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A PRIORI BOUNDS FOR ROUGH DIFFERENTIAL EQUATIONS WITH
A NON-LINEAR DAMPING TERM

TIMOTHEE BONNEFOI, AJAY CHANDRA, AUGUSTIN MOINAT, AND HENDRIK WEBER

ABSTRACT. We consider a rough differential equation with a non-linear damping drift
term:

dY (t) = —|Y|™71Y (t)dt + o (Y (£))d X (1),

where m > 1, X is a (branched) rough path of arbitrary regularity a > 0, and where o is
smooth and satisfies an m and a-dependent growth property. We show a strong a priori
bound for Y, which includes the "coming down from infinity" property, i.e. the bound
on Y (t) for a fixed t > 0 holds uniformly over all choices of initial datum Y (0).

The method of proof builds on recent work on a priori bounds for the ¢¢ SPDE in
arbitrary subcritical dimension [CMW19]. A key new ingredient is an extension of the
algebraic framework which permits to derive an estimate on higher order conditions of a
coherent controlled rough path in terms of the regularity condition at lowest level.

1. INTRODUCTION

Rough path theory [Lyo94, Lyo98, Gub03, Gub06] was developed from the late 90s as a
solution theory for differential equations of the form

(1.1) dY (t) = o(Y (£))dX (t)

for irregular drivers X (t), typically of Holder regularity a < % The principal example to
have in mind is the case of random drivers. In particular, when X is a Brownian motion,
rough path theory provides an alternative approach to the classical theory of It6 stochastic
differential equations (SDEs). Since its inception in the late 90s the theory has been highly
successful; early applications included the treatment of SDEs for correlated signals, such
as fractional Brownian motion, streamlined proofs for several classical results including
large deviations, support theorems and the construction of stochastic flows for SDEs, see
e.g. the monographs [LQ02, FV10b, FH14]. More recent results include the proof that
certain deterministic fast-slow dynamical systems are well-approximated by systems of SDEs
[KM16] or the development of a Malliavin calculus for stochastic Navier Stokes equations
with multiplicative noise [GH19].

In this article we are concerned with deriving a priori bounds and the related issue of non-
explosion for (1.1). Rough path theory primarily addresses the small scale roughness of so-
lutions and the associated problem to define and control the rough integrals [ (Y (¢))dX (¢).
There are relatively few results on the control of the global behaviour of solutions: in mono-
graphs, global existence for (1.1) is typically shown under the restrictive assumptions that
o and all of its derivatives up to order N are bounded (see e.g. [FV10b, Theorem 10.14],
[FH14, Theorem 8.4]). Here and throughout the paper we denote by N the unique natural
number satisfying

Na <1< (N+1)a.

Relaxing these growth conditions turns out to be intricate, and in fact global existence
may fail, e.g. for bounded o with unbounded derivative [LS11]. There are however some
results which relax the boundedness assumptions on the full tensors DPc, |3] < N, by
showing that a control on certain combinations of these derivatives is sufficient [Dav08,
Lej12, Weil§|.

We are interested in rough differential equations with drift

dY (1) = b(Y (£))dt + o (Y (£))dX (1) .
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The striking counter-example [CHJ13, Section 3.3] suggests that even in the case o = 1
(additive noise) a standard Lyapunov condition b(y) -y < C(|y|? + 1) alone may not suffice
to exclude finite-time explosion. This issue was addressed in [RS17], where it was shown
that if o and its derivatives up to order N are bounded, then the more restrictive Lyapunov
condition

(b(y) - vy

(12) b(y) -y <C(lylP+1)  and  |b(y) — T S0l
suffices to rule out finite-time explosion. In this article we treat the case of super-linear
inward drift b. For simplicity, we restrict to b of polynomial form, i.e. we deal with

dY (t) = =Y (@)|™ 'Y (t)dt + o(Y (t))dX (t) t e (0,1)
(1.3) Y (0) =y € R¥ |
where m > 1, X is an R? valued (branched) rough path of regularity a € (0,1) in the
sense of [Gub06, HK15, BCFP19] and o is assumed to be a C¥ map R* — R¥*? where
R¥*4 denotes the space of k x d matrices. This drift does satisfy (1.2) and therefore the
results of [RS17] imply non-explosion if o and its derivatives are bounded. In this article,
we use the damping effect of the drift to get stronger estimates on solutions and to relax

the boundedness conditions on o. More specifically, we treat coefficients o satisfying either
one of the following two growth assumptions:

Assumption 1.1 (Bounded coefficients). There exists a constant C, < oo such that for
each multi-index B = (B, ..., Br) € N¥ of length |B| := Zle B; < N we have

sup |0%0(x)| < C,.
z€R4

Assumption 1.2 (Coefficients of polynomial growth). There ezxists a v > 0 and a constant
C, < oo such that for each multi-index 3 € N¥ of length |3| < N and for all z € R* we have

070 (2)| < Co ()71,
where above and below, (z) = (1+ |z|2)=.

Remark 1.3. Assumption 1.2 is satisfied, for example, in the scalar case d = k =1 and
for
o(x) = (z)7 .

Our first main result is the following estimate:

Theorem 1.4 (Coming down from infinity). Let X be an a-rough path for some o € (0,1)
and let Y solve (1.3).

(1) If o satisfies the growth Assumption 1.1 we have for t € (0,1]
(1.4) Y (t)] < C'max {fﬁ , max [X : b } .

heT<n

(2) If o satisfies the growth Assumption 1.2 for

(1.5) 1<y<(m-1)a+1,
then we have fort € (0,1]
(1.6) Y ()] < C max {t—ﬁ , max [X : h]m} .
heT<n
In both statements, C' < oo denotes a constant that depends on d,k,m,a and C,.
The definition of a (branched) rough path is recalled in Definition 2.5, while the precise

notion of solution to a rough differential equation is given in Definition 2.12. We mention
right away that the solution Y of a rough differential equation as in Definition 2.12 has to

be viewed as taking values in a larger space than R” (a space spanned by decorated forests).
Here Y (t) € R* is the "observable solution" which corresponds to the coefficient of 1. We
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write |h| for the order of a tree, that is the number of its vertices, and 70'51\/ is the set of
trees of order < N, see Section 2.4. The seminorm [X : k] controls the order bound for X
at level h - it can be thought of as a Holder type bound on a (postulated) |h|-fold iterated
integral of X - see (2.3).

Theorem 1.5 (Small times). Let Y solve (1.3), for an a-rough path X.

(1) Let o satisfy the growth Assumption 1.1 and for e1 = e1(m) and €5 = ea(a, d, k, Cy)
small enough set

(1.7) leel%, T2:€2min{112h€7°-<N}.
(yo)™ [X: b= =
Then for t < min{Ty,T>} we have
(1.8) (Y (1)) < 2(yo) -

(2) Let o satisfy the growth Assumption 1.2 for an exponent v satisfying (1.5), let Ty
be as in (1.7) and for ea = e2(a, d, k, C,) small enough set

1\ T
(1.9) T2=82<@) mm{W~h€TSN}~
Then for t < min{Ty,T>} we have
(1.10) (Y'(t)) < 2(yo) -

Theorems 1.4 and 1.5 can be combined into a single bound.

Corollary 1.6. Let Y solve (1.3), for an a-rough path X for an a € (0,1).
(1) If o satisfies the growth Assumption 1.1 we have for t € [0, 1]

(1.11) ¥ (0] < € max { mindt™ 7, |yol}, max [X : Ao 1}
€T<n
(2) If o satisfies the growth Assumption 1.2 for v satisfying (1.5), then we have for
t€0,1]
(1.12) Y (1) < cmax{min{t—ﬁ, lyol} , max [X : h] D5+ | 1} .

€T<nN
In both statements, C' < oo denotes a constant that depends on d,k,m,« and Cy.

Remark 1.7. Consider the case o = 0, where (1.3) reduces to the ordinary differential
equation

Y = —|y|™ 1y te(0,1)
Y(0) =yo -
The explicit solution of this equation is given by
Yo 1 eT
1.13 Y(t) = —( ) ,
— O Tyol \Gn =)t + ol
and the elementary estimate
1

(1.14) ——— min{|yo|,t” 77} <|RHS of (1.13) | < C(m) min{Jyo|,t~ 77}

C(m)
shows that the first term on the RHS of (1.11) and (1.12) is optimal up to constants.

Remark 1.8 (On the optimality of the growth condition (1.5) on o). We compare our result
to the case of the Ito stochastic differential equation

AY (t) = —[Y ()" Y (t)dt + o (Y (£))dW () te (0,1],
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for a Brownian motion W, for simplicity in the scalar case k =n = 1. Ito’s formula yields
for any p > 2

(1.15) d%|Y(t)\P = —|Y(@®)|P~tT™adt + dM; + @W(tﬂp_zo(}/(t)fdt ,

for a (local) martingale M;. Under Assumption 1.2 the Ito correction term on the RHS of
(1.15) satisfies
—1 —1
C= Dy 2o < @ Ve, vep-r
. . . 1
If the coefficient o satisfies the upper bound in (1.5) for an a < 5, then the exponent on the
RHS satisfies
p—2+2y<p—-1+m,
which is precisely enough to control this term by the damping term —|Y (t)[P=*+™. This
calculation suggests the optimality of Assumption 1.2, at least in this case.

Remark 1.9 (More on the growth condition (1.5) on o). The reason for the limitation
v > 1 in (1.5) is that in several points in the proof (see e.g. (4.27), (4.29)) the estimate

_ —1)|h
sup Y (s)| =M < v,

is used crucially. Here I is some (short) interval contained in the (possibly much larger)
[t*,1] and |h| is a positive number. Clearly, this estimate only holds for v > 1. For v <1
our proof could be modified slightly to get the estimate
Y (t)] < C max {t*ﬁ , max [X: h]i«rn—f)a)lh\} .
hGTSN
Unfortunately, this bound does not reflect the behaviour of o and its derivatives at infinity
in the exponents of [X : h).

Remark 1.10 (On optimality of exponents). A particularly important example, where our
result applies is the rough path X built on top of a fractional Brownian motion X of Hurst
parameter H > i. It is well-known, see e.g. [FV10a], that in this case X is an a-rough path

for a < H and for h € 721\; we have the Gaussian tail estimate
(1.16) E[exp (e[X: h]%)] < 00,

fore > 0 small enough. In this case, the estimates (1.4) and (1.6) imply stretched exponential
tails for the solution'Y of the random rough differential equation (1.3). More precisely, (1.4)
combined with (1.16) implies that under Assumption 1.1 we have that for & > 0 small
enough

E{exp (gltes[?)u |Y(t)|2o‘m))] <00,

while (1.6) combined with (1.16) implies that under Assumption 1.2 and (1.5) we have

E[exp (6/ sup \Y(t)|2(a(m_1)_7+l))} <00 .
te[$,1]
We do not know if these stretched exponential tails are optimal. The additive noise case,
o =1 was considered in [MW20a, Section 2|, and there the improved stochastic integrability

E{exp (5’ sup |Y(t)|2+2°‘(m*1)>} < 00,
te[$,1]
was obtained. Additionally, in this case comparison with an Ito SDE shows the optimality of
exponent, at least in the case of Brownian motion. Martingale estimates suggest that in the
case of a Brownian motion W and in the case of bounded o the stochastic integrability in
the multiplicative noise case should coincide with the additive noise case, but our argument
does not imply this. The main technical reason is, that in the proof we need to impose the
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condition (4.4) on the parameters and this condition does not have a counterpart in the
simpler argument for the additive noise case.

Our argument follows the philosophy developed in [MW20a, MW20b, CMW19] in the
context of the dynamic ¢* model. These articles deal primarily with singular stochastic
partial differential equations, but as already mentioned above in [MW20a, Section 2| the
case of an ordinary differential equation with irregular driver is discussed. More precisely,
an estimate for the equation

(1.17) Y (t) = Y(0) —/0 Y (s)[™1Y (s)ds + Z(t)

for Z of Holder regularity o € (0,1) is derived. The argument roughly goes as follows: first
the equation is regularised by convolution with a mollification kernel at scale L, resulting in
a non-closed equation for the regularised function Y7,

Vi = —|YL|" YL + Z + Ep

which involves an error term Fj accounting for the fact that non-linearity and smoothing
do not commute. Afterwards, a standard ODE estimate (see e.g. [TW18, Lemma 3.8]) is
applied to the regularised equation, and finally, the commutator error Fy, is controlled by
a simple reqularity estimate for Y. The following lemma is an intermediate step in this
analysis and the starting point for our argument:

Lemma 1.11 ([MW20a, Lemma 2.1, Intermediate result in Step 4]). Let m > 1 and let
Y € C([0,1],RY) satisfy equation (1.17) for some Z € C([0, 1], R?) with Z(0) = 0. Then for
a€(0,1), t€(0,1] and L € (0,t) we have

1

1 a1\ ™
Y(t)] < C’max{(t — L) mT1; ( sup [Z]a,(s—1,5 L 1) ;
s€[L,t]

(1.18) (L 500 Vagern) ™5 (22 ]ageor ) }
s€[L,t]
Here C = C(m) and

Z(t)— Z(s
1Yo, = sup [Y(s)|  and  [Z]ajs—1g=  sup M
s€[0,] s—L<s1<s2<s |52 - 31|
In order to apply this Lemma to the rough differential equation (1.3) it thus remains to
control a-Hoélder norms of Y and of the rough integral

2(t) = / (Y (5))dX (5) .

0
Gubinelli’s Sewing Lemma, see Proposition 2.11 below, yields a control Z in terms of the
order bounds [X : f] as well as the appropriate semi-norms [o(Y) : f] that control the
regularity of the controlled path o(Y) at various levels f (f takes values in a set of decorated
forests, see below). A key step of our argument is the development of an algebraic framework
which yields an explicit expression, Corollary 3.9, for the remainder expressions (we note
that a similar formula appeared earlier in [Gub06, Theorem 5.2]).

This expression can then be combined with a Taylor remainder formula yielding a control
on [0(Y) : f] in terms of [V : 1], the supremum norm of Y as well as the various [X : h]. This
bound furthermore depends linearly on [Y" : 1]. The argument can then be closed, because
the output of the Sewing Lemma gives a control on [Y : 1] permitting to absorb this term,
provided one works on an interval of small enough size. Summarising, this argument can
then be used to control the terms [Y], and [Z], on the right hand side of (1.18) resulting
in an estimate that can be iterated.

We finally point out some connections with past and recent work. We first point out that
in the setting of stochastic differential equations estimates that show "coming down from
infinity" akin to our Theorem 1.4 are known. See, for example, [Cer01, Proposition 1.2.7]
for a such a statement, which seems however to impose a slightly more restrictive growth
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condition on ¢ than our (1.5). Turning to the RDEs literature, it was already noticed in
[HK15, Proposition 3.8 and Lemma 3.10] that for controlled rough paths which solve RDEs
one can control regularity at higher levels via control at the lowest level, but our use of
grafting operations allows us to do this more explicitly and in a way that we expect will
generalise from branched rough paths to the theory of regularity structures. As this work
was nearing completion we also learned of the preprint [BFT20] which develops combinato-
rial/algebraic methods for comparing remainders quite close to what we use here based on
brace algebras [Foil0], [OGO8].

1.1. Outline of paper. Section 2 starts by reviewing the key elements of the theory of

branched rough paths [Gub06, HK15] before closing with a discussion of coherence/elementary
differentials - these allow us to describe what the expansions that solve fixed point problems

need to look like. Section 3 starts by introducing grafting operations. We then show that

this grafting operation behaves well with co-products (Theorem 3.5) and with coherence

(Corollary 3.9) - we then finally use these relations to obtain the remainder estimate Corol-

lary 3.12. Finally, Section 4 finishes the proof of our main result, Theorem 1.4, and also

proves Theorem 1.5 and Corollary 1.6.

1.2. Notation. Given a natural number m > 1, we write [m] = {1,...,m}. For any set A,
we write Span(A) for the free vector space over R generated by A, that is all finite linear
combinations of elements of A with real coefficients. Given p € N and a p-times differentiable
functionable o : R¥ — R¥, we write DPo for the p-th derivative which is a p-linear form on
R* taking values in R*. We also use standard notation for multi-indices. Given some finite
set A, a multi-index £ = (¢, : a € A) € N4, and sufficiently regular function f : R4 — R™,

we write
o f=(JJok)r.
acA

where 0, is the partial derivative in the a-component. We also write £! =[], 4 (£a!).
For any n > 1, a € (0,1), interval I C [0, 1], and function X : I — R™ we write

X(t)— X(s
(X =sup(X(s)). X[ =sup|X(9)], and (K], = sup LOZEEL
sel serl s1<s2€l |52 - 31|
Throughout the paper we write < for < C, where the implicit constant C' may depend
on d,k,m,a and C,. and similarly for any interval I C [0,1] and function Y : I — R™ we
set (V) = sup e (Ys)

2. BRANCHED ROUGH PATHS

2.1. Trees and forests. We start by inductively defining a set of rooted, decorated trees
70;11 along with an associated set of forests Fuj.

A forest is a possibly empty, but finite, collection of rooted trees where we allow for
multiple instances of the same tree. It is customary to write forests as (commutative)

products, that is

(2.1) fF=1]h
iel

for some index set I and h; € 70;11. The empty forest will play a special role for us and
we represent it with the symbol 1 € F,;. The set ’70;11 is generated by taking a forest of
trees f € Fan and joining them all to a new root with a decoration p € [d], we write the
corresponding tree as [f] u- Note that we have a natural identification 70;11 C Fau. We also
remark that a forest f € Fyy is also completely specified by a multi-index f = (f, : h €
'70;11) c Ntu_

We also inductively define a notion of "order" | - | for forests by setting, for f € Fan =
> neys Il and for h = [f], € Tan, |h| = |f| + 1. Here and in what follows, when we write
Y ohe 7 or e s We are taking the product or sum over all the trees appearing on the right
side of (2.1) with multiplicity.
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The order of a forest is then simply the number of nodes in that forest. The trees with a
single node are just of the form [1]; for some j € [d], below we draw such a tree by writing

e;. We would then have [o;]; = / 7. We can draw forests by putting trees next to each

other, with the order being unimportant, for instance

.k?/j:zj'kE}_all and ‘k/] \/I I{.VEEM

We write #f = Zhef 1 for the number of trees in f. Given two forests f, f we write f - f
for the forest defined by concatenating the two products of trees. Note that 1 plays the
role of the unit for the forest product and that both |- | and # are additive over forest
products. By extending the forest product to linear combinations of forests via linearity,
Span(F,y) becomes a unital commutative algebra with unit 1. By applying the product
component-wise the same is true of Span(F,y) ® Span(Fay). We write (e, o) for the inner
product on Span(Fay) with (f, f'y = 1{f = f'} for all f,f" € Fan. We also denote by
(e, @) the corresponding inner product on Span(F,y) ® Span(F,y). Finally, we write, for
any n € N, the linear projection P<,, : Span(Fan) — Span(F.u) that simply annihilate any
forest f € Fan with |f]| > n.

2.2. Coproducts.

Definition 2.1. The coproduct A is the map
A : Span(Fan) — Span(Fa) ® Span(Fan) ,

defined inductively:

e Al=1®1.
e For [f], € Tan we set A[f], =[fl, ® 1+ (id® [e],)Af.
e For f € Fan, AfZHhefAh.

Note that this is just the Connes-Kreimer coproduct [C~K98]. We note that the co;product
preserves the number of nodes in the sense that, for fof, f € Fan, we have (Af, f® f) #
0= fI=Ir1+11]

2.3. Iterated integrals. The set of trees 70;11 will be used to index postulated values of
iterated integrals of X = (X%)%_,, for instance if X is a smooth path, then all these iterated
integrals can be canonically and the natural way to formalise our “canonical” assignment of
iterated integrals is to define for p € [d] and h = [f],,

o) = [ (X S
In this case we have
t . t r
<X57t,.j>:/ axi =X - X!, (X, ',/]>:/ / dXjdX]
A St T s r ’ ’
Koo W) = [ ([ axi)([ ax)( [ axg)ax:.
S S S

S

(2.2)

Expansions indexed by such trees/iterated integrals naturally appear when solving dif-
ferential equations by writing them as integral equations and iterating, for instance, in the
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case k = d = 1 we can generate a formal expansion for the solution for (1.1) as
}/t - sz

-/ o(V,)dX,

D%0(Yy)

—o(v,) [ LIX, + Do(Y,) / (v, - vax, + 2

t
/(n—m?dxr+-~-

a(Ys) /? dX, + Do (Y5) /:t /ST o(YV)dX,dX, + % /St (/ST J(Yu)qu)der +...
= o) [ axe (oo [ [ axaax, + 20D o)t [ [ ax)tax, o

25(Y,
= () (Xeo) + (DoY) o (V) (Ko )+ 220 (6(7)) 2 (X0 V) -

where we suppress the labels here in the one dimensional case - a similar expansion can be
generated in the multi-dimensional case. Forests keep track of products of iterated integrals,
for instance if f is given as above then (X ¢, f) = [[,c (X, ).

Note that if X is a smooth function, then the Leibniz rule imposes relations on iterated
integrals which would allow one to restrict to trees that are given by chains putting one
in the setting of geometric rough paths. However, the framework of branched rough paths
allows us to make sense of this differential equation even when X is too irregular for the
right hand sides of (2.2) to be well-defined, the cost is that quantities like those on the left
hand sides of (2.2) need to be postulated as part of the well-posedness problem. In practice
such data is constructed via stochastic techniques. In particular, the natural choice of values
for these iterated integrals may not satisfy Leibniz rule, which is why we allow for trees that
branch instead of just chains.

2.4. Important sets of trees and forests. We define, for j € {N —2, N — 1, N},
Toj={h€Tan:|h| <j}, T<; = T<; U{1}
F={feFum:hef=heTen} C Far, Fej={f €F:|f]|<j}.

Note that Span(F) is a sub-algebra of Span(F,y). We write Span(F)* for all linear func-
tionals from Span(F) to R. Given u € Span(F)* and a € Span(F) we overload notation and
write (u, a) for the corresponding duality pairing. We define Char C Span(F)* to be the set
of real characters on Span(F), that is the set of all algebra homomorphisms from Span(F)
to R.

2.5. Character paths.

Definition 2.2. A character path X is a function X4 : [0,T]> — Char, written (s,t) —
X t-

Remark 2.3. We can now motivate some of the definitions of sets of trees and forests we
introduced earlier.

The set T<n—1 is used as index set for local expansions of the solution Y to (1.3), while
F<n—1 is used as index set for expansions of o, (Y (t)) for p € [d].

The crucial data regarding “iterated integrals” of the X is indexed by the trees 7(2 ~N- In
particular, while the trees of order N never explicitly appear in expansions, the fact that X
is defined on those trees and satisfies an appropriate Hélder bound there is crucial - see the
Sewing Lemma - Proposition 2.11 (|[Gub03, Gub06]).

Extending X multiplicatively means that F is the natural set of objects for X to act on.
We note that any character path X satisfies (Xs, 1) = 1.

Definition 2.4. A character path satisfies Chen’s relation if, for every s,u,t € [0,T] and
heT,
(Xsu @ Xuy), Ah) = (X1, h)
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Note that above, we overload the notation (e, e) for tensor products by setting (4 ®@v,a®
b) = (u,a)(v,b) and then extending by linearity. Given a character path X and f € F we
define

| <Xs ty f> ‘
2.3 X: fl]:= —_— .
(2.3) (X f] i M y—rr
st
The exponent a above corresponds to the imposed regularity condition on the driving noise.
Note that one has the obvious bound [X : f] <[], c-[X : Al.

Definition 2.5. A (branched) a-rough path is a character path X that satisfies Chen’s
relation and has the property that [X : h] < oo for every h € T.

We usually drop the word branched below, just calling X an a-rough path.

Proposition 2.6. If X is the canonical lift of a smooth function X then X is an a-rough
path for any o € (0,1].

2.6. Controlled paths.

Definition 2.7. We call a map Y : [0,T] — Span(T<ny_1)* a tree path and a map Y :
[0,T] — Span(F<n_1)¥ a forest path.

We apply operations to tree/forest paths component wise, writing expressions like AY; €
(Span(F<n—_1) ® Span(F<n-1))* and so on.

We usually use the removal of boldface to indicate the “1 - component” of a tree path or
forest path Y, for instance we write Y, = (1,Y,) € R* and define §Y, so that

(2.4) Y, =Y.l +4Y, .

Remark 2.8. Following the thread from Remark 2.3, a tree path Y is used as an expansion
for the solution Y to (1.3) while, for each p € [d], a forest path 0,(Y) will be used as an
expansion of o,(Y).

Definition 2.9. Fiz I C [0,1] and let X be an a-rough path. Given a forest/tree path Y
we define, for any f € F<n_1,

v R
Y:Jli= st = v=ima

0<|s—t|<1

where the f-remainder of Y between s and t, denoted th’f, is given by

RY = (£,Y)) — (Xoy® f,AY,) € R".

When I = [0, 1] we suppress it from that notation, i..e writing [Y : flo.1) = [Y : f]. We call
Y an X-controlled rough forest/tree path if max{[Y : f]: f € F<ny_1} < 0.

As in [HK15] we will define the composition of a function g € CN~1(R* R*) with a tree
path Y via appealing to the Taylor expansion of g about Y,. In particular, we define the
forest path g(Y) by setting

N-1
1
(25) 9(Y). = g(Y)L + Pey_1 Y~ DPg(Y)[(3Y......6Y,)] .
p=0 P p-times

Remark 2.10. Note that in (2.5) we naturally view p-linear forms on R* as p-linear forms
on Span(TSN_l)k, for instance

p

DPg(Ys)[(8Ys,....0Y,)] = S DPg(Y)[(Yarha), oo (Yo ) T 1

p-times hi,...hp€T<N -1 =1
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2.7. Integration of controlled paths. We now explain how we define our rough integral
that is needed to define our fixed point problem. Given a forest path U, p € [d], and
s,t € [0,1], we define

I

=U,
== ) (LUK M) -
feF<n_1
The quantity =5+ should be seen as a single term in a Riemann -type approximation for the
rough integral. We can now state Gubinelli’s sewing lemma [Gub03, Gub06].

Proposition 2.11. Let X be a branched rough path and U be an X-controlled forest path.
Then, for any 0 < s <t <1, we have

t
; =U,u —. (1)

(2.6) Jm > Egk = / U, dX

{sn,5n+1}EP
where the limit above is over partitions P of [s,t] with mesh size going to 0.
We have the estimate
t
/ U,.dX — =7
S

(2.7) < C(a)ft— s/ S S X [fu[U : flis -

feEF<n—1 pe(d]

Note that fst UTdX$” ) is an element of R*, not a tree/forest path. Our notion of a solution
to (1.3) will itself be an expansion so we also want to make sense of the integration of an
X-controlled forest path as a tree path rather than just an element R¥. Therefore we define,
given a branched rough path X, an X-controlled tree path Y, and a tuple of functions
o= (0, : p € [d]) with o, € CY~1(R*,R¥), the new tree path

28)  Z. =IU(Y),.dX,. = (/.au<Y)rdX$">)ﬂ+ > (Fou(X) -

A pefd 70 fEF<n_2
Note that we typographically distinguish the integral | appearing in (2.6) from the integral
Jﬂ appearing in (2.8) since they produce different sorts of objects.
We can now state a precisely what we mean by a “solution” to (1.3).
Definition 2.12. Given a branched rough path X we say that an X-controlled tree path Y
is a solution to (1.3) if we have, for 0 < s <1,
(2.9) Y, = yol — (/0 |Yr|m*1Yrdr)]1 +Z,.

where Zy is defined as in (2.8).

2.8. Coherence. A necessary (but not sufficient) condition for the tree path Y to be a
solution in the sense of Definition 2.12 is that:

(2.10) Vfl. € 70—ng17 s € (0,T], onehas (f,0.(Ys)) = ({fls, Ys) -

The condition (2.10) is algebraic and completely local in time. In order to be able to conclude
that Y is a solution in the sense of Definition 2.12 one would additionally have to impose
that Y is X-controlled and that, for all s € (0,77, the 1 coefficient on both sides of (2.9)
are the same.

Given Y; as input, one can use (2.10) to calculate either side of (2.10) inductively in |f|.
This motivates the following definition.

Definition 2.13. We define the collection of functions
(Tulf1C) s f € Fenor, pe[d), Tulfl() : RF = R”,
inductively, as follows. Given
f=T1w

icl
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we set

(2.11) Tulf]1() = Dmau(') [(Tm [fz]())ef} :

The definition given above is inductive in |f| and also fizes the base case f = 1 where we
have T, [1]() = o,(.).

Remark 2.14. The functions Y, [f] are also known as elementary differentials in the anal-
ysis of Runge-Kutta methods, see [Bro00].

These elementary differentials usually appear with symmetry factors. We define S :
Fan — N via recursively setting, S(1) = 1, and

S =T (fhsm,
heﬁu

where we recall that f, € N is the number of instances of h in f.
A straightforward inductive proof then gives the following lemma.

Lemma 2.15. Given a tree path Y, the condition (2.10) is equivalent to

b
S(f)

Definition 2.16. We call a tree path Y that satisfies (2.10) (or equivalently (2.12)) coher-
ent.

(2.12) V[f], € 7°'§N_1, s € (0,T], onehas (f,0,(Ys)) = ([flu, Ys) = T,[f1(Ys) .

Remark 2.17. We extend Y, [e] from Fau to Span(Fan) by linearity. We also define YJe]

on Span(Tan) by setting, for h = fl. € T, Y[h] = Y,.[f] and then again extend linearly.
We can then write (2.11) as

(2.13) T[[f]u]() =T,[f1() = D#fgu(')[(T[h](’))hef] )

This duplication of notation (giving equivalent definitions of X, on forests and Y on trees) is
convenient because trees appear for the expansion of Y while forests appear for the expansion
of the right hand side of the equation.

As an example, we compute

T, { . /’} (z) = T[k\,} } (x) = D%0y(x)[(ok (x), Do () ok (2)])] -
We close this section with the following remark.

Remark 2.18. Note that the drift term —|Y ()| Y (t)dt didn’t play much of a role in this
section, in particular it has no direct effect on the coherence coefficients Y ,[-|(-). However,

since| fst [Y ()| 7YY (r)dr| < |s — t|, this term is negligible compared to the other terms in
our local expansion for'Y . In particular, by virtue of (2.9), we have

(2.14) R%' =27, - Z, — (X,,,0Z,) = RY; +/ Y ()™ Y (r)dr

where §Z is defined via the same convention as in (2.4) and we used that, by coherence,
<Xs,ta 6Zs> = Z <Xs7t7 h> <h7 Zs> = Z <Xs,t; h><h, Ys> .
théN,1 hE%éN—l

The role of the drift becomes important only in the final step of our argument in Section 4.
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3. GRAFTING, COHERENCE, AND REMAINDER ESTIMATES

3.1. Grafting operations. We introduce grafting operations which will later be shown to
be “adjoints” of the co-product under a particular inner product we introduce later.

In words, given f [ € Fan, the grafting of f onto f sums over all the ways of attaching
each of the trees in h € f to a vertex of f with an edge, or concatenating h to the forest f-
More precisely, given

(3.1) f=1]hs € Fanand f = []Ifl,
jed iel
we inductively define
(32) far=>Y" ( I1 Bj) >, (H K 1T ilk) f\vfz} ) € Fai -
KCJ je\K  0:K—I i€l keg—1(i) Hi

The definition above is inductive in |f|, with the base case corresponding to f = 1 for which
we have / = () in (3.1) and so one must choose K = {) in the first sum of (3.2) — in particular
we have f ~ 1 = f. Additionally, we note that (f ~ f, f) # 0= |f| + |f] = |f|. We give
an example grafting computation below:

I VARTE f\v'l{.j ="\’ Wc'l/j + "\ (l/k 7-/” +-z(k'\.4” + 1>J))
+.k( Y;ﬂ f/ +.l( ¥7 + wJ))
fn (kv7 'i 7)+7/k( \57 n %»

Remark 3.1. The operation f ~ f is a decorated version of the “grafting forests over
forests” operation of [Foil3, Section 1.5], this is essentially a version of the Grossman-Larson
product [GL89).

3.2. Inner products and the adjoint relation.

Definition 3.2. We define a new inner product on Span(Fan) by inductively setting
e ((1,1)) =1
o ([flulgl)) = K= w3, 9))
o For h;,g; € Tan,

((HhmHQj)) = Z H((hiagé‘(i)>>

i€l jeJ 0:1-J jc]
biject.

We extend this inner product to Span(F.y) ® Span(Fay) by setting, for f, g, f,§ € Fan,

(fog fog)=(fM(59)-
Remark 3.3. Note that, for f,g € Fan,

(3-3) (f,9)) =1 f=g}S(f) =S(){f9)-

In particular, (2.12) can be rewritten as :
VIflu € Ten—1, 5 € (0. T, one has ((f,0,(Y,))) = (([f]u. Ye)) = T,ulf)(Y5) -
The following lemma is straightforward to prove from our definition of ((e, e)).
Lemma 3.4. Given any flj, h; € T and also a,, € Span(Fan) ® Span(Fan) one has

((myeMIm Twp)= 3 TCTT el I ma))

05:J—-NneN 9— ot
011N €8, () €0, ()
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Our main purpose for introducing the inner products ((e, e)) is that it is convenient for
stating and proving following theorem.

Theorem 3.5. For any f, f,9 € Fan, we have
(34) (f~ o)) = (f @ f,Ag)) .

Proof. We give an inductive proof with the induction being in |f|. For the base case we
have f = 1 in which case (3.4) is immediate. We now prove the inductive step. We write
9 = Il,enl9gnlp, and also write f and f as in (3.1). We then have

Weron =3 5 ((CIT m) I 11 )”fz# i)

KCJ0:K—T JEJNK icl ~ keo nEN

=) > > ( < i [90) Hc(;>>

KCJ o:(\NK)UISN 0:K—I  jEJ\K
biject.

)
LTI ) ~ 1]l )

i€l keo—1(i)

= > 3 (I {(mbewl)))

KcCJ o (7\K)UI*>N 0:K—I1 jeJ\K
X (Hl{ui = ﬂo(j)}<<( H 711@) ® fiaAga(i)>>> :
iel keo—1 (i)

Above, in the second equality we used the third identity of Definition 3.2, and in the third
equality we used our the third identity of Definition 3.2 followed by our induction hypothesis.

One the other hand, Ag =3 ;o v (ITnensl9mlan, @ ]l) (HneN\M(id® M,zn)Agn) which
gives

((f® f,09))
= 2 e s (I onls @t)( IT 640 Un)20)))
-2 X E (I I B)e( IT th)doni o))
(I QCTL m)e( I 1) (0o bran))
2, (LUC T )l )
x (iGHIl{ui ij;;<i>}<<(j€91% (mﬁj) © fir Do) )

=D D D S SN DN () § (RUACAE )

MCN KCJ m:J\K—M 0;:I+-N\M 0:K—I jeJ\K
biject. biject.

x (T 14w = o} (( H( )7”) @ i Agorco )))
i€l VS
=Y X X (T e lsewlio )

KCJ o\ K)uoN 0. K1 jel\K

(M= (T ) ho300))

kEO—1(3)
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In the second equality above we used Lemma 3.4. In the third equality we above we used
the fact that the line before vanishes unless 6; is a bijection from I to N \ M.

In the fourth equality we used that the line before vanishes unless |65'(m)| = 1 for every
m € M. Therefore the sum over the map €; in the line before can be written as a sum over
K= Q?L(N\M)7 =0 nkand 0= (05 [k)o 91_1. In the last equality we exchange the
sums over 7 and 67, and M for just a single sum over o. |

Remark 3.6. The result of Theorem 3.5 was actually first obtained in [Hof03, Proposi-
tion 4.4|, and reflects the duality between the Grossman-Larson and Connes-Kreimer Hopf
algebras.

3.3. Coherence and grafting. The next lemma states a generalisation of (2.13) and shows
that maps T, interact well with our grafting procedure.

Lemma 3.7. Given any f, f € F with |f| + |f| < N — 1, and p € [d] one has
T#[fm fl= D#fTu[f] [(T[h])gef] :
Proof. We prove theNgeneral case by induction in | f| - the base case when f = 1 is immediate.

We write f and f as in (3.1). Now we note that, by Leibnitz rule and the definition of
T, for any v = (vj)jes € (R¥)7,

D#IY,[f][]

= X DR o, (DT fa]) g U]
(Ji:i€d)

(3.5)

where above the sum is over collections of disjoint subsets (J; : 4 € I), J; C J and we write

vy, = (vj)je, and J¢ = T\ (Ue; Ji)-
On the other hand, using the definition of the grafting procedure followed by that of T,

Tu[fmf]

- S (T AT m) ] )]

KCJO:K—I JEJ\K i€l kef—1(i)

=Y Y pKI#, (T[ﬁj])jeJ\Ku (TH[( T ™) mfi])ig] .

KCJO0:K—I ke0—1(4)

Now, by our induction hypothesis, for any # : K — I and ¢ € I we have
- 1 -
T[T Fa) o ] = D7 O, ([ (Tl ] -
keO-1(i)

Inserting the above calculation into the previous equation gives
Tu[f ~ f]
1, - -
= > ) DINKRF#g, {(Dw O, () jeo-1 (1)) ey U (T[hj])jEJ\K} ,

KCJ0:K—1T
which finishes the proof by comparing with (3.5), identifying J; + 671(i), and setting
v=(Y[h])je- O

In what follows we define, for g € F<n—1 and p € [d], Y,[g](-) = 5755 Tulgl(-) and, for
he Ten—1, Y[RI() = 5l TR](-). We also write
Y.()= Y, Yulgd()g-
9EF<N_1

In particular, X, : R¥ — Span(F<y_1)* and for any g € F<n_1 we have ((X,,,9)) = T,.[g].

We also define
T()= >  YRH()h.

h€7a-§N71
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We see that if a tree path Y is coherent then, for any s € (0, 1], we have Y = Y (Y;) and,
for every p € [d], 0,(Ys) = X, (Y5).

Lemma 3.8. Given any f € F<n_1 and p € [d],

N—-1

- ~ 1
A = —DP .

Proof. We observe that

(o f.AT)f :mw © LAY F
1 _ _
“sths Y TN = Es

WA+l <N} y5 i
~= 50 DHIT ][ (T]) 7]
Multi( f)

=1{|f|+If] < N}#D#fru[f]{(r[lﬂﬁ)ﬁef} ,

In the first equality above we are using (3.3) and in the second equality we are applying
Theorem 3.5. In the third equality above we are using Lemma 3.7, and for the third equality
we define the multinomial coefficient

#f!

Multi(f) = —
heten_y 17!

where fﬁ in again the number of instances of h in f , so that we have

o H#F -
SU) = Susich) fgS(h) .

It follows that

X derarai= ¥ ot

fe€F<n-1 feran—1
[FISN—I|f]

N—-1
= % . ST 1{#Sf = p)Multi(f)DPY [ f] {(T[ﬁ])ﬁef}
\f\<§lz\7f1|

(3.6)

| —

! DD 2 Wi {(T[hi}hi)fﬂ]

hl,..A,h,,ei’SN_l

i

p=0
N-1
p=0

p-times

N—-1 1
=Py -1 Y 5 DPY[f) [(T, L)
p=o I

O

The above lemma gives us the following corollary, the main result of this section. It
expresses remainders at higher levels in terms of remainders at level 0.

Corollary 3.9. For any coherent tree path Y, f € F<n_1, and p € [d], we have

(3.7)
N—-1

RO = T (f07) = (Xen, Pex—ipion X D TA0D [ (£, T ).

p=0

p-times
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Proof. Using the definition of coherence we can write
RIS =(f,0,(Y0) = (Xor ® f, A0u(Y0))
=YL [f1(Ve) = (X @ f, AX ,(V5)).

We then use Lemma 3.8 to see that

Ko @ £AY)) =(Xor, 3 (F& L ATL(VL)])

feEF<n_-1
=(Xats Pen-i7i1 Ng SDMAM (X)) )

p-times

O

Remark 3.10. Note that if we know that the functions (Uu)l‘i:1 are actually smooth then
the Y, make sense on Fan and it easy to check that the various lemmas and corollaries of
this subsection hold without any constraint on the orders of the participating forests.

3.4. The main remainder estimate. In order to estimate (3.7) we will use the Taylor
expansion /remainder formula of [Hail4, Proposition A.1].

We will want to impose a stopping rule on generating our Taylor expansion that takes
into the consideration the order forests that are produced, a Taylor expansion like [Hail4,
Proposition A.1] is convenient because it lets us enforce a rule on how the expansion is
iteratively generated.

We say A C F is full if it is non-empty, finite, and, for any f € A, we have

{feF:fn<fuforeveryhe F} C A.

Note that, for any M € N, Fcjy is full.
We now fix some arbitrary total order on 7<y_1. For any A C F we define a “boundary”
of A by setting

(3.8) 9A = {fe]-‘\(AU]l) (o= Hh=m(f)} heTen 1) eA} ,

where
m(f) = min{h S TSN—l s fn # 0}
is the minimal tree appearing in the non-empty forest f. In words, f € 0A if f is non-
empty, does not belong to A, but if one reduces the number of instances of the minimal tree
appearing in f by 1 then the resulting forest does belong to A.
We can then state the formulation of [Hail4, Proposition A.1] we will use.

Proposition 3.11. Let A C F be full and F € CE+1([0, 1]721\’*1) where K = maxsea #f,
then

r =y B0 [ ol

|
feAa ! feoA

where 1 = (1:h e F) €0, 1]7°—SN*1 is vector of all ones and we are using standard notation
for derivatives and monomials indexed by multi-indices f = (fn : h € T<n—1) € F, and for
each f € F, QF(dy) is measure of total mass 1 on [0,1]7<~-1.

We can now state the key lemma for this section.

Corollary 3.12. Suppose the tree path Y is coherent, then, for any p € [d] and f € F<n_1,
|RU;Z (Y).f
s,

< sup { DY, AV +a) |- IRY | 0 € RN, Jal < BY, + v - vi[}

(3.9)

#F . [E€OFn g
+sup{ [ mans e Tvwoecn]: IERTEE, |
€
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where
(3.10) EYy= Y Y[R (Xas )| -
h€%§N71

Before turning to the proof, we point out that (3.9) estimates R;ﬁ(Y)’f by treating it as
a multivariable Taylor remainder - this is why we see suprema of derivatives on the right
hand side above. Being careful about the constraints on the arguments of these derivatives
will be important, in particular when working with coefficients ¢ that are allowed to grow
at infinity, see Assumption 1.2.

Proof. Given any x = (z3) € [0, 1]%9\’*1 we define
Yoilo)= > anY[h(Ye)(Xash) .
hE'i_ngl
We then have
Y+ Y, (1) + R =Y,

We now define the function F : [0, 1]72N -1 — R* given by

Fa) = X,ulf](Ye + Youla)).

Now, by Corollary 3.9 and adding and subtracting F'(1), we have

s,t

RO < X010V + YD) + RS = Culf1 (Vs + Yo (L)

(3.11)
@)

p-times

N-1
PO = (Xet Penoiin X DX (X Y)
p=0 *"

By the mean value theorem the first term on the right hand side of (3.11) is bounded by

up DY [f](Ys + Yo (1) + AR |- IRY
|0,

which in turn is bounded by the first term on the right hand side of (3.9).
We now claim that

(3.12)
3 N—-1

f
S B (X X DM (X)L YE)])
p=0 *""

|
fe€Fan—ir1=1 - p-times

To verify that (3.12) holds, note that we can substitute into (3.12) the right hand side of
the first line of (3.6) and also use that

W _ }' and <X5’t7D#f‘ru[f](YS) {(T[m(n)ﬁ)ﬁefb =8F(0) .

Applying Proposition 3.11 to F'(1) with A = F<y_1_|f then gives us

(313) p-times
- o F F(dy) .
X @R

fedF<n 1 g

FO) = (X Py 3 SDMLLAM (X)) )
p=0

We then see the second term on the right hand side of (3.11) is bounded by the second term
on the right hand side of (3.9). O
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4. PROOF OF MAIN THEOREMS

Before proceeding to the details of the proof we give a brief overview. The key idea is
contained in the interior regularity estimate, Lemma 4.2, which in turn builds on the Sewing
Lemma, Proposition 2.11, and Corollary 3.12. More precisely, the Sewing Lemma provides
an estimate of order (N + 1)a on the rough integral Z in terms of the various order bounds
[X : [f].] and the semi-norms [¢,,(Y) : f] which measure the quality of local approximations
of all coefficients. According to Corollary 3.12 the semi-norms [0, (Y) : f] can be controlled
in terms of

e the size of the coefficients T on the relevant interval,
e the order bounds [X : [f],], as well as

. Y1
e the remainder R, .

describes

It is important to note the relevant estimate (3.9) is linear in |R:fjﬂ| and that |RZ,§IL
an error of order N« in the local description of Y. Furthermore, the quantity |R:t’ﬂ| can
be easily estimated in terms of the corresponding quantity for Z. Combining all of these
estimates one obtains an estimate on the error of the local approximation of order N +
1 of Z in terms of (the coefficients Y, the order bounds [X : [f],] and) the quantities
|R§’}| which measure the error in the approximation of order Na. This can be seen as
a regularity improvement from N« to (N + 1)«, which in turn allows to absorb the term
|RSZ7;5]1| provided one works on a small-enough interval. The proof of Theorem 1.4 then mostly
consists of plugging (a truncated version of) the interior regularity estimate, Lemma 4.2,
into Lemma 1.11, which captures the damping of the non-linear term as discussed in the
introduction, and choosing appropriate parameters depending on the growth assumption on
the coefficient o. The final iteration argument (see Step 3 of the Proof of Theorem 1.4 1))
is an adaptation of the additive noise case, [MW20a, Proof of Lemma 2.1, Step 6].

We start the argument with the following simple lemma that translates Assumptions 1.1
and 1.2 into estimates on Y[h] for h € 70'§N.

Lemma 4.1. Let h € 7D'§N and 0 <p < N —|h|+ 1.
Suppose that Assumption 1.1 holds, then
(4.1) sup [DPY[h](y)| S M.
yERFK
Suppose instead that Assumption 1.2 holds, then

(42) [DPY[B](y)] Ol ) DI

Proof. We treat the case p = 0, the case of p # 0 can be treated similarly - the constraint
on p comes from the fact that we control only N derivatives of the (0,,),ecq-
A straightforward inductive argument shows that

TRl s [T 100w )l
u€ENp

where on the right hand side we are taking an appropriate operator norm, N} denotes the
set of nodes of the tree h and, given u € Ny, we write c(u) for the number of children nodes
of w in h (that is, the number of nodes directly attached to u that are further from the root)
and p(u) € [d] for the value of the node decoration that u carries.

Using the fact that the cardinality of N}, is |h|, the bound in the case of Assumption 1.1
follows immediately.

In the case of Assumption 1.2, the first bound follows from the fact that ), .y, c(u) is
just the number of edges of h which is |h| — 1. O

We can alternatively formulate the above lemma by saying that, for any f € F<ny_1 and
p € [d], we have, uniformly over y € R¥ and 0 < p < N,
» < C’c‘,f +1 under the Assumption 1.1,
‘D Tﬂ[f}(y” ~ [fl+1 (y=1)(|f]4+1)+1- .
Cs "y P under Assumption 1.2.
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We are now ready to pass to the proofs of Theorems 1.4 and Theorems 1.5. The following
“interior regularity estimate” which gives a control of the C'* norm of Z and Y in terms of
its lower regularity L> norm is key to both arguments. To keep the length of some formulas
within reason we use the following shorthand notation combining some of the quantities
appearing on the right hand side of (3.9)

Uu(f, Y, 1) :=sup {|DYL[fI(Ys + a)| s s,t € 1,|a| < EY, + |V = Y|},

Uu(f,f7Y,I):=sup{|D#fT FI(Ys + 2) HT |s|t<6EI }
hef

Below, for any j, we denote by F—; the set {f € F : |f| = j}.

(4.3)

Lemma 4.2 (Interior regularity). LetY solve (1.3) on [0, 1] in the sense of Definition 2.12
and let Z be given by (2.8). Let I C [0,1] be a closed interval of length L and assume that
L is small enough to ensure that for all forests f € F<ny_1 and all p € [d]

(44) L(‘f|+1)a [X : [f]#} U,M(vKvI) S g,

for a suitably small € = e(a,d, k) < 1. Then we have the estimates

Nzsa s Yy Y X

fEF<N-1 pe(d]

. {L(f+1)o‘+1U#(f,Y,I)||Y||7I" +  max L(\f|+|f\+1)aUH(f, Y, DX f]}
fEOF <N 11

(4.5) + Y D INX LI
fE€F=N-1 peld]

Proof. Part 1: Application of Sewing Lemma. For 0 < s < ¢ < 1, the estimate (2.7)
implies that

20— 2, = 20| S e= s ST ST X (A [0u(Y) iy

fE€EF<N—1 peld]

Eg’(tY) — Z r—\cru(Y Z Z 5,57 f, UH( o) € RE

neld] neld] fEF<n -1

where

By coherence of Y, i.e. by (2.10), we get,

=M= Y XY+ Y S (X () (foou(Y)s) -

h€%§N71 fEF=N-1 peld]

Recalling that Y = §Z this leads to
|RZE| = ‘Zt —Z, - (th,éY)

< )Zt —Z, - Y~ (X0,0Y)

5|t_s|(1v+1)a Z Z 1l fou(Y) = £,y

fe€F<n_1 peld]

—sfNe Y Y KX (0. (Y)s)] -

F=nN-1 p€ld]

Dividing by [t — s|V* and taking the supremum over all s < t in I we arrive at

Z: 1], S L Y > X [flu) [ou(Y) s £],

feEF<n—_1 peEld]

(4.6) o> > X LA

feEF=Nn_1 p€e[d]
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Part 2: Application of Corollary 3.12. We use the estimate (3.9) in Corollary 3.12 in
the form
(4.7)

(0,(Y): flr SIVIUL (Y, DY : 1]+ max  LWUHII=Neg (f 7y D)X : f].
FEOF<n_f1-1

Note that |f| > N — |f|, so that the exponent (|f| + |f| — N)a in the second term on the
RHS of (4.7) is always non-negative.
We plug this estimate into the RHS of (4.6) resulting in

LIRSS S 1> SETIA

fEF<N-1 pe(d]

~{L|f”‘UM(f,Y,I)[Y:]l]I+ max L('f“f"N)”‘UM(ﬁf,YJ)[X:f]}
fEOF<nN_ 1511

48)  + > D X[l LA

F=N-1 p€[d]

The key observation at this point is that the terms [Y : 1]; on the RHS can be replaced by
[Z: 1];. Indeed, equation (2.14) which relates the tree paths Y and Z immediately implies
the bound

(Y1) <[Z: 1)+ LYY 7.

Plugging this into the RHS of (4.8), the resulting terms involving [Z : 1]; can be absorbed
into the LHS, provided their pre-factors are small. More precisely,

CIRES D S 1> S1TIN

fEF<N—1 peld]

| {Lf'“Uﬂ<f,Y,I>L1N“||Y||}” +omax LNy (£ Y DX T }}
FEOF<n—|f1-1

3 X A I

|fleF=N—1 p€(d]

provided for all forests f € F<y_1 and all p € [d]
LUHD X [l UW(f, Y T) e

for a suitably small e = e(a, d, k) < 1. This is the desired estimate (4.9). O

It turns out, that for the proof of Theorems 1.4 and 1.5 only the following truncated
version of the estimate (4.5) is required

Corollary 4.3. LetY solve (1.3) on [0,1] in the sense of Definition 2.12 and let Z be given
by (2.8). Let I C [0,1] be a closed interval of length L satisfying (4.4). Then we have the
estimates

L Zlag S Y, D [X:[fl]

fEF<n-1 pe[d]

LWty (v DIYIF 4+ max LDy Py X ]
fEOF <N |11

49+ > > LM R YAl

hE%SN ne [d]
and

(4.10) L°[Y]as < RHS of (4.9)+ LY .
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Proof. The estimate (4.9) follows from (4.5) combined with
L Z)as < Y LMOX:R)|Y k| + LN[Z: 1),
hE'i-SN_l

as well as the identification

Do LX) = Y0 LM X h) - TR -

F=N-1 p€ld] heT=N
The estimate (4.10) is an immediate consequence of the defining relationship Y; = yo —

Jo 1Yo "1, dr + Z,. O

Proof of Theorem 1.4 (1) - The case of bounded coefficients. Step 1: Simplification of
interior regularity estimate. We now work under Assumption 1.1, i.e. we assume that
o and its derivatives up to order N are bounded. Using the boundedness of coefficients, and
estimate (4.1) in Lemma 4.1, this the estimate (4.9) simplifies to

L Z)ar S Y, LMeX 1)
h€7°_5N

+ Y D LD (YT

feF<n—1 pe€ld]

(4.11) + >0 > max LD (£ )X ]

feEF<n—1 pe(d] JEOF<n—ig11
provided [ is an interval of length L satisfying

(4.12) LD X (fl] <e,

for all forests f € F<n_1 and for a potentially smaller value of ¢ = (o, d, k,Cy) < 1. In
order to simplify these expressions further, we make additional assumptions: first, we fix a
* € [0,1] and for the remainder of this step we assume that the interval I satisfies I C [t*,1).
Next, we work under the assumption that for all trees h € 72 N we have

(4.13) X h] < e V][

for 6 = m. Under (4.13) the condition (4.12) is guaranteed as soon as
(4.14) LY,

Under these assumptions the estimate (4.11) simplifies further to
(4.15) L Z)a, Se(L+ LY 1) + 14+ 1) Se+eLl|Yf 4
The estimate (4.10) turns into

(4.16) LYo Se+ LY ) -

Step 2: Application of Lemma 1.11 We continue working under the boundedness
Assumption 1.1 on the coefficients, and assuming the bound (4.13) on the trees [X : h]. We
apply Lemma 1.11 on the interval [¢,, 1] and for

L= Y8y = IVl

We assume throughout that all times involved are contained in [0, 1] which implies in par-
ticular that L € (0,1) so that (4.14) implies

(4.17) IVl > 1.
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Under these assumptions, combining Lemma 1.11 with (4.15), (4.16) we obtain for ¢t > t,+L

1

Y0 S max { (¢ =7 = L7773 (L7 eVl ) s

(18 (= 20V ) ™ (= 2V )}

. el n o
gmax{(t—t -L) 7”*1;5""HYH[15*,1]§||Y||[t*,1];1}~

We bound using Young’s inequality

1Y

[t:nl < €HYH t* 1] + C(ﬁ m)

and then choose first € small and absorb all constants into the term (¢ —t* — L)" =1 > 1
and conclude that if ¢ is large enough to ensure that

(4.18) (t—t* = L)~ < &Yl 1y

for £ = &(a, d, k, C;) small enough, we get

1
(4.19) YOI < S Mlx -
We observe that (4.18) is guaranteed as soon as

* =—(m— m—1
b=t > ey 4y

which, taking into account (4.17) follows from the simpler condition
(4.20) t—t* > (E D 4 )|yl

Step 3: Coming down from infinity for bounded coefﬁc1ents. We continue working
under the boundedness Assumption 1.1 and aim to establish the estimate (1.4). We define
a finite sequence 0 =ty < t1 <ty < ... <ty =1 by setting

—(m—1
(4.21) tusr — tn = AV,

where A = &=(m=1) 11 (see (4.20)), as long as the resulting ¢, ;1 satisfies ¢, 11 < 1. As soon
as ty41 defined by this rule is > 1 we set t,11 =ty = 1 and terminate the sequence. Note
that the sequence t,41 — t,, is increasing by definition (at least before passing 1), so that
this algorithm must terminate after a finite number of steps.

The time ¢ is contained in precisely one interval (¢, t,+1] and precisely one of the following
must hold:

(1) either there exists a kK < n and a tree h such that
h|ma
el < (X b,

(2) or for all kK < n all trees h satisfy condition (4.13) for § = m.

In case (1), the desired estimate (1.4) follows immediately from
1 1
YOI < 1Y [l < X+ hJTm

In case (2) invoking (4.19) repeatedly for ¢, = ¢, yields
(4.22) Y]

[tn1] < Qk_n”YH[tk’l] for k=0,1,2,...n

We split (2) further into the following three cases:
(2a) n+1<N.
(2b) n+1=N and ¢, <
(2¢) n+1= N and t, >

SRS
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In case (2a) we write using (4.22)

m—1 m—1)(n—
thi1 = Ztkﬂ—tk—AZHYﬂ[tk )<A||Y|| (tnol] 22 (m=1){n—k)

1)
SVl

which implies
Y (@) < Yl

[tns1] S tnfﬁ oSt

as desired.
For (2b) to hold by definition (4.21) we have
1
AV 2 5,
and in particular

m—1

1 ,
< < [[—
YOI < ¥Vl < (57) ™
which implies (1.4).

Finally, in case (2c) we can apply case (2a) to ¢, to get

-1 1 _ml—l
< < m—1
YOI <Yy <tn™ " < (2) :

completing the proof of (1.4). a

Proof of Theorem 1.4 (2) - The case of polynomial coefficients. The proof follows the same
general lines as the proof in the case of bounded coefficients and we only explain the dif-
ferences. Combining, their definition (4.3) with the estimate on T provided by Lemma 4.1,
yields

Uu(f. Y, 1) Ssup {(Ys +a) 07D st e 1 ja] < BY, +1Y; — Y|},

(4:23) U.(f, [,Y,I) S sup {<YS + z>(V—l)(lf\+1)+1—#f<ys>(7—1)|f_|+#f . 3|’t € I{{ } .
We follow the same approach as Step 1 of the proof in the case of bounded coeflicients, fixing
* € [0,1), but here the condition (4.14) is replaced by

—(m—1
(4.24) L <e(Y), Y
where we have introduced an auxiliary parameter €5 < 1 that will ultimately be chosen
small but still large relative to € and we have changeod values of exponents from § = m to
0 =m — 1. Instead of (4.13) we assume that for h € T<n
(4.25) X h] < e[y |G 0m )

[t%,1]

Note that the exponent |h|(a(m — 1) — (v — 1)) appearing on the right hand side is positive
if and only if the upper bound v < (m —1)a+ 1 in Assumption 1.5 holds. Under (4.24) and
(4.25) we have

EY, = > |[(Xewh)TR](Y,)]

h€7q_§N—1
m—1 hl(a(m—1 —1 —1)|h|+1
< Y (ampl ) e -6 i
h€7a—§1\7—1
(4.26) Serer(Y)pe -

Note that in the first inequality, we have made use of (4.2) and the assumption v > 1 in
(1.5) which ensures that the exponent (y — 1)|h| 4+ 1 in the last term is non-negative and

permits to use the estimate
(4.27) YRI(Y) )

S (V) 0TI <)y
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‘We now enforce that

3
(4.28) e165 < ok

Using this, (4.26), and once more the fact that (y — 1) > 1 the estimate (4.23) simplifies to
U (£, Y, 1) < () DD,

(t*.1]

(4.29) Uu(f, J.Y, 1) S (V) ereoss

[t*

Note that these estimates in conjunction with (4.28), (4.24), and Assumption (4.25) imply
(4.4) and in this case (4.9) and (4.10) turn into

L Zlag S Y, D [X:[fl]

fEF<n—1 peld]

@ D(y—1 m 7 o f 1)(y—1)+1 =
.{L(|f+1) +1<Y>g{,|1+] (v )”Y”I +  max ,UFI+FI+D) <Y>ft|{7|;?\f|+ Y=+ [Xf]}
fEOF <N 511
o hl(yv—1)4+1
+ 3 pMexc ) G
h€7°’gzv

(4.30)

S (LY + Yy + V) S ey
and

LY S &Y + LIY (s 1 S e2(Y ) 1y -

As above in Step 2 we next apply Lemma 1.11 on the interval [t,, 1] yielding

)7 I e

1

V(1) S max { (¢ — 1" — 1)1 (=

€2

<||Y||ﬂlf,11] <€2<Y>[t*,1]) ) g se2(Y )1 }

Then choosing first €2 small to control the pre-factors in the second line and then also
¢ small to also make the pre-factors in the first line small (this amounts to choosing £; in
(4.25) small) we obtain

V(1)) < max {C(t — t* — )" 755 2 (Ve .

2
The proof concludes as in the case of bounded coefficients, Step 3 above, where in (4.21)
and in what follows, the role of ||Y|f, 1) is played by (Y)p, 1)- O

Proof of Theorem 1.5. We first show (1.8) under Assumption 1.1 (i.e. for bounded coeffi-
cients). We first define the auxiliary time

(4.31) Ty = inf {t € 0,1]: (y(t)) = 3(yo) } ,

with the convention that Ty = 1 if the set is empty. Continuity of |y(t)| in ¢ implies that if
To < 1 we have

(4.32) (y(To)) = 3(yo) -

Furthermore, let T} and T be as in (1.7), where ¢5 is assumed to be small enough to play
the role of ¢ in the absorption condition (4.12) above and ¢; is fixed below, and set

T = mil’l{To,Tl,Tg} .

Note that by choice of Ty condition (4.12) is automatically satisfied for I = [0,7*] and (4.11)
turns into

(T)*[Z]a,jo,r7) S €2 + €2613™ (o) »
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where we have used the fact that by definition

m 1
T* <Y>[O,T*] S €1 W

Hence we get from (1.3), choosing €1 = %3_’” and possibly making ¢, smaller

Yo < 1Yo+ 1< |yol + T*[Y [lg1+) + (T7)*[Z]a

3™ (yo)™ < e13™(vo) -

N

<yo| +€13™(yo) + C(Ez + 82813m<yo>)

(4.33)

IN

%<y0> +1< g<yo> .

To conclude that (1.8) holds indeed, it remains to see that 7% = min{Tp, 71, T>} = min{7T1,T>}.
This is indeed the case, because otherwise we would have ||Y[o,7+) = |Y[|jo,7,) and Tp < 1,
but then (4.33) would contradict (4.32).

We next pass to the case of polynomially bounded o, i.e. to establishing (1.10) under
Assumption 1.2. Let Ty be as in (4.31) and set

T = min{TO, Tl, TQ} 5

where this time 75 is defined in (1.9). We claim that on I = [0, T*] satisfies the Assump-
tion (4.4). Indeed, just as in (4.26) above one can see that for s,¢ we have

EY, = Y (X, W)Y[R](Ys)|

h€7o_SN71
S Y (@)X A [RI(Ye) o4
hEi—SNfl
‘hla 1 1 (7_1)|h| . ( 71)|h|+1
S Z €2 7]<ﬁ) [X~h]<Y>[&T*}
heT<n-1

< Z €\2h|a[ 1 (<1>)(71)|h|[X:h]<Y>E&T¥|h|+1

h€%§N71
/S Eg <Y>[O,T*] )

where in the first inequality the fact T < T, and in the last inequality T* < Ty was used.
From this one can conclude just as in (4.29) that

UL(£.Y,[0,17]) S (G 7HH,

U(f, £,Y,0,T*]) < <Y>[&T1}<|f|+f+1>+1 ’

which in turn leads to

LY Z) a0 S (Yo, S €(Yo)
where the first inequality follows like (4.30) and the second follows from T* < Ty. The rest
of the argument follows as in the case of bounded coefficients. O
Proof of Corollary 1.6 . We treat the case of bounded coefficients first. If we have t > T =

€1 7= orif t > Th = g5 min % defined in (1.7) we use the estimate (1.4)
{wo) [X: b TRl heTey

V()] S max {¢ 7, max [X 5 b7}
h€T<n

In the second term on the right-hand-side, we can replace the exponent | 7 by the slightly

larger 7 at the expense of adding the additional 1 into the maximum in (1.11). For

1
(m—1)a
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the first term, we use the lower bound on ¢ provided by 77 and T5. Indeed, for t > T7 we

get

(4.34)

1

T < €1 " (yo)

and for t > Ty we have

1 -1 1
7T <egy ™' max [X: h]TmDREe
heT<n

in each case establishing (1.11). Finally, if ¢ < min{7y, 75} (1.11) follows from (1.8).
The argument for polynomial coefficients is very similar. If ¢ > T3 or if ¢ > T3, where
this time T5 is defined by (1.9), we use the estimate (1.6)

Y (#)] < max {t-ﬁ , max [X : h] G=Da5Dm } .
heT<n

For ¢ > Ty (4.34) gives the desired (1.12), while for ¢t > T5 we write

1

T <y T (yo) BoE max [X: B] TR
hGTSN

< (o) + max [X : h) T T

hETSN
where in the second inequality we have used the estimate ab < a? + b? for p = (m,y_fll)a and
qg= m(ﬁ)_ialf)am As above, if ¢ < min{T1,T»} (1.12) follows from (1.10). O
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