yields

(02), = and C; = (134),

where once more we marked the new minimal v-cycle in blue. Removing the new blue
cycle then yields

(03)y; = 'Q and C> = (2).
Overall, for the above example, the permutation extraction map I1; yields
y (13 4)(2) € Ss. (4.23)

Some remarks on the permutation extraction map are due. First, we note that the
mapping is well defined. This is because once a minimal v-cycle is to be extracted, the
integers indexing its base points are removed from the permutation and the new tree
has inner vertices indexed by the remaining integers. A second observation is that it
is not bijective. To see that the map is not injective, consider the tree from Example 4,
however, now with the pairing
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where again we marked the minimal v-cycles in blue. Then IT; maps the above pairing
also to the permutation (4.23). Moreover, the map is not surjective: For example
consider a paired tree [7, T] containing the component

and a permutation 7t € S, containing the permutation cycle (1 2 3) . Then there exists no
pairing y € Y(t, t) suchthat I, (y) = m, since it is not possible to construct a v-cycle
according to this permutation cycle. Indeed, let us try to construct a corresponding
v-cycle and see that this fails. Necessarily, y would contain an edge contracting a leaf
connected to v and v3. Moreover, we can only connect a single leaf neighbouring
either vy or v3 to the isolated leave neighbouring v, say we choose a leaf at v>. Then
the pairing y would contain the following edges (in red):

Now, it is not possible to close a v-cycle with vz, while also crossing v, v,. Note that
this construction does not depend on the specific leaves we chose. In particular, the
roles of vy and v3 can be reversed.

The main result of this section is an upper bound on the integral represented by a
paired tree. This bound is obtained via the permutation cycle sequence extracted by
the map IT;. The upper bound will turn out to be sharp when IT;(y) = Id, meaning
that only cycles of length one are extracted. Before we state the result, let us introduce
the following notation for the time-simplex induced by a tree. For a tree T € 7 we
define

D (1) := {s € [0, 1"\ . if p(u) = v, then s, > s}, (4.24)

with the usual convention that s, = ¢ and p(u) denoting the parent of u.

Lemma4.14 Lett € 73 andi(t) be the number of internal vertices of T. For t € S2j(r)
with permutation cycle decomposition {Ei}fz(f) andy € Hr_l (1), we have

(e et 0) < 22 / Uree D) dsz) ™ paginy (). V€ Sy,
9[r,'r](t)

[t, Tlye(t, x) = 22 </® o W e (s7) ds1>e2mtp2(t+€z)(0) , ifm =1d,
[z,7] t
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where T .= I([t, T]) \ 0 and

K(m)

RIC
Veel) = [ Ve GuveTz), (4.25)
i=1

®
with e " defined in (4.15). Here I denotes all those inner vertices whose labels
lie in the permutation cycle C

Proof Let 7t € Syi(ry and y € 17 1(71). The proof works by extracting cycles succes-
sively from [7, 7] and using Lemma 4.9 to obtain a bound on [7, 7], . in terms of these
cycles. We write V = V([7, t]) \ 0 and Z = Z([z, t]) \ 0. Starting with the extraction
of the minimal v-cycle C; in [z, t],, we have

[tﬂ T]y,&(tﬂ x)

1,x
< /‘DV\CI K([t,t]\C]),; (SV\Clv YV\C.)
'

®lZc, |
e s v e Te)

(0,11

[T Lo, <sessmen | 9570, dsniey dyne, (4.26)

UEICI

where K é[f ey denotes the kernel corresponding to the fully contracted tree ([, 7]\

C1); = (o1);, following the notation in Definition 4.8, and 9., (v) indicates the
unique descendant of v € Z¢, not in C; (see also Lemma 4.9). We can then proceed
iteratively by extracting the v-cycles via the cycle extraction map from Definition 4.12,

until we reach the tree Q In this way we obtain the upper bound, using Lemma 4.9,

[Tv T])/,&(tv x)

K(z,y)
<20 /
0.0
® 1, |
VA GoiveZe) 3 [T Loy, w<n<opm [ | BT (4.27)
veIgi
K(z,y) K(z,y)

with the sequence of v-cycles (Ci),_,""" and the sequence of reduced trees (0;);_;

from the cycle extraction map. Note that K (z, y) equals the number of permutation
cycles K (71). In order to avoid confusion, we added a subindex p,; to the parent map
p (and also to the descendant map 9, ), making clear with respect to which tree the
map is to be interpreted. In Lemma A.5, we will see that the time-integral over the
indicator functions in (4.27) preserves the original ordering imposed by the tree. More
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precisely, it is independent of the chosen pairing y and equals the integral over the tree
simplex D¢ ;1(¢). Thus, by application of Lemma A.5, the inequality (4.27) reads

K (70)

BT, |
[, Tyt 1) < $2u, ) f T 2% v e o) dsr
i)[1'1](1‘) i=1
= Agezmtlﬂz(zﬂ%(o) ( / Wi e (s7) dSI) ,
Q[r,r](t)

which yields the desired upper bound. If 7t = Id, then the inequality in the first line
becomes an equality as we are successively removing 1-cycles and apply the identity
in Lemma 4.5, rather than the upper bound in Lemma 4.9. The proof is complete. O

5 Contributing and non-contributing trees and their structure

This section is dedicated to the proof of Proposition 3.3. Obtaining this result requires
a precise quantitative control over the limiting behavior of contracted and paired trees.
Such control will build on a systematic application of the bounds and ideas that we
have introduced in Sect. 4, and in particular it will build on Lemma 4.14 above.

In the previous section we analysed paired trees and found that it was possible to
identify v-cycles and remove them iteratively to obtain an upper bound (or an exact
estimate, in the case when all v-cycles are 1-cycles) on the integral associated to such
a tree. In this section we start instead with an arbitrary contracted ternary tree [t],.
Our objective is to obtain a bound (or an exact estimate) on the second moment of
the Wiener integral associated to such contracted tree. To obtain such estimate, we
must sum over all possible pairings y of [t, ] which complete the contraction «, and
for each such pairing we can follow the procedure described in the previous section.
One of the key points of this section is therefore to keep track of all the combinatorial
factors that appear when counting pairings and contractions associated to arbitrarily
large trees.

This section will be split into two parts. First, we study those contracted trees that do
not vanish in the limit ¢ — 0 (i.e. that contribute) and identify them using properties
of the underlying graph 7,,. We also determine their precise limiting contribution and
the size of the set of all such contractions. In the second part, we will instead state
and prove a uniform upper bound for the rate of convergence of contracted trees that
vanish as ¢ — 0 (i.e. that do not contribute).

5.1 Contributing contractions
We start by studying those contracted trees that contribute to the fluctuations in the

limit ¢ — 0, and for which an exact estimate of the contribution is necessary. For this
reason, let us define contributing contractions as follows.
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Definition 5.1 Forany tree t € 73 and contraction k € [C(t), we say that k contributes
if there exist (¢, x) € (0, 00) x R? such that

tim sup (log ) - E[|[rle.«(r. 0] > 0. 5.1)

We denote the set of all contributing contractions by

C (1) := {k such that 7, contributes} C (7).

5.1.1 Identifying contributing contractions

Before determining the precise contribution of contracted trees, we show that the
abstract condition in (5.1) can be replaced by a condition on the underlying graph
structure of the contracted tree. More precisely, we will see that the estimates of
Sect. 4.3 imply that contracted trees contribute if and only if the corresponding integrals
lie in the first homogeneous Wiener chaos and we can iteratively remove 1-cycles from
them.

Lemmab5.2 Let T € T3, then

(i) C(r) ={k € K(v) : Ay € (1, ) with Il (y) = Id}.
(ii) If k € C(7), then 1, has a single uncontracted leaf. That is, [t], lies in the first
Wiener chaos and is therefore Gaussian.

We postpone the proof of the lemma to the end of this section. The property of
being contributing, associated to a contracted tree [7],, is defined using the second
moment condition (5.1). We can express (5.1) by summing [z, 7], over all pairings
in y € Y(t, T¢), recall (4.8). The paired tree obtained, once we fix an element of
V(T Ti ), can be treated via Lemma 4.14. In particular, it turns out that for contributing
trees 7, and y € Y(ti, 1) the cycle extraction map satisfies [1;(y) = Id. As a
consequence, we can determine precisely the limiting behavior of such paired trees
through the last statement of Lemma 4.14, which is the key ingredient in the proof of
Lemma 5.2. This is the content of the following lemma.

Lemma5.3 Let v € 73, © = J () be the trimmed tree, as in (2.18), and 70 € S)j(7).
Then for every y € 1'[;1 () and all (t, x) € (0, 00) x R?

2
22 )1 i_z)‘f' M) )y i —
lim (log 1) - [z, T1,.¢ (1, x) = A {z! (271 Py (0) ift=1d,
e—>0 .
0 otherwise .

If the above limit vanishes, we say y is a non-contributing pairing, and call it a
contributing pairing otherwise.

The proof of Lemma 5.3 uses the following identity.

@ Springer



The Allen-Cahn equation with weakly critical random initial datum

Lemma5.4 Let t € T3 and t = J (1) be the trimmed tree as in (2.18), then

AZe2m sy 1R e Il
- d) =: [t].(t), (5.2
/;3[:1(1) vel;(lr) 47 (sy + €2) ® = (47[ /0 s+ &2 € (5.2)

with the tree-time-simplex D1 (t) introduced in (4.24).

This lemma is a consequence of Lemma A.3, since the integrand on the left-hand
side in (5.2) is a symmetric function over the variables sz(:) = Sy(¢).

Proof of Lemma 5.3 Consider T € T3, T € Sy;(r) and y € TI7!(7r). Then for all
(t,x) € (0,00) x R?, Lemma 4.14 implies

(log %) Tl et x) < 22 {/;3 " W e (s) dsz} e p2<t+€2)(0)
e,

where we remind that 7 := Z([t, t]) \ 0. Extending the domain of integration from
Dr,71() to [0, 1%, the right-hand side can be factorised

K(z,y)
I ®| ¢ |
(log %) [T, Tly e x) < 22 1_[ g "(sviv € Zg) dsz, eem!
[0,71%¢
Pa(i+¢2)(0)

where (C,-)iK:(f 7). denotes the sequence of v-cycles constructed from [z, 7], via the
cycle extraction map (Definition 4.12). For each of the integrals we have

22 ot g2Mms .
= = OHSzds if |Zg| =1,

Q1 |
/ L = Ye (sv; v € Ig;) dsg,
[0,¢7°Ci

(hee™ G ~
;%ng(wg’—z) if 1Z¢|>2

N

where for the case |Z¢;| > 2 we used Lemma 4.10. Note that the right-hand side in
the second case vanishes in the limit ¢ — 0, since A, ~ (log 8) 172 1n particular,
if m # 1Id then at least one v-cycle C; must satisfy |Z¢,| > 2, which yields that
[z, t]y. (¢, x) vanishes as ¢ — 0.

On the other hand, if 7= = Id all the v-cycles C; are 1-cycles and we can replace all
inequalities with identities to obtain

(log 1) - [t, Tly e (2, x) = A2 {/@ H AV (sv)dsI ™ P 162(0)

[z,71(®) vel

)»2 2m sy

== };2 / sI(r) 62 lP 2 (O) .
| | 1 2 2(t+€7)
’D[r](t) UEZ(‘L') Tt (SU € )
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Hence, we deduce from Lemma 5.4 and Lemma A.1 that

~ 7|
o |13
. 1 _ 2 (m)
EIEH) (log ;) - [r, Tlye(t, x) =4 ) <_27r> Py 0,

which concludes the proof. O

Finally, we are ready to show that contributing contractions can be identified as those
that have a single uncontracted leaf and allow for an iterative removal of 1-cycles.

Proof of Lemma 5.2 Let us start by recalling from (4.8) that for any tree T € 73 and
any contraction x € K(7)

(logh)- E[[r2, (0] = Y dogh)-[r. 7l ).

}/ey(fkstx)

Therefore, to prove the first statement of the lemma, it suffices to prove that

lim (log 1) - [7, Tl (1, x) > 0,
e—0

forall (¢, x) € (0, 0c0) X R?ifand only if [T, (y) = Id, which is implied by Lemma 5.3.

For the second statement we instead proceed by induction over the number of inner
vertices i (7). We can check that the statement is true for i(t) = 0, i.e. T = e, since
[VY(t, )| = 1 and

lim sup (log %) . IE[|I,8|2(I, x)] >0.
e—0

Now, let m € N and assume that the statement holds for all t" € 73 satisfying
i(r") < m. Choose t € T3 with i(t) = m + 1 and let k € C(t). By the first
point of the present Lemma 5.2, which we have just proven, we know there exists a
y € Vv, o) N7 1(Id). In particular, let C; be the first 1-cycle that is extracted by
the permutation-extraction map applied to the pairing y, and write (02),, = ([7, 7]\
C1)y, = [7, 7y, with T := 7\ C1, assuming without loss of generality that we have
removed the cycle from the left tree.
Then via (4.26), we deduce that

tx
['C, T]y,&‘(tv )C) < /;V\C] K([T,‘L’]\C1)y2 (SV\Cp YV\Cl)
i

4 1
/0 e ® (sp; v €Zg)) (5.3)

[T Loy << [ 957, dsine, dme,
vele,
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where we again used V = V([t, 7]) \ 0. Note that the product in the expression above
only consists of a single term, because C; is a 1-cycle. Dropping the time-constraint
encoded by 1, (v)<s, <sp()» We therefore obtain

t
[, T]y,s(t’ x) < [T, T]yz,s(t’ x) {/0 e ®1(sv; [UNS IC])dSICI } . (5.4)

Now, taking the lim sup over ¢ — 0 after multiplying both sides with (log é) yields

5\2
0 < lim sup (log %) [z, 7]y, x) < 7 lim sup (log %) [, tlpe(t, x). (5.5)
s

e—0 e—0

Here, the first inequality holds since k € C(t), while the second inequality is a
consequence of (5.4) and Lemma A.1. In particular, the limit on the right-hand side
must be positive. Next, by Definition 4.3 there exists (k1()2), k2(y2)) such that y» €
V(i (12)s Tia(yn))» With k2(y2) = k, so via an application of the Cauchy—Schwartz
inequality we obtain

1

(£ el < E[(Eagme (1] < (2[R0, ]) (E[e2.])T . 69

which together with (5.5) implies k1 (y2) € C(%). By the induction assumption, Ty, (5,)
(note that i (T) = m) has a single uncontracted leaf, which implies that also 7, has a
single uncontracted leaf. This concludes the proof. O

Note that Lemma 5.2, together with the identity from Lemma 5.3, implies that if
k € C(7) then [t], , is (and converges after rescaling to) a mean-zero Gaussian, with
limiting fluctuations

L\ e
: 1 _ (m)
gh_r)n() log E . || [t]é‘,l( (ta -x) ||L2(]P>) - ; (E) p21 (0) N

In the next subsection, we will see that a stronger statement holds true, as we will be
able to identify [7], . with Is up to a multiplicative factor.

5.1.2 Determining contributions

In the previous section, we identified contributing pairings (and contractions) to be
the ones mapped by Il; to the identity permutation, i.e. the algorithm defined in
Definition 4.12 only extracts cycles of length one. Precisely this fact will turn out to
be useful, when determining the following identity for contributing contracted trees.

Lemma5.5 For every t € T3,k € C(1), ¢ € (0, %) and (t,x) € (0,00) x R% we
have that

1 )L2 t 2ms 7]
[r]ma,x):—(—g/ ¢ ds) La.x)=x.0) .. x).

! \dm Jy s+ €2
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Note that the right-hand side of the identity in the lemma above does not depend
on the particular contraction k € C (7).

Proof Fix t € 73 and let k € C(t). Choose y € H;I(Id) N V(T T ), Which exists

by Lemma 5.2(i). Since y € 1'[;] (Id), the cycle extraction map, see Definition 4.12,
associates to y a sequence of 1-cycles (C; )12':(11 ) Inorder to distinguish between the two
trees generating [1, 7], let us write [t1, 72] := [7, T]. Now, let (C;);g be the subset of
i(t)

cycles whose bases belong to the tree 7. In other words, (C});; contains all cycles

in (C,-)l.z;(lr ) such that Z¢; C I(ty). This yields an iterative rule of removing 1-cycles
from [71]¢ = [t]k. In particular, each C; corresponds to a unique inner node v; of 7.

Recall that for v € Z(t) we write p(v) € Z([t]) for the parent of v and recall also
the representation of the stochastic integrals in (4.4), which allows us to write

[tle,e(r, %) = / Yo {3 (v yw) dsviry dywene ne(dye)
Dt

where we denote by (s¢, y¢) the space-time point associated to the single uncontracted
leaf in 7., cf. Lemma 5.2(ii). We apply Lemma 4.5 with respect to the 1-cycle C},
which yields

t
— 31
[lee(r, x) = /Dvm\dl {/0 € (svl)]l{SaK<v1)<5v1 gsp(vl)}dsv.}
t

Kz (Syene;» Yvone,) BSvene;, vy euey) ne(dye) -

Now, by applying Lemma 4.5 successively another i (7) — 1 times with respect to each
of the 1-cycles (C;)i.(zrz), we obtain

®1
[tle,e(t, x) = / o l_[ Y & (Sv)ﬂ{sa,c(u)éé‘ugsp(v)} dsz(z)
[0,7]4*

veI(r)

/R ™ e = x) ne(dye) -

The stochastic integral on the right-hand side equals Ig, whereas the time integral in
the brackets can be rewritten as

®1
'/[; 7@ 1_[ M_ () 5,0y <50 piy) B7(0)
LT

vel(t)

[T
= - 5. WSI(1),
D (1) vel(r) 4JT(SU + 82)
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where we used that

1_[ ]l{Sa,((u)éSvSSp(v)}z 1_[ ]l{SuSVp(v)}'
vel(r) vel(r)

Together with Lemma 5.4, this concludes the proof. O

5.1.3 Counting contributing contractions

In the previous section, we saw that the limit of a contributing contracted tree is
independent of the precise structure of the contraction. Thus, in order to conclude the
limit of X7, it is only left to determine the size of C (7).

Lemma5.6 Let v € Tx, then |C(t)| = 31,
In order to prove Lemma 5.6, we first need the following result.

Lemma5.7 Let t € T3 and k € C(t), then every trident in t, has an internal
contraction. More precisely, for every v € Vays(T), with

V(1) = {v € I(x) : there exist exactly three uy, uz, u3 € L(t) such that p(u;) = v},

we have {u;j, u;} € « for two distinct i, j € {1, 2, 3}.

Proof Let T € 73, k € C(7) and consider [z, t],, for the unique y € (7., 7,), see
Lemma 5.2(ii). For any v € Vy»(7), we write u1 (v), u2(v), uz(v) € L(t) for the three
leaves it is connected to (indexing them with 1 to 3 from left to right).

Now, assume there exists a v € Wiy (r) without an internal contraction, i.e.
{ui(),uj(v)} ¢ « forall 1 < i, j < 3. Graphically, this can be represented as
follows:

: (5.7)

for some 71, T2 € 73 (note that possibly one of the leaves could be uncontracted, which
is indicated in the example above by the dotted red line). Then it is immediate to see
that IT; (y) # Id, since otherwise {u; (v),u;(v)} € k C y forsome 1 < i,j < 3.
Thus, contradicting the assumption ¥k € C(t) by Lemma 5.2(i). This concludes the
proof. O

Proof of Lemma 5.6 We prove the statement by induction over the number of inner
vertices i(7), starting with i(r) = 0, i.e. T = e. In this case, |C(7)| = |K(7)| =
[V(r, )] = 1 and the claim holds. Now assume the statement holds true for any
T € T; satisfying i (T) < m.

@ Springer



S. Gabriel et al.

Lett € 73 withi(r) = m + 1 and fix any v € V(7). We denote its neighbouring
leaves by u1(v), uz(v), uz(v) € L(r) (indexing them with 1 to 3 from left to right):

, (5.8)

for some 11,70 € 73. Again note that possibly one of the leaves could be
uncontracted. Moreover, using Lemma 5.7, we can partition C(t) into three sets,
C1,2(7), C1,3(1), C2,3(1), with

Ci.j(r):={k € C(r) : {ui(v),u;(W)} €x}.

For any contraction « € C(t) we define the tree resulting from 7, after removing the
I-cycle C with Z¢p = {v}:

T = (t\ Ok, (5.9)

using the cycle removal from Definition 4.8. Expression (5.9) defines a map K, :
C(t) — K(T) with R,(x) := k. Moreover, we have that ¥ is contributing for 7
(namely £ = Ry (k) € C(1)).

In fact, for any choice 1 < i < j < 3, the map ﬁv|ci,j(f) maps onto C(7) and
defines a bijection. To see this, consider an arbitrary contraction ¥ € C(T) (with
the labeling of T induced by t) and define « := & U {u; (v), u;j(v)}. For example
we have the following reconstruction of a contraction in C3 3(t) using the inverse

(ﬁv|C2,3(r))71:

(5.10)

On the other hand, for the same ¥ we can also reconstruct the following two contrac-
tions in C; 2(7) and C; 3(7) , respectively:

u > U3=w u u3
N T and N T

In particular, for each set C; ;(t) there exists a unique k € C; j(t) such that £, (k) =
k. As a consequence all three sets C; j(t) have the same cardinality, which agrees
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with |C(7)|. Lastly, applying the induction hypothesis to |C ()|, yields
IC(D)| = [C12(D)] + [C13(D)] + [Co3(r)| = 3|C(@)| = 3"

This concludes the proof. O

5.2 Non-contributing trees

Up to now, we have identified contributing pairings (and contractions) to be the ones
that lie in the pre-image I"It_1 (Id), when considering a fixed tree T € 73 . Moreover,
we determined their exact contribution. Now, it is only left to control the overall
contribution of the remaining contractions, which we will prove to be negligible, in
a strong summable fashion. We summarise the main findings of this section in the
following lemma.

Lemma5.8 Let T > O, then uniformly over any ¢ € (0,% A %), T € ’Zévg, for
N, = |log %J, x € R? and uniformly for all t € [0, T], we have

~ — |7] A
242w 32 2mt mt
H » ,/logg-[r]K,s(r,x)] Lo < ! %(66 Ae ) re =.
Kk¢C (1) L*® Jalog L T VA +e%)

where T denotes the trimmed tree J (t) as in (2.18). In particular, for a fixed t € T3
the right-hand side vanishes in the small-¢ limit.

T

Remark 5.9 Our methods in Sect. 4.3 (such as the cycle extraction and the correspond-
ing estimates in Lemma 4.14) also apply to covariances of the form

(logd)- Y E[ltleet. 0)[tlee (' x)] .

k,k'¢C(1)

instead of just second moments as considered in Lemma 5.8. For this we don’t iden-
tify the roots of the trees [7], and [7],’, when pairing the two trees, but keep them
separate with individual time-space points associated. Thus, instead of stopping the

cycle extraction (Definition 4.12) once we see ; , we terminate the algorithm once

appears. For this reason, we would see a \/ wedm! Pa(r+¢2) (x — x’) instead of

miz

¢ — 2mt
= Jmxetmip,.. 5 (0),
/740 T 82) 2(t+¢e%)

on the right-hand side of Lemma 5.8. In particular, we expect this to allow for treatment
of the statistics of the corresponding field associated to (1.3) in the Holder space
C+1_(R2) for fixed r > 0, which we leave for future work.
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For the proof of Lemma 5.8 we need the following two lemmas. The first is an
upper bound of a “symmetrised” integral over v-cycles.

Lemma5.10 Let T > 0. Then uniformly over any ¢ € (0, % A %), t € [0, T] and
TE T;VE, N = |log %J, we have

3 mndi(t) .
(/ W o (57) dsz> < 1 1 1 . ()\62‘) : L2 +2m)i(7) ,
Q[r,z](t) 10g 5 ('L") 47'[ i(t)—

TLESi(v) \1d}

where T := I([t, t])\ 0, and T = T (1) denotes the trimmed tree (2.18). Recall (4.25)
for the definition of the function W, .

The next result guarantees that the number of pairings y of a tree [7, t], which
correspond to a permutation 7t € $2; (), grows at most exponentially in the number of
inner vertices of a tree.

Lemma5.11 Let T € T3 and € Sai(q), then |TI7 ()| < 6%,

Having both Lemma 5.10 and 5.11 at hand, we can now prove Lemma 5.8. The
proofs of Lemma 5.10 and 5.11 are deferred to the end of this section.

Proof of Lemma 5.8 Consider T > 0, ¢ € (0, + A 3) and (¢, x) € [0, T] x R%. By
representing second moments of contracted trees in terms of paired trees, cf. (4.8), we
have

2

Yo Ylogl-lrleet, )| =logl Y Y [Tl )

kgC() L2(P) i,k ¢C (1) Y EM(Tke, T,1)

glog% Z Z [, 7]y, x),

meSim\{d} y ey ! ()

where we used additionally Lemma 5.3 to identify non-contributing pairings as pre-
cisely the ones that do not map onto Id under IT,°, and the fact that

Iy € V(1. ) limsup (log %) [t,7]ly(t.,x) >0 & «k,«' €C(r),

e—0

which is a consequence of the Cauchy—Schwartz inequality, cf. (5.6), and Lemma 5.2.
Thus, Lemmas 4.14 and 5.11 imply

Z vV log % : [T]K,€(t7 X)

k¢C(7)

g (10g %) )“g 62i(f) Z (/ ‘IJTLE(SI) dSI) ezmtpz(l—‘rgz) (O) )
neSum\d) ¢ Plro®

2

L2(P)

6 Because on the right-hand side we sum over all non-contributing pairings, which may consist of one
contributing contraction and one contraction that doesn’t contribute, we overestimate the left-hand side,
which is the reason for the inequality.
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Applying Lemma 5.10, this can be further upper bounded by

) 1 ()\emt)4l(r)
22 20242 o2
hg 670 ()2 4g2io—1 PRI e P42 (0)

| 1 {6e2t2m 52,21 2i(r) 52,2m1
 4logl (eh? 4 +e)

T

Since i(t) = ||, the result follows by taking the square root. O

Now we pass to the proof of Lemma 5.10. Note that this is an improvement of
Lemma 5.3. Indeed, instead of extending the integration domain from D[ ;](¢) to the
box [0, 1157 TD\e 4 it was done in the proof of the latter lemma, we will make use
of the fact that summation over all permutations in 7t € S, \ {Id} has a symmetrising
effect that allows for a more precise control of the integral.

Lemma5.12 Fix e € (0, %) and n € N. Consider for any T € S, the function W ¢
introduced in (4.25). Then the function U, :[0,00)" > R defined by

aS(s15"'sl1) = Z \IJ7T,€(S15'-'7SI1)9

e Sy \1d)
is symmetric in the variables sy, - - - , sy.

Proof It suffices to consider the function @, given by

(51, S0) > Y l_[ R—— Yo

mes, i=1

since the term corresponding to the identity partition is symmetric itself and we have

—_ A2\ oy . 1
U, = (2£) 2mXi T—1.
¢ (271) Z H255+282

Now, for o € S, if we indicate s¢ = (s¢(;))/_,, we have

N P—

Si + SO'T[O'_] ) + 282

Pelse) = Y H

So) + So(niy + 26

mes, i=1 mtes, i=1
=@.(s),
7'[EZS ﬂsl +ST[()+282

1

since for every o € S, we have {omo™" : 7 € S,,} = S,. This concludes the proof. O

Now we are ready to prove Lemma 5.10.
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Proofof Lemma 5.10 Fix T > 0, t € [0, T] and define n := 2i (7). Using Lemma A.3
and the definition of ¥, in Lemma 5.12, we find that

W, (s7)ds7 = / Wi e (s7) dsz,
/@Mm : ,)2 > o Ve (5.11)

7S, \{Id}

since W, is symmetric by Lemma 5.12. Recall from (4.25) that Wy, . is a product over
cycles in the permutation 7t, which allows us to factorise the integral

K(70)

/ W o (s7)dsz = H VA ®‘l‘(Sv,UEC)dS",
[0,1]%

(0,615

with K (7r) denoting the number of cycles in the permutation 7t. Applying Lemma 4.10
to each term in the product yields

K(m) (Ageﬁt)2|a-|

/[0 0 W e(s7) dsz < 1_[ T, log (1 + ;—2)
()\ emt)Zn K (1) ()\' eﬁt)Zn
2—,,(_ log (1 + £ )) < sz—nMs(t)K(ﬂ) )

where we introduced

M. (t) == ’7% log (1 + ;—2)—‘ .

Therefore, we obtain the following upper bound to (5.11):

o ! A mi\2n M. ()"
[ Wonasr< 5 00 (b k] - 20 o)
Dz, n!

(th2 2on

with the expectation taken With respect to the uniform distribution on S, which has
probability mass funct10n . Here we used the identity

M ()" M, (1)K
———+ ) —

Es, [M ()™ ] = !

e S, \{1d}
Hence, we have reduced the problem to studying the generating function of a discrete

random variable, namely the total number of cycles in a uniformly at random chosen
permutation. Its distribution is a well studied object and we have the explicit identity

Es [Ms(t)’“”)] — (” + M (1) — 1)

n
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at hand, see e.g. [34, Equation (5.14)]. Thus, we can rewrite (5.12) as

1 (he™)n ((n~|—M(t)

v )!
el dor s —M)") . (5.13
Amm(mﬂ'uwemal(mm—w aw (5.13)

Now, we expand the difference on the right-hand side to obtain

n—1 n—1
M, .
(n—JE (_t)l)' Gk =D iM) [ M)+ (5.14)
M, ! o ki1

Note that forevery k =0,...,n —1

Me() +k _ 1log(lJr;—z)JrkJrl ( +|10g(t+82)|+n(k+1)>

210g— S 210gl S 210g—
1 u%a+¥n+n@+n
< —exp >
b4 2 log -
thus, together with (5.13) and (5.14)
/ W, (s7) dsz
ED[r,r](t)
1 (emn "i M, (1)) ’ﬁ M. (1) + k
T (@)? 210gl = Q2log )/, il 2log !
11 Gemy i [log(t + & O, 5
ST 102 I ZJ exp|(m—1D Z o]
log 3 (zh* 27"=0 <= 2 log —2log;

(5.15)

The terms in the exponent can be estimated uniformly over ¢ and ¢ € [0, T']. For the
first summand, we make use of (3.23), which yields

log(r + &2
(n— )M\zn.
210g—

Moreover, since n < 2N, = 2|log éj

n—1 n

k+1 Z k _n(n+1)<n
210g€ =1 2log% 410gé

k=j
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Combining the two estimates with (5.15) yields

. 1 1 ): m1y\2n 1
/ T, (s7) dsg < — 2( e _)1 nm =1 @ixn
g[r,r](l) log P (T') 2mh 2

11 (e™)™ o2 +210n
Tlogl(eh? 4mn-! ’

where we used n(n — 1) < e?* < ™" in the last step. This concludes the proof. O

Proof of Lemma 5.11 For convenience let us write n = 2i(t). Our aim is to obtain an
upper bound on the total number of parings y that give rise to a given permutation
7 € Sy, via the map I1;(y) from Definition 4.13. It will be convenient to represent
7t as a product of permutation cycles @ = l—[lK:(IT) A,-, for some K(m) € {1,---,n}.
Here we slightly abuse the notation a, which is already used in Definition 4.13.
Indeed, while the decomposition of a permutation into a product of cycles is unique,
the order in which these cycles are chosen is arbitrary. On the other hand, not every
order of permutation cycles is admissible in Definition 4.13, as for example cycle Cis
necessarily a cycle among bases of tridents or cherries (because it is the first cycle we
extract from a paired tree). In our setting, since we start from an arbitrary permutation
7T, we assume nothing further on a other than that they are cycles that decompose 7.
We now provide the desired upper bound via the steps that follow.

1. By Lemma 4.7 we know that any pairing y in 1'[,_1(71) must contain a v-cycle

that alternates between leaves and inner vertices of [z, T]. This is because the
first v-cycle we extract must be a v-cycle in the paired tree [z, 7], (later ones
belong instead to trees that are derived from [, 7], by extracting v-cycles).
Therefore, there must exist a cycle a-l that only runs through inner vertices in
Ve U Vg =t WO Here W+ and Vay» denote the set of cherries and tridents in
[T, T], respectively, see Appendix A.3 for their definition.
Indeed, if no such cycle exists, then the given permutation cannot arise from any
paired tree [, T],, using the extraction algorithm IT; and the pre-image is the empty
set, so that our upper bound holds true. See the discussion below Example 4 for
an example of this kind. R

2. Since C;; C Wx s U Vuy, to construct a v-cycle corresponding to C;; we must
choose for every vertex v with label in al an (outgoing) leaf that connects to the
next vertex of the v-cycle and an (incoming) leaf that connects to the previous
vertex of the v-cycle. Here, which leaf is outgoing and which leaf is incoming
matters, leading to at most 2!(;) = 6 choices for every vertex (for vertices in Vg

we have six choices, for nodes in V- » only two). Thus, there are at most 6/Cit| ways
to construct a v-cycle through inner vertices labeled by C;,.

3. Now proceed iteratively. For j > 1, we define the set W@ < I([r, t]) \ o0 as
follows: An inner vertex v lies in W, if and only if

e there exist at least two distinct paths from v to leaves in L([z, 7]), which only
run through descendants of v (away from the root), such that the descendants

have been previously extracted, i.e. they lie in U,’(:} T,
=14C;,
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e and v has not been extracted previously, i.e. v ¢ U/j(:} I .
=14¢;,

The set W) describes the vertices that became “admissible” after extracting the
cycles {a Yietir, djo1) meaning that the inner vertices of the next cycle that we
extract must belong to W),

4. Proceed by choosing a cycle C with vertices in W) and counting all possible
choices to create a v-cycle with the corresponding nodes as inner nodes.

5. We are done once all cycles have been removed, or we cannot find a cycle that
runs through vertices in W), In the latter case, we again found a permutation that
cannot be obtained as image of the map IT; (so the pre-image is empty and the
bound trivially true).

In this way, we count all possible pairings that lead to 7. Overall, either the pre-image
is empty and the stated bound is trivially true, or it is bounded by

eXizi Gl — g |
which is the desired bound and concludes the proof. O

5.3 Proof of Proposition 3.3

Proof of Proposition 3.3 Fix any T > 0, ¢ € (O,% A %) and T € Tg\]g. Then by
Lemma 2.4 and identity (4.6), we can write

T _ R (1) _ R (1) B RO 1)
Xg = s(7) [t]e = (1) Z [T]K,s = (1) Z [Tlee + Z [Tlee

kek(t) keC(t) k¢C(t)

By the triangle inequality and the fact that 31"/ = Y ovec (ry 1, see Lemma 5.6, we have
that for every (¢, x) € (0, T'] x R?

N ||
ROy (332 4
” log § - X7 (1, %) — s \2r Ae™ Py 2n(x)

L2(P)
a 7|
1RO )] 1 AR
< S(‘L’) Z log . [f]/c,s(t’ x) — ; Z )uethtJrezn(x)
keC(1) e
¢!
l s(())| > (log i [tleelt, x) . (5.16)
k¢C(t) L2)

The second term on the right-hand side can be directly estimated using Lemma 5.8 as
follows:
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> Jlogd [tlee(t. x)

k¢C(7)

_ | 1 <6ez+2n;\2€2mt>f 3emi
< —
T

L2(P) i \/4l°g% VA + )

(5.17)

For the first term, by applying Lemma 5.5 and Lemma 5.6 together with the identity
Is(t, x) = A(log %)_%em’Pﬂrszn(x), we obtain

Il
1 A ymt
Z IOgS [Tlee(t, x) — (E) Ae Py oan(x)

keC(1) L2(P)

1 3):2 7] 1 1 p2ms Izl
== \5= ds|] —1]|ie™P
7! <27‘[> (2]og% /(; s+ &2 S) e z+52’7(x)

LX(P)
<L 952021\ 7! p2qmie llog (1 +&H)|  he™ (5.18)
ST 2 2log L Ar(r+67) |

-1
where in the last step, we used || Py 2n(X)ll2p) = V47w + €2)  and applied
Corollary A.2, which yields

I7|
t 2ms 1 p2lm|t 2
! : / ¢ sds ) — 1<t (362"”)IT| ‘ |10gl(t at
210gg 0o S 4+ ¢ 210g_

< )" 211 1 [log (1 + 62)|
210g—

)

where we used additionally (3.23) in the first inequality, as well as the bound | 7| < 3e!”!
in the second inequality.
Now, combining (5.16), (5.17) and (5.18) yields

H,/l = X (t — (T)(l) —2 )L P ( )
(o] e nx
g ‘S( ) t+e2 2( )

_ |h<f)<1>|(A ey (97 XM+ log €7 1
ls(7) 27 2]0g% ﬁ

N 1 (682+2n>|f) re™!
2,/logt \ 7 VAt +¢e?)
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2mIt 4 | log (t + £%)| +,/log

1h® )] ( N I R g;

< IPDL (e gzgm)
tls(7) 210g:;

Aemt
VA +ed)
with C being the constant defined in (3.4), satisfying

662+2n

C =

2’ &

¢ 6e2t2m
T } ’

> max{—

This concludes the proof. O

6 Link to a McKean-Vlasov SPDE

This section is dedicated to the proof of Proposition 1.2. Before we do so, we must
clarify the meaning of solution to mean-field SPDEs of the form

1
dv=JAv+mv—ak [vz] v, u(0,x) =wlx), V¥, x) € (0,00 x R,
6.1)
for some m € R,a > 0. To simplify the notation in the next definition, let us

write & for the set of functions f: R*> — R such that for some A(f) > 0 we have
sup, g2 | f (x)le ™ < 0o,

Definition 6.1 We say that v is a solution to (6.1) if — in addition to satisfying the
equation — it is smooth on (0, co) x R?, and if x — supgcs<r [V(s, X)| € £ and
similarly x — supgc <7 E [v%(s, x)] € Eforall T € (0, 00), P-almost surely.

In this setting, our first result is uniqueness of solutions to (6.1). We observe that
well-posedness of Mc-Kean—Vlasov SPDEs of this type on finite volume follows for
example through the same arguments as in [33]. Yet the extension to infinite volume
is not entirely trivial, and as a matter of fact we only prove existence of solutions in a
special, Gaussian, case. Instead, our argument for uniqueness works in full generality.

Proposition 6.2 For any vy € £ such that

Cp := sup E[v%(x)] < 00,
xeR?

there exists at most one solution v to (6.1) with initial data vy.

Proof Let T > 0. We start by proving the following a priori estimate:

sup  E[v(t, x)*] < Coe*™ =: Cr . (6.2)
1€[0,T], xeR?
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To establish the above, we start by observing that since v is smooth in space and time,
v? solves the initial value problem
1
dv? = EA"Z +2mv? — |Vu|? = 2aE[v?] v?, (t,x) € (0,00) x R*

v (0, x) = v} (x) , xeR?.

By the maximum principle one can therefore see that for every + > 0 and x € R? it
holds that

2
e < [ da-npPUm . xe®
R

and upon taking expectations on both sides we obtain
E[v*(t, )] < Co / P ) dy = Coet™
R

which confirms (6.2).

Let us now proceed with the claim of uniqueness. Let u, v be two solutions to
(6.1) with the same initial condition vg. We then show that the difference w(z, x) :=
u(t, x) — v(t, x) is identically equal to zero. The see this, note that w satisfies the
initial value problem

_l _ 271 _ 2 _ 2 2
dw = 5 Aw +mw — o (E[u?] — E[?]) u —aE[»?] w, V(r.x) € (0,00) xR ©63)

w(0,x) =0, Vx e R?.

Denote by Z(¢, x) := E[u(t, x)z] - E[v(t,x)z] = E[(u(t,x) — v(t,x))(u(t,x) —+
v(t, x))]. From Cauchy-Schwarz, it follows that

1Z@t, 0l < E[w(t, v B[ + 2@, )] <2/Cr Blwt, v, 6.4)

where in the last we use the triangle inequality and the a priori estimate (6.2). Then,
by the Feynman—Kac formula and in view of the growth assumption on solutions in
Definition 6.1, we can express w from (6.3) through

t X} 2
w(t,x) = a E, [/ Z(t —s, B u(t —s, B(s)) e™ %N E[ve—r.p0)?]ar dsj| ,
0

where E, indicates the expectation over a Brownian motion 8 (independent from all
other random variables) started in 8(0) = x. From here, using (6.4) and bounding the
exponential term in the Feynman—Kac representation, it follows that

t
lw(t, »)| < 2a/Cre™ E, [[ E[w(t — s, B)?]"? ut — s, B(s))] ds]
0
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with m = max{0, m}. Next, by Cauchy—Schwarz, we further have the estimate

_ 1 1/2
lw(t, x)| <20 /Cr e™E, [/ E[w(r — s, B(5))?] ds:|
0

P 1/2
E. U ut —s, B(s))? ds:| ,
0

and then
E[lw(t, x)|*] < 4a’Cr & ™E, [ /0 "Blw( — s, )] ds}
E, [ / "Bl — s, 6] ds}
< 42*1C2eP™ K, [/Ot E[w(r — s, B(5))?] ds}
= 4a?1CFe™™ /0 t /R E[w(t = s,9)°] ps(y = x) dy ds ,

where in the second inequality we used, again, the a priori bound (6.2). Taking the
supremum over the x variable on both sides we conclude

- t
sup E[|w(z, x)|*] < 4a2tc%e2“"/ sup E[Jw(t — s, x)|*]ds .
0

xeR? xeR?
Now, setting F(¢) := sup, g2 Elw(z, x)|2, we conclude that for every T > 0 and
0<tr<T

t

F(r)g?T/ F(s)ds, where Cr :=4a’TC2e™ .
0

Since F(0) = 0, it follows that F'(#) = Oforevery0 <t < T and T > 0. m]

We are now ready for the main result of this section.

Proof of Proposition 1.2 In the particular case of vg = p,2n and @ = @, we can
check that the McKean—Vlasov equation (6.1) admits the solution ’
R N (m)
U)L,s([, .X) -—)‘U)L’E(I)Pt (PgZ*ﬂ)(x) b
where o7 _ is the solution to the ODE
35\2 eth ;
8,05“8 = ai’e(O) =1. (6.5)

SR — N
log L 4m(t + %) »e
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For this, let us substitute V3, into the mild formulation of (6.1), which yields

hooy (O P™ (peawn) (x)
=5 P™ (pax)(x)

33
=25 [0, [ pM0 = B[P (e )P
logg 0 ’ RrR2

P{™ (pan)(y) dy ds

——iP(m)( *1) (x) - {/[ (5)° s d } P(m)( *1)(x)
y o (pe2x)(x) — — 050 (8) T———>-ds O (peaxn) ()
log+ lJo € 4 (s + %)

where we used that E[lPs(m) (P2 (I?] = 2™ (4 (s + &))" and integrated out
the spatial variable using Chapman—Kolmogorov. Now, dividing by A P,(m) (pg2xn)(x)
on both sides and taking the temporal derivative yields (6.5). To verify that
Vs, is a solution in the sense of Definition 6.1, it now suffices to check that
SuPg< <7 | Pste2*nl € & for any &, T > 0. This follows for example because

E[SUP\X|OO<1 SUPg<s<T |ps+£z*n(x)|] < 0o (where |x|s = max;=1 2 |x;]), so that

E Z SUP|x 71 <1 SuPo<s<3T | Pype2xn (x)]
1+ |z

zeZ?

which yields the desired result (cf. [24, Lemma 1.1]).
Now, the differential equation (6.5) admits the explicit solution

1 e2ms

1 t
0; (1) = ———=, with (1) := ds.
e J1+ 2 e) v 2log%/0 s+ (00
T €

Moreover, the solution v; , to (6.1) is unique, which follows from Proposition 6.2.
Finally, by Lemma A.1, we have that ¢, (t) — 1 as ¢ — 0, for every ¢ > 0. Hence,

li s ()= ——==0; Vt>0.
5%0)‘*8() o >

This completes the proof. O
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A Appendix
A.1 On the exponential integral

Throughout the paper, a crucial ingredient is to understand the small-& behaviour of
the integral

ZQ )\’2 te2ms ]
ds = =& —ds, te(0,00), € €(0,5).
/0 8(S”4n/0s+gzs (0,00), & € (0, )

In this appendix we will prove some useful estimates concerning this integral.

LemmaA.1 Letm € Randt € (0, 00), then

1 t est
i / 2ds—l
2log; Jo s+e¢

forevery e € (0, %), with m = max{m , 0}. In particular, for every t € (0, o0)

t 5»2
lim/ ge(s)ds=—. (A1)
e—0Jo 2

Proof First expanding the exponential, we write

ft est -1 q /t s i (zm)k Sk_l q
— as = \)
0 sH+¢&2 0 S+82k—1 k!

2™ | log (f + %)
ZIOgé

<

3

Thus, we obtain
t est -1
/ Sy O
0 STE&

In addition, we have

1 [ |log ( + &%)
1 st_l :—1’
2log; Jo ste 2log

so that the statement follows from the triangle inequality. The second part of the
statement is now an immediate consequence, since

IQ 5\’2 1 t e2ms
c(8)ds = — ds.
0 0

27 Zlogé S+82

0 t |2m|ksk—l
2m| 1
< E /0 —a ds <e .
k=1

This completes the proof. O
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CorollaryA.2 Letm € R, T > O andk € N, then

k
| /t p2ms A (3em[)k—1 M 4 log (r + &2)|
2logl Jo s +¢&? 2log ¢ ,

1,1
foreveryt € [0, T] and ¢ € (0, 7 A 7).

Proof Using a first order Taylor expansion of the monomial of order k around 1, we

have
1 t est k
1/ 2ds —1
2logz Jo s+e
1 1 t est
<k sup xk= 1/ 2ds—l , (A2)
x€[1,bs () V1] Zlog; 0o S+e¢
with

1 t ,2ms o 1 t 2
Rpp—— 2ds<ezm(1+M .
2log; Jo ste 2log ¢

In particular, we find that
og (¢ + e\
sup P IC Lt og 15 < (3ezm)k—l’
xell,be (V1] 2log

where we used (3.23) in the last step. The statement follows now by upper bounding
the last term in (A.2) via Lemma A.1. O

A.2 Symmetric functions and trees

LemmaA.3 Foratreet € Toftheformt = [t] -+ 1] suchthat T := I(t)\ 0y £
and any symmetric function W : R — R, we have that

1
| wenas=——— [ wenas.
D (1) Ti-- - Tns J[0,112

with the domain D (t) defined in (4.24) and t = 7 (1) denoting the trimmed tree
defined in (2.18).

Proof We prove the statement by induction over i (t) > 2. Note that the case i (t) = 1
is excluded as the single inner vertex must necessarily be the root. If i () = 2, then t
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must be of the form 7 = [V e ... o] and 7 = {v} for some vertex v. Then

t
/ \P(Sz)dsz=/ W (sy) dsy ,
D:(0) 0

which is the desired statement since 7 (V)! = 1. Now assume that the statement
holds true for any tree t" = [z ---t,,] such that i(z") < N, for some N > 2, and
write 7' := Z(t’) \ o’ with 0’ := 0,,. Let T € Tbe of the form 7 = [t/ e - - - o], so that
7 = [7’]. Then

t
/ VY (s7)ds7 = / / W (s,, s7) dsg ds,r
D (1) 0 @I/(SU/)

1 1
1" by JO [O,So/]I

where we used the induction hypothesis and the fact that W (s,/, -): R - Risa
symmetric function. Using the symmetry of the function W, we further see that the
identification of variable s,/ as the maximum variable is irrelevant with regards to the
integration, and the assignment of any of the variables s7 as being the maximum would
result in the same value. Thus, the above is equal to

1
[ wenas= o [ wenasr,
D.(1) IZ] -t Jior

and the statement follows now for t because 7'! = |¢/[ - ¢{!--- ¢/ ! = |Z] - 7{!--- T L.
Furthermore, we notice that

/ W(s7) dsg = /
D (1) D

meaning that the additional occurrences of ¢ in the grafting of t do not affect
the integral. Finally, consider the case t € 7 such that i(r) = N + 1, with
T =1[1] -+ % -,k > 2and 1; # = Again the extra occurrences of e in
the grafting of v do not affect the value of the integral. Moreover, the integration
domain ®. (#) can be written as an union of sub-tree-simplices:

f W (s7) ds7 = / / W (s7) dszzy) -+ - dsz(ey) -
D.(1) D1 (0) D1 ()

The statement follows from the induction hypothesis, since the restriction of W to a
subset of variables remains a symmetric function. O

W (s7(z1y) dszery
1 ®
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A.3 Proof of Lemma 4.7

Here we prove Lemma 4.7, which guarantees the existence of a v-cycle in the gluing
of two ternary trees. First, let us introduce some notation. For T € 73, we partition
the subset of inner vertices neighbouring leaves in £(7) as follows. Let

e Vxy+(7) be the subset of inner vertices v € Z(t) that is a basis of a trident, i.e. there
exist exactly three u1, up, u3 € L£(t) such that p(u;) = v.

o VX #(7) be the subset of inner vertices v € Z(7) thatis a basis of a cherry, i.e. there
exist exactly two uy, up € L(t) such that p(u;) = v.

e V(1) be the subset of inner vertices v € Z(t) that is a basis of a lollipop, i.e.
there exist exactly one u € £(t) such that p(#) = v. In the following, we will call
elements in V4(7) dead-ends.

Proof Let us start by noting that if [7}, 7] does not contain any dead-ends, then the
paired tree [71, 2], contains a v-cycle. To see this, first notice that every leaf of
[t1, T2] belongs either to a cherry or to a trident. Now, consider an arbitrary leaf, call
it v, and let v be the unique leaf in [77, 72], which is connected to vy via y. If vy is
inside the same cherry or trident component as vy, then we have already identified a
v-cycle, which in this case is of length 1. If not, then let v, be a different leaf inside
the same cherry or trident component as that of v; and denote by v3 the leaf which is
connected to vy via y. Again, if vy and v3 fall inside the same component (which in
this case would necessarily be a trident), then a v-cycle comprising of leaves v», v3
and the corresponding base point of the trident is identified. If not, then continue the
procedure. Since there is only a finite number of leaves, we will either encounter
somewhere in the process a v-cycle of length 1, or the path will return to a component
previously visited during this process, thus identifying a v-cycle. Diagrammatically,
we have the following representation:

where sub-trees o1, o1, 03 may be identical to just a single leaf, i.e. », and even though
we did not include them, there are y links emanating from the leaves of these trees.

We will next reduce the case that [t1, 72] contains also dead-ends to a situation of
no dead-ends. Dead-ends present a problem: When tracing contractions in y, we may
hit a dead-end and thus are not able to continue to complete a v-cycle. What we will
show is that by eliminating paths that start from a dead-end, the resulting sub-graph is
one that consists of only cherries and tridents linked through y. Thus, a v-cycle exists
within this sub-graph by the previous argument.
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Let us start by picking an arbitrary dead-end of [t1, t2]. Call vy its associated leaf
and suppose it connects via y to another leaf of [71, 72], which we call v;. Now, remove
this connection as follows:

o3 04

V e

where again we understand that, even not shown, there are y-links emanating from
trees o1, 02, 03, 04. Moreover, we agree that neither o1 nor o, equals e (they might be
(A, though), so that this part of the tree corresponds to a dead-end, while o3, o4 might
be comprising a e.

In the resulting (contracted) tree on the right-hand side, we distinguish three cases:

1. Neither of 03 and o4 are single leaves. In this case we have eliminated two dead-
ends, while not affecting the number of cherries and tridents.

2. Only one of the 03 and oy is a e. In this case, we have eliminated a dead-end in the
left part of the tree, while we have also created a new dead-end in the right part,
corresponding to either o3 or o4, whichever happens to be the . In this case, we
have also reduced by one the number of cherries (by eliminating the cherry that
was present in the right part of the sub-tree) but, nevertheless, we have not reduced
the number of tridents.

3. Both 03 and o4 are . In this case, in the right part of the tree we had, before the
elimination, a trident. Thus, after the elimination we reduced both the number of
dead-ends and tridents by one, while the number of cherries actually increased by
one.

As we will prove in Lemma A.4 below, the total number of tridents in [t7, 1] is strictly
larger than the number of dead-ends. In all three cases above, the elimination procedure
preserves this inequality. Indeed, in Case 1. the number of dead-ends is reduced by 2
while the number of tridents remains the same, in Case 2. both the number of tridents
and dead-ends remain the same (the number of cherries is reduced by one but this has
no effect) and in Case 3. both the number of tridents and dead-ends is reduced by 1
(the number of cherries increases by 1). Thus, continuing to eliminate dead-ends, we
necessarily end up with a sub-tree of [ty 72],, which will only contain cherries and
tridents. We can now return to the beginning of the proof and the situation of a (sub-
ternary) tree that consists of only tridents and cherries, which necessarily contains a
v-cycle. O

LemmaAd Lett € T3\ {o}, then [Vi(7)| < [Vepr(7)| — 1.

Proof Clearly the statement is true for 7 = \T/ Any larger tree in 73 can be con-
structed from \T/ by successively gluing tridents \T/ onto leaves. Now, there are three
possibilities for a trident to be glued onto an existing tree in T € 73, as described in
the table below.
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Pre-gluing Post-gluing IVI | IVW |

\KI/ +0 +0
1 o1
\1<1/ +1 +1
al 92
NV \Iélyaz -1 +1

4 <

Here, 01, 09 € 73\ {#} are placeholders for corresponding sub-trees. In all three cases
the claimed inequality remains true as we can only create a new dead-end by creating
a trident at the same time. O

A.4 Extracting the tree simplex

In the proof of Lemma 4.14, we eventually integrate time over indicator functions
which we collected from the estimate (4.16). The following lemma states that the
restrictions imposed by these indicator functions agree with the corresponding tree-
simplex (4.24). In particular, the cycle removal estimate in Lemma 4.14 is independent
of the chosen pairing.

LemmaA.5 Lett > 0, T € T3 and write T := I([t, t]) \ 0. Then for every pairing
y € J(t, 1), we have

K(z.y)
0,70 () [ 1500, <0 < Sp, 0} =Dl (@), (A3)
i=1 velg

where (Ck)f:(?y) denotes the sequence of v-cycles and (cri)l.K:(]r ) the sequence of

reduced trees, constructed from [T, T],, via the cycle extraction map (Definition 4.12).
The set D¢ 1)(t) was defined in (4.24).

Proof Let v € T be arbitrary. Then there exists ani = 1,..., K(z, y) such that
v € Z¢, and we define uy := 04, 5 (v), w1 = pg, (v). Notably, there exists a unique
path (u1, ..., um, v, Wy, ..., wy) inthe tree [r, t] withu;, w; € Z, j > 2.

Ifst e ’D[t,r](l‘), then

O<Sbgi,y(v)=su| <o K8y, SSy KSy, <o K Sy, =Sp{,i(v)<t7

which implies in particular that 5o, (1) < Sv < Sp,, (v)-

On the other hand, the vertex p(v) = p(7,71(v) = wyy lies in IC}/ for some i’ =
1,..., K(z, y). Thus, if s7 lies in the left-hand side of (A.3), then
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e cither the parent of v has not been removed by the cycle extraction map in an
earlier iteration, i.e. i’ > i, in which case

Sv < Spy, () = Sw,, = Sp(v) »
e or the parent of v has been removed in a previous iteration, i.e. i’ < i, then
Sy = Sbai,,y(wm/) < Sw,y = Sp) -

As the choice of v was arbitrary, this concludes the proof. O
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